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Preface

Glioma Signaling is now in its second edition. The appreciated reception by libraries and researchers 
of the first edition of this book reflected the need for such a resource covering the wide spectrum of 
mechanisms responsible for glioma physiology and pathobiology. In the second edition of the book 
many chapters present new, updated material. The book also contains new chapters, absent in the first 
edition. This edition concentrates on recent advances in the understanding of the molecular mecha-
nisms controlling regulation of glioma growth, progression and invasion.

The book is now divided into three parts. The first part (Chaps. 1, 2, 3, 4, 5, and 6) is focused on 
the mechanism of nucleotide receptor signaling. It is introduced by Chap. 1, in which Geoffrey 
Burnstock presents nucleotide signaling in the brain. Burnstock was the first who, in the 1970s, dis-
covered the role of ATP as a transmitter in the nervous system. Chapter 1 introduces the reader to 
nucleotide signaling in the brain, both in neurons and glial cells, its involvement in co-transmission, 
neuron-glia interaction and pathobiology, including gliomas.

Chapters 2 and 3 are focused on P1 and P2 nucleotide receptor signaling in glioma cells, respec-
tively. Chapter 2 describes adenosine signaling by A

1
, A

2A
, A

2B
, and A

3
 subtypes of P1 receptor and 

presents new data on atypical signaling pathways recruited by adenosine analogues. This new data is 
focused on MAP kinases and modulation of gene expression and shows that adenosine analogues may 
represent an important therapeutic target in the fight against brain tumors. Chapter 3 dwells on the 
expression and functionality of P2 receptors activated by extracellular ATP, ADP, UTP, and UDP, and 
describes the molecular mechanisms of P2Y

1
 and P2Y

12
 cross-talk, proposed to be involved in cell 

survival, proliferation and up-regulated growth in glioma C6 cells.
The next three chapters concentrate on special aspects of nucleotide receptor activity in glioma 

cells, such as generation of calcium signals (Chap. 4), cross-talk with ecto-enzyme activity (Chap. 5), 
and modulation of actin cytoskeleton dynamics (Chap. 6). Moreover, Chap. 4 compares the nature of 
calcium signals in glioma cells with that in astrocytes and microglia and describes new data concern-
ing the activity of P2X

7
 receptor. Chapter 6 presents the peculiar role of the P2Y

2
 receptor, integrins, 

and small GTP-binding proteins in the cross-talk between pathways that regulate the C6 cell cytoskel-
eton. Chapter 5 shows the effect of ATP and AMP degradation by ecto- nucleotidases on tumor growth. 
In comparison to astrocytes, gliomas have low ATPase and high AMPase activity. Such alterations in 
extracellular ATP metabolism, associated with P1 and P2 nucleotide receptor activity, are suggested 
to play an important role in glioma progression.

In the second part of the book (Chaps. 7, 8, 9, 10, and 11) the authors’ attention is concentrated on 
signaling induced by growth factors, cytokines and cannabinoids and their role in glioma pathobiol-
ogy. Chapters 7 and 8 provide data concerning signaling determinants and functions of receptor tyro-
sine kinases in glioma cell invasion (Chap. 7), and discuss in detail the role of different growth factor 
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receptors and multiple kinase inhibitors (Chap. 8). Both chapters suggest personalized anti-invasion 
therapies for genetically distinct subgroups of patients.

Chapter 9 deals with transforming growth factor beta (TGFβ), a multifunctional cytokine, activat-
ing membrane serine/threonine kinase receptors and leading to the activation of the cytoplasmic tran-
scription factors, SMADs. TGFβ plays a special role in oncogenesis – it acts as a tumor suppressor or 
as a tumor promoter in many tumor cells, especially high-grade gliomas. Chapter 9 provides new data 
on genomic and epigenetic alterations in TGFβ signaling pathways and presents its essential role in 
maintaining the stemness of glioma-initiating cells. STAT (signal transducer and activator of tran-
scription) protein family is another group of cytoplasmic transcription factors, which function as 
downstream effectors of cytokine and growth factor receptor signaling. Its role in glioma pathobiol-
ogy is described in Chap. 10, whereas Chap. 11 describes cannabinoid signaling at the molecular 
level. Cannabinoids are currently considered as anti-cancer agents. Chapter 11 presents new data on 
alterations in the endocannabinoid system in gliomas, which may be of importance for tumor patho-
biology and patient prognosis. Beyond blocking of tumor cell proliferation, cannabinoids are shown 
to inhibit invasiveness, angiogenesis, and stem-cell-like properties of glioma tumors, indicating their 
high therapeutic potential.

In the third part of the book, the reader finds new chapters (Chaps. 12, 13, and 14), added to the 
second edition. All of them deal with various aspects of glioblastoma cells and describe the recent 
advance in knowledge of the role played by arginine, histones and microenvironment in glioblastoma 
pathology, respectively. Chapter 12 bases on the observation that numerous cancers are characterized 
by impairment in arginine synthesis. It describes the strategy that can be used for human glioblasto-
ma’s arginine deprivation, followed by a variety of molecular responses, such as motility, adhesion 
and invasiveness. Chapter 13 is focused on epigenetic alterations in glioblastoma. In these cells, epi-
genetic mechanisms are deregulated as a result of aberrant expression/activity of epigenetic enzymes, 
including histone deacetylases remodeling complexes and histone lysine methyltransferases associ-
ated with gene repression. Pharmacological or genetic inhibition of G9a histone methyltransferase 
synsitizes glioblastoma cells to chemotherapeutics, providing a new avenue for glioblastoma therapy. 
The book ends with Chap. 14, which reveals the complexity of glioblastoma/microglia/macrophages 
interactions. The special emphasis is given to the description of possible modulators of these interac-
tions, changes in microenvironment induced by tumor cells on brain parenchyma and the role played 
by cells of the innate immune system on the glioblastoma growth, progression and invasion.

Thus, Glioma Signaling summarizes a number of subjects of interest to both scientific and clinical 
investigators. Since glioma is a group of brain tumors highly refractory to conventional treatments, 
such as surgery, radiotherapy, and chemotherapy, the search for new directions in glioma therapy is 
still needed. This second edition reflects fast progress in the field of glioma biology, as it is clearly 
shown in the new chapters. Data presented here give a hope that current investigations concerning 
mechanisms of intracellular signaling responsible for glioma pathogenesis, up-regulated growth, pro-
gression, and invasion will benefit glioma patients.

With grateful thanks to all authors for their cooperation in preparing this second edition.

Warsaw, Poland  Jolanta Barańska 
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Abstract ATP is a cotransmitter with glutamate, noradrenaline, GABA, acetylcholine and dopamine 
in the brain. There is a widespread presence of both adenosine (P1) and P2 nucleotide receptors in the 
brain on both neurons and glial cells. Adenosine receptors play a major role in presynaptic neuromodu-
lation, while P2X ionotropic receptors are involved in fast synaptic transmission and synaptic plastic-
ity. P2Y G protein-coupled receptors are largely involved in presynaptic activities, as well as mediating 
long-term (trophic) signalling in cell proliferation, differentiation and death during development and 
regeneration. Both P1 and P2 receptors participate in neuron-glial interactions. Purinergic signalling is 
involved in control of cerebral vascular tone and remodelling and has been implicated in learning and 
memory, locomotor and feeding behaviour and sleep. There is increasing interest in the involvement of 
purinergic signalling in the pathophysiology of the CNS, including trauma, ischaemia, epilepsy, 
neurodegenerative diseases, neuropsychiatric and mood disorders, and cancer, including gliomas.

Keywords ATP · Adenosine · Purinoceptors · Cotransmission · Neuromodulation · Glia · Neuron-gial 
interactions · Trophic signalling · Memory · Sleep · Neurodegenerative diseases · Gliomas

Abbreviations

ACh Acetylcholine
ADP Adenosine diphosphate
ATP Adenosine 5ʹ-triphosphate
bFGF Basic fibroblast growth factor
CNS Central nervous system
CREB cAMP response element-binding protein
E-NPPs Ecto-nucleotide pyrophosphatase/phosphodiesterases
E-NTPDases Ecto-nucleoside triphosphate diphosphohydrolase
GABA γ-Amino butyric acid

Chapter 1
Introduction to Purinergic Signalling in the Brain

Geoffrey Burnstock 

G. Burnstock (*)
Autonomic Neuroscience Centre, University College Medical School,
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IL-6 Interleukin-6
NA Noradrenaline
UDP Uridine diphosphate
UTP Uridine 5ʹ-triphosphate
TMZ Temozolomide

1.1  Introduction

The concept of purinergic neurotransmission was proposed in 1972 (Burnstock 1972), after it was 
shown that adenosine 5ʹ-triphosphate (ATP) was a transmitter in non-adrenergic, non-cholinergic 
inhibitory nerves in the guinea-pig taenia coli. Subsequently ATP was identified as a co-transmitter in 
sympathetic and parasympathetic nerves (Burnstock 1976) and it is now recognised that ATP acts as 
either the sole transmitter or a co-transmitter in most nerves in both the peripheral nervous system 
and central nervous system (CNS) (see Burnstock 2007a). Since 1992, there has been an explosion 
of interest in purinergic transmission in the different regions of the brain and spinal cord (Burnstock 
2007a; North and Verkhratsky 2006). Various purinergic receptor subtypes have been shown to be 
widely distributed throughout the CNS, being present in neurones and glia (see Abbracchio and 
Burnstock 1998). It is now well established that ATP acts both as a fast excitatory neurotransmitter 
or neuromodulator and has potent long-term (trophic) roles in cell proliferation, differentiation and 
death in development and regeneration, as well as in disease (Abbracchio and Burnstock 1998; 
Zimmermann 2006).

In 1976, purinergic receptors were first defined (Burnstock 1976) and 2 years later a basis for 
distinguishing two types of purinoceptor, identified as P1 and P2 (for adenosine and ATP/adenosine 
diphosphate [ADP], respectively) was proposed (Burnstock 1978). At about the same time, two sub-
types of the P1 (adenosine) receptor were recognised (Londos et al. 1980; van Calker et al. 1979), 
but it was not until 1985 that a proposal suggesting a pharmacological basis for distinguishing two 
types of P2 receptor (P2X and P2Y) was made (Burnstock and Kennedy 1985). A year later, two 
further P2 purinoceptor subtypes were identified, namely, a P2T receptor selective for ADP on 
platelets and a P2Z receptor on macrophages (Gordon 1986). Further subtypes followed, perhaps the 
most important being the P2U receptor, which could recognize pyrimidines such as uridine 
5ʹ-triphosphate (UTP) and uridine diphosphate (UDP) as well as ATP (O’Connor et al. 1991). On the 
basis of studies of transduction mechanisms (Dubyak 1991), and the cloning of nucleotide receptors 
(Brake et al. 1994; Lustig et al. 1993; Valera et al. 1994; Webb et al. 1993), it was proposed that 
purinoceptors should belong to two major families: a P2X family of ligand-gated ion channel recep-
tors and a P2Y family of G protein-coupled receptors (Abbracchio and Burnstock 1994). This 
nomenclature has been widely adopted and currently seven P2X subunits and eight P2Y receptor 
subtypes are recognised, including receptors that are sensitive to pyrimidines as well as purines (see 
Burnstock 2007b and Fig. 1.1).

Exocytotic neuronal vesicular release of ATP is well established (Pankratov et al. 2007) and 
there is also evidence for vesicular release of ATP from astrocytes, perhaps involving lysosomes 
(Zhang et al. 2007). Evidence has been provided for additional mechanisms of nucleotide release, 
including ATP-binding cassette transporters, connexin or pannexin hemichannels, plasmalemmal 
voltage-dependent anion channels, as well as P2X

7
 receptors (Dubyak 2006; Scemes et al. 2007). 

After release, ATP and other nucleotides undergo rapid enzymatic degradation by ectonucleotidases, 
which is functionally important as ATP metabolites act as physiological ligands for various purinergic 
receptors (Zimmermann 2006). Ectonucleotidases include the E-NTPDases (ecto-nucleoside triphos-
phate diphosphohydrolases), E-NPPs (ecto-nucleotide pyrophosphatase/phosphodiesterases), alkaline 
phosphatases and ecto-5ʹ-nucleotidase. Although generally adenosine is produced by ectoenzymatic 
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Fig. 1.1 Summary of receptor subtypes for purines and pyrimidines with emphasis on the G proteins involved in 
metabotropic P1 and P2Y receptors (Courtesy of Jolanta Baranska)

breakdown of ATP, there may be subpopulations of neurones and/or astrocytes that release adenosine 
directly (Wall and Dale 2007).

1.2  Purinergic Signalling in the CNS

ATP is present in high concentrations within the brain, varying from approximately 2 mM/kg in the 
cortex to 4 mM/kg in the putamen and hippocampus (Kogure and Alonso 1978). Much is now known 
about the breakdown of ATP released in the CNS (Kukulski et al. 2004). Cortex and hippocampus 
synaptic membranes exhibit higher activities of NTPDase1 and NTPDase2 than cerebellum and 
medulla oblongata, while ecto-5ʹ nucleotidases and adenosine deaminase were found in most 
brain regions.

Adenosine actions in the CNS have been recognised for many years (see Dunwiddie 1985; Phillis 
and Wu 1981; Snyder 1985; Williams 1984). However, consideration of the role(s) of ATP in the CNS 
received less attention until more recently (see Abbracchio 1997; Bo and Burnstock 1994; Burnstock 
1996, 2003; Gibb and Halliday 1996; Illes and Alexandre Ribeiro 2004; Illes and Zimmermann 1999; 
Inoue et al. 1996; Masino and Dunwiddie 2001; North and Verkhratsky 2006; Robertson et al. 2001). 
In particular, fast purinergic synaptic transmission has been clearly identified in the brain (Khakh 
2001). It was first observed in the medial habenula (Edwards et al. 1992) and has now been described 
in a number of other areas of the CNS, including spinal cord (Bardoni et al. 1997), locus coeruleus 
(Nieber et al. 1997), hippocampus (Mori et al. 2001; Pankratov et al. 1999) and somatic-sensory 
cortex (Pankratov et al. 2002). Electron microscopic immunocytochemical studies support these 
functional experiments. Although adenosine, following ectoenzymatic breakdown of ATP, is the pre-
dominant, presynaptic modulator of transmitter release in the CNS (see Dunwiddie 1985), ATP itself 
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Table 1.1 Purinergic 
cotransmitters in the brain

Central nervous system Cotransmitters

Cortex, caudate nucleus ATP + ACh

Hypothalamus, locus ceruleus ATP + NA

Hypothalamus, dorsal horn, retina ATP + GABA

Mesolimbic system ATP + DA

Hippocampus, dorsal horn ATP + glutamate

can also act presynaptically (Cunha and Ribeiro 2000). A strong case is made for coordinated purinergic 
regulatory systems in the CNS controlling local network behaviours by regulating the balance 
between the effects of ATP, adenosine and ectonucleotidases on synaptic transmission (Kato et al. 
2004; Matsuoka and Ohkubo 2004).

In situ hybridisation of P2 receptor subtype mRNA and immunohistochemistry of receptor subtype 
proteins have been carried out in recent years to show wide, but heterogeneous distribution in the CNS 
of both P2X receptors (Burnstock and Knight 2004; Kanjhan et al. 1999; Llewellyn-Smith and 
Burnstock 1998; Loesch and Burnstock 1998; Rubio and Soto 2001) and P2Y receptors (Burnstock 
2003; Moore et al. 2000; Moran-Jimenez and Matute 2000). P2X

2
, P2X

4
 and P2X

6
 receptors are wide-

spread in the brain and often form heteromultimers. P2X
1
 receptors are found in some regions such as 

cerebellum and P2X
3
 receptors in the brain stem. P2X

7
 receptors are probably largely pre-junctional. 

P2Y
1
 receptors are also abundant and widespread in the brain. The hippocampus expresses all P2X 

receptor subtypes and P2Y
1
, P2Y

2
, P2Y

4
, P2Y

6
 and P2Y

12
 receptors.

Evidence has been presented that nucleotides can act synergistically with growth factors to 
regulate trophic events (Neary et al. 1994; Rathbone et al. 1999). However, a recent paper has shown 
that ATP can also stimulate neurite outgrowth from neuroblastoma cells independent of nerve growth 
factor (Lakshmi and Joshi 2006).

1.2.1  Cotransmission

Evidence for purinergic cotransmission in the CNS has lagged behind that presented for purinergic 
cotransmission in the periphery (see Burnstock 2009). However, in the last few years a number of 
such studies have been reported (see Table 1.1).

Release of ATP from synaptosomal preparations and slices from discrete areas of the rat and 
guinea-pig brain including cortex, hypothalamus, medulla, and habenula, has been measured (Barberis 
and McIlwain 1976; Sperlagh et al. 1998; White 1977). In cortical synaptosomes, a proportion of the ATP 
appears to be coreleased with acetylcholine (ACh), and a smaller proportion with noradrenaline (NA) 
(Potter and White 1980). In preparations of affinity-purified cholinergic nerve terminals from the rat 
caudate nucleus, ATP and ACh are coreleased (Richardson and Brown 1987). There is evidence for 
corelease of ATP with catecholamines from neurons in the locus coeruleus (Poelchen et al. 2001) and 
hypothalamus (Buller et al. 1996; Sperlagh et al. 1998). Purinergic and adrenergic agonist synergism 
for vasopressin and oxytocin release from hypothalamic supraoptic neurons is consistent with ATP 
cotransmission in the hypothalamus (Kapoor and Sladek 2000). Corelease of ATP with γ-amino 
butyric acid (GABA) has been demonstrated in the rabbit retina (Perez and Bruun 1987) and in dorsal 
horn and lateral hypothalamic neurons (Jo and Role 2002). There is evidence for corelease of ATP 
with glutamate in the hippocampus (Mori et al. 2001) as well as widespread and pronounced modula-
tory effects of ATP on glutamatergic mechanisms (Illes et al. 2001). A recent study has shown that in 
central neuronal terminals, ATP is primarily stored and released from a distinct pool of vesicles and 
that the release of ATP is not synchronized either with the cotransmitters GABA or glutamate 
(Pankratov et al. 2006). Cooperativity between extracellular ATP and N-methyl-D-aspartate receptors 
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in long-term potentiation induction in hippocampal CA1 neurons (Fujii et al. 2004) is consistent with 
ATP/glutamate cotransmission. Colocalisation of functional nicotinic and ionotropic nucleotide 
receptors has also been identified in isolated cholinergic synaptic terminals in midbrain (Diaz-
Hernandez et al. 2002). Interactions between P2X

2
 and both α

4
β

4
 and α

4
β

2
 nicotinic receptor channels 

have been shown in oocyte expression studies (Khakh et al. 2005). There is indirect evidence sup-
porting the possibility that dopamine and ATP are cotransmitters in the CNS (Krugel et al. 2003). 
After cerebellar lesions in rats producing axotomy of mossy and climbing fibre systems, nitrergic and 
purinergic systems were activated with similar time courses on pre-cerebellar stations (Viscomi et al. 
2004). This raises the possibility that, as in a subpopulation of neurons in the gut, nitric oxide and ATP 
are cotransmitters.

1.2.2  Glial Cells

Multiple P1 and P2 receptor subtypes are expressed by astrocytes, oligodendrocytes and microglia 
(see Burnstock and Knight 2004). The patterns of expression are complex and can change with physi-
ological and developmental conditions. Adenosine stimulates glutamate release from astrocytes via 
A

2A
 receptors (Nishizaki 2004). A

3
 receptors mediate chemokine CCL2 synthesis in cultured mouse 

astrocytes (Wittendorp et al. 2004). Astrocytes in the cortex and cerebellum express P2Y
13

 as well as 
P2Y

1
 and P2X

2
 receptors (Carrasquero et al. 2005). NTPDase2 is the dominant ectonucleotidase 

expressed by rat astrocytes (Wink et al. 2006).
ATP participates in both short-term calcium signalling events and in long-term proliferation, 

differentiation and death of glia (Cotrina et al. 2000). Both adenosine and ATP induce astroglial cell 
proliferation and the formation of reactive astrocytes (Neary et al. 1996). ATP and basic fibroblast 
growth factor (bFGF) signals merge at the mitogen-activated protein kinase cascade, and this integra-
tion may underlie the synergistic interactions of ATP and bFGF in astrocytes. Activation of adenosine 
A

2B
 receptors in astroglioma cells has been shown to increase interleukin-6 (IL-6) mRNA and IL-6 

protein synthesis. Blockade of A
2A

 receptors prevents bFGF-induced reactive astrogliosis in rat 
striated primary astrocytes (Brambilla et al. 2003). Extracellular nucleotide signalling has also been 
identified in adult neural stem cells (Mishra et al. 2006).

Release of ATP through connexin hemichannels in astrocytes has been reported (Stout et al. 2002), 
although vesicular release has also been described (Bowser and Khakh 2007; Coco et al. 2003; 
Montana et al. 2006; Pankratov et al. 2006). It has also been suggested that P2X

7
 receptor pores may 

directly mediate efflux of cytosolic ATP, glutamate and GABA from glial cells in the CNS (Duan and 
Neary 2006). Calcium rises in rat cortical astrocytes are mediated by P2Y

1
 and P2X

7
 receptors, but 

additional P2 receptors (P2X
2
, P2X

4
 P2X

5
, P2Y

2
, P2Y

4
 and P2Y

14
) may also contribute (Fumagalli 

et al. 2003). Another study has shown that cultured astrocytes are able to release UTP either at rest or 
following hypoxia and that P2Y

2
 receptor mRNA increased by 2-fold during glucose-oxygen depriva-

tion (Ballerini et al. 2006). P2Y
2
 and P2Y

4
 receptors are strongly expressed in glial endfeet apposed 

to blood vessel walls (Paemeleire and Leybaert 2000).

1.2.3  Neuron-Glial Interactions

Purinergic signalling is emerging as a major means of integrating functional activity between neurons, 
glial and vascular cells in the CNS. These interactions mediate effects of neural activity, in development 
and in association with neurodegeneration, myelination, inflammation and cancer (see Abbracchio 
and Burnstock 1998; Fields and Burnstock 2006). New findings from purinergic research began to 
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Fig. 1.2 Purinergic signalling in the spinal cord. Presynaptic primary afferent nerve terminals in the dorsal horn of the 
spinal cord are depicted releasing both glutamate (GLUT) and ATP as cotransmitters by exocytosis. The released ATP 
acts postsynaptically on P2X

2/4/6
 and on various P2Y receptor subtypes activated by ADP, UTP and UDP, as well as 

ATP. Glutamate acts postsynaptically on α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid receptors (AMPARs) 
and/or N-methyl-d-aspartate receptors (NMDARs). ATP is broken down by ectonucleotidase to adenosine (ADO), 
which acts as a presynaptic inhibitory modulator through P1(A

1
) receptors, but ATP itself can act presynaptically either 

to inhibit the release of transmitter through P2Y receptors or to enhance the release of glutamate through P2X
3
 receptors. 

ATP is also released from astrocytes (and probably also from microglia) together with glutamate to participate in glial–
neuron interactions. Both P2X and P2Y receptor subtypes are expressed by astrocytes. Leukaemia inhibiting factor 
(LIF) released by astrocytes in response to ATP promotes myelination in oligodendrocytes and re-myelination through 
P2Y

1
 receptors. P2X

7
 receptors on oligodendrocytes mediate apoptosis. Resting microglia express P2X

4
 and P2X

7 

receptors involved in neuropathic pain. ATP, through P2X
7
 receptors, promotes IL-1β release. Occupation of P2X

4 

receptors leads to release of brain-derived neurotrophic factor (BDNF) to act on TrkB receptors expressed by neurons 
in the pain pathway. Occupation of P2X

7
 receptors leads, through ERK and/or nuclear factor of activated T cells (NFAT), 

to activation of the transcription factor cAMP response element-binding protein (CREB), whereas P2Y
1
 receptors also 

activate CREB, but through p38 signalling. P2Y
12

 receptors on resting microglia mediate cell migration after injury, 
whereas P2Y

6
 receptors that are expressed on the activated amoeboid microglia mediate phagocytosis of debris at the 

site of damage. Inhibitory interneurons that corelease γ-aminobutyric acid (GABA), glycine and ATP modulate the 
nociceptive pathway (Reproduced from Burnstock (2008). With permission from the Nature Publishing Group)

converge with glial research as it became more widely appreciated that ATP was co-released from 
synaptic vesicles and thus accessible to perisynaptic glia, while ATP released from glial cells could 
also act on neurons. This common currency for cell-cell communication opened the possibility of an 
intercellular signalling system that could unite glia and neurons functionally. A schematic illustrating 
the neuron-glial interactions is shown in Fig. 1.2.
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1.3  Purinergic Signalling in Normal Behaviour

Involvement of purinergic signalling in neurotransmission and neuromodulation in the CNS is now well 
established, but there are relatively few studies of the involvement of purinergic signalling in behavioural 
pathways, apart from brainstem control of autonomic functions, although behavioural changes have 
been reported in pathological situations (see Burnstock 2007a). ATP and adenosine are involved in 
mechanisms of synaptic plasticity and memory formation (Wieraszko and Ehrlich 1994). The hypnotic/
sedative (somnogenic) actions of adenosine are well known as are the central stimulant actions of 
methylxanthine antagonists (see Basheer et al. 2004; Dunwiddie and Masino 2001; Feldberg and 
Sherwood 1954). Adenosine, acting through A

1
 receptors, is an endogenous, homeostatic sleep factor, 

mediating the sleepiness that follows prolonged wakefulness. The basal forebrain, as well as neurons in 
the cholinergic latero-dorsal tegmental nuclei, are essential areas for mediating the sleep inducing effects 
of adenosine by inhibition of wake-promoting neurons (Arrigoni et al. 2003). It has been suggested that 
adenosine may promote sleep by blocking inhibitory inputs on ventrolateral preoptic area sleep-active 
neurons (Mooradian et al. 1994). A

2A
 receptors in the subarachnoid space below the rostral forebrain, 

activating cells in the nucleus accumbens that increase activity of ventrolateral preoptic area neurons, 
may also play a role in the somnogenic effect of adenosine (Scammell et al. 2001).

The central inhibitory effects of adenosine on spontaneous locomotor activity of rodents and 
antagonism by caffeine have been known for some time (e.g., Barraco et al. 1983; Snyder et al. 1981). 
Later A

2A
 receptors on the nucleus accumbens were shown to mediate locomotor depression (Barraco 

et al. 1993). Modulation of striatal A
1
 and A

2
 receptor-mediated activity induces rotational behaviour 

in response to dopaminergic stimulation in intact rats (Popoli et al. 1994). Interactions between 
adenosine and L-type Ca2+ channels in the locomotor activity of rat were demonstrated (Eroglu et al. 
1996). A predominant role for A

1
 receptors in the motor-activity effects of acutely administered 

caffeine in rats has been reported (Antoniou et al. 2005). A combination of A
1
 and A

2A
 receptor blocking 

agents induces caffeine-like spontaneous locomotor activity in mice (Kuzmin et al. 2006). It has been 
reported that ATP continuously modulates the cerebellar circuit by increasing the inhibitory input to 
Purkinje neurons, probably via P2X

5
 and P2Y

2
 and/or P2Y

4
 receptor subtypes, thus decreasing the 

main cerebellar output activity, which contributes to locomotor coordination (Brockhaus et al. 2004). 
P2X

2
 receptor immunoreactivity in the cerebellum was demonstrated and claimed to be consistent 

with a role for extracellular ATP acting as a fast transmitter in motor learning and coordination of 
movement (Kanjhan et al. 1996).

Adenosine given centrally can result in a decrease in food intake (Levine and Morley 1982). In the 
striatum, extracellular ATP and adenosine are involved in the regulation of the feeding-associated 
mesolimbic neuronal activity in an antagonistic manner (Kittner et al. 2004). It has been reported that 
feeding behaviour relies on tonic activation of A

2A
 receptors in the nucleus accumbens in rats (Nagel 

et al. 2003). NTPDase3 and 5ʹ-ectonucleotidase regulate the levels of adenosine involved in feeding 
behaviour in rat brain (Belcher et al. 2006). Enhanced food intake after stimulation of hypothalamic 
P2Y

1
 receptors in rats has been described (Kittner et al. 2006). Both adenosine and ATP have been 

implicated in mood and motivation behaviour (Fredholm 1995; Judelson et al. 2005; Krugel et al. 
2004; Williams 1987).

1.4  Purinergic Pathophysiology in the CNS, Including Gliomas

There is a rapidly growing literature about the involvement of purinergic signalling in most disorders of 
the CNS, such as neurodegeneration diseases, including Alzheimer’s, Parkinson’s and Huntington’s 
diseases and multiple sclerosis, cerebral ischaemia, migraine, neuropsychiatric and mood disorders 
(see Burnstock 2008 and Fig. 1.1), as well as cancer.
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Glioma, the focus of this book, is a general term for malignant tumours of glial cells and includes 
astrocytomas, oligodendrogliomas, medulloblastomas, Schwannomas, ependymonas and glioblastomas. 
Ectonucleotidases were recognised early on the membranes of gliomas and detailed studies have been 
carried out since then (see Braganhol et al. 2009). Rat glioma C6 cells have been widely used for studies 
of gliomas. Adenosine uptake and ATP release from C6 cells has been demonstrated (Sinclair et al. 
2000). Several P2Y receptor subtypes have been identified in C6 cells including P2Y

1
, P2Y

2
, P2Y

12
 

and perhaps P2Y
14

 receptors, and implicated in the proliferation and differentiation of these cells, 
while P2X

4
 and P2X

7 
receptors also appear to be present, perhaps involved in their cell death (see 

Claes and Slegers 2004; Suplat-Wypych et al. 2010; Tamajusuku et al. 2010). In contrast, adenosine, 
after breakdown of ATP, acting via A

1
 and A

2A
 and perhaps A

3
 receptors, inhibits growth of C6 cells. 

ATP stimulates chemokine production in C6 glioma cells, where it was suggested it enhances tumour 
cell mobility and promotes recruitment of microglia into the developing tumours, thereby supporting 
tumour growth (Jantaratnotai et al. 2009). Temozolomide (TMZ) is a DNA damaging agent, which is 
widely used for treating primary and recurrent high-grade gliomas. It has been shown that TMZ 
induces an autophagy-associated ATP surge in U251 cells that protects them and may contribute to 
drug resistance (Katayama et al. 2007). Carnosine inhibits growth of cells isolates from human 
malignant glioma and recently carnosine has been shown to inhibit ATP production in both cells from 
freshly resected gliomas and from the T98G human glioma cell line (Renner et al. 2010).

Glioblastomas are mainly undifferentiated anaplastic cells. This is the most aggressive type of 
brain tumour derived from glial cells. It includes, astrocytomas, which are differentiated cells and 
astrogliomas, which are undifferentiated cells. ATP, acting via P2Y receptors, increased [Ca2+]

i
 in 

primary cultures of human glioblastoma cells and adenosine attenuated growth of mouse glioblas-
toma G1361 cells acting via A

1
 receptors on microglia (Synowitz et al. 2006). High concentrations of 

ATP, probably acting via P2Y
1
 receptors, stimulate proliferation of human astrocytoma cells. P2Y

2
, 

P2Y
6
, P2Y

12
 and P2Y

14
 receptors, as well as P2X

7
 receptors, have been shown to be expressed in various 

astrocytoma cell lines, P2Y
12

 receptors being crucial for regulating cell proliferation and differentiation, 
while P2X

7
 receptor activation is associated with increase in proinflammatory factors and tumour cell 

migration (Ho et al. 2004; Wei et al. 2008).
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Chapter 2
Adenosine Signaling in Glioma Cells

Stefania Ceruti and Maria P. Abbracchio

Abstract Purines and pyrimidines are fundamental signaling molecules in controlling the survival 
and proliferation of astrocytes, as well as in mediating cell-to-cell communication between glial cells 
and neurons in the healthy brain. The malignant transformation of astrocytes towards progressively 
more aggressive brain tumours (from astrocytoma to anaplastic glioblastoma) leads to modifications 
in both the survival and cell death pathways which overall confer a growth advantage to malignant 
cells and resistance to many cytotoxic stimuli. It has been demonstrated, however, that, in astrocyto-
mas, several purinergic (in particular adenosinergic) pathways controlling cell survival and death are 
still effective and, in some cases, even enhanced, providing invaluable targets for purine-based che-
motherapy, that still represents an appropriate pharmacological approach to brain tumours. In this 
chapter, the current knowledge on both receptor-mediated and receptor-independent adenosine path-
ways in astrocytomas will be reviewed, with a particular emphasis on the most promising targets 
which could be translated from in  vitro studies to in  vivo pharmacology. Additionally, we have 
included new original data from our laboratory demonstrating a key involvement of MAP kinases in 
the cytostastic and cytotoxic effects exerted by an adenosine analogue, 2-CdA, which with the name 
of Cladribine is already clinically utilized in haematological malignancies. Here we show that 2-CdA 
can activate multiple intracellular pathways leading to cell cycle block and cell death by apoptosis of 
a human astrocytoma cell line that bears several pro-survival genetic mutations. Although in vivo data 
are still lacking, our results suggest that adenosine analogues could therefore be exploited to over-
come resistance to chemotherapy of brain tumours.

Keywords P1 receptors · A3 ligands · Astrocytoma · Cladribine · 2-Chloro-adenosine · Caspase-2 · 
Caspase-9 · p53 mutations · CD39 · CD73 · Matrix metalloproteinases · Equilibrative nucleoside 
transporters · MAP kinases
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Ado adenosine
AK adenosine kinase
APCP α,β-methylene ADP
CI-IB-MECA 2-chloro-N6-(3-iodobenzyl)-N-methyl-5′-carbamoyladenosine
DAG diacylglycerol
dCyd 2′-deoxycytidine
ENT equilibrative nucleoside transporter
GSK-3β glycogen synthase kinase 3β
HIF-1α, hypoxia-inducible factor 1 α subunit
IFNγ interferon-gamma
Ino inosine
IP3 inositol-1,4,5-trisphosphate
ITub 5-iodotubercidin
MAP kinases mitogen-activated protein kinases
MMP-9 matrix metalloproteinase-9
MRS1220 N-(9-chloro-2-furan-2-yl-[1,2,4]triazolo[1,5-c]quinazolin-5-yl)-2-phenylacetamide
MRS1706  N-(4-acetylphenyl)-2-[4-(2,3,6,7-tetrahydro-2,6-dioxo-1,3-dipropyl-1H-purin-8- yl)

phenoxy]acetamide
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
NECA N-ethyl-carboxamide adenosine
NTPDase nucleoside triphosphate diphosphohydrolase
PET positron emission tomography
PI propidium iodide
PI3K phosphatidylinositol 3-kinase
PKA protein kinase A
PKB/Akt protein kinase B
PKC protein kinase C
PLC phospholipase C
PLD phospholipase D
pRb Retinoblastoma protein
SAH S-adenosyl-homocysteine
SAM S-adenosyl-methionine
TNFα tumour necrosis factor alpha
VEGF vascular endothelial growth factor

2.1  Introduction

Due to their universal role in cell growth, differentiation and death, purinergic mechanisms are inti-
mately involved in the regulation of tumour growth, with both positive and negative influence on 
cancer growth, progression and metastatisation depending on the cell type, the involvement of specific 
extracellular receptors and/or intracellular apoptotic pathways (for a recent commentary, see Sek et al. 
2018). Historically, the first evidence highlighting adenosine (Ado) as a regulator of cancer cell 
growth dates back to the 1940s, when purine derivatives started to be used as cytotoxic agents in 
hematologic tumours. It was then hypothesized these actions be due to impaired intracellular synthe-
sis of nucleic acids and the involvement of specific P1 receptors for extracellular Ado was demon-
strated only relatively recently. Here, we summarize the available evidence implicating Ado and its 
receptors in the regulation of brain astrocytomas, with special emphasis on the translation of these 
findings to the therapy of this form of cancer. It is worth mentioning that, apart from the A3 receptor 
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subtype, which has been the object of extensive studies as a new target for chemotherapy of brain 
tumours (see Sect. 2.4.2) and from the studies on the intracellular effects of Ado in astrocytoma cells 
(see Sect. 2.5), in many papers astrocytoma cell lines have been utilized merely as in vitro models of 
astrocytes to test the presence and the effects of Ado-mediated signaling. This has to be taken into 
consideration when translating data from these studies to primary normal astrocytes, which can bear 
significant differences with respect to malignantly transformed cells.

2.2  Adenosine Metabolism and P1 Adenosine Receptors

Ado is considered rather a neuromodulator than a true neurotransmitter, since it is neither stored as 
such in synaptic vesicles nor released following membrane depolarization (however, see also Melani 
et  al. 2012). It has been estimated that basal extracellular Ado concentration is in the range of 
30–200 nM (Fredholm et al. 2011), and it can rapidly increase through two different mechanisms: 
enzymatic hydrolysis of extracellular ATP by the ecto-5′-nucleotidases CD39 and CD73 or the export 
via membrane bi-directional equilibrative transporters (ENTs) following its intracellular production 
(see also below, Fig. 2.1). Since ATP is released not only from neurons through synaptic vesicles, but 
also from various secretory cells (e.g., platelets, macrophages, endocrine cells; Lazarowski et  al. 
2011) as well as from damaged or dying cells, a delayed increase in Ado concentrations is always 
detected following ATP release, and, in general, Ado-mediated effects modulate the excitatory ATP 
effects in a compensatory inhibitory way.
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Fig. 2.1 Ado metabolism, P1 Ado receptors and associated signaling pathways
Ado can be generated intracellularly after SAH or ATP hydrolysis, and then transported extracellularly through 
ENT. Extracellular Ado concentrations can also increase thanks to ATP hydrolysis by ectoNTPDases. Low physiologi-
cal Ado concentrations can activate the A1AR and A2AAR subtypes, whereas high micromolar concentrations (that can 
be reached following ischemic or traumatic events) are needed to recruit the A2BAR and A3AR subtypes. The classical 
signalling pathways activated by the four P1 receptor subtypes are shown, together with the A3AR-mediated pathways 
that have been more recently identified in glioma cells. Ado can also be deaminated to Inosine (Ino) by ADA either 
extracellularly or intracellularly, and finally metabolized to uric acid. See text for details (Sects. 2.2 and 2.4.2)
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In the extracellular space, Ado can activate its membrane receptors, collectively referred to as the 
P1 receptors. Four subtypes of G protein-coupled Ado receptors have been identified, namely the A1 
adenosine receptor (AR), A2AAR, A2BAR and A3AR subtypes (Alexander et al. 2017). Ado possesses 
a high affinity towards the A1AR and A2AAR subtypes, which can therefore be activated at low physi-
ological Ado concentrations; conversely, only high Ado concentrations can effectively recruit the 
A2BAR and A3AR subtypes, which can thus play a key role upon pathological conditions (see also 
below). The A1AR and A3AR subtypes are either coupled to Gi proteins, which negatively regulate 
adenylyl cyclase activity (Fredholm et al. 2011), or Gq proteins (Alexander et al. 2017; Abbracchio 
et al. 1995a), leading to the hydrolysis of phosphatidylinositol to generate inositol-1,4,5-trisphosphate 
(IP3) and diacylglycerol (DAG). IP3 in turn activates its receptors on the endoplasmic reticulum and 
stimulates the release of calcium from the intracellular stores, whereas DAG can activate protein 
kinase C (PKC) and additional second messenger pathways (Fig. 2.1). Especially in the brain and 
heart tissues, the A1AR subtype can also directly couple to K+ channels through the recruitment of a 
Go; the opening of these channels leads to the intracellular elevation of K+ concentrations and to mem-
brane hyperpolarization. This latter action is at the basis of the bradycardic and anti-epileptic actions 
of Ado (Chen et al. 2013). The A3AR subtype can also recruit various intracellular pathways, which 
will be discussed in more details in Sect. 2.4.2. Conversely, the A2AAR and A2BAR subtypes are cou-
pled to Gs and, consequently, to the activation of adenylyl cyclase and the generation of cAMP 
(Fredholm et al. 2011). The intracellular positive coupling to adenylyl cyclase is at the basis of the 
functional antagonism between the A2AAR and the D2 dopamine receptors in the striatum, since the 
latter inhibits adenylyl cyclase functions through Gi. Alterations in this functional cross-talk between 
the Ado and dopamine systems plays a crucial role in the development of various neurodegenerative 
disorders, such as Parkinson’s disease, as elegantly reviewed elsewhere (Nazario et al. 2017).

Ado is finally taken up by specific membrane transporters, which can be subdivided into equilibra-
tive (bidirectional) or concentrative (i.e., working against concentration gradient, Pastor-Anglada and 
Pérez-Torras 2018), and phosphorylated in the cytosol by adenosine kinase (AK). Since this enzyme 
can operate only in the presence of high oxygen concentrations, Ado concentrations will remain high 
upon hypoxic conditions (such as following an ischemic event, at any site of inflammation or within a 
tumour mass, Uribe et al. 2017), when no ATP can be generated; therefore, Ado-mediated actions play 
an important role also upon pathological conditions. Intracellular Ado can also derive from the intracel-
lular hydrolysis of ATP or of S-adenosyl-homocysteine (SAH). The latter represents the final step of 
the so-called “methyl cycle”, which is crucially involved in the synthesis of nucleic acids and in the 
methylation of proteins (Fig. 2.1). Ado can be also deaminated to inosine (Ino) by Ado deaminase 
(ADA), and further terminally metabolized to uric acid. Ado deamination and metabolism to uric acid 
can also occur extracellularly thanks to the presence of ecto-ADA enzymes on the cell surface (Fig. 2.1).

2.3  A Role for Ecto-5′-Nucleotidases CD39 and CD73 in Gliomas?

As mentioned above, Ado can be produced extracellularly from adenine nucleotides by two types of 
membrane-bound enzymes: CD39, the product of the ectonucleoside triphosphate diphosphohydro-
lase 1 gene (ENTPD1), which is responsible for the conversion of ATP to ADP and AMP, and CD73, 
the product of NT5E gene, which converts AMP to adenosine. Several papers have been recently 
published indicating that the scavenging of extracellular ATP and the production of adenosine have 
direct effects on tumour growth, spread of metastases, vascular regulation, as well as on the adhesion, 
migration and homing of both cancer cells and activated immune cells mediating anti-tumour effects 
(for details, see Allard et al. 2017).

Wang and coworkers have shown that CD73 expression inhibits anti-tumour immune responses 
and that, conversely, CD73-null mice bearing transplanted non-CNS tumours display a survival ben-
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efit when compared to wild type mice (Wang et  al. 2011). Twelve days after tumour inoculation, 
higher numbers of CD8+ immune T cells are found in CD73-null mice. Authors examined in detail 
the role of CD73 in modulating the interaction of tumour infiltrating regulatory CD4+ T cells (tumour 
Tregs), that can promote metastatic tumour growth, with effector T cells. Importantly, CD73-null 
effector T cells did not show any changes in mediating anti-tumour responses. CD4+ tumour Tregs 
directly inhibited CD8+ T cell functions, such as interferon-gamma (IFN-γ) production, and conse-
quently CD8+ T cell-mediated anti-tumour effects in a CD73-dependent manner. This study therefore 
shows that both local and systemic production of Ado by CD73 (in tandem with CD39) results in 
decreased effector functions of CD8+ T cells and in a reduction of their homing to tumours. This 
occurs by several means, including both decreased expression of adhesion molecules, direct in vivo 
modulation of anti-tumour responses and/or possibly induction of apoptosis (in this respect, see also 
Sect. 2.4). These data suggest that both cancer cells and host-derived cells cooperatively mediate 
tumour immune evasion, and that this occurs in a CD73-dependent manner.

Highly relevant to the present review, overexpression of CD73 has also emerged as a component of 
glioma cell adhesion and tumour cell-extracellular matrix interactions (Cappellari et al. 2012, see also 
below). In both C6 and U138MG glioma cells, treatment with 1 μM α,β-methylene ADP (APCP), a 
competitive CD73 inhibitor, caused a 30% reduction in glioma cell proliferation. In addition, 100 μM 
Ado increased cell proliferation by 36%, and treatment with Ado plus inhibitors of its uptake produced 
an additional and significant increase in cell proliferation. The inhibitory effect on cell proliferation 
caused by APCP was reverted by co-treatment with Ado uptake inhibitors. AMP (1 mM and 3 mM) 
decreased U138MG glioma cell proliferation by 29% and 42%, respectively (Bavaresco et al. 2008). 
Taken together, these results suggest the participation of CD73 in cell proliferation, and that this pro-
cess is dependent upon (i) the enzyme’s production of Ado, acting here as a proliferative factor, and, 
(ii) removal of AMP, a toxic molecule for gliomas. These findings would therefore suggest CD73 as a 
new target for anti-glioma therapies. Interestingly, data on newly diagnosed glioma patients have dem-
onstrated that CD39 and CD73 act in synergy to promote local adenosinergic immune suppression. 
Downregulation of CD73 is accompanied by a better prognosis for glioblastoma patients (Xu et al. 
2013). These data have been confirmed in the only available in vivo study in rats with implanted C6 
glioma cells, where chronic exposure to methotrexate led to the up-regulation of CD73, which in turn 
increased local Ado concentrations and subsequent immune suppression (Figueiró et  al. 2016). 
However, other reports indicate that extracellular adenine nucleotides inhibit C6 glioma cell growth via 
Ado, which is produced by ecto-nucleotidases including CD73 at the extracellular space and then 
incorporated into cells by the equilibrative nucleoside transporters ENT2 (Ohkubo  et  al. 2007). 
Intracellular AMP accumulation by AK after Ado uptake would then induce C6 cell growth inhibition 
through pyrimidine starvation. It has to be underlined that these contrasting data have been obtained on 
cell lines in vitro. Therefore, at variance from other non-central nervous system (CNS) tumours (Wang 
et al. 2011; Allard et al. 2017), elucidation of the exact role of CD39 and CD73 in gliomas still awaits 
additional and more detailed direct in vivo evaluation in tumour-bearing animals and in patients where 
factors other than cancer cell proliferation (i.e., tumour cells’ adhesion, migration and invasiveness as 
well as immune cell-mediated responses) can be determined (see also Conclusions).

2.4  Receptor-Mediated Effects of Adenosine on Glioma Cell Growth 
and Survival

The interest in the role of the purinergic system in general, and of Ado in particular, in modulating the 
growth and survival of various types of tumour cells has grown since the 1990s, based on the demon-
stration of high extracellular purine concentrations within the tumour mass. For example, concentra-
tion of Ado in the extracellular fluid of glioma tissue has been directly measured in 21 patients 
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undergoing surgical removal of the tumour and it has been reported to be in the low micromolar range 
(Melani et al. 2003), meaning high enough to stimulate all the four P1 receptor subtypes which have 
been all identified in C6 glioma cells, functionally coupled to the modulation of adenylate cyclase 
activity. Quantitative real time PCR allowed to rank their expression as follows: 
A1AR = A3AR > A2AAR > A2BAR (Castillo et al. 2007). Moreover, functional ENTs (Sinclair et al. 
2000) and ecto-5′-nucleotidase/CD73 (Cappellari et  al. 2012) have been also found expressed by 
glioma cells (see above), thus suggesting that the whole machinery controlling purine metabolism is 
present and functional in these cells, and therefore cell survival and properties could be deeply influ-
enced by intra- and extracellular Ado concentrations. Indeed, in both C6 glioma and U138MG glio-
blastoma cells the activity of ecto-5′-nucleotidase/CD73 increased in parallel with cell proliferation 
to a maximum when cells reached confluence (Bavaresco et al. 2008). This means that ATP hydrolysis 
to Ado will progressively augment with the growing of the tumour mass, and that Ado-mediated 
effects on cell growth and proliferation might become progressively more important.

Many studies have been performed on in vitro or in vivo models of cancer of different origins (such 
as melanoma, leukemia, prostate carcinoma etc.), or on P1 receptor-transfected cells, and they have 
reported different, and often opposite, effects on cell survival exerted by the various Ado receptor 
subtypes (Gessi et al. 2011). These contradictory effects are probably due to the various experimental 
models, leading to a consequent coupling of P1 receptor subtypes to different intracellular pathways 
controlling cell survival and proliferation depending upon the cell type, but also to the different exper-
imental settings (e.g., hypoxic vs normoxic), and to the concentration of the agonists utilized (see 
Sect. 2.4.2).

2.4.1  A1AR-, A2AAR-, and A2BAR-Mediated Effects on Glioma Cells

Based on studies performed on solid tumour cells or on transfected cells, both the A1AR and the 
A2AAR subtypes can exert both pro-survival and anti-apopotic actions, by recruiting different intracel-
lular signaling pathways (Gessi et al. 2011). Interestingly, Ado has been shown to reduce glioblastoma 
cell invasion through the A1AR expressed by microglia cells, thus confirming the complexity of puri-
nergic signaling acting on multiple cell types, including the immune system where P1 receptors play 
a fundamental role (reviewed in Gessi et al. 2011). It is interesting to point out that both the A2AAR 
and the A2BAR subtypes have been crucially involved in the positive regulation of angiogenesis, by 
promoting the survival and proliferation of endothelial cells in synergy with VEGF (reviewed in Gessi 
et al. 2011), and their activation could therefore indirectly boost tumour growth by improving the sup-
ply of oxygen and nutrients.

A significant upregulation of the A1AR has been identified in the peritumour area in animals 
injected with F98 or C6 glioma cells by 3D imaging reconstruction of the tumour mass (Dehnhardt 
et al. 2007). This upregulation was dependent upon the tumour volume. No significant changes, but 
rather a tendency to decrease, were instead detected within the tumour itself, possibly due to induction 
of cell death by necrosis. Although the functional significance of this increase in A1AR is not known, 
monitoring A1AR expression and receptor presence around tumours could represent a valuable 
 diagnostic and prognostic marker for glioblastoma progression. In fact, this receptor system has been 
studied by examining the binding of the radioactive molecule 18F-CPFPX (a selective A1 antagonist) 
by positron emission tomography (PET) in vivo and described as being up-regulated during the cere-
bral response to glioma invasion in primary human glioblastoma multiforme (Bauer et al. 2005).

Specific down-regulation of the A1AR and a parallel up-regulation of the A2AR subtypes have 
been observed in C6 glioma cells following induction of hypoxia (Castillo et  al. 2008). This 
effect was mimicked by Ado itself, therefore suggesting that high extracellular Ado concentra-
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tions that are generated as a consequence of hypoxic conditions (as observed within a tumour 
mass; see also below) can auto-regulate Ado-dependent signaling. These data further confirm that 
the results on receptor recruitment and activation can significantly vary depending upon the 
experimental setting utilized, and can even become the opposite when shifting from in vitro to in 
vivo conditions.

While most of the immunosuppressive actions of Ado in the tumour environment are mediated by 
the A2AARs (see above, Sect. 2.3; Gessi et al. 2011), the only paper dealing with a putative role for the 
A2AAR in controlling glioma survival shows a protective role for this receptor, at least under the 
experimental conditions utilized. In fact, authors have demonstrated that Ado, at concentrations rang-
ing from 125 to 500 μM, significantly protected C6 glioma cells from NO-dependent cell death 
induced by the incubation with a mix of cytokines (Isakovic et al. 2008). In this study, the possible 
involvement of the A2AAR (although the Ado concentrations utilized here are extremely high) and of 
the A2BAR has been only postulated, based on the inability of an inhibitor of ENTs to prevent Ado- 
mediated effects and on previous data demonstrating that overexpression of the A2AAR and inhibition 
of AK (which in turn increases extracellular Ado concentrations) in C6 glioma cells significantly 
inhibited NF-κB activation and cytokine-induced iNOS upregulation (Lee et al. 2005; Sands et al. 
2004).

It is worth mentioning that A2AAR agonists transiently increase blood-brain barrier permeability, 
and this could represent a novel pharmacological approach to boost drug delivery to the brain. In this 
respect, Regadenoson, the only moderately selective A2AAR agonist approved for human use, was 
tested in glioblastoma patients in an attempt to raise the concentration of the anticancer drug temo-
zolomide in the brain interstitium (reviewed in Jacobson et al. 2019).

Functional A2BARs were identified in human astrocytoma ADF cells, (a cell line directly derived 
from a cancer patient), which underwent desensitization following prolonged agonist exposure due to 
phophorylation at threonine residues (Trincavelli et  al. 2004). Interestingly, the pro-inflammatory 
cytokine TNFα potentiated A2BAR coupling and inhibited its desensitization, so that only in its pres-
ence could the A2 receptor agonist NECA promote A2BAR-mediated elongation of numerous thin 
cellular processes (Trincavelli et al. 2004). These morphological changes generally reflect the com-
mitment of astrocytes towards a cell differentiation program, which could be also accompanied by an 
increased resistance to cell death (see below, Sect. 2.4.2). It should be noted, however, that in cancer 
cells any stimulus promoting differentiation would conflict with their intrinsic tendency towards 
uncontrolled proliferation. These contradictory messages could therefore promote the decision of the 
cell to undergo apoptotic cell death. Thus, activation of the A2BAR in the presence of pro- inflammatory 
cytokines could prove useful in glioma therapy.

In this respect, more recent data from the same group have shown that activation of both A1ARs 
and A2BARs expressed by glioblastoma multiforme cancer stem cells (CSCs; the cell population 
within a tumour mass endowed with high proliferative and malignancy potential and likely responsi-
ble for tumour spreading and metastatization; Eramo et  al. 2006) exerts anti-proliferative/pro- 
differentiative roles and can sensitize CSCs to temozolomide cytotoxicity (Daniele et al. 2014). Thus, 
recruiting Ado receptors on CSCs represents an innovative option to overcome cell resistance and to 
boost the effects of chemotherapy.

Moreover, in human U373 glioblastoma multiforme cells activation of the A2BAR recruited a series 
of intracellular pathways, including p38 MAP kinase and PKC delta and epsilon, which in turn pro-
moted IL6 synthesis and release (Fiebich et al. 2005). Since this cytokine has been associated to the 
development of a malignant and aggressive phenotype in various types of cancer, such as breast car-
cinoma, caution should be kept in evaluating the final outcome of A2BAR activation in brain tumours, 
and to discriminate effects on tumour cells from effects on CSCs. More experimental data are there-
fore needed to clearly determine the role of this receptor subtype in modulating the survival and pro-
liferation of glioma cells.
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2.4.2  The A3 Receptor Subtype as a New Pharmacological Target 
for Innovative Chemotherapy Approaches to Gliomas

The A3AR subtype is the only member of the P1 receptor family that was cloned before its pharmaco-
logical characterization. As knowledge on its structure were accumulating, it appeared that this recep-
tor would have been difficult to characterize, mostly based on the low level of interspecies homology, 
reflecting in highly different pharmacological profiles, especially in terms of antagonist binding and 
affinities (reviewed in Gessi et al. 2008). Moreover, also receptor distribution showed significant dif-
ferences among species, with high expression detected in the lung, spleen, testis, brain, heart and liver 
(Gessi et al. 2008). Interestingly, very high levels of A3AR protein were found in a variety of cancer 
cell lines, including astrocytoma and glioblastoma, suggesting a role for this receptor as a tumour 
marker (Gessi et al. 2008) or as a target for new chemotherapy approaches (see below).

The analysis of receptor dynamics in ADF astrocytoma cells has led to discover a fast desensitiza-
tion response to agonist stimulation, followed by agonist-mediated internalization and recycling to the 
cell surface within 120 min. A more prolonged exposure to a selective A3AR agonist (Cl-IB-MECA) 
led to a significant down-regulation of receptor expression, with slow recovery (Trincavelli et  al. 
2002). This rapid desensitization kinetics is possibly due to the presence of a higher number of serine 
and threonine residues at the receptor C-terminal region with respect to A1AR and A2AR subtypes 
(Palmer and Stiles 2000).

Apart from the “classical” second messenger systems (see above, Sect. 2.2), the A3AR can also 
couple to the activation of the small G protein RhoA, which in turn stimulates phospholipase D (PLD) 
(Gessi et al. 2008), and to the MAP kinase signaling pathways through the release of the βγ subunit 
from pertussis toxin-sensitive Gi proteins (Schulte and Fredholm 2003), or to the PI3K/Akt pathway 
(see Fig. 2.1). Concerning the latter, inhibition of PKA and PKB/Akt was demonstrated in melanoma 
cells upon activation of the A3AR; this in turn maintained glycogen synthase kinase 3β (GSK-3β) in 
its active form, with a consequent deregulation of the Wnt pathway, increase in β-catenin degradation, 
and finally inhibition of tumour cell proliferation (Fishman et al. 2002). These observations, together 
with the high expression of the A3AR in tumour cells and with its pro-apoptotic effects on various 
lymphoma, melanoma and prostate cell lines in vitro and in mouse xenografts in vivo (Fishman et al. 
2002), have led to the hypothesis that A3AR agonists might be useful as chemotherapic agents. Clinical 
studies are currently ongoing on the use of CF102 (Cl-IB-MECA) in patients with advanced hepato-
cellular carcinoma (Fredholm et al. 2011). Taken together, these results suggest an inhibitory action 
of the A3AR on cancer cell growth and proliferation.

The opposite, however, seems to hold true for glioblastoma cells. In fact, the selective A3AR antag-
onist, MRS1220, blocked Ado-mediated glioma proliferation (Morrone et al. 2003). Upon hypoxic 
conditions, activation of the A3AR upregulated the transcription factor HIF-1α, leading to increase 
VEGF production, with consequent angiogenesis (Merighi et al. 2006). Hypoxia-induced chemoresis-
tance of human glioblastoma cells was also demonstrated to depend upon the activation of the A3AR 
linked to the PKB/Akt pathway, which in turn mediated the phosphorylation and consequent inactiva-
tion of the pro-apopototic member of the Bcl2 protein family Bad, leading to cell survival (Merighi 
et al. 2007). Indeed, upregulation of matrix metalloproteinase-9 (MMP-9) expression and increased 
tumour migration was also observed upon activation of the A3AR in human U87MG glioblastoma 
cells under normoxic conditions (Gessi et al. 2010). MMPs degrade the extracellular matrix and con-
sequently promote migration of glioma cells towards brain areas protected by an intact blood-brain 
barrier. Unfortunately, no differences between the migratory biology of transformed and normal brain 
cells have been identified, which renders this potential target difficult to be exploited (Westphal and 
Lamszus 2011). Based on the above-mentioned evidence, inhibition of A3ARs with selective antago-
nists could therefore represent an appealing therapeutic approach to solid tumours in general (which 
are characterized by an hypoxic core) and to gliomas in particular, not only to inhibit MMPs upregula-
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tion, but also to affect cancer cell growth and properties at various molecular levels, thus increasing 
the possibility of a more effective chemotherapy. In this respect, possible lead compounds could 
emerge from the development of a series of pyrazol[3,4-d]pyrimidines derivatives with drug-like 
physicochemical properties, which demonstrated a high affinity and selectivity for the A3AR and were 
able to potently inhibit Cl-IB-MECA- and IB-MECA-stimulated glioblastoma cell growth in vitro 
(Taliani et al. 2010). In line with the pro-survival role of the A3AR in glioma cells, our group has 
demonstrated that in human astrocytoma ADF cells, nanomolar Cl-IB-MECA concentrations pro-
duced clear morphological changes (i.e., emission of numerous long filaments, Fig. 2.2b and higher 
magnification in Fig. 2.2c), which were accompanied by the appearance of stress fibers, a typical 
hallmark of cytoskeletal rearrangement, and by the redistribution of the anti-apoptotic protein Bcl-XL 
towards cell processes (Abbracchio et al. 1997), through the specific involvement of the small G pro-
tein Rho (Abbracchio et al. 2001). Overall, these changes increased the ability of the cell to adhere to 
the culture substrate, which in turn reflected in a reduced sensitivity to cell death, thus confirming that 
the A3AR could contribute to improve cancer cell survival.

Fig. 2.2 Morphological changes induced by nanomolar 
concentrations of the A3AR agonist Cl-IB- MECA in 
human astrocytoma ADF cells Scanning electron 
micrographs of ADF astrocytoma cells grown for 72 h 
under Control conditions (a) or in the presence of 
100 nM Cl-IB-MECA (b, c). A typical bipolar shape 
with a relatively low number of cell protrusions was 
observed in Control cells, whereas exposure to 
nanomolar Cl-IB- MECA induced marked morphological 
changes with an increased of the number and length of 
cellular processes. Original magnification: (a, b) 1,000x; 
(c) 3,300x. Numbers on micrograph represent numbering 
in the original manuscript from which the figure is 
reproduced (Abbracchio et al. 1997) with permission 
from Elsevier
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An opposite effect was, however, exerted by high micromolar Cl-IB-MECA concentrations, since 
a significant cytotoxicity, reduction of cell number and induction of apoptosis were detected both in 
C6 glioma (Appel et al. 2001) and in human astrocytoma ADF cells (Abbracchio et al. 1998) upon 
treatment with this selective A3AR agonist. These data were in line with previous results showing a 
dual opposite effect on ischemia-induced tissue damage exerted by either acute or chronic A3AR ago-
nist administration (reviewed in Jacobson 1998), suggesting an opposite outcome on cell survival 
depending upon the “intensity” of receptor activation. Although the selective recruitment of the A3AR 
subtype by such high agonist concentrations could be questioned, these apparent discrepancies in 
A3AR-mediated effects on cell survival are in line with its enigmatic (and yet-to-be fully clarified) 
role as “Dr. Jekill and Mr. Hyde” (Gessi et al. 2008).

A further confirmation of the possible anti-proliferative role of the A3AR in glioma comes from a 
study showing a significant upregulation of the mRNAs encoding for the A3AR and for ENTPDase/
CD73 upon exposure of C6 and U138-MG glioma cells to indomethacin (Bernardi et  al. 2007). 
Increase in CD73 mRNA was accompanied by a significantly higher ratio of ATP hydrolysis; although 
actual Ado concentration was not measured in this paper, it can be envisaged that it reaches values 
high enough to activate the A3AR subtype. Indomethacin also significantly inhibited glioma cell pro-
liferation, and this effect was reverted by the A3AR agonist MRS1220, but not by antagonists acting 
at other P1 receptors (Bernardi et al. 2007), thus suggesting a specific involvement of this receptor 
subtype in indomethacin-mediated effects.

Finally, it should be also noted that A3ARs can modulate the immune system by activating NK cells 
and, possibly, NK-mediated disruption of tumour cells. Conversely, Ado has been demonstrated to 
exert an immunosuppressive role through the A3AR, which could interfere with the recognition of 
tumour cells by T killer cells, within the environment of a solid tumour (Gessi et al. 2008, see also 
above Sect. 2.3). Therefore, this double immunomodulatory effect can positively or negatively influ-
ence tumour growth, progression, and metastatisation depending upon the cell environment and the 
type of malignancy.

2.5  Receptor-Independent Effects of Adenosine Analogues in Glioma Cell 
Growth and Survival

Apart from the more recently identified receptor-mediated effects, the intracellular cytotoxic actions 
of purine and pyrimidine derivatives have been known since the 1940s, and are at the basis of their use 
as chemotherapic agents and anti-metabolites. For example, 2-chloro-2′-deoxyadenosine (2-CdA) is 
utilized as one of the drug of choice in hairy cell leukemia and in other haematological malignancies, 
with the name of Cladribine (Kreitman and Arons 2018). The molecular bases of nucleoside analogue 
cytotoxicity were initially mainly ascribed to their ability to alter intracellular purine and pyrimidine 
pools, leading to impaired synthesis of nucleic acids, or to directly interfere with the enzymes involved 
in DNA synthesis, thanks to their structural similarities with endogenous nucleosides (Dighiero 
1996). In the 1990, however, it was demonstrated that nucleoside analogues could also activate spe-
cific pathways of apoptotic cell death. For example, in haemathological disorders, Cladribine was 
demonstrated to recruit both the extrinsic caspase-8-dependent (Nomura et al. 2000), and the intrinsic 
mitochondrial pathway of cell death, with the involvement of caspase-9 (Genini et  al. 2000). The 
actions of nucleoside analogues on CNS cancer cells have not, however, been properly investigated.

The first clues of a possible cytotoxic role for Ado analogues on astrocytes came from the demon-
stration that exposure of primary rat astrocytes to 2-chloro-adenosine (2-CA), a non-selective agonist 
of P1 receptors, induced a dramatic reduction of cell number (Abbracchio et al. 1994), due to the 
induction of cell death by apopotosis (Abbracchio et al. 1995b; Ceruti et al. 1997). To our surprise, 
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Ado receptor antagonists did not inhibit 2-CA-mediated effects, thus suggesting an intracellular site 
of action for the Ado analogue. These results prompted us to analyze the possible cytotoxic effects of 
2-CA on human astrocytoma cells (ADF cells, see above), in comparison with 2-CdA, in order to 
verify the possible use of Ado analogues as anti-tumour agents also in solid brain tumours. First of all, 
we demonstrated a high cytotoxic activity exerted by the two Ado analogues on ADF cells, due to the 
induction of apoptosis (Fig. 2.3, Ceruti et al. 2000, Ceruti et al. 2003a). 2-CdA resulted to be more 
potent than 2-CA in inducing ADF cell death, with significant effects already detected at 5 μM con-
centration. Both molecules exerted their effects after their intracellular phosphorylation to the corre-
sponding nucleotide derivatives, which occurred through the recruitment of two independent 
biochemical pathways, as demonstrated by the complete inhibition of 2-CA-mediated actions by Itub 
(an inhibitor of AK) and of 2-CdA-induced effects by dCyd, which competes for the active site of 
deoxy-cytidine kinase (Fig. 2.3, Ceruti et al. 2000, Ceruti et al. 2003a). Only in the case of Cladribine 
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Fig. 2.3 Different intracellular pathways of apoptotic cell death are activated by 2-CA and 2-CdA in human astrocy-
toma ADF cells
2-CA and 2-CdA are prodrugs, and they have to be intracellularly phosphorylated/activated by two distinct kinases to 
exert their toxic effects. This has been demonstrated by blocking 2-CA- and 2-CdA-mediated effects with 2 specific 
kinase inhibitors: Itub (acting on adenosine kinase) and dCyd (acting on deoxy-cytidine kinase), in the case of 2-CA and 
2-CdA, respectively. Thus, the active cytotoxic species are represented by the corresponding 2-chloronucleotide or 
deoxy-nucleotide derivatives, which drive cell death by apoptosis through complex intracellular pathways (see text for 
details and Fig. 2.6). Apoptosis has been demonstrated by: (1) staining of cells floating in the culture supernatants with 
the chromatin fluorescent dye Hoechst 33258 (see pictures), and (2) flow-cytometric analysis of PI-stained cultures (see 
histograms on the right). The former technique demonstrated chromatin condensation and nuclear fragmentation in a 
highly significant percentage of detached cells (see micrographs and numbers below), whereas the appearance of hypo-
diploid DNA peak after a 48-h exposure to either adenosine analogue was shown by flow-cytometry (see numbers on 
histograms). Numbers represent the percentage of apoptotic cell death. For more details, see text. (Reproduced from 
Ceruti et al. 2003a with permission from John Wiley and Sons)
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was a cell cycle block demonstrated to precede induction of apoptosis (see below for details), further 
confirming that, although closely chemically related, these two compounds indeed recruited diverging 
pathways of death (Ceruti et al. 2000). Nevertheless, the two Ado analogues converged on a common 
and rather new pathway of apoptosis; in fact, both activated an atypical caspase pathway in ADF cells, 
with the recruitment of caspase-2 as initiator caspase, followed by the contemporary consequent acti-
vation of caspase-8 and caspase-9, and of caspase-3 as the main effector caspase (Ceruti et al. 2003b). 
This was the first demonstration of the possible activation of a caspase-2-dependent pathway of cell 
death in astrocytoma cells, which was later demonstrated also following gamma-irradiation and over-
expression of the pro-apoptotic molecule Smac/Diablo (Giagkousiklidis et al. 2005).

In the attempt to better disclose the biochemical pathways contributing to 2-CA and 2-CdA toxic-
ity in ADF cells, we have more recently performed a detailed time-course of effects exerted on cell 
cycle progression. As previously mentioned, we already showed a G2/M cell cycle block after a 7-h 
exposure to 2-CdA followed by changing of culture medium and analysis at 48 h (Ceruti et al. 2000). 
Cytofluorimetric analysis at early time points (i.e., at the end of 7-h 2-CdA exposure) indeed showed 
an actual G1/S block of the cell cycle, which was accompanied by the inhibition of pRb phosphoryla-
tion, a typical G1 block-related event (Gire and Dulic 2015). As expected, dCyd fully prevents 2-CdA- 
induced effects (Fig.  2.4a). Additionally, Affymetrix® microarray analysis of RNA extracted from 
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Fig. 2.4 A short exposure to 2-CdA promotes G1/S cell cycle block of ADF human astrocytoma cells, accompanied by 
pRb and p53 phosphorylation
(a): representative flow-cytometric analysis of DNA content after staining of cells with PI showing an increased per-
centage of cells in G1/S phase after a short (i.e., 7-h) exposure to 100 μM 2-CdA. Histograms on the right show the 
mean percentage of cells in each cell cycle phase of 12 replicates/condition. ∗p  <  0.05 with respect to C and 
2-CdA + dCyd; #p < 0.05 with respect to 2-CdA alone, one-way ANOVA, Scheffe’s F-test. Western blotting analysis 
below histograms show the reduced pRb phosphorylation upon 2-CdA exposure. (b): time-dependent Ser15 phosphory-
lation of p53 induced by exposure to 2-CdA. Total p53 is shown as control for protein loading on gel. 2-CA has no effect 
in agreement with the lack of cell cycle block (Ceruti et al. 2000). A representative filter is shown; similar results have 
been obtained in 5 independent experiments performed in triplicate. 2-CdA-induced cell cycle block, reduction of pRb 
phosphorylation and induction of p53 phosphorylation were all blocked by the contemporary exposure to 100 μM dCyd 
(see also Fig. 2.3)
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Control cultures and cultures exposed to 2-CdA for 7 h demonstrated the differential expression of a 
high number of genes related to cell cycle block, with the highest number of differentially expressed 
genes found under the terms “regulation of cell cycle” (18 genes) and “regulation of MAP kinase 
pathways” (13 genes). The most representative differentially expressed genes, including transcription 
factors and the cell cycle blocker p21 (Gire and Dulic 2015), are listed in Table 2.1. Our data demon-
strate that short exposure to 2-CdA block astrocytoma cells at G1/S phases; if the drug is removed, 
cells recover from the block and proceed synchronously together along the cell cycle (and are there-
fore found in the G2/M phases at 48 h; Ceruti et  al. 2000). If exposure  to the drug is prolonged, 
blocked cells undergo cell death by apoptosis by activating multiple intracellular pathways (see below, 
Fig. 2.6).

It is well known that tumorigenesis is linked to the acquisition of several genetic defects, which 
render malignant cells resistant to the normal growth inhibitory and apoptotic signals, with a parallel 
deregulation of proliferation leading to out-of-control expansion of damaged cells (Kelly and Strasser 
2011). In this respect, we have detected various genetic alterations borne by ADF cells. First of all, we 
identified a single mutation in the p53 protein (Ceruti et al. 2006), a G-to-A nucleotide substitution in 
position 797 of the p53 coding sequence, with a consequent single amino acid change (G-to-E) at 
position 266 of the p53 protein, belonging to the DNA-binding domain. This mutation leads to an 
inactive p53 isoform (Ceruti et al. 2006), meaning that ADF cells cannot activate the cell death path-
ways that depend upon the transcriptional activity of p53. Nevertheless, at early times (from 15′ to 
7 h) after exposure of ADF cells to 2-CdA we detected by Western blotting analysis a rapid and time- 
dependent phosphorylation of p53 at Ser15, which was inhibited by dCyd (Fig. 2.4b). This suggests 
that, despite the presence of a mutated protein, 2-CdA can still recruit p53-mediated pathways, which 
could contribute to cell cycle arrest and cell death, possibly by non-trascriptional mechanisms. 2-CA 
had no effect on p53 phosphorylation, in agreement with its inability to alter cell cycle progression 
(Ceruti et al. 2000) and confirming that, although very similar, these two purine analogues activate 
distinct pathways of cytotoxicity in astrocytoma cells.

Next, we evaluated the possible involvement in the observed effects of MAP kinases, which are 
implicated not only in controlling cell proliferation but are actively recruited during apoptotic cell 
death (Sun et  al. 2015; Dhanasekaran and Reddy 2017). Microarray data already suggested the 
involvement of these signaling pathways in 2-CdA-mediated effects, as shown by the differential 
expression of several genes associated with the MAP kinase pathways (Table 2.1). Thus, we exposed 
ADF cells to 2-CdA for 1–7  h and evaluated the phosphorylation/activation of JNK1/2, p38 and 
ERK1/2 on cell extracts by Western blotting and specific antibodies. A shown in Fig. 2.5a, all the three 
members of the MAP kinase family were activated by 2-CdA starting from 3 h. To directly link MAP 
kinase activation to cell cycle block, we exposed ADF cells for 7 h to either 100 μM 2-CdA alone or 
in combination with selective MAP kinase inhibitors, namely PD98059 (50 μM), SB203580 (25 μM) 
and SP600125 (20 μM) which are known to block ERK1/2, p38 and JNK1/2 signaling pathways, 
respectively. Only SP600125 inhibited 2-CdA-induced phosphorylation of p53 and G1/S cell cycle 
block (Fig. 2.5b). Thus, in agreement with literature data (Tomicic et al. 2015) our data demonstrate 
the recruitment of the JNK1/2 pathway by 2-CdA to exert its cytostatic effects on astrocytoma cells. 
Additionally, we also utilized in combination with 2-CdA inhibitors of other intracellular signaling 
pathways that are directly related to cell cycle block and cell death, namely NU7026 (10  μM), 
LY294002 (50 μM) and Caffeine (10 mM) acting on DNA-PK, PI3K/Akt and ATM-ATR, respec-
tively. In agreement with their only partial inhibition of Ser15 p53 phosphorylation (see Western blot-
ting filters in Fig. 2.5c), NU7026 and Caffeine were able to partially prevent 2-CdA-induced cell cycle 
block (histograms in Fig. 2.5c). This suggests that the PI3K/Akt and ATM-ATR signaling pathways 
are recruited by 2-CdA along with JNK1/ 2 to alter astrocytoma cell proliferation.

We already demonstrated that ADF cells are insensitive to apoptotic triggers (e.g., betulinic acid, 
potassium cyanide, and 2-deoxy-ribose) that recruit the” classical” intrinsic pathway of cell death, e.g. 
the mitochondria/cytochrome C/caspase-9 pathway (Ceruti et al. 2005). This is possibly due to the 
expression of a mutated form of caspase-9, bearing a single C-to-T nucleotide substitution in position 
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83 of the coding sequence, leading to a single amino acid substitution (A-to-V) in position 28 of the 
caspase-9 protein. This mutation occurs in the caspase pro-domain region, which allows the proper 
assembly of the apoptosome complex (Bratton and Salvesen 2010); it can be anticipated that a highly 
ramified amino acid as valine substituting for alanine will negatively influence the generation of the 
proper protein-to-protein interactions. Moreover, ADF cells also express a truncated splice variant of 
caspase-9, the so-called caspase-9β, which lacks a relevant part of the large subunit of the protein, 
including the catalytic site (Ceruti et al. 2005). Caspase-9β is therefore inactive and it is generally 
believed to behave as a dominant negative of the full-length caspase-9. Based on these observations, 
we therefore postulated that ADF cells couldn’t efficiently activate the intrinsic pathway of cell death, 
which could explain their resistance to several known cytotoxic agents.

Despite the presence of the above-mentioned multiple genetic alterations of different cell death 
pathways; both 2-CA and 2-CdA have proved able to induce massive ADF cell death by recruiting 
caspase-2 and, in the case of Cladribine, also by interfering with the cell cycle (see above, Ceruti et al. 
2000, 2003b). This unveils the cytotoxic potential of these derivatives also in the presence of resis-
tance to various pharmacological approaches, and suggests the use of Ado derivatives as second line 
drugs in astrocytoma refractory to currently utilized chemotherapic regimens. Interestingly, our new 
data show that apoptotic death of human ADF astrocytoma cells by a prolonged (24 h) exposure to 
2-CdA also involves MAPkinases, specifically JNK1/2 (which is also involved in the induction of cell 
cycle block; see above) and ERK1/2, as demonstrated by the partial protection exerted by selective 
inhibitors of these two signaling pathways (Fig. 2.6). Other pathways which are recruited by 2-CdA 
at early time points, i.e. PI3K/Akt, DNA-PK, ATM-ATR and p38, are not necessary to promote cell 

Table 2.1 List of the most representative differentially expressed genes after 7 h of exposure of human astrocytoma 
ADF cells to 100 μM 2-CdA

Family Name
Mean fold 
change Biological role(s)

Immediate early genes FosB +32.1 Regulation of gene transcription
Fos +16.4
JunB +4.9 Antiproliferative activity
JunD +2.4
IER3 +3.0 Apoptosis-sensitizer

Transcription factors ATF3 +13.2 Indirect positive or negative involvement in 
cell survivalATF4 +2.6

EGR1 +15.2 Egr-1: pro-apoptotic protein
EGR2 +9.5
EGR3 +4.6
EGR4 +2.2

Regulation of cell cycle 
progression

GADD45A +4.3 Inhibits G1/S transition
GADD34 +3.6 Mediates growth arrest
P21 +13.4 Induces G1 cell cycle block
CyclinB2 –1.8 Drives G2/M transition
CyclinE2 +2.7 Drives G1/S transition
CDC25A +1.6 Promotes cell cycle arrest
Polo-like kinase –2.9 Control of the mitotic checkpoint
BUB1 –2.0

Regulation of MAPkinase 
pathways

GADD45B +8.4 Activation of MEKK4
DUSP1 +9.8 Phosphatases: inhibit MAPkinase 

phosphorylationDUSP2 +7.9
DUPS5 +4.2

Four independent samples for both Control and 2-CdA-treated cultures have been analysed by Affymetrix® microarray
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Fig. 2.5 Time-dependent activation of MAPkinases and specific involvement of JNK1/2 in the cell cycle block induced 
after a 7-h exposure to 2-CdA
(a): cultures were grown under Control conditions (C) or exposed to 100 μM 2-CdA for the indicated time points. Cells 
were collected, lysed and the phosphorylation/activation of MAPkinases was evaluated by Western blotting analysis 
with specific antibodies. Arrows indicate the expected molecular weight for each enzyme. One representative experi-
ment out of five run in triplicate is shown. (b): 2-CdA-induced Ser15 phosphorylation of p53 in the presence of selective 
inhibitors of the three classes of MAP kinases or (c): inhibitors of PI3K/Akt (LY294002), DNA-PK (NU7026) and 
ATM-ATR (Caffeine), analysed by Western blotting. Total p53 is shown as control for protein loading on gel. A repre-
sentative filter is shown; similar results have been obtained in 5 independent experiments performed in triplicate. 
Histograms on the right show the percentage of cells in each phase of the cell cycle after incubation of cultures for 7 h 
with 2-CdA alone or in the presence of the indicated inhibitors. Data are the mean ± S.E.M. of three independent experi-
ments run in triplicate. ∗p < 0.05 with respect to C, #p < 0.05 with respect to 2-CdA alone and ^p < 0.05 with respect to 
both C and 2-CdA alone, one-way ANOVA, Scheffe’s F-test
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death by longer incubation (Fig. 2.6). These data highlight for the first time the crucial role played by 
members of the MAP kinase family of enzymes in the cytotoxic activity of deoxyadenosine deriva-
tives on astrocytoma cells, and confirm the ability of 2-CdA to activate multiple and parallel pathways 
of cytotoxicity in astrocytoma cells which might have important future applications to overcome cell 
resistance to “classic” chemotherapy approaches.

It is also important to note that both 2-CA and 2-CdA were ineffective in inducing cell death on 
primary neuronal cultures when utilized at concentrations which were already almost maximally 
effective on ADF cells (Fig. 2.7, Ceruti et al. 2000). Although the mechanism at the basis of this selec-
tive sparing of neuronal cells (despite the marked apoptotic effect observed on cancerous glial cells) 
has not been clarified, it could represent an important additional therapeutic advantage in the case of 
in vivo administration of these drugs. Moreover, a specific carrier for Ado at the level of the blood- 
brain barrier has been demonstrated (Pardridge et al. 1994), and since 2-CA and Ado utilize the same 
ENT to permeate cells, it may be hypothesized that 2-CA may easily cross the blood-brain barrier. 
Concerning 2-CdA, concentrations in cerebrospinal fluid of leukemic patients have been demon-
strated to represent 25% of plasma concentrations (Liliemark 1997), suggesting a high tropism toward 
nervous tissues. Moreover, an early disruption of the blood-brain barrier is known to occur in several 
CNS pathologies that would favour accumulation of these antitumour agents in brain tissues.

Despite the above-mentioned encouraging preclinical data, a few unsuccessful clinical studies 
have been performed on the use of Cladribine in malignant gliomas. A Phase II study performed on 7 
patients with recurrent glioma has shown no significant effects (Rajkumar et al. 1999). A  interventional 
Clinical Trial entitled “Chemotherapy Followed by Radiation Therapy in Treating Patients with 
Malignant Glioma” is available on the USA ClinicalTrials.gov website (#NCT00019071). The study 
has been completed, but neither publications nor results have been posted on the website or published, 
thus making it impossible to evaluate its outcome. No data are currently available on the possible 
effects exerted by Cladribine, which is now considered one of the drugs of choice in multiple sclerosis 
for its immunomodulatory activities (Holmøy et al. 2017), as a second-line drug on refractory gliomas 
(see above).

As already mentioned above, Ado itself has been demonstrated to have inhibitory effects on the 
growth of C6 glioma cells by activating an intracellular pathway involving its uptake through ENT2 
followed by phosphorylation by AK (Ohkubo et  al. 2007). Authors hypothesize the induction of 

evitaleR
reb

mun
of

 c
el

ls

DNA content (PI fluorescence)

2-CdA, 100 mMControl, 24 hours

0.6 39.9

40

30

20

10

0

50

%
 o

f a
po

pt
ot

ic
ce

lls
(m

ea
n

S.
E.

M
.)

2CdA, 100 mM

C +LY +NU +Caff+SP+SB+PD

*

* *

*
*

^^

FL2-H
C
ou

nt
s

100 101 102 103 104

0
10

0
20

0
30

0
40

0
50

0

FL2-H

C
ou

nt
s

100 101 102 103 104

0
10

0
20

0
30

0
40

0
50

0

Fig. 2.6 Involvement of ERK1/2 and JNK1/2 in 2-CdA-induced apoptotic death of ADF cells
Left: representative flow cytometry histograms of PI-stained nuclei of ADF cells grown under Control conditions or in 
the presence of 100 μM 2-CdA for 24 h. The position of the hypodiploid DNA peak is reported along with the percent-
age of apoptotic cells. Right: histograms show the percentage of apoptotic cells in cultures grown for 24 h in the pres-
ence of 2-CdA alone or in combination with inhibitors of several signaling pathways (see Fig.  2.5 for inhibitor 
concentrations). Data are the mean ± S.E.M. of five independent experiments run in triplicate. ∗p < 0.05 with respect to 
C and ^p < 0.05 with respect to both C and 2-CdA alone, one-way ANOVA, Scheffe’s F-test
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pyrimidine starvation by excessive intracellular AMP concentrations, since extracellular uridine com-
pletely reversed Ado-mediated effects. These results suggest that, in glioma cells, not only can ele-
vated extracellular Ado concentrations activate its membrane receptors (see Sect. 2.4 above), but that 
the nucleoside can also directly modulate cell proliferation through intracellular signaling pathways.

2.6  Conclusions and Future Perspectives

The ubiquitous distribution and heterogeneity of the various components of Ado-mediated signaling 
(i.e., metabolizing enzymes, various subtypes of membrane receptors and of membrane transporters, 
direct actions on intracellular enzymes involved in cell survival, etc.), and the multiplicity of effects 
described upon its recruitment, with sometimes opposite outcomes, have made it difficult to exploit 
this system as a new pharmacological target for brain tumours. Nevertheless, the data collected so far 
and reviewed in this article along with our new unpublished data presented here strongly suggest that 
the Ado system plays a fundamental role in controlling the proliferation, migration, and survival of 

Fig. 2.7 Selective sparing of primary neurons by concentrations of 2-CA and 2-CdA inducing significant cytotoxicity 
in human astrocytoma ADF cells
ADF cells and primary cortical neurons were exposed to increasing 2-CA (upper panel) or 2-CdA concentrations (lower 
panel) for 48 h. At the end of the incubation period the percentage of cell death was evaluated by the ability of cultures 
to metabolize the MTT dye, a typical feature of healthy cells. Data are expressed as percentage of the MTT metaboliz-
ing activity in the corresponding control cultures and represent the mean ± S.E.M. of five independent experiments run 
in triplicate. ∗p < 0.05 with respect to corresponding control, one way ANOVA, Scheffe’s F-test. (Reproduced from 
Ceruti et al. 2000 with permission from John Wiley and Sons)
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glioma cells, where a marked hypoxic environment is generated. Not only Ado receptors, but also 
nucleotide metabolizing enzymes could represent important and druggable targets in the fight against 
brain tumours. Moreover, the ability of Ado analogues to recruit atypical intracellular pathways of 
death in tumours where the “classical” apoptotic triggers are useless and to selectively spare surround-
ing healthy cells would represent additional therapeutic advantages, which should be further explored. 
Contrasting results can often be reconciled by taking into consideration the various experimental set-
tings, the different cell lines, and the agonist concentrations utilized. While many studies have been 
addressed to assess the potential of Ado analogues as anti-glioma agents in vitro, we feel that an 
accurate evaluation of these compounds in appropriate in vivo models is still missing. We therefore 
envisage that well-designed in vivo studies could shed light on the current inconsistencies between 
different results, and more clearly highlight the possible advantages of targeting the Ado system for 
the therapy of glioma.
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Chapter 3
Cross-Talk in Nucleotide Signaling in Glioma  
C6 Cells

Dorota Wypych and Jolanta Barańska

Abstract The chapter is focused on the mechanism of action of metabotropic P2Y nucleotide recep-
tors: P2Y1, P2Y2, P2Y12, P2Y14 and the ionotropic P2X7 receptor in glioma C6 cells. P2Y1 and P2Y12 
both respond to ADP, but while P2Y1 links to PLC and elevates cytosolic Ca2+ concentration, P2Y12 
negatively couples to adenylate cyclase, maintaining cAMP at low level. In glioma C6, these two P2Y 
receptors modulate activities of ERK1/2 and PI3K/Akt signaling and the effects depend on physiolog-
ical conditions of the cells. During prolonged serum deprivation, cell growth is arrested, the expres-
sion of the P2Y1 receptor strongly decreases and P2Y12 becomes a major player responsible for 
ADP-evoked signal transduction. The P2Y12 receptor activates ERK1/2 kinase phosphorylation (a 
known cell proliferation regulator) and stimulates Akt activity, contributing to glioma invasiveness. In 
contrast, P2Y1 has an inhibitory effect on Akt pathway signaling. Furthermore, the P2X7 receptor, 
often responsible for apoptotic fate, is not involved in Ca2+elevation in C6 cells. The shift in nucleotide 
receptor expression from P2Y1 to P2Y12 during serum withdrawal, the cross talk between both recep-
tors and the lack of P2X7 activity shows the precise self-regulating mechanism, enhancing survival 
and preserving the neoplastic features of C6 cells.

Keywords P2Y1, P2Y2, P2Y12, P2Y14, P2X7 nucleotide receptors · Serum withdrawal · P2Y1/P2Y12 
cross-talk · cAMP · ERK1/2 · PI3K/Akt activity · Glioma C6 cells
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Akt protein kinase B/Akt kinase
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DAG diacylglycerol
ER endoplasmic reticulum
ERK1/2 extracellular signal-regulated kinases 1/2.
Gap1 GTP-ase activating protein 1
GBM glioblastoma multiforme
GEF guanine nucleotide exchange factor
GFAP glial fibrillary acidic protein
GFP green fluorescent protein
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GPCRG protein-coupled receptor
IP3 inositol-1,4,5-trisphosphate
LPS lipopolysacharide
MEK MAP kinase-ERK kinase
2MeSADP 2-methylthio ADP
OxATP periodate-oxidized ATP
PDK1 phosphoinositide-dependent protein kinase 1.
PI3K phosphatidylinositol 3-kinase
PIP2 phosphatidylinositol-4,5-bisphosphate
PKA protein kinase A
PKC protein kinase C
PLC phospholipase C
PPADS pyridoxal-phosphate-6-azophenyl-2′,4’disulfonic acid
PTEN phosphatase and tensin homolog
PTX pertussis toxin
RTK receptor tyrosine kinase

3.1  Introduction

Gliomas are the most common brain tissue primary tumors that originate from glial cells. One of the 
most malignant form of gliomas, resistant to therapeutic intervention, is human glioblastoma multi-
forme (GBM) characterized by a marked increase in cell proliferation and invasiveness (Barth 1998; 
Collins 1998; Grobben et al. 2002; Salcman 1995). There are many models used in studies of glioma 
cell biology. One of them, widely used in GBM research, is rat glioma C6 cells. This tumoral cell line 
was originally produced in Wistar-Furth rats exposed to N,N′-nitroso-methylurea (Benda et al. 1968). 
Glioma C6 cells have oligodendrocytic as well as astrocytic progenitor properties and are also often 
used as a biochemical model for studies related to astrocytes (Brismar 1995). Moreover, the cells 
injected into rodent brain become morphologically similar to GBM (Auer et al. 1981). They are used 
in both in vivo and in vitro studies of this kind of tumor (see Chap. 5) since brain cancer treatment are 
still needed.

Recent evidence suggests that glioma development is determined by ATP signaling (White and 
Burnstock 2006). However, not only ATP but also UTP as well as their metabolites: ADP, UDP and 
adenosine have an influence on cell metabolism by stimulation of specific receptors present on the 
plasma membrane (see Chap. 1). This stimulation regulates proliferation, invasiveness and cell death. 
Thus, nucleotide receptors might be useful therapeutic targets (Burnstock 2002).

As described in Chap. 1, the large family of nucleotide receptors is divided into two major classes: 
P1, responding to adenosine, and P2, responding to ATP, UTP, ADP, UDP and UDP-sugar derivatives. 
To the P2 class belong: the intrinsic ligand-gated ion channels – P2X receptors and the metabotropic 
G-protein coupled P2Y receptors (Abbracchio and Burnstock 1994). To date, eight mammalian P2Y 
receptors have been cloned and pharmacologically characterized (see Fig. 1.1). Among them, P2Y2 is 
activated by ATP and UTP, whereas P2Y1 and P2Y12 both respond to ADP. P2Y1 and P2Y2 are coupled 
to phospholipase C (PLC) and are responsible for Ca2+ mobilization from intracellular stores, while 
the P2Y12 receptor is negatively coupled to adenylate cyclase (Ralevic and Burnstock 1998). However, 
one receptor can activate more than one signaling pathway. Such an example is a novel P2Y14 receptor 
that specifically responds to UDP-glucose and related sugar-nucleotides (Abbracchio et al. 2003). Its 
stimulation leads both to calcium mobilization and to inhibition of adenylate cyclase. P2Y1, P2Y2, 
P2Y4, P2Y6, P2Y12, P2Y13 and P2Y14 are expressed in glioma C6 cells (Barańska et al. 2004; Braganhol 
et al. 2009; Czajkowski and Barańska 2002; Krzemiński et al. 2008; Van Kolen and Slegers 2006b). 
Contrary to P2Y receptors, the expression and activity of P2X receptors in glioma C6 cells have not 
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been intensively examined. However, it was shown that the P2X7 receptor which responds to ATP is 
not active in this cell line (Supłat-Wypych et al. 2010).

This chapter is focused on the cross-talk between the metabotropic P2Y1 and P2Y12 nucleotide 
receptors. Their stimulation modulates activities of extracellular signal-regulated kinases (ERK1/2) 
and phosphatidylinositol 3-kinase/Akt kinase (PI3K/Akt) (Barańska et  al. 2004). P2Y12 not only 
reduces the level of cAMP in the cell but is also responsible for activating ERK1/2 kinase phosphory-
lation (a known cell proliferation regulator) and stimulating Akt activity (Czajkowski et  al. 2004; 
Krzemiński et al. 2007). Thus, P2Y12 acts in favor of cell growth and proliferation. In contrast, P2Y1 
has an inhibitory effect on the Akt signaling pathway. The above effects depend on the physiological 
conditions. During prolonged serum deprivation, P2Y1 receptor expression is strongly decreased 
while that of P2Y12 is distinctly increased in C6 cells. The intense pathological proliferation and inva-
siveness of glioma cells seems to depend on the constitutive low level of cAMP (Stork and Schmitt 
2002) and up-regulation of the PI3K/Akt pathway (Kubiatowski et al. 2001). Thus, the shift in expres-
sion from P2Y1 to P2Y12 during serum starvation suggests the existence of a self-sufficient mecha-
nism for survival of C6 cells under unfavorable conditions. Furthermore, it is well known that 
prolonged activation of the P2X7 receptor is a common signal for apoptosis and cell death due to 
massive Ca2+ entry in many cells (Ferrari et al. 1997). The lack of such P2X7 receptor activity in gli-
oma C6 cells supports the hypothesis that gliomas are strongly oriented to pro-survival mechanism 
and intensive proliferation.

3.2  Properties of P2 Receptors

ATP release from neuronal cells and synaptic terminals occurs via exocytosis. However, recent find-
ings indicate that both adenine and uridine nucleotides can be released from non-neuronal cells via 
regulated processes such as: exocytosis, secretion of granules, efflux, changes in osmolarity or 
mechanical perturbation. Moreover, in primary astrocytes, astrocytoma and glioma cells ATP release 
is accompanied by enhanced accumulation of extracellular UTP and this phenomenon is a result of 
the UDP-glucose release (for review see Lazarowski 2006).

ATP released to the extracellular space can exert its effects via activation of the plasma membrane 
P2 nucleotide receptors, both P2X and P2Y. Afterwards, ATP can also be degraded to ADP, AMP and 
adenosine by ecto-enzymes (ectonucleotidases) present on the cell surface (Zimmermann 2000; see 
also Chap. 5). To date four subtypes of P1 adenosine receptors have been cloned: A1, A2A, A2B and A3. 
They all belong to the G protein-coupled metabotropic receptor superfamily and their effects are pre-
sented and discussed in Chap. 2 of this book. Here, we present the description of P2 receptors, whose 
activation plays a crucial role in glioma biology.

3.2.1  P2X Receptors

To date, seven mammalian P2X receptor subtypes (P2X1 – P2X7) have been cloned (for review see 
Burnstock 2007; Ralevic and Burnstock 1998). Ionotropic P2X receptors are ATP-gated, nonselective 
cation channels formed by three subunits (for review see North and Surprenant 2000; North 2002). 
Each subunit consists of two transmembrane domains with short intracellular NH2 and COOH ter-
mini. These two segments are associated by a large extracellular N-glycosylated hydrophilic loop. 
One type or more than one type of subunits can form homotrimeric or heterotrimeric receptors, 
respectively. Activation of P2X receptors by ATP, but not UTP, produces rapid Ca2+ and Na+ influx 
coupled with K+ efflux (Fig. 3.1) and results in depolarization of cells. This, in turn, leads to opening 
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Fig. 3.1 Schematic diagram of nucleotide signaling pathways activated in glioma C6 cells
Upper part: Effects of extracellular nucleotides on metabotropic (P2Y) and ionotropic (P2X) receptors. ATP stimulates 
P2X receptors and together with UTP acts on the P2Y2 receptor. Ectoenzymes hydrolyze ATP to ADP and to adenosine, 
which acts on P1 receptors. ADP stimulates both P2Y1 and P2Y12 receptors. P2Y1 and P2Y2 activate PLC via protein 
Gq. (a) PLC converts PIP2 to IP3 and DAG, which activates PKC. (b) IP3 binds to its receptors in the endoplasmic 
reticulum (ER) and causes release of Ca2+ to cytosol. Calcium inhibits adenylate cyclase (AC) activity. (c) The P2Y12 
receptor coupled to Gi protein inhibits AC activity, decreases intracellular level of cAMP and inhibits PKA activity
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of additional plasma membrane voltage-dependent calcium channels and Ca2+ flows in from the extra-
cellular space. Thus, upon P2X receptor activation, opening of cation channels results in elevation of 
intracellular Ca2+ concentration ([Ca2+]i) and in reduction of the membrane potential. Such effects are 
usually detected by properties of the unitary currents of ion channels in outside-out patches and by 
measuring increase of [Ca2+]i. The time course of calcium response is one of the main criteria distin-
guishing ionotropic (P2X) form metabotropic (P2Y) receptors. P2X are characterized by rapid, within 
milliseconds, [Ca2+]i elevation while P2Y receptors response is much slower and occurs in minutes 
(North and Surprenant 2000; Ralevic and Burnstock 1998).

The P2X receptor family shows many pharmacological differences, however ATP is the main ago-
nist of all P2X subunits and neither UTP nor UDP lead to their activation. Another ligand of several 
P2X receptor subunits is an analog of ATP, α,β-methylene ATP, although it is able to activate receptors 
in a different range, (for more details see Burnstock 2007). Among members of the P2X receptor fam-
ily the homomeric P2X7 is atypical. It needs ATP concentration an order of magnitude higher (mili-
molar) than other P2X family members and is 10–30 times more sensitive to the ATP analog, 
2′,3′-0-(4-benzoylbenzoyl)-ATP (BzATP). Furthermore, activation of P2X7 by milimolar concentra-
tions of ATP for prolonged time generates the conversion of this cation channel to a large nonselective 
transmembrane pore. In consequence, massive Ca2+ influx is observed and small molecules (up to 900 
Daltons in size) enter to cell. Due to such properties, P2X7 receptors may be responsible for an apop-
totic fate of the cell (Anderson and Nedergaard 2006; North 2002; White and Burnstock 2006).

P2X receptors are widely expressed in the body. They are present not only in excitable cells, such as 
neurons and skeletal muscle cells, but also in non-excitable ones, for example: smooth muscle, epithelial, 
endothelial or glial cells. Due to rapid response, they are largely viewed as mediators of fast, short-term 
neuronal signaling and cell-to-cell communication. P2X receptors also play an important role in muscle 
development and fiber contraction. Ryten et al. demonstrated that in satellite cells activation of P2X5 
receptors inhibited proliferation and stimulated expression of muscle cell differentiation markers (Ryten 
et al. 2002). Similarly, results from our laboratory showed that in the C2C12 cell line, P2X5 is involved in 
regulation of the shift between myoblast proliferation and differentiation (Banachewicz et al. 2005).

Fumagalli et  al. presented evidence that primary rat cortical astrocytes express all cloned P2X 
receptors except for the P2X6 subtype (Fumagalli et al. 2003). In contrast, glioma C6 cells growing in 
vitro express mRNA for the P2X2, P2X4 and P2X5 subtypes. However, after implantation of the cells 
to rat brain and then their further growth as primary culture (ex vivo C6 model) only P2X4 mRNA can 
be detected (Braganhol et al. 2009). Expression of P2X4 was also reported in C6 glioma cells implanted 
into rat brain, where the presence of tumor cells was associated with microglia activation (Guo et al. 
2004). P2X7 receptors expressed in neuronal populations, due to their ability to massively increase the 
intracellular Ca2+ level, play a role in excitotoxicity. In various CNS injury models, e.g. in vivo spinal 
cord trauma, activation of P2X7 receptors by a high level of released ATP, leads to death of neurons 
(Anderson and Nedergaard 2006). On the other hand, in glial cells with an immunocompetent role in 
CNS (microglia), P2X7 receptors participate in controlling proliferation by supporting cell cycle pro-
gression (Bianco et al. 2006). The expression and functional activity of the P2X7 receptors in glioma 
C6 cells will be discussed in further sections of this Chapter.

Fig. 3.1 (continued) Lower part: Visualization of signaling cascades in glioma C6 cells described above. (a) PIP2 
breakdown activated by ADP via P2Y1 receptor activation. PIP2 is bound to GFP and fluorescence microscope pictures 
show the same cell before and after 5 min of ADP stimulation. Arrows mark points of PIP2 breakdown. (b) Effect of 
ADP, ATP and UTP on [Ca2+]i measured in Fura-2 loaded cells. Experiments performed in the presence of extracellular 
Ca2+. Each trace represents the response of an individual cell. Notice a rapid rise in [Ca2+]i (the first phase of the signal) 
upon addition of agonists (arrows), followed by a sustained elevation of [Ca2+]i (the second phase of the signal). (c) 
ADP-induced inhibition of the isoproterenol-elicited cAMP response. Notice a very low cAMP level in control cells in 
the absence of isoproterenol. The inhibitory effect of ADP was reversed by PTX, a specific inhibitor of Gi protein, 
responsible for the inhibition of AC. For details, see text. (Adapted from Czajkowski et al. 2002 (a) with permission 
from Elsevier, and from Sabała et al. 2001 (b and c) with permission from John Wiley and Sons)
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3.2.2  P2Y Receptors

Up to now, the mammalian P2Y receptor family comprises eight subtypes: P2Y1, P2Y2, P2Y4, P2Y6, 
P2Y11, P2Y12, P2Y13 and P2Y14 (Abbracchio et al. 2003; Boarder and Webb 2001; Communi et al. 
2001; Harden et al. 1998; Hollopeter et al. 2001; King et al. 2000; Zhang et al. 2002). The missing 
numbers represent receptors cloned from non-mammalian vertebrates and those not fully character-
ized, called “orphan” receptors.

Similarly to other metabotropic receptor proteins, P2Y contain seven transmembrane domains 
linked to each other by extra- and intra-cellular hydrophilic loops, the extracellular NH2 terminus and 
intracellular COOH terminus (Burnstock 1997, 2007; Ralevic and Burnstock 1998). The schematic 
structure of the receptors is presented in Fig. 3.1. P2Y receptors act via binding to a single α,β,γ – 
heterotrimeric G protein. It is suggested that positively charged amino acid residues present in trans-
membrane regions 3, 6 and 7 form a ligand-docking pocket and are involved in electrostatic interaction 
with phosphate groups of exogenous ATP. This binding is affected by functional diversity of the intra-
cellular loops and the COOH terminus (Ralevic and Burnstock 1998).

From a phylogenetic and structural point of view, the P2Y receptor family can be divided into two 
subgroups with relatively high structural divergence. The first one contains P2Y1, P2Y2, P2Y4, P2Y6 
and P2Y11 receptors, while to the other one belong P2Y12, P2Y13 and P2Y14 receptors (Abbracchio 
et al. 2003). Each subgroup is characterized by specific nucleotide-binding motifs in transmembrane 
domains 6 and 7, considered as important for ligand binding and crucial for agonist activity 
(Abbracchio et al. 2003). All P2Y receptors classified to the first subgroup are coupled to Gq protein 
(Table 3.1). Their stimulation, via Gq protein, activates phospholipase C (PLC), which leads to hydro-
lysis of phosphatidylinositol-4,5-bisphosphate (PIP2) and to formation of diacylglicerol (DAG) and 
inositol-1,4,5-trisphosphate (IP3) (Boarder and Hourani 1998; Erb and Weisman 2012) (Fig.  3.1). 
DAG activates protein kinase C (PKC), while IP3 binds to its specific receptors on the endoplasmic 
reticulum (ER) membrane, evoking Ca2+ release from the ER stores (Berridge 1995; Putney Jr. and 
Bird 1993) (Fig. 3.1). Taken together, stimulation of P2Y1, P2Y2, P2Y4 and P2Y6 receptors leads to 
mobilization of intracellular Ca2+. However, with an exception of P2Y1, the other Gq coupled P2Y 
receptors are able to link to other G protein subfamilies (Erb and Weisman 2012) (Table 3.1). The 
coupling of activated P2Y2, P2Y4, P2Y6 receptors to Go, G12 or G12/13 requires interaction with integ-
rines and leads to activation of small GTP-ases, Rho and Rac. The last member of this subgroup – 
P2Y11 can be coupled to either Gq or Gs proteins. In consequence, it is positively linked to two signaling 
pathways by activating either PLC or adenylate cyclase, respectively (Communi et al. 1997; Erb and 
Weisman 2012; Ralevic and Burnstock 1998). P2Y12, P2Y13 and P2Y14 receptors, phylogenetically 
and structurally classified to the second subgroup of P2Y receptors, are all coupled to Gi/o protein and 
their stimulation negatively affects adenylate cyclase and decreases cAMP level (Abbracchio et al. 
2003; Erb and Weisman 2012; Moore et al. 2003) (Table 3.1; Fig. 3.1). Thus, a slower response of 
P2Y receptors to agonists than that of P2X is a result of the involvement of the second messenger 
systems.

From a pharmacological point of view, the P2Y receptor family is characterized by different sen-
sitivities to adenine and/or uridine nucleotides (see Table 3.1). It has been found that ADP is the most 
potent natural agonist of P2Y1 receptors, while UTP and UDP are not effective (Leon et al. 1997). 
However, the stable analog of ADP, 2-methylthio ADP (2MeSADP), is even a more potent P2Y1 ago-
nist. P2Y1 is blocked by suramin, pyridoxal-phosphate-6-azophenyl-2′,4’disulfonic acid (PPADS), 
MRS2179 and MRS2269. The two last compounds were identified as selective antagonists of this 
receptor (Burnstock 2007) (Table 3.1). P2Y2 responds to both ATP and UTP with approximately equal 
potency and it is insensitive to or only weakly activated by ADP or 2MeSADP (Nicholas et al. 1996). 
It is worth to add that two rodent receptors: P2Y2 and P2Y4 are equipotently activated by ATP and 
UTP. They can be distinguished by their proper antagonists, since suramin blocks P2Y2 while Reactive 
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blue 2 blocks P2Y4 receptors (Burnstock 2007). Contrary to rat, the human P2Y4 receptor is highly 
more selective to UTP than ATP (Nicholas et  al. 1996). Furthermore, the P2Y6 receptor is UDP- 
sensitive and is activated weakly, if at all, by UTP, ATP or ADP (Nicholas et al. 1996). The P2Y11 
receptor was cloned from human placenta and has been shown to be activated by ATP and ADP but 
not by UTP or UDP (Communi et  al. 1997). P2Y12 and P2Y13 receptors are phylogenetically and 
structurally related (Communi et al. 2001). They are selective for ADP and 2MeSADP and blocked 
by ARC- compounds. The P2Y13 receptor can be distinguished from P2Y12 by the use of PPADS 
which acts as an antagonist of P2Y13 (but not of P2Y12), or by the use of p1,p4-di(adenosine-5′)tetrap-
hosphate (Ap4A), which acts as an agonist of P2Y12 and as an antagonist of the P2Y13 receptor (Claes 
et al. 2001). The recently cloned P2Y14 receptor is activated by UDP-glucose, UDP-galactose, UDP- 
glucuronic acid and UDP-N-acetyl-glucosamine, while no significant responses are detected when 
ATP, ADP or UTP are used (Abbracchio et al. 2003; Harden et al. 2010).

As mentioned before (see Sect. 3.2.2), all receptors belonging to the P2Y12-like subfamily are 
exclusively coupled to Gi/o protein and decrease cAMP level in cells (Erb and Weisman 2012; Harden 

Table 3.1 The main properties of P2Y receptors

Subtype

Chromosomal 
location of the 
gene (H. sapiens)

Number 
of amino 
acids Agonists activity Antagonists

The main activated 
pathways

P2Y1 3q25.2 373 2-MeSADP 
>2-MeSATP = ADP > ATP

MRS 2279, MRS 
2179, PPADS, 
suramin

Gq ⇨ Ca2+↑ 
(Rac↑?)

P2Y2 11q13.5-q14.1 377 UTP = ATP suramin Gq,o,12 ⇨ 
Ca2+↑,Rac↑,Rho↑

P2Y4 Xq13 365 UTP ≥ ATP Reactive Blue 2, 
PPADS

Gq,o ⇨ Ca2+↑,Rac↑

P2Y6 11q13.5 328 UDP > UTP > > ATP Reactive Blue 2, 
PPADS, suramin

Gq,12/13 ⇨ 
Ca2+↑,Rho↑

P2Y11 19p13.2 374 AR-C67085MX > Bz-ATP ≥  
ATPγS > ATP

suramin, Reactive 
Blue 2,

Gq,s ⇨ 
Ca2+↑,cAMP↑

P2Y12 3q24-q25 342 ADP = 2-MeSADP AR-C67085MX, 
cangrelor

Gi/o ⇨ 
cAMP↓,Rho↑

P2Y13 3q24 354a ADP = 2-MeSADP> > ATP & 
2-MeSATP

AR-C67085MX, 
cangrelor

Gi/o ⇨ 
cAMP↓,Rho↑

P2Y14 3q24-q25.1 338 UDP-glucose = UDP-galactose – Gi/o ⇨ 
cAMP↓,Ca2+↑

Designations:
2-MeSADP 2- Methylthioadenosine- 5′- O- diphosphate
2-MeSATP 2- Methylthioadenosine- 5′- O- triphosphate
ATPγS adenosine 5′-0(3-thiotriphosphate)
AR-C67085MX 2-Propylthio-D-β,γ-dichloromethylene-ATP
cangrelor (known also as: AR-C69931MX) – [(2R,3S,4R,5R)-3,4-dihydroxy-5-[6-(2- 

methylsulfanylethylamino)-2-(3,3,3-trifluoropropylsulfanyl)purin-9-yl]oxolan-2-yl]methyl 
dihydrogen phosphate

Bz-ATP 2′,3’-O-(4-benzoylbenzoyl)-adenosine 5′-triphosphate
MRS 2179 3′-Adenylic acid,2′-deoxy-N-methyl-, 5′-(dihydrogen phosphate
MRS 2279 (1R,2S,4S,5S)-1-[(phosphato)methyl]-4-(2- chloro-6-aminopurin-9-yl) bicyclo 

[3.1.0]-hexane-2- phosphate
PPADS Pyridoxal phosphate-6-azophenyl-2′,4′-disulfonic acid

↑ – increase
↓ – decrease
a49% identity in amino acid sequence with P2Y12 receptor
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et al. 2010) (Table 3.1). However, it has also been suggested that the P2Y14 receptor coupled to Gi/o 
protein can activate PLCβ via β/γ subunits of this protein (Bianco et al. 2005). A similar activation of 
PLCβ via Gi/o protein coupling might occur in the case of other P2Y receptors and among them P2Y2 
(Burnstock 2007).

Interestingly, for the last several years a couple of reports appeared describing a change in the 
downstream pathways activated by nucleotide receptors after binding integrins. It was shown that the 
arginine-glycine-aspartic acid (RGD) domain is responsible for selectively attaching αVβ3/β5 integrins 
to P2Y2 receptors in human astrocytoma cells (Erb et al. 2001). Thus, UTP activating P2Y2 is able to 
stimulate G0 and G12 proteins which lead to the activation of small GTPases: Rac and Rho – proteins 
crucial for actin cytoskeletal rearrangements required for chemotaxis (Bagchi et al. 2005; Liao et al. 
2007). Moreover, in primary rat astrocytes, UTP-stimulated cell migration was inhibited by anti αV 
integrin antibodies (Wang et al. 2005). All those data suggest that in regions of strong substratum 
adhesion, P2Y2 receptors may transduct signals through subunits other than Gq, but also that P2Y2- 
associated pathways may be important factors regulating migration-dependent events like astrogliosis 
in brain disorders. The above issues will be precisely described in Chap. 6 of this book.

It is worth to add that according to Soulet et al., coupling of the platelet ADP-stimulated P2Y1 
receptors with Gq not only activates PLC but also small G protein Rac (Soulet et al. 2005). However, 
the mechanism of this effect is unclear and the main function of the P2Y1 receptor still seems to be 
intracellular Ca2+ mobilization (for review, see Barańska et al. 2017).

P2Y receptors are widely distributed in nearly all human and rodent tissues. Several neuronal and 
glial cell lines have been derived from human or rodent brain (see Chap. 1 and, for review, see Sak and 
Illes 2005).

It has been suggested that in CNS, P2Y receptors may take a part in many basic functions, such as 
cellular metabolism, proliferation and differentiation, both under physiological and pathological con-
ditions (Abbracchio and Verderio 2006; Di Virgilio et al. 2001). In rat cortical astrocytes, Fumagalli 
et al. described the expression of P2Y1, P2Y2, P2Y4, P2Y6, P2Y12 and P2Y14 receptors and suggested 
their participation in astrocyte-to-astrocyte communications (Fumagalli et al. 2003). This phenome-
non occurs due to the release of ATP, which may act as an autocrine and paracrine messenger initiating 
purinergic signaling processes. A similar role of these receptors in communication between astrocytes 
and neurons was also reported (Bezzi and Volterra 2001).

The expression of P2Y receptors was examined in mouse microglial cell line N9 and in primary 
microglia derived from rat brain, cultivated either in resting conditions or exposed to bacterial lipo-
polysacharide (LPS) (Bianco et al. 2005). Long-term exposure to LPS resulted in the increase of P2Y6 
and P2Y14 receptors activity. This was explained as a part of a protective mechanism that minimizes 
sensitivity of microglia to external cell death-inducing signals (Bianco et al. 2005). These data are in 
agreement with the supposition that the P2Y14 receptor may play an important neuroimmune function 
(Abbracchio et al. 2003). Similarly, in 1321 N1 astrocytoma cells, activation of P2Y6 by UDP protects 
cells against TNF-α induced apoptosis (Kim et al. 2003). Moreover, P2Y6 mRNA expression appeared 
only after implantation of glioma C6 cells into rat brain and further growth in culture (ex vivo model), 
while in C6 control cell line these receptors were not detected. In general, glioma C6 cells express 
multiple P2Y receptor subtypes: P2Y1, P2Y2, P2Y4, P2Y6, P2Y12, P2Y13 and P2Y14 (Barańska et al. 
2004; Braganhol et al. 2009; Czajkowski and Barańska 2002; Krzemiński et al. 2008; Van Kolen and 
Slegers 2006b).

In rat native cerebellar astrocytes, Carrasquero et  al. described expression of P2Y1 and P2Y13 
receptors, while P2Y12 was not detected (Carrasquero et al. 2005). The authors suggested that in these 
cells P2Y13 substitutes for P2Y12 and cooperates with P2Y1, similarly as it is observed in platelets, 
where P2Y1 and P2Y12 take part in ADP-induced platelet aggregation (Gachet 2006; Hollopeter et al. 
2001). The P2Y13 receptor was found to be highly expressed not only in human and mouse brain tissue 
but also in rat primary astrocytes, where it was proposed to participate in reactive astrogliosis 
(Fumagalli et al. 2004). In glioma C6 cells, the P2Y12 receptor is highly expressed and functionally 
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active. Moreover, its involvement in signaling processes is often opposite to that of the P2Y1 receptor 
(Barańska et al. 2004, Krzemiński et al. 2007).

The expression and functional activity of P2Y1 and P2Y12 receptors in glioma C6 cells and the 
cross-talk between them will be discussed in further sections of this Chapter.

3.3  P2Y1, P2Y2 and P2Y12 Receptor Expression and Functionality 
in Glioma C6 Cells

In the 1990s of the twentieth century, extracellular ATP was shown to generate IP3 formation in gli-
oma C6 cells, indicating the presence of purinergic receptors coupled to phosphoinositide turnover 
and hydrolysis (Hirano et al. 1991; Kitanaka et al. 1992; Lin and Chuang 1993, 1994).

While the presence of ATP-responding, PLC-activated P2Y2 receptors in this cell line was gener-
ally accepted, the presence of P2Y1 receptors that stimulate PLC activity was a subject of a serious 
debate. The studies concerning accumulation of IP3, both in C6-2B and in C6 cells, suggested the 
presence of P2Y1-like receptors affecting not IP3 formation but inhibition of adenylate cyclase. 
Moreover, these receptors were not blocked by the P2Y1 receptor antagonist, PPADS (Boarder and 
Hourani 1998; Schachter et al. 1996, 1997). Therefore, the existence of two different ADP-responding 
receptors has been proposed: one (P2Y1), coupled to PLC and blocked by PPADS and another one, 
termed P2Y-C6 or P2YAC, present in glioma C6 cells and negatively coupled to adenylate cyclase 
(Claes et al. 2001; Grobben et al. 2001). On the other hand, Webb and others reported that the cloned 
rat P2Y1 receptor DNA and that derived from glioma C6 cells were 100% identical in the entire cod-
ing region (Webb et al. 1996). Thus, the authors suggested that in different cell types the same P2Y1 
receptor might either activate PLC or inhibit adenylate cyclase.

These confusing data were finally clarified by experiments performed in our laboratory in which the 
activity of P2Y1 receptors was estimated by their ability to increase [Ca2+]i. We have previously shown 
that glioma C6 cells belong to the type of non-excitable cells (Barańska et al. 1995). In such cells, the 
voltage-dependent Ca2+ channels are absent and the biphasic, capacitative Ca2+ signaling is mediated 
by the inositol phosphate system (Berridge 1995; Putney Jr. and Bird 1993; see also Chap. 4). In this 
process, the initial rise of [Ca2+]i (the first phase of the cell response) results from a direct effect of IP3 
on the ER calcium stores and can be observed even in the absence of external Ca2+. The second phase 
of the calcium signal is generated by an opening of voltage-independent plasma membrane Ca2+ chan-
nels and Ca2+ inflow into the cell as a consequence of the depletion of the ER stores. We have shown 
that in glioma C6 cells, ADP as well as ATP and UTP initiate a calcium response typical for non-
excitable cells and compatible with the capacitative model of Ca2+ influx (Sabała et al. 2001). All the 
above mentioned nucleotides induce [Ca2+]i elevation which starts with an initial peak response (the 
first phase) and is followed by the second phase – a long, sustained plateau (Fig. 3.1b). Moreover, soon 
afterwards, cells treated with ATP failed to respond to UTP and vice versa, whereas similar cross-
desensitization between ADP and UTP, or ADP and ATP did not occur. These results indicate that ATP 
and UTP act on the same common subtype of P2Y receptors (P2Y2), whereas ADP is recognized by 
another one (Sabała et al. 2001). Treatment of cells with PPADS and MRS2179, the P2Y1 receptor 
specific antagonists, abolish ADP-induced Ca2+ mobilization. The P2Y2 receptor is insensitive to these 
compounds. Furthermore, 2MeSADP, a selective agonist of high potency for the P2Y1 receptor, is more 
efficient than ADP in increasing [Ca2+]i (Czajkowski et al. 2002; Sabała et al. 2001).

As it is shown in Fig. 3.1b, the kinetics of ADP-evoked [Ca2+]i changes differs from those gener-
ated by ATP and UTP. The response is more transient and quickly returns to the basal level. Therefore, 
one could expect that ADP-evoked IP3 accumulation was also transient and too short to be estimated. 
This could be a reason for the former belief that in glioma C6 cells, ADP-responding receptor stimula-
tion did not lead to PLC activation. However, using a direct visualization of GFP coupled PLCδ-PH 
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domain of PIP2 in C6 cells, we revealed that after stimulation with ADP, the PIP2-bound GFP fluores-
cence was reduced at the cell surface, indicating the breakdown of PIP2 by activated PLC (Fig. 3.1a) 
(Czajkowski et al. 2002).

In contrast to PLC activation, ADP-evoked adenylate cyclase inhibition has been documented for 
a long time (Boyer et al. 1993). Thus, in glioma C6 cells ADP has two activities: it stimulates PLC 
and inhibits adenylate cyclase. The latter activity can be shown by inhibition of the isoproterenol- 
elicited cAMP accumulation by 80% in the presence of ADP (Fig. 3.1c). This effect is reversed by the 
treatment of cells with pertussis toxin (PTX), indicating Gi protein involvement, and is insensitive to 
PPADS (Sabała et al. 2001).

Knockdown of the P2Y1 receptor with antisense oligonucleotides, as well as treatment of cells with 
MRS2179 or PPADS, caused loss of receptor-mediated PLC activity but were without effect on ADP- 
induced adenylate cyclase inhibition. All of these indicate that there exist two different receptors in 
glioma C6 cells, both responding to ADP (Czajkowski et al. 2002). At the same time, a P2Y receptor 
subtype, previously called P2TAC, that is coupled to the inhibition of adenylate cyclase in rat blood 
platelets, was cloned and designated as P2Y12 (Hollopeter et al. 2001; Savi et al. 2001). The presence 
of this receptor was also reported in glioma C6-2B cells (Jin et al. 2001). Its identity and the presence 
in glioma C6 cells, as well as the presence of P2Y1 and P2Y2 receptors, was verified and confirmed by 
polymerase chain reaction using reverse-transcribed total RNA (RT-PCR) and Western blot analysis 
(Barańska et  al. 2004; Czajkowski et  al. 2002, 2004; Krzemiński et  al. 2007; Sabała et  al. 2001) 
(Fig. 3.2).

Thus, in glioma C6 cells the P2Y1, P2Y2 and P2Y12 receptors are expressed. ATP and UTP act as 
agonists on P2Y2, whereas ADP stimulates both P2Y1 and P2Y12 receptors. The molecular identity, 
pharmacological analysis and the typical biphasic Ca2+ response showed that P2Y2 and P2Y1 are 
linked to PLC and Ca2+ release, whereas P2Y12 is negatively coupled to adenylate cyclase through Gi 
protein.

In conclusion, it is worth to add that one of the most characteristic features of glioma C6 cells is 
the massive expression of the P2Y12 receptor, long known to exist in this cell line and previously 
denominated as P2Y-C6 or P2YAC. High expression of this receptor leads to a very low constitutive 
basal level of cAMP (see Fig. 3.1c). The other characteristic feature is the instability of the P2Y1 
receptor expression. The lack of activity of the P2Y1 receptor reported previously (Grobben et al. 
2001; Schachter et al. 1997) might be explained not only by the transient and very short stimulation 
of PLC and IP3 accumulation but also, and most likely, by conditions of cell culturing and handling. 
It has been shown that the long-term absence of serum in the C6 cell culture medium specifically 
affects the P2Y1 receptor, strongly decreasing its expression and, simultaneously, its activity (Barańska 
et al. 2004; Czajkowski et al. 2004; Krzemiński et al. 2007 and see Chap. 4). The effect of serum 
withdrawal on P2Y1 and P2Y12 receptor expression is presented in detail in the next Section.

3.4  Serum Withdrawal

3.4.1  Effect on P2Y1 and P2Y12 Receptor Expression

It is well established that proliferation of cells is induced by numerous substances present in animal 
serum such as growth factors, cytokines or bioactive lipids. Among them, an important serum compo-
nent is lysophosphatidic acid, bound to albumin and carried in the blood stream (Jalink et al. 1994; 
Kranenburg and Moolenaar 2001). Therefore, media used for cells cultivation are usually supple-
mented with sera originating from various sources. However, it is known that for some in vitro studies, 
such as mitogenic signaling, it is better to use withdrawal cells (Grobben et al. 2001; Tu et al. 2000). 
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Fig. 3.2 Effect of serum deprivation on mRNA and protein levels of nucleotide receptors in glioma C6 cells
(a) Detection of P2Y1, P2Y2 and P2Y12 mRNA by RT-PCR reaction. Amplification products of 590, 489 and 721 bp 
correspond to P2Y1, P2Y12 and P2Y2 mRNAs, respectively. Lane 1, 123 DNA ladder; lanes 2 and 3, cells grown in the 
medium supplemented with 10% serum; lanes 4 and 5, cells after 48 h serum deprivation. (b) Changes in the protein 
level of P2Y1 and P2Y12 receptors detected using Western blot in non-starved cells (control) and cells cultivated without 
serum for 24, 48, 72 and 96 h, respectively. (c). Cells cultivated in serum-free medium for 96 h followed by 24 h recov-
ery in fresh medium with serum (M+). (Reproduced from Barańska et al. 2004 (a) with permission from Elsevier, and 
from Krzemiński et al. 2007 (b and c) with permission from John Wiley and Sons)
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Such proceeding should also be applied for glioma C6 cells in the case of mitogen-activated protein 
kinase studies, including extracellular signal-regulated kinases 1/2 (ERK1/2). In cells cultivated in the 
presence of serum the basal activity of ERK1/2 is so high that nucleotides, ADP and UTP, are unable 
to induce additional stimulation of ERK1/2 activity (Barańska et al. 2004; Czajkowski et al. 2004).

Sometimes, differences in cell culture conditions may be misleading. The group of Slegers was 
unable to detect activation of PLC and calcium release after ADP stimulation in glioma C6 cells 
grown in chemically defined serum-free medium. In consequence, the authors suggested the lack of 
P2Y1 receptor expression in those cells (Grobben et al. 2001). In contrast to the results of Slegers’ 
group, studies performed on cells growing in the medium supplemented with serum revealed the pres-
ence and functional activity of the classic P2Y1 receptors (Czajkowski et al. 2002; Sabała et al. 2001). 
These data show that variations in the composition of the culture medium, such as the presence or 
absence of serum, may have important implications. Therefore, comparison of the effects of these two 
cell culture conditions seemed to be essential (Czajkowski et al. 2004; Krzemiński et al. 2007).

Figure 3.2a shows the mRNA level of P2Y1, P2Y2 and P2Y12 receptors in glioma C6 cells, either 
serum-deprived or cultured in the presence of 10% fetal bovine serum. In cells starved for 48 h in the 
serum-free medium, the level of P2Y1 mRNA strongly decreased, whereas P2Y12 mRNA expression 
slightly increased. When C6 cells were cultured for 98 h in chemically defined serum-free medium, 
as described by Grobben et al. (Grobben et al. 2001), the same effect was observed (Czajkowski et al. 
2004) (not shown in Fig. 3.2). In contrast, serum deprivation was without any effect on P2Y2 mRNA 
expression (Fig. 3.2a). A similar pattern of changes was demonstrated for proteins (Krzemiński et al. 
2007). Figure 3.2b shows the level of P2Y1 and P2Y12 receptor protein in cells cultivated for 24, 48, 
72 and 98 h in the serum-free medium. The level of the P2Y1 receptor gradually decreased and was 
very low after 72 h, and particularly after 96 h, while the level of P2Y12 increased. However, even after 
96 h of serum deprivation, when the medium was replaced by that containing serum, the level of the 
P2Y1 receptor could be restored (Fig. 3.2c).

The interrelation between P2Y1 and P2Y12 expression led to the hypothesis, that increased level of 
P2Y12 receptors, observed during long-time serum starvation, might be a consequence of P2Y1 
decrease (Wypych and Pomorski 2012). Up to now, there are no literature data about the regulation of 
transcription of P2Y1 and P2Y12 genes. Furthermore, rat genome analysis in the Ensembl database 
showed no essential differences between P2Y1 and P2Y12 gene promoters in transcription factor bind-
ing sites, which were additional arguments in favor of the hypothesis. The development and spreading 
of the siRNA technique encouraged its verification.

The selective exclusion of the P2Y1 receptor was confirmed by Western blot and TIRFM (Total 
Internal Reflection Fluorescence Microscopy) (Wypych and Pomorski 2012). Both analyses showed 
a decreased level of P2Y1 receptors in total protein extracts and in the plasma membrane, respectively 
(Fig. 3.3a,b) (Wypych and Pomorski 2012). Moreover, studies of the activity of the P2Y1 receptor 
confirmed this result (Fig.  3.3c). However, further experiments showed that decrease of the P2Y1 
protein level did not cause an increase of the level of P2Y12 receptors (Fig. 3.3a). Similarly, the inhibi-
tion of P2Y12 expression by siRNA did not lead to the increase of P2Y1 (Wypych and Pomorski 2012). 
In other words, the increased level of P2Y12 receptors is not the consequence of inhibition of P2Y1 
receptor expression, but both receptor level changes are the independent results of change in cell cul-
ture medium, i.e. serum withdrawal (Wypych and Pomorski 2012). It can be deemed that the lack of 
factor/factors present in serum causes changes in expression of both these receptors independently. 
Nevertheless, the change in expression of P2Y1 and P2Y12 during long-term serum starvation is very 
strong, comparable with a selective experimental blockade by siRNA (Wypych and Pomorski 2012). 
Hence, long-term serum starvation is a good model for functional studies of both these receptors.

In conclusion, the long-term serum deprived glioma C6 cells are characterized by very low expres-
sion of the P2Y1 receptor. Under such conditions, the P2Y12 receptor strongly predominates and is 
primarily responsible for the ADP-evoked signal transduction. Consequently, the decrease in P2Y1 
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Fig. 3.3 Selective exclusion of P2Y1 receptors by siRNA in glioma C6 cells
(a) A typical Western blot experiment. The level of each receptor protein in total protein extract was measured densito-
metrically and is presented with reference to a control protein (β-actin) (number of analyzed experiments, N = 3). The 
protein level in the control is assumed as 1 arbitrary unit (AU). The analysis shows a significant decrease of P2Y1 recep-
tor protein 0.32 ± 0.07 AU (p < 0.05) and no change in the amount of P2Y12 receptor protein 1.02 ± 0.02 AU. (b) 
Immunocytochemical staining of P2Y1 receptors visualized in epifluorescence (upper pictures) and in Total Internal 
Reflection Fluorescence Microscopy (TIRF) module (lower pictures). The relative ratio between P2Y1 receptors on the 
plasma membrane to the total amount of receptors in control cells is 1 ± 0.22 AU (number of analyzed cells, n = 14) and 
after siRNA transfection it decreases to 0.29 ± 0.23 AU (n = 18). The change is statistically significant (p < 0.05). (c) 
Functional study of P2Y1 receptors – the mean calcium response of control (black) and siRNA transfected cells (grey) 
evoked by 10 μM 2MeSADP as indicated by arrow, in buffer with 2 mM CaCl2. The change was statistically significant 
(p < 0.001). (Adapted from Wypych and Pomorski 2012 from Acta Biochimica Polonica)
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mRNA and protein expression is reflected by the distinctly lower ADP-evoked calcium response when 
compared with cells incubated in the presence of serum (Barańska et al. 2004).

In the very instructive review article Sak and Illes reported that in neuronal cancer cell lines of both 
human and rodent origin, the P2Y1 subtype of P2Y receptors appears to be absent (Sak and Illes 
2005). This phenomenon seems to be a general property of neuronal malignant cells. In contrast, in 
healthy neuronal cells, the P2Y1 receptor predominates (Illes and Alexandre Ribeiro 2004). In an 
inhospitable environment created by prolonged serum starvation, glioma C6 cells demonstrate similar 
malignant-like behavior.

As it was described in Sect. 3.2.2, P2Y receptors are divided into two distinct subgroups. Receptors 
of the first subgroup are coupled to Gq protein. However, it has also been shown that the P2Y1 recep-
tor couples only to the Gq protein subfamily. The other Gq-coupled P2Y receptors are all additionally 
linked to more than one G proteins, such as Go, G12, G13, or Gs (Erb and Weisman 2012; see also 
Table 3.1). Receptors of the second subgroup never bind to the Gq protein. The first subgroup contains 
P2Y1, P2Y2, P2Y4, P2Y6 and P2Y11, whereas to the other belong P2Y12, P2Y13 and P2Y14 receptors. 
Thus, due to the ability to bind several G protein subunits, the P2Y2, P2Y4, P2Y6 and P2Y11 receptors 
may regulate their signaling by the change of the particular signaling pathway. In contrast, the P2Y1 
receptor signaling, which is always activated by binding only one G protein subfamily, seems to be 
regulated by changes in receptor expression and its protein production, the process is strongly depen-
dent on the cell physiological conditions. Cancer cells, including glioma C6 cells growing in pro-
longed serum deprivation, are a good example of this specific property of the P2Y1 receptor (for 
review, see Barańska et al. 2017).

3.4.2  Effect on C6 Cell Morphology, Growth and Differentiation

Glioma C6 cells normally have an irregular, flattened shape. They are usually characterized by a typi-
cal, bipolar, fibroblast-like morphology (see Chap. 4). However, during prolonged (up to 96 h) serum 
deprivation 75% of cells gradually adopted a rounded, astrocyte-like shape. Nevertheless, after 96 h 
of serum deprivation, when the medium was replaced with one containing 10% serum, the cells 
returned to their typical fibroblast-like morphology and the amount of altered cells decreased to about 
25% (Krzemiński et al. 2007).

Long-term serum withdrawal also induced cell cycle arrest. Such effect was demonstrated in many 
cell lines including astrocytes (Chou and Langan 2003). Tu et al. reported that in glioma C6 cells, 48 h 
serum deprivation induced growth arrest synchronized in the Go/Gi phase of cell cycle and the cells 
minimally incorporated [3H]tymidine, a marker of proliferation (Tu et al. 2000). It was shown that 
96 h of serum deprivation arrested 95% of C6 cells in the Go/Gi phase (Krzemiński et al. 2007). Again, 
addition of medium containing serum almost completely restored cells to the control pattern. These 
data indicate that the observed alterations are not permanent and cells are still ready to be activated. 
Furthermore, serum deprivation did not cause a significant loss of viability or apoptotic features of 
glioma C6 cells (Krzemiński et al. 2007).

Similarly to the long-term (days) serum deprivation, the same morphological changes could be 
observed when cells were incubated only for 10 min in a medium without serum and then, still in the 
absence of serum, treated with agonists that increased intracellular concentration of cAMP (Oey 
1975). Furthermore, Koschel and Tas showed that the treatment of glioma C6 cells with isoproterenol, 
an agonist of β-adrenergic receptor positively coupled to adenylate cyclase, resulted in a rapid increase 
in cAMP and subsequently induced a change in the cell morphology from a flat, fibroblast-like to a 
rounded, astrocyte-like shape (Koschel and Tas 1993). This change was completed in about 30–40 min 
and occurred only in the absence of serum in cell culture media. The presence of serum prevented 
these changes and its addition to the morphologically changed cells, restored the fibroblast-like 
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appearance. The component of serum responsible for this effect was identified as lysophosphatidic 
acid (Koschel and Tas 1993). Sphingosine 1-phosphate, another bioactive lipid present in serum, was 
also found to be able to reverse this change (Tas and Koschel 1998). It has been further found that 
lysophosphatidic acid and sphingosine 1-phosphate receptors are widely expressed in numerous cell 
types. They can be coupled to multiple G proteins: Gi, Gq and G12/13 and mediate variety of responses, 
among them a long-term stimulation of cell proliferation (Kranenburg and Moolenaar 2001; Moolenaar 
1999; van Koppen et al. 1996). In fibroblasts, lysophosphatidic acid acting on a receptor coupled with 
Gi protein inhibits, similarly as the P2Y12 receptor, adenylate cyclase, and leads to a decrease of intra-
cellular cAMP level (van Corven et al. 1989).

In glioma C6 cells growing in chemically defined serum-free medium, agents activating β-adrenergic 
receptor or membrane-permeable cAMP analogues stimulating adenylate cyclase activity (such as 
dibutyryl cAMP), induced the synthesis of glial fibrillary acidic protein (GFAP) concomitantly with 
growth arrest (Claes et al. 2004; Roymans et al. 2001). GFAP is widely expressed in astrocytes and is 
used as a marker of the induction of differentiation into an astrocyte type II (Dahl 1981; Messens and 
Slegers 1992). Together with changes in GFAP expression, C6 cells, more rounded than cells growing 
in the presence of 10% serum (Messens and Slegers 1992), became even more astrocyte-like with a 
stellate shape (Claes et al. 2004). Furthermore, this cAMP-induced differentiation of C6 cells could 
be inhibited by activation of the P2Y12 receptor (Claes et al. 2004).

In contrast to control conditions, long-term serum starvation, although it imposed growth arrest 
and astrocyte-like appearance on C6 cells, did not induce differentiation into astrocytes and oligoden-
drocytes. Under such conditions, expression of GFAP and NG2 proteoglycan (a marker of oligoden-
drocyte progenitors) was not increased either in the presence or absence of serum in the culture 
medium (Krzemiński et al. 2007). Taken together, these data pointed to the role of the P2Y12 receptor 
in cell survival. Different expression of P2Y1 and P2Y12 receptors in serum-starved and non-starved 
cells seems to have an important biological significance. The inhibitory effect of P2Y12 on adenylate 
cyclase activity might maintain the low intracellular cAMP level and, due to that, block cAMP- 
induced differentiation of C6 cells, partially compensating for the lack of serum in the culture medium.

3.4.3  Effect on the P2Y14 Receptor

As it was already mentioned above, the P2Y14 receptor responds to sugar nucleotides, such as UDP- 
glucose, UDP-galactose, UDP-glucoronic acid and UDP-N-acetyl-glucosamine. Phylogenetically it 
belongs to the group of P2Y12 and P2Y13 receptors (Abbracchio et al. 2003; Harden et al. 2010). P2Y14 
shares 45% homology with the P2Y12 receptor and, similarly to P2Y12 and P2Y13, appears to be cou-
pled to PTX-sensitive Gi/o protein. The studies on HEK 293 cells co-transfected with P2Y14 and dif-
ferent chimeric G α subunits recognized and confirmed that the P2Y14 receptor is coupled to Gi/o 
proteins (Moore et al. 2003). Indeed, in murine T-lymphocytes and human neutrophils UDP-glucose 
induces inhibition of adenylate cyclase (Moore et  al. 2003; Scrivens and Dickenson 2005, 2006). 
However, in rat cortical astrocytes, human monocytes and N-9 microglial cells, UDP-glucose also 
stimulates elevation of intracellular Ca2+ level (Bianco et al. 2005; Fumagalli et al. 2003; Skelton et al. 
2003).

Our studies showed the presence of the P2Y14 receptor on glioma C6 cells. Western blot technique 
and the treatment with deglycosylation enzyme, N-glycosidase F, demonstrated that in these cells the 
P2Y14 receptor exists in two forms: glycosylated, which highly predominates, and non-glycosylated 
one (Krzemiński et al. 2008). Binding of UDP-glucose induced two responses sensitive to PTX: an 
increase of calcium concentration and an inhibition of adenylate cyclase. This suggests participation 
of the β/γ subunits of Gi/o protein in PLCβ activation, as it was previously proposed by Bianco et al. 
(Bianco et  al. 2005). However, this result does not exclude the possibility that two UDP-glucose 
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receptors exist: one coupled to PLC and another one negatively coupled to adenylate cyclase 
(Krzemiński et al. 2008). It is worth to add that recently UDP was found to be a potent agonist of both 
human and rodent P2Y14 receptors (Carter et al. 2009; Fricks et al. 2008, 2009). Harden et al. hypoth-
esized that P2Y14 and P2Y6, co-existing in many tissues, might be coordinately activated by UDP, 
resulting in Gq-dependent activation of PLC by P2Y6 and Gi-dependent inhibition of adenylate cyclase 
by P2Y14, similarly as in the case of P2Y1 and P2Y12 receptors activated by ADP (Harden et al. 2010).

Since in glioma C6 cells long-term serum deprivation distinctly affects expression and activity of 
P2Y1 and P2Y12, the same procedure was applied for studies concerning the P2Y14 receptor. It was 
found that during long-term serum deprivation expression of the glycosylated form strongly decreased, 
whereas that of the non-glycosylated form increased. Simultaneously, calcium response induced by 
UDP-glucose was reduced in serum-starved cells. Moreover, in 96 h serum-deprived cells, inhibition 
of isoproterenol-induced cAMP accumulation was two times higher than in non-starved cells. These 
data show that the glycosylated form of the P2Y14 receptor is primarily involved in intracellular cal-
cium mobilization, while the non-glycosylated one in adenylate cyclase inhibition (Krzemiński et al. 
2008).

What seems to be the most interesting is the response of glioma C6 cells to the long-term serum 
deprivation. Serum starvation favors an increase in the expression of receptors, whose activation 
inhibits cAMP accumulation, such as P2Y12 and the non-glycosylated form of P2Y14. Since cAMP has 
been shown to inhibit growth and induce differentiation of glioma cells (Dugan et al. 1999; Kim et al. 
2001), such cross-talk between P2Y1 and P2Y12 receptors and between glycosylated and non- 
glycosylated forms of the P2Y14 receptor seems to be an important self-regulating process acting 
against cells differentiation and maintaining proliferation and survival in unfavorable conditions.

3.5  Cyclic AMP Effect on Cell Proliferation, Growth and Differentiation

Cell proliferation and survival is inter alia regulated by growth factors via receptor tyrosine kinases 
(RTK). Activation of these cell-surface receptors lead to phosphorylation of ERK1/2 and/or activation 
of PI3 kinase. These two signaling pathways may be regulated by cyclic AMP.

cAMP is a common second messenger that influences many cellular processes and gene transcrip-
tion via protein phosphorylation (Sutherland 1972). Elevated levels of cAMP lead to activation of 
different cAMP targets, such as the cAMP-dependent protein kinase A (PKA), considered as the main 
target of cAMP in eukaryotic cells. However, Epac, the guanine exchange factor (GEF) directly acti-
vated by cAMP, was also shown to be a receptor for this compound (Bos 2003; de Rooij et al. 1998; 
Kopperud et al. 2003). Epac specifically activates a small G protein, Rap1, a member of the Ras-like 
family of small GTPases (see Fig. 3.4). Depending on PKA and Epac abundance, distribution and 
localization, these two agents may act independently, synergistically or in opposition to each other in 
regulating specific cellular functions (for more details see Cheng et al. 2008)

In various types of cells, cyclic AMP may cause different effects. It is involved in regulating vari-
ous cellular features of differentiation, such as neurite outgrowth in PC-12 cells, or adipocyte 
 formation from 3T3-L1 fibroblasts (Cheng et al. 2008; Wan et al. 2011). In epithelial cells, hepato-
cytes, keratinocytes, pancreatic islet β cells or Schwann cells it stimulates proliferation. On the con-
trary, an increased level of cAMP in fibroblasts, smooth muscle, lymphoid cells or epithelial tumor 
cells diminishes cell growth (Dugan et al. 1999). These divergent effects depend on whether cAMP 
activates or inhibits ERK1/2, whose signaling is important for cellular proliferation, differentiation 
and survival.

In central nervous system-derived neurons, cAMP activates ERK1/2 thus stimulating their growth 
and survival (Dugan et al. 1999). In spinal motor neurons cultured in vitro, elevation of intracellular 
cAMP extended neuronal survival in serum-free medium for as much as 1 week (Hanson Jr. et al. 
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1998). On the opposite, in primary astrocyte and glioma C6 cells, cAMP inhibits ERK1/2 activity and 
simultaneously inhibits cells growth (Dugan et al. 1999; Kurino et al. 1996; Qiu et al. 2000; Wang 
et al. 2001). Proposed mechanisms of these processes are presented in Fig. 3.4.

Thus, in a variety of cell types multiple distinct mechanisms regulate cAMP inhibition or activa-
tion of ERK1/2 signaling (for review see Stork and Schmitt 2002). Figure 3.4 shows simplified and 
schematic models of the canonical receptor tyrosine kinase (RTK) signaling pathway (gray color) and 
those regulated by cAMP in neurons (pink color), astrocytes (green color) and glioma C6 cells (blue 
color).

RTK signaling occurs via a small, monomeric protein G, Ras, and a serine-threonine protein 
kinase, Raf-1 (Fig. 3.4, gray color). After growth factor stimulation, receptors undergo activation by 
dimerization and autophosphorylation on tyrosine residues. They, in turn, form a signaling complex 
with adaptor proteins and a GEF protein (Sos), which catalyzes guanine nucleotide exchange (GDP/
GTP) on Ras. Activated Ras (Ras-GTP) recruits Raf-1 to the plasma membrane. Association with Ras 
results in Raf-1 activation and subsequent phosphorylation of protein kinase MEK (MAP kinase-ERK 
kinase), which further phosphorylates ERK1/2 both on tyrosine and threonine residues. Doubly 
 phosphorylated ERK1/2 undergoes dimerization and translocation to the nucleus, where it serves as 
an activator of early response genes. In the case of receptor stimulation by the epidermal growth factor 
(EGF), ERK activation is an absolute requirement for cell proliferation. The role of P2Y receptors in 
the cross-talk between growth factor receptors and ERK1/2 activation was reviewed by Van Kolen and 
Slegers (Van Kolen and Slegers 2006b).

However, activation of MEK and further ERK1/2 may occur due to an alternative pathway, in 
which not RTK, but G-protein coupled receptors linked to Gs and responsible for intracellular cAMP 
accumulation take part. In neurons, elevated cAMP level activates PKA or/and Epac, which in turn 
activates small G protein Rap1 (Fig. 3.4, pink color). This activation occurs either due to direct cAMP 

Fig. 3.4 Cyclic 
AMP-mediated 
regulation of ERK1/2 
signaling in neurons 
(pink), astrocytes (green) 
and glioma C6 cells 
(blue). For details, see 
text
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binding to Epac or due to cAMP-induced phosphorylation of PKA.  Epac belongs to a family of 
cAMP-binding nucleotide exchange factor proteins (GEFs) that catalyze GDP/GTP exchange on 
Rap1. Contrary to Ras, Rap1 activates the serine-threonine kinase B-Raf. Activated B-Raf phosphory-
lates MEK which, in turn, phosphorylates and activates ERK1/2. This pathway was described in PC12 
cells (Vossler et al. 1997) and was found to occur in cells that possess the B-Raf protein. B-Raf mRNA 
was detected in brain, and in neurons; B-Raf seems to be the major MEK activator (Qiu et al. 2000). 
In contrast, astrocytes do not express this protein (Dugan et al. 1999).

In neurons, when the cAMP level is not increased, growth factors recruit Ras and activate ERK1/2. 
When cAMP level is elevated, Rap1 is recruited and activated by cAMP (Fig. 3.4, pink color). In 
astrocytes lacking B-Raf, the increased level of cAMP inhibits ERK1/2 (Fig. 3.4, green color). This 
inhibition may be attributed to a direct PKA-mediated phosphorylation of Raf-1, which inhibits Ras 
binding and Raf-1 activity. It is also suggested that Rap1 antagonizes Ras by interfering in Ras- 
effectors function. Activated Rap1 (when bound to GTP) competes with Ras for Raf-1 binding and 
thereby blocks Ras-induced Raf-1 activation (Fig. 3.4, green color) (Dugan et al. 1999; Wang et al. 
2001). These observations led to the hypothesis that an increased cAMP level stimulates ERK1/2 and 
induces proliferation in B-Raf expressing cells, but inhibits this cascade in B-Raf negative cells 
(Dugan et al. 1999).

In glioma C6 cells, the increased level of cAMP also inhibits ERK1/2 activity and cell growth. 
Dugan et al. suggested that in these cells, the growth-inhibitory effect of cAMP is mediated similarly 
as in astrocytes (Dugan et al. 1999). However, Wang et al. detected the B-Raf protein in C6 glioma 
cells and found that, in contrast to astrocytes, cAMP inhibits ERK1/2 by inhibiting Rap1 (Fig. 3.4, 
blue color) (Wang et al. 2001). Consequently, neither PKA nor Epac were involved in the cAMP- 
dependent inactivation of ERK1/2. The authors suggested that in C6 cells the cAMP-dependent Rap1 
and ERK1/2 inhibition occurred due to Rap1Gap1 activity modulation. Gap1 (GTPase-activating 
protein 1) is regulated by Gi protein α subunit, which also inhibits adenylate cyclase activity 
(Zwartkruis and Bos 1999). Thus, an increased level of cAMP leads to Rap1Gap1 stimulation, result-
ing in Rap1 inhibition. Since the B-Raf protein was detected, Wang et al. proposed that cAMP inhibits 
ERK1/2 by inhibiting the Rap1/B-Raf/MEK/ERK signaling cascade (Wang et al. 2001). Therefore, 
the mechanism of this process seems to be different from the one suggested for astrocytes. However, 
another possibility is a direct cAMP inhibition of some GEF-Rap1 proteins, resulting in Rap1 inhibi-
tion (Wang et al. 2001).

There are, nevertheless, several examples where cAMP can inhibit cell proliferation without inhib-
iting ERK1/2 activity (McKenzie and Pouyssegur 1996). In embryonic fibroblast cells, Ras-1 gene 
removal does not affect ERK activation, although further development is blocked due to increased 
apoptosis. Moreover, cAMP inhibition of ERK1/2 may be time-dependent, as in PC12 cells, where 
cAMP blocks early activation but enhances late activation of ERK1/2 (Arslan and Fredholm 2000).

In many cells, cAMP inhibits not only ERK1/2 but also the phosphatidylinositol 3-kinase (PI3K)/
protein kinase B (PKB, also called Akt) signaling cascade. Upon RTK activation, PI3K catalytic sub-
unit is recruited to the plasma membrane and increases the levels of phosphatidylinositol-3,4,5- 
trisphosphate and inositol-3,4-bisphosphate. They, in turn, induce translocation of two kinases to the 
plasma membrane, Akt and PDK1 (phosphoinositide (PI3K) – dependent kinase 1), by binding to the 
plekstrin (PH) homology domain. In the membrane, PDK1 phosphorylates and activates Akt, which 
further affects phosphorylation of various targets. Among them are BAD and caspase-9, two known 
members of the pro-apoptotic Bcl-family. Their inactivation by Akt phosphorylation results in the inhi-
bition of apoptosis. A similar result, the rescue from apoptosis, also occurs when cells express consti-
tutively active PI3K and ERK1/2 (Brazil and Hemmings 2001; Kim et al. 2001; Wang et al. 2001).

The inhibitory effect of cAMP on the PI3K/Akt pathway was reported in Swiss 3 T3, HEK293, Cos, 
Rat2 and glioma C6 cells (Wang et al. 2001). In the latter cell line, inhibition of Rap1 by the Rap1Gap1 
protein causes a decrease in Akt phosphorylation, suggesting that cAMP influences the Akt pathway 
similarly to the ERK1/2 pathway, via inhibition of Rap1 activity. According to Wang et al. Akt inhibi-
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tion is a consequence of PI3K inhibition (Wang et al. 2001). Kim et al. explained it showing that cAMP 
attenuates the PI3K/Akt pathway by decreasing the lipid kinase activity of PI3K and, due to that, the 
level of phosphatidylinositol-3,4,5-trisphosphate (Kim et al. 2001). In consequence, PDK1 transloca-
tion to the membrane is blocked and therefore Akt cannot be phosphorylated and activated.

As mentioned before, an increased level of intracellular cAMP results in inhibition of Akt activity. 
It leads to growth arrest and differentiation of glioma C6 cells into type II astrocytes, accompanied by 
induction of GFAP synthesis and changes in cell morphology (Aerts et al. 2011; Claes et al. 2004; Van 
Kolen and Slegers 2004). In addition, Aerts et al. reported that these cAMP-mediated effects inhibit 
the expression of ecto-nucleotide pyrophosphatase/phosphodiesterase 1, an ecto-enzyme bound to the 
cell-surface, which regulates short-term and long-term cellular functions in the central nervous sys-
tem (Aerts et  al. 2011; Neary and Zimmermann 2009). However, these cAMP-dependent effects 
might be reversed by the activation of P2Y12 receptors, negatively bound to the adenylate cyclase (Van 
Kolen and Slegers 2004).

Thus, high concentration of intracellular cAMP is dangerous for C6 cell metabolism. In conse-
quence of the increased cAMP level, ERK1/2 and PI3K/Akt signaling pathways are inhibited and 
thus, C6 cell proliferation is stopped, growth is arrested and differentiation is induced. To prevent such 
effects, the maintenance of the low cAMP level in this cell line is essential. The cells use various 
mechanisms to block cAMP synthesis. One of them, described by Weber in rapidly growing hepatoma 
cells, is to steadily increase phosphodiesterase activity concurrently with a decrease in adenylate 
cyclase activity (Weber 2002). The other, reported by Chiono et al. is to inhibit type VI adenylate 
cyclase, which predominates in gliomas, by increasing [Ca2+]i (Chiono et al. 1995). Glioma C6 cells 
are characterized by a very low constitutive level of cAMP (see Fig. 3.1), which may be caused by the 
high activity of P2Y12 receptors. Accordingly, during serum deprivation P2Y12 expression is preferen-
tially increased, most probably as the result of the same, self-regulating mechanism maintaining a low 
level of intracellular cAMP.

3.6  Effect of Extracellular Nucleotides on ERK1/2 and PI3K/Akt Activity: 
P2Y1/P2Y12 Cross-Talk

The effect of the P2Y2 receptor on ERK1/2 activity in glioma C6 cells was examined by Tu et al. (Tu 
et al. 2000). ATP- and UTP-induced stimulation of this receptor resulted in an increase in [3H]tymi-
dine incorporation and p42/p44 ERK1/2 phosphorylation. P2Y2-mediated stimulation of proliferation 
occurred through the Ras/Raf-1/MEK/ERK signaling cascade, which was described in details in the 
previous Section. The pathway was modulated by PLC activation, enhanced activity of protein kinase 
C and Ca2+ release. Thus, it could be concluded that the positive effect of ATP and UTP on C6 cell 
proliferation and DNA synthesis involved a cross-talk between Gαq-coupled P2Y2 receptors signaling 
and the receptor tyrosine kinase–dependent cascade (Tu et al. 2000). The mechanism by which the 
P2Y1 receptor stimulates ERK1/2, most probably involves a PLC-dependent pathway (Czajkowski 
et al. 2004), similar to that described by Tu et al. for the P2Y2 receptor (Tu et al. 2000).

However, the other data showed that in transiently transfected HEK 293 cells, free β/γ subunits of 
heterotrimeric Gi protein could also stimulate proliferation via the Ras/C-Raf/MEK/ERK pathway 
(Ito et al. 1995). Moreover, in contrast to Tu et al. and Wang et al. (Tu et al. 2000; Wang et al. 2001), 
who proposed that activation of ERK1/2 in glioma C6 cells might occur through Ras/Raf-1/MEK or 
Rap1/B-Raf/MEK, respectively (see Sect. 3.5), the group of Slegers suggested an alternative signal-
ing cascade in the same cell line (Grobben et al. 2001). It involved another small G protein, a mono-
meric GTPase, RhoA, and the signaling pathway through RhoA/PCK/Raf/MEK/ERK was proposed 
(Grobben et  al. 2001). It was further shown that an atypical PKCζ was involved in the RhoA-
dependent mitogenic signaling and the proliferation was enhanced by P2YAC (P2Y12) receptor activa-
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tion. It occurred through Gαi (but not β/γ subunits)-dependent, RhoA-dependent/PKCζ/MEK/ERK 
pathway (Van Kolen and Slegers 2006a). On the other hand, Soulet et al. presented evidence that the 
stimulated human P2Y12 receptor, stably expressed in Chinese hamster ovary cells, activated two 
major signaling mechanisms: dependent and independent on Gi protein (Soulet et  al. 2004). The 
PTX-sensitive mechanism, in which Gi protein was involved, led to cell proliferation via activation 
of both the ERK1/2 and PI3K/Akt kinase signaling. The other, PTX-insensitive, independent of Gi, 
occurred via the activation of RhoA and Rho-kinase, resulting in actin cytoskeleton reorganization, 
but not in cell proliferation. The authors suggested that in the latter mechanism the G12/13 heterotri-
meric protein might be involved (Soulet et al. 2004). Thus, the above data concerning mechanisms 
of P2Y12-Gi protein- coupled- receptor signaling inducing ERK1/2 activation are rather divergent. 
The reason for that may be different cell lines used in experiments, different subclones of these lines 
formed during different passages, or various cell culture conditions. Nevertheless, the experiments 
concerning the activity of P2Y12 receptors are usually performed using ADP or 2MeSADP as ago-
nists. However, the above- mentioned compounds act not only on Gi-dependent P2Y12, but also on 
Gq-dependent P2Y1 receptors. Therefore, the effects of stimulation of both receptors should be 
investigated.

As it was already mentioned (see Sect. 3.4.1), glioma C6 cells cultivated in the presence of serum 
are characterized by a high constitutive activity of ERK1/2 (Barańska et al. 2004; Czajkowski et al. 
2004). Similar high basal activity of PI3K/Akt is a characteristic feature of gliomas and other tumor 
cells (Furnari et al. 1998). The latter fact is usually explained as a result of a loss or a very low level 
of a lipid phosphatase (PTEN). This phosphatase has an activity antagonistic to that of PI3K since it 
dephosphorylates the 3′ position of phosphoinositides (Cantley and Neel 1999; Kubiatowski et al. 
2001). Therefore, investigations concerning ERK1/2 and PI3K/Akt activities are usually performed in 
media devoid of sera. This is also why 48 h and 96 h serum deprived glioma C6 cells were used in 
studies on ERK1/2 and PI3K/Akt activities. Under these conditions, cells were growth-arrested and 
incorporated [3H]tymidine, a marker of proliferation, only minimally (Czajkowski et  al. 2004; 
Krzemiński et al. 2007; Tu et al. 2000).

Czajkowski et al. showed that in 48 h serum-starved C6 cells, both p44 ERK1 and p42 ERK2 were 
activated in a time-dependent manner in response to ADP and 2MeSADP (Czajkowski et al. 2004). 
ERK phosphorylation was reduced by removal of the extracellular Ca2+ and by specific antagonists of 
P2Y1 and P2Y12 receptors. The inhibitory effect of MRS2179, a P2Y1 receptor antagonist, on ADP- 
stimulated ERK1/2 activity was approximately 40%. ARC69931MX, a P2Y12 receptor selective 
antagonist, inhibited ADP-induced ERK1/2 phosphorylation by 85%. Moreover, the effects of both 
antagonists were additive (Czajkowski et al. 2004). The same effects were observed for the cells cul-
tivated for 96 h in serum-free medium (Krzemiński et al. 2007). Extracellular Ca2+ removal inhibited 
ADP-induced ERK1/2 activation by about 70%, whereas the one induced by UTP (the agonist of 
P2Y2 receptors) was completely blocked (Czajkowski et al. 2004). These data point out the participa-
tion of both P2Y1 and P2Y12 receptors in ERK1/2 activation, but also show that the effect of ADP on 
ERK1/2 kinase activation and cell proliferation is primarily mediated by P2Y12 receptors.

Stimulation of PI3K activity evoked by ADP via P2Y1 and P2Y12 receptors was examined in C6 
cells grown either in the presence or in the absence of serum in the cultivation medium (Barańska 
et al. 2004; Czajkowski et al. 2004). The non-starved cells were characterized by a high constitu-
tive activity of the enzyme and their stimulation by ADP resulted in decreased PI3K activity. On 
the contrary, in cells cultivated for 48 h without serum, ADP evoked a gradual increase in PI3K 
activity. Furthermore, preincubation of 48 h serum-starved cells with MRS2179 and then, still in 
its presence, stimulation of the cells with ADP, markedly increased PI3K activity. It indicated that 
blocking of P2Y1 receptors had a stimulatory effect on the kinase (Czajkowski et  al. 2004). 
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Furthermore, Krzemiński et al. demonstrated that even after 96 h cultivation in serum-free medium, 
glioma C6 cells were able to respond to 2MeSADP and showed enhanced Akt phosphorylation, 
whereas P2Y12 antagonist, ARC69931MX, completely suppressed Akt phosphorylation 
(Krzemiński et al. 2007).

Figure 3.5 shows changes of constitutive ERK1/2 and Akt phosphorylation in unstimulated gli-
oma C6 cells during long-term (for up to 96 h) serum deprivation (Krzemiński et al. 2007). As it is 
shown, the level of p42 and p44 ERK1/2 phosphorylation was greatly reduced. This is convergent 
with inhibition of cells proliferation. After 96 h of serum deprivation, the replacement of the medium 
for a fresh one, either serum-free (M-) or containing serum (M+), restored ERK1/2 phosphorylation. 
On the other hand prolonged serum deprivation (up to 72 h) increased Akt phosphorylation and this 
process was stopped only after very long (96  h) serum starvation. Moreover, after this time the 
replacement of the medium for a fresh one, but still serum-free (M-), increased Akt phosphorylation. 
In contrast, fresh medium with serum (M+) had an opposite effect, as the phosphorylation of Akt was 
decreased.

These data show the cross-talk between PI3K/Akt activity and P2Y1 and P2Y12 receptor expres-
sion (see Sect. 3.4.1). When cells are grown in the presence of serum, P2Y1 receptors signaling 
predominates and inhibits P13K activity. On the other hand, when the cells are serum-deprived the 
expression of P2Y1 receptors is strongly decreased and, in parallel, Akt phosphorylation is 
increased. Moreover, after 96 h of serum deprivation, when the medium is replaced for the one 
containing serum the protein level of P2Y1 receptors increases and phosphorylation of Akt 
decreases again (Fig. 3.5). The inhibitory effect of the P2Y1 receptor on PI3K/Akt activity is still 
poorly understood. On the other hand, the stimulatory effect of P2Y12 receptors, which regulate 
intracellular cAMP level, on PI3K/Akt activity may occur via Rap1 (Aerts et al. 2011; Kim et al. 
2001; Wang et al. 2001).

Thus, in C6 cells, P2Y12 receptors are predominantly involved in ERK1/2 activation. They have a 
stimulatory effect on PI3K/Akt activity, whereas the effect of P2Y1 receptors is inhibitory. Therefore, 
it seems that P2Y12 receptors primarily contribute to glioma C6 cell growth and proliferation. The 
high constitutive activity of Akt, which increases further during prolonged serum starvation, seems to 
be also important for cell survival and enhanced invasiveness.

Signaling pathways activated by ADP-stimulation in control and serum-deprived glioma C6 cells 
are illustrated in Fig. 3.6.

Fig. 3.5 Changes in constitutive ERK1/2 and Akt phosphorylation of unstimulated glioma C6 cells during long-term 
serum starvation
C6 cells were grown in the presence of 10% fetal bovine serum (control), or were cultivated in serum-free medium for 
24, 48, 72 or 96 h. (M-), cells cultivated in serum-free medium for 96 h followed by 24 h recovery in fresh medium 
without serum. (M+), cells cultivated in serum-free medium for 96 h followed by 24 h recovery in fresh medium with 
10% serum. The level of p42, p44 ERK1/2 and Akt phosphorylation was monitored by Western blot analysis. β-actin 
was used as a reference protein. (Reproduced from Krzemiński et al. 2007 with permission from John Wiley and Sons)
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3.7  The P2X7 Receptor

As previously mentioned (see Sect. 3.2.1), the P2X7 receptor is an atypical member of the P2X recep-
tor family. It differs from other P2X receptors in that it is characterized by a relative low affinity for 
ATP and is activated by high, milimolar ATP concentrations. ATP binding to the P2X7 opens the chan-
nel via a ligand-gated mechanism and evokes a fast influx of Ca2+ as well as Na+ and the efflux of K+ 
(North and Surprenant 2000; North 2002). Another characteristic that distinguishes P2X7 from other 
P2X receptors is its ability to open nonspecific pores upon repeated or prolonged ATP application. 
These pores are responsible for the massive influx of Ca2+. However, they are permeable not only to 
cations but also to small molecules and high molecular weight dyes. It was reported that activation of 
P2X7 and subsequent opening of large pores might be responsible for ATP-mediated release of amino 
acids in cortical astrocytes (Duan et al. 2003) as well as the release of ATP and other nucleotides in 
glioma C6 cells (De Vuyst et al. 2007). It was also suggested that the ATP-induced ion flow through 
P2X7 led to the activation of pannexin-1 hemichannel. In consequence, pre-interleukin-1β was prema-
turely processed and interleukin-1β was released from macrophages (Pelegrin and Surprenant 2006). 
Hemichannels are regulated by the extracellular Ca2+ level, they are closed at the physiological, mili-
molar Ca2+ concentration and open in response to its lowering (Srinivas et al. 2006), till apoptotic or 
necrotic cell death occurs (Chen and Brosnan 2006; Locovei et al. 2007).

As it was already described (see Sect. 3.2.1), activation of P2X7 receptors results in reduction of 
membrane potential and in elevation of [Ca2+]i. After the opening of a receptor-channel, extracellular 
Ca2+ flows in and promotes the opening of the plasma membrane voltage-dependent calcium chan-
nels. These phenomena are usually detected by measurements of the unitary currents passing through 
single ion channels (patch-clamp) and measurements of [Ca2+]i (North and Surprenant 2000). It is 
worth to add that activation of P2X7 by a high, milimolar ATP concentration raises problems. First, 
1 mM ATP is so acidic that it can change pH of the extracellular medium. That is why P2X7 receptors 
are extensively activated by its analog, BzATP, which is 10–30 times more potent than ATP. The other 
problem is connected with the fact that BzATP is not a selective agonist of P2X7, as at the same micro-
molar concentration it activates other P2X receptors (Anderson and Nedergaard 2006; North and 
Surprenant 2000; North 2002). Moreover, there is also evidence that BzATP may activate P2Y 
metabotropic receptors (Carrasquero et  al. 2009; Fischer et  al. 2009; Supłat-Wypych et  al. 2010; 
Wildman et al. 2003). Glioma C6 cells and astrocytes are examples of such discrepancies (see below).

Fig. 3.6 Comparison of 
signal transduction 
pathways activated by 
P2Y1 and P2Y12 
receptors in C6 glioma 
cells growing in the 
presence of serum 
(control) or cultivated in 
serum-free medium 
(serum-withdrawal)
During long-term serum-
starvation, the P2Y1 expres-
sion strongly decreases and 
P2Y12 receptor predomi-
nates. Dashed lines sym-
bolize indirect stimulatory 
or inhibitory actions. For 
details, see text

D. Wypych and J. Barańska



57

As mentioned in Sect. 3.2.1, P2X7 receptors are widely expressed in neuronal cells. In cortical 
astrocytes Fumagali et al. and Bianco et al. provided evidence that P2X7 receptors are functionally 
active (Bianco et al. 2009; Fumagalli et al. 2003). Nevertheless, using the same cultured cortical astro-
glia, Fischer et al. came to a different conclusion (Fischer et al. 2009). The latter authors found that 
BzATP caused [Ca2+]i increase not only in the presence, but also in the absence of extracellular Ca2+, 
which suggests that it activates both ionotropic and metabotropic receptors. Moreover, Carrasquero 
et al., measuring calcium responses in rat cerebellar astrocytes, proposed that both P2Y13 and P2X7 
receptors were activated by BzATP (Carrasquero et al. 2009). However, the authors suggested that the 
first transient phase of calcium response was induced by the P2Y13 receptor, whereas the second, sus-
tained response was generated by P2X7. This result seemed to be controversial since one of the main 
criteria to distinguish ionotropic from metabotropic receptors is the time course of the response. For 
ionotropic receptors, it occurs within milliseconds while the metabotropic ones respond within min-
utes (North and Surprenant 2000; Ralevic and Burnstock 1998).

In glioma C6 cells, neither Braganhol et al., nor De Vuyst et al., found P2X7 mRNA or protein 
(Braganhol et al. 2009; De Vuyst et al. 2007). However, Wei et al. suggested the presence of function-
ally active P2X7 receptors in these cells (Wei et al. 2008). This assumption was based on the fact that 
BzATP led to the increase of [Ca2+]i and that the response was blocked by periodate-oxidized ATP 
(OxATP), commonly used as P2X7 antagonist. On the contrary, Supłat-Wypych et al. provided evi-
dence that P2X7 receptors were not activated in C6 cells (Supłat-Wypych et al. 2010). In the absence 
of extracellular calcium, BzATP generated an increase of [Ca2+]i via Ca2+ release from intracellular 
stores. In the presence of extracellular calcium, BzATP established a biphasic Ca2+ response, in a 
manner typical for P2Y metabotropic receptors coupled to Gq protein that involves PLC activation and 
the capacitative calcium entry. Moreover, OxATP blocked not only BzATP- but also UTP- induced 
intracellular Ca2+ elevation and brilliant blue G, a selective antagonist of the rat P2X7 receptor, was 
without effect on the kinetics of calcium signals. All the above observations, together with the lack of 
response of UTP-desensitized cells to BzATP and vice versa, provide support for the activation of 
P2Y receptors, most probably the P2Y2 receptor, by BzATP.

Taken together, in vitro studies suggest that in glioma C6 cells functionally active P2X7 receptors do 
not exist. It is well known that stimulation of P2X7 receptors via prolonged ATP exposure causes often 
apoptotic fate of the cell, due to massive Ca2+ entry. These facts, together with the shift between P2Y1 
and P2Y12 receptors expression during long-term serum starvation might belong to the same self-suffi-
cient mechanism, important for survival, up-regulated growth and invasiveness of glioma C6 cells.

On the other hand, in the in vivo study, Ryu et al. using immunohistochemical analysis observed 
colocalization of the P2X7 receptor with tumor cells and microglia 2 weeks after intrastratial injection 
of C6 cells into rat brains (Ryu et al. 2011). Intravenous administration of the P2X7 receptor antagonist, 
brilliant blue G, reduced tumor volume by 52%. These results suggest that, in vivo, P2X7 might have a 
different function than opening a channel and generating Ca2+ influx and that the P2X7 receptor could 
be involved in signaling pathway(s) contributing to glioma growth. Moreover, brilliant blue G admin-
istrated in such a way can also influence P2X7 receptors in other cells, like microglia, the  activity of 
which is crucial to the tumor growth and invasion (Sliwa et al. 2007; see also Chap. 7, Sect. 7.2.2).

The possible reason for these divergences may be related to complex, specific properties of the P2X7 
receptor (for excellent reviews, see Di Virgilio et al. 2017, 2018 and Sluyter 2017; see also Chap. 4). 
Thus, although it is generally believed that extracellular ATP is the only physiologically relevant ago-
nist of this receptor, it has been revealed that the other agents are also able to activate P2X7 receptors. 
It has been namely shown that nicotinamide adenine dinucleotide (NAD+) may covalently modify the 
P2X7 receptor of mouse T lymphocytes, lowering ATP threshold for its activation. Also, a few other 
non-nucleotide agents, such as bactericidal peptide LL-37, the antibiotic polymyxin B, the amyloido-
genic β-peptide and serum amyloid A, may act as possible modulators of P2X7, although the mode of 
their action is as yet unknown. Moreover, the P2X7 receptor can be also activated by Alu-RNA acting 
on the cytoplasmic side of the plasma membrane, on N- or C-terminal receptor domains.

3 Cross-Talk in Nucleotide Signaling in Glioma C6 Cells
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Similarly, intracellular lipopolysacharide (LPS), by binding LPS-binding sites to receptor 
C-terminus, induces conformational changes of the receptor. Such changes increase receptor sensitiv-
ity to ATP causing the formation of a large pore allowing ATP to be released, and due to that increas-
ing extracellular ATP concentration (Di Virgilio et al. 2018; Sluyter 2017). One should remember that 
due to this property, ATP can act both as an autocrin and paracrine agent activating not only P2X7 but 
also many other receptors belonging to P2X and P2Y subtypes. This phenomenon may cause an 
important problem with proper understanding of P2X7-dependent signaling.

Whereas N-terminus of the P2X7 receptor protein seems to be responsible to the flow of Ca2+ 
through the channel, C-teminus seems to be essential for receptor activation and function, being abso-
lutely needed to support pore formation. From the genetic point of view, ten or nine splice variants of 
the human and four of the mouse P2X7 subunits are known (Di Virgilio et al. 2018; Sluyter 2017). 
Cannonicaly, both the human and mouse variant, P2X7A, possesses the ability to function as a channel 
and as a large conductance pore – “macropore” (Di Virgilio et al. 2018). On the opposite, the short 
P2X7B human splice variant generates a receptor with truncated COOH domain, and due to that is able 
act as a channel, but is unable to form macropores and to promote ATP and pro-inflammatory factors 
efflux (Di Virgilio et al. 2017, 2018).

Activity of the P2X7 receptor may also be regulated by its post-translational modification, i.e. by 
N-linked glycosylation, adenosine 5′-diphoshate ribosylation and palmitoylation (Sluyter 2017). 
Palimitoylation of several cysteine residues in the COOH-tail can reduced cholesterol content in the 
plasma membrane lipid rafts, the place rich in cholesterol molecules where the P2X7 receptor is often 
gathered. Cholesterol interacts with the transmembrane domains of the receptor and strongly inhibits 
its activity. It is suggested that removing cholesterol allowed the opening of the receptor macropore 
(Di Virgilio et al. 2017; Sluyter 2017).

Furthermore, it was lately postulated that P2X7 receptors are present not only at the cell surface 
within the plasma membrane, but also within different intracellular compartments of many cells 
(Burnstock 2015). What is the most interesting, is that they were found in the nuclei of variuos cell 
types, among them on the nuclear envelope within hippocampal neurons (Sluyter 2017).

The variety of agents activating the receptor, its different localization within the cell, the ability to 
release ATP by formed macropore – all these features potentially complicate the analysis of the P2X7 
receptor in many types of native and cultured malignant cells and may be a reason of the receptor dif-
ferent functions. In such cells, the receptor is considered both as a potent activator of the cell death 
and as a promoter of the tumor growth and invasion. These make the P2X7 receptor a possible target 
for anti-cancer therapy (Di Virgilio et al. 2017). However, to develop successful anti-cancer drugs 
more work to better understand the molecular mechanism of the P2X7 receptor is required.

3.8  Concluding Remarks

Rat glioma C6 is a tumoral cell line of glial origin. It has biological features of astrocytes and gliomas. 
One of such features is the expression of P2Y1 receptors, commonly present in astrocytes and neuro-
nal healthy cells but not in neuronal cancer cells. In C6 cells, P2Y1 receptors are present and function-
ally active; however, their expression is highly instable. This is especially visible during serum 
withdrawal, when the expression of P2Y1 receptors gradually decreases, and becomes undetectable 
after very long time of serum starvation. In contrast, P2Y12 receptors, coupled to Gi protein and nega-
tively linked to adenylate cyclase, are massively expressed during unfavorable conditions of serum 
deprivation. Both these receptors are stimulated by the same agonists. The decrease in P2Y1 receptor 
expression is not related to the fact that these receptors induce signaling via Gq protein, PLC stimula-
tion and Ca2+ mobilization since the expression of P2Y2 receptors, acting through the same signaling 
cascade, is not changed during serum deprivation. The experiments with siRNA show that the shift 
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between P2Y1 and P2Y12 expression observed during serum withdrawal is not due to a concerted cell 
response, but rather to the lack of serum which differentially affects P2Y1 and P2Y12 synthesis. 
Nevertheless, long-term serum withdrawal seems to be a convenient tool for functional studies of 
these receptors.

Thus, as far as receptors are concerned, the characteristic features of glioma C6 cells are: (1) 
instable expression of P2Y1 and (2) massive expression of P2Y12 receptors. As to the second messen-
gers, such characteristic features are: (1) very low basal level of cAMP, (2) constitutively active PI3K/
Akt signaling pathway, (3) very active ERK1/2 signaling. All these cellular traits cooperate to main-
tain sustained proliferation of C6 cells.

In platelets, P2Y1 and P2Y12 receptors cooperate in ADP-induced platelet aggregation. In glioma 
C6 cells, such cooperation is more complicated. It takes part in the stimulation of ERK1/2 activity, 
although the role of P2Y12 in this process is predominating. On the other hand, the effects of these two 
receptors on PI3K/Akt signaling are opposite. Both in the presence and in the absence of serum, P2Y12 
activates PI3K/Akt signaling pathway, while P2Y1 inhibits it.

In C6 cells cultivated in the presence of serum, the basal activity of ERK1/2 is so high that its 
additional activation by extracellular nucleotides cannot be observed. During serum starvation, 
ERK1/2 activity strongly declines, concomitantly with cell growth arrest. On the contrary, Akt activ-
ity distinctly increases, in parallel with increasing P2Y12 and decreasing P2Y1 receptor expression. 
Thus, it seems that under unfavorable conditions of serum withdrawal, the most important for C6 cells 
metabolism is to maintain a high activity of the PI3K/Akt signaling pathway, which contributes to 
proliferative and invasive properties of these cells. P2Y12 acts in favor of such activity, while P2Y1 acts 
against it and probably therefore P2Y12 expression prevails, whereas that of P2Y1 is strongly attenu-
ated. A similar regularity takes place in the case of the P2Y14 receptor. In C6 cells, two forms of this 
receptor occur: a glycosylated one, coupled to PLC, and a non-glycosylated one, negatively coupled 
to adenylate cyclase. Under serum withdrawal conditions, the latter form dominates.

P2Y12 plays also an important role in maintaining a very low cAMP level. Since high cAMP level 
is dangerous for glioma C6 metabolism, the cells use various mechanisms to block cAMP synthesis. 
One of them is the inhibition of the activity of adenylate cyclase type VI, which predominates in glio-
mas, by increased intracellular Ca2+ level. Thus, in C6 cells cultivated with serum, the increase in 
[Ca2+]i induced by activation of P2Y1 receptors may down regulate adenylate cyclase in cooperation 
with P2Y12 receptors, negatively coupled to this enzyme. When the cells are serum-starved and their 
growth is arrested, the expression of P2Y1 receptors, which inhibit the PI3K/Akt signaling pathway, 
decreases and the expression of P2Y12 receptors, predominates. The latter receptors stimulate ERK1/2 
and PI3K/Akt activity and during serum-starvation play an important role in the maintenance of a 
very low level of cAMP and sustained high activity of the PI3K/Akt cascade.

Taken together, these data show the precise intracellular machinery that act in favor of maintaining 
glioma growth and proliferation, as well as invasiveness. In C6 cells, nucleotide receptors are involved 
in all of these processes and the cross-talk between P2Y1 and P2Y12 receptors seems to be an impor-
tant self-regulating mechanism that helps to preserve their tumoral features.
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Chapter 4
Calcium Signaling in Glioma Cells: The Role 
of Nucleotide Receptors

Dorota Wypych and Paweł Pomorski

Abstract Calcium signaling is probably one of the evolutionary oldest and the most common way by 
which the signal can be transmitted from the cell environment to the cytoplasmic calcium binding 
effectors. Calcium signal is fast and due to diversity of calcium binding proteins it may have a very 
broad effect on cell behavior. Being a crucial player in neuronal transmission it is also very important 
for glia physiology. It is responsible for the cross-talk between neurons and astrocytes, for microglia 
activation and motility. Changes in calcium signaling are also crucial for the behavior of transformed 
glioma cells. The present chapter summarizes molecular mechanisms of calcium signal formation 
present in glial cells with a strong emphasis on extracellular nucleotide-evoked signaling pathways. 
Some aspects of glioma C6 signaling such as the cross-talk between P2Y1 and P2Y12 nucleotide 
receptors in calcium signal generation will be discussed in-depth, to show complexity of machinery 
engaged in formation of this signal. Moreover, possible mechanisms of modulation of the calcium 
signal in diverse environments there will be presented herein. Finally, the possible role of calcium 
signal in glioma motility is also discussed. This is a very important issue, since glioma cells, contrary 
to the vast majority of neoplastic cells, cannot spread in the body with the bloodstream and, at least in 
early stages of tumor development, may expand only by means of sheer motility.

Keywords Calcium signaling · Nucleotide receptors · Store-operated calcium entry
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2MeSADP 2-methylthio ADP
DAG Diacylglycerol
ER Endoplasmic reticulum
GPCR G-protein coupled receptor
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MLC Myosin light chain
NCX Sodium/calcium exchanger
PI3K Phosphatidylinositol 3-kinase
PIP2 Phosphatidylinositol 4,5-biphosphate
PLC Phospholipase C
PM Plasma membrane
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PMCA Plasma membrane calcium ATPase
PSF Point spread function
RyR Ryanodine receptor
SERCA Sarco/endoplasmic reticulum calcium ATPase
SOC Store-operated channel
SOCE Store-operated calcium entry
STIM1,2 Stromal interaction molecule 1,2
TRP channel Transient receptor potential channel
TRPA Ankyrin transient receptor potential channel
TRPC Canonical transient receptor potential channel
TRPM Melastatin transient receptor potential channel
TRPV Vanilloid transient receptor potential channel
VGCC Voltage-gated calcium channels

4.1  Origin of the Calcium Signaling

The evolutionary origin of the calcium signal is rarely discussed, however it determines how calcium 
signaling acts, how it is generated and why its pathology is so dangerous for the cell. Life has 
evolved in seawater, an environment rich in cations, including calcium ions. At the same time, life 
has become highly dependent on nucleotide chemistry, including the universal energy storage par-
ticles: nucleotide triphosphates. However, they have one very unfortunate property: in the seawater 
context, with planty of calcium ions, phosphates are able to form insoluble crystals of hydroxyapa-
tite (Krane and Glimcher 1962; McCully 2009). Living organisms started to constantly lose phos-
phate groups from solution what was balanced by efficient removal of calcium ions from the 
cytoplasm and keeping tight calcium homeostasis. Calcium removal is facilitated by two types of 
molecular mechanisms: ATP dependent calcium pumps and calcium exchangers. There are two types 
of calcium pumps: plasma membrane Ca2+ ATPase (PMCA) and sarco/endoplasmic reticulum Ca2+ 
ATPase (SERCA). The former of them transports calcium ions from the cytoplasm to the extracel-
lular environment at the expense of one ATP molecule hydrolyzed for a single ion removal (Carafoli 
and Stauffer 1994). The later transports two calcium ions into endoplasmic reticulum cisternae at the 
expense of hydrolysis of one ATP molecule (Läuger 1991). Both pumps transport also protons in 
exchange of calcium ions with the stoichiometry of one proton per one calcium ion (Yu et al. 1993; 
Hao et al. 1994). Calcium removal from the cytoplasm is also facilitated by ion exchangers, much 
faster than ATP dependent pumps but endowed with lower calcium affinity. Sodium/calcium 
exchanger (NCX) works due to the sodium gradient across the plasma membrane and removes a 
single calcium ion at the expense of three sodium ions flowing into the cell or a single calcium ion 
and a single potassium ion at the expense of four sodium ions (Kiedrowski et al. 2004). Calcium may 
be also efficiently buffered into mitochondria by the calcium uniporter, a transporter driven by elec-
trochemical gradient (Kirichok et al. 2004). Contrary to the previous mechanisms, mitochondrial 
calcium buffering is not permanent and calcium slowly diffuses back into the cytoplasm as soon as 
the cytoplasmic concentration of calcium ions falls. All those mechanisms lead to the situation when 
very low concentration of cytoplasmic calcium, usually around 100 nM, is accompanied by a rela-
tively high level of calcium in the endoplasmic reticulum, (in the high micromolar range) and in the 
cell environment (in the milimolar range).

In the consequence, an extremely steep calcium gradient across the plasma membrane is formed. 
This gradient is the main source of the calcium signal – a prerequisite for generating a quick and mas-
sive flow of ions into the cytoplasm. In this universal signalization, the important components are 
duration of the signal, amplitude and frequency of occurrence (Berridge et al. 2000).
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4.2  Sources of the Calcium Signal

4.2.1  Extracellular Calcium Signal

The steep gradient of the calcium concentration may be used to form a flow of calcium ions, if the 
membrane becomes permeable to polar particles. This is facilitated by proteins forming channels 
permeable to ions through the hydrophobic barrier of the plasma membrane. There are several groups 
of ion channels and some of them are capable to form calcium currents. From the physiological point 
of view, they can be divided into three groups, depending on the mechanism of opening. The first one 
comprises voltage-dependent channels, which open upon changes of electrical polarization of the 
plasma membrane. They are present in excitable cells such as muscles or neurons (for a wide review 
of structure and function of voltage dependent calcium channels see: (Findeisen and Minor, Jr. 2010; 
Zamponi et al. 2015).

The second large group includes channels, which open after binding a chemical ligand. One of the 
representatives of this group are ATP binding P2X channels. For more information see: (Burnstock and 
Kennedy 2011) and Chaps. 1 and 3 of this Book. P2X receptors are abundant in the glia and are believed 
to take part in facilitating information exchange between neurons and astrocytes (Illes et al. 2012).

Finally, there is a big, diverse group of channels, which do not fit to any of the previously mentioned 
groups. They may be opened by submembranous cytoskeleton tension (stretch activated channels), 
temperature, osmotic pressure or may depend on the presence of other nearby proteins. To this group 
belong also the store-operated calcium channels (SOC), which will be described later in more details, 
as well as the big family of proteins forming transient receptor potential channels (TRP). We know six 
subfamilies of TRP proteins that exist in mammalian cells: canonical receptor potential channels 
(TRPC), vanilloid receptor potential channels (TRPV), melastin receptor potential channels (TRPM), 
polycistein receptor potential channels (TRPP), ankyrin receptor potential channels (TRPA) and muco-
lipin receptor potential channels (TRPML) localized not on the plasma membrane but on the endo-
somes inside the cell (Bach 2005; Clapham 2007). Another subfamily, known as no mechanoreceptor 
potential C – TRPN – is characteristic for lower organisms only (Xiao and Xu 2009). Several of the 
TRP proteins play a crucial role in glia and glioma signaling. TRPC are believed to be responsible for 
calcium signaling in astrocytes (Vazquez et al. 2004; Golovina 2005) and will be discussed later. TRPV 
channels regulate cell volume during changes in the environment osmolarity and serve as mechanore-
ceptors in astrocytes (Benfenati et al. 2011). Moreover, they are responsible for sensing the hydrostatic 
pressure by microglia (Sappington and Calkins 2008) and pH sensing by astrocytes (Huang et al. 2010). 
TRPM channel subfamily can be activated by numerous factors, including pathological conditions 
such as oxidative stress (Nazıroğlu 2011) as well as by several ligands, such as derivatives of sphingo-
sine present in oligodendrocytes (Grimm et al. 2005). Channels of the same subfamily are however 
known to regulate response to osmolarity in other than glial cell types, for example in human embry-
onic kidney cells (Grimm et al. 2003). There are no data about the role of TRPP or TRPA proteins in 
glia or glioma physiology. However, the reader can find further details about the vast number of pos-
sible roles and partners of TRP proteins in the specialized database “TRIP Database: Mammalian 
TRansient receptor potential channel-Interacting Protein” (Shin et al. 2011).

4.2.2  Signal Generated by Calcium Stores

Extracellular environment is not the only source of calcium ions that take part in signal formation. 
Most eucaryotic cells are able to form a calcium signal after receptor activation also in calcium-free 
medium (Berridge 1993). In this case, the signal may be triggered by one of the two secondary 
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messengers, inositol 1,4,5-trisphosphate (IP3) or calcium itself (Fabiato 1983), depending on the type 
of channels present in the endoplasmic reticulum (ER) membrane: IP3-receptors (IP3R) (Yoshikawa 
et al. 1992) or ryanodine receptors (RyR) (Imagawa et al. 1987). From the classification stand point, 
these receptors belong to the group of ligand-gated calcium channels. They are involved in two 
calcium- signaling pathways: the store-operated calcium entry (SOCE) and calcium dependent cal-
cium signaling.

4.2.2.1  Store-Operated Calcium Signaling

Store-operated calcium entry occurs when intracellular calcium stores become empty after release of 
Ca2+ from ER. This situation happens after activation of ligand binding receptors, present on the cell 
surface but not associated with ion channels (Fig. 4.1). Calcium signal evoked by such receptors, 
including common metabotropic G protein-coupled receptors (GPCR) associated with the αq subunit 
of the G protein complex, is preceded by activation of phospholipase C (PLC) type β and inositol 
trisphosphate (IP3) production (Putney and Bird 1993; Berridge 1995, 2009; Vanderheyden et  al. 
2009). IP3 acts on its receptor present on the endoplasmic reticulum and causes calcium release from 
ER cisternae (intracellular calcium stores) via IP3R. The emptying of ER leads in turn to the opening 
of voltage-independent calcium channels on the plasma membrane, the so-called store-operated cal-
cium channels, and calcium flows in from the cell environment. This influx is also known as capacita-
tive calcium entry (Putney 1990) and was found to be a very important signalization system in many 
cells (Pinton et al. 2000; Lewis 2001; Freichel et al. 2004; Thebault et al. 2006; Rao et al. 2006; Vig 
et al. 2008; Stiber et al. 2008; Gwack et al. 2008) for the recent review of capacitative calcium entry 
animal model studies see (Oh-Hora and Lu 2018).

Thus, there are two sources of calcium ions, which participate in cell signalization: intracellular 
calcium stores and the extracellular space. In the past, many controversies arose over the potential 
mechanisms of communication between ER and the plasma membrane (PM) during calcium signal 
generation (for review see: (Venkatachalam et al. 2002; Putney 2009). However, since the discovery 
of the role of the stromal interaction molecule (STIM) proteins in sensing calcium level in ER cister-
nae, the mechanism of store-operated calcium entry has been, at least partially, unveiled (Fig. 4.1). 
The STIM protein is considered as the one responsible for signal transduction between calcium stores 
and the plasma membrane (Roos et al. 2005; Liou et al. 2005; Zhang et al. 2005, 2006, for review see: 
(Hogan et al. 2010; Nwokonko et al. 2017) There are two STIM calcium sensors present in the ER 
membrane: STIM1 and STIM2. It is well documented that the STIM1 protein takes part in signal 
transmission from ER to the store-operated calcium channels in the plasma membrane. After releasing 
a calcium ion from its EF-hand motif, STIM1 proteins oligomerize and create large complexes, 
grouped nearby the plasma membrane, visible under the fluorescence microscope (Liou et al. 2005). 
Such complexes are called puncta and colocalize with SOC channels formed by the Orai protein, 
however the precise mechanism of this interaction requires further studies (Wang et al. 2008; Potier 
and Trebak 2008; Muik et al. 2011). Three main hypotheses have been proposed so far (summarized 
in Potier and Trebak 2008). The first and the most popular model involves a direct binding of the two 
proteins. The second one suggests that the STIM1-Orai1 interaction occurs through a direct connec-
tion between the membrane and/or cytoplasmic proteins, which are constitutively present in these 
areas or which are recruited into the close space between ER and PM after endoplasmic reticulum 
emptying. The third theory assumes the existence of a factor produced or released after of ER-PM 
contact formation, which afterwards activates Orai1. The recent evidence show that electrostatic inter-
action between STIM1 and Orai1 is required for their coupling (Calloway et al. 2009; Korzeniowski 
et  al. 2010). Moreover, STIM1 is able to form PM junctions (Wang et  al. 2010) and recent yeast 
expression studies show that STIM1 and Orai function independent of other proteins (Zhou et al. 
2010).
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Thus, the decrease in calcium concentration in ER cisternae results in creation of large-scale pro-
tein structures containing the ER calcium sensor, STIM, and the PM calcium channel. This protein- 
protein interaction needs close proximity between ER and PM. Moreover, in HeLa cells, when ER 
Ca2+ stores were slowly depleted by external EGTA treatment, STIM1 puncta were shown to be 
formed less efficiently than STIM2 puncta (Brandman et al. 2007). In addition, it has been suggested 
that STIM1 can create two types of puncta: “resting” oligomers in cells with replenished Ca2+ stores 
or higher-order oligomers in store-depleted cells (Covington et al. 2010). Thus, it seems that STIM1 
might respond to EGTA treatment in non-excitable cells, but with a very modest sensitivity.

The role of the STIM2 protein is much more elusive and difficult to interpret. Our results per-
formed on primary culture of cortical neurons showed the relative inability of the STIM2 protein to 
form puncta after complete depletion of intracellular stores (Gruszczynska-Biegala et  al. 2011). 
STIM2 is believed to be necessary to arouse SOCE (Liou et al. 2005). On the other hand, overex-
pressed STIM2 can build in into STIM1 puncta (Soboloff et al. 2006), but then it acts as an inhibitor 
of SOCE, which strongly suggests completely different modes of action of these two proteins. The 
inhibitory effect of STIM2 on SOCE may depend on its concentration. Putney’s group demonstrated 
that STIM2 overexpression at a lower plasmid concentration did not inhibit thapsigargin-activated 
Ca2+ entry and thus STIM2 no longer behaved like a partial agonist (Bird et al. 2009). Another pos-
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Fig. 4.1 The scheme of the current understanding of store-operated calcium entry mechanism
1. A ligand (ATP or UTP) binds to the metabotropic GPCR (P2Y2 receptor) 2. G protein subunit αq released from the 
receptor activates PLCβ which 3. catalyses cleavage of phosphatidylinositol 4,5-biphosphate (PIP2) into inositol (1,4,5) 
trisphosphate (IP3) and diacylglycerol (DAG). 4. IP3 diffuses in cytoplasm and binds to the IP3 receptor (IP3R) on the 
endoplasmic reticulum (ER) membrane. 5. Binding of IP3 opens IP3R channel and releases calcium into the cytoplasm. 
6. Release of calcium from ER stores lowers the calcium level inside ER which in turn causes dissociation of a calcium 
ion from the calcium sensor, STIM1. 7. Calcium-free STIM1 rapidly oligomerizes into puncta and binds to the plasma 
membrane channel protein Orai 8. This binding opens store-operated channel (SOC) Orai1, and the influx of calcium 
from cell environment to the cytoplasm starts 9
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sible role of the STIM2 protein is that in unstimulated cells, where it regulates resting Ca2+ level in 
ER. The ER Ca2+ load is in equilibrium with cytoplasmic free Ca2+ level and STIM2 influences the 
cytoplasmic Ca2+ load (Brandman et al. 2007; Zhou et al. 2009) As previously reported, STIM2 has 
lower ER Ca2+ sensitivity than STIM1 (Brandman et al. 2007). Therefore, it translocates to complexes 
with Orai1 and activates a constitutive calcium influx upon smaller decreases in ER Ca2+ concentra-
tion in comparison with STIM1. Extended cell incubation in the EGTA-containing medium leads to a 
decrease in cytoplasmic Ca2+ levels and presumably to slowly emptying ER Ca2+ stores. The hypoth-
esis of STIM2 acting as an equilibrium regulator is strongly supported by kinetic studies of STIM 
oligomerization performed by Ikura’s group, which showed approximately 70-fold slower aggrega-
tion of STIM2 compared with STIM1 (Stathopulos et al. 2009).

4.2.2.2  Calcium-Induced Calcium Signaling

The ryanodine receptors (RyR) were first found on the muscle cell sarcoplasmic network membrane. 
They take part in another very important calcium signaling pathway namely the calcium-induced cal-
cium release, which strongly depends on intracellular calcium stores. The purpose of this mechanism is 
to enhance signal after release of very small amount of calcium to the myocyte cytosol. Calcium ions 
bind to an accessory protein found on the actin filament, which in turn stimulates muscle contraction. 
Thus, RyR may be considered as the intracellular calcium signal amplifier. The effect of calcium release 
avalanche from the sarcoplasmic reticulum was described a long time ago (Fabiato 1983) and the cal-
cium-binding calcium channel, known as ryanodine receptor type 1 (RyR1) was described in the striated 
muscle cells (Inui et al. 1987a). In the same year, another calcium-dependent calcium channel (RyR2) 
was discovered in the heart muscle cells (Inui et al. 1987b). While those two channels are very specific 
to the sarcoplasmic reticulum and muscular calcium signaling, the third form of ryanodine receptor 
(RyR3) is much widely distributed and present in the central nervous system (Hakamata et al. 1992). For 
review of the calcium-dependent activity of ryanodine receptors see: (Hamilton (2005)), for extensive 
review on ryanodine receptors see: (Franzini-Armstrong and Protasi (1997) and Meissner (2017)).

4.3  Calcium Signaling in Non-excitable Glial Cells

The term “glia” is broad and far from perfection. Being just a heterogenic class comprising all non- 
neuronal cells of the central and peripheral nervous system, glia contain cells with separate progeni-
tors (Allen and Barres 2009). While astrocytes and oligodendrocytes originate from ectoderm 
(Hartline 2011), microglia is a class of immune cells originating from hematopoietic precursors 
(Gehrmann et al. 1995).

While the differences between gliomas and glia cells are deep and profound, they concern rather 
the survival and anti-apoptotic aspects and not calcium signaling itself. Proteomic studies reveal 
changes in some calcium signal-relevant genes, but they encode calcium binding proteins rather than 
proteins engaged in the actual signal formation (Freije et al. 2004). This is true also for fast moving 
gliomas (Tatenhorst et al. 2006). Thus, we can assume that gliomas generally inherit calcium signal 
systems from their healthy progenitors. In our laboratory, we use glioma C6 cell line as the model of 
astrocyte-derived glioma. More details about this cell line, its origin and the type of nucleotide recep-
tors expressed the reader can find in Chap. 3.

Traditionally, depending on their ability to transmit the signal resulting from plasma membrane 
depolarization, cells are divided into two large subtypes. Excitable cells, such as neurons, muscles or 
sensory cells usually express several kinds of Voltage-Gated Calcium Channels (VGCC). The vast 
majority of eukaryotic cell types, including glial cells, do not develop action potentials and, at least 
theoretically, should not have VGCC on their surface.
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4.3.1  Astrocytes

Contrary to the abovementioned dichotomy of excitable and non-excitable cells, in the 1980s the 
evidence was gathered for the presence of VGCC in astrocytes (for review see: (Sontheimer 1994). 
Those results, obtained in electrophysiological experiments on single cell cultures quickly became 
questioned, as the lack of such activity was observed in situ, in brain slice cultures (Carmignoto et al. 
1998). The discussion is still open, as up to now several papers have appeared, showing that at least 
in some situations, VGCC are expressed in astrocytes (Wang et al. 2009) and that the physiological 
function of glutamate release may be attributed to the hypothetical astrocyte VGCC activity (Yaguchi 
and Nishizaki 2010). The current hypothesis of astrocyte excitability is, however, based on the pri-
mary induction of calcium signaling in a store-dependent manner and its further propagation in RyR- 
dependent way (Parpura et al. 2011).

It is widely accepted, that the dynamic communication between astrocytes and neurons is secured 
by the calcium oscillations and calcium waves (Parri et al. 2001; Aguado et al. 2002) and that these 
oscillations are highly dependent on the SOCE mechanism (Pizzo et al. 2008). The latest research on 
SOCE show that STIM1 expression is stronger in astrocytes and that of STIM2  in neurons 
(Gruszczynska-Biegala et al. 2011; Steinbeck et al. 2011) for review of capacitative calcium entry in 
neurons (Wegierski and Kuznicki 2018). Orai1 was described as the SOCE channel in the immune 
system cells (Yeromin et al. 2006) and its role in other cells is less evident. In the case of astrocytes, 
the ability of STIM1 calcium sensor to activate TRPC1-containing channels should be also taken into 
account (Huang et al. 2006). In the past, it was suggested that TRPC1 could be the main component 
of astrocyte SOC channels and it was shown the inhibition of TRPC1 by antisense nucleotides 
(Golovina 2005). However, it was lately shown by using siRNA technique, that SOCE in these cells 
also highly depends on the Orai1 protein (Linde et al. 2011).

One of the most characteristic properties of calcium signaling in astrocytes is its propagation as a 
wave in a so called “astrocytic syncytium”, which allows signal to spread into large areas (Verkhratsky 
2006). This efficient calcium transient transmission between astrocytes was described a long time ago 
(Finkbeiner 1992; Cotrina et al. 1998; Scemes et al. 2000). Astrocytic syncytium is not a syncytium 
sensu stricto, what means the multinucleate cell. It is rather a broad network of cells connected by 
multiple gap junctions. It has been shown lately that this vast system of cells bound by gap junctions 
includes also oligodendrocytes and that bidirectional spreading of calcium waves between these cells 
occurs (Parys et al. 2010). Astrocytes are connected to each other by homotypic (built from a single 
connexin type) gap junctions containing connexins 30 or 43 (Theis et al. 2005). Gap junctions between 
astrocytes and oligodendrocytes are heterotypic, built by connexin 32 on the oligodendrocyte side and 
connexin 43 or 26 on the astrocyte side.

Connexins may also play an additional role in glioma calcium signaling. It was suggested, that 
apart from forming gap junctions, connexins might form hemichannels responsible for the release of 
ATP from astrocytes (Jiang et al. 2011), thus enhancing the spread of the calcium signal.

4.3.2  Microglia

As mentioned before the term “glia” is both old and imprecise. Contrary to other brain cells, which 
are derived from the neuroectoderm, microglia is a part of the body immune system and arises from 
the peripheral mesodermal tissue (Chan et al. 2007). Today it is believed that microglia populate the 
central nervous system during development and stay there, isolated from the rest of the immune sys-
tem by the brain-blood barrier (Ajami et al. 2007). The morphological differences between microglia 
and monocytes do not however originate from the long developmental isolation, but from the local 
environment of the central nervous system since monocytes invading the brain, in case of brain-blood 
barrier destruction, transform into microglial cells (Mildner et al. 2007).
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Since microglia is part of the immune system, the cells have calcium signaling and homeostasis 
characteristic for immune cells. The classical STIM1/Orai signal coupling was detected in microglial 
store-operated calcium signaling (Ohana et al. 2009).

It is also known that extracellular nucleotides (see below) play an important role in microglia biol-
ogy. Beside several GPCR receptors, microglial cells possess P2X4 and P2X7 nucleotide receptors 
forming ligand activated channels in the plasma membrane (Cavaliere et al. 2005). The level of these 
receptors strongly depends on the microglia activation (Möller et  al. 2000; Morigiwa et  al. 2000; 
Bianco et al. 2005; Davalos et al. 2005; Gyoneva et al. 2009). It is worthy to mention, that nucleotide 
GPRC receptors coupled to the αq subunit, notably the P2Y2 receptor, are believed to play an impor-
tant role in microglia chemotaxis (Nimmerjahn et al. 2005; Davalos et al. 2005).

Moreover, microglia react to the appearance of glioma in the central nervous system. This interest-
ing topic is discussed wider in other chapters of this Book (see: Chaps. 3 and 6).

4.4  Nucleotide Receptor-Evoked Calcium Signaling in Glial Cells

Nucleotide release in the central nervous system is quite a complex process. ATP, UTP and other 
nucleotide-derivates are co-released with different neurotransmitters in synaptic vessels as the result 
of processes of regulated exocytosis (Dean et al. 1984; Gualix et al. 2001), for details see: Chap. 1). 
The presence of ATP in the extracellular space of in vitro cultured astrocytes indicates that the secre-
tion of nucleotides is a common process in these cells, however the mechanism (or mechanisms) as 
well as the signalling pathways involved in this process are still not clear (Coco et al. 2003; Joseph 
et al. 2003; Bianco et al. 2005; Cisneros-Mejorado et al. 2015) Coco et al. described the mechanism 
of ATP release from astrocytes as a process of regulated exocytosis, which strongly depends on cal-
cium ions (Coco et al. 2003). Cortina et al. showed that stimulation of nucleotide receptors by UTP in 
glioma C6 leads to a calcium-dependent increase in extracellular ATP concentration (Cotrina et al. 
1998). ATP release form cultured primary astrocytes and from cancer cells derived from astrocytes is 
accompanied by an increase of accumulation in extracellular UTP and UDP-glucose. Sugar-derivatives 
are released from cells in consequence of the vesicular transport from the Golgi apparatus. As other 
nucleotides (ATP, ADP, UDP) also coexist in this structure, it is possible that vesicular transport is a 
common way of their release (Lazarowski 2006). On the contrary, UTP is not translocated to either 
ER or to the Golgi apparatus. However, if UDP can be released via the secretion pathway together 
with UDP-glucose, the alternative source of extracellular UTP can be the vesicular transport of UDP 
followed by, its extracellular phosphorylation by ectoenzymes. It is also postulated that ATP and UTP 
existing in the cytosol can be transported to the extracellular space by (not fully identified) plasma 
membrane transmitters (Lazarowski 2006; Lazarowski et al. 2011).

The concentration of ATP in the extracellular environment at resting conditions (1–10 nM) is the 
result of dynamic equilibrium between the metabolism of ATP and its continuous extracellular 
 secretion. Unstimulated cells secrete ATP in the amount balancing the level of hydrolyzed 
ATP. Calculated on this basis, the continuous release of ATP reaches the rate of approximately 10 
fmol/min/106 in C6 glioma cells and of about 500 fmol/min/106 for diverse cultures of primary bron-
chial epithelial cells (Lazarowski et al. 2003). The biggest source of the sudden increase in the con-
centration of extracellular ATP is mechanical damage of the tissue or cell death (Burnstock 2006). 
That is why the purinergic system plays a critical role in the central nervous system both under physi-
ological and pathological conditions.

As mentioned before (see: Chaps. 1, 2, 3 and 4) neural cells express all types of nculeotide recep-
tors and their expression can be dramatically changed upon different conditions. Among them, iono-
tropic P2X receptors together with Gq-coupled P2Y metabotropic receptors (P2Y1,2,4,6) are directly 
involved in generation of calcium signal. However, the nature of the signal is different, since P2X are 
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ligand-gated ion channels which selectively permeate Ca2+ (and Na+) from the extracellular space 
while activation of the above mentioned P2Y receptors leads to IP3-dependent calcium release from 
the intracellular stores, which is followed by the capacitative calcium entry process. For calcium sig-
naling receptors P2Y1 see (Barańska et al. 2017) and for P2Y2 see (Kawate 2017).

4.4.1  P2X7 Receptors Downstream Signaling in Glioma

P2X7 receptor, is a one of the most common ionotropic nucleotide receptors, which normally acts as 
a forming cation channel after activation, leading also to accompanied by potassium outflow and 
finally forms opening of a membrane pore large, cation permeable to large molecules pores and induc-
ing cell apoptosis (Surprenant et al. 1996), for recent review see (Young and Górecki 2018). The wide 
spectrum of responses generated by P2X7 receptor includes also the activation of pro-inflammatory 
signaling (Dubyak 2012). This property is especially important crucial for glioma growth, where the 
role of local inflammation plays an is important role and is intensely studied (Hambardzumyan et al. 
2016). The expression and protein content of P2X7 receptor strongly differs between glioma cell lines, 
however some of them, including rat glioma C6 model line, present both high receptor expression as 
well as high protein level of P2X7 (Matysniak et al. unpublished data).

Reports concerning P2X7 calcium signaling in glioma C6 cells are mixed ambiguous even if the 
receptor protein level is high. Some researchers suggested normal calcium activity of the receptor 
(Wei et al. 2008) in those cells, however work of Baranska group suggested, that in C6 the for calcium 
signal induced by P2X7 specific agonist, bBzATP, may actually originate from are responsiblenon- 
specific activation of P2Y family receptors (Supłat-Wypych et al. 2010).

One of the solutions of this contradiction may be the presence of various P2X7 receptor isoforms 
in studied cell lines, which may be responsible for this phenomenon. There are several reports show-
ing the influence of type of P2X7 receptor isoform expression pattern on cancer cells phenotype 
(Adinolfi et al. 2010; Giuliani et al. 2014) There are nine known splice variants of P2X7 receptor 
(Cheewatrakoolpong et al. 2005; Feng et al. 2006). Cells characterized by full- length, P2X7A iso-
form expression demonstrate canonical calcium signaling and activation of this isoform leads to the 
plasma membrane permeabilization and to the cell death. In contrast, P2X7 receptor B isoform still 
functions as the ATP-mediated calcium channel but is unable to form the pore. Activation of P2X7B 
in transfected HEK293 cells, naturally lacking P2X7 receptor expression increased proliferation via 
activation of transcription factor NFATc1 (Adinolfi et al. 2010). Morevoer, in the Mus musculus CT26 
colon carcinoma cell line, activation of P2X7B isoform leads to increased tumor growth in vivo 
(Adinolfi et  al. 2012). Interestingly, authors also found that the expression of P2X7 receptors in 
HEK293 cells influences the endoplasmic reticulum calcium content (Adinolfi et  al. 2009), what 
agrees with rat C6 glioma results. This observation is supported by result from ret. osteoclasts, where 
P2X7 receptor-dependent ATP release was observed (Brandao-Burch et al. 2012). Such phenomenon 
was also suggested in glia cells, namely astrocytes (Suadicani et al. 2006).

4.5  Glioma C6: A Case Study

Glioma C6 cells express several nucleotide receptors from both the P2X and the P2Y families (for 
details see: Chap. 3). It has previously been shown that in these cells ADP, as well as ATP and UTP 
initiated calcium response is compatible with the capacitative model of Ca2+ influx (Barańska et al. 
1999; Sabala et al. 2001). Among the large family of metabotropic P2Y nucleotide receptors, the P2Y2 
receptor responds to ATP and UTP, whereas P2Y1 and P2Y12 receptors respond to ADP and 
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2MeSADP. P2Y1 and P2Y2 are responsible for Ca2+ mobilization from intracellular stores (Barańska 
et al. 2004; Czajkowski et al. 2004; Sak and Illes 2005), while the P2Y12 receptor is negatively cou-
pled to adenylate cyclase (Hollopeter et al. 2001; Jin et al. 2001; Czajkowski and Barańska 2002). 
Thus, ADP and unhydrolyzed ADP analogue 2-methylthio ADP (2MeSADP) are agonists of two 
receptors: P2Y1 and P2Y12, which activate different downstream signaling pathways (see: Chap. 3).

4.5.1  The Nature of the Signal: The Role of Nucleotide Receptors in Glioma 
C6 Cells

In many cells, the cross-talk between P2Y1 and P2Y12 receptors is extremely complex (Czajkowski 
and Barańska 2002; Barańska et al. 2004) (see also Chap. 3). In human platelets, Daniel et al. sug-
gested that these two receptors act independently after ADP stimulation (Daniel et al. 1998). On the 
contrary, Sage et al. (Sage et al. 2000) and Fox et al. (Fox et al. 2004) suggested that P2Y12 might 
enhance P2Y1-induced cytosolic Ca2+ rise. This conflicting evidence was finally explained by Hardy 
et al. as the different conditions used during platelets preparation (Hardy et al. 2004). Similarly, in 
glioma C6 cells the differences in the culture conditions may explain the conflicting evidence regard-
ing the role of P2Y1 in ADP-mediated calcium response (Czajkowski and Barańska 2002; Krzemiński 
et al. 2007). The presence of serum in the culture medium is required for the functional activity of 
P2Y1 receptors (Barańska et al. 2004; Czajkowski et al. 2004). Otherwise, no IP3-turnover can be 
observed after ADP stimulation (Grobben et al. 2001).

Hardy et al. (2004) as well as Sage et al. (2000) suggested the modulatory role of P2Y12, which 
positively regulated the P2Y1-induced Ca2+ response. It was known that inhibition of P2Y12 receptors 
reduced the strength of calcium signal by approximately 50% (Hardy et al. 2004). The stimulatory 
effect on calcium response was due to the P2Y12-induced inhibition of adenylate cyclase and activa-
tion of phosphatidylinositol 3-kinase (PI3K). The effect of P2Y1 on PI3K was inhibitory (Hardy et al. 
2004). We have previously demonstrated that in glioma C6 cells, the calcium response to ADP or its 
analogue 2MeSADP, is directly dependent upon activation of the P2Y1 receptor and that the strength 
of calcium response fully correlates with the P2Y1 protein level. However, inhibition of P2Y12 by its 
specific antagonist, AR-C69931MX, reduced the 2MeSADP-evoked calcium response by 55% 
(Suplat et al. 2007). Studies on the cross-talk between nucleotide receptor-induced signalling path-
ways in glioma C6 cells also demonstrated inhibitory or stimulatory effects on PI3K signaling of 
P2Y1 and P2Y12 respectively (Sabala et al. 2001; Barańska et al. 2004; Czajkowski et al. 2004), see 
also Chap. 3). Thus, modulatory effect of P2Y12 receptors on the P2Y1-induced Ca2+ responses in this 
cell line may occur via a mechanism similar to the one suggested for platelets (Hardy et al. 2004).

The modulatory effect of the P2Y12 receptor on intracellular free calcium level seems to be a result 
of the PMCA inhibition (Sage et al. 2000). It is well known that in many cell types the PMCA activity 
is enhanced by cAMP (Dixon and Haynes 1989; James et al. 1989; Monteith and Roufogalis 1995), 
thereby limiting the strength of the calcium response. The constant activation of the P2Y12 receptor 
inhibits adenylate cyclase, lowers the level of cAMP and inhibits the PMCA pump. Thus, inhibition 
of this receptor activity observed in platelets and glioma C6 cells may enhance the pump efficiency 
and lower the calcium signal (Hardy et al. 2004; Suplat et al. 2007). Moreover, Hardy et al. suggested 
that PI3K, activated by the P2Y12 receptor stimulation, may also activate PLC type γ, leading to the 
rise in PIP3 and enhancement of the calcium signal. It has been reported that receptors coupled to 
PI3K may activate PLCγ indirectly in the absence of PLC type γ-tyrosine phosphorylation (Falasca 
et al. 1998; Bae et al. 1998).

In the 1990s, Sleger’s group postulated that the ADP-evoked calcium response is an autonomic 
action of P2Y12 receptors. Since they cultured glioma C6 cells in a serum-free chemically defined 
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medium, they could not evoke P2Y1 receptor-dependent IP3 turnover. Instead, they suggested that in 
these cells the P2Y12 receptor was not only coupled to the inhibition of adenyl cyclase but also to the 
activation of PLC-independent Ca2+ influx (Grobben et al. 2001). According to the authors, the mech-
anism of the P2Y12-dependent calcium influx remained to be determined. Nonetheless, they proposed 
an interesting idea that stimulation of the P2Y12 receptor might generate, via βγ subunits of the Gi 
protein, a direct entry of calcium ions from the extracellular space (Van Kolen et al. 2006; Van Kolen 
and Slegers 2006).

To check this hypothesis we performed a two-phase calcium experiment, in which the ligand was 
applied in a calcium-free medium to observe calcium release from the calcium stores and then the 
medium was exchanged to a calcium-containing one to observe SOCE (Fig. 4.2). There was no differ-
ence in calcium release form ER between control cells (grey line) and these pretreated with the P2Y12 
antagonist, AR-C69931MX (green line). This suggests that this component of the signal is P2Y1- 
dependent and P2Y12-independent. Calcium influx from the extracellular space was significantly 
weaker in presence of the AR-C69931MX when compared to the control. Therefore, if the hypothesis 
of direct activation of plasmalemmal calcium channels by P2Y12 receptors was correct, we should 
observe inhibition of the calcium entry in cells, in which the P2Y12 antagonist was added before 
stimulation by agonist. At the same time, we should not observe this phenomenon, when the antago-
nist was added after P2Y12 receptor stimulation by an agonist, because the hypothetical channel should 
be already open. However, the effect of diminished calcium influx was independent of the time the 
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Fig. 4.2 The effect of AR-C69931MX, the P2Y12 receptor antagonist, on the first and second phase of calcium response 
in glioma C6 cells
Cells in Ca2+-free buffer were stimulated by 10 μM ADP. Three cell groups were studied: The control cells were induced 
with ADP, without antagonist (grey line). The second group was treated with 10 μM AR-C69931MX for 3 min before 
ADP addition and release of calcium from the ER (green line). The third group was treated for 3 min with 10 μM 
AR-C69931MX just after the end of a calcium transient caused by ADP-induced release from the ER (red line). Then, 
in all cell groups, the medium was exchanged for fresh medium containing 2 mM CaCl2 with (the third group) or with-
out (control and the second group) AR-C69931MX. (Reproduced from Suplat et al. 2007, changed, with permission 
from Springer Science)
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inhibitor was added, which suggests a continuous mechanism of adenyl cyclase inhibition and not a 
digital in character opening of calcium channels (Bird et al. 2009). Hence, the calcium influx observed 
in ADP-stimulated glioma C6 cells is consistent with the mechanism of capacitative calcium entry. 
The strength of the signal depends on the P2Y12 and P2Y12 cross-talk.

4.6  Gliomas: The Motile Tumors, Calcium Signaling and Chemotaxis

We, as well as other researchers have previously found that in glioma cells, changes in the actin cyto-
skeleton architecture strongly interfered with the cell ability to form a calcium signal (Sabała et al. 
2002; Supłat et al. 2004; Korczyński et al. 2011). Actually, there are two leading, and somehow con-
tradictory, theories of glia chemotaxis. The first one is based on small GTPase-dependent contractile 
activity (Wang et al. 2005; Liao et al. 2007) and the second one is based on nucleotide-promoted 
calcium transients (Striedinger et  al. 2007; Striedinger and Scemes 2008). Both theories consider 
extracellular nucleotides as chemotaxis regulators, which act on GPCR from the P2Y group. The first, 
GTP-ase dependent theory, postulates that after non-covalent binding of integrins, the P2Y2 receptors 
change affinity from the Gq to the G12 type of α subunit of the heterotrimeric G proteins and thus 
switch than downstream signaling pathway. This is described in details in another chapter of this book 
(see: Chap. 6). The second theory assumes the crucial role of calcium oscillations, observed after 
induction of the same metabotropic P2Y2 receptors followed by activation of the classical Gq- 
dependent calcium signaling pathway. We have recently observed that in glioma C6 cells the UTP- 
evoked calcium signal was strongly polarized and appeared clearly in the frontal part of the cell body 
(Wypych and Pomorski, unpublished results). It suggests that both signaling pathways described 
above may be activated in parallel in the same cell but in different regions. The situation is further 
complicated by recent revelations from the Margolis group, showing actin-independent motility of 
glioblastoma cells (Panopoulos et al. 2011).

The ability to transmit the calcium signal from cell to cell is limited in glioma cell cultures. In 
astrocyte derived gliomas, it was suggested that the expression of connexins and ability to form 
calcium- permeable gap junctions fall with the growth of malignancy (Caltabiano et al. 2010). It was 
also shown, that expression of connexin 43 may reverse the malignant phenotype of glioma (Yu et al. 
2012). Moreover, expression of connexins 43 and 32 in glioma C6 cells promotes transmission of the 
calcium signal between cells in culture (Fry et al. 2001).

4.6.1  The Calcium Signal in Glioma C6 Is Strongly Dependent on Actin 
Cytoskeleton

The observations that in glioma C6 cells SOCE depends on the cytoskeleton state (Sabała et al. 2002; 
Supłat et al. 2004) are older than our understanding of the molecular mechanism of store-operated 
calcium entry (Roos et al. 2005; Liou et al. 2005; Zhang et al. 2006; Vig et al. 2008). Apart from the 
hypothetical nature of all conclusions derived from these old experiments, the additional trouble was 
their interpretation due to the incoherence of the literature. Depending on the cell type, the influence 
of cytoskeleton disruption could have positive (Rosado et al. 2000), negative (Targos et al. 2006) or 
no effect on SOCE (Ribeiro et al. 1997). Negative influence of cytoskeleton decomposition was shown 
also in early works on primary glial cells (Lin et al. 2003). Now, understanding the mechanism of 
signal transduction between the calcium depleted ER and the channels in cell plasma membrane, we 
can fully appreciate how deeply those two processes are entangled. However, our recent experiments 
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on the effect of cross-talk between actomyosin contractility and nucleotide calcium signaling show 
how complicated this system is (Korczyński et al. 2011).

We have studied the influence of cytoskeleton manipulations on the nucleotide receptor-evoked, as 
well as on the SERCA pump inhibitor-evoked, calcium responses in glioma C6 cells for several years. 
The overall result of those studies is that the ability to generate a strong calcium response is dependent 
on the subtle structure of the actin cytoskeleton and any changes in this structure may reduce the cal-
cium transient (Sabała et al. 2002; Supłat et al. 2004).

The use of Y-27632, a specific inhibitor of ROCK, the main effector kinase dependent on RhoA, a 
small GTP binding protein (Hirose et al. 1998), provokes to dynamic actin reorganization in glioma 
C6 cells and subsequent alterations in cell morphology (Korczyński et al. 2011). Contrary to such 
profound actin cytoskeleton destructing agents like cytochalasine D, that we used previously in our 
experiments, the action of Y-27632 may be considered as resulting in cytoskeleton modulation. The 
agent does not change cell behavior deeply and does not prevent spontaneous migration (at least for 
the time of 30 min used during experiments) even if it inhibits the chemotactic behavior of the cells 
(Worthylake and Burridge 2003). Our experiments showed that this modulation not only weakens the 
P2Y2-evoked calcium signal but does it specifically by inhibiting the capacitative calcium influx, leav-
ing calcium release from endoplasmic reticulum unchanged (Korczyński et al. 2011).

Detailed studies of the capacitative calcium signal resulting from P2Y2 receptor activation have 
shown recently that in motile C6 cells the signal is spatio-temporarily polarized (Fig. 4.3a). Studying 
fast signal dynamics with the ratiometry method (Roy et al. 2002) we have found, that it originates in 
the flat, frontal area of the motile cell (Fig.  4.3b and c). Changes in cell morphology, which are 
observed upon prolonged serum-deprivation, do not influence the expression of P2Y2 receptors in 
glioma C6 cells (Suplat et al. 2007), but strongly affect the spatio-temporary pattern of calcium wave 
formation after UTP-stimulation (Wypych and Pomorski, unpublished results). Inhibition of ROCK 
activity by Y-27632 also leads to the disappearance of the polarity of this signal, what may have influ-
ence of Y-27632 incubated cells ability to perform chemotactical behavior (Worthylake and Burridge 
2003).
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Fig. 4.3 Local nature of the calcium signal in glioma C6 cells
(a) Frames from the movie presenting the calcium wave developing after activation of P2Y2 receptor in the flat leading 
region of the cell. Time counted from the addition of 100 μM UTP. (b) Approximation of the cell thickness by the 
brightness of single channel Fura 2 fluorescence (excitation at 380 nm). (c) The real shape of the UTP-induced glioma 
C6 cell as reconstructed from PSF-deconvolved confocal series. Red: Alexa 546 conjugated phalloidin; green: staining 
with antibodies against phosphorylated myosin light chains. (Reproduced from Korczyński et  al. 2011 from Acta 
Biochimica Polonica (c))
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4.7  Concluding Remarks

Concluding, we have to state that glioma cells share most of their calcium signaling machinery with 
glia cells they have derived from. The point of gravity shifts however strongly with glial cell transfor-
mation. Cells loose their ability to spread the calcium signal through wide areas and to synchronize 
cellular activity. Moreover, calcium signaling becomes important for motility regulation and chemo-
taxis, which can be interpreted as a mechanism characteristic for undifferentiated cells.

The unique property of gliomas is the strict dependence of tumor spreading on the cell motility. 
Gliomas are much less dependent on the blood circulation in metastasis formation than most of other 
human tumors and it makes them more dependent on the calcium signaling during the process of 
metastasis.

It is also important to notice that calcium signaling is active in all cells in the growing brain tumor 
and not only in tumor cells. Thus, all therapeutic manipulations of the calcium metabolism in the brain 
will not act on the tumor cells exclusively, but will affect all cells: neurons, astrocytes, oligodendro-
cytes and microglia. The activity of the latter cells was shown to have a great influence on tumor 
development.

Even if the calcium signal in glioma cell is not the crucial event responsible for tumoral transfor-
mation and loss of the proliferation control, calcium signaling drives several processes contributing to 
the malignancy of glia-derived tumors. It appears that the shift in the calcium signaling mechanisms 
from cell synchronization to the motility control is more pronounced in more malignant types of glio-
mas. Thus, studies of reciprocal signaling cascades, operating between extracellular nucleotides, cell 
motility and intercellular communication, all of which are based on calcium signalization, are impor-
tant for better understanding glia-derived tumors, what in consequence may lead to finding an effec-
tive methods of glioma therapy.
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Abstract Among the pathological alterations that give tumor cells invasive potential, purinergic sig-
naling is emerging as an important component. Studies performed in in vitro, in vivo and ex vivo gli-
oma models indicate that alterations in the purinergic signaling are involved in the progression of 
these tumors. Gliomas have low expression of all E-NTPDases, when compared to astrocytes in cul-
ture. Nucleotides induce glioma proliferation and ATP, although potentially neurotoxic, does not 
evoke cytotoxic action on the majority of glioma cells in culture. The importance of extracellular ATP 
for glioma pathobiology was confirmed by the reduction in glioma tumor size by apyrase, which 
degrades extracellular ATP to AMP, and the striking increase in tumor size by over-expression of an 
ecto-enzyme that degrades ATP to ADP, suggesting the effect of extracellular ATP on the tumor 
growth depends on the nucleotide produced by its degradation. The participation of purinergic recep-
tors on glioma progression, particularly P2X

7
, is involved in the resistance to ATP-induced cell death. 

Although more studies are necessary, the purinergic signaling, including ectonucleotidases and recep-
tors, may be considered as future target for glioma pharmacological or gene therapy.

Keywords ATP · Adenosine · Gliomas · Ectonucleotidases · Animal models of gliomas · E-NTPDases 
(ectonucleoside triphosphate diphosphohydrolase) · E-NPPs (ectonucleoside pyrophosphatase/phos-
phodiesterase) · Ecto-5ʹ-nucleotidase/CD73 · P2X

7
 · Cancer stem cells
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Abbreviations

ADA Adenosine deaminase
ADP Adenosine diphosphate
Akt Protein kinase B
ALP Alkaline phosphatase
AMP Adenosine monophosphate
APCP α,β-Methylene ADP
Apyrase Adenyl-pyrophosphatase
ATP Adenosine triphosphate
BBB Brain blood barrier
BBG Brilliant Blue G
BzATP 2,3-(Benzoyl-4-benzoyl)-ATP
CDK Cyclin-dependent kinase
CDKN2A (Ink4a/ARF) Cyclin-dependent kinase inhibitor 2A
CSCs Cancer stem cell
ECM Extracellular matrix
Ecto-5ʹ-NT/CD73 Ecto-5ʹ-nucleotidase
EGF Epidermal growth factor
EGFR Epidermal growth factor receptor
E-NPP Ectonucleoside pyrophosphatase/phosphodiesterase
E-NTPDase Ectonucleoside triphosphate diphosphohydrolase
ERBB2 Human epidermal growth factor receptor 2
ERK Extracellular signal-regulated kinases
FGF Fibroblast growth factor
IL-1β Interleukin 1β
IL-6 Interleukin 6
KO Knockout
MDM2 Murine double minute 2
MET NF1, neurofibromatosis 1
MMP-9 Metalloproteinase-9
NPCs Neural precursor cell
NSC Neural stem cell
OPC Oligodendrocyte precursor cell
PDGF Platelet-derived growth factor
PI3K Phosphatidylinositol 3-kinase
PTEN Phosphatase and tensin homolog
Ras/MAPK Ras/Mitogen activated protein kinase
Ras-GAP Ras-GTPase activating protein
NF1 Neurofibrimatosis 1
RB1 Retinoblastoma
CNS Central nervous system
SVZ Subventricular zone
TNF-α Tumor necrosis factor
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5.1  Introduction

5.1.1  Molecular and Cellular Origins of Gliomas

Two questions are central about the origin of a given cancer: What are the genetic alterations behind 
formation of this cancer? And in which cells do these alterations find the cellular environment to 
strive? Both questions are obviously very difficult to answer and, as in all complex illnesses, there is 
a wide range of possible answers. This is even more true for cancer, in which every new cancer has its 
own evolutionary history, but which is constrained by the cellular repertoire and the microenviron-
ment of the tissue in which the cancer develops.

Several landmark papers appeared in the last years aiming at these difficult questions regarding 
gliomagenesis and now there is a good body of evidence for the most frequent molecular alterations 
observed in gliomas and also some very convincing evidence on the cells that give rise to gliomas.

As suggested by the multitude of familial cancers, even though the mutation in these cases occurs 
in all cells, only a few cells eventually progress to form a tumor. Therefore, the cell of origin of muta-
tion was in an ancestor of the afflicted patient, but the cell of origin of the tumor is a cell in the patient. 
Although in non-familial cancers the mutation may occur in the cell of origin, this is not necessarily 
the case.

Starting at the end of the 1990s, several studies aimed at identifying the glioma cell of origin, 
which was based on the expression of oncogenes under the control of promoters supposedly specific 
for a given set of cells (Visvader 2011). Despite the leakiness of these promoters, the picture that 
emerged was that glioma cell origin is stem cells, but the exact nature of these stem cells was not clear. 
Recently, using a mosaic analysis with double markers, Liu et al. (2011) pinpointed the cell of origin 
as being the oligodendrocyte precursor cell (OPC), at least in a murine model in which gliomas were 
induced by deletion of p53 and activation of the Ras pathway by deletion of neurofibromatosis 
1 (NF1). Interestingly, when these alterations were done in neural stem cell (NSC), tumors also 
arouse, but these were restricted to the OPCs formed from the NSCs. In this case, a multitude of other 
cells harboring the genetic alterations were formed by the NSCs, but did not produce tumors. This 
created the concept of cellular environment that allows the development of tumors, clearly differenti-
ating the cell of origin of glioma (OPC), from the cell of mutation, which can potentially be any cell 
that can give rise to OPC, or OPC itself.

A large analysis of the molecular alterations that drive gliomagenesis revealed that the activation 
of the Ras/MAPKs and PI3K/Akt pathways, together with the inactivation of p53 are the most com-
mon events associated with gliomas.

Oncogenic signals are centered on the activation of Ras/MAPKs and PI3K/Akt, which are medi-
ated by activating genetic alterations in the growth factor receptors EGFR, ERBB2, PDGFRA and 
MET. Ras activation also occurs through deletion or mutation in the Ras-GAP NF1, while PI3K/Akt 
activation occurs mainly through deletion and mutation in PTEN, although direct mutations in PI3K 
was also observed (TCGA 2008).

Among the tumor suppressor pathways inactivated in gliomas, the most prevalent were inactivation 
of p53, either directly, or through activation of MDM2 or deletion or mutation on CDKN2A (Ink4a/
ARF) and inactivation of the CDK inhibitors CDKN2A, 2B and 2C, together with deletion of RB 
(TCGA 2008). It is important to stress out, however, that these are statistical analysis of the most 
prominent genetic alterations, and, tumors may arise with genetic alterations other than the one 
described above.
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5.1.2  Glioma Cancer Stem Cells (CSCs)

Since the first histological observation of gliomas, the cytological variability was evident, but only in 
the last 10 years or so the concept of cancer stem cells was clearly defined and the role of this subtype 
of cells has been widely studied.

The first identification of glioma CSCs was done by the group of Peter Dirks, which showed that 
glioma cells expressing CD133 are much more tumorigenic in mice than glioma cell not expressing 
this cell surface marker (Singh et al. 2003, 2004). Further evidence for the stem like nature of these 
cells came with the observations that these cells can give rise to functional tumor vasculature, further 
increasing the complex heterogeneity of glioma tumors (Ricci-Vitiani et al. 2010; Wang et al. 2010).

The importance of CSCs in cancer biology predicts that elimination of this subpopulation of cells, 
either through induction of cell death or through differentiation should bring a considerable therapeu-
tic benefit. Data from animal models suggest that elimination of CSCs (Vlashi et al. 2009) or the CSC 
derived endothelial cells of the tumor vasculature (Ricci-Vitiani et al. 2010) is a promising therapeutic 
strategy. Unfortunately, CSCs are more resistant to radiotherapy due to higher expression of DNA 
repair enzymes (Bao et al. 2006). On the other hand, chemotherapeutic agents that present the best 
results in gliomas in humans, such as temozolomide, seems to reduce the proportion of CSCs in the 
tumors, suggesting that this may be part of the mechanism of action (Beier et al. 2008).

5.1.3  Tumor Microenvironment – Key for Understanding  
and Targeting Gliomas

A set of genetic alterations in a cell does not guarantee the development of a tumor. Interplay with the 
tissue microenvironment is a fundamental part of the process of tumorigenesis. Besides being able to 
form their own blood vessels through differentiation of their CSCs, gliomas also show complex inter-
actions with their neighbor cells and even with the organism. In a breakthrough work, Skog et al. 
(2008) studied the microvesicles liberated by gliomas in culture and found that these microvesicles 
contain a set of mRNA enriched in pro-angiogenic genes and that these microvesicles can “transfect” 
cells. Thus, liberation of microvesicle protected mRNA allows the cancer cells to contribute to the 
pool of mRNA of their neighbor cells altering their behavior to favor tumor growth. Interestingly, 
these microvesicles could be observed in the circulations of patients with gliomas, indicating diagnos-
tic potential.

Among the molecules that play important roles in the interplay of gliomas with the microenviron-
ment is glutamate. This molecule, well established as an excitatory aminoacid that is one of the main 
culprits of neurotoxicity, is secreted by gliomas in rodent models as well as in patients (Buckingham 
et al. 2011; Marcus et al. 2010; Takano et al. 2001; Ye and Sontheimer 1999).

A recent clinical study with glioma patients using microdialysis technique, found 100-fold higher 
glutamate concentrations in the tumor resection margin, where the subpopulation of invasive cells is 
concentrated (Berens and Giese 1999), when compared to the normal peritumoral cortex tissue 
(Marcus et al. 2010). It has been hypothesized that this peritumoral increasing concentration of gluta-
mate is responsible for the seizures and tumor associated epilepsy, presented by glioma patients as an 
early and recurrent symptom. The hyper-excitability and epileptic activity of neurons at the peritu-
moral regions was attributed to glutamate release by gliomas cells via the system x

c-
cysteine- 

glutamate transporter (Buckingham et al. 2011).
Glioma tumors that release glutamate have a substantial growth advantage when compared with 

those that do not secret this molecule. The role of glutamate is reinforced by the significantly attenu-
ation on tumor growth by the administration of the NMDA receptor antagonist MK801 (dizocilpine), 
in vivo, but not in vitro, confirming the microenvironment rather than cell autonomous nature of the 
action of glutamate (Takano et al. 2001).
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Taken together, these findings point to a model where the glutamate released by gliomas affect the peri-
tumoral microenvironment, causing peritumoral seizures and facilitating the tumor progression by damag-
ing normal tissue. Nevertheless the glutamate by itself can not completely explain how the growing tumor 
mass causes neuronal cell death along the growing tumor margins. Among the signaling pathways that 
could synergistically act with glutamate, the purinergic system has emerged as an important candidate.

5.2  Purinergic Signaling in Gliomas

As would be expected for cancer cells, different gliomas express different sets of purinergic receptors 
(Table 5.1), and only for some their role in glioma biology was studied. As commented at the intro-
duction of this chapter, gliomas originate from oligodendroglial precursor cells (OPCs) and a com-
parison of the receptors expressed by these cells with several gliomas may help pinpointing the 
involvement of specific receptors in the OPC to glioma transformation.

From the initial studies of our group we noticed that glioma cells respond in diverse ways to ATP 
and other purinoceptor agonists and antagonists. ATP and adenosine induce proliferation of several 
human glioma cell lines such as U138MG, U87MG and U251MG (Morrone et al. 2003). In U138MG 
cells, the proliferation stimulus was also observed with ADP, UTP, inosine and guanosine treatment 
suggesting the involvement of the subtypes P2Y

4
 and A

3
 in this response. Interestingly, ATP and 

Table 5.1 Expression of purinergic receptors in gliomas and glial cells
Receptor Cells expressing Receptor Cells expressing

A1 OPC (r), Oligo (r), Astrocytes (r), P2Y13 Astrocytes (r), C6 (r), U138MG (h), U251MG (h)

C6 (r), U251MG (h)

A2A OPC (r), Oligo (r),
Astrocytes (r),
C6 (r), GL261 (m), U87MG (h),  
U138MG (h), U251MG (h)

P2Y14 Astrocytes (r),
C6 (r), GL261 (m), U138MG (h)

A2B OPC (r), Oligo (r), P2X1 OPC (r), Astrocytes (r),
GL261 (m)Astrocytes (r),

U87MG (h), U138MG (h), U251MG (h)

A3 OPC (r), Oligo (r), P2X2 OPC (r), Astrocytes (r)

Astrocytes (r), C6 (r)

P2Y1 OPC (r), Astrocytes (r), P2X3 OPC (r), Astrocytes (r),

C6 (r), GL261 (m) C6 (r), GL261 (m)

P2Y2 OPC (r), Astrocytes (r),
C6 (r)

P2X4 OPC (r), Astrocytes (r),

C6 (r), GL261 (m), U87MG (h), U251MG (h)

P2Y4 OPC (r), Astrocytes (r), P2X5 Astrocytes (r)

C6 (r), GL261 (m),

U138MG (h)

P2Y6 Astrocytes (r), U251MG (h), C6 (r) P2X6 Astrocytes (r), U87MG (h), U138MG (h)

P2Y12 Astrocytes (r) P2X7 OPC (r), Astrocytes (r),

C6 (r), GL261 (m), GL261 (m),C6 (r),

U138MG (h), U251MG (h) U87MG (h), U251MG (h)

Designations:
Oligo, Oligodendrocytes; OPC, Oligodendrocyte Precursor Cells; (r), Rat; (m), mouse; (h), human; C6, GL261, 
U251MG, U87MG, U138MG: Glioma cell lines
Data are from Agresti et al. (2005), Verkhratsky et al. (2009) (OPCs and Oligodendrocytes), Braganhol et al. (2008), 
Ledur et al. (2011), Morrone et al. (2003), Tamajusuku et al. (2010) (Gliomas), Fumagalli et al. (2003), Jacques-Silva 
et al. (2004a), Lenz et al. (2001), Verkhratsky et al. (2009) (astrocytes)
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adenosine also increased the transport of thymidine into the cell, suggesting a much broader effect 
than the regulation of cell cycle. ATP and adenosine activate the ERK, MAPK and PI3K/Akt path-
ways, and both pathways are important in mediating the proliferative effects of these purinergic ago-
nists in U138MG human gliomas (Jacques-Silva et al. 2004a). As discussed below, ATP to induce 
these effects could stem from cell lysis associated with low degradation of ATP in gliomas.

One important aspect of this model is that glioma cells are resistant to ATP induced cell death. 
ATP, at concentrations above 1 mM is toxic to several cell lines, mostly mediated by the P2X

7
 receptor 

subtype. In neuronal cultures and organotypic cultures of the hippocampus, ATP is toxic at 5 mM 
(Morrone et al. 2005). Glial cells are normally resistant to ATP-induced cell death, and, in astrocytes, 
high ATP concentrations and activation of P2X

7
 actually activates the PI3K/Akt pathway, which nor-

mally has an anti-death role (Jacques-Silva et al. 2004b).
Notably, mouse neural progenitor cells (NPCs), which are able to differentiate into neurons, astro-

cytes and oligodendrocytes are sensitive to extracellular ATP with a pharmacological and molecular 
profile that suggests the involvement of P2X

7
 and NPCs from P2X

7
 KO mice were much more resis-

tant to extracellular ATP (Delarasse et al. 2009). On the other hand, OPCs, which originate from 
NPCs, but are already restricted to the oligodendrocyte lineage and which recent data indicates to be 
the main cells of origin of gliomas, express functional P2X

7
 receptors and suffer cytotoxicity when 

treated with high doses of BzATP, but not by a long lasting challenge with ATP up to 3 mM (Agresti 
et al. 2005). Interestingly, mature oligodendrocytes are quite sensitive even to low concentrations of 
ATP or BzATP (Matute 2008; Verkhratsky et al. 2009). The observation that glioma originate from a 
cell type resistant to ATP, while their precursor and differentiated cell are sensitive may be indicative 
of the importance of resistance to ATP cell death for glioma development. However, the observations 
that some glioma cell lines lost this resistance indicate that this is not an absolute requirement for 
glioma growth (Tamajusuku et al. 2010).

5.3  Ectonucleotidases

The effects of nucleotides and nucleosides on purinergic receptors are regulated by the action of ecto-
nucleotidases, which includes ectonucleoside triphosphate diphosphohydrolases (E-NTPDases), 
ectonucleoside pyrophosphatase/phosphodiesterases (E-NPPases), ecto-5ʹ-nucleotidase/CD73 (Ecto-
5ʹ-NT/CD73) and alkaline phosphatases (ALP) (Robson et al. 2006; Zimmermann 2001, 2006). These 
enzymes operate in concert for the complete nucleotide hydrolysis (e.g. ATP) to nucleoside (e.g. 
adenosine) and represent a powerful manner to control the effects mediated by extracellular purines 
(Knowles 2011; Yegutkin 2008).

5.3.1  Ectonucleoside Triphosphate Diphosphohydrolases (E-NTPDases)

The occurrence of adenyl-pyrophosphatases, which splits the two phosphate groups from ATP, was 
for the first time demonstrated in muscle cells by Lohmann (Lohmann 1928). Later, Meyerhof pro-
posed the name “apyrase” for enzymes that hydrolyse ATP, ADP and other triphospho- and diphos-
phonucleosides to their equivalent monophosphonucleosides and inorganic phosphate (Meyerhof 
1945). Over the years, apyrases were identified in many different organisms such as plants; insects; 
parasites and mammals, and they were classified as ATP-diphosphohydrolase (EC 3.6.1.5) to distin-
guish them from intracellular ATPases. Until 1995, there was an apparent confusion about the molec-
ular and kinetic identity of the enzymes responsible for the hydrolysis of extracellar ATP. In that year, 
a complete review describing the ecto-ATPases, which were identified as E-ATPases in analogy to 
other ATPases, was published (Plesner 1995). Ecto-ATPases as well as ecto-apyrases (or ecto-ATP 
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diphosphohydrolases) are ubiquitous enzymes that hydrolyze extracellular nucleoside tri- and/or 
diphosphate exhibiting E-type ATPase activity. They hydrolyze several purine and pyrimidine nucleo-
side tri- and diphosphate but not nucleoside monophosphates. They are dependent on millimolar 
concentration of Ca2+ or Mg2+, are insensitive to specific P-type, V-type and F-ATPases and also alka-
line phosphatase inhibitors and have an alkaline optimum pH. Ecto-ATPases/ecto-apyrases are glyco-
proteins anchored by two transmembrane domains, which makes difficult their solubilization and 
purification (Plesner 1995).

At present, the previously classified as E-type ATPases are identified as NTPDases belonging to 
the CD39 family. In mammals, at least eight related and homologous enzymes sharing five apyrase-
conserved regions (ACRs), named NTDPase1 to 8, have been cloned and characterized: NTPDase1 
(CD39, ATPDase, ecto-apyrase or ecto-ATP diphosphohydrolase), NTPDase2 (CD39L1, ecto-
ATPase), NTPDase3 (CD39L3, HB6), NTPDase4 (UDPase, LALP70), NTPDase5 (CD39L4, 
ER-UDPase, PCPH), NTPDase6 (CD39L2), NTPDase7 (LALP1) and NTPDase8 (Robson et al. 
2006; Zimmermann 2001).

NTPDase1-3 and 8 share common membrane topography with two transmembrane domains at the 
N- and C-terminus and a catalytic site facing the extracellular compartment. These E-NTPDase mem-
bers differ regarding the preferences for nucleotides, while NTPDase1, 3 and 8 hydrolyses nucleoside 
tri- and diphosphates equally well, NTPDase2 hydrolyses nucleoside triphosphates with a 30-fold 
preference (Bigonnesse et al. 2004; Chadwick and Frischauf 1998; Heine et al. 1999; Kaczmarek 
et al. 1996; Kegel et al. 1997; Smith et al. 1998).

NTPDase4-7 present an intracellular localization such as the Golgi apparatus and endoplasmic 
reticulum (Biederbick et al. 2000; Shi et al. 2001). NTPDase5 and NTPDase6 lack the C-terminal 
transmembrane domain and are also expressed in the plasma membrane or as secreted enzymes with 
specificity for the hydrolysis of nucleoside diphosphates (Hicks-Berger et al. 2000; Oses et al. 2004; 
Mulero et al. 1999, 2000; Murphy-Piedmonte et al. 2005; Yeung et al. 2000).

Several studies have shown the expression of multiple NTPDases in the CNS (Battastini et al. 
1991; Braun et al. 2003; Bruno et al. 2002; Nagy et al. 1986; Pinsky et al. 2002; Wang and Guidotti 
1999). NTPDase1, the lymphoid cell activation antigen CD39, is associated with endothelium and 
vascular smooth muscle cells being strongly expressed by microglia (Braun et al. 2000; Zimmermann 
2006). In neurons, an apyrase-like enzyme has been characterized (Boeck et al. 2002) and the expres-
sion of multiple ectonucleotidase has been described in PC12 cells (Vollmayer et al. 2001). NTPDase2 
is the dominant ectonucleotidase expressed by rat astrocytes (Wink et al. 2006) being also identified 
in immature Schwann cells of the peripheral nervous system, in satellite glia cells of dorsal root gan-
glia and sympathetic ganglia and in enteric glia (Zimmermann 2006). This enzyme is also expressed 
in adult mouse hippocampal progenitors (Shukla et al. 2005) and in type B cells of the subventricular 
zone (SVZ) (Braun et al. 2003), two neurogenic regions of the adult mammalian brain. Chadwick and 
Frischauf described the tissue distribution of NTPDase3 in brain (Chadwick and Frischauf 1998). In 
more recent studies, NTPDase3 was identified in the mitochondrial matrix or closely linked to the 
inner mitochondrial membrane of hypothalamic neurons. It was also found that decrease of NTPDase-
activity resulted in significantly decreased mitochondrial respiratory capacity. The authors assumed 
that hypothalamic neuronal activity especially that of excitatory neurons may be dependent on the 
activity of mitochondrial NTPDase3 due to the ATPase activity of this enzyme (Belcher et al. 2006; 
Kiss et al. 2009). The NTPDase8 is very poorly expressed or absent in brain (Bigonnesse et al. 2004).

5.3.2  Ectonucleotide Pyrophosphatase/Phosphodiesterases (E-NPPs)

The second family of enzymes involved in the extracellular nucleotide metabolism is the ectonucleo-
tide pyrophosphatase/phosphodiesterase family (E-NPPs; EC 3.1.4.1). NPP1-3 have been detected in 
almost all tissues, although individual isoforms are usually confined to specific substructures and/or 
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cell types (for review see Bollen et al. 2000; Goding et al. 2003). They hydrolyze pyrophosphate or 
phosphodiester bonds of a variety of extracellular compounds with a broad substrate specificity, 
including nucleotides, lysophospholipids and choline phosphate esters that may reflect their roles in 
various physiological and biochemical processes. NPP1 was originally discovered on the surface of 
mouse B-lymphocytes as the plasma cell differentiation antigen (PC-1) (Takahashi et al. 1970). It is 
highly expressed in cells from bone and cartilage with intermediate expression in other tissues, includ-
ing brain capillary endothelium (Goding et al. 2003). It is interesting to observe that NPP1 has not 
been detected in neurons or glial cells, although it has been detected in rat C6 glioma cells (Grobben 
et al. 1999). The second member of this family, the NPP2 was discovered as an autocrine motility 
factor (autotaxin, NPP2a) (Stracke et al. 1992). The expression of NPP2a has been correlated with 
oligodendrocyte differentiation and in the formation of myelin sheet (Fuss et al. 1997). In addition, rat 
brain NPP2 is expressed in glial cells of the cerebellum (Goding et al. 2003). NPP3 is a glycoprotein 
present in a specific subset of glial precursor cells, which expression is dependent on the stage of dif-
ferentiation (Blass-Kampmann et al. 1997; Deissler et al. 1995b).

5.3.3  Ecto-Alkaline Phosphatases (ALP)

The extracellular nucleotides ATP, ADP (and AMP) can also be hydrolyzed by alkaline phosphatases 
(ALP, EC 3.1.3.1) (Picher et al. 2003). Human ALPs are encoded by four different gene loci and three 
of the four isozymes are tissue-specific, the intestinal (IALP), placental (PLALP) and germ cell 
(GCALP). The fourth ALP is the tissue-nonspecific (TNALP) expressed in relatively high amounts in 
bone, liver and kidney (Martins et al. 2001). This protein co-localize with detergent-resistant and 
glycolipid-rich membrane subdomains and is important to control signal transduction and membrane 
trafficking (Bianchi and Spychala 2003; Matsuoka and Ohkubo 2004). Although TNALP is widely 
distributed in different tissues, information about its physiological function in the brain is limited 
(Zimmermann 1996). It was established that this ubiquitous enzyme has a specific regional and sub-
cellular localization in the brain of adult animals and could be involved in neurotransmission, as it 
exhibits a neuronal activity-dependent regulation and it is localized in the synaptic cleft of cortical 
synapses (Fonta et al. 2004). TNALP is expressed in the neural tube in different brain regions during 
embryonic development indicating its involvement in developmental steps with a potential role in 
cortical plasticity and brain disorders (Fonta et al. 2005; Narisawa et al. 1994). In addition, it was 
shown that TNALP is expressed in capillary endothelium of blood–brain barrier (BBB) and may par-
ticipate in extracellular phosphorylation/dephosphorylation processes, which are involved in the mod-
ulation of organic cation transport at BBB (Calhau et al. 2002). Finally, considering that ATP may be 
hydrolyzed by E-NPPs generating PPi and that it is known that TNALP is able to hydrolyse PPi into 
Pi (Goding et al. 2003), it is possible that in addition to E-NTPDases, these two enzymes might coop-
erate to hydrolyze ATP directly to AMP without transient production of ADP in the extracellular 
milieu. Therefore, the combination of more than one enzyme may acts as important regulator of puri-
nergic receptor activation by removing efficiently P2 agonists.

5.3.4  Ecto-5ʹ-Nucleotidase (Ecto-5ʹ-NT/CD73)

The intermediary product of ATP hydrolysis, AMP, can be hydrolyzed by the action of ecto-5ʹ-
nucleotidase (ecto-5ʹ-NT/CD73, EC 3.1.3.5), which is a widely distributed enzyme anchored on the 
outer surface of the plasma membrane via a glycosyl phosphatidylinositol linkage and also co-local-
izes with detergent resistant and glycolipid-rich membrane subdomains called lipid rafts (Bianchi and 
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Sypchala 2003). It produces nucleosides from non-cyclic nucleoside monophosphates in the extracel-
lular space, being the best-characterized enzymatic source of extracellular adenosine (Zimmermann 
1992). Considering that ATP and ADP can exert an inhibitory action on ecto-5ʹ-NT/CD73 (Dornand 
et al. 1978), this step of extracellular nucleotide metabolism represents a pivotal role by controlling 
the activation of P2 and P1 receptors (Komoszynski and Wojtczak 1996). Ecto-5ʹ-NT/CD73 is 
expressed in many different tissues (Zimmermann 1992) being identified in different brain regions 
either located as a membrane bound ecto-enzyme or as a soluble enzyme with intracellular localiza-
tion (Bianchi and Spychala 2003, Heymann et al. 1984). In the Central Nervous System (CNS) it was 
identified in astrocytes, hippocampal mossy fiber terminals, the choroid plexus and vascular endothe-
lium (Zimmermann 2006). The subcellular distribution of ecto-5ʹ-NT/CD73 in the brain cells shows 
that the bulk of activity is associated with myelin, synaptossomal and microssomal fractions (Heymann 
et al. 1984). This enzyme has been proposed as a glial marker and indicator for development, regen-
eration and plasticity (Lie et al. 1999; Zimmermann et al. 1998). Recently, Stanojevic et al. showed a 
negative correlation between the enzyme activity and the enzyme protein abundance in the synaptic 
plasma membrane, indicating additional roles than those related to AMP hydrolysis for ecto-5ʹ-NT/
CD73 in the synaptic compartment during postnatal brain development (Stanojevic et al. 2011). The 
results of this study provided direct evidence for the existence of this ecto-enzyme in the presynaptic 
compartment and suggest that ecto-5ʹ-NT/CD73 may be a part of general scheme of brain develop-
ment and synapse maturation. In fact, several studies demonstrate that besides its catalytic function, 
ecto-5ʹ-NT/CD73 is also an important player on cell-cell and cell-extracellular matrix (ECM) interac-
tions, (Spychala 2000; Stochaj et al. 1989) as well as a modulator of T lymphocytes signaling (for 
review see Resta et al. 1998). The highly variable level of expression of ecto-5ʹ-NT/CD73 in animal 
tissues and cells suggests that tissue-specific mechanisms control the expression of this enzyme. 
Indeed, a number of tissue-specific regulatory elements within the ecto-5ʹ-NT/CD73 promoter were 
identified suggesting that there might be a high level of complexity in the interactions between bind-
ing factors of this gene (Hansen et al. 1995; Spychala et al. 1999).

In addition to the action of ecto-5ʹ-NT/CD73, AMP can also be deaminated to inosine monophos-
phate (IMP) by an AMP deaminase activity. This alternative enzymatic degradation of AMP might 
constitute a mechanism to control extracellular adenosine formed from ATP breakdown (Cunha and 
Sebastião 1991; Goldman et al. 2010).

5.4  Ecto-Adenosine Deaminase (Ecto-ADA)

The extracellular adenosine levels are controlled by the uptake of plasma membrane-located adenos-
ine transporters and/or by the action of adenosine deaminase (ADA; EC 3.5.4.4) that produces inosine 
(Cunha et al. 2000). ADA was originally considered to be cytosolic but it has been found ubiquitously 
on the surface of many different cell types including brain synaptosomes and, therefore, it can be also 
considered an ecto-enzyme (ecto-ADA) (Franco et al. 1997).

Ecto-ADA has an extra-enzymatic function via its interaction with CD26 and other cell-surface 
proteins (Franco et al. 1998). Ecto-ADA was identified in neuronal populations in the brain of differ-
ent mammals (Yamamoto et al. 1987). It was also shown that ecto-ADA can be associated with A

1
 

adenosine receptors (A
1
Rs) in different cell types including pig brain cortical membranes (for review 

see Zimmermann 1996). Accordingly, the co-localization and interaction between A
1
Rs and ecto-

ADA may be the functional basis of the extra-enzymatic role of ecto-ADA in modulating ligand-
induced signaling, desensitization and internalization of A

1
Rs (Beraudi et al. 2003; Ciruela et al. 

1996; Gines et al. 2001; Saura et al. 1998). Inosine, product of adenosine deamination, was originally 
thought to have no biological effects, but today it is well established that this nucleoside may partici-
pate actively in many biological processes including immunomodulation and neuroprotection. Inosine 
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preserves the viability of glial cells and neuronal cells during hypoxia and stimulates axonal re-growth 
after injury. The actions of inosine might involve effects on adenosine receptors, but it is also possible 
that inosine augments extracellular adenosine levels by competing with the nucleoside transporters 
and thus generating secondary effects to adenosine binding to its receptors (for review see Haskó et al. 
2004). Recently, it was shown that inosine exerts anticonvulsant effect against hyperactivity of the 
glutamatergic system independently of benzodiazepines or adenosine receptors activation (Ganzella 
et al. 2011). Thus, besides its non-enzymatic functions, the final step of purine metabolizing cascade 
catalyzed by ecto-ADA is very important for the control of adenosine availability and inosine produc-
tion with consequent activation of different signaling pathways.

5.5  Other Ecto-Nucleotide Metabolizing Enzymes

ATP can be also consumed by ecto-enzymes belonging to protein kinase family (ecto-PK, EC 2.7.10-
11-12-13) (Ehrlich et al. 1990). These enzymes are located on the surface of normal, transformed or 
malignant cells (Paas et al. 1999; Redegeld et al. 1999; Seehafer et al. 1984) and the coordinated 
action of ecto-PK and ALP would participate in the phosphorylation/dephosphorylation mechanisms 
in a variety of extracellular events, such as cell-cell interaction and transduction of external signals 
(Calhau et al. 2002; Kübler et al. 1989). Moreover, the presence of purine converting ecto-enzymes 
such as ecto-nucleotide kinase (adenylate kinase, EC 2.7.4.3) (Nagy et al. 1989), ectonucleoside 
diphosphate kinase (EC 2.7.4.6) (Yegutkin et al. 2002; Zimmermann 2006) and the identification of 
ectopic FoF1-ATP synthase on plasma membrane of mammalian cells (Ravera et al. 2011), provide 
new perspectives for the scenario of extracellular nucleotide metabolism. In summary, the combina-
tion of these multiple extracellular ATP-generating systems along with ATP-consuming pathways 
would complete the panel of enzymatic and non-enzymatic systems involved in the control of avail-
ability of specific agonists for nucleotide/nucleoside-selective receptors (Yegutkin et al. 2002).

5.6  Ectonucleotidases in Gliomas

Events that trigger malignant transformation of glial cells into gliomas are poorly understood. Genetic 
alterations that controls cell proliferation and differentiation, including the regulation in oncogenes 
expression (MDM2, CDK4, EGFR) and tumor suppressor genes (p53, p16, p15 and RB1) (Louis 
1994; Maher et al. 2001; Shapiro 2001; Von Deimling et al. 1995) are common features of glial cell 
malignant transformation. In addition, glioma progression requires specific microenvironment condi-
tions, which affect tumor cell interactions with neurons, glia and vascular cells in the CNS (Demuth 
and Berens 2004). Among the pathological alterations that give tumor cells invasive potential, puri-
nergic signaling is emerging as an important component. By activating specific purinergic receptors 
(P2X and P2Y), extracellular ATP has been shown to mediate events related to cell proliferation, cell 
differentiation and cell death (White and Burnstock 2006). Nucleotides exert a synergist effect on cell 
proliferation together with growth factors, chemokines or cytokines (Lemoli et al. 2004). ATP has 
been identified as a mitogen for v-myc immortalized neural progenitor cells (Ryu et al. 2003). In 
astrocytes, extracellular ATP regulates ERK function by activating P2Y

1
, P2Y

2
 or P2Y

4
 purinoceptors 

(Lenz et al. 2000; Neary et al. 2003), indicating the potential for cross-talk with FGF, EGF and PDGF 
driven cell mitogenic pathways. Adenosine is one of factors that can contribute to tumor progression 
(Spychala 2000). This nucleoside accumulates at high concentrations in solid tumors and it has been 
previously shown to stimulate tumor growth and angiogenesis through activation of P1 receptors and 
to inhibit cytokine synthesis, cell spreading, and adhesion of immune cells to the endothelial wall and 
the function of T-cells, macrophages and natural killer cells (Spychala 2000).
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As described above, the biological effects of nucleotides and nucleosides are regulated by the 
action of ectonucleotidases, which efficiently control the purinergic receptor activation by hydrolyz-
ing these molecules in the extracellular space. Accumulating evidence suggests that alterations in the 
extracellular nucleotide/nucleoside metabolism are involved in the growth and progression of glio-
mas. We demonstrated that glioma cell lines have altered extracellular ATP, ADP and AMP catabo-
lism when compared to astrocytes, showing low rates of extracellular ATP hydrolysis and high rates 
of extracellular AMP hydrolysis (Wink et al. 2003). C6 glioma presents a low mRNA expression of 
NTPDases1-6 (Morrone et al. 2006) and human glioma cell lines as well (unpublished data). These 
results were confirmed by applying a C6 ex vivo glioma model, a primary glioma culture obtained 
directly from rat biopsy specimens that were previously implanted, indicating that the disruption of 
purinergic signaling is a feature shown not only by glioma cell lineages, but also by ex vivo glioma 
cultures which represent a closer model of original tumors (Braganhol et al. 2008).

In addition, it seems also important to consider the NTPDase5 mRNA expression in C6 cells 
(Morrone et al. 2006) and in other different glioma cell lines (unpublished results). In addition to the 
participation of NTPDase5 in the process of re-glucosylation involved in glycoprotein folding in the 
endoplasmatic reticulum (Tombetta and Helenius 1999), an unexpected role of NTPDase5 in onco-
genesis was recently revealed (Villar et al. 2007). NTPDase5 was shown to be identical to the PCPH 
gene, a human proto-oncogene product expressed in human tumor cell lines (Paez et al. 2001, Rouzaut 
et al. 2001). The neoplastic transforming activity of the NTPDase5/PCPH oncoprotein is mediated by 
its ability to promote a Ras-independent, sustained activation of ERK (Recio et al. 2000) and/or ren-
der cancer cells resistant to a variety of apoptosis-inducing stimuli (Recio et al. 2000; Velasco et al. 
1999), including serum deprivation, hyperthermia, ionizing radiation and chemotherapeutic drugs. 
The resistance to various stress stimuli elicited by NTPDase5/PCPH was mediated by its ability to 
hydrolyze ATP, decreasing the phosphate donor availability for the kinases involved in the stress-
induced phosphorylation cascades with which it interacts (Recio et al. 2002).

As presented before, extracellular degradation of ATP proceeds by a cascade of cell surface-bound 
enzymes that also includes the E-NPPs and ALP. Catalysis by E-NPPs affects processes as diverse as 
cell proliferation and motility, angiogenesis, bone mineralization and digestion. In addition, E-NPPs 
are also implicated in the pathophysiology of cancer, insulin resistance and calcification diseases 
(Stefan et al. 2006). NPP1 and −3 are expressed in rat C6 glioma cells where they are responsible for 
the hydrolysis of low extracellular ATP concentration (1–10 μM) (Grobben et al. 1999; Joseph et al. 
2004). Moreover, there is emerging evidence for non-catalytic functions of NPPs in cell signaling. For 
example, a role of NPP3 in tumor transformation was demonstrated by showing that its expression in 
glioma cells induced morphological changes and enhanced tumor invasive properties (Deissler et al. 
1995a). The role of NPP1 expression in C6 glioma cell motility and invasion remains to be deter-
mined. Regarding the involvement of ALP in the tumorigenic process, there are a few studies charac-
terizing its participation in glioma biology. ALP activity is restricted to the capillary wall, being 
stronger in capillaries from glioblastomas than astrocytomas. Moreover, in opposite to normal cells, 
the ALP activity in glioblastoma is markedly positive on the luminal surface of plasma membrane of 
endothelial cells. Phosphatase activities in brain tumor appear to change in localization pattern in 
association with glioma malignancy, which may reflect a higher permeability of the BBB (Maeda 
et al. 1985). ALP can also contribute to adenosine production from AMP as a substrate, as demon-
strated for the neuroblastoma glioma hybrid NG108-15 cells (Ohkubo et al. 2000).

The AMP produced in the extracellular space is hydrolyzed to adenosine by the action of ecto-
5ʹ-NT/CD73 (Zimmermann 1992). A large body of evidence suggests that ecto-5ʹ-NT/CD73 has 
tumor-promotion functions (Spychala 2000). High ecto-5ʹ-NT/CD73 expression levels have been 
reported in many human solid tumors, such as colon, lung, pancreas, ovary (Su et al. 2001), melano-
mas (Sadej et al. 2006), breast carcinomas (Zhi et al. 2007) and glioblastoma cells (Ludwig et al. 
1999; Wink et al. 2003), being its expression correlated with shorter patient survival time (Spychala 
2000). Adenosine, the product of ecto-5ʹ-NT/CD73 activity, has been reported as mediator of cell 
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proliferation, angiogenesis and may suppress the anticancer immune response (Gessi et al. 2011; 
Morrone et al. 2003; Spychala 2000). Adenosine concentrations increase within hypoxic regions of 
solid tumors, including gliomas (Melani et al. 2003), and it has been recognized to interfere with the 
recognition of tumor cells by cytolytic effectors cells of the immune system (Blay et al. 1997; Merighi 
et al. 2003). In particular A

2A
 adenosine receptors on T-cell surface may play an immunosuppressive 

role in large solid tumors, inhibiting incoming antitumor cytotoxic T lymphocytes from destroying the 
tumor (Koshiba et al. 1997). The immunosuppressive role and the ability to protect against ischemia 
suggest that A

2A
 activation improves hypoxic tumor cell survival and immune escaping. A

2B
 adenosine 

receptors seem to contribute to tumor growth, neovascularization and for the release of a subset of 
cytokines (Gessi et al. 2011). In U87MG human glioma cells, adenosine increases IL-6 and IL-8 
expression via stimulation of A

2B
, while the stimulation of A

3
 receptors induced an increase of metal-

loproteinase-9 (MMP-9) levels, which was responsible for an increase of glioblastoma cells invasion 
(Gessi et al. 2010). In a parallel investigation, adenosine promoted an increase in U138MG glioma 
cell adhesion, which was prevented by adenosine receptor antagonists and dipyridamole, indicating 
the participation of extra- and intracellular signaling pathways in cell adhesion mediated by this 
nucleoside (Cappellari et al. 2011).

In addition to produce the pro-tumor nucleoside adenosine, ecto-5ʹ-NT/CD73 has a role in the 
control of cell growth, maturation, differentiation, cell-cell and cell-matrix interactions (Navaro et al. 
1998; Turnay et al. 1989; Vogel et al. 1991; Zhou et al. 2007). Notably, increasing cell confluency and 
culture times led to an increase in ecto-5ʹ-NT/CD73 activity and expression in different glioma cell 
lines (Bavaresco et al. 2008). The ECM laminin and chondroitin sulfate modulated the ecto-5ʹ-NT/
CD73 activity and glioma adhesion in a parallel manner, suggesting the involvement of purinergic 
signaling in the effects mediated by ECM components (Cappellari et al. 2011). In line to the role of 
ecto-5ʹ-NT/CD73 and its product adenosine on tumor-promotion actions, the treatment with APCP, a 
synthetic inhibitor of this enzyme, and AMP significantly reduced glioma cell proliferation (Bavaresco 
et al. 2008). Additionally, it was shown that the inhibitory effect of quercetin, dexamethasone and 
indomethacin on glioma cell proliferation was related to the modulation of ecto-5ʹ-NT/CD73 activity 
(Bavaresco et al. 2007; Braganhol et al. 2007; Bernardi et al. 2007) and the expression of A

3
 adenos-

ine receptor mediates the adenosine cell death actions (Gessi et al. 2011). In conclusion, ecto-5ʹ-NT/
CD73 expression is important in the glioma development for different reasons: (a) providing the 
major source of extracellular adenosine and/or (b) interacting directly with extracellular proteins act-
ing as an adhesion molecule.

5.7  The Purinergic Hypothesis of Glioma Invasion

Previous studies from our group indicate a strong involvement of purinergic signaling in the growth 
and progression of gliomas. The majority of glioma cell lines present an extracellular nucleotide 
metabolism that has low ATPase and high AMPase activity, with is strikingly different from normal 
astrocytes, which have high ATPase and low AMPase activity (Wink et al. 2003).

Adenine nucleotides induce cell proliferation in diverse human glioma cell lines (Morrone et al. 
2003) and the majority of glioma cell lines are resistant to cell death induced by cytotoxic ATP con-
centrations (Morrone et al. 2005). As ATP is poorly hydrolyzed by glioma cells and, in addition, can 
be ectopically produced in C6 glioma plasma membrane (Ravera et al. 2011), this nucleotide could 
potentially accumulate within tumor, resulting in glioma cell proliferation and neuronal toxicity. We 
have proposed that besides the glutamatergic system (Takano et al. 2001), the purinergic signaling 
could also be involved in this process (Morrone et al. 2003, 2005; Wink et al. 2003). In this model, we 
hypothesize that neuronal death induced by glutamate released from gliomas results in the liberation 
of ATP and glutamate (normally present in high concentrations in the intracellular milieu) to the 
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extracellular space leading to more neuronal cell death and glioma proliferation in a positive feedback 
cycle. Because gliomas, contrary to astrocytes in culture, exhibit low NTPDase expression and activ-
ity (Morrone et al. 2006) this feedback is not blocked.

To test this hypothesis, we examined the effect of co-injection of apyrase, an ATP/ADP scavenger, 
in a C6 rat glioma experimental model, which has been extensively used to test antitumor interven-
tions (Takano et al. 2001). The implanted glioma co-injected with apyrase produced smaller tumors 
when compared with the rats injected only with gliomas or with gliomas plus inactivated apyrase. 
According to the pathological analysis, the malignant gliomas induced by C6 co-injected with apyrase 
exhibited a significant reduction in the mitotic index, necrosis and vascular proliferation, pathological 
characteristics that indicate a less invasive/proliferative tumor (Fig. 5.1). Considering that the injec-
tion of apyrase was done only at the moment of implantation, the effect of ATP/ADP depletion is 
important probably at the implantation and initial growth of the glioma. This could be of therapeutic 
interest, because the application of apyrase in the surgical resection cavity could be helpful in reduc-

Fig. 5.1 In vivo glioblastoma growth is reduced by apyrase co-injection. To determine the effect of apyrase co-injection 
on in vivo glioma growth, C6 cells (1 × 106) were implanted in the right striatum of Wistar rat by stereotaxical surgery 
in presence (Glioma + Apyrase) or absence of apyrase (Glioma). (a, b) Histological characteristics that define glioblas-
toma multiforme as seen in rats implanted with gliomas and in rats co-injected with apyrase. Scale bars = 100 μm. (c) 
Tumor size quantification of implanted gliomas. Tumor size was evaluated 20 days following glioma implantation. Data 
represent the mean ± SD of at least six animals per group. Mean ± S.E.M. *p < 0.05 for comparison versus control, as 
determined by ANOVA, followed by Tukey-Krammer test. Glioma, rats implanted with C6 cells; CApyrase, apyrase 
denatured by boiling and co-injected with C6 cells; Apyrase, apyrase (2 U) co-injected with C6 cells; N, necrosis and 
microvascular proliferation; V, giant cell formation and nuclear pleomorphism (arrow) (Adapted from Morrone et al. 
(2006). With permission from BioMed Central)
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ing the initial growth of invaded tumor (Morrone et al. 2006). Considering that NTPDase2 is the 
dominant E-NTPDase member expressed by astrocytes in culture (Wink et al. 2006) in a further study 
we better characterized the participation of nucleotides in glioma progression by restoring NTPDase2 
expression and activity in rat C6 glioma cells. Surprisingly, NTPDase2 overexpression promoted a 
dramatic increase in the in vivo glioma growth and in the malignant characteristics (Fig. 5.2). A siz-
able platelet sequestration in the tumor area and an increase in angiogenesis and inflammatory 
response were observed (Braganhol et al. 2009). The opposite biological outcomes obtained by using 
NTPDase2 (high ATPase/ADPase ratio) and apyrase (low ATPase/ADPase ratio) as ATP/ADP scav-
engers, reveal a complex interactions between tumor, immune cells and purinergic mediators. This 
inverse effect could be due to the fact that whereas NTPDase1 hydrolyses ATP and ADP approxi-
mately equally well, the preferred degradation of ATP over ADP of NTPDase2 favors extracellular 
ADP accumulation (Robson et al. 2006; Zimmermann 2001). Considering that platelets express P2 
receptors, which are activated by ADP (P2Y

1
 and P2Y

12
), we hypothesized that ADP produced by the 

NTPDase2 overexpressed in the implanted glioma cells could activate these receptors, leading to 
increased platelet recruitment and activation. The latter processes promote angiogenesis as well as the 
recruitment of other inflammatory cells (Sierko and Wojtukiewicz 2007). The treatment with clopido-
grel, a P2Y

12
 antagonist that prevents the platelet activation by ADP, decreased these parameters to 

control levels. These data suggest that the ADP derived from NTPDase2 activity stimulates platelet 
migration to the tumor area and that NTPDase2, by regulating angiogenesis and inflammation, seems 
to play an important role in tumor progression (Braganhol et al. 2009).

Interestingly, the NTPDase2 reconstitution in gliomas altered not only the local tumor  development, 
but also modulated systemic inflammatory responses. NTPDase2 overexpression promoted an 
increase in IL-1β, TNF-α and IL-6 pro-inflammatory cytokine production and regulated platelet func-

Fig. 5.2 NTPDase2 expression stimulates in vivo glioblastoma growth. To determine the glioma growth in vivo, equal 
amounts of C6, C6-EYFP, or C6-EYFP/NTPDase2 cells (1 × 106 cells) were implanted in the right striatum of Wistar rat 
brains by stereotaxical surgery. The animals were killed 20 days later and glioma sections were dissected and analyzed for 
tumor growth. (a, b) Photographs of rat brain slices of C6-EYFP and C6-NTPDase2-implanted gliomas. The gliomas are 
marked with a circle. (c, d) Representative sections of C6-EYFP and C6-EYFP/NTPDase2-implanted gliomas stained with 
HE. Scale bars = 0.5 mm (Adapted from Braganhol et al. 2009. With permission from John Wiley and Sons)
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tion in vivo. Additionally, pathological alterations in the lungs were observed in rats bearing 
NTPDase2-gliomas (Braganhol et al. 2011). These data suggest that disruption of purinergic signal-
ing creates an inflammatory microenvironment that dictates tumor cell progression and local invasive-
ness. Moreover, our findings reveal a previously underestimated role for ADP in tumor promotion and 
reinforce the important roles carried out by the different E-NTPDase members, which, by working in 
a highly coordinated enzymatic chain, maintain the extracellular nucleotide equilibrium and control 
the effects mediated by purinergic receptors.

As presented in the begging of this chapter, in concert with alterations in the extracellular ATP 
metabolism, modulations of P2 receptors, mainly P2Y

1
, P2Y

2
, P2Y

12
 and P2X

7
, may be important 

participants in glioma pathology. In C6 glioma cells P2Y
2
 respond to ATP and UTP while P2Y

1
 and 

P2Y
12

 both respond to ADP. Baranska et al. have shown that agonists of these receptors modulate 
activities of ERK1/2 and PI3K, which are central pathways of cell survival (Baranska et al. 2004). 
These effects depend on physiological conditions of the cells. Under serum starvation culture condi-
tions, UTP and ADP modulate positively ERK1/2 on C6 rat glioma. In non-starved cells, ADP mark-
edly decreases the PI3K activity, whereas in serum-starved cells it causes an opposite effect. The 
differential P2Y expression under different culture conditions suggests a cross-talk between P2Y

1
 and 

P2Y
12

 receptors in order to favor the glioma cell growth (Baranska et al. 2004).
P2X

7
 receptor subtype possesses unique biological properties such as the opening of a pore through 

which molecules up to 900 Da can pass. P2X
7
 is responsible for ATP-induced cell death in various cell 

types through mechanisms that involve necrotic features such as swelling, loss of membrane integrity 
and apoptosis (Taylor et al. 2008; Tsukimoto et al. 2005). In the CNS, ATP is highly toxic to neurons 
in vitro and ex vivo (Morrone et al. 2005) and extracellular ATP plays an important role in neuronal 
death in pathological conditions such multiple sclerosis, Alzheimer and brain ischemia (Burnstock 
2008). To date, the involvement and roles of P2X

7
R in modulating the growth of brain tumors have 

been little explored. The P2X
7
 activation in glioma cells mediates multiple effects that include cell 

death, survival and modulation of immune system. For example, in rat C6 cell line, C6 ex vivo glioma 
model and human U138MG, the involvement of P2X

7
R in the resistance to citotoxicity of ATP has 

been reported (Braganhol et al. 2008; Morrone et al. 2005). Consistent with the P2X
7
R role in tumor 

progression, immunohistochemical staining of human glioblastoma tissue samples demonstrated 
greater expression of P2X

7
R compared to control non-tumor samples and the pharmacological block-

age of P2X
7
R inhibits in vivo C6 glioma growth (Ryu et al. 2011). On the other hand, GL261 a murine 

glioma cell line sensitive to high concentrations of ATP, presents a higher ATPase activity, suggesting 
that the sensitivity may be compensated by a higher degradation rate of ATP for protective reasons. 
The sensitivity of GL261 to ATP and BzATP was blocked by silencing of P2X

7
R (Tamajusuku et al. 

2010). The cell death induced by ATP is mainly necrotic of nature, but their involvement in actual 
tumor growth is not clear. Blocking of P2X

7
R with BBG, known P2X

7
 receptor antagonist, produced 

a marked reduction in C6 glioma growth in rats, suggesting that cell death of glioma cells is not an 
important feature of this model (Ryu et al. 2010).

In conclusion, the information presented here supports the idea that alterations in the activity and 
expression of ectonucleotidases are involved in the glioma progression. The alterations in the extra-
cellular ATP metabolism associated with P1/P2 receptor disruption may have important consequences 
in events related to tumor advance (Fig. 5.3). Although additional studies are needed to determine 
whether the altered nucleotide hydrolysis is the cause or consequence of malignant transformation, 
the ectonucleotidases may be considered as new molecular markers of gliomas and future target for 
pharmacological or gene therapy.
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Chapter 6
Cytoskeleton and Nucleotide Signaling  
in Glioma C6 Cells

Wanda Kłopocka, Jarosław Korczyński, and Paweł Pomorski

Abstract This chapter describes signaling pathways, stimulated by the P2Y2 nucleotide receptor 
(P2Y2R), that regulate cellular processes dependent on actin cytoskeleton dynamics in glioma C6 
cells. P2Y2R coupled with G-proteins, in response to ATP or UTP, regulates the level of 
iphosphatidylinositol- 4,5-bisphosphate (PIP2) which modulates a variety of actin binding proteins and 
is involved in calcium response and activates Rac1 and RhoA proteins. The RhoA/ROCK signaling 
pathway plays an important role in contractile force generation needed for the assembly of stress 
fibers, focal adhesions and for tail retraction during cell migration. Blocking of this pathway by a 
specific Rho-kinase inhibitor induces changes in F-actin organization and cell shape and decreases the 
level of phosphorylated myosin II and cofilin. In glioma C6 cells these changes are reversed after UTP 
stimulation of P2Y2R. Signaling pathways responsible for this compensation are calcium signaling 
which regulates MLC kinase activation via calmodulin, and the Rac1/PAK/LIMK cascade. Stimulation 
of the Rac1 mediated pathway via Go proteins needs additional interaction between αvβ5 integrins and 
P2Y2Rs. Calcium free medium, or growing of the cells in suspension, prevents Gαo activation by P2Y2 
receptors. Rac1 activation is necessary for cofilin phosphorylation as well as integrin activation 
needed for focal complexes formation and stabilization of lamellipodium. Inhibition of positive Rac1 
regulation prevents glioma C6 cells from recovery of control cell like morphology.

Keywords P2Y2 · PIP2 · Rho · Rac · Small G-proteins · Cofilin · Myosin II · Actin dynamics · Integrins 
· Cell migration · Glioma C6 cells
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MARCKS Myristoylated alanine rich C-kinase substrate
MHC Myosin heavy chains
MLC Myosin light chain
MLCK Myosin light chain kinase
MLCP Myosin light chain phosphatase
P-MLC Phosphorylated myosin light chain
P2Y2R P2Y2 receptor
PAK p21 activated kinase
PDGFRs Platelet-derived growth factor receptors
PI3K Phosphatidylinositol 3-kinase
PIP Phosphoinositol phosphate
PIP 5-kinase Phosphatidylinositol-4-phosphate 5-kinase
PIP2 Phosphatidylinositol 4,5-bisphosphate
PKC Protein kinase C
PLC Phospholipase C
PTX Pertussis toxin
ROCK Rho-associated protein kinase
SSH Slingshot homolog
TESK Testis-specific kinase

6.1  Introduction

The way in which simple, chemical reactions of the signaling pathways translate itself into the cell 
behavior is crucial for understanding of the living world. This chapter describes how the signal from 
one nucleotide receptor can influence and regulate complex phenomena of cell structure and motility.

This is the ability to actively change shape and travel from one location to another what we intui-
tively assume as one of the most fundamental attributes of being alive. Being motile is the common 
feature of multiple free living protista (Chung et al. 2001; Kłopocka and Pomorski 1996; Pomorski 
et al. 2007; Stockem and Kłopocka 1988) as well as tissue cells in higher organisms (Pomorski et al. 
2004). The motility is crucial for organism development and everyday functions. While most of cells 
in human body can use bloodstream as a fast way of traveling long distance, the existence of blood- 
brain- barrier isolates cells of central nervous system from the passive way to spread around and force 
to use active crawling to change position. This is as true for the microglia cell looking for the inflam-
mation as for the spreading cells of malignant glioma. The existence of the barrier between blood and 
brain creates very special environment, where every cell at least on some period in the life have to be 
actively motile.

The P2Y2 nucleotide receptor is located in the very centre of signaling network regulating cell 
motility and cytoskeleton organization (Boeynaems et al. 2012). In this chapter we will show how can 
it influence both basic systems regulating cytoskeleton and motility: Rho-family pathways (Kłopocka 
and Rędowicz 2003, 2004; Kłopocka et al. 2005; Schmitz et al. 2000; Worthylake et al. 2001) and 
calcium signaling (Pletjushkina et al. 2001; Pomorski et al. 2004; Somlyo and Somlyo 2003). While 
the Chap. 4 focus on the calcium signaling in glia and glioma cells, here we will discuss the complex 
relations between this two signaling systems and show why nucleotide receptors and nucleotide sig-
naling are so important for them.

In the chapter we will describe crucial pathways regulating glioma C6 motility as well as the pecu-
liar role of P2Y2 in crosstalk between them. Finally we will show how experimental induction of this 
receptor may influence both cell anatomy and motile properties after inhibition of classical RhoA 
motility-regulating pathway.
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6.2  The Role of the P2Y2 Receptor in Actin Cytoskeleton Organization

Signaling cascades evoked by P2Y2 receptor (P2Y2R) stimulation operate by the sequential activation 
and deactivation of small G proteins, phospholipases or protein kinases that regulate cellular pro-
cesses dependent on actin cytoskeleton dynamics: endo- and exocytosis, cytokinesis, intracellular 
transport, cell to cell adhesion and cell migration. Actin cytoskeleton reorganization in response to 
extracellular stimuli is crucial in these processes. The dynamic transformation of actin filaments that 
involves actin polymerization and depolymerization, formation and degradation of filamentous net-
works and bundles is regulated by integrated signaling cascades. Important factors in actin cytoskel-
etal reorganization are small GTPases of the Rho family, Rho, Rac, and Cdc42 (Bishop and Hall 2000; 
Hall 1998) and phosphoinositides, especially phosphatidylinositol 4,5-bisphosphate (PIP2) that binds 
directly to a variety of actin regulatory proteins and modulates their functions (Sechi and Wehland 
2000; Takenawa and Itoh 2001). It means that changes in PIP2 levels influence the remodeling of the 
actin cytoskeleton. The P2Y2 receptor is coupled to Gq, Go and G12 proteins. Gq-coupled receptors 
stimulate phospholipase C (PLC) activity that hydrolyzes PIP2 and generates two second messengers, 
inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG). IP3 mobilizes Ca2+ from the endoplasmic 
reticulum, whereas DAG activates protein kinase C (PKC). Calcium transient promotes actin cyto-
skeleton reorganization by activation of Ca2+-calmodulin-dependent myosin light chain kinase 
(MLCK). MLCK phosphorylates myosine light chains (MLCs) at Ser19 and/or Thr18 residues (Katoh 
et al. 2001; Somlyo and Somlyo 2003) and increases acto-myosin contractility at the cell periphery 
(Totsukawa et al. 2000).

The P2Y2 nucleotide receptor contains the integrin-binding domain, arginine-glycine-aspartic acid 
(RGD), in its first extracellular loop (Lustig et al. 1996; van Rhee et al. 1998). The integrin binding 
domain in P2Y2R enables it to interact selectively with αvβ3 and αvβ5 integrins (Erb et al. 2001) and is 
required for Go-mediated Rac1 activation (Bagchi et al. 2005; Erb et al. 2001). Interaction with αvβ5 
is also necessary for coupling the P2Y2 receptor to G12 (Liao et al. 2007).

The cross-talk between integrins and P2Y2 receptors has been shown to enable receptor coupling 
to specific G proteins involved in cell migration. It was demonstrated that αv integrin expression is 
required for P2Y2R to induce cell migration in many cell types (Bagchi et al. 2005; Wang et al. 2005). 
P2Y2 receptor has also been suggested to play a role in the wound-healing process (Greig et al. 2003).

In addition to modulation of ion channel activity (Chap. 3), P2Y receptors can modulate the activ-
ity of receptor tyrosine kinases. SH3-binding domains, that are necessary to bind and activate the 
non-receptor tyrosine kinase Src, have been identified in C-terminal tail of the P2Y2. UTP stimulation 
causes Src activation and subsequent recruitment of the epidermal growth factor receptors (EGFRs) 
into a protein complex with the P2Y2R that allows Src to phosphorylate EGFR (Liu et  al. 2004). 
Responses to P2Y2R stimulation depend on cell types and the cross-talk between various signaling 
pathways (Erb et al. 2006).

6.2.1  Regulation by PIP2

In response to external stimuli G protein-coupled receptors (GPCRs) and tyrosine kinase receptors 
(EGFRs and PDGFRs) regulate the level of PIP2 by activating Rac and/or PLC. GTP-bound Rac acti-
vates phosphatidylinositol-4-phosphate 5-kinase (PIP 5-kinase) responsible for PIP2 synthesis 
(Hartwig et al. 1995; Tolias et al. 2000), whereas activation of PLC leads to hydrolysis of PIP2 and to 
formation of DAG and IP3 (Boarder and Hourani 1998).

PIP2 plays a critical role in controlling actin cytoskeleton dynamics by modulating a variety of 
actin regulatory proteins (Cooper and Schafer 2000). PIP2 inhibits the activities of profilin, severing 
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proteins ADF/cofilin and capping proteins such as CapZ and gelsolin, whereas it activates the cross 
linking activity of α-actinin (Fukami et al. 1992). PIP2 also activates ERM (ezrin/radixin/moesin) and 
vinculin that link actin filaments to the plasma membrane (Takenawa and Itoh 2001). WASP proteins, 
MARCKS and pleckstrin regulate actin cytoskeleton also in a PIP2-dependent manner (Toker 2002). 
PIP2 promotes actin nucleation and polymerization by interacting directly with profilin. Profilin 
sequesters actin monomers, thus preventing polymerization, and PIP2 disrupts this association (Sohn 
et al. 1995). Actin filaments are also prevented from spontaneously polymerizing by capping proteins 
that cap the barbed ends. Interaction of PIP2 with capping proteins dissociates them from the barbed 
ends of actin filaments. Uncapping of the barbed ends leads to elongation of the existing microfila-
ments (Takenawa and Itoh 2001; Toker 2002). The activity of cofilin is regulated by several mecha-
nisms, but the most important are phosphorylation (Pak et al. 2008) and the binding of PIP2 (van 
Rheenen et al. 2007). By binding unphosphorylated cofilin PIP2 inhibits its actin-depolymerizing and 
actin-severing activity. Stimulation of P2Y2R by ATP or UTP results in activation of PLC and decrease 
in the level of PIP2 with the subsequent release and activation of cofilin. Upon activation, cofilin dif-
fuses from the plasma membrane to the F-actin compartment, where it binds to and severs actin fila-
ments, which results in filaments with free barbed ends and the formation of cofilin-G-actin complexes 
(van Rheenen et al. 2007). These complexes diffuse to the cytosol, where cofilin is phosphorylated 
and released from the cofilin-G-actin complex by LIM kinase (LIMK) (Song et al. 2006; van Rheenen 
et al. 2007). LIMK is activated nearly simultaneously with PLC (Song et al. 2006) through Rho/Rho 
associated kinase (ROCK) and Rac/p21-activated kinase (PAK)-dependent pathway (Dan et al. 2001). 
Thus the translocation of cofilin from the plasma membrane to the F-actin compartment is induced by 
PLC-mediated decrease in PIP2 levels, whereas the translocation from the cytosol to the plasma mem-
brane compartment is induced by dephosphorylation of cofilin (van Rheenen et al. 2009). In mammary- 
tumor cells the reduction in PIP2 levels by PLC, with the subsequent release of cofilin, is the key to 
regulating cofilin activity after receptor stimulation (Mouneimne et al. 2004). By contrast, in leuko-
cytes, the primary activation of cofilin is through dephosphorylation (Boldt et al. 2006; Sun et al. 
2007) although the binding of PIP2 might be the key to regulating the activity locally at the cell 
periphery.

PIP2 plays also an important role in focal adhesion formation. It binds and regulates the function of 
proteins that link the extracellular matrix to actin filaments via integrins. PIP2 binds to vinculin and 
promotes its binding to actin filaments and to talin (Glimore and Burridge 1996; Huttelmaier et al. 
1998). The interaction between actin cytoskeleton and plasma membrane not only modulates local 
adhesion energy but also influences cell shape and migration. The ERM family members link actin 
filaments and surface glycoproteins, and this association is enhanced by PIP2. ERM proteins are regu-
lated by PIP2 in synergy with Rac since they are effectors of this small GTP-binding protein (Hirao 
et al. 1996; Mackay et al. 1997). Similarly, an effector of Cdc42, WASP, binds PIP2 (Miki et al. 1996). 
PIP2 also interacts with the PKC substrates, plekstrin and MARCKS, and promotes their association 
with actin cytoskeleton (Glaser et al. 1996; Harlan et al. 1995).

6.2.2  Regulation by the Small GTP-Binding Proteins: Rho, Rac and Cdc42

Small GTP-binding proteins of the Rho family belong to the Ras superfamily and are intracellular 
signaling proteins known to act as molecular switches to control actin cytoskeleton dynamics. The 
best characterized members: RhoA, Rac1, and Cdc42 were first identified in the early 1990s (Ridley 
and Hall 1992). They play an essential role in the regulation of various cellular processes, including 
cell migration, smooth muscle contraction, endocytosis, cytokinesis, neurite outgrowth and retraction. 
They are conformationally regulated by the binding of GTP and GDP. The active form of Rho is GTP- 
bound (Hall 1998; Van Aelst and D’Souza-Schoray 1997). The exchange of GDP by GTP, catalyzed 
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by guanine nucleotide exchange factors (GEFs), allows Rho proteins to interact with and activate their 
downstream effectors and thereby transmit signals (Schmitz et al. 2000) (see Chap. 7). It is established 
that activation of Rho GTPases is controlled by several mechanisms including the stimulation of 
receptor tyrosine kinases and that many among the G protein-coupled receptors (GPCRs), particularly 
those coupled to the G12, Go and Gq type of heterotrimeric G proteins, are upstream regulators of the 
Rho proteins. Rac activation by both tyrosine kinases and G-coupled receptors is dependent on phos-
phatidylinositol 3-kinase (PI3K) activity (Royal et  al. 2000). During lamellipodia extension phos-
phoinositol phosphates also bind and activate GEFs that regulate the activity of Rac (Kawano et al. 
1999). Rho GTPase downstream target proteins include protein kinases, lipid-modifying enzymes and 
activators of the Arp2/3 complex (Etienne-Manneville and Hall 2002).

The ability of a cell to move requires an asymmetrical localization of cellular activities. The front 
of the migrating cell generates a protrusive force, generally associated with the extension of a lamel-
lipodium and development of new cell adhesions to the extracellular substrate. Cell contractility is 
required to allow cell body to follow the extending front (Ridley 2001; Worthylake et  al. 2001). 
Through its ability to promote both protrusion and cell contraction, the actin cytoskeleton provides the 
driving force for cell migration. RhoA, Rac1 and Cdc42 proteins are the key regulators of actin cyto-
skeleton dynamics involved in cell shape changes, protrusion, adhesion and contractility (Clark et al. 
1998; Nobes and Hall 1995, 1999; Kaibuchi et al. 1999). Distinctive effects of Rho, Rac, and Cdc42 
activation on the organization of the actin cytoskeleton have been observed in many cell types, includ-
ing fibroblasts, macrophages, epithelial cells, endothelial cells, astrocytes, neurons and in cancer cells 
as well as in circulating cells such as lymphocytes, mast cells and platelets (Allen et al. 1997; Hartwig 
et al. 1995; Ridley et al. 1995).

Cdc42 is the principal determinant in establishing cell polarity and stabilization of the directional 
movement (chemotaxis) (Itoh et al. 2002). Rac and Cdc42 regulate also small integrin clusters at the 
leading edge, known as focal complexes, that stabilize the lamellipodium (Ridley et al. 2003). Rac 
and Cdc42 induce Arp2/3 complex- mediated actin polymerization in an area limited to the cell pro-
trusion and thus enable directional migration. When the Arp2/3 complex is bound with proteins of the 
WASP or WAVE family, it is activated and catalyzes nucleation of actin polymerization and the for-
mation of new filament branches (Condeelis 2001; Pollard et al. 2000). The product of the human 
Wiskott-Aldrich syndrome gene, WASP, has been identified as a Cdc42-specific target (Aspenstrom 
1997; Welch and Mullins 2002). WAVE is itself regulated by Rac (Cory and Ridley 2002; Ridley 
2001). Rac interacts with the insulin receptor tyrosine kinase substrate p53 (IRSp53) (Miki et  al. 
2000), which in turn interacts through an Src-homologous domain 3 (SH3) with a number of the 
WAVE family proteins, which then bind to and activate the Arp2/3 complex. An active Arp2/3 com-
plex binds to proteins called nucleation promoting factors (Campellone and Welch 2010; Chesarone 
and Goode 2009). Another target of Rac that may be involved in actin polymerization is PIP 5-kinase, 
the enzyme that converts phosphoinositol phosphate (PIP) to PIP2 (Hartwig et al. 1995). Rac can also 
control the activity of a crucial regulator of actin assembly, cofilin. Through its effector PAK, which 
phosphorylates and activates LIM kinase, Rac regulates LIMK activity (Dan et al. 2001; Edwards 
et al. 1999; Maekawa et al. 1999; Yang et al. 1998). RhoA-mediated reorganization of the filamentous 
actin network involves RhoA downstream effectors, among them, the Rho family of serine-threonine 
protein kinases (ROCKs) that, in turn, affect their specific substrate proteins (Schmitz et al. 2000; 
Tsuji et al. 2002). ROCK acts upon LIM kinase and testis-specific kinase (TESK), which phosphory-
late cofilin at Ser 3 (Arber et al. 1998; Bernard 2007; Maekawa et al. 1999; Pak et al. 2008). LIMK 
phosphorylates and inactivates cofilin in the cytosol (Delorme et  al. 2007). Cofilin ability to bind 
actin, and therefore its actin severing and depolymerizing activity, is inhibited upon phosphorylation 
(Bamburg et  al. 1999; DesMarais et  al. 2005). Dephosphorylation of cofilin by the phosphatase 
Slingshot homolog (SSH) and chronophin (CIN) (Huang et al. 2006; Niwa et al. 2002; Ohta et al. 
2003) circumvents this inhibition. Cofilin can increase the number of barbed ends by severing the 
existing microfilaments (Ichetovkin et al. 2002) and by its actin-nucleation activity (Andrianantoandro 
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and Pollard 2006). The actin-depolymerization activity of cofilin increases the pool of actin mono-
mers available for polymerization (van Rheenen et al. 2009). Phosphorylation of cofilin is an pivotal 
regulatory mechanism in cell signaling networks that link extracellular stimuli to actin cytoskeletal 
reorganization. Spatiotemporal control of cofilin activity by LIMKs and SSHs plays a crucial role in 
many of cellular processes (Mizuno 2013).

A number of myosins have been implicated in cell migration (Mermall et al. 1998). Myosin light 
chain phosphorylation is enhanced in the lamellipodial region of cells (Matsumura et al. 1998), which 
suggests a role for myosins in lamellipodium extension. Rac can affect the phosphorylation of both 
myosin heavy chains (MHC) (van Leeuwen et al. 1999) and myosin light chains via activation of its 
downstream kinase, PAK (Brzeska et al. 2004; Klosses et al. 2001). In polarized cells Rac activity is 
constrained to the cell front. FRET (fluorescence resonance energy transfer) microscopy has revealed 
that Rac GTP levels are highest at the leading edge of a migrating cell (Itoh et al. 2002). Rho GTP is 
restricted to the cell body and excluded from the leading edge (Worthylake et al. 2001). Coordination 
of localized actin polymerization at the front of the cell with contraction at the rear can propel cells 
forward.

Cell body contraction is dependent on acto-myosin contractility. RhoA plays an important role in 
contractile force generation needed for the assembly of stress fibers (Fukata et al. 2001), and large 
integrin clusters – focal adhesions (Ridley et al. 2003) as well as tail retraction, which is a myosin 
dependent process (Worthylake et al. 2001). ROCK affects the acto-myosin II contractility by phos-
phorylation and inhibition of the myosin-binding subunit of myosin light chain phosphatase (MLCP) 
at Thr853 and Thr696 (Hartshorne et al. 1998; Kawano et al. 1999; Kimura et al. 1996; Ramachandran 
et al. 2011). The actin-activated ATPase activity of myosin II is also increased by direct phosphoryla-
tion of MLC at Ser19. (Amano et al. 1996; Matsumura 2005; Moussavi et al. 1993; Riento and Ridley 
2003). The ROCK-mediated activation of myosin II is suggested to cause assembly of stress fibers and 
focal adhesions in nonmuscle cells (Chrzanowska-Wodnicka and Burridge 1996; Kawano et al. 1999; 
Kimura et al. 1996). The RhoA/ROCK-mediated increase in the level of phosphorylated MLC and 
contraction occurs in the absence of Ca2+ (Kimura et al. 1996) while myosin light chain kinase phos-
phorylates MLC at Ser19 and/or Thr18 residues in a Ca2+-dependent way (Katoh et al. 2001; Somlyo 
and Somlyo 2003). Accordingly, G protein-coupled receptors (GPCRs) that mobilize intracellular- 
free Ca2+ activate MLCK and induce MLC phosphorylation.

These two kinases, ROCK and MLCK, may play distinct roles in the spatial regulation of myosin 
II activity. The RhoA/ROCK signaling pathway plays an important role in generating myosin II-based 
contractility and stress fiber assembly in the center of cells (Chrzanowska-Wodnicka and Burridge 
1996; Kawano et al. 1999; Kimura et al. 1996; Totsukawa et al. 2000). Ca2+/calmodulin MLCK regu-
lation is primarily responsible for phosphorylating MLC at the cell periphery (Totsukawa et al. 2000). 
A reduction in Rho or Rho-kinase activity affects morphology, motility and invasion of all cell types 
examined until now.

Another RhoA effector, mDia1, induces actin polymerization and cooperates with ROCK in stress 
fiber formation (Watanabe et  al. 1999). Although not direct targets of Rho, the ERM proteins are 
essential for Rho- and Rac-induced cytoskeletal effects. Their interaction with a transmembrane 
 protein, CD44, and filamentous actin can be regulated by Rho (Fukata et al. 1998; Hirao et al. 1996; 
Mackay et al. 1997; Matsui et al. 1998).

Axon guidance can be thought of as a specialized form of directed migration: the cell body does 
not move, but the growth cone at the axon tip responds to attractive and repulsive extracellular cues 
(Pak et al. 2008). Cdc42 and Rac are positive regulators of neurite outgrowth, whereas RhoA inhibits 
neurite extension (Luo 2000). Rac activation induces growth cone advance and increases the number 
of dendritic spines, RhoA has the opposite effect (Wong et al. 2000). Axonal extension is driven by 
actin polymerization within the growth cone consisting of filopodial and lamellipodial protrusions. 
Activation of Rac and Cdc42  in neuroblastoma cells has been shown to promote the formation of 
lamellipodia and filopodia, respectively, along the neurite extensions (Luo 2000).
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The assembly and disassembly of peripheral actin filaments can be utilized to promote localized 
changes in the structure of the plasma membrane which subsequently affect membrane-controlled 
processes such as phagocytosis and pinocytosis. Two distinct signaling pathways regulate phagocyto-
sis. When induced by immunoglobulin receptor stimulation phagocytosis requires Rac and Cdc42, 
and when induced by the complement receptor it requires Rho (Caron and Hall 1998).

In addition to their effect on migration and endocytosis, Rho GTPases contribute to the regulation 
of the mitotic phase of the cell cycle. Mitotic cell rounding is the process of cell shape change. In 
many types of cells the rearrangement of the actin cytoskeleton and an increase in cortical rigidity that 
accompany mitotic cell rounding require RhoA and Rac1 (Glotzer 2001; Maddox and Burridge 2003). 
The cell cycle is completed with cytokinesis, and in animal cells this is driven by an actin and myosin 
contractile ring, which constricts to form the two daughter cells. Inhibition of Rho as well as expres-
sion of constitutively activated Rho prevents the assembly of the contractile ring in a variety of mam-
malian cells (Kosako et al. 2000). Activated Rho recruits ROCK and citron kinase and probably also 
the Diaphanous-related proteins, to assemble the contractile ring, mediate cleavage furrow ingression 
and promote abscission (Eda et al. 2001; Gruneberg et al. 2006; Kosako et al. 2000; Madaule et al. 
1998; Piekny et al. 2005). ROCK is responsible for phosphorylation of MLC in the cleavage furrow. 
Citron kinase phosphorylates MLC at both Ser19 and Thr18 and increases diphosphorylation of MLC 
during cytokinesis. Both kinases accumulate at the cleavage furrow in several types of cultured cells 
(Eda et al. 2001; Yamashiro et al. 2003).

6.3  Compensation of ROCK Inhibition by P2Y2R Activated Signaling 
Pathways

Blocking of the RhoA/ROCK signaling pathway in glioma C6 cells causes serious changes in the 
organization of actin cytoskeleton, cell shape and migration. These changes can be compensated by 
UTP stimulation of P2Y2R. Recovery of the cells from ROCK inhibition requires P2Y2R coupling 
with both Gq and Go proteins. Induction of Go-mediated signal transduction depends on αvβ5 integrin 
activation.

6.3.1  ROCK Inhibition in Glioma C6 Cells

Addition of a specific inhibitor of ROCK – Y-27632 inhibits stress fibers and focal adhesions in sev-
eral cell lines. In glioma C6 cells ROCK inhibition induces changes in F-actin organization and cell 
shape similar to those observed in other types of cells with blocked RhoA/ROCK signaling pathway 
(Danen et al. 2005; Kawano et al. 1999; Worthylake and Burridge 2003).

Our results have shown that actin reorganization and subsequent alterations in glioma C6 cell mor-
phology and migration correlate with the level of phosphorylated MLC (P-MLC) and phosphorylated 
cofilin (P-cofilin), two actin binding proteins downstream of RhoA/ROCK.  ROCK inhibition by 
Y-27632 reduces the P-MLC and P-cofilin levels and simultaneously increases the level of Rac1 GTP 
(Fig. 6.1a–c) (Korczyński et al. 2011, 2013). The observed activation of Rac1 following ROCK inhi-
bition may result from the influence of Rho on Rac, as it has been observed in neurons (Kozma et al. 
1997; van Leeuwen et al. 1997), Swiss 3 T3 cells (Tsuji et al. 2002) and in malignant astrocytoma 
(Salhia et al. 2005). Tsuji and coworkers have revealed that the Rho-dependent Rac activation is medi-
ated by mDia1 through Cas phosphorylation (Tsuji et al. 2002).
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Glioma C6 cells normally exhibit a polygonal shape and are well spread on the substrate. They are 
usually characterized by a fibroblast-like morphology (Fig. 6.2a) (see Chap. 3). Actin filaments form 
a cortical network just beneath the plasma membrane and stress fibers in the cytoplasm. Phospho- 
myosin II is distributed along the stress fibers and under the cell membrane (Fig. 6.2b). Cells are 
polarized with clearly defined lamellipodium. Decreasing the level of phosphorylated MLC and 
cofilin results in the loss of cell polarization, in stress fibers decomposition and promotes membrane 
ruffling and multiple lamellipodia formation. The cells round up and develop long outgrowths. 
Rounded cells exhibit a high volume to surface ratio as the 3D images show (Fig. 6.2c). F-actin is 
concentrated mainly under the cell surface and in the elongated processes.

Myosin II inactivation in the presence of Y-27632 contributes to destabilization of the actin cyto-
skeleton. Since the F- to G-actin ratio is not affected under such conditions (Targos et  al. 2006) 
changes observed in actin cytoskeleton organization (stress fiber disappearance, relocation of F-actin) 
and in cell morphology seem to be caused by disorganization of the functional state of acto-myosin II 
system by inhibition of Rho-kinase. Dephosphorylation of MLC would favor myosin remaining in the 
low-affinity state for actin and subsequently dissociating from actin (Sutton et al. 2001). Phosphorylated 
myosin II diffuses all over the rounded cell body and does not co-localize with actin filaments. 
Temporal separation between myosin II inactivation and a complete disruption of stress fibers (Sutton 
et al. 2001) suggests that other processes, such as actin severing, may be involved in stress fiber disas-
sembly. In glioma C6 cells suppression of LIMK-mediated phosphorylation of cofilin might be 
responsible for microfilament destabilization in the cell center. However, the ability of cofilin to affect 

Fig. 6.1 Changes in protein phosphorylation level in glioma C6 cells after ROCK inhibition with Y-27632
Western blot analysis of (a) P-MLC, (b) Rac1 GTP, (c) P-cofilin and (d) Integrin αVβ5 level in cells treated with different 
reagents before material collection. Abbreviations for experimental models: Ctrl control cells, Ctrl UTP cells stimulated 
with UTP, Ctrl -Ca2+ UTP control cells stimulated with UTP in calcium-free medium, Y-27632 cells pretreated with 
Y-27632 inhibitor, Y UTP UTP stimulated Y-27632-pretreated cells, Y-Ca2+ UTP Y-27632 pretreated cells stimulated 
with UTP in calcium-free medium, Y PTX UTP cells pretreated with Y-27632 and pertussis toxin (PTX) stimulated with 
UTP, Y ML-7 UTP Y-27632 and ML-7-pretreated cells followed by UTP stimulation, Y NCS UTP Y-27632 and NCS 
23766-pretreated cells stimulated with UTP, Y αVβ5 UTP cells pretreated with Y-27632 and αvβ5 integrin antibody fol-
lowed by UTP stimulation
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actin dynamics is restricted at the leading edge because in this region microfilaments are not saturated 
with tropomyosin and not resistant to cofilin severing (DesMarais et al. 2002; Gupton et al. 2005). 
Changes in the actin cytoskeleton organization described above, together with the dysfunction of cell 
adhesion regulation, impair directional cell migration. Human TM cells treated with ROCK inhibitors 
showed a decrease in the electrical cell-substrate resistance and a decrease in tyrosine phosphoryla-
tion of paxilin and focal adhesion kinase (FAK) (Ramachandran et al. 2011).

6.3.2  Effect of P2Y2 Receptor Stimulation on MLC Phosphorylation: 
The Role of MLCK

In glioma C6 cells Ca2+ mobilization by IP3 promotes actin cytoskeleton reorganization by activation 
of MLCK (Wypych and Pomorski 2013). UTP stimulation induces in these cells an about 15% 
increase in the pool of P-MLC. However, it does not cause visible changes in F-actin distribution and 
cell morphology even though P2Y2R promotes the formation of stress fibers (Fig.  6.2b) and cell 
migration (Korczyński et al. 2011) similarly as in astrocytoma cells (Peterson et al. 2010). Moreover 
stimulated glioma C6 cells are more spread than the control ones as the 3D images indicate (Fig. 6.2b). 
In cells pretreated with ROCK inhibitor, stimulation of P2Y2R induces almost a 65% increase in 
P-MLC level (Fig. 6.1a) (Korczyński et al. 2011). The relatively lower level of P-MLC after UTP 
stimulation in cells with inhibited ROCK, as compared to control cells, seems to be the result of con-
stitutively active myosin II phosphatase which is inhibited by ROCK under normal conditions.

UTP stimulation of Y-27632 pretreated glioma C6 cells correlates with a dynamic actin cytoskel-
eton reorganization and subsequent recovery of control cell-like morphology (Fig. 6.2d). Myosin II 
phosphorylation occurs rapidly, and temporally correlates with the assembly of short, weak stress 
fibers at the cell periphery (Fig. 6.2d). Stress fiber localization and the fact that myosin II phosphory-
lation follows Gq-mediated calcium mobilization indicates that Ca2+/calmodulin dependent myosin 

Fig. 6.2 Changes in morphology of glioma C6 cells in different experimental models (for abbreviations see Fig. 6.1)
3D orthogonal sections (a–d) and single images (e–h) from confocal microscopy. Immunofluorescence staining for 
F-actin (red) and P-cofilin (images a, c, e, g, h; green) or P-MLC (images b, d, f; green). Scale bars 20 μm
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light chain kinase may be responsible for the phosphorylation of MLC under such experimental con-
ditions. It was shown that in cells with blocked ROCK and activated MLCK stress fibers are not 
assembled in the cell center (Katoh et al. 2001; Totsukawa et al. 2000). MLCK inhibition by a specific 
inhibitor, ML-7, almost completely prevented MLC phosphorylation in Y-27632 pretreated glioma C6 
cells and in consequence made actin cytoskeleton reorganization and cell recovery impossible 
(Fig. 6.2f) (Korczyński et al. 2011). Similar results concerning MLCK inhibition were obtained also 
for non-transformed astrocytes (Baorto et al. 1992).

Apart from calcium, other upstream messengers may participate in the regulation of MLCK after 
P2Y2 stimulation. Active Rac, for example, may inhibit MLCK at the leading edge (Brzeska et al. 
2004; Sanders et al. 1999). The regulatory mechanism could be complex and the activity of MLCK 
probably vary depending on the cell type. The Rac/PAK signaling pathway is also involved in direct 
phosphorylation of myosin light chains (Brzeska et al. 2004). Triggering Rac/PAK signaling pathway 
accompanied by myosin II activation through calcium dependent MLCK, induces actin cytoskeleton 
reorganization in glioma C6 cells with blocked ROCK. This activation leads to stress fiber assembly 
in the cell periphery, lamellipodium stabilization, alterations in cell morphology and migration.

6.3.3  Effect of P2Y2 Receptor Stimulation on Cofilin Phosphorylation: 
The Role of Rac1 Protein

Our results have also shown the effect of UTP on cofilin phosphorylation in glioma C6 cells. The 
P2Y2 receptor activation significantly increases the level of phosphorylated cofilin as well as that of 
Rac1 GTP in cells with blocked ROCK (Fig.  6.1b, c). It has been established that activated Rac 
increases association of PAK with LIMK (Edwards et al. 1999) and in consequence enhances the 
activity of LIMK (Yang et al. 1998). Signaling pathways which negatively regulate cofilin in glioma 
C6 cells stimulated with UTP are unknown. We suggest that activation of LIMK by Rac1/PAK signal-
ing pathway may be responsible for cofilin phosphorylation in glioma C6 cells with blocked ROCK, 
and that activation of Rac1 protein is mediated by Go. The level of phosphorylated cofilin is not 
increased in cells pretreated with NCS 23766 (Rac1 inhibitor) or with pertussis toxin (PTX) – Gi/o 
inhibitor (Fig  6.1c). Under such experimental conditions cells with inhibited ROCK activity are 
unable to recover (Fig. 6.2g, h) although Gq-mediated intracellular calcium mobilization and myosin 
II activation is not affected. The complete reversal of the effects of ROCK inhibition in glioma C6 
cells requires induction of Gq and Go mediated signaling pathways and subsequent increasing the level 
of P-MLC as well as phosphorylated cofilin (Korczyński et al. 2013). However, in mammary-tumor 
cells the phosphorylation status of cofilin is not directly related to cofilin activity, and actin depoly-
merization depends on PLC activity but not on cofilin dephosphorylation. (Mouneimne et al. 2004; 
van Rheenen et al. 2009; Song et al. 2006). In carcinoma cells P-cofilin level rises upon EGF stimula-
tion while the actin-severing activity of cofilin is at its highest level (Song et al. 2006). If so, cofilin 
dephosphorylation in glioma C6 cells with blocked ROCK should not be identify with its ability to 
actin binding. Dephosphorylated cofilin is immediately bound by PIP2 and inactivated (van Rheenen 
et al. 2009). The morphological effect of decreasing the level of phosphorylated cofilin in glioma C6 
cells with blocked ROCK may be compared to suppression of cofilin in MTC cells, a non-metastatic 
mesenchymal-type tumor cells with high polarity and movement (Shestakova et al. 1999), that caused 
changes in the cell shape, the formation of numerous lamellipodia and subsequent decrease in the 
directionality of migration (Sidani et al. 2007). This may suggests that the activity status of cofilin in 
glioma C6 cells does not only depend on phosphorylation-dephosphorylation processes, and that in 
cells with blocked ROCK the level of cofilin activity is suppressed.
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Stimulation of P2Y2 receptor, via Gq protein, activates PLC and a subsequent decrease in the level 
of PIP2. Cofilin molecules are released and diffuse to the cortical layer, where cofilin binds and severs 
actin filaments to force actin polymerization (van Rheenen et al. 2007). However, cofilin activation by 
PLC is not sufficient for glioma C6 cells recovery from ROCK inhibition since blocking the Rac1 
activity prevents from this process. Simultaneously with PLC activation of LIMK through Rac1/PAK- 
dependent pathway phosphorylates and inactivates cofilin molecules that diffuse away from the 
plasma membrane (Delorme et al. 2007; Wang et al. 2007). Cofilin inactivation together with myosin 
II activation through calcium dependent MLCK and Rac/PAK signaling pathways (Brzeska et  al. 
2004) cause actin cytoskeleton reorganization leading to stress fiber assembly in the cell periphery, 
lamellipodium stabilization, alterations in cell morphology and migration. It is also possible that UTP 
stimulation of glioma C6 cells induces G12-mediated RhoA activation similar to that observed in 
human astrocytoma cells (Liao et al. 2007). This in turn activates a downstream effector mDia1 by 
disrupting its intermolecular interactions. Active mDia1 induces actin polymerization and the forma-
tion of thin actin stress fibers, which however are disorganized when ROCK is inhibited (Watanabe 
et al. 1999).

6.3.4  Effect of Integrin on Glioma C6 Cell Recovery from ROCK: Essential 
Role of Rac1 Protein

The αvβ3 and αvβ5 integrins play essential roles in migration of numerous cell types (see Chap. 7). In 
astrocytes P2Y2R interaction with αvβ5 integrin increases chemotactic and chemokinetic cell response. 
UTP stimulation also increases the expression of αvβ3/5 integrins in astrocytes (Wang et al. 2005). 
Activation of αvβ5 integrin in UTP stimulated glioma C6 cells (Fig. 6.1d) is important for cell spread-
ing and for coupling P2Y2R to Go. Go-mediated Rac1 activation thus requires interaction of P2Y2R 
with αvβ5 integrin and is crucial for morphology remodeling of cells with blocked ROCK (Korczyński 
et al. 2013). In calcium-free medium, in detached cells and in cells pretreated with anti-αvβ5 antibody 
integrins are not activated (Fig. 6.1d), and their interaction with P2Y2Rs and in consequence coupling 
the P2Y2R to Go protein is blocked. Under such conditions adhesion to the substratum is weaker, and 
UTP stimulation of cells with inhibited ROCK in calcium-free medium had no evident effect on the 
level of P-cofilin (Fig. 6.3a). We suggest that cell adhesion, engaging αvβ5 integrin, plays a crucial role 
in Go protein mediated signaling pathway (Fig. 6.3b) and promotes persistent migration in C6 cells. 
Proximity ligation assay showed that the control and recovered cells exhibited statistically significant 
increase of the number of receptor-integrin complexes as compared to RhoA-inhibited cells (unpub-
lished data). The effect of ROCK inhibition is fully compensated by stimulation of P2Y2 receptors 
only under conditions in which capacitative calcium influx occurs and cells are fully attached to the 
substratum.

The morphological effect of blocking αvβ5 integrin is similar to that of Go inhibition through PTX 
(Korczyński et al. 2013). αvβ5 Integrin inhibition prevents renormalization of C6 cells treated with 
Y-27632. Comparison the level of active αvβ5 integrin on the surface of glioma C6 cells under control 
conditions and in calcium-free medium showed that extracellular calcium is necessary for their matu-
ration (unpublished data). In cells with blocked ROCK changes in actin cytoskeleton dynamic and 
morphology induced by P2Y2 receptors stimulation depend on the extended presence of extracellular 
calcium. We observed no such dependence for the level of phosphorylated myosin II (Korczyński 
et al. 2013) which is natural for Gq signaling as it depends on intracellular calcium stores and not on 
the influx from culture medium.

The UTP stimulation of glioma C6 cells P2Y2 receptor initiates a typical store operated calcium 
signal (Suplat-Wypych et al. 2010). This signal pathway enhances MLC phosphorylation and, in cells 
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Fig. 6.3 (a) Differences in cofilin phosphorylation in glioma C6 cells induced by UTP. Ctrl untreated cells, Ctrl UTP 
untreated cells induced with UTP, Ctrl-Ca UTP untreated cells induced with UTP in absence of medium calcium, Y 
cells with RhoA pathway inhibited by Y27632, Y cells with RhoA pathway inhibited by Y27632 induced with UTP, 
Y-Ca cells with RhoA pathway inhibited by Y27632 induced with UTP in absence of medium calcium, Y PTX cells with 
RhoA pathway inhibited by Y27632 induced with UTP in presence of pertussis toxin inhibiting Gαi signalling, Y PTX 
cells with RhoA pathway inhibited by Y27632 induced with UTP in presence of Rac1 specific inhibitor NCS 23766, Y 
αvβ5 cells with RhoA pathway inhibited by Y27632 induced with UTP in presence of antibodies raised against αvβ5 
integrins. Upper panel: representative blot image (with β-actin as loading control), lower panel: densitometry of three 
repetitions, black dots show sample median. (b) Differences in the level of active Rac1 in glioma C6 cells treated with 
different experimental conditions as determined with pull-down assay. Descriptions as above. Technical controls on 
right panel

W. Kłopocka et al.



121

with blocked ROCK, temporally correlates with renormalization (Fig. 6.2d). However, if UTP stimu-
lation is performed in calcium-free medium, and the calcium response is limited to Ca2+ release from 
intracellular stores, actin cytoskeleton reorganization and the morphology recovery do not take place 
even though MLC phosphorylation facilitates cell contractility as manifested by cell spreading mea-
sured by confocal imaging (Fig. 6.2e). MLC phosphorylation is not sufficient for the reversal of cells 
with blocked ROCK to their normal phenotype. For cell recovery from ROCK inhibition two signal-
ing pathways must be triggered: Gq-mediated PLC activation for mobilization of intracellular calcium 
and cofilin release from PIP2 and Go-mediated Rac1 activation necessary for cofilin phosphorylation 
as well as integrin activation (Fig. 6.4). Rac and Cdc42 regulate small integrin clusters at the leading 
edge known as focal complexes that stabilize the lamellipodium (Ridley et al. 2003). In UTP stimu-
lated glioma C6 cells with blocked ROCK αvβ5 integrins are activated by Rac1. Inhibition of positive 
Rac1 regulation by NCS or PTX block integrins activation (Fig. 6.1d) and cell adhesion as well as 
cofilin phosphorylation and cell polarization. Together with suppression of cofilin phosphorylation 
prevents glioma C6 cells from recovery of control cell like morphology.

C6 cells renormalization after UTP stimulation is accompanied by certain increase in the number 
of P2Y2-αvβ5 integrin complexes which further confirms the integrins’ role in the ROCK inhibition 
compensation. Interestingly, the increase in the number of complexes required binding of ECM by 
integrins, which is impossible in suspended cells or in cells cultivated in absence of calcium, required 
together with magnesium for proper extracellular integrin conformation (Zhu et al. 2008). We suggest 
that disturbance of P2Y2 and αvβ5 integrin interactions and consequent suppression of cofilin phos-

Fig. 6.4 Schematic 
diagram of signaling 
pathways activated by 
external UTP 
stimulation of P2Y2 
receptor in glioma C6 
cells. Green arrows on 
the scheme indicate 
activation of 
downstream substrates, 
red arrows show 
inactivation of cofilin or 
MLC. For details, see 
text
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phorylation prevents glioma C6 cells from creating and stabilizing the new lamellipodium, strength-
ening the polarization and performing directional movements.

6.4  Summary

Central nervous system glial cells release and respond to nucleotides under both physiological and 
pathological conditions, suggesting that these molecules play key roles in both normal brain function 
and in repair after damage. Signaling cascades evoked by P2Y2 receptor plays an important role in the 
phenomena dependent on the actin cytoskeleton dynamics endocytosis, cell division, adhesion, intra-
cellular transport, migration. In astrocytes and microglial cells the agonists activate P2Y2Rs to induce 
integrin-dependent activation of Rho and Rac, for promoting glial cells migration. Thus, signaling 
pathways related to P2Y2Rs are of special interest in glioma tumor cells, where cytoskeleton driven 
cell motility is the main way of cancer invasion in brain.

UTP stimulation of P2Y2R in glioma C6 cells compensates changes in the organization of actin 
cytoskeleton, cell shape and migration caused by blocking of the RhoA/ROCK signaling pathway. 
The complete renormalization of glioma C6 cells with blocked ROCK requires: (1) induction of Gq- 
mediated PLC activation and mobilization of intracellular calcium for increasing the level of P-MLC, 
(2) cofilin release from PIP2, (3) Go-mediated Rac1 activation necessary for cofilin phosphorylation 
and integrin activation. Induction of Go-mediated signal transduction depends on αvβ5 integrins activa-
tion (Korczyński et al. 2013). In calcium-free medium, as well as in detached cells, UTP stimulation 
of glioma C6 cells with blocked ROCK does not cause αvβ5 integrins activation, blocking the interac-
tion between P2Y2Rs and αvβ5 integrins and in consequence coupling the P2Y2R to Go protein. For 
cell recovery from ROCK inhibition αvβ5 integrins activation is necessary for signal transduction and 
focal complexes formation that stabilize new formed lamellipodium, fix cell polarization and direc-
tional migration. In UTP stimulated cells with blocked ROCK, αvβ5 integrins are activated by Rac1. 
Inhibition of positive Rac1 regulation by NCS or PTX decreases integrins activation and cell adhesion 
and together with suppression of cofilin phosphorylation prevents glioma C6 cells to complete recov-
ery of control cell like morphology. Inhibition of this signaling pathway can also affect directional 
migration of the cell as cofilin activity is necessary to induce protrusions and to define the direction of 
cell motility (Ghosh et al. 2004).

Since the RhoA/ROCK signaling pathway is crucial for migration, infiltrative growth and expan-
sion of brain tumors, the attempts are made to inhibit the development of this type of cancer by inhibi-
tion of RhoA or ROCK. However numerous publications mentioned in this chapter indicate a high 
possibility of compensation of this inhibition by alternative signaling pathways especially related to 
cell stimulation by nucleotides. This fact can significantly impede the use of currently known inhibi-
tors in medical therapies of brain tumors.
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Chapter 7
Signaling Determinants of Glioma Cell Invasion

Aneta Kwiatkowska and Marc Symons 

Abstract Tumor cell invasiveness is a critical challenge in the clinical management of glioma 
patients. In addition, there is accumulating evidence that current therapeutic modalities, including 
anti-angiogenic therapy and radiotherapy, can enhance glioma invasiveness. Glioma cell invasion is 
stimulated by both autocrine and paracrine factors that act on a large array of cell surface-bound 
receptors. Key signaling elements that mediate receptor-initiated signaling in the regulation of 
glioblastoma invasion are Rho family GTPases, including Rac, RhoA and Cdc42. These GTPases 
regulate cell morphology and actin dynamics and stimulate cell squeezing through the narrow 
extracellular spaces that are typical of the brain parenchyma. Transient attachment of cells to the 
extracellular matrix is also necessary for glioblastoma cell invasion. Interactions with extracellular 
matrix components are mediated by integrins that initiate diverse intracellular signalling pathways. 
Key signaling elements stimulated by integrins include PI3K, Akt, mTOR and MAP kinases. 
In order to detach from the tumor mass, glioma cells secrete proteolytic enzymes that cleave cell 
surface adhesion molecules, including CD44 and L1. Key proteases produced by glioma cells include 
uPA, ADAMs and MMPs. Increased understanding of the molecular mechanisms that control glioma 
cell invasion has led to the identification of molecular targets for therapeutic intervention in this 
devastating disease.
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ELMO1 Engulfment and cell motility-1
Gab1 Grb-2 associated binder-1
GAP GTPase activating protein
GBM Glioblastoma multiforme
GDI Guanine nucleotide dissociation inhibitor
GEF Guanine nucleotide exchange factor
HGG High grade glioma
LGG Low grade glioma
LPA Lysophosphatidic acid
LPC Lysophosphatidylcholine
MCP-1 Monocyte chemotactic protein-1
mDia Mammalian homolog of Drosophila diaphanous
MMP Matrix metalloproteinase
MT1-MMP Membrane type metalloproteinase 1
NB Non-neoplastic brain
NSC Neural stem cell
PDGFR Platelet-derived growth factor receptor
PI3K Phosphatidylinositol 3-kinase
PDK1 PI3K-dependent kinase 1
PH Pleckstrin homology domain
PTEN Phosphatase and tensin homolog deleted on chromosome ten
p130Cas Crk-associated substrate
ROCK Rho-associated coiled-coil forming kinase
RTK Receptor tyrosine kinase
SPARC Secreted protein acidic and rich in cystein
SVZ Subventricular zone
TAM Tumor associated macrophage
TGFβ-1 Transforming growth factor-β-1
TIMP Tissue inhibitor of metalloproteinases
TN-C Tenascin-C
TSP-1 Thrombospondin-1
VEGF Vascular endothelial growth factor
VEGFR-1 Vascular endothelial growth factor receptor-1

7.1  Invasiveness of Glioma Cells

Malignant gliomas are characterized by a high proliferation rate, increased angiogenesis and diffusive 
growth. There is rarely a clear border between the tumor and the surrounding brain parenchyma. 
This complicates complete surgical resection, and as a consequence, usually within months after 
surgery, recurrent neoplasms are established in the proximity of the resection zone.

The pattern of glioma cell migration in the brain is not random. Tumor cells infiltrate the brain 
parenchyma as individual cells or isolated clusters, distributed mainly along blood vessels (perivascu-
lar zone), fiber tracts and subependyma (Farin et al. 2006; Giese et al. 2003; Scherer 1940). Although 
it has been shown that C6 rat glioma cells can intercalate between endothelial cells and astrocyte end 
feet, or in some cases displace astrocytes from entothelial cells, they rarely invade the blood vessel 
lumen (Farin et al. 2006). This is consistent with the well-established clinical observation that gliomas 
hardly metastasize to other organs or the spinal cord (Armstrong et al. 2011; Birbilis et al. 2010; 
Gotway et al. 2011; Schonsteiner et al. 2011).
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In the resting adult brain, migrating neural stem cells (NSC) mainly originate from two niches, the 
subventricular zone (SVZ) and the dentate gyrus (DG) of the hippocampus. From there, these neural 
progenitors migrate towards the olfactory bulb (OB) or granular cell layer of the DG, respectively. 
There is evidence that the adult SVZ continues to generate glial progenitor cells. However, the vast 
majority of these progenitor cells reside outside the neurogenic niches and usually do not migrate 
(Cayre et al. 2009). Progenitor cell migration can be stimulated however by pathological conditions 
such as inflammation or stroke (Cayre et al. 2009; Zhang et al. 2005). Time-lapse microscopy analysis 
of neural and glial progenitor migration revealed that these cells are moving in a unique two-step 
process: continuous extension of long leading protrusions followed by saltatory movement of the cell 
body (Bellion et al. 2005; Cayre et al. 2009; Kakita and Goldman 1999).

Interestingly, the pattern of glioma cell migration strongly resembles the pattern of glial progenitor 
cell migration during normal brain development (Beadle et al. 2008; Farin et al. 2006; Kakita and 
Goldman 1999). Moreover, it was shown that the saltatory mode of migration reflects the requirement 
for the nucleus to squeeze through the small extracellular spaces that characterize the brain paren-
chyma (Beadle et al. 2008). This nuclear squeezing is dependent on myosin-based contractility, as it 
is inhibited by both, blebbistatin, an inhibitor of myosin II, and Y27632, a small molecule inhibitor of 
Rho-associated coiled-coil forming kinase (ROCK), a Rho effector protein that controls myosin II 
activation. Thus, studying the mechanisms that drive progenitor cell migration during brain develop-
ment should facilitate our understanding of the signaling pathways that are involved in glioma cell 
dissemination.

There is growing evidence that antiangiogenic therapy prolongs progression-free survival 
(Norden et al. 2009). Unfortunately, treatment with bevacizumab (an antibody against vascular 
endothelial growth factor, VEGF) or cediranib (a VEGF receptor tyrosine kinase inhibitor) have 
resulted in little improvement in overall survival (de Groot et al. 2010). It has been reported that 
bevacizumab treatment results in a shift to more infiltrative tumor growth (de Groot et al. 2010; 
Lucio-Eterovic et al. 2009). This behavior is recapitulated in experiments using a model of primary 
human glioblastoma cells in the rat, in which treatment with bevacizumab was accompanied by a 
strong increases in the number of invading glioblastoma cells and in the distance that they travel 
from the tumor core (Keunen et al. 2011). Thus, combining bevacizumab treatment with an anti-
invasion therapy may be beneficial.

7.2  Factors That Control Glioma Invasion

Both the development of glioma as well as their invasive behavior is strongly controlled by the local 
microenvironment. Factors secreted by tumor cells diffuse into the peritumoral stroma affecting the 
local tissue. In response, cells in brain parenchyma secrete ligands that stimulate enhanced glioma 
invasion and/or change the local microenvironment into a more permissive one for tumor progression 
(Hoelzinger et al. 2007).

7.2.1  Autocrine Factors

Cells residing in the brain are embedded in extracellular matrix (ECM) primarily composed of hyal-
uronan and proteoglycans. The latter include brevican (brain enriched hyaluronic acid binding pro-
tein), neurocan, as well as the glycoproteins SPARC (secreted protein acidic and rich in cystein, also 
known as osteonectin), tenascin-C (TN-C) and thrombospondin-1 (TSP-1). Collagens, laminins and 
fibronectins, which are widely found in other tissues, are present only in the proximity of blood vessels 
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in the brain (Bellail et al. 2004). Importantly, overexpression of hyaluronan, vitronectin, osteopontin, 
tenascin-C and BEHAP correlates with tumor grade (Delpech et al. 1993; Higuchi et al. 1993; 
Jaworski et al. 1996; Mahesparan et al. 2003; Saitoh et al. 1995; Toy et al. 2009; Viapiano et al. 
2003). ECM components play an important role in the regulation of signaling pathways that are 
responsible for tumor growth, proliferation, adhesion, migration and angiogenesis (Akiyama et al. 
2001; Higuchi et al. 1993; Matusan-Ilijas et al. 2008; Zagzag et al. 1995, 1996). Therefore, it is likely 
that glioma progression is in part mediated by alterations in ECM composition. This is illustrated by 
the finding that experimental inhibition of osteopontin expression by U87 glioblastoma cells causes a 
significant reduction in the number of migrating cells in vitro and slower tumor growth in vivo, as 
knock down of osteopontin in U87 cells reduce the proliferation of cells within experimental glioma 
tumors (Lamour et al. 2010).

Glioma cells also secrete factors that, upon binding to their cognate receptor tyrosine kinases, 
contribute to enhanced tumor cell proliferation and motility. Important factors are epidermal growth 
factor (EGF), transforming growth factor α (TGFα), heparin-binding epidermal growth factor 
(HB-EGF), platelet derived growth factor (PDGF) and hepatocyte growth factor/scatter factor (HGF/SF) 
(Brockmann et al. 2003; Hoelzinger et al. 2007; Koochekpour et al. 1997; Ramnarain et al. 2006; 
Shih and Holland 2006). A detailed discussion about receptor tyrosine kinase signaling in glioma can 
be found in other chapters in this book (mainly in Chap. 8).

In addition to conventional autocrine signaling, recent data imply bioactive phospholipids in the 
regulation of glioblastoma dissemination. A good example is autotaxin (ATX), an enzyme with lyso-
phospholipase D activity that converts lysophosphatidylcholine (LPC) into lysophosphatidic acid 
(LPA). Glioblastoma cells in vivo are exposed to various plasma components when the blood brain 
barrier (BBB) is disrupted (Seitz and Wechsler 1987; Wolff and Boker 1989). One such component is 
LPC, which is present in plasma at a high concentration (100–300 μM) (Kishimoto et al. 2002). 
Interestingly, in most analyzed glioblastoma tissues and glioma cell lines, autotaxin and LPA

1
 recep-

tor are highly expressed (Kishi et al. 2006). In addition, there is more ATX expressed in glioblastoma 
cells in the invading rim in comparison to those in the tumor core (Hoelzinger et al. 2005). Experimental 
overexpression of ATX enhances cell migration both in vitro and in ex vivo brain slices (Kishi et al. 
2006; Hoelzinger et al. 2008). Conversely, inhibition of ATX expression leads to decreased invasive-
ness of cells in a three-dimensional collagen spheroid invasion assay in response to LPC (Hoelzinger 
et al. 2008). Taken together, these data strongly suggest a role for ATX in glioblastoma invasion.

7.2.2  Paracrine Factors

Microglia and macrophages can constitute up to 30 % of the total number of cells in glioblastomas, 
anaplastic astrocytomas and rodent gliomas (Badie et al. 2002; Badie and Schartner 2000; Charles 
et al. 2011; Roggendorf et al. 1996). For many years, tumor-associated macrophages (TAMs) were 
considered as a part of the immune response against the tumor or a nonspecific reaction evoked by 
local damage (Badie et al. 2002; Flugel et al. 1999; Watters et al. 2005). Although the role of microg-
lia and TAMs in brain tumors is not fully understood, recent studies suggest that microglia/macro-
phages may be attracted by tumor-secreted factors such as monocyte chemotactic protein-1 (MCP-1) 
(Platten et al. 2003), in order to promote tumor growth and dissemination into the brain parenchyma 
(Badie and Schartner 2001; Charles et al. 2011; Markovic et al. 2009; Platten et al. 2003; Sliwa et al. 
2007; Watters et al. 2005; Wesolowska et al. 2008; Zhai et al. 2011). It is thought that microglia, in 
response to glioma stimulation, produce diverse factors, including matrix metalloproteinases such as 
membrane type matrix metalloproteinase-1 (MT1-MMP) that contribute to ECM degradation and 
the processing of growth factors (Markovic et al. 2009). Moreover, microglia produce cytokines such 
as transforming growth factor β-1 (TGFβ-1) that promote tumor cell proliferation and migration 
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(Watters et al. 2005; Wesolowska et al. 2008). In addition, TAMs have been shown to activate 
NF-κB transcription factor-dependent production of interleukin-8 (IL-8) by gliomas (Hong et al. 
2009). This chemokine also stimulates tumor cell migration (Wakabayashi et al. 2004). Interestingly, 
T cells are rarely seen in gliomas (Morimura et al. 1990) which correlates well with compromised 
microglia-mediated antigen presentation in these tumors (Badie et al. 2002; Flugel et al. 1999). In 
conclusion, the current literature suggests that glioblastoma tumors re-educate microglia/macro-
phages from an inflammatory phenotype to an anti-inflammatory and pro-tumor phenotype 
(Gabrusiewicz et al. 2011).

The presence of a neoplasm in the brain affects the function of parenchymal cells. As mentioned 
above, glioma cells stereotactically inoculated into the rat or mouse brain accumulate around blood 
vessels, where they displace astrocytic end feet from the endothelial cells. Astrocytes that withdraw 
their processes from the vascular wall become reactive (Nagano et al. 1993; Zagzag et al. 2000). 
Reactive astrocytes have been shown to secrete urokinase-type plasminogen activator (uPA) in vitro. 
uPA is a serine protease that converts plasminogen produced by glioma cells into active plasmin. 
Plasmin, in turn, activates pro-metalloproteinase-2 (pro-MMP-2) that is secreted by astrocytes 
(Le et al. 2003), thereby increasing local proteolytic activity. Thus, brain tumor dissemination is 
complex and relies on interactions between several cell types in a way that is not readily recapitulated 
using in vitro assays.

Expression of chemokine receptor 4 (CXCR4) and its ligand chemokine ligand 12 (CXCL12, 
also known as SDF-1) is increased in human astrocytomas (Barbero et al. 2002; Bajetto et al. 2006) 
and significantly more CXCR4 is expressed in invasive tumor foci as compared to the non-invasive 
tumor core (Ehtesham et al. 2006). Moreover, SDF-1 produced by the endothelium has been shown 
to stimulate U87 glioblastoma invasion in vitro. Under these conditions, glioblastoma cells produce 
more MMP-9 and cathepsins (another class of proteases, see below Sect. 7.4) (Kenig et al. 2010), 
enzymes that promote glioma cell invasion by cleavage of ECM components as well as activation 
of pro-enzymes present in the extracellular space (Kobayashi et al. 1991; Mai et al. 2002). The 
observations that inhibiting CXCR4, either by CXCR4-neutralizing antibodies, CXCR4-directed 
siRNA technology or AMD3100, a CXCR4-specific inhibitor, impaired glioma cell invasion 
in vitro, strongly supports a role for SDF-1 in the invasive behavior of glioma (Ehtesham et al. 
2006; Hong et al. 2006).

7.3  Signaling Mechanisms That Control Glioma Invasion

7.3.1  Integrins

Cell migration requires anchoring of the leading edge to the ECM and release of cell attachment at the 
rear (Ridley et al. 2003). Integrins are heterodimeric transmembrane receptors, composed of α and β 
subunits. There are 8 β and 18 α subunits, combinations of which determine substrate specificity 
(D’Abaco and Kaye 2007). Integrins participate in bidirectional signaling across the plasma mem-
brane. Integrins can be stimulated to bind ligands by intracellular signaling (inside-out signaling) or 
become activated upon interaction with extracellular ligands (outside-in signaling). Conformational 
changes within integrins enable association with and activation of diverse cytoplasmic adaptor pro-
teins (Fagerholm et al. 2004; Hynes 2002). Integrins lack catalytic activity, and recruitment of these 
adaptor proteins is thought to be regulated by phosphorylation of the integrin cytoplasmic tails 
(D’Abaco and Kaye 2007; Fagerholm et al. 2004).

Integrins have been proposed to play a key role in glioma biology including cell migration 
(D’Abaco and Kaye 2007). Many studies have shown overexpression of the β1 subunit in malignant 



134 A. Kwiatkowska and M. Symons

gliomas in comparison to normal brain tissue and β1-blocking antibodies decrease glioma cell migra-
tion and invasion in vitro (Paulus et al. 1993; Rooprai et al. 1999; Tysnes et al. 1996). Experimental 
overexpression of α6 subunit in U87 glioma cells bearing a high level of β1 subunits increases glioma 
cell migration and invasion in vitro, enhances dissemination of glioma cells in vivo and the formation 
of infiltrative foci at the margin of tumors established in nude mice (Delamarre et al. 2009). In addi-
tion, immunohistochemistry studies have demonstrated that αvβ3 and αvβ5 are overexpressed in 
both glioma cells and tumor vasculature and that their expression is correlated with tumor grade 
(Bello et al. 2001a; Stupp and Ruegg 2007). Interestingly, stimulation of human glioblastoma cells 
with either TGF-β1 or TGF-β2 leads to an increase of αvβ3 at the cell surface and enhanced glioma 
cell migration (Platten et al. 2000). TGF-β-dependent stimulation of glioblastoma cell migration was 
shown to be abrogated by echistatin (a 49 amino acid peptide that binds integrins and blocks down-
stream signaling) or an αvβ3 neutralizing antibody (Platten et al. 2000).
αvβ3 and αvβ5 are the first integrins targeted to suppress tumor angiogenesis. Three classes of 

integrin inhibitors are under investigation: monoclonal antibodies targeting the extracellular domain 
of αvβ3 (e.g. vitaxin, phase II clinical trials completed) (Stupp and Ruegg 2007; Tucker 2006), syn-
thetic peptides containing an RGD sequence recognized by both αvβ3 and αvβ5 (e.g. cilengitide, 
phase II clinical trials completed) (Gilbert et al. 2012; Reardon et al. 2008; Tucker 2006), and an RGD 
peptidomimetic antagonist of αvβ3 (e.g. S247) (Abdollahi et al. 2005). Clinical evidence shows mod-
est antitumor activity of cilengitide (Gilbert et al. 2012; Reardon et al. 2008). However, as for other 
antiangiogenic drugs, the targeting of integrins may be most effective in combination with other thera-
peutic modalities, such as radiotherapy, especially as αvβ3 expression in endothelial cells is increased 
by radiation (Abdollahi et al. 2005; Gilbert et al. 2012; Stupp and Ruegg 2007).

7.3.2  Rho GTPases

Rho GTPases constitute a family of 22 members in humans and regulate a large number of the cellular 
functions, such as actin organization, cell migration, invasion (Burridge and Wennerberg 2004; 
Bustelo et al. 2007; Schmitz et al. 2000), cell proliferation and survival (Croft and Olson 2006; Gomez 
del Pulgar et al. 2005). They switch between the GTP-bound active state and the GDP-bound inactive 
state. The GTPase cycle is tightly controlled by three groups of regulators: guanine nucleotide 
exchange factors (GEFs), GTPase activating proteins (GAPs) and guanine nucleotide dissociation 
inhibitors (GDIs) (Rossman et al. 2005; Schmidt and Hall 2002). Rho GTPases are activated by GEFs 
which promote exchange of GDP to GTP. Subsequently, GTPases are inactivated by interaction with 
GAPs, that stimulate intrinsic GTP hydrolysis (Moon and Zheng 2003). RhoGDIs play a dual role in 
the regulation of Rho proteins (Garcia-Mata et al. 2011). On the one hand, they inhibit spontaneous 
release of GDP, thus clamping GTPases in the inactive state, on the other, by binding to the prenyl 
groups of GTPases, they prevent association with and facilitate extraction of GTPases from mem-
branes. Interaction with additional proteins, called “GDI displacement factors” releases the GDI from 
the GTPase, thereby facilitating access to GEFs (Dransart et al. 2005).

RhoA, Rac1 and Cdc 42 are the best characterized of the Rho GTPases (Heasman and Ridley 2008; 
Raftopoulou and Hall 2004). Rac1 controls the formation of lamellipodia, which are flat, actin-rich 
membrane protrusions at the cell periphery. RhoA regulates actomyosin contractility, formation of 
focal adhesions and stress fibers, and retraction of the tail of the cell during cell migration. Cdc42 
regulates the formation of filopodia (thin, finger-like membrane protrusions) and is a key control ele-
ment in the regulation of cell polarization.

Rac proteins (Rac1, Rac2 and Rac3) are highly homologous, but differ in their tissue distribution 
(Heasman and Ridley 2008). Rac1 is ubiquitously expressed, Rac2 is specific for hematopoietic cells 
and Rac3 is abundantly expressed in neural tissues (Burridge and Wennerberg 2004). Although no 
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significant change was observed in Rac1 mRNA expression levels across astrocytoma grades, in a 
large set of glioblastoma tumors, Rac1 mRNA was shown to be elevated in tumors of patients with 
shorter survival (Salhia et al. 2008). Interestingly, immunohistochemical analysis revealed a strong 
increase in Rac1 protein expression with tumor grade (Salhia et al. 2008). These findings are consis-
tent with an earlier proteomic study showing that Rac1 protein levels are increased in high-grade 
(85 %) versus low-grade (20 %) gliomas and correlate with poor survival (Iwadate et al. 2005). Taken 
together, these data suggest that Rac1 is regulated at the translational and/or protein stability level. 
Notably, Rac1 has been shown to display marked plasma membrane localization in a fraction of glio-
blastoma tumor samples, but not in low grade astrocytomas (Salhia et al. 2008). Plasma membrane 
localization of Rac1 reflects a high activation state, suggesting that this GTPase may contribute to the 
malignant behavior of glioblastomas.

siRNA-mediated depletion of Rac1 or Rac3 significantly decreases glioblastoma cell invasion in a 
Matrigel invasion assay (Chan et al. 2005). Interestingly, in contrast to depletion of Rac1, Rac3 deple-
tion only slightly inhibits glioblastoma migration, implying that Rac1 and Rac3 may be involved in 
different mechanism that contribute to cell invasion (Chan et al. 2005). Depletion of Rac1 also 
significantly inhibits glioblastoma cell invasion in ex vivo brain slices (Chuang et al. 2004), underlin-
ing the importance of this GTPase in glioblastoma invasiveness.

There are a number of Rac effectors (proteins that bind to active Rac and relay its functions) that 
control cell migration and invasion (Burridge and Wennerberg 2004), although their role in glioma 
invasion still largely remains to be characterized. The Rac effector synaptojanin 2 (Malecz et al. 
2000), a phosphatidylinositol 5-phosphatase, has been shown to regulate glioblastoma cell migration 
and invasion in vitro. Synaptojanin 2 localizes to both invadopodia and lamellipodia and is thought to 
control the formation of these structures (Chuang et al. 2004).

In addition to overexpression of Rho GTPases, aberrant expression or genetic alterations of 
upstream regulators has been detected in a variety of human cancer types (Gomez del Pulgar et al. 
2005). In particular, the Rho GEFs Ect2, Vav3, Trio and SWAP-70 display increased expression at the 
message level in brain tumors when compared to normal brain tissue and expression is correlated with 
poor patient survival (Salhia et al. 2008; Seol et al. 2009; Tu et al. 2010). Notably, depletion of any of 
these GEFs significantly inhibits glioblastoma cell migration and invasion (Salhia et al. 2008; Seol 
et al. 2009).

Dedicator of cytokinesis 180 (DOCK180) and engulfment and cell motility 1 (ELMO) form a 
bipartite GEF that activates Rac proteins (Cote and Vuori 2007; Lu and Ravichandran 2006). Depletion 
of either ELMO1 or DOCK180 strongly reduces Rac1 activation and glioblastoma cell invasion 
(Jarzynka et al. 2007). Interestingly, both DOCK180 and ELMO proteins display increased expres-
sion in the invading tumor rim compared to the tumor core of human glioma specimens.

An additional mechanism that could contribute to an increase in Rho GTPase activation levels in 
cancer is the downregulation of GAPs. One example in gliomas is the Rac GAP β2-chimaerin, which 
shows high levels in normal brain and low-grade astrocytomas in comparison to malignant gliomas 
(Yuan et al. 1995). Thus, loss of β2-chimaerin may contribute to the increase in Rac activation levels 
in glioblastoma.

There are two major effector proteins of RhoA, RhoB and RhoC GTPases: mammalian homolog 
of Drosophila diaphanous (mDia) and Rho-associated coiled-coil forming kinase (ROCK) (Narumiya 
et al. 2009; Wheeler and Ridley 2004). mDia belongs to the formin protein family and catalyzes actin 
nucleation and polymerization. mDia depletion in glioma cells interferes with microtubule stabiliza-
tion, cell polarization, focal adhesion turnover and results in attenuated cell migration (Yamana et al. 
2006). Analysis of the underlying mechanism revealed that mDia controls actin-dependent c-Src 
recruitment to focal adhesions, phosphorylation of the adaptor protein Crk-associated substrate 
(p130Cas), Rac activation and subsequent focal adhesion disassembly. mDia also promotes the accu-
mulation of Cdc42 and adenomatous polyposis coli (APC) at the front of the cell, which may provide 
a mechanism for the role of mDia in cell polarization.
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ROCK phosphorylates and inactivates myosin phosphatase and directly phosphorylates myosin 
light chain. These two actions of ROCK stimulate actomyosin contractility. ROCK also phosphorylates 
and activates LIM kinase that in turn phosphorylates and inactivates the actin filament severing 
protein cofilin. As mentioned above, ROCK has been implicated in nuclear squeezing and 
glioblastoma cell invasion in ex vivo brain slices (Beadle et al. 2008). ROCK is also necessary for 
glioma cell migration along myelinated retinal axons in vitro, where ROCK inhibition was shown to 
result in shorter lamellipodia and non-polarized extension of filopodia (Oellers et al. 2009). In 
contrast, inhibition of ROCK has been shown to increase the migratory behavior of glioma cells 
under less physiological conditions, such as a two-dimensional cell migration in a radial migration 
assay and a transwell Matrigel invasion assay (Salhia et al. 2005), underlining the importance of 
physiologically relevant experimental conditions to assess the role of actomyosin contractility in cell 
invasion.

7.3.3  PI3K and Phospholipid Signaling

Phosphatidylinositol 3-kinases are lipid kinases that phosphorylate the 3 position of the inositol ring 
of phosphatidylinositols and phosphoinositides (Endersby and Baker 2008). Class IA PI3Ks are 
heterodimers composed of a regulatory subunit (five isoforms encoded by three genes p85α, p55α, 
p50α (PIK3R1), p85β (PIKR2) and p55γ (PIKR3)) and a catalytic subunit (p110α, p110β and p110δ). 
The three catalytic subunit isoforms are encoded by the PIK3CA, PIK3CB and PIK3CD genes 
(Furnari et al. 2007).

PI3Ks are regulated through the inhibitory effect of the regulatory subunit on the catalytic subunit 
(Yu et al. 1998). Upon direct binding of the regulatory subunit to phosphorylated receptor tyrosine 
kinases (RTKs), including c-Met, VEGFR and PDGFR (Escobedo et al. 1991; Igarashi et al. 1998; 
Ponzetto et al. 1993), p110 inhibition is released (Bader et al. 2005).

PI3K is also regulated by Src family kinases. An interesting example is that binding of CD95L 
(also known as FasL) to CD95 on glioblastoma cells recruits Yes (a member of Src kinase family) to 
the receptor. Yes, in turn, recruits the p85 subunit of PI3K leading to PI3K activation and enhanced 
glioblastoma cells migration in vitro. Interestingly, neutralization of CD95L in a murine intracranial 
model of GBM as well as treatment of C6 glioma cells with FasL Interfering Protein (FIP) reduces 
the number of invading cells (Kleber et al. 2008; Wisniewski et al. 2010). It is remarkable that 
CD95L, which promotes apoptosis in many cells, also stimulates their invasiveness. Notably, in 
general, glioblastoma tumors are resistant to CD95-induced apoptosis and even induce CD95L 
expression in the surrounding tissue. These findings suggest that targeting the CD95L/CD95 system 
may be beneficial in the treatment of glioblastoma tumors, as no CD95 is expressed in the healthy 
brain (Kleber et al. 2008).

Class I PI3Ks preferentially convert phosphatidylinositol-4,5-bisphosphate (PI(4,5)P
2
) to phospha-

tidylinositol-3,4,5-trisphosphate (PI(3,4,5)P
3
) (Martelli et al. 2010). The formation of PI(3,4,5)P

3
 and 

PI(3,4)P
2
 triggers the recruitment of proteins with pleckstrin homology (PH) domains to the plasma 

membrane, including PI3K-dependent kinase 1 (PDK1), Akt (Stambolic and Woodgett 2006) and 
GEFs (Fleming et al. 2000; Shinohara et al. 2002). A negative regulator of PI3K signaling is phospha-
tase and tensin homolog deleted on chromosome ten (PTEN). PTEN-mediated hydrolysis of P(3,4,5)
P

3
 (Stambolic et al. 1998) counteracts PI3K-dependent stimulation of many cellular functions includ-

ing cell survival, proliferation and invasion.
Deregulation of PI3K function leads to tumorigenesis (Jaiswal et al. 2009). This observation is 

important in glioma biology as RTKs are often overexpressed or mutated in gliomas (Kapoor and 
O’Rourke 2003; Parsons et al. 2008; TCGA 2008). PTEN is also extensively deregulated in glioblas-
tomas. PTEN mutations occur in 25 % of patients and loss of 10q, which includes PTEN, occurs in 
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70 % of patients (Endersby and Baker 2008). Epigenetic gene silencing by methylation of the PTEN 
promoter also has been reported (Baeza et al. 2003). Notably, GBM patients with inactivated PTEN 
have a shorter survival time (Ermoian et al. 2002).

Additionaly, PI3K signaling is deregulated in glioblastomas as a consequence of genetic aberrations 
within the PI3K gene. Mutations in PIK3CA have been described in primary human glioblastomas 
from both adult and pediatric patients with a frequency between 7 and 20 % (Gallia et al. 2006; 
Parsons et al. 2008; TCGA 2008). Several of these mutations have been shown to be kinase activating 
in other human malignancies. Interestingly, mutations in the PIK3R1 gene have been found in 8–10 % 
of studied glioblastomas (Parsons et al. 2008; TCGA 2008). The clustering of these mutations around 
residues that serve as contact points with p110 strongly suggest that these mutations may relieve the 
inhibitory effect of p85α on p110α, thereby rendering PI3K constitutively active (TCGA 2008).

Importantly, a chemical inhibitor of PI3K (PX-866) has been shown to suppress glioblastoma cells 
invasiveness and VEGF secretion and diminished tumor growth, thereby prolonging animal survival 
(Koul et al. 2010). Thus, PI3K inhibitors may be beneficial for patients who overexpress the PI3K or 
carry an activating mutation in PIK3CA or PIK3R1 genes.

7.3.4  Akt Kinase

The Akt family of kinases comprises Akt1 (PKBα), Akt2 (PKBβ) and Akt3 (PKBγ) that are encoded 
by three independent genes. All isoforms of Akt kinases are activated in a PI3K-dependent manner 
(Matheny and Adamo 2009). PI(3,4,5)P

3
 and PI(3,4)P

2
 recruit Akt from the cytoplasm to the plasma 

membrane via the N-terminal PH domain of the kinase. Membrane recruitment of Akt results in con-
formational changes that permit its subsequent phosphorylation and full activation (Franke et al. 
1995; King et al. 1997; Matheny and Adamo 2009; Milburn et al. 2003). First, mammalian target of 
rapamycin complex 2 (mTORC2) phosphorylates Ser-473 in the activation loop of Akt (Huang and 
Manning 2009; Partovian et al. 2008; Sarbassov et al. 2005), that facilitates subsequent PDK1-
dependent phosphorylation of Thr-308 (Wick et al. 2000). mTOR participates in two signaling com-
plexes, mTORC1 and mTORC2.

Interestingly, Akt signaling is governed by negative feedback loop interactions. Akt activates 
mTORC1 by phosphorylation and inactivation of tuberus sclerosis 2 (TSC2). mTORC1 in turn stimu-
lates the activity p70S6 kinase (p70S6K), that can inhibit Akt by a dual mechanism. First, p70S6K 
phosphorylates insulin receptor substrate 1 (IRS-1), leading to its proteasomal degradation. IRS-1 is 
an adaptor protein of the insulin receptor and the insulin-like growth factor-1 receptor (IGF-1R), both 
of which are major activators of the PI3K/Akt pathway. Thus, p70S6K-mediated inhibition of IRS-1 
results in inhibition of Akt signaling (Easton et al. 2006; Martelli et al. 2010). A second negative 
feedback loop involves p70S6K-stimulated phosphorylation of Rictor, the core component of 
mTORC2, which negatively regulates mTORC2 dependent activation of Akt (Dibble et al. 2009). 
Thus, inhibition of mTOR can enhance Akt kinase activity (O’Reilly et al. 2006), which could explain 
the moderate antitumor activity of mTOR inhibitors (Chang et al. 2005; Galanis et al. 2005). Figure 7.1 
shows model of Akt activation and mTORC1-dependent negative feedback mechanisms.

The kinase activity of Akt may be additionally increased via direct interaction with phosphati-
dylinositol 3-kinase enhancer A (PIKE-A), a protein that is amplified in variety of human cancer cells, 
including glioblastomas. PIKE-A preferentially binds to activated Akt, and siRNA-mediated deple-
tion of PIKE-A diminishes Akt phosphorylation (Ahn et al. 2004).

Akt activation is terminated via dephosphorylation by protein phosphatase 2A (PP2A) and PH 
domain leucine-rich repeat protein phosphatase (PHLPPα) (Brazil and Hemmings 2001; Fayard et al. 
2005; Gao et al. 2005; Meier et al. 1998; Millward et al. 1999). Interestingly, expression of PP2A 
regulatory subunit Aα has been shown to be reduced in a significant fraction of both glioblastomas and 
oligodendrogliomas, thereby deregulating this phosphatase (Colella et al. 2001).
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Fig. 7.1 Model of Akt kinase activation and mTORC1-dependent negative feedback mechanisms. Ligand binding 
induces IGF-1R-dependent association of IRS-1 with PI3K, thereby stimulating production of PI(3,4,5)P

3
 by PI3K. 

PI(3,4,5)P
3
 recruits Akt and PDK1. Subsequently, Akt is phosphorylated by mTORC2 and PDK1, leading to full 

activation. Akt phosphorylates and inhibits TSC2, leading to Rheb- dependent activation of mTOR. In turn, mTORC1 
phosphorylates S6K1 kinase and 4EBP1, stimulating protein synthesis. Activation of mTORC1 stimulates two 
parallel negative-feedback loops (red pathways) that inhibit Akt. S6K-1 phosphorylates IRS-1 (red line) and directs 
IRS-1 to proteasomal degradation (red dashed arrow). A second negative loop was proposed where S6K1 
phosphorylates the Rictor subunit of mTORC2, thereby promoting 14-3-3 binding to Rictor. S6K-1-dependent 
phosphorylation of Rictor negatively regulates the ability of mTORC2 to phosphorylate Akt. Akt activation is 
terminated via dephosphorylation by PP2A

Initially, Akt kinase was known primarily for its role in regulation of cell survival and cell cycle 
progression (Brunet et al. 1999; Datta et al. 1997; del Peso et al. 1997; Diehl et al. 1998; Kennedy 
et al. 1999; Li et al. 2002; Shin et al. 2002; Viglietto et al. 2002; Zhou et al. 2001). However, evidence 
has accumulated that Akt plays a key role in regulation of the invasive glioma phenotype (Molina 
et al. 2010; Pu et al. 2004). Indeed, invasive glioblastoma cells have a higher level of phosphorylated 
Akt in comparison with cells isolated from the tumor core in a model of human invasive GBM 
established in the mouse brain (Molina et al. 2010).

The molecular mechanisms that mediate Akt-stimulated cell migration are still being explored 
(Stambolic and Woodgett 2006). Phosphorylated Akt localizes to lamellipodia of moving cells, 
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where it colocalizes with Rac and Cdc42. Constitutive activation of Rac1 or Cdc42 increases Akt 
phosphorylation in fibroblasts, and inhibition of Akt inhibits cell migration stimulated by Rac or 
Cdc42 (Higuchi et al. 2001), thus Akt may be activated via GTPase-dependent PI3K activation (Murga 
et al. 2002). Akt can stimulate cell migration in a number of ways (Stambolic and Woodgett 2006), 
including the role of p70S6K in actin reorganization (Qian et al. 2004) and direct phosphorylation of 
Girdin/Akt phosphorylation enhancer (APE) protein (Enomoto et al. 2005; Zhang et al. 2009). Girdin 
can crosslink actin filaments and anchor cortical actin to the plasma membrane. Phosphorylated 
Girdin relocalizes to the leading edge of moving cells and promotes short-branched actin filaments 
(Enomoto et al. 2005).

A comprehensive study has evaluated the role of all three Akt isoforms in gliomagenesis using a 
model system driven by common glioma abnormalities: loss of function of PTEN and p53 protein and 
expression of EGFRvIII receptor in primary murine astrocytes (PMA). The results showed that Akt3 
regulates anchorage-independent growth of transformed astrocytes and human glioma cells. 
Additionally Akt3, but not Akt1 or Akt2, knockdown reduces the ability of PMA to invade matrigel 
(Endersby et al. 2011). Previous studies discussed the critical role of Akt2 in regulation of glioma 
invasion (Pu et al. 2004; Zhang et al. 2009, 2010). Thus, depending on the glioma model used, the 
specific functions of the various Akt isoforms may vary. It also remains unclear which Akt isoform 
plays a major role downstream of PI3K in gliomas and whether the respective isoforms interact with 
distinct binding partners depending on the cell setting.

The expression of Akt1 is similar in gliomas and normal control tissue (Mure et al. 2010). Akt3 
mRNA and protein decrease with increasing grade of malignancy (Mure et al. 2010), contrary to Akt2 
expression that increases with tumor grade (Mure et al. 2010; Wang et al. 2010; Zhang et al. 2010). 
Although Akt3 expression levels in malignant glioma are significantly reduced compared to normal 
tissue, its kinase activity is equal to that of Akt2, and approximately 2-fold higher than that of Akt1 
(Mure et al. 2010), thereby compensating for its decrease in expression.

7.4  Proteases

ECM proteins as well as parenchymal cells are natural obstacles for migrating tumor cells. In order 
to invade brain tissue, glioma cells detach from the tumor mass and reorganize the ECM by com-
plex proteolytic mechanisms and expression of ectopic ECM components (Nakada et al. 2007). 
Glioblastomas overexpress a number of proteases, including uPA, matrix metalloproteinases 
(MMPs), ADAMs and cathepsins (Fillmore et al. 2001; Fukuda et al. 2005; Nakada et al. 1999; 
Pagenstecher et al. 2001; Rempel et al. 1994; Sivaparvathi et al. 1996a, b, c; Yamamoto et al. 1994; 
Zhao et al. 2008).

The regulation of proteolytic activity is complex and often involves cross-talk between different 
classes of proteases. One example is uPA, a serine protease that is synthesized as an inactive 
propeptide – zymogen (known as pro-uPA), which binds to the uPA receptor (uPAR) on the plasma 
membrane and becomes cleaved by active plasmin. uPA catalyses the conversion of nonactive 
plasminogen into plasmin, thus establishing a positive feedback loop. Notably, binding of uPA to its 
receptor provides localized proteolytic activity (Pillay et al. 2007). uPa directly cleaves and activates 
pro-MMP-9 in glioblastomas (Zhao et al. 2008) and experimental depletion of both uPA and uPAR 
from glioblastoma cells suppresses invasion in vitro, intracerebral tumor formation in nude mice as 
well as growth of subcutaneously pre-established tumors (Gondi et al. 2003). In summary, the uPA-
uPAR axis controls many signaling pathways that contribute to the malignant behavior of glioblastoma. 
Importantly, uPA expression and activity are elevated in anaplastic astrocytomas (AA) and GBMs in 
comparison to non-neoplastic brain (NB) or low grade glioma (LGG) (Landau et al. 1994; Yamamoto 
et al. 1994). Thus, targeting these proteases may be therapeutically beneficial.
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Interdependent activation of proteases also occurs in the family of matrix metalloproteinases, 
which comprises 25 enzymes that bind Zn2+ ions in their active site. Based on substrate specificity, 
structure and subcellular localization matrix metalloproteinases are grouped into collagenases, gelati-
nases, stromelysins and membrane metalloproteinases. Like uPA, metalloproteinases are synthesized 
in cells as zymogens that have to be proteolytically processed to become fully active. The number of 
active enzymes in the cell is regulated on the level of gene expression, protein secretion and activation 
or inhibition by tissue inhibitors of metalloproteinases (TIMPs) (Ra and Parks 2007).

MT1-MMP is a key metalloproteinase that contains a transmembrane sequence and cytoplasmic 
domain (Ra and Parks 2007). The transmembrane/cytoplasmic domain is responsible for localizing 
the enzyme to invadopodia (Nakahara et al. 1997), actin-rich structures to which most proteolytic 
activity of invading cells is localized (Frittoli et al. 2011; Ridley 2011; Symons 2008). The MT1-
MMP cytoplasmic domain is also necessary for dynamin-dependent removal of the enzyme from the 
cell surface via clathrin-mediated endocytosis (Jiang et al. 2001), an additional mechanism of 
MT-MMP-1 regulation.

Processing of pro-MMP-2 involves the formation of a MT1-MMP/TIMP-2 complex at the cell 
surface (Zucker et al. 1998). This complex binds pro-MMP-2 via interactions between C-terminal of 
TIMP-2 and the hemopexin C-domain of pro-MMP-2 (Overall et al. 2000). Subsequently, an addi-
tional molecule of MT1-MMP cleaves and activates MMP-2 (Fillmore et al. 2001; Ra and Parks 
2007) (Fig. 7.2). This mechanism of activation requires a proper balance in the expression level of 
pro-MMP-2, TIMP-2 and MT1-MMP. In line with this mechanism is the finding that CD95L (FasL) 
stimulates MMP-2 activity in rat glioma cells via NF-κB-driven transcription of TIMP-2. Inhibition 
of TIMP-2 expression decrease overall MMP-2 activity and leads to accumulation of inactive pro-
MMP-2 (Wisniewski et al. 2010). Alternative mechanisms of MMP-2 activation have also been sug-
gested (Mazzieri et al. 1997; Monea et al. 2002; Morrison et al. 2001).

Interestingly, MMP-2 is subject to autocatalytic processing, resulting in the formation of the hemo-
pexin fragment (PEX). As for MMP-2 itself, the level of PEX increases with tumor grade (Bello et al. 
2001b). Paradoxically, PEX inhibits glioblastoma cell migration, invasion and proliferation and 
induces apoptosis. It also strongly inhibits angiogenesis, most likely, through its binding to αvβ3. 
Intraperitoneal administration of PEX inhibits tumor growth by 99 % in both subcutaneous and intra-
cranial human glioma xenografts mouse models, with no sign of toxicity (Bello et al. 2001b), suggest-
ing that PEX is a promising therapeutic candidate. The anti-tumor and anti-angiogenic effects of PEX 
are reminiscent to those of endostatin (Cao 2001) and suggest that the effects of PEX on the malignant 
behavior of glioblastoma is overridden by powerful proinvasive and proangiogenic factors.

MT1-MMP, MMP-2 and MMP-9 are three major MMPs overexpressed in glioblastoma in com-
parison with non-neoplastic brain (Fillmore et al. 2001; Nakada et al. 1999; Pagenstecher et al. 2001; 
Zhang et al. 2010). Upregulation of expression of those MMPs in HGG can be explained, at least in 
part, by hyperactivation of the PI3K/Akt signaling pathway in those tumors. In line with this, inhibi-
tion of PI3K or Akt reduces MMP expression in glioblastoma cells (Kwiatkowska et al. 2011). 
In addition, downregulation of Akt-dependent MMPs production is associated with inhibition of gli-
oma cell invasion in vitro and a reduction in the number of satellite tumors and tumor volume in an 
in vivo model of glioma (Pu et al. 2004; Zhang et al. 2009; 2010).

Proteases also regulate glioma cell invasion by promoting receptor shedding from the plasma 
membrane (Nagano et al. 2004; Okamoto et al. 1999a, b; Yang et al. 2011). Notably, ADAM-10, 
which belongs to the multidomain membrane-anchored protein family called adamalysins, catalyses 
proteolysis of the L1 receptor. Notably, increased surface expression of ADAM-10 on migrating 
glioblastoma cells correlates with loss of surface L1 (Yang et al. 2011). Experimental attenuation 
of L1 expression in glioblastoma cells reduces migration velocity in vitro and suppresses invasion 
of tumor cells into chick embryonic brain. Migration can be restored upon adding L1 ectodomain to 
migrating cells (Yang et al. 2011). In addition, ADAM-10 and ADAM-17, in response to different 
stimuli, cleave the CD44 hyaluronan receptor. Depletion of either adamalysin suppresses CD44 
ectodomain shedding and strongly inhibits cancer cell migration on hyaluronan (Nagano et al. 2004). 
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Fig. 7.2 Mechanism of MMP-2 activation. Processing of pro-MMP-2 requires formation of a MT1-MMP and TIMP-2 
complex (1–2). This complex functions as a receptor for binding of pro-MMP-2 (3). Subsequently, an additional 
MT1-MMP molecule cleaves pro-MMP-2 (4). Active MMP-2 is released into the intercellular space (5). Modified from 
Brauer 2006

Moreover, overexpression of ADAM-17 in U87 glioma cells results in increased invasion into Matrigel 
and tumor growth, whereas inhibition of ADAM-17 reduces tumor growth. Interestingly, specific 
ablation of ADAM-17 decreases activation of EGFR/PI3K/Akt pathway, probably by decreasing 
TGFα shedding (Zheng et al. 2011). Thus, ADAM proteases stimulate cell invasion by multiple 
mechanisms, including ECM degradation, receptor shedding and growth factor activation.

7.5  Conclusions and Future Directions

Extensive in vitro and in vivo studies have revealed the complexity of signaling mechanism that 
drive dissemination of malignant glioma cells into surrounding brain tissue. The hope is that better 
understanding of critical signaling elements will help to identify molecular targets for therapeutic 
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intervention. In addition, we anticipate that specific targeting of the invasive behavior of glioblastoma 
will have limited therapeutic benefit and that anti-invasion strategies will have to be combined with 
additional therapeutic modalities, such as chemo- or radio-therapy. The discovery of genetically distinct 
subclasses within HGG patients is an important step toward introducing personalized therapies 
(Huse et al. 2011). Thus, we anticipate that specific combination regimens will be introduced to treat 
respective HGG subgroups.
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Abstract Protein tyrosine kinases are enzymes that are capable of adding a phosphate group to 
specific tyrosines on target proteins. A receptor tyrosine kinase (RTK) is a tyrosine kinase located at 
the cellular membrane and is activated by binding of a ligand via its extracellular domain. Protein 
phosphorylation by kinases is an important mechanism for communicating signals within a cell and 
regulating cellular activity; furthermore, this mechanism functions as an “on” or “off” switch in many 
cellular functions. Ninety unique tyrosine kinase genes, including 58 RTKs, were identified in the 
human genome; the products of these genes regulate cellular proliferation, survival, differentiation, 
function, and motility. Tyrosine kinases play a critical role in the development and progression of 
many types of cancer, in addition to their roles as key regulators of normal cellular processes. Recent 
studies have revealed that RTKs such as epidermal growth factor receptor (EGFR), platelet-derived 
growth factor receptor (PDGFR), c-Met, Tie, Axl, discoidin domain receptor 1 (DDR1), and erythro-
poietin-producing human hepatocellular carcinoma (Eph) play a major role in glioma invasion. 
Herein, we summarize recent advances in understanding the role of RTKs in glioma pathobiology, 
especially the invasive phenotype, and present the perspective that RTKs are a potential target of gli-
oma therapy.

Keywords Glioma · Glioblastoma · Invasion · Tyrosine kinase receptor · EGFR · PDGFR · c-Met · 
Tie · Axl · DDR1 · Eph · TrkA · Cross-talk · Tyrosine kinase inhibitor · Clinical trial
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Abbreviations

Ang Angiopoietin
BBB Blood brain barrier
CTGF Connective tissue growth factor
DDR1 Discoidin domain receptor 1
EC Endothelial cell
ECM Extracellular matrix
EGFR Epidermal growth factor receptor
Eph Erythropoietin-producing human hepatocellular carcinoma
ERK Extracellular signal-regulated kinase
FAK Focal adhesion kinase
FGFR Fibroblast growth factor receptor
Gas6 Growth arrest–specific gene 6
GBM Glioblastoma multiforme
GPI Glycosylphosphatidyl-inositol
HB-EGF Heparin-binding EGF-like growth factor
HGF Hepatocyte growth factor
HIF Hypoxia inducible factor
IDH1 Isocitrate dehydrogenase-1
JAK Janus kinase
MAPK Mitogen-activated protein kinase
MEK MAPK kinase
MMP Matrix metalloproteinase
mAb Monoclonal antibody
MT1-MMP Membrane-type1-MMP
NGF Nerve growth factor
NF-kB Nuclear factor-kappa B
OS Overall survival
PDGFR Platelet derived growth factor receptor
PFS Progression-free survival
PI3K Phosphatidylinositol 3-kinase
PKC Protein kinase C
PLC Phospholipase C
PTEN Phosphatase and tensin homolog deleted from chromosome 10
PTK Protein tyrosine kinase
RTK Receptor tyrosine kinase
STAT Signal transducer and activator of transcription
TAMR A member of the Tyro3, Axl, and Mer family of receptor tyrosine kinase
TCGA The Cancer Genome Atlas
TGF-α Transforming growth factor alpha
TKI Tyrosine kinase inhibitor
TMZ Temozolomide
TrkA Neurotrophic tyrosine kinase receptor type 1
uPA Urokinase-type plasminogen activator
VEGF Vascular endothelial growth factor
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Table 8.1 RTK associated with glioma invasion

RTK Ligand Expression in GBM
Amplification  
in GBM Downstream signaling

EGFR EGF High 40 % PI3K/Akt, Ras/MAPK, FAK, 
MMP-2

PDGFR PDGF High 11 % PI3K/Akt, Ras/MAPK, JAK/
STAT

ERBB2 Neuregulin-1 High 8 % PI3K/Akt, Ras/MAPK, PLC-γ, 
JAK/STAT, MT-MMP, FAK

c-Met HGF High 20 % PI3K/Akt, Ras/MAPK

Tie Ang High Not reported MMP-2

Axl Gas6 High Not reported PI3K/Akt

DDR1 Collagen High Not reported MMP-2

Eph Ephrin High or low Not reported R-Ras, Rac1

Trk NGF, CTGF High or low Not reported NF-kB, ZEB-1

Designations:
Ang, angiopoietin; CTGF, connective tissue growth factor; DDR1, discoidin domain receptor 1; EGFR, epidermal 
growth factor receptor; Eph, erythropoietin-producing human hepatocellular carcinoma; FAK, focal adhesion kinase; 
Gas6, growth arrest–specific gene 6; HGF, hepatocyte growth factor; MAPK, Mitogen-activated protein kinase; 
PDGFR, platelet derived growth factor receptor; PI3K, phosphatidylinositol-3-kinase

8.1  Introduction

Glioblastoma (GBM) is an extremely aggressive, highly vascularized, infiltrative tumor with a median 
survival duration of 12–15 months after initial diagnosis (Nagane 2011). GBMs invade the surrounding 
brain tissue, making complete surgical excision highly improbable. Despite current therapeutic strategies, 
these tumors almost universally recur because of the invading GBM cells left after excision and are 
associated with a poor survival rate (Nakada et al. 2007).

Currently, numerous studies are attempting to decipher the molecular mechanism of invasion and to 
better understand the molecular mechanisms responsible for invasion processes (Chuang et al. 2004; 
Salhia et al. 2005; Nakada et al. 2007; Onishi et al. 2011). Among the many molecules that were 
reported as invasion promoters, members of the protein tyrosine kinase (PTK) family play a major 
role in modulating invasion (Nakada et al. 2007). The human protein kinase genome contains 518 
protein kinase genes, including PTK genes that encode transmembrane receptor tyrosine kinases 
(RTKs) and soluble cytoplasmic tyrosine kinases that are also known as non-RTKs (Manning et al. 
2002). More than 58 mammalian RTKs and 37 non-RTKs have been identified. RTKs contain an 
intracellular catalytic PTK domain and regulatory sequences, a transmembrane domain, and an extra-
cellular ligand-binding domain. RTKs modulate a wide range of cellular events, including proliferation, 
migration, metabolism, differentiation, and apoptosis, under physiological as well as pathological con-
ditions (Schlessinger 2000). The phosphorylation of tyrosine residues in RTKs is essential for maintain-
ing cellular homeostasis and modulating gene expression in various intercellular and intracellular 
signaling pathways. Because the complex signaling network triggered by RTKs eventually leads to 
either activation or repression of various gene subsets, RTKs regulate intercellular communication 
and control cell proliferation, mitogenesis, survival, differentiation, motility, and metabolism 
(Schlessinger 2000). The individual cellular consequences of RTK activation are complex and depend 
on the cell type and the activated signal transduction pathway.

Several lines of experimental evidence have revealed that aberrant RTK activation frequently occurs 
during glioma initiation and progression and that these tumorigenic cascades may cooperate through 
multiple signaling cross-talks in the malignant transformation of cells, treatment resistance, and disease 
relapse (Table 8.1). Because GBMs actively synthesize a substantial variety of RTKs that contribute 
to invasion, a systematic approach to inhibiting RTKs is being undertaken as a treatment adjunct.
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In this chapter, the most recent advancements in the structural and functional characterization of inva-
sion signal transduction elements of the RTK signaling network and the molecular mechanisms involved 
in glioma invasion are described. We provide an overview of this field, highlighting areas with the stron-
gest research evidence for the translational potential of the use of tyrosine kinase inhibitors (TKIs).

8.2  EGFR/EGF

Epidermal growth factor receptor (EGFR) belongs to a large family of cell surface receptors with 
intrinsic protein tyrosine kinase activity. The EGFR family comprises four members designated 
EGFR (also known as ErbB1/HER1), ErbB2 (HER2/Neu), ErbB3 (HER3), and ErbB4 (HER4) 
(Jorissen et al. 2003). Six ligands are known to activate EGFR: EGF, transforming growth factor 
alpha (TGF-α), amphiregulin, betacellulin, heparin-binding EGF-like growth factor (HB-EGF), and 
epiregulin (Bogdan and Klambt 2001; Normanno et al. 2006). These ligands are secreted by glioma 
cells as well as by tumor microenvironmental cells such as microglias and reactive astrocytes 
(Hoelzinger et al. 2007). Upon binding of extracellular ligands, EGFR undergoes dimerization, 
resulting in trans-autophosphorylation of its cytoplasmic domain. EGFR can pair with another EGFR 
to form an active homodimer or with another member of the EGFR family to create a heterodimer 
(Yarden and Sliwkowski 2001). For example, EGFR can easily form heterodimers with ErbB2, 
which has a reduced internalization capacity compared with that of EGFR and thus prolongs EGFR 
signaling (Jones et al. 2006) (Fig. 8.1).

EGFR and its ligands are often over-expressed in human carcinomas. In GBM, EGFR gene 
amplification is the most frequent RTK alteration (approximately 40 %) (Libermann et al. 1985). 
EGFR overexpression and/or gene alteration is frequently observed in primary (de novo) GBM, which 
develops rapidly, has a short clinical history, and does not show evidence of less malignant precursor 
lesions (Ekstrand et al. 1992; Ohgaki et al. 2004; Wong et al. 1987). Genomic analysis by The Cancer 
Genome Atlas (TCGA) network revealed that EGFR aberration is related to the classical subtype of 
GBM (Network 2008). Amplification of the EGFR gene is also associated with structural alterations 
and the most common of these is called EGFR variant III (EGFRvIII). EGFRvIII is a mutant with an 
in-frame deletion of exons 2–7 from the extracellular region and can transmit constitutive growth 
signaling in a ligand-independent manner (Ekstrand et al. 1992; Yamazaki et al. 1988). EGFRvIII 
expression in glioma cells stimulates expression of TGF-α and HB-EGF, suggesting that EGFRvIII 
plays a role in generating an autocrine loop with wild-type EGFR expression (Ramnarain et al. 2006). 
Genetic alterations that affect EGFR signaling result in the activation of several downstream pathways 
such as the phosphatidylinositol 3-kinase (PI3K)/Akt and Ras/Raf/MEK (MAPK kinase)/MAPK 
(mitogen-activated protein kinase) pathways, which mediate cell proliferation, survival, and mobility 
(Kita et al. 2007; Ohgaki and Kleihues 2009). The PI3K/Akt pathway is negatively regulated by the 
tumor suppressor phosphatase and tensin homolog deleted from chromosome 10 (PTEN), which is 
mutated in 20–40 % of GBMs and is a hallmark of this disease (Ohgaki et al. 2004). PTEN dephos-
phorylates focal adhesion kinase (FAK), which is a key molecule for cell interaction with the extracellular 
matrix (ECM) (Gu et al. 1999; Kita et al. 2001; Tamura et al. 1998). Dephosphorylated FAK interferes 
with EGFR vIII-mediated glioma cell invasion, indicating that the EGFR-PTEN-FAK interaction 
plays an important role in glioma invasion (Cai et al. 2005) (Fig. 8.1).

Several reports have showed that GBM patients with EGFR overexpression or mutation have 
shorter survival, suggesting that EGFR alterations are associated with highly aggressive GBMs (Barker 
et al. 2001; Feldkamp et al. 1999; Shinojima et al. 2003). One report indicated that coexpression 
of EGFRvIII and PTEN was a positive indicator of responsiveness to EGFR inhibitors (e.g., gefitinib and 
erlotinib) in patients with GBM (Mellinghoff et al. 2005).
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Fig. 8.1 Cell signaling pathways induced by receptors tyrosine kinase (RTK). Homo-/heterodimerization of RTKs are 
caused by their ligands in autocrine or paracrine fashion. The dimerized receptors can initiate signal transduction cascades 
involved in cell survival, proliferation, motility and angiogenesis and so on, e.g.: phosphatidylinositol 3-kinase (PI3K)/
AKT/mTOR; RAS/RAF/mitogen-activated protein kinase (MEK)/extracellular signal-regulated kinase (ERK); Janus 
kinase (JAK)/signal transducer and activator of transcription (STAT); and phospholipase Cγ (PLC)γ/protein kinase C (PKC). 
Examples of cross-talk between RTKs’ signaling and proteins associated with cell invasion (e.g. urokinase-type plasminogen 
activator (uPA), matrix metalloproteinase (MMP)s, focal adhesion kinase (FAK) and phosphatase and tensin homolog 
deleted from chromosome 10 (PTEN)) are demonstrated. Red arrows and blue bars indicate activation and suppression, 
respectively (ECM, extracellular matrix)

8.3  PDGFR/PDGF

Following EGFR/EGF signaling, aberrant platelet-derived growth factor receptor (PDGFR)/PDGF 
signaling is one of the hallmarks of GBM biology. Overexpression of PDGFR subtypes α and β and 
PDGF ligands A–D has been observed in glial tumors of all grades and is possibly associated with 
malignant progression (Fleming et al. 1992; Guha et al. 1995; Hermanson et al. 1992; Lokker et al. 
2002; Nister et al. 1988; Ozawa et al. 2010). An experimental study revealed that glioma-like tumors 
can be induced after overproduction of PDGFB in the mouse brain (Uhrbom et al. 1998). Histochemical 
studies revealed that PDGFRα and PDGFA are expressed in glioma cells, whereas PDGFRβ and 
PDGFB have been found in the surrounding endothelial cells (ECs) (Hermanson et al. 1992; Plate 
et al. 1992). The expression of this receptor in blood vessels suggests that paracrine activation is also 
possible with respect to tumor cell migration and colony formation (Hoelzinger et al. 2007; Shih and 
Holland 2006). Although the expression of PDGFC and D ligands has also been demonstrated in 
gliomas, the clinical and biological significance of their expression has not been determined (Lokker 
et al. 2002). Ligand-receptor co-expressions in tumor cells allow for both autocrine and paracrine 
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forms of activation. Some reports suggest that PDGFR/PDGF signaling thorough this autocrine/para-
crine pair results in increased GBM cell motility in vivo (Cattaneo et al. 2006; Natarajan et al. 2006). 
Furthermore, these autocrine and/or paracrine loops can stimulate downstream signal transduction 
pathways including Ras/MAPK, PI3K/Akt and Janus kinase (JAK)/signal transducer and activator of 
transcription (STAT) and have pivotal roles in proliferation, differentiation, survival, and invasion 
(Blume-Jensen and Hunter 2001; Khoshyomn et al. 1999; Valius and Kazlauskas 1993) (Fig. 8.1).

The association between PDGFR expression and the prognosis of glioma patients is controversial. 
PDGFRα expression in low-grade gliomas was reportedly associated with both poor (Varela et al. 
2004) and favorable (Ribom et al. 2002) prognosis. Furthermore, PDGFA expression, but not PDGFRα 
expression, was useful in predicting tumor grade in oligodendrogliomas (Majumdar et al. 2009). 
PDGFRα expression was not associated with survival in a series of high-grade pediatric gliomas and 
GBMs (Liang et al. 2008; Martinho et al. 2009). However, the absence of PDGFA expression was 
significantly associated with poor prognosis in patients with glioma (Martinho et al. 2009). PDGFR 
and ligand overexpression tend to be associated with loss of the TP53 tumor suppressor, which is 
characteristic of secondary GBMs that develop from less malignant precursors (Ohgaki and Kleihues 
2009). According to the TCGA consortium, PDGFRA amplification (11 %) and isocitrate dehydroge-
nase-1 (IDH1) mutation are hallmarks of a proneural subtype of GBM, suggesting an association 
between this subtype and secondary GBM (Network 2008; Verhaak et al. 2010). Another study demon-
strated that PDGFRA amplification was observed in 21 % of gliomas, although PDGFRA-activating 
mutations were not found (Martinho et al. 2009).

8.4  ERBB2

ErbB2 (HER2/Neu) belongs to the EGFR receptor family that contains the other three members: 
EGFR, ErbB3, and ErbB4 (see EGFR/EGF section). Although the intracellular tyrosine kinase 
domain of the EGFR family is highly conserved, none of the EGFR family ligands bind ErbB2 
because of its extracellular region structure. Thus, the role of ErbB2 depends on the patterns of dimer-
ization within the family (Normanno et al. 2006). For example, among all possible ErbB2-containing 
heterodimeric receptor complexes, the most potent signaling module in terms of cell proliferation 
and in vitro transformation is the ErbB2/ErbB3 heterodimer, even though ErbB3 lacks kinase activity 
(Citri et al. 2003). These homo- or heterodimers have various potencies for the induction of signaling 
pathways such as the Ras/Raf/MEK/MAPK pathway for proliferation, the PI3K/Akt pathway for 
survival (Ben-Levy et al. 1994; Prigent and Gullick 1994), the phospholipase C (PLC)-γ pathway for 
cell migration and invasion (Khoshyomn et al. 1999), and the STAT pathway for cell cycle regulation 
(Gao et al. 2010) (Fig. 8.1).

Forced ErbB2 expression can transform cells into the invasive phenotype in association with 
expression of membrane-type1 (MT1) matrix metalloproteinase (MMP), which is a key enzyme in 
glioma invasion (Miyamori et al. 2000; Nakada et al. 2001; Sato et al. 1994). In addition, post-
transcriptional shedding of cell surface ErbB2 has been reported to be processed by proteases that can 
degrade the ECM (e.g., MMP2, MMP9, MMP13, and uPA) (Gondi et al. 2009; Spencer et al. 2000; 
Yong et al. 2010), indicating a strong association between ErbB2 expression and glioma invasion.

Although ErbB2 protein expression is mainly seen in high-grade gliomas (Andersson et al. 2004; 
Engelhard et al. 1995), evidence for the prognostic value of ErbB2 expression levels in GBMs is 
presently sparse (Gulati et al. 2010; Haapasalo et al. 1996; Hiesiger et al. 1993; Mineo et al. 2007; 
Schwechheimer et al. 1994). On the other hand, both ErbB2 and ErbB4 expression levels have been 
shown to predict prognosis in childhood medulloblastoma and ependymoma (Gilbertson et al. 1997;  
2002). Although few reports have described mutation of the ErbB2 gene (Stephens et al. 2004), a 
recent study of the TCGA consortium revealed that mutation was observed in 7 of 91 (8 %) GBMs 
(Network 2008; Verhaak et al. 2010).
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Furthermore, ErbB2 overexpression has been well described in human breast cancers (20–30 %), 
which correlates with more aggressive tumors and a poorer prognosis (Hortobagyi 2005).

8.5  c-Met/HGF

Hepatocyte growth factor (HGF) was originally identified as a polypeptide growth factor for hepato-
cytes and is believed to play an important role in liver regeneration (Yamada et al. 1994). HGF functions 
as a mitogen for a variety of cell types and as a morphogen and motogen for some epithelial cells that 
express its receptor (Moriyama et al. 1995). The receptor protein for HGF, c-Met, is encoded by the 
c-met proto-oncogene, which has tyrosine kinase activity and was originally described as an activated 
oncogene in a human osteosarcoma cell line (Cooper et al. 1984). Recently, attention has been focused 
on the role of the HGF/c-Met system because of its multiple biological activities including motility, 
proliferation, survival, and morphogenesis.

Under normal conditions, HGF-induced c-Met activation is tightly regulated by paracrine ligand 
delivery, ligand activation at the target cell surface, and ligand activated receptor internalization and 
degradation (Cecchi et al. 2010). Despite its functions under normal conditions, HGF/c-Met signaling 
contributes to oncogenesis and tumor progression in several cancers and promotes aggressive cellular 
invasiveness that is strongly linked to tumor metastasis (Rosario and Birchmeier 2003; Zhang and 
Vande Woude 2003).

The HGF/c-Met pathway has been implicated in a wide variety of human malignancies. Overexpres-
sion of HGF and/or c-Met is frequently observed and amplification of the c-met gene has been reported 
in several tumor types (Burgess et al. 2006). Several studies have described the expression of HGF 
and c-met as well as HGF activator mRNAs in glioma cell lines and tissues, particularly GBM 
(Koochekpour et al. 1997; Moriyama et al. 1995). On the other hand, the expression of HGF and c-Met 
was low or barely detectable in low-grade astrocytoma and c-Met immunoreactivity was correlated 
with the histological grade of the tumor.

A few studies suggested that HGF and c-Met are expressed in human gliomas and that expression 
levels correlated with tumor grade (Moriyama et al. 1998b). Likewise, HGF expression was signifi-
cantly higher in high-grade tumors than in low-grade tumors based on HGF content detection in 
samples of different clinical grades (Abounader and Laterra 2005; Lamszus et al. 1999). c-Met receptor 
expression has also been detected in malignant brain tumors including all gliomas, medulloblastomas, 
ependymomas, and schwannomas (Koochekpour et al. 1997; Moriyama et al. 1998b). The results of 
an overexpression study provided sufficient evidence implicating the HGF/c-Met pathway in brain 
tumorigenesis and malignant progression; this study demonstrated that HGF/c-Met plays important 
and critical roles in brain tumor formation and growth.

The HGF/c-Met system in vascular ECs works as signal transduction molecules/pathways in glio-
mas that mediate neovascularization. Numerous in vivo and in vitro studies have indicated that HGF 
and c-Met are expressed and functional in neuromicrovascular and brain tumor vascular cells. The 
HGF/c-Met system is highly activated in cultured neural microvascular ECs. In gliomas, HGF 
stimulates the proliferation of neuromicrovascular ECs by paracrine and autocrine mechanisms. 
Other studies demonstrated that HGF-dependent interactions between glioma cells, and between gli-
oma cells and the endothelium, can contribute to the heterogeneous proliferative and angiogenic phe-
notypes of malignant gliomas in vivo (Abounader and Laterra 2005). Moriyama et al. explored the 
effect of HGF on vascular endothelial growth factor (VEGF) expression in c-Met-positive human 
glioma cell lines and their results suggest that HGF can act as an indirect angiogenic factor through 
autocrine induction of VEGF expression and secretion in malignant gliomas in addition to its direct 
angiogenic activities (Moriyama et al. 1998a). Taken together, these in vitro and in vivo findings sug-
gest the multifunctional and multilevel involvement of the HGF/c-Met pathway in brain tumor angio-
genesis as well as brain tumor growth.



158 M. Nakada et al.

Fig. 8.2 Major signaling pathways by the receptor tyrosine kinase c-Met. Growth factor receptor-bound protein 2 
(GRB2), Grb2-associated adaptor protein 1 (GAB1), hepatocyte growth factor (HGF), phosphatidylinositol 3-kinase 
(PI3K), son of sevenless (SOS), rat sarcoma oncogene homolog (RAS), extracellular receptor kinase (ERK), mitogen-
activated protein kinase (MAPK), signal transducer and activator of transcription (STAT), SRC, SRC homology protein 
tyrosine phosphatase 2 (SHP2), SRC homology domain c-terminal adaptor homolog (SHC), mammalian target of 
rapamycin (mTOR)

Activation of the HGF/c-Met axis promotes proliferation and survival through a variety of downstream 
effectors including Gab1, Grb2, and PI3K (Abounader and Laterra 2005; Ponzetto et al. 1994). Following 
activation of the HGF/c-Met pathway, the RAS-MAPK signaling pathway plays an essential role in 
morphogenesis. The activation of c-Met prevents apoptosis through activation of PI3K and subsequent 
Akt activation. Cross-talk between the PI3K/Akt and the RAS-MAPK pathways has been implicated 
in promoting cell survival, migration, and invasion (Zeng et al. 2002) (Fig. 8.2).

8.6  Tie/Ang

The Angiopoietin/Tie system acts as a vascular-specific ligand/receptor system and plays an essential 
role in tumor-associated angiogenesis. The angiopoietin family includes four ligands, namely, angio-
poietin-1 (Ang-1), angiopoietin-2 (Ang-2), angiopoietin-3 (Ang-3), and angiopoietin-4 (Ang-4), and 
two corresponding RTKs (Tie1 and Tie2). Ang-1 acts as an agonist, whereas Ang-2 acts as an antago-
nist, of the Tie2 receptor (Maisonpierre et al. 1997). Tie2 activation promotes vessel assembly and 
maturation by mediating EC survival signals and regulating the recruitment of mural cells. The Tie/
Ang-1 system may function during vessel maturation and stabilization and Ang-1 is a prominent regulator 
of vascular development (Lee et al. 2009; Machein et al. 2004). In contrast, Ang-2 is produced by ECs 
and acts as an autocrine antagonist of Ang-1-mediated Tie2 activation. Ang-2 is an angiogenic factor 
that antagonizes Ang-1 activity by competitively inhibiting the binding of Ang-1 to its cognate endo-
thelial receptor, Tie2, causing vasculature destabilization. Ang-2 also acts in concert with VEGF to 
regulate vessel growth (Hu et al. 2006) (Fig. 8.3).
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Fig. 8.3 The major Ang/Tie signaling pathways in glioma angiogenesis and migration. Angiopoietin (Ang), growth 
factor receptor-bound protein 2 (GRB2), phosphatidylinositol 3-kinase (PI3K), rat sarcoma oncogene homolog (RAS), 
SH2 domain-containing phosphatase (SHP2), focal adhesion kinase (FAK), endothelial nitric oxide synthase (eNOS), 
docking protein R (Dok-R), extracellular receptor kinase (ERK), p21-activated kinase (PAK)

The role of Ang-1 in tumor-associated angiogenesis remains controversial because some reports 
imply that Ang-1 induction impairs angiogenesis and inhibits tumor growth whereas other authors 
suggest that Ang-1 overexpression promotes tumor growth in some animal models (Hawighorst et al. 
2002; Hayes et al. 2000; Machein et al. 2004). However, Machein et al. reported that Ang-1 can promote 
tumor angiogenesis in a rat glioma model (Machein et al. 2004).

Ang-2 immunoreactivity is higher in malignant gliomas than in low-grade gliomas, which documents a 
strong correlation between the expression of Ang-2 and increasing glioma tumor grade (Koga et al. 2001). 
Increasing data suggest that Ang-2 expression is negatively correlated with vessel maturation in 
malignant gliomas and that VEGF expression is positively correlated with vessel maturation in low-
grade gliomas.

Conflicting results have been reported in the literature regarding the role of the Tie2/Ang system in 
tumor angiogenesis. The tyrosine kinase receptor Tie2 was initially reported as a specific vascular 
receptor present in both normal and tumoral ECs, including ECs in astrocytomas, and its levels 
correlate positively with increasing malignancy (Liu et al. 2010; Stratmann et al. 1998). Tie2 is also 
expressed in glioma cells and brain tumor stem cells present in malignant gliomas and its expression 
and activation increases with increasing astrocytoma malignancy grade (Zadeh et al. 2004b).

Studies on in vivo human glioma biopsies have showed that Ang-2, MMP-2, MT1-MMP, and 
laminin 5g2 are co-overexpressed in the invasive areas but not in the central regions of the glioma 
tissues. In vitro data also demonstrated that Ang-2 promoted the expression and activation of MMP-2, 
MT1-MMP, and laminin 5g2, which may be essential for malignant glioma invasiveness (Brinckerhoff 
and Matrisian 2002; Lohi 2001). In addition, inhibition of Tie2 activation significantly decreased 
GBM xenograft growth by disrupting tumor vascularity (Zadeh et al. 2004b).
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Accumulating evidence suggests that Tie2 activation regulates angiogenesis in a highly context- 
and tissue-dependent manner and closely collaborates with VEGF and possibly with other angiogenesis 
regulators (Gale et al. 2002; Zadeh et al. 2004b). Activation of the Tie/Ang functional axis promotes 
glioma proliferation and migration through various downstream effectors, including FAK, VEGF-A, 
PI3K, agb1,

 and extracellular signal-regulated kinase 1/2 (ERK1/2) (Brinckerhoff and Matrisian 2002; 
Lee et al. 2009; Zadeh et al. 2004b). Following activation of the Tie/Ang pathway, the FAK signaling 
pathway plays an essential role in malignant cell migration. The activation of Tie-2 induces VEGF-A 
to bind its EC-specific receptors, VEGFR1 and VEGFR2, which induces internalization of vascular 
endothelial cadherin (Zadeh et al. 2004a).

Furthermore, Tie receptor-independent signaling and non-vascular Ang effects can produce other 
intracellular signaling outcomes. ECs can adhere to immobilized Ang via the αgβ1

 integrin and FAK 
signaling pathway to induce glioma cell invasion by stimulating MMP-2 expression (Hu et al. 2006). 
The activation of the Tie-2/Ang-4 functional axis promotes the in vivo growth of human GBM cells 
by promoting tumor angiogenesis and directly activating ERK1/2 in GBM cells (Brinckerhoff and 
Matrisian 2002).

Although the preceding studies focused on elucidating the role of Ang-2 in cancer biology, its exact 
role in glioma angiogenesis remains elusive. A recent report demonstrated that Ang-2 significantly 
enhances vascular growth and induces aberrant pathological changes in malignant astrocytomas; this 
report also found that Ang-2 is not consistently elevated throughout all growth stages of malignant 
astrocytomas (Zadeh et al. 2010).

Although Ang-1 and Ang-2 play known roles in tumor angiogenesis, it is unknown how Ang-4 
affects GBM angiogenesis progression and the mechanism underlying its effects. Brunckhorst et al. 
found a novel mechanism of Ang-4 on glioma progression that directly activates the ERK1/2 kinase 
pathway (Brunckhorst et al. 2010). Taken together, these data indicate that the Tie-2/Ang-4 functional 
axis can be considered an attractive therapeutic target for GBM.

8.7  Axl/Gas6

The receptor tyrosine kinase Axl, a member of the Tyro3, Axl, and Mer family of receptor tyrosine 
kinases (TAMRs), is characterized by an extracellular domain consisting of two immunoglobulin-like 
domains in juxtaposition to two fibronectin type III domains (Janssen et al. 1991). TAMRs, in particular 
Axl, have transforming properties: overexpression of a truncated version of Axl in premalignant cells 
is sufficient to induce tumors in mice (Zhang et al. 1996). Growth arrest–specific gene 6 (Gas6), 
which is the natural ligand of Axl, was discovered because its expression is upregulated in fibroblasts 
under growth-arrest conditions (Manfioletti et al. 1993). Axl/Gas6 signaling has been shown to regu-
late survival, proliferation, and migration in a variety of cells in vitro including tumor-derived cell 
lines of epithelial, mesenchymal, and hematopoietic origin (Hafizi and Dahlback 2006).

Axl and Gas6 are overexpressed in human gliomas of malignancy grades WHO II to IV. In contrast, 
Axl staining was not detectable in non-neoplastic brain tissue and Gas6 was strongly expressed in 
neurons (Hutterer et al. 2008). The receptor tyrosine kinase Axl is a mediator of glioma growth and 
invasion. Axl is predominantly expressed in pseudopalisading glioma cells, which are characterized 
by an accumulation of tumor cells around necrotic areas. Furthermore, an accumulation of Axl-
positive tumor cells was observed adjacent to microvascular neoformations, which is a characteristic 
feature of invading glioma tumor cells spreading along perivascular regions. Inhibition of Axl signaling 
by overexpression of a dominant-negative receptor mutant suppressed experimental gliomagenesis 
and resulted in long-term survival of mice after intracerebral glioma cell implantation when compared 
with Axl wild-type transfected tumor cells. Inhibition of Axl signaling interfered with cell proliferation 
(30 % inhibition versus Axl wild-type), glioma cell migration (90 % inhibition versus Axl wild-type), 
and invasion (79 % inhibition versus Axl wild-type) However, an analysis of tumor vessel density and 
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diameter failed to reveal an attenuated tumor vasculature as an explanation for the reduced tumorigen-
esis in Axl dominant-negative cells (Vajkoczy et al. 2006). GBM patients with high Axl expression 
and Axl/Gas6 coexpression showed a significantly shorter time to tumor progression and poorer overall 
survival, indicating that Axl and Gas6 expression predict poor prognosis in GBM patients (Hutterer 
et al. 2008).

8.8  DDR1/Collagen

Discoidin domain receptor 1 (DDR1) tyrosine kinases constitute a family of non-integrin collagen 
receptors that contain a discoidin homology region in the ectodomain (Alves et al. 1995). DDR1, which 
is mainly expressed in epithelial cells, is primarily activated by collagens I to IV and VIII and facilitates 
cell adhesion (Vogel et al. 1997). DDR1 has five isoforms generated by alternative splicing: DDR1a, 
b, c, d and e. DDRs have been implicated in the expression of pro-inflammatory mediators and matrix-
degrading enzymes and play an important role in migration, proliferation, ECM remodeling, and 
wound repair (Vogel et al. 2006).

In GBM, collagen IV is present in virtually all tumor vessels, in some giant glioma cells, and in 
tumor cells around vascular proliferations. Collagens VII and VIII are absent from normal brain but 
may be expressed in glioma tissues supporting DDR1 signaling (Senner et al. 2008). Furthermore, 
DDR1 is overexpressed in glioma. Although overexpression of either DDR1a or DDR1b in cell-based 
glioma models caused increased cell attachment, glioma cells overexpressing DDR1a exhibit 
enhanced invasion and migration concomitant with increased levels of MMP-2. Inhibition of MMP 
activity suppressed DDR1a-stimulated cell-invasion and inhibition of DDR1 reduced DDR1a-mediated 
invasion and enhanced adhesion of DDR1a and DDR1b overexpressing cells. DDR1a plays a criti-
cal role in inducing tumor cell adhesion and invasion, and this invasive phenotype is caused by activa-
tion of MMP-2 (Ram et al. 2006; Yamanaka et al. 2006) (Fig. 8.4). DDR1 expression is more closely 
correlated with survival than histological grade in gliomas, suggesting that DDR1 expression might 
be a better predictive factor of patient survival than WHO grading (Yamanaka et al. 2006).

8.9  Eph/Ephrin

Erythropoietin-producing human hepatocellular carcinoma (Eph) receptors comprise the largest family 
of RTKs in mammals. Eph receptors have been divided into an EphA subclass (nine members) and an 
EphB subclass (six members) on the basis of extracellular domain sequence homology and ligand 
affinity (Gale et al. 1996). Ephrin ligands are also transmembrane proteins and have been divided into 
two subclasses: glycosylphosphatidyl-inositol (GPI)-linked ephrin-As (five members), which are 
anchored to the cell membrane, and transmembrane ephrin-Bs (three members). Ephrin-As preferentially 
bind to EphA receptors, while ephrin-Bs preferentially bind to EphB receptors, although promiscuity 
has been observed.

Eph/ephrins form an essential cell-cell communication system capable of bi-directional intracellular 
signaling between adjacent cells, where receptor signaling is designated “forward” and ephrin signaling 
is “reverse” (Heroult et al. 2006; Kullander and Klein 2002). Eph/ephrin members are plentiful and 
their relationships are complex. Generally, Eph/ephrin interactions are repulsive because cells con-
taining a given Eph are repelled by cells containing the corresponding Ephrin. Through this mecha-
nism, the Eph/ephrin system plays a role in numerous biological processes including cell adhesion 
and migration during development, especially in the central nervous system (Wimmer-Kleikamp and 
Lackmann 2005). Recently, a role for the Eph/ephrin system has also emerged in cancer, especially in 
the area of invasive behavior (Campbell and Robbins 2008).
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Fig. 8.4 DDR1 signaling in glioma. In GBM, DDR1 is overexpressed and activated by collagen IV which is present in 
virtually all tumor vessels, as well as in some giant glioma cells and in tumor cells around vascular proliferations; also 
collagens VII and VIII may be expressed in glioma tissues supporting DDR1 signaling. Glioma cells overexpressing 
DDR1a display enhanced migration and invasion associated with the increase levels of matrix metalloproteinase 2 
(MMP-2). (DDR1, discoidin domain receptor 1)

Genes for Eph/ephrins are overexpressed or differentially expressed in numerous human cancers 
(Surawska et al. 2004). Mounting evidence documents a strong correlation between the expression 
and phosphorylation levels of many Eph/ephrin family members and increasing glioma tumor grade, 
suggesting that elevated Eph/ephrin expression levels may be diagnostic for GBM and reduced patient 
survival rates (Nakada et al. 2011). Based on the microarray data obtained from two distinct GBM cell 
phenotypes (invading cells and tumor core cells) collected from GBM specimens, pathway enrichment 
analysis indicated that EphB/ephrin-B is the most tightly linked system to the invading cell phenotype 
(Nakada et al. 2010). According to these results, it is likely that the Eph/ephrin system contributes to 
glioma invasion. In spite of the overexpression of Eph/ephrin members in glioma, no evidence of gene 
amplification or mutation has been reported.

Numerous Ephs and ephrins have been noted to influence or correlate with the malignant behavior 
of cancer cells. In glioma, EphA/ephrin-A was associated with proliferation (Wykosky et al. 2005) 
whereas EphB/ephrin-B was involved in invasion and neovascularization (Erber et al. 2006). EphB2, 
ephrin-B2, and ephrin-B3 mRNA levels were shown to significantly increase with histological grade 
in glioma and contribute invasive properties in GBM (Nakada et al. 2004, 2006, 2010). Additionally, 
a high ephrin-B2 level was shown to confer poor survival (Nakada et al. 2010). The co-expression of 
EphB2 and ephrin-B in GBM cells suggests the existence of an EphB/ephrin-B interaction through 
cell–cell contact in GBM. Data showing that glioma invasion is inhibited by blocking Eph/ephrin 
suggest that the Eph/ephrin system is a potential therapeutic target for invasive glioma.

Different Eph/ephrin molecules are conceivably linked to different intracellular signaling pathways 
in a cell-type-specific manner, which allows this system to perform a variety of functions. The key 
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Fig. 8.5 Putative model of Eph/ephrin function in glioma. Signaling induced by cell-cell contact via EphB/ephrin-B 
induces repulsion. Ligand independent signaling via autophosphorylation of Eph without ephrin stimulation can also 
promote the invasion without cell-cell communication

signaling molecules in the invasion-signaling pathway induced by EphB/ephrin B in GBM appear to 
be small GTPases such as Rac and Ras. Ephrin-B2 and ephrin-B3 can activate EphB2 through cell–
cell contact, inducing invasion via EphB2 forward signaling. A previous study showed that EphB2 
plays a functional role in promoting GBM cell invasion by eliciting signaling through R-Ras and 
affecting integrin activity (Nakada et al. 2005). In contrast, reverse signaling of the ephrin-B2 and 
ephrin-B3 ligands was demonstrated to be an important factor in the regulation of glioma cell invasion 
through the Rac1 GTPase (Fig. 8.5).

A greater depth of investigation has occurred with respect to involvement of the Eph/ephrin 
subsystem in invasion. Fundamental effect of Eph/ephrin necessitates direct cell-cell contact. 
However, it was recently revealed that ligand-independent signaling via autophosphorylation of Eph 
without ephrin stimulation can promote invasion without cell-cell communication (Miao et al. 2009) 
(Fig. 8.5). EphB2 was overexpressed in invading GBM cells compared with stationary cells in the tumor 
core, suggesting that EphB2 is autophosphorylated in invading glioma cells (Nakada et al. 2004, 2006). 
This indicates that invading glioma cells overexpressing Eph/ephrin far from the tumor can migrate by 
themselves without interaction of other cells.

8.10  TrkA

Neurotrophic tyrosine kinase receptor type 1 (TrkA) is the high affinity receptor for nerve growth 
factor (NGF), neurotrophin-3, and neurotrophin-4/5. Phosphorylated TrkA may play an important 
role in mitotic spindle assembly because it is colocalized with α-tubulin at the mitotic spindle from 
prophase to anaphase, whereas in interphase, phosphorylated TrkA is localized on the membrane and 
processes of glioma cells (Zhang et al. 2005).

TrkA is strongly expressed in the subpopulation of highly infiltrating glioma cells in vivo but not 
in the glioma cells that remain within the bulk of the tumor. Thus, TrkA expression is dependent on 
both the cell type and the location within the tumor (Edwards et al. 2011). TrkA activation typically 
leads to the activation of survival- and growth-mediating pathways through the cytoplasmic proteins 
SHC, PI3K, and PLC-γ1 (Escalante et al. 2000; Meakin et al. 1999). GBM cell growth can be enhanced 
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Fig. 8.6 TrkA signaling pathways in glioma. GBM cell growth can be enhanced by TrkA receptor (neurotrophic tyro-
sine kinase receptor type 1) phosphorylation activated by NGF (nerve growth factor). TrkA activation leads to the 
activation of survival and growth mediating pathways through cytoplasmic proteins SHC, PI3K and PLC-γ1. Switching 
between anti-mitogenic and mitogenic TrkA signaling is controlled by PLC-γ1 activity. Glioma initiating/stem cells 
require integrin β1–TrkA complex for connective tissue growth factor (CTGF) signaling; binding of the complex with 
CTGF causes NF-kB-mediated activation of the ZEB-1 promoter with subsequent induction of the ZEB-1 transcriptional 
repressor resulting in decreased expression of E-cadherin, accordingly enhancing glioma cell invasion and migration

by NGF acting via TrkA receptor phosphorylation (Singer et al. 1999). Switching between anti-mitogenic 
and mitogenic TrkA signaling is controlled by PLC-γ1 activity (Ye et al. 2000, 2002) (Fig. 8.6). 
Consequently, it was shown that TrkA expression in GBMs attenuates tumor progression in vivo 
(Rabin et al. 1998) by inducing differentiation of tumor cells from undifferentiated glioma to oligo-
dendrocytes (Pflug et al. 2001).

Glioma initiating/stem cells require the cell surface protein receptors integrin β1 and TrkA, which 
constitute the integrin β1–TrkA complex, for connective tissue growth factor (CTGF) signaling. The 
integrin β1–TrkA complex can bind to CTGF and cause nuclear factor-kappa B (NF-kB)-mediated 
activation of the ZEB-1 promoter with subsequent induction of the ZEB-1 transcriptional repressor, 
resulting in decreased expression of E-cadherin and subsequent enhancement of glioma cell invasion and 
migration (Fig. 8.6). TrkA knockdown resulted in decreased CTGF-induced cell migration and the 
absence of tumor cell invasion into normal mice cortex. However, TrkA knockdown did not affect CTGF-
induced proliferation or the clonogenicity of the glioma stem cells in vitro. Thus, CTGF, TrkA, and 
NF-kB may be potential therapeutic targets to alleviate tumor cell infiltration (Edwards et al. 2011).

8.11  Cross-Talk

As described above, many RTKs lead to the signaling of PI3K/Akt and Rac1 in invading glioma cells, 
suggesting that these molecules confer critical downstream signaling for invasion. A previous study 
showed coexpression of multiple activated RTKs in individual dissociated cells from a primary GBM 
(Stommel et al. 2007). Accordingly, multiple RTKs may be simultaneously or sequentially used by 
GBM cells to maintain invasion-signaling pathways via molecules such as PI3K/Akt and Rac1.
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Given that individual cells express multiple RTKs, it is reasonable to speculate that these RTKs 
are interacting with each other. For example, the c-Met receptor is strongly phosphorylated as a 
function of EGFRvIII receptor levels, suggesting the presence of cross-talk between c-Met and 
EGFRvIII signaling, although the intermediary molecule has not yet been elucidated (Huang et al. 
2007). The Axl RTK follows a similar phosphorylation response as a function of EGFRvIII levels 
(Huang et al. 2007). It was previously reported that EGFR and EphA2 are expressed in GBM and 
co-localize to the cell surface. EphA2 phosphorylation is dependent on EGFR activity and EphA2 
downregulation inhibits EGFR phosphorylation, downstream signaling, and EGF-induced cell viability 
(Ramnarain et al. 2006). Previous studies reported that EphA4, whose expression is correlated with 
increasing glioma grade, forms a heteroreceptor complex with fibroblast growth factor receptor 1 
(FGFR1) in glioma cells and that the EphA4-FGFR1 complex potentiated FGFR-mediated down-
stream signaling such as Akt/MAPK, Rac1, and Cdc42 pathways, resulting in the promotion of invasion 
(Fukai et al. 2008).

In such a multiple-input system with cross-talk among RTKs, a single-agent of anti-RTK inhibition 
might be incapable of sufficiently suppressing invasion signaling, resulting in insensitivity to invasion 
inhibition by any single agent and a lack of clinical efficacy. It is anticipated that combinations of 
drugs against different activated RTKs or single drugs with inhibitory activities against multiple activated 
RTKs will have more favorable outcomes.

8.12  Targeting Receptor Type Tyrosine Kinases

As mentioned in the previous paragraphs, TKIs that target multiple signaling pathways and critical 
growth factors essential for tumor progression have become a major focus of interest in various clinical 
studies. Although all studies remain experimental, several of these specific molecular agents that are 
most expectant or have been widely evaluated are reviewed below (Table 8.2).

8.12.1  Targeting EGFR

8.12.1.1  Gefitinib

Gefitinib is a low molecular weight, selective inhibitor of EGFR tyrosine kinase and was the first drug 
of this type. Although an early study suggested that gefitinib was active in patients with malignant 
gliomas (Franceschi et al. 2007; Mellinghoff et al. 2005), gefitinib therapy showed limited efficacy in 
multicenter phase II studies in patients with malignant glioma (Franceschi et al. 2007; Hegi et al. 
2011; Rich et al. 2004), either for recurrent disease or as part of the initial treatment regimen. Because 
EGFR kinase domain mutations, which are associated with the greatest sensitivity to EGFR inhibitors 
(Pedersen et al. 2005), are uncommon in malignant gliomas (Lassman et al. 2005), it remains to be 
determined whether other molecular alterations involving EGFR signaling pathways occur selectively 
in treatment responders.

8.12.1.2  Erlotinib

Erlotinib is an orally active, reversible EGFR TKI. Because erlotinib is metabolized by the cytochrome 
P450 isoenzymes 3A4 (70 %) and CYP 1A2 (30 %), patients taking enzyme-inducing anti-epileptic 
drugs are not eligible for this treatment (Raizer et al. 2010). Similar to gefitinib, clinical studies examining 
the therapeutic efficacy of erlotinib have so far failed to demonstrate a major therapeutic break-
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through in the setting of GBM (Haas-Kogan et al. 2005; Mellinghoff et al. 2005; Raizer et al. 2010; 
Van Den Bent et al. 2009), including newly diagnosed GBM treated with temozolomide (TMZ) and 
radiotherapy (Peereboom et al. 2010). Although Raizer and colleagues reported that the development of 
a rash during the initial erlotinib administration cycle correlates with survival in patients with non-
progressive GBM after radiotherapy, the significance of this finding remains unclear (Raizer et al. 
2010).

8.12.1.3  125I-mAb 425

125I-mAb 425, an 125I-labeled anti–EGFR 425 murine monoclonal antibody (mAb), is an IgG2a iso-
type developed from mice immunized with A-431 epidermoid carcinoma cells. mAb 425 binds to the 
tumor and produces anticarcinogenic effects mediated by direct cell growth inhibition, complement-
dependent cytotoxicity, and activation of the humoral response. Initial clinical studies have shown 
survival benefits of adjuvant 125I-425 mAb in GBM patients (Emrich et al. 2002; Quang and Brady 
2004). In a phase II study of 192 patients with GBM treated with anti–EGFR 125I-mAb 425 radioim-
munotherapy, the reported survival was 15.7 months and treatment was safe and well tolerated (Li 
et al. 2010).

8.12.1.4  Nimotuzumab

Nimotuzumab (h-R3), a humanized monoclonal antibody directed against the EGFR, consequently 
inhibits tyrosine kinase activation. Recently, several reports of pediatric diffuse intrinsic pontine gli-
oma treated with nimotuzumab showed a relatively favorable prognosis (Lam et al. 2009; Mateos 
et al. 2011; Saurez et al. 2009). Thus, nimotuzumab is currently being evaluated in conjunction with 
radiotherapy in a phase III trial in children with diffuse pontine glioma and adult GBM.

8.12.1.5  Cetuximab

Cetuximab, IMC-C225, is a chimeric (mouse/human) monoclonal IgG1 antibody that binds to EGFR 
with high specificity and affinity. Encouragingly, cetuximab enhanced the cytotoxicity produced 
by radiation therapy in vivo in EGFR-amplified GBM (Belda-Iniesta et al. 2006; Eller et al. 2005). 
In 2006, however, a phase II trial of cetuximab in 55 recurrent high-grade glioma patients revealed no 
significant correlation between response, survival, and EGFR amplification (Neyns et al. 2009).

8.12.1.6  Lapatinib

Lapatinib is a dual TKI that interrupts the HER2/neu (ErbB2) growth receptor pathway. It is used in 
therapy for HER2-positive breast cancer. However, a phase I/II trial of lapatinib in patients with 
relapsed GBM failed to show significant activity of this agent independent of the presence of EGFRvIII 
mutation and PTEN immunohistochemical status (Thiessen et al. 2010).

8.12.2  Targeting PDGFR

8.12.2.1  Imatinib

Imatinib mesylate (Gleevec; formerly known as STI571) is a potent inhibitor of the PDGFRα, 
PDGFRβ, Bcr-Abl, c-Fms, and c-Kit tyrosine kinases. Its antitumor activities in chronic myelogenous 
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leukemia and gastrointestinal stromal tumors result from the inhibitions of Bcr-Abl (Druker et al. 
2001) and c-Kit (Demetri et al. 2002), respectively. An initial study showed that imatinib mesylate 
plus hydroxyurea was well tolerated and associated with durable antitumor activity in some patients 
with recurrent GBM (Reardon et al. 2005). However, more extensive phase II and III studies have 
shown only minimal evidence of single agent activity (Dresemann et al. 2010; Raymond et al. 2008; 
Wen et al. 2006).

8.12.2.2  Sunitinib

Sunitinib malate is an oral small-molecule inhibitor of VEGFRs, PDGFRs, c-Kit, Flt3, and RET kinases 
(Chow and Eckhardt 2007). Sunitinib has substantial clinical activity against hypoxia-inducible factor 
(HIF)/VEGF-dependent, PDGFR-dependent, and KIT-dependent cancers. Recently, a phase II study 
of sunitinib failed to demonstrate a relevant clinical benefit from single-agent sunitinib (37.5 mg/day) 
in patients with alkylator-refractory recurrent glioma. Furthermore, substantial treatment-related 
toxicity was observed in several patients (Neyns et al. 2011). Although sunitinib affected the glioma 
vasculature in a small subgroup of patients, no objective tumor responses were observed regarding 
apparent reduced cerebral blood-flow and blood-volume within the lesion compared with the normal 
brain or reduced gadolinium enhancement of the tumor. A possible explanation for the failure of 
sunitinib to have meaningful clinical activity is the lower potency of sunitinib to selectively inhibit 
VEGF/VEGFR signaling within the tumor vasculature compared to the VEGF-targeted mAb beva-
cizumab (Friedman et al. 2009) or the more potent VEGFR-specific small-molecule TKI cediranib 
(Batchelor et al. 2010a, b).

8.12.2.3  Dasatinib

Dasatinib is an aminotriazole analog with high specificity for several kinases including Bcr-Abl, Src, 
c-Kit, PDGFRβ, and EphA2, which was approved for use in patients with chronic myelogenous 
leukemia after imatinib treatment and Philadelphia chromosome-positive acute lymphoblastic 
leukemia. Dasatinib appears to be a more potent inhibitor of Bcr-Abl than imatinib (Tokarski et al. 
2006). Recently, investigators have shown that Src is frequently phosphorylated in GBM cell lines 
such as T98G and U87 compared with normal tissue and is activated in human GBM tumors (Du et al. 
2009). These findings support the possible role of dasatinib for malignant gliomas, and future clinical 
trials will further assess the clinical value of SRC inhibition with dasatinib incorporating TMZ and 
other cytotoxic agents.

8.12.3  Multi-Kinase Inhibitors

8.12.3.1  Cediranib

Cediranib (AZD2171) is a potent oral inhibitor of all VEGF receptor tyrosine kinases and PDGF 
receptors (Batchelor et al. 2007). Cediranib caused a structural and functional normalization of tumor 
vasculature in all 16 patients with recurrent GBM and resulted in a significant reduction of tumor-
associated vasogenic edema as measured by MRI techniques. This effect was paralleled by a potent 
steroid-sparing effect in most patients (Batchelor et al. 2007). In a subsequent phase II study, partial 
responses were seen in 57 % of patients based upon tumor measurements (Batchelor et al. 2010b), 
and the median progression-free survival (PFS) and the median overall survival (OS) were 32.4 weeks 
and 16.7 weeks, respectively (Table 8.2), with manageable toxicity. Based upon these results, a phase 
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III study was conducted in 325 patients with recurrent GBM (Batchelor 2010a). Although cediranib 
treatment regimens resulted in a statistically significant decrease in steroid use and a reduced contrast 
enhancing area on neuroimaging, there was no statistically significant improvement in PFS, the primary 
endpoint of the trial.

8.12.3.2  Sorafenib

Sorafenib is a multi-target oral TKI with inhibitory effects on the VEGF receptor, PDGF receptor, and 
the Ras/Raf signaling pathway (Wilhelm et al. 2004). Despite potentially complementary direct and 
indirect mechanisms of anti-tumor activity, Reardon et al. demonstrated that sorafenib combined with 
daily TMZ has minimal activity as a salvage regimen for recurrent GBM patients in their single-arm 
phase II study (Reardon et al. 2011). Meanwhile, Hainsworth et al. also failed to demonstrate the 
efficacy of treatment when compared with the results expected with standard therapy in newly diagnosed 
GBM (Hainsworth et al. 2010). A plausible explanation for this low effectiveness is the low to moderate 
ability of sorafenib to penetrate into the brain. However, the blood brain barrier (BBB) is compromised 
in patients with GBM and it is unlikely that sorafenib would have lower penetration than bevacizumab, 
a large protein. In general, the addition of small molecule TKIs to chemotherapy has not consistently 
improved treatment results, even when both components of therapy have individual efficacy.

8.12.3.3  Vandetanib

Vandetanib (ZD6474) is a potent oral TKI for various RTKs, in particular VEGFR2 and EGFR. A phase 
I study of 35 children with newly diagnosed diffuse intrinsic pontine glioma treated with vandetanib 
reported 1- and 2-year OS outcomes of 37.5 % ± 10.5 % and 21.4 % ± 11 %, respectively. Three patients 
remained alive with PFS for more than 2 years. The recommended phase II dose of vandetanib in 
children is 145 mg/m2 per day (Broniscer et al. 2010). Several phase II studies, including those in 
recurrent and newly diagnosed malignant glioma, are currently underway.

8.12.3.4  Cabozantinib (XL-184)

Recently, interim results have been reported from a phase II study of Cabozantinib (XL184) treatment 
in previously treated progressive GBM. Cabozantinib is an oral inhibitor of multiple RTKs that 
includes VEGFR2 as the main target followed by c-Met, RET, c-kit, Flt3, Tie-2, and Axl (Wen 2010; 
Yakes et al. 2011). In this study, the median PFS in antiangiogenic-naive cohorts was 16 weeks 
(Table 8.2). In total, 61 % of patients on corticosteroids at baseline had a reduction in corticosteroid 
dose of at least 50 %. The investigators concluded that XL184 demonstrates encouraging clinical 
activity in patients with progressive GBM. Cabozantinib, currently in phase III clinical trials, is a 
promising agent for inhibiting tumor angiogenesis and metastasis in glioma, especially in cases of 
dysregulated Met and VEGFR signaling.

8.13  Prospective

Future studies are required to more precisely establish the molecular mechanisms and specific down-
stream signaling elements that contribute to the cooperative or synergistic interactions of RTK signaling 
pathways in invading glioma cells. Further studies on the manipulation of the RTK systems involved 
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in invasion will aid in engineering GBM therapies and in elucidating the complexity and additional 
functional implications of RTK systems. Moreover, it is of great therapeutic interest to define invasion-
associated RTKs that could be targeted for blocking invasion. These works should help to develop 
novel potential pharmacological agents to modulate invasion processes and thereby counteract the 
activation of invasion-signaling pathways and promotion of invasion. The data obtained from GBM 
patients treated with TKIs should confirm the therapeutic benefit of TKIs and the safety of selectively 
targeting RTKs, alone or in combination with the current conventional therapies. The effort to combat 
GBM, along with emerging data regarding the underlying molecular invasion circuitry and the devel-
opment of specific TKIs, will result in the development of an array of new treatment approaches.
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Chapter 9
Recent Advances in Understanding Mechanisms 
of TGF Beta Signaling and Its Role in Glioma 
Pathogenesis

Bozena Kaminska and Salwador Cyranowski

Abstract Transforming growth factor beta (TGF-β) signaling is involved in the regulation of prolif-
eration, differentiation and survival/or apoptosis of many cells, including glioma cells. TGF-β acts via 
specific receptors activating multiple intracellular pathways resulting in phosphorylation of receptor- 
regulated Smad2/3 proteins that associate with the common mediator, Smad4. Such complex translo-
cates to the nucleus, binds to DNA and regulates transcription of many genes. Furthermore, 
TGF-β-activated kinase-1 (TAK1) is a component of TGF-β signaling and activates mitogen-activated 
protein kinase (MAPK) cascades. Negative regulation of TGF-β/Smad signaling may occur through 
the inhibitory Smad6/7. While genetic alterations in genes related to TGF-β signaling are relatively 
rare in gliomas, the altered expression of those genes is a frequent event. The increased expression of 
TGF-β1–3 correlates with a degree of malignancy of human gliomas. TGF-β may contribute to tumor 
pathogenesis in many ways: by direct support of tumor growth, by maintaining self-renewal of glioma 
initiating stem cells and inhibiting anti-tumor immunity. Glioma initiating cells are dedifferentiated 
cells that retain many stem cell-like properties, play a role in tumor initiation and contribute to its 
recurrence. TGF-β1,2 stimulate expression of the vascular endothelial growth factor as well as the 
plasminogen activator inhibitor and some metalloproteinases that are involved in vascular remodel-
ing, angiogenesis and degradation of the extracellular matrix. Inhibitors of TGF-β signaling reduce 
viability and invasion of gliomas in animal models and show a great promise as novel, potential anti- 
tumor therapeutics.

Keywords TGF-β signaling · TGF-β receptors · Activin-receptor-like kinases · MAP kinases · Smad 
proteins · Gliomas
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AP-1 activator protein 1
BMPs bone morphogenetic proteins
CTLs cytotoxic T lymphocytes; 
ECM extracellular matrix
EGFR epidermal growth factor receptor
ERK1/2 extracellular signal-regulated kinases 1/2
GDFs growth and differentiation factors
Id inhibitor of DNA binding
JAK Janus kinase
JNK c-Jun N-terminal kinases
LAP latency-associated peptide
LIF leukemia inhibitory factor
LTBP latent TGF-β binding protein
MMP metalloproteinase
MT1-MMP membrane-type 1 matrix metalloproteinase
p38 MAPK P38 mitogen-activated protein kinases
R-Smads receptor-Smad proteins
SARA Smad anchor for receptor activation
STAT signal transducer and activator of transcription
TAK1 TGF-β-activated kinase-1
TGF-β transforming growth factor β
TMZ temozolomide
TNFα tumor necrosis factor α
TRAF TNF receptor associated factor
TβRI TGF-β type I receptor
TβRII TGF-β type II receptor
VEGF vascular endothelial growth factor

9.1  Introduction

Transforming growth factor-beta (TGF-β) is a multifunctional cytokine which regulates cell prolifera-
tion, differentiation and extracellular matrix production (Ferrer et al. 2018; Verrecchia and Mauviel 
2002). Additional members of TGF-β superfamily include: bone morphogenetic proteins (BMPs), 
activins (ACV) and Nodal proteins. The BMP family consists of 20 ligands, subdivided based on 
sequence similarity, and affinities for specific receptors into four subgroups: the BMP2/4, the BMP5–
7, the BMP9/10 and the GDF5–7 (growth and differentiation factor). BMP signaling can be modu-
lated by co-receptors such as endoglin and agonistic or antagonistic extracellular proteins such as 
BMPER (BMP-binding endothelial cell precursor-derived regulator). Nodal and Activins are secreted 
proteins, expressed during embryonic development and implicated in mesoderm formation and left- 
right axis specification (Shen 2007).

All TGF-β family members are synthesized as longer precursors with an N-terminal signal peptide 
followed by a large pro-domain (serving as a chaperone required for folding and secretion of the 
mature protein), a furin protease cleavage site, and a C-terminal mature polypeptide. The mature 
polypeptides are converted into disulfide bonds-linked dimers, which can interact with receptors and 
initiate the downstream signaling. In contrast to TGF-β, the activity of BMPs and activins depends on 
spatio-temporal regulation of their expression during development (Budi et al. 2017).

TGF-β and BMPs/GDFs form homo- and hetero-dimers that interact with combinations of type I 
and type II receptor dimers to produce multiple signaling complexes, leading to the activation of 
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SMAD transcription factors and gene expression (Massague et  al. 2005; Rider and Mulloy 2010; 
Schmierer and Hill 2007; ten Dijke and Hill 2004) (Fig. 9.1). The effects of distinct TGF-β isoforms 
depend on the type, differentiation state and physiological conditions of target cells (Bottner et al. 
2000). Functional analysis of genes in the TGF-β signaling pathway in mice, either lacking specific 
genes or expressing dominant negative forms of particular proteins, provided new insights into the 
signaling cascades, their interaction and specificity (Goumans and Mummery 2000).

Deregulation of TGF-β expression or signaling plays key roles in the pathogenesis of a variety of 
diseases, including cancer and fibrosis. During oncogenesis, the TGF-β signaling has a dual function. 
On the one hand, TGF-β acts as a strong inhibitor of proliferation of normal epithelial cells and astro-
cytes, and is considered a tumor suppressor factor. On the other hand, in some tumor types, and spe-
cifically in high-grade gliomas, TGF-β becomes an oncogenic factor (Massague 2008). Under 
physiological conditions, TGF-β is expressed at a very low level in the brain, and its expression 
strongly increases after injury (Lindholm et al. 1992). TGF-β inhibits proliferation of normal astro-
cytes, but loses its growth-inhibitory potential towards gliomas, due to alterations in the expression of 
cell cycle inhibitors. There is growing evidence that TGF-β is actively secreted by tumor cells in the 
later stages of cancer progression where it stimulates cell growth, invasion, and metastasis, while 
decreasing host immune responses against tumor. TGF-β is highly active in high-grade gliomas, and 
elevated TGF-β activity confers poor prognosis in glioma patients (Rich 2003; Penuelas et al. 2009). 
TGF-β induces cell proliferation and tumor progression through the induction of platelet derived 
growth factor-B (PDGF-B) in human gliomas (Bruna et al. 2007). TGF-β1 produced by glioma infil-
trating brain microglia/macrophages doubles glioma invasion in vitro and in vivo (Wesolowska et al. 
2008). TGF-β has been shown to cooperate with leukemia inhibitory factor (LIF) in inducing the self- 
renewal and preventing the differentiation of glioma initiating stem cells (Ikushima et  al. 2009; 
Penuelas et al. 2009). TGF-β leads to the Smad-dependent induction of LIF and the subsequent activa-
tion of the JAK-STAT pathway, specifically increasing the self-renewal capacity of glioma initiating 

Fig. 9.1 The TGF-β superfamily signal transduction. Members of the TGF-β superfamily signal via distinct type I and 
type II receptors, which induces conformational changes and activation of kinase domains of the receptors. Smad 2/3 
proteins are cytoplasmic transcription factors which are phosphorylated by a serine-threonine kinase associated with the 
receptor. Hetero-oligomeric complex of the R-Smad (receptor Smad proteins) associates with Smad 4, translocates to 
the nucleus and binds to specific DNA sequence in the promoters of target genes to regulate transcription. Four distinct 
type II, seven type I receptors and five R-Smads have been identified. ActR, activin receptor; ALK, activin-receptor- 
like-kinase; BMPR, BMP receptor; TβRI, TGF- β type I receptor; TβRII, TGF- β type II receptor
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stem cells but not normal human neural progenitors (Penuelas et al. 2009). Despite a large number of 
data regarding TGF-β expression in different brain tumors, the molecular mechanisms underlying the 
expression, signaling and specific roles of TGF-β in the pathogenesis of gliomas are not fully under-
stood. We summarize the data concerning molecular mechanisms of TGF activation, its signaling and 
role in glioma pathogenesis. Furthermore, we discuss advances in the development of molecular and 
pharmacological inhibitors of TGF-β signaling as cancer therapeutics.

9.2  A Brief Summary of Mechanisms of TGF-β Signaling in Normal 
and Malignant Cells

9.2.1  Components and Mechanisms of TGF-β Signaling

TGF-β is synthesized as a 55-kDa polypeptide, which forms a dimer shortly after production and is 
further cleaved in the Golgi apparatus by furine-like proteases to form a small latent TGF-β (Dubois 
et  al. 1995). The mature 25-kDa TGF-β protein is non-covalently bound to the latency-associated 
peptide (LAP) and the latent TGF-β binding protein (LTBP). TGF-β is secreted as an inactive complex 
and the appropriate LTBP targets the protein to specific locations in the extracellular matrix – ECM 
(Hyytiainen et al. 2004). The latent state prevents the cytokine from eliciting a premature response or 
until a target cell is reached. LTBPs are important for the final activation of the cytokine. The latency 
proteins also contribute to the cytokine stability: free TGF-β has a half-life of about 2 minutes, whereas 
the latent form – 90 minutes. In higher grade gliomas, the levels of the LTBP-1 are increased and the 
proteins secreted by malignant cells associate with ECM. The LTBP-1 release can be decreased by the 
inhibition of furine-like protease activity. Interestingly, overexpression of LTBP-1  in glioma cells 
increases TGF-β activity and Smad2 phosphorylation, while the LTBP-1 gene silencing has the oppo-
site effect (Tritschler et al. 2009).

TGF-β can be activated in an enzymatic process of LAP cleavage by plasmin (Grainger et al. 1995) 
or by thrombospondin-1, which also cooperates with the plasmin-mediated cleavage (Ribeiro et al. 
1999). In some cells, a latent TGF-β1 is found in association with the transmembrane protein GARP 
(glycoprotein A repetitions predominant) which anchors a latent TGF-β to the cell membrane (Budi 
et al. 2017). Other proteins participating in TGF-β activation in vivo include integrins (Annes et al. 
2004) and matrix metalloproteinases (membrane-type 1 matrix metalloproteinase, MT1-MMP) (Tatti 
et al. 2008). Therefore, activation of TGF-β is a multi-step, tightly controlled process necessary for the 
subsequent downstream signaling.

TGF-β signals through binding to the type II and type I serine/threonine kinase receptors (TβRII 
and TβRI, respectively), inducing their hetero-oligomerization and subsequent activation of specific 
intracellular signaling pathways (Groppe et al. 2008). Five type II and seven type I receptors, also 
termed activin-receptor-like kinases (ALKs), have been identified (Shi and Massague 2003) (Fig. 9.1). 
TGF-β first binds to TβRII and alters its conformation. TβRII phosphorylates the cytoplasmic domain 
of TβRI. Subsequently, phosphorylated type I receptors such as ALK1 and ALK5 directly phosphory-
late the receptor-regulated Smad (R-Smad) proteins on the C-terminal Ser-Ser-X-Ser motif. The phos-
phorylation is facilitated by adaptor proteins, including SARA (Smad anchor for receptor activation) 
and HRS/HGS (hepatocyte growth factor-regulated tyrosine kinase substrate) via the phospholipids- 
binding FYVE domain, acting as an adaptor during recruitment of R-Smad2 to the TGF-β receptor 
complex (Miura et al. 2000; Tsukazaki et al. 1998). Another adaptor protein is cPML (the cytoplasmic 
promyelocytic leukaemia), which promotes phosphorylation of receptor- Smad proteins (R-Smad) by 
ALK5 (Lin et al. 2004). Nodal and Activin bind to their common receptors, the Activin-like (Alk) type 
I receptors Alk4 and 7, with Cripto-1 as a co-receptor for Nodal signaling (Shen 2007). BMPs bind to 
type 1 (ALK1/3/6) receptors and type 2 (BMPRII, ActRIIA, ActRIIB) transmembrane receptors with 
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serine/threonine kinase (Pauklin and Vallier 2015). R-Smad phosphorylation is coupled to TGF-β 
receptor internalization (Penheiter et al. 2002).

The TGF-β/Activin/Nodal subfamily activates Smad2 and 3, whereas the BMP/GDF subfam-
ily functions mostly through Smad1, 5, and 8 (Goumans and Mummery 2000, Nakao et al. 1997) 
(Fig. 9.1). The MH2 (MAD-homology-2) domain is highly conserved among all Smad proteins 
and is responsible for receptor interaction, the formation of homo- and heteromeric Smad com-
plexes, and direct contact with the nuclear pore complex for shuttling to the nucleus. 
Phosphorylation of the two serine residues in the SXS motif of the MH2 domain activates R-Smad 
(Piek et al. 1999; Shi and Massague 2003). Once phosphorylated, R-Smads dissociate from the 
receptor/SARA complex and form an oligomeric complex with the common mediator, Smad4, 
whereupon they translocate to the nucleus and interact with Smad binding elements (SBE). The 
SBE is composed of the consensus palindromic sequence GTCTAGAC for Smad3 and Smad4 or 
GC-rich sequences present in certain promoters (Fig. 9.2). Smad proteins have poor affinity to 

Fig. 9.2 Activation of TGF-β type I and type II receptors (TβRI, TβRII) leads to activation of receptor kinases, phos-
horylation of receptor-Smad proteins (R-Smads), forming a complex with Smad4, which translocates to the nucleus. 
The pathway is regulated by the activity of the inhibitory Smad7. TGF-β can activate several mitogen activated protein 
kinases (MAPKs), including extracellular signal-regulated kinases (ERKs), c-Jun N-terminal kinases (JNKs), p38 
MAPK, phosphatidylinositol 3-kinase (PI3K) and protein kinaseB/Akt (PKB/Akt). The interaction with these MAP 
kinases may positively or negatively regulate Smad transcriptional activity
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DNA and have been shown to cooperate with a wide variety of high-affinity DNA-binding tran-
scription factors to regulate gene expression (Massague et  al. 2005; Moustakas et  al. 2001). 
Nodal ligands signal via the type I receptor ALK4/7 and the type II receptors ActRIIA and 
ActRIIB, as well as through Smad2/3 (Shen 2007). TGF-β- induced Smad signaling cooperates 
with different factors and signaling pathways, which offers versatile means to elicit various cel-
lular responses (Budi et al. 2017).

Besides the canonical TGF-β/Smad pathway, TGF-β can directly activate non-Smad signaling 
pathways (Moustakas and Heldin 2005; Zhang 2009), including induction of PI3K–Akt–mTOR sig-
naling, activation of small GTPases such as Ras, Rho, Rac and CDC42 (Edlund et al. 2002; Budi 
et al. 2017; Wilkes et al. 2003), and the mitogen activated protein (MAP) kinases. TGF-β activated 
kinase-1 (TAK1), a member of the MEKK family and activator of JNK and p38 MAPK, is activated 
by TGF-β (Yamaguchi et al. 1995). TβRI-induced phosphorylation of ShcA protein, which associ-
ates with adaptor Grb2 and Sos proteins, leads to the phosphorylation of extracellular signal-regu-
lated kinases (ERK), thereby initiating the well-characterized pathway and linking receptor tyrosine 
kinases with ERK MAP kinases (Lee et al. 2007). Activation of Ras, ERK1/2, and c-Jun N-terminal 
kinase (JNK) by TGF-β signaling have been reported in primary intestinal epithelial cells and some 
breast cancer cell lines (Mulder 2000). TAK1 and TAB1 have been demonstrated as upstream signal 
transducers activating the MKK3-p38 MAPK signaling cascade that leads to the induction of type I 
collagen expression by TGF-β1 in mouse glomerular mesangial cells (Kim et al. 2007). We reported 
that TGF- β1, which did not affect the viability or proliferation of human glioblastoma T98G cells, 
increased transcriptional responses exemplified by the induction of MMP-9 expression. TGF-β-
induced nuclear translocation of the SMAD3/SMAD4 complex and activation of SMAD-dependent 
promoter was paralleled by the selective activation of p38 MAPK, and phosphorylation of its sub-
strates: ATF2 and c-Jun proteins, leading to transient activation of AP-1 transcription factor 
(Dziembowska et al. 2007; Kaminska 2009). Selective activation of p38 MAPK, with no apparent 
activation of JNK after TGF-β stimulation, was detected in C2C12, Mv1Lu, and HaCaT cells 
(Hanafusa et al. 1999; Karsdal et al. 2003).

There are reports of interactions between Smad dependent and independent pathways. TGF-β1 or 
Smad7 overexpression induce apoptosis of human prostate cancer PC-3U cells by activation of the 
TAK1-MMK3-p38 MAPK pathway. Forced expression of dominant negative p38, dominant negative 
MKK3, or incubation with the p38 selective inhibitor prevented TGF-β1-induced apoptosis. The 
expression of Smad7 was required for TGF-β-induced activation of MKK3 and p38 kinases. 
Endogenous Smad7 could interact with TAK1 and MKK3 and phosphorylated p38  in a ligand- 
dependent manner, suggesting that Smad7 may act as a scaffolding protein, and facilitate TAK1- and 
MKK3-mediated activation of p38 (Edlund et al. 2003).

TGF-β1 may also influence cancer metabolism. TGF-β1 up-regulates PFKFB3 mRNA and protein 
expression (PFKFB3, 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatases), which results in an 
increase in fructose 2,6-bisphosphate concentration, glucose uptake, glycolysis and lactate production 
in T98G glioma cells. Increases in PFKFB3 mRNA and protein expression and Fru-2,6-P2 concentra-
tion are mediated by Smad3, p38 MAPK, and PI3K/Akt signaling (Rodríguez-García et al. 2017).

Mechanisms underlying non-canonical TGF-β signaling may involve the adaptor protein TRAF6, 
the ubiquitin ligase (E3), which interacts with a consensus motif present in TβRI and forms a complex 
required for TGF-β-induced autoubiquitylation of TRAF6 and subsequent activation of the TAK1-p38/
JNK pathway in a receptor kinase-independent manner. Activation of Smad2 is not dependent on 
TRAF6 (Sorrentino et  al. 2008). Furthermore, TβRI can be cleaved by TACE (TNF-α converting 
enzyme) in cancer cells and the liberated intracellular domain (ICD) of TβRI associates with the tran-
scriptional regulator p300 to activate genes involved in tumor cell invasiveness, such as Snail and 
MMP-2. The TβRI ICD was localized in the nuclei of different types of tumor cells in tissue sections, 
but not in normal epithelial cells (Mu et al. 2011).
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9.2.2  Negative Regulators of TGF-β Signaling

The Smad signaling pathway may be negatively regulated by the inhibitory Smad6 and Smad7 – 
(I-Smads) (Nakao et al. 1997; Itoh and ten Dijke 2007). While R-Smads form via the MH2 domain 
stable associations with activated type I receptors, inhibitory Smads act mainly to oppose this associa-
tion, thus preventing phosphorylation of R-Smads (Shi and Massague 2003; Miyazawa and Miyazono 
2017). R-Smads have a Ser-Ser-X-Ser (SSXS) motif at their C-terminus, which is phosphorylated by 
the type I receptors, whereas I-Smads and the co-Smad lack such a motif. Smad6 preferentially inhib-
its Smad signaling initiated by BMP type I receptors ALK-3 and ALK-6, whereas Smad7 inhibits both 
TGF-β- and BMP-induced Smad signaling (Shi and Massague 2003; Miyazawa and Miyazono 2017). 
A Smad7 mutant that fails to interact with TβRI retains its ability to inhibit TGF-β signaling (Kamiya 
et al. 2010). Other mechanisms by which I-Smads antagonize signaling include mechanisms such as: 
down-regulation of cell surface type I receptors, prevention of complex formation between R-Smads 
and co-Smads. I-Smads also regulate non-Smad signaling pathways induced by TGF-β family pro-
teins. I-Smad may block interactions with Smad4, preventing R-Smad–Smad4 complex formation; 
recruit E3-ubiquitin ligases Smurf1 and 2 to induce type I receptor ubiquitination and subsequent 
receptor degradation; directly repress Smad-induced transcriptional responses (Miyazawa and 
Miyazono 2017). Another important way of inhibition of the R-Smad function is through the recruit-
ment of transcriptional co-repressors such as c-Ski and SnoN. Co-repressors Ski and SnoN can be 
recruited to Smad binding elements in a Smad4-dependent manner and inhibit the basal expression of 
TGF-β-responsive genes such as Smad7 (ten Dijke and Hill 2004).

9.2.3  Transcriptional Responses Induced by TGF-β Signaling

All R-Smads (except Smad2) and Smad 4 bind DNA directly. The preferred binding site of the Smad3 
and Smad4 MH1 domains was defined as the SBE (Zawel et al. 1998). Smad binding to the SBE lacks 
selectivity, as Smads 1, 3 and 4 have a similar affinity for the SBE. Therefore, additional DNA con-
tacts are necessary for specific, high-affinity binding of a Smad complex to a target gene. Smads can 
achieve high-affinity, selective interactions with DNA by associating with DNA-binding partners, 
forming complexes of specific composition and geometry. Most of the Smad transcriptional partners 
identified to date, including Fast1, Mixer, Jun/Fos, Runx, ATF3, E2F4/5, are highly responsive to dif-
ferent stimuli (reviewed in Massague and Wotton 2000). Smad3 binds directly to the promoter region 
of c-myc through TGF-β inhibitory element and represses its transcription (Yagi et al. 2002). Global 
expression profiling and chromatin immunoprecipitation followed by sequencing  (ChIP-seq) have 
defined Smad target genes and binding sites in various cell types and demonstrated that those sites 
vary between cell types and differentiation stages (Mullen et al. 2011). Studies comparing Smad2 and 
Smad3 knockout mouse phenotypes and activation of TGF-β target genes, suggest that Smad2 and 
Smad3 have distinct roles and sets of transcriptional targets (Goumans and Mummery 2000). Smad2 
plays important roles in embryogenesis, whereas Smad3 regulates cell growth and cell migration after 
birth (Brown et al. 2007).

Smad-mediated transcription is affected by the presence of OCT4, SOX2 and NANOG transcrip-
tion factors in embryonic stem cells, interaction with other signal-induced factors, and interplay with 
transcriptional repressors and the polycomb group proteins (Gaarenstroom and Hill 2014). FAST-1 is 
a member of the winged-helix family of DNA-binding proteins and interacts with Smad2–Smad4 or 
Smad3–Smad4 complexes, but not with BMP-activated Smad complexes (Chen et al. 1998). Smad3–
Smad4 complex and an AP-1 (activator protein-1) complex synergize in the transcriptional activation 
from the c-Jun promoter by binding to separate sites located 120 bp apart from each other (Wong et al. 
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1999). Smads recruit the general co-activators p300 and CBP (Creb binding protein) that have histone 
acetyltransferase activity and may increase transcription of target genes by inducing chromatin 
remodeling (Massague and Wotton 2000; Gaarenstroom and Hill 2014). The requirement of BRG1/
SMARCA4, a component of the SWI/SNF nucleosome remodeling complex, to be recruited by 
Smad2/3 in response to TGF-β signaling has been demonstrated (Ross et al. 2006; Xi et al. 2008;).

TGF-β1 can activate its mRNA expression and thereby its own secretion in Smad-  and AP-1- 
dependent manner in many cell types, including glioma cells (Jachimczak et al. 1996; Jennings et al. 
1991; Kim et al. 1990; Van Obberghen-Schilling et al. 1988). There are three AP-1-binding elements 
contributing to TGF-β1 induction and antisense oligodeoxynucleotides against the AP-1 components 
c-jun and c-fos blocked autocrine TGF-β1-induced expression. The TGF-β cytostatic program involves 
transcriptional activation of the cyclin-dependent kinase inhibitors p21WAF1/Cip1 and p15Ink4b, 
and repression of transcription of genes encoding transcription factors c-myc and Id1-Id3 (inhibitor of 
DNA-binding 1–3) (Siegel et al. 2003). Negative regulators of TGF-β signaling such as I-Smads and 
SnoN are direct target genes of TGF-β and participate in negative feedback loops (Derynck and Zhang 
2003; Massague and Wotton 2000). The canonical model has been challenged in some studies employ-
ing global gene expression profiling and showing that a subset of TGF-β induced genes does not 
require Smad4 (Ijichi et al. 2004; Levy and Hill 2005).

The target genes controlled by the same Smad-cofactor complexes represent a synexpression 
group. An Id-like helix-loop-helix protein, a human homologue of Maid (HHM), is a synexpression 
group-restricted regulator of TGF-β signaling. HHM suppressed TGF-β-induced growth inhibition 
and cell migration, but not epithelial-mesenchymal transition. In addition, HHM inhibited TGF-β- 
induced expression of plasminogen activator inhibitor-type 1 (PAI-1), PDGF-B, and p21WAF, but not 
Snail. Olig1 is one of the Smad-binding transcription factors affected by HHM. Olig1 interacts with 
Smad2/3 in response to TGF-β stimulation, and is involved in transcriptional activation of PAI-1 and 
PDGF-B. HHM, but not Id proteins, inhibited TGF-β signaling-dependent association of Olig1 with 
Smad2/3 through physical interaction with Olig1. Thus, HHM appears to regulate a subset of TGF-β 
target genes, including the Olig1-Smad synexpression group (Ikushima et al. 2008).

The SKI-related proto-oncogene SNON (SKIL), that encodes a potent negative regulator of TGFβ- 
related signaling, physically interacts with SMAD2, SMAD3, and SMAD4, disrupts their assembly 
and prevents SMAD2 and SMAD3 from associating with the transcriptional co-activator p300/CBP. It 
recruits a nuclear receptor co-repressor (N-CoR) and histone deacetylase (HDAC). It keeps TGF-β/
Nodal/Activin target genes repressed. Upon activation of TGF-β/Nodal/Activin signaling, which 
occurs during mesendodermal differentiation, SNON and SKI are rapidly degraded by the protea-
some, exposing the SBEs and allowing for the binding of the activated Smad3–Smad4 complexes to 
gene promoters (Tsuneyoshi et al. 2012).

9.3  Deregulation of TGF-β Signaling in Gliomas

There is growing evidence that alterations in TGF-β signaling pathway components modify cancer 
risk. Approximately 14% of the general population carry TGFBR1*6A, a variant of the TGFBR1 gene 
that results in decreased TGF-β-mediated growth inhibition. Subsequent studies showed that the over-
all cancer risk is increased by 70% and 19% among TGFBR1*6A homozygotes and heterozygotes, 
respectively (Wang et al. 2012). The recent comprehensive study of TGF-β signaling network across 
33 different cancer types reported a list of 43 genes that encode proteins from the canonical TGF-β 
pathway: 3 TGF-β proteins, 8 bone morphogenetic proteins (BMPs) and 9 activin (ACV); 3 TGF-β 
receptors and 1 interacting protein (TGFBRAP1), 3 BMP receptors and 6 ACV receptors; 8 Smads; 
and 2 adaptor proteins (SPTBN1 and ZFYVE9) (Korkut et al. 2018). The frequency of mutations was 
generally low, but 39% of the tumors contained an alteration in at least one of the 43 core genes. 
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SMAD4 (4%) and SPTBN1 (4%) were the most frequently altered. Collectively, BMP ligands had an 
alteration frequency of 13% and SMAD-encoding genes had heterozygous deletion frequencies 
around 20%. Tumors rarely had more than one altered gene within a category (Korkut et al. 2018). 
Interestingly, there were no mutations in the canonical TGF-β pathway in glioblastomas.

Deregulation of the TGFβ signaling pathway could be due to altered expression of ligands, recep-
tors or intracellular mediators of the pathway. Up-regulation of TGF-β2 mRNA expression was 
observed in EGFRvIII-positive GBM patients and in astrocytoma U87MG cells overexpressing 
EGFRvIII as compared with wild type U87MG cells (Zhang et al. 2011c). The expression of down-
stream components of TGF-β signaling has been evaluated in glioma cell lines and glioma specimens 
and those analyses showed alterations in many components of this pathway. Early studies indicated 
that TGF-β1 induces endogenous PAI-1 protein synthesis, Smad binding element-(SBE)12- luciferase- 
reporter activity, as well as mRNA expression of SMAD6 and SMAD7 in all tested human glioma cell 
lines that suggested unaffected TGF-β signaling (Piek et al. 1999). On the other hand, high-grade 
human gliomas secrete TGF-β1, but are generally resistant to its growth inhibitory effects. Analysis of 
TGF-β1 effects on 12 human glioma cell lines showed that the cytokine mildly inhibited or had no 
effect on the cell growth, with exception of two cell lines, where it stimulated the growth. The major-
ity of glioma lines had homozygous deletions of the p15(INK4B) gene, only in three lines TGF-β1 
slightly induced p21WAF1/CIP expression.

Other studies have shown that expression of the SMAD2, SMAD3 and SMAD4 proteins was lower 
in tested glioma cell lines, while expression of the SMAD7 protein was similar to that in normal astro-
cytes. In particular, SMAD3 expression was low or very low in nine out of the 10 malignant glioma 
cell lines. Seven of the 10 glioma cell lines exhibited lower levels of nuclear translocation of SMAD2 
and SMAD3, and two cell lines expressing very low levels of SMAD3 showed no nuclear transloca-
tion. SnoN and Ski proteins are inhibitors of TGF-β signaling. All glioma cell lines expressed the 
inhibitory SnoN protein and its expression was not modulated by treatment with TGF-β1; three gli-
oma cell lines expressed high levels of the Ski protein. The expression of the p21WAF1/CIP, p15(INK4B), 
cyclin-dependent kinase-4 (CDK4), and cyclin D1 proteins was not altered by TGF-β1 treatment in a 
majority of glioma cell lines suggesting dysfunction of TGF-β-induced growth inhibitory signals 
(Zhang et al. 2006). The loss of p15INK4B, a cell cycle inhibitor, may explain, in part, the selective 
loss of TGF-β –induced growth inhibition in gliomas (Held-Feindt et al. 2003; Rich et al. 1999). Most 
glioma lines retained other TGF-β-mediated responses, such as extracellular matrix protein and angio-
genic factor secretion, which may contribute to increased malignant behavior.

9.4  Functions of TGF-β Signaling in Glioma Biology

9.4.1  TGF-β Signaling in Controlling Cell Proliferation

The TGF-β cytostatic program involves transcriptional activation of genes coding for the cyclin- 
dependent kinase inhibitors p21WAF1/Cip1 and p15Ink4b, and repression of c-myc and Id1-Id3 genes 
(Siegel et al. 2003, Seoane et al. 2004). Cooperatively, these gene responses mediate cell cycle arrest 
in the G0/G1 phase of the cell cycle. Mechanisms for Smad-mediated repression of c-myc and Id have 
been elucidated. A TGFβ inhibitory element (TIE) located between positions −92 and −63 relative to 
the c-myc P2 transcription start site mediates repression in response to TGFβ in human skin keratino-
cytes and mammary epithelial cells (Chen et al. 2002; Siegel et al. 2003). c-Myc, which binds to the 
p21Cip1 and p15Ink4b promoters in mitogen-stimulated cells, must be down-regulated before the 
p21Cip1 and p15Ink4b genes could be activated by TGF-β. c-Myc down-regulation by TGF-β renders 
those promoters competent for activation that requires another transactivation complex (Seoane et al. 
2001). FoxO proteins (Fox - members of the Forkhead box) have been identified as key partners of 
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SMAD3 and SMAD4 in the TGF-β-dependent generation of the p21Cip1 activation complex. FoxO- 
Smad complexes are inhibited by FoxG1, a distinct Forkhead family member, and the combined 
actions of FoxG1 and phosphatidylinositol 3-kinase (PI3K) signaling (negatively regulating Forkhead 
proteins) mediate resistance of human glioblastoma cells to TGF-β-induced growth inhibition. These 
three pathways — the SMAD, PI3K, and FoxG1 - converge on FoxO factors in the control of glioblas-
toma cell proliferation (Seoane et al. 2004).

9.4.2  TGF-β Signaling in the Regulation of Invasion

Gliomas are highly invasive, partly due to a unique structure of the brain parenchyma, composed 
mainly of hyaluronan and devoid of rigid protein barriers made up of collagen, fibronectin and 
laminin. Proteases induced and secreted during glioma progression such as matrix metalloprotein-
ases (MMPs), ADAMTS proteases (ADAMs with thrombospondin motifs), plasminogen activa-
tors (PAs), lysosomal cysteine peptidases called cathepsins cleave ECM components allowing 
tumor cells to spread and diffusely infiltrate the brain parenchyma. MMPs and ADAMTS cleave 
ECM components such as proteoglycans aggrecan, versican, neurocan and brevican with selective 
preferences. Cell surface proteases of the ADAM family, but also serine proteases, regulate the 
activity of growth factors and chemokines that subsequently act as stimulants in glioma microen-
vironment (Ferrer et al. 2018). The invasion of glioma cells into a brain tissue renders surgical 
resections difficult and contributes to the failure of current therapies (surgery, radiation and 
chemotherapy).

TGF-β1 is an important mediator of invasion in malignant gliomas. The effects of TGF-β1 on 
mobility and migration are associated with changes in the expression of ECM components, includ-
ing Tenascin C, fibronectin, laminin, vitronectin, MMP-2 and MMP-9 (Hau et  al. 2006; Platten 
et  al. 2001). Exogenous TGF-β1 directly increased the motility of glioma cells by enhancing 
expression of integrin α2, α5 and β3 subunits (Platten et al. 2000), as well as by up-regulating the 
activity of MMP-2, 9 and MT1-MMP (Wick et al. 2001). Downregulation of TGF-β2 expression 
with specific antisense oligodeoxynucleotides (ODNs) inhibited glioma migration and down-regu-
lated VERSICAN expression as determined by gene arrays (Arslan et al. 2007). Versican, a large 
multi-domain chondroitin sulfate proteoglycan, is a major component of the extracellular matrix. 
The largest splice variants of Versican, V0 and V1, are the predominant forms present in most gli-
oma cell lines. TGF-β2 has been shown to up-regulate expression the Versican V0/V1 isoforms and 
to modulate glioma migration (Arslan et  al. 2007). TGF-β2 was capable of increasing MMP-2 
activity and induced degradation of Versican V1. TGF-β1-induced migration and invasiveness of 
T98G glioblastoma cells were blocked by exposure to an ADAM17 inhibitor - TAPI-2. TGF-β1 can 
up-regulate ADAM17 mRNA, and protein expression and the ADAMTS-1 proteases are known to 
cleave Versican (Lu et al. 2011). Cleavage of Brevican, another member of the lectican family by 
ADAMTS-5 is involved in glioma invasion in vivo (Nakada et al. 2005). It is likely that TGF-β 
induces migration and invasiveness via up-regulation of ADAMs and MMPs expression and their 
activity leads to degradation of extracellular matrix proteoglycans (e.g. Aggrecan, Brevican and 
Versican).

Lactate dehydrogenase type A (LDH-A) is an important enzyme catalyzing pyruvate into lactate 
and is excessively expressed by tumor cells in response to a decrease of the extracellular pH, which 
leads to apoptosis of non-tumor cells and invasion of malignant cells. It has been found that lactate 
regulates TGF-β2 expression and glioma cell migration via induction of Thrombospondin-1. 
Moreover, TGF-β2 enhanced expression, secretion, and activation of MMP-2 and augmented the cell 
surface expression of integrin αvβ receptors (Baumann et al. 2009).
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9.4.3  TGF-β1 as Pro-angiogenic Factor

Genetic studies have revealed a role for TGF-β1 and its receptors in embryonic angiogenesis, the 
establishment and maintenance of vessel wall integrity (Pepper 1997). In gliomas, TGF-β1 acts as an 
angiogenic factor promoting neovascularization. TGF-β signaling stimulates the production of vascu-
lar endothelial growth factor (VEGF), which is a major stimulus in the promotion of angiogenesis, as 
well as plasminogen activator inhibitor (PAI-I) involved in the maturation of blood vessels (Goumans 
et al. 2002). Some studies demonstrated that hypoxia and TGF-β signaling pathways synergize in the 
regulation of the VEGF gene expression at the transcriptional level. This cooperation has been mapped 
on the human VEGF gene promoter within a region at −1006 to −954 that contains functional DNA- 
binding sequences for HIF-1 (hypoxia -inducible factor) and SMADs (Sanchez-Elsner et al. 2001). 
Gene expression profiling of GBM and low grade glioma vessels revealed increased VEGF-A and 
TGFβ2 signaling in the tumor microenvironment associated with many changes in gene expression 
noted in GBM vessels. An enrichment of Smad target genes within the distinct gene signature of 
GBM vessels was validated by detection of a significant increase of Smad complexes in the vascula-
ture of GBMs (Dieterich et al. 2012). A systematic analysis of TGF-β pathway activity and TGF-β- 
induced VEGF release in 9 long-term glioma cell lines and 4 GSCs cultures revealed interesting 
associations. Glioma cells displayed heterogeneous patterns of endogenous TGF-β pathway activa-
tion, having phosphorylated SMAD2 and SMAD3, but also SMAD1/5/8. Basal activation depended 
on the type I TGF-β receptor, ALK-5, accounted for up to 69% of constitutive VEGF release, which 
was regulated positively by SMAD2/3 and negatively by SMAD1/5/8 in a cell line-specific manner. 
Exogenous TGF-β induced the VEGF release in most cell lines in a SMAD- and ALK-5-dependent 
manner (Seystahl et al. 2015).

Furthermore, integrin-mediated activation of TGF-β by astrocytes may influence endothelial cell 
function. The integrin αvβ8 on human astrocytes is a major cell surface receptor for a latent TGF-β 
and acts as a central regulator of brain vessel differentiation and stabilization through regulation of 
TGF-β activation and expression of TGF-β-responsive genes, most notably PAI-1 and 
THROMBOSPONDIN-1 (Cambier et  al. 2005; Tchaicha et  al. 2011). Insulin-like growth factor- 
binding protein 7 (IGFBP7) is a selective biomarker of glioblastoma (GBM) vessels, strongly 
expressed in tumor endothelial cells and a vascular basement membrane. Conditioned media from 
human U87MG glioma cells up-regulated expression of IGFBP7 mRNA and protein in human brain 
endothelial cells. Addition of pan-TGF-beta-neutralizing antibody or the ALK5 antagonist, SB431542, 
blocked IGFBP7 expression, indicating that TGF-β1 is a tumor-secreted factor inducing IGFBP7 in 
endothelial cells (Pen et al. 2008).

9.4.4  A Role of TGF-β Signaling in Glioma Cancer Initiating Cells

Several studies have identified a rare subpopulation of cells with stem cell-like properties in gliomas 
(reviewed in Lathia et al. 2015). Glioma stem cells (GSCs), known also as glioma initiating cells, are 
considered to be cells responsible for the initiation, propagation, maintenance and recurrence of these 
tumors, indicating that therapies that target the GSCs might significantly improve the poor prognosis 
associated with gliomas (Chen et al. 2012). GSCs are characterized by the expression of neural stem 
cell (NSC) antigens such as Oct4, Sox2/4, Nanog and CD133, and possess the capacity of self- 
renewal, multi-lineage differentiation and the ability to generate spheres when cultured in a serum- 
free medium in a presence of epidermal growth factor (EGF) and basic fibroblast growth factor 
(bFGF). GSCs overexpress certain ATP-binding cassette transporters such as ABCG2 that can excrete 
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chemotherapeutic drugs such as temozolomide (TMZ) out of GSCs and cause drug resistance. The 
origin of GSCs is still debatable but data from animal glioma models suggest that GSCs could origi-
nate from the malignant transformation of NSCs or more differentiated glial/neuronal progenitors 
(Alcantara Llaguno et al. 2009), while others advocate for the notion that differentiated cells reverse 
to the less differentiated or stem cell state (Friedmann-Morvinski and Verma 2014). Elimination of 
GSCs from a bulk tumors is regarded as a prerequisite for developing successful therapeutic strategies 
against gliomas. In animal models, the eradication of GSCs effectively blocked tumor growth, and 
remaining tumor cells were non-invasive and lacked tumor growth potential (Chen et al. 2012).

Ikushima et al. demonstrated that autocrine TGF-β signaling plays an important role in the main-
tenance of stemness in GSCs (Ikushima et al. 2009). Treatment of GSCs with inhibitors of the TGF-β 
pathway reduced their potency to grow tumors as intracranial xenografs in immune-compromised 
mice. TGF-β preserved the stemness of these cells by inducing the expression of the transcription fac-
tor SOX4, which in turn induced a SOX2 gene. Further studies demonstrated that TGF-β has to coop-
erate with leukemia inhibitory factor (LIF) in inducing the self-renewal and preventing the 
differentiation of glioma initiating stem cells (Penuelas et al. 2009). TGF-β induced the self-renewal 
capacity of those cells, but not of normal human neural progenitors, through the Smad-dependent 
induction of LIF and the subsequent activation of the JAK-STAT pathway (Penuelas et al. 2009). A 
subset of human gliomas expresses high levels of LIF, which correlates with high expression of TGF- 
beta2 and neuroprogenitor cell markers (Penuelas et al. 2009).

Inhibition of TGF-β signaling in the glioma initiating cell population in human glioblastoma 
patients reduced the numbers and potential of GCSs. A population enriched in GSCs expressing high 
levels of CD44 and Id1 was found in a perivascular niche. The inhibition of the TGF-β pathway 
(blockade of TβIR) decreased the CD44high/Id1high cell population through reduction of Id1 and Id3 
transcription factors levels, inhibiting a capacity of those cells to initiate tumors. High CD44 and Id1 
levels were found to correlate with a poor prognosis in GBM patients (Anido et al. 2010). TMZ, an 
alkylating agent with anti-tumor efficacy for malignant gliomas, inhibited the invasion of glioma- 
initiating cells, down-regulated TGF-β2 expression at the mRNA and protein levels and reduced the 
TGF-β2-mediated invasion (Zhang et al. 2011a).

Glioblastoma-infiltrating microglia (brain resident macrophages) and peripheral macrophages 
(collectively known as GAMs), when exposed to a tumor, release TGF-β1 (Wesolowska et al. 2008). 
Ye et al. (2012) demonstrated that in primary human gliomas and orthotopical transplanted syngeneic 
gliomas, the number of GAMs at the invasive front correlates with the presence of CD133+ GSCs, 
and GAMs produce high levels of TGF-β1. Down-regulation of the TGF-β receptor II (TGFBR2) with 
short hairpin RNA inhibited the invasiveness of GSCs and mechanistically it was a consequence of the 
reduced expression of the metalloproteinase MMP-9 in GCSs depleted of TGFBR2 (Ye et al. 2012).

Interestingly, the ex vivo exposure of human GCSs to BMP4 eliminated the capacity of trans-
planted cells to form intracerebral tumors. Also, in vivo delivery of BMP4 effectively reduced the 
CD133+ population, blocked the growth of the human GBM cells and cured the animals. BMP4 
activated their receptors (BMPRs) and triggered the Smad signaling in cells isolated from human 
GBMs, which reduced proliferation and increased expression of markers of neural differentiation 
without affecting cell viability (Piccirillo et al. 2006). BMP4 enhanced differentiation and reduced the 
pool of GSCs (Ikushima et al. 2009). BMP7 variant (BMP7v) reduced the proliferation of cultured 
GCSs, and stem cell marker expression, while enhancing expression of neuronal and astrocyte dif-
ferentiation markers. BMP7v decreased tumor growth and stem cell marker expression in subcutane-
ous and orthotopic GSC xenografts. In the orthotopic model, BMP7v reduced invasion of cells to the 
brain parenchyma, impaired angiogenesis, and reduced mortality (Tate et al. 2012). While BMPs bind 
to type I and type II receptor homodimers and activate the Smad signaling, they phosphorylate distinct 
Smads1, 5, and 8, therefore downstream transcriptional responses are different. Altogether, those 
studies show an essential role of autocrine TGF-β signaling in the glioma initiating cell population in 
human GBMs, and indicate that inhibition of this signaling pathway or switch to BMP signaling path-
way could provide new strategies to eradicate GBMs.
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9.4.5  TGF-β Signaling in Tumor-Mediated Immunosuppression

TGF-β plays a crucial role in the escape of gliomas from the host immunity. The anti–tumor response 
in patients with glioma could be ineffective because of the loss of specific tumor antigens and shutting 
down activities of professional antigen presenting cells. TGF-β1 enhances this effect by inhibition of 
MHC class II expression on glioma cells, macrophages and microglia (Zagzag et al. 2005). TGF-β1 
exerts an immunosuppressive effect on all cells of the immune system by blocking differentiation into 
cytotoxic T lymphocytes (CTLs) and CD4+ cells, and their maturation to Th1 or Th2 phenotype (Beck 
et al. 2001; Chen et al. 2005; Jachimczak et al. 1993). TGF-β1 inhibits the generation of cytotoxic 
CD8+ T cell subpopulation and directly suppresses the expression of cytotoxic molecules such as 
Granzyme B and Perforin that are crucial for the cytolytic action of lymphocytes (Smyth et al. 1991). 
In CTLs TGF-β inhibits the expression of five genes coding for Perforin, Granzyme A, Granzyme B, 
Fas ligand, and Interferon γ that are crucial for CTL-mediated tumor cytotoxicity. Repression of 
Granzyme B and Interferon-γ involved binding of activated Smad and ATF1 transcription factors to 
gene promoter regions. Application of TGF-β neutralizing antibody in mice enabled tumor clearance 
and restored cytotoxic gene expression in antigen-specific CTLs (Thomas and Massagué 2005).

T regulatory cells (Treg), characterized by the expression of the forkhead box P 3 (Foxp3), are 
potent modulators of the anti-tumour responses. Tregs producing a cytokine IL-17 (named the IL-17+ 
Tregs) were found in high-grade glioma tissues. Those cells produced TGF-β. The proliferation of 
CD8+ T cells was suppressed by the IL-17+(Tregs, and this inhibitory effect was partially abrogated 
by neutralizing antibodies to TGF-β or IL-17 alone, and completely abrogated by neutralizing anti-
bodies against both cytokines (Liang et al. 2014).

TGF-β1 can also suppress activation of macrophages by down-regulation of TNFα, H2O2 and NO 
production, enhancing at the same time the production of the immunosuppressive cytokine IL-10 by 
macrophages (Maeda et al. 1995). TGF-β1 decreased the activating receptor NKG2D on the surface 
of natural killer (NK) cells and CD8+ T cells in glioma patients, rendering them less efficient at tumor 
cell killing (Crane et al. 2010). Interference with TGF-β1 or TGF-β2 expression by siRNAs prevented 
down-regulation of NKG2D on immune cells mediated by LNT-229 glioma-conditioned medium and 
strongly promoted their recognition and lysis by CD8+ T and NK cells. Mice bearing LNT-229 glioma 
cells deficient in TGF-β1 had NK cells with an activated phenotype (Friese et al. 2004).

Taken together, efforts to bypass TGF-β-mediated immunosuppression represent an attractive ther-
apeutic strategy for the treatment of gliomas. Due to multiple modes of TGF-β action, it is difficult to 
distinguish which anti-tumor effects of the inhibitors of TGF-β signaling are mediated via modulation 
of host immunity.

9.5  Molecular and Pharmacological Strategies to Interfere with TGF-β 
Signaling for Potential Therapeutic Intervention in Gliomas

9.5.1  Antibodies Inhibiting TGF-β Signaling

TGF-β signaling pathway has emerged as an attractive target in cancer and inhibitors of this pathway 
demonstrated promising activities in various preclinical and clinical cancer trials, showing a reduction 
of tumor growth and improvement in overall survival. Table 9.1 summarizes therapeutic approaches 
targeting the TGF-β pathway. Some anti-TGF-β strategies are based on blocking the interaction 
between the cytokine and its receptor, e.g. by an application of a soluble TGFIIR or human 
α2-macroglobulin plasma protein that binds TGF-β (Won et al. 1999). Two humanized monoclonal 
antibodies, CAT-192 specific to TGF-β1 and CAT-152 against TGF-β2, were promising in preclinical 
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trials for a treatment of fibrosis associated with nephropathy (Benigni et al. 2003) or as anti-scarring 
agents in glaucoma surgery (Mead et al. 2003). However, the CAT-152 mAb was not effective in pre-
venting the progression of fibrosis in patients undergoing glaucoma surgery in a phase III study (Khaw 
et al. 2007). Further development of CAT-192 by Cambridge Antibody Technology was abandoned in 
favor of a newly developed drug candidate – an anti-panTGF-β (α-TGF-β1, 2 & 3) monoclonal anti-
body GC-1008 (fresolimumab, Sanofi S.A.), which completed phase I and/or II in clinical trials 
involving patients with idiopathic pulmonary fibrosis (NCT00125385), and focal segmental glomeru-
losclerosis (NCT00464321; Trachtman et al. 2011; CT01665391; Vincenti et al. 2017). In patients 
with renal cell carcinoma and malignant melanoma, fresolimumab did no show toxicity and exerted 
anti-tumor activity in a phase I study (NCT00356460; Morris et al. 2014). In 2015, a PET imaging 
study revealed high penetrance of isotope-conjugated fresolimumab (89Zr-fresolimumab) into brains 
of patients with recurrent high-grade gliomas, but there was no clinically significant outcomes in 
disease progression (NCT01472731, den Hollander et al. 2015). In a recently completed radiotherapy- 
based phase II trial, GC-1008 in higher doses yielded positive outcomes for patients with metastatic 
breast cancer (NCT01401062; Formenti et al. 2018). Currently, fresolimumab is to be assessed in two 
phase I and/or II trials, one involving combination therapy with stereotactic radiotherapy (SARC- 
ATAC, Stereotactic Ablative Radiotherapy and anti-TGFβ Antibody Combination.) against non-small 
cell lung carcinoma (NCT02581787); and the other against ostegenesis imperfecta (NCT03064074).

A systemic inhibition of TGF-β signaling with another panTGF-β-neutralizing monoclonal anti-
body, 1D11, improved the therapeutic efficacy of glioma-associated antigen peptide vaccines in mice 
bearing orthotopic GL261 gliomas (Ueda et  al. 2009). The antibody was subsequently tested in a 
couple of bone disease murine models but never entered clinical investigation. A TGF-β neutralizing 
antibody targeting exclusively TGF-β1 and TGF-β2, XOMA-089 (XPA089), is being developed by 
XOMA Corporation/Novartis and is currently in a pre-clinical phase. The antibody has been used in 
a combination study with checkpoint inhibitor PD-1 in mice and improved the outcome of immuno-
therapy (Terabe et al. 2017). In the same study, researchers pointed the putative advantage of XPA089 
as a TGF-β1/2 inhibitor over pan-TGF-β inhibitors (e.g. fresolimumab) as a third isoform TGF-β3 
was reported to have had positive outcomes in breast cancer (Laverty et al. 2009), and its inhibition 
might not be desired. However, more recent reports suggest that TGF-β3 might be a gate-keeper of 
downstream signaling to other TGF-β isoforms and its inhibition may be a promising strategy in tar-
geting dysfunctional TGF-β signaling in GBM (Seystahl et al. 2017).

Another approach utilizing monoclonal antibodies has been developed by Eli Lilly & Co. The 
company has designed an inhibitor targeting a receptor TGFRII. LY3022869, also known as TR1 and 
previously as IMC-TR1, has yielded exceptional responses in murine models (Zhong et al. 2010), 

Table 9.1 Selected inhibitors of TGF-β signaling tested for glioma therapy

Agent Type
Development 
status Company References

Fresolimumab
GC-1008

TGF-β1,2 & 3 mAb Phase II Sanofi S.A. den Hollander et al. 
(2015)

Trabedersen
AP-12009

Oligonucleotide anti 
TGF-β2

Phase III Isarna 
Therapeutics

Hau et al. (2007))

LY550410
LY580276

Small molecule
TβRI inhibitor

Preclinical Eli Lilly & Co. Sawyer et al. (2004)

LY2109761 TβR I/II dual inhibitor Preclinical Eli Lilly & Co. Melisi et al. (2008)
SB-505124 Small molecule

TβRI inhibitor
Preclinical GlaxoSmithKline DaCosta et al. (2004)

SB-431542 Small molecule
TβRI inhibitor

Preclinical GlaxoSmithKline Hjelmeland et al. (2004)

Galunisertib
LY2157299

Small molecule
TβRI inhibitor

Phase II Eli Lilly & Co. Rodon et al. (2015)
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which prompted its introduction to the clinical investigation two years later. The drug candidate has 
completed phase I clinical trial in patients with solid tumors that failed standard therapies in 2014 
(NCT01646203); however, the main goal of the study was never achieved as infusions of the drug 
formulation evoked a strong cytokine release syndrome and forestalled maximum tolerated dose 
(MTD) determination (Tolcher et al. 2017).

9.5.2  Antisense Oligodeoxynucleotides and Short Interfering RNAs 
Inhibiting TGF-β Signaling

The phosphorothioate antisense oligodeoxynucleotides (ODN) specific to TGF-β2 were effective in 
blocking TGF-β2 expression in malignant gliomas, and reversing cytokine effects on lymphocyte 
proliferation and autologous tumor cytotoxicity (Jachimczak et al. 1993). The antisense oligonucle-
otide, trabedersen (AP 12009), specifically blocking TGF-β2 mRNA was tested in three phase I/II 
studies (NCT00844064) and a randomized, active-controlled dose-finding phase II study 
(NCT00431561). Trabedersen led to long-lasting tumor responses and promising survival data in 
high-grade glioma patients with recurrent tumor (Hau et al. 2007, 2011; Schlingensiepen et al. 2006, 
2008). Survival of modified C6 glioma cells transfected with the TGF-β2 antisense vector was 
improved (Liau et al. 1998) leading to phase I clinical trial of a TGF-beta antisense-modified tumor 
cell vaccine in patients with advanced gliomas (Fakhrai et al. 2006). Intracranial administration of 
antisense TGF-β2 ODNs with a systemic tumor vaccine improved the survival of 9 L glioma-bearing 
Fisher 344 rats (Liu et  al. 2007). In late 2008 trabedersen entered a phase III clinical study with 
patients with anaplastic astrocytoma (AA) or GBM (NCT00761280), with the aim to determine sur-
vival rate in comparison to a standard of care therapy with temozolomide. The study was terminated 
in 2012 due to insufficient patient numbers recruited for the trial (27 patients in total), leaving results 
of the study solely descriptive. The survival rate at 12 months for trabedersen was 57.1% compared to 
53.8% for TMZ, at 18 months 42.9% and 38.5%, respectively, and at 21 months 35.7% and 23.1%, 
respectively.

Strategies based on RNA interference are used to block TGF-β signaling in glioma cells. Blockade 
of cytokine expression using siRNA against TGF-β inhibited tumor cell migration, invasiveness and 
restored anti-tumor immune response in mouse gliomas (Friese et al. 2004). Vectors coding for short 
hairpin RNA (shRNA) that effectively silenced the expression of human TGF-β receptor Type II, 
abolished the TGF-β-activated SMAD signaling and reduced activation of the PAI-1 promoter in rat 
and human glioblastoma cells (Wesolowska et al. 2008). As of 2019, none clinical trials involving 
RNAi-based TGF-β pathway inhibitors have been registered.

9.5.3  Small Molecules Inhibitors of the Catalytic Activity of TGF-β Receptor 
Kinase

Many small molecule inhibitors of the catalytic activity of TGF-β receptor kinase have been devel-
oped. A group of competitive inhibitors of the ATP binding site of TGF receptor Type I kinase, such 
as LY550410, LY580276 (Eli Lilly & Co.) and SB-505124 (GlaxoSmithKline) has been designed. 
Such compounds consist of a domain with a hydrogen-bond acceptor (e.g. imidazole core, pyrozole 
ring or quinoline scaffold), which is essential for blocking kinase activity. Several studies demon-
strated the physiological efficacy of such molecules, as well as their kinase inhibitory activity (DaCosta 
et al. 2004, Sawyer et al. 2004). In 2016 Jiang et al. indicated an advantage of SB-505124 as a drug 
candidate owing to oral administration route due to high bio-compatibility in a pharmacokinetics 
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study in a rat model (Jiang et al. 2016). A small-molecule inhibitor SD-208 (an antagonist of TGF-β 
receptor I) significantly prolonged survival of glioma-bearing mice, enhancing the immunogenicity of 
glioma cells, while diminishing their migratory and invasion properties (Uhl et al. 2004). An anti- 
tumor efficacy of SD-208 was well documented in a metastatic melanoma mouse model, where it 
reduced melanoma bone metastases and prolonged survival of animals in the treated group compared 
to controls (Mohammad et al. 2011). Another small molecule inhibitor of the type I TGF-β receptor 
developed by GlaxoSmithKline - SB-431542 - blocked phosphorylation and nuclear translocation of 
SMAD proteins, abolished TGF-β-mediated up-regulation of critical genes, inhibited proliferation 
and motility of human glioma cells (Hjelmeland et  al. 2004). Interestingly, SB-431524 promoted 
murine and human dendritic cell maturation and cytokine production in vitro and, more importantly, 
significantly induced CTL activity against implanted intraperitoneally colon cancer tumor in vivo 
(Tanaka et al. 2010). SX-007, an orally active small-molecule TGF-β RI kinase inhibitor reduced the 
TGF-β-mediated invasion in cell cultures, reversed immune suppression, and improved the median 
survival in an in vivo SMA-560 glioma model (Tran et al. 2007). These findings are particularly inter-
esting in the context of enhancing the immunogenicity of tumors such as GBMs that are known to be 
poorly infiltrated by immune cells.

LY2109761, a TGF-β receptor type I and type II dual inhibitor, selectively inhibited SMAD2 sig-
naling and showed anti-tumor activity in various tumor models (Melisi et  al. 2008). LY2109761 
reduced clonogenic survival of U87 and T98 glioma cells, had anti-migratory and anti-angiogenic 
effects in Matrigel migration and tube formation assays. Furthermore, LY2109761 alone or in combi-
nation with fractionated radiation and TMZ delayed tumor growth in human xenografts growing 
subcutaneously in BALB/c nu/nu mice (Zhang et al. 2011b).

A panel of small molecule inhibitors of type 1 receptor serine threonine kinases (ALKs1–7), 
including inhibitors of the TGF-β pathway (SB-431542, SB-505124, LY-364947 and A-83-01) and 
the BMP pathway (Dorsomorphin and LDN-193189), has been developed and tested. The inhibitors 
of the TGF-β pathway were found to be more selective than the inhibitors of the BMP pathway, and 
SB-505124 was recommended as the best inhibitor of ALKs 4, 5 and 7 (Vogt et al. 2011).

Many of these small molecule blockers of TGF-β receptor kinase remain in the preclinical phase 
and serve as good and frequently very specific tools in elucidating outcomes of TGF-β pathway inhi-
bition in vitro and in vivo. However, a novel small molecule TGFβRI kinase blocker galunisertib 
(LY2157299, Eli Lilly & Co.) has recently emerged as a promising candidate for clinical testing and 
is still under active clinical investigation. Galunisertib has been registered for 23 clinical trials so far 
(mainly phase 1 and 2), targeting numerous cancers, including metastatic colorectal, metastatic pan-
creatic, recurrent NSCLC, triple negative breast, hepatocellular carcinoma, glioma and more. In a 
first-in-human dose (FHD) study initiated in 2005 for glioma patients (NCT01682187), galunisertib 
exhibited clinical response in 21.4% of enrolled patients, showing no cardiotoxicity, no secondary 
malignancies due to TGF-β inhibition and a generally favorable safety profile (Rodon et al. 2015). 
Interestingly, the same study reported a possible link between TGF-β signaling and an IDH1 mutation 
status as, similar to trabedersen, galunisertib evoked more profound clinical responses in patients with 
lower WHO grade gliomas, i.e. gliomas associated with IDH1 mutations. Safety and dosing of galu-
nisertib for glioma patients has been further investigated in two circumstantially initiated studies: one 
involving patients with recurrent glioma as a second-line treatment along lomustine (NCT01220271), 
the other involving patients with newly diagnosed gliomas as a first-line therapy combined with TMZ 
and radiotherapy (NCT01582269). The interim data released for the first study revealed no added side 
effects or toxicity for galunisertib and lomustine compared to lomustine alone (Carpentier et al. 2013). 
The interim data for the latter pointed preserved or elevated CTL levels in patients after galunisertib 
administration compared to patients treated with TMZ only (Wick et  al. 2013), pointing towards 
galunisertib- dependent alleviation of immunosuppression mediated by TGF-β pathway. Most recent 
reports indicate that galunisertib can modulate anti-tumor T cell activity alone and in combination 
with PD-1/PD-L1 checkpoint inhibitors (Holmgaard et al. 2018).
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Summarizing, the studies of antibodies, large or small molecules interfering with TGFβ signaling 
brought a plethora of promising results in preclinical studies, but did not fulfill its promise in more 
advanced clinical trials. Large–molecule antagonists of TGF-β signaling are considered to be more 
selective and have a broader action than small-molecule inhibitors. Despite earlier predictions of 
severe toxicity, neutralizing antibodies to TGF-β are well tolerated and have potent anti-metastatic 
activity. Si/shRNAs are recognized as a new class of potential therapeutics against a wide range of 
diseases, however delivering siRNA or shRNA specifically and efficiently into tumor cells in vivo 
remains a great challenge (Tiemann and Rossi 2009). Lentiviral or adenoviral-associated vectors 
expressing shRNA in cultured mammalian cells and in the whole animals may be a promising 
approach for a specific, efficient, and stable knockdown of various genes.
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Abstract STAT (signal transducers and activators of transcription) are latent cytoplasmic transcrip-
tion factors that function as downstream effectors of cytokine and growth factor receptor signaling. 
The canonical JAK/STAT signaling pathway involves the activation of Janus kinases (JAK) or growth 
factors receptor kinases, phosphorylation of STAT proteins, their dimerization and translocation into 
the nucleus where STATs act as transcription factors with pleiotropic downstream effects. STAT sig-
naling is tightly controlled with restricted kinetics due to action of its negative regulators. While 
STAT1 is believed to play an important role in growth arrest and apoptosis, and to act as a tumor sup-
pressor, STAT3 and 5 are involved in promoting cell cycle progression, cellular transformation, and 
preventing apoptosis. Aberrant activation of STATs, in particular STAT3 and STAT5, have been found 
in a large number of human tumors, including gliomas and may contribute to oncogenesis. In this 
chapter, we have (1) summarized the mechanisms of STAT activation in normal and malignant signal-
ing; (2) discussed evidence for the critical role of constitutively activated STAT3 and STAT5 in glioma 
pathobiology; (3) disclosed molecular and pharmacological strategies to interfere with STAT signal-
ing for potential therapeutic intervention in gliomas.

Keywords Cytokine and growth factor receptor signaling · Protein tyrosine kinases · STAT proteins 
· Gliomas · Transcription regulation
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GAS IFNg-activated sequence
GBM Glioblastoma multiforme
GSC Glioma stem cells
IFNg Interferon g
IRF IFN regulatory factor
ISRE IFN-a/b–stimulated response element
JAK Janus kinase
Mcl-1 Induced myeloid leukemia cell differentiation protein
MMP Metalloproteinase
ODN Oligodeoxynucleotide
PDGFR Platelet-derived growth factor receptor
PIAS Protein inhibitors of activated STAT
PTEN Phosphatase and tensin homolog
SH2 Src homology domain 2
SOCS Suppressors of cytokine signaling
STAT Signal transducers and activators of transcription
TMZ Temozolomide
VEGF Vascular endothelial growth factor
VEGFR Vascular endothelial growth factor receptor

10.1  Introduction

STATs (signal transducers and activators of transcription) are a family of latent transcription factors 
that are activated in response to intracellular stimuli. Seven STAT proteins have been identified 
(STATs 1, 2, 3, 4, 5a, 5b, 6), and the corresponding gene products share a high degree of similarity. 
Each STAT protein has a DNA binding domain, a src-homology 2 (SH2) domain necessary for homo- 
or heterodimerization and a conserved tyrosine residue 705, phosphorylated by tyrosine kinases 
(Kisseleva et al. 2002).

Over 40 different cytokines or growth factors can activate STAT signaling pathway. Upon binding 
of cytokines to cognate receptors on the surface of cells, receptors dimerize and thereby activate 
receptor-associated tyrosine kinases such as Janus kinases (JAKs) that phosphorylate the receptor 
cytoplasmic portion. STATs are also activated by growth factor receptors with the intrinsic tyrosine 
kinase activity exemplified by epidermal growth factor receptor (EGFR) or platelet-derived growth 
factor receptor (PDGFR). These kinases phosphorylate specific tyrosine residues in the cytoplasmic 
tail of the receptor, providing docking sites for the SH2 domain of inactive STAT monomers that are 
recruited to the activated receptors. Phosphorylated STAT dimers translocate to the nucleus and bind 
to a consensus DNA element upstream of regulated genes (Bromberg 2001; Bromberg and Darnell 
2000). Genes that are known to be regulated by STAT are involved in many fundamental biological 
processes, such as proliferation, apoptosis, angiogenesis and immune response (Yu and Jove 2004).

The activation duration of individual STATs is temporary and usually lasts from a few minutes to 
several hours under normal physiological conditions. However, numerous studies have demonstrated 
constitutive activation of STATs, in particular STAT1, STAT3, and STAT5, in a large number of 
diverse human tumor cell lines and tumors, including gliomas. Aberrant activation of STATs is a con-
sequence of constitutively activated cytokine receptor, most common by autocrine or paracrine 
expression of their respective ligands, mutation or overexpression of tyrosine kinase encoding genes 
or loss of endogenous inhibitors. Aberrations in these pathways, as those caused by the recently 
identified JAK2V617F mutation and translocations of the JAK2 gene, are underlying causes of leukemias 
and other myeloproliferative disorders (Jatiani et al. 2010).
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Significant progress in defining normal physiological functions of individual STAT proteins was 
derived from Stat knockout mice and/or by tissue-specific deletions. Stat3-deficient mice die during 
early embryogenesis in contrast to other Stat knockout mice. Conditional Stat3 gene targeting using 
Cre-loxP system (Takeda et al. 1998) allowed for analysis of tissue specific Stat3-deficient mice 
demonstrating its crucial role in a variety of biological processes such as wound healing, T-cell development, 
mammary gland development, cell growth, apoptosis or cell motility. All those studies demonstrated 
that STAT signaling is involved in a broad spectrum of fundamental processes such as embryonic 
development, organogenesis, innate and adaptive immunity, cell differentiation, growth, and apoptosis 
(Akira 2000). Constitutive activation of the STAT family members such as STAT3 and STAT5, and/or 
loss of STAT1 signaling, are found in a large group of diverse tumors.

10.2  A Brief Summary of Mechanisms of STAT Activation in Normal  
and Malignant Signaling

10.2.1  Mechanisms of STAT Activation

Upon binding of cytokines to cognate surface receptors, receptors dimerize and thereby activate 
receptor-associated tyrosine kinases, such as JAKs that phosphorylate the receptor cytoplasmic por-
tion. Receptors with intrinsic tyrosine kinase activity, such as PDGFR or EGFR, autophosphorylate the 
receptor cytoplasmic tail (Reddy et al. 2000). Tyrosine-phosphorylated receptors provide docking 
sites for the recruitment of cytoplasmic monomeric STAT proteins via their SH2 domains. In some 
cases, non-receptor tyrosine kinases of the Src family can participate in STAT activation. Oncogenic 
derivatives of cytoplasmic tyrosine kinases such as v-Src or Bcr-Abl can phosphorylate STATs 
independently of receptor engagement (Danial and Rothman 2000). The critical tyrosine (Y) residue 
in all STATs is required for SH2-phosphotyrosine interaction. Tyrosine phosphorylation regulates the 
dimerization of STATs which is prerequisite for the establishment of a classical JAK/STAT signaling 
pathway (Fig. 10.1). Other routes of STAT activation occurring through G-protein signaling and JAK 
activation have been reported following angiotensin binding to its 7-transmembrane receptor (Marrero 
et al. 1995; Vila-Coro et al. 1999) or RANTES (regulated on activation, normal T cell expressed and 
secreted) and MIP (macrophage inflammatory protein)-1α binding to shared chemokine receptors 
(Wong and Fish 1998).

Most STATs (except STAT2 and 6) were found phosphorylated also on serine residues in a stimulus-
regulated manner. The C-terminal part of STAT1 and STAT3, contains a serine (S) residue 727 phos-
phorylation site that enhances transcriptional activity (Decker and Kovarik 2000; Wen et al. 1995). 
Studies on murine fibroblasts revealed that candidate serine kinases for the phosphorylation of Stat3 
include the various mitogen-activated protein kinase family members (Decker and Kovarik 2000; 
Lo et al. 2003; Turkson et al. 1999). Inhibition of p38 and JNK (c-jun N-terminal kinase) activities 
suppresses constitutive Stat3 serine phosphorylation and Stat3-mediated gene regulation in Src-
transformed fibroblasts (Turkson et al. 1999). Recent studies demonstrated that PKCε (protein kinase 
C), a phosphatidylserine (PS)-dependent serine/threonine kinase, interacts with STAT3, integrates 
with MAPK (mitogen-activated protein kinase) cascade to phosphorylate Ser727, and increases both 
DNA-binding and transcriptional activity of STAT3 in skin, prostate cancers, T98G and MO59K gli-
oma cells (Aziz et al. 2010).

An active STAT dimer is formed through reciprocal interactions between the SH2 domain of one 
monomer and the phosphorylated tyrosine of other (Heim et al. 1995). Phosphorylated STATs dimer-
ize via reciprocal phosphotyrosine-SH2 domain interactions as homodimers, as seen with all STATs 
(except STAT2), or as heterodimers, as seen with STAT1/2, STAT1/3, and STAT5a/5b. Within minutes, 
the dimers translocate to the nucleus, interact with other transcriptional modulators bound to specific 
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promoter sequences and induce gene expression. Dimer-dimer interactions can occur via the NH
2
-

terminal portion of STATs to form tetrameric STAT molecules. Tetramerization of STATs contributes 
to stabilized DNA-binding activity on weak promoters (John et al. 1999). The DNA-binding domain 
in the center of the molecule determines DNA sequence specificity of individual STATs.

10.2.2  Negative Regulators of STAT Signaling

The activation of individual STAT proteins in normal physiological conditions is tightly controlled 
and usually lasts from a few minutes to several hours. STAT signaling is assumed to be terminated by 
dephosphorylation through nuclear tyrosine phosphatases (Lehmann et al. 2003) and/or through 
proteolytic degradation (Haspel and Darnell 1999). Because STAT1, STAT3, and STAT5 are often 
activated by the same ligand and/or intracellular tyrosine kinase, it has been suggested that cytoplasmic 
and nuclear proteins interact with common and unique elements to modulate STAT-specific responses.

A number of modulators of STAT signaling pathways have been described. The suppressors of 
cytokine signaling (SOCS) protein family can suppress STAT signaling by binding to and inhibiting 
JAKs (Croker et al. 2008). Eight proteins, cytokine-inducible SH2-domain-containing protein (Fuh 
et al. 2009) and suppressors of cytokine signaling 1–7 (SOCS-1-7), have been identified in the SOCS 
family so far. Expression of SOCS-1-3 and CIS is induced by cytokine or growth factor stimulation, 
and some of these proteins are transcriptionally regulated by STATs themselves, which directly antag-
onizes STAT activation as part of a classic feedback loop. In particular, SOCS1 is strongly involved in 
the IFNγ signaling and can associate with all known JAKs directly inhibiting their catalytic activity. 
SOCS3 in contrast do not directly interact with JAK kinases but needs to be recruited to phosphoty-
rosine residues of activated receptors, in particular gp130, leptin, growth hormone and erythropoietin 

Fig. 10.1 A scheme of STAT signaling pathway. Stimulation of cells with growth factors or cytokines results in dimer-
ization of their cognate receptors and activation of intrinsic receptor tyrosine kinase or receptor associated kinases such 
as JAKs or Src. These kinases phosphorylate specific tyrosine residues of the cytoplasmic tail of the receptor, providing 
docking sites for the SH2 domain of inactive, cytoplasmic STAT monomers that are recruited to the activated receptors. 
Oncogenic kinases such as Src or Abl can also phosphorylate STATs independently of receptor engagement. 
Phosphorylated STAT dimers translocate to the nucleus where through their DNA-binding domain bind with a consensus 
DNA element upstream of regulated genes. Genes that are known to be regulated by STAT are involved in many fundamental 
biological processes, such as proliferation, apoptosis, angiogenesis and immune response
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receptors (Nicholson et al. 2000). In addition, all SOCS members are thought to act as E3 ubiquitin 
ligases and to mediate proteasomal degradation of associated proteins (Yoshimura 2005). SOCS3 is 
frequently silenced by hypermethylation in human cancers (He et al. 2003).

The PIAS (protein inhibitors of activated STAT) represent another group of proteins blocking 
STAT signaling. Unlike SOCS proteins, which are expressed upon cytokine stimulation, PIAS1 
is constitutively expressed in a number of cell lines. PIAS bind only to activated STAT dimers 
and inhibit their DNA binding or their transactivating capacity by multiple molecular mecha-
nisms, including the recruitment of histone deacetylases, the promotion of the sumoylation of 
STATs, the induction of the dissociation of dimers, or the sequestration of transcription factors to 
subnuclear structures (Schmidt and Muller 2003; Shuai and Liu 2005). Overexpression of PIAS1 
and PIAS3, specific nuclear inhibitors of STAT1 and STAT3, respectively, suppressed gene tran-
scription mediated by these STATs (Chung et al. 1997; Liu et al. 1998). The constitutive expression 
of these molecules implies that their physiological function differs from that of SOCS proteins, 
which are induced in a classical negative feedback loop upon cytokine stimulation (Greenhalgh 
and Hilton 2001).

10.2.3  Transcriptional Targets of STATs

Differences in physiological properties of distinct STATs are largely attributed to their preferential 
activation by specific ligands, their binding to and activating specific genes. All of the STAT proteins 
bind a palindromic consensus sequence TTC(N)

2–4
GAA. The optimal binding sites for STAT1 and 

STAT3 have the same consensus TTCC(C/G)GGAA (Horvath et al. 1995), and the experimentally 
verified binding sites in genes share a consensus TTC(N)

3
GAA (Ehret et al. 2001). All STAT homodimers 

(with the exception of STAT2) differentially bind more than ten related IFNγ-activated sequence 
(Letimier et al.) elements that are characterized by the consensus sequence, TTNCNNNAA. A complex 
comprised of STAT1, STAT2, and IFN regulatory factor (IRF) nine binds to the IFN-α/β–stimulated 
response element (ISRE) (AGTTN

3
TTTC) (O’Shea et al. 2002).

For a few genes, including Socs3 regulation by both Stats via the same binding site was demonstrated 
(Ehret et al. 2001). However, the expression of a larger number of genes, including Myc (Ramana 
et al. 2000; Zhang et al. 2003), Bcl2l1 (Catlett-Falcone et al. 1999; Fujio et al. 1997), Icam1 and Ccl2 
(Fujio et al. 1997; Naik et al. 1997; Valente et al. 1998) was differentially affected by treatments 
that activate specific Stat. Binding sites specific for a particular Stat or a subset of them have been 
experimentally demonstrated. For example, the IFNγ-activated sequences(Letimier et al. 2007) of 
mouse Ly6E gene (Khan et al. 1993) was shown to bind preferentially to Stat1 homodimer, but not 
Stat3 homodimer or Stat1-Stat3 heterodimer (Horvath et al. 1995). The SIE (sis-inducible element) in 
the human FOS (Wagner et al. 1990) was shown to bind STAT1 and STAT3 (Horvath et al. 1995), but 
not STAT4 or STAT5 (Leong et al. 2003).

Studies on STAT null mice and transcriptional profiling has helped to clarify genes whose expression 
is controlled by STATs, and provided evidence that these transcription factors are clearly important 
for regulating a wide array of genes (Chen et al. 2003; Hoey et al. 2003; Lund et al. 2004). Immune, 
growth and apoptosis regulatory activities associated with STAT1-dependent gene transcription are 
mostly associated with the transcriptional regulation of IRF-1, MHC, FcγRI, Fas and FasL, TRAIL, 
cyclin-dependent kinase inhibitors, p21waf1 and caspase genes (Battle and Frank 2002; Ivashkiv 
and Hu 2004). Many studies have shown that the anti-apoptotic gene encoding Bcl-x

L
 protein is a 

downstream target of Stat3 (Bromberg et al. 1999) and Stat5 (Gesbert and Griffin 2000; Socolovsky 
et al. 1999). The cell cycle control gene c-Myc has been shown to be induced in response to Stat3 
signaling in v-Src-transformed NIH3T3 fibroblasts as well as through Stat5 activation (Bowman et al. 
2001; Lord et al. 2000).
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Recent results challenge a simple view that distinct STATs regulate discrete and non-overlapping sets 
of genes. In non-stimulated rat C6 glioma cells Stat1 and Stat3 proteins are expressed and phosphorylated 
to some extent (Fig. 10.2). Both proteins are strongly phosphorylated after a treatment with either 
IFNγ or IL-6. The IFN-α/β–stimulated response element (ISRE)-driven transcription was inhibited by 
the ISRE oligodeoxynucleotide decoys (ODNs) (Fig. 10.2). Furthermore, our studies employing 
ODNs and siRNA interfering with either Stat1 or Stat3 activity/expression suggest that Stat1 supports 
the basal expression of Stat3 target genes Bcl2l1 and possibly c-Myc in proliferating C6 cells (Adach-
Kilon et al. 2011). Also, studies on STAT3−/− cells showed that the immediate early genes Fos and 
Egr1 become STAT1 transcriptional targets in the absence of STAT3 (Schiavone et al. 2011). It suggests 
that the abrogation of STAT3 expression directs the STAT1 to transcribe new target genes, known to 
drive mitogen responses and tumor transformation.

Until recently, a technology did not permit the discrimination of genes that are regulated directly 
compared to indirect regulation. Recent analyses employing DNA chromatin immunoprecipitation 
followed by microarray technique (Chip-chip) brought new insight into the accurate determination of 
Stat1-DNA binding sites. Those studies revealed that Stat1 binds to many sites on chromosome 22 
and uncovered many new candidate target genes, not associated previously with IFN-responsive genes 
which are induced only in certain cell types and under specific conditions (Hartman et al. 2005; Wormald 
et al. 2006). Chromatin immunoprecipitation studies demonstrated that in the case of STAT4, known 
targets include Ifng, Il18r1, Il12rb2, Il2ra and Furin in Th1 lymphocytes (Letimier et al. 2007; O’Sullivan 
et al. 2004; Pesu et al. 2006; Thieu et al. 2008), whereas STAT6-bound genes include Il4, Gata3, and 
Ccl17 (Kubo et al. 1997; Wirnsberger et al. 2006).

Interactions with basic transcription co-regulators may modulate the functional specificity of indi-
vidual STAT. Induction of a subset of IL-6-responsive genes was found to be dependent on Brg1 
(Brahma-related gene 1). BRG1 protein is the ATPase subunits of the SWI/SNF complexes, chromatin 
remodeling proteins involved in altering local chromatin structure and facilitation of recruitment of 
essential transcription factors. BRG1 was required for STAT3 recruitment to the IFN regulatory factor 
(IRF) 1 promoter, downstream histone modifications, and IL-6-induced chromatin remodeling. 
Therefore, it has been suggested that BRG1 plays a role in mediating STAT accessibility at multiple 
cytokine-responsive promoters and may influence access of different STAT proteins to the same target 
(Ni and Bremner 2007). Interestingly, while both hBrm (human Brahma) and BRG1 interact with 
STAT1 in vitro, under normal conditions only hBrm is recruited by STAT1 to IFNγ-activated sequences 
of individual genes; while phosphorylated STAT1 mainly binds to BRG1 under stress conditions. 
Under basal conditions, hBrm exists in a mSin3/HDAC co-repressor complex associated with a compact 
chromatin structure. Upon heat-shock, the phosphorylated STAT1 binds and recruits BRG1 to the GAS, 
leading to induction of gene expression. This hBrm/BRG1 switch occurs at the GAS in specific cell types 
upon exposure to IFNγ (Zhang et al. 2010).

Furthermore, a wide variety of factors interacting with STATs exemplified by NF-κB, SMADs, c-Jun 
(Baker et al. 2008), Sp1 (Look et al. 1995), BRCA1 (Ouchi et al. 2000), etc. may antagonistically or 
synergistically influence the functional specificity of individual STAT.

10.3  Dysfunction of STAT Signaling in Gliomas

10.3.1  Constitutive Activation of STAT3 in Gliomas

Clinical and experimental studies show various expressions of STATs in gliomas. Immunohistological 
studies showed STAT1 expression in a majority of glioblastomas, but in tumor tissue the signal was 
mostly localized in the cytoplasm suggesting the predominant presence of an inactive form of STAT1. 
Within the infiltration area strong STAT1 expression was found in reactive astrocytes and in microglial 
components (Haybaeck et al. 2007). STAT3 was shown to be constitutively active, as assessed by tyro-
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Fig. 10.2 STAT signaling in rat C6 glioma cells. (a). The level of total and phosphorylated Stat1 and Stat3 in rat C6 
glioma cells untreated or exposed to interferon (IFN)-γ or IL-6 30 min after stimulation. Immunoblots were re-probed 
with an antibody recognizing β-actin to ensure equal loading. (b). A scheme of the experiment with ODN decoys. 
(c). Representative pictures show cells 4 h after transfection with the FITC-labelled ISRE decoys (13.4 nM) visualized 
by fluorescence microscopy. (d). The luciferase activity was measured in untreated cells or 24 h after co-transfection 
pISRE-luc with the indicated decoy at various concentrations. The bars indicate mean values of luciferase activity in a 
representative experiment (in triplicate). Arrows mark the ODN concentration (13.4 nM) selected for experiments. 
ISRE, IFN-α/β-stimulated response element
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sine phosphorylation status in malignant gliomas tumors and cell lines when compared with normal 
human astrocytes, white matter, and normal tissue adjacent to tumor (Mizoguchi et al. 2006; Rahaman 
et al. 2002; Schaefer et al. 2002). Experimental mouse gliomas express constitutively activated STAT3 
(Weissenberger et al. 2004). Many studies reported constitutive STAT3 activation, corresponding to 
high expression of STAT3 target genes such as Bcl2l1, Bcl-2 or Mcl-1 in glioblastoma cell lines 
(Iwamaru et al. 2007; Rahaman et al. 2002).

There is a controversy concerning potential correlation between activation STAT3 and histological 
glioma grade. While a nuclear staining for pSTAT3 reflecting its activation was detected by immuno-
histochemistry in 259 glioma samples of different grades, the positive rate was <9 % in high grade 
gliomas (Wang et al. 2004). On the other hand, immunohistochemical analysis of 55 glioma samples 
of different grades showed that STAT3 was constitutively activated in 28 % of low (I-II) and 60 % 
in high (III-IV) grade gliomas (Lo et al. 2008). Activation of STAT3 was essentially identical in 82 
malignant astrocytic gliomas (55 glioblastomas and 27 anaplastic astrocytomas) (Mizoguchi et al. 
2006). Measurements of the amounts of pSTAT3 in 15 human gliomas, five diffuse astrocytomas 
(WHO grade II), five anaplastic astrocytomas (WHO grade III), five glioblastoma multiforme (GBMs) 
(WHO grade IV) and in normal human brain by Western blot analysis showed the level of pSTAT3 
increased with malignancy being highest in GBM (Weissenberger et al. 2004). Interestingly, in low-grade 
human gliomas pSTAT3 was located in the nucleus, while in GBM activated STAT3 was localized 
to the nucleus and to plasma membrane (Weissenberger et al. 2004).

Recent investigation of prognostic relevance of activated STAT3 in a larger collection of patients 
with glioblastoma provided evidence that activation of STAT3 is linked with clinically more aggressive 
behavior. Glioblastoma patients with high or very high numbers of pSTAT3-positive tumor cells had 
significantly shorter overall survival than those with no or low numbers (Birner et al. 2010). The propor-
tion of grade III glioma cases with high or very high numbers of pSTAT3-positive tumor cells was 
similar to that in grade IV glioblastoma suggesting lack of association of STAT3 activation with tumor 
grade III glioma progression (Birner et al. 2010).

Immunohistochemical staining revealed markedly increased expression of STAT5b in GBM (57.1 %) 
compared with that in normal cortex (22.2 %) and diffuse astrocytoma (27.3 %) (Liang et al. 2009). 
Phosphorylated STAT5 was detected in primary gliomas, predominantly in the nucleus (Cao et al. 2010).

Studies using multiparameter flow cytometric cell sorting of ex vivo tumor specimens demonstrate 
the up-regulation of STAT3 and STAT5 in microglia sorted from GBM tumor specimens but not from 
meningiomas (Kostianovsky et al. 2008). Up-regulation of STATs in immune cells infiltrating gliomas 
may be involved in a complex network of inhibitory pathways, responsible for the GBM-mediated 
suppression of monocyte/microglial function (Hussain et al. 2007).

10.3.2  STAT Activation in Gliomas Results from Dysfunction in Control 
Mechanisms

While mutations of cytokine receptors and JAKs are rare, gain-of-function mutations of growth factor 
receptor kinases are quite common in human cancers including gliomas. The gene encoding EGFR 
and its constitutively activated variant, EGFRvIII, are often amplified and overexpressed in human 
adult gliomas. EGFRvIII is a product of rearrangement with an in-frame deletion of 801 bp of the 
coding sequence of the extracellular domain, resulting in a deletion of residues 6–273 and a glycine 
insertion as residue 6. EGFRvIII deletion results in a ligand-independent, constitutively active, and 
cell surface–retained receptor. Both EGFR and EGFRvIII are tumorigenic for gliomas and major 
targets for glioma therapy (Friedman and Bigner 2005; Nishikawa et al. 1994). Blocking of EGFR, 
but not PDGFR or SRC kinase activity, by pharmacological compounds markedly reduced the consti-
tutive activation of STAT3 in U251 glioma cells suggesting EGFR activation contributes to the 
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constitutive activation of STAT3 in those cells (Rahaman et al. 2002). Several studies demonstrated 
that three STAT3-activating kinases, JAK2, EGFR, and EGFRvIII, contribute to STAT3 activation. 
Constitutive STAT3 activation coexisted with EGFR expression in 27.2 % of primary high-grade glio-
mas. Combination of an anti-EGFR agent – Iressa and a JAK2/STAT3 inhibitor – JSI-124, synergisti-
cally suppressed STAT3 activation and potently killed glioblastoma cell lines expressing EGFR or 
EGFRvIII (Lo et al. 2008).

In addition to the tyrosine kinase EGFR, other tyrosine kinases known to activate STAT3 may be 
important in activating signaling pathways relevant to gliomagenesis. These proteins include SRC 
(Yu et al. 1995) and the endothelial receptor vascular endothelial growth factor receptor-2 (VEGFR2) 
(Korpelainen et al. 1999). Unlike STAT activation by PDGFR and EGFR, which activate both STAT1 
and STAT3, VEGFR2 did not activate STAT1.

GBM samples contain significantly higher levels of IL6 protein compared to those of control brains 
(Weissenberger et al. 2004). In U251glioblastoma cells STAT3 activation was in part caused by auto-
crine IL-6 , as neutralizing IL-6 antibodies reduced STAT3 activation by 70 % (Rahaman et al. 2002). 
A recent study demonstrates expression of the interleukin 6 receptor α (IL6Rα) and glycoprotein 130 
(gp130) in glioma stem cells (GSCs). Targeting IL6Rα or IL6 ligand expression in those cells with 
short hairpin RNAs (shRNAs) attenuated STAT3 activation indicating that STAT3 is a downstream 
mediator of pro-survival IL6 signals in GSCs (Wang et al. 2009).

Altered expression of negative regulators of STAT may contribute to their constitutive activation. 
SOCS1 and SOCS3 are aberrantly expressed in GBM cell lines and primary tissues. The promoter of 
SOCS1-2-3 was methylated in 24, 6.5 and 35 % of GBM, respectively, that resulted in reduced SOCSs 
expression (SOCS1-2-3 mRNA was reduced by 5, 3 and 7-folds, respectively) when compared with 
unmethylated GBM. Hypermethylation of SOCS3 promoter was significantly associated with an 
unfavorable clinical outcome (Martini et al. 2008). The other study demonstrated that 10 tested GBM 
cell lines lacked SOCS1 expression, whereas GBM cell lines and primary GBM tumor samples con-
stitutively expressed SOCS3. SOCS1 gene repression was linked to hypermethylation of the SOCS1 
genetic locus in GBM cells. Reintroduction of SOCS1 or blocking SOCS3 expression sensitized cells 
to radiation and decreased the levels of activated ERK in GBM cells (Zhou et al. 2007). Interestingly, 
assessment of the relationship between SOCS3 and EGFR aberrations revealed that SOCS3 promoter 
hypermethylation was inversely related to both the EGFR gene dosage as well as the EGFR protein 
expression (Lindemann et al. 2011). About 89 % of glioblastoma samples were found to be PIAS3 
negative and pSTAT3 positive. The ectopic expression of PIAS3 in a glioblastoma cell line caused the 
inhibition of the transcriptional activity of STAT3 (Brantley et al. 2008).

10.4  Functions of STAT3 in Gliomas

10.4.1  STAT3 as Oncogene

There is an accepted concept that STAT1 and STAT3, despite their similar structures, have antagonistic 
effects on cellular proliferation and apoptosis, with STAT3 acting like an oncogene and STAT1 
playing a role of tumor suppressor (Battle and Frank 2002; Bromberg and Darnell 2000; Stephanou 
and Latchman 2005). A first evidence for a potential oncogenic function of STAT3 came from findings 
showing its constitutive activation in Src-transformed cell lines (Bromberg et al. 1998; Turkson et al. 
1998). Further studies showed that STAT3C, a constitutively active mutant of STAT3, can transform 
cultured fibroblasts which form tumors when injected into mice (Bromberg et al. 1999). Therefore, 
STAT3 is considered to be one of the major mediators of tumorigenesis and numerous studies show 
how interfering with STAT3 signaling affects growth, survival and tumorigenicity of many tumors, 
including gliomas.
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U87-derived cell lines stably expressing a dominant negative mutant DN-STAT3 in hypoxia 
inducible manner failed to grow in mice due to impaired cell proliferation, survival and reduced 
angiogenesis. Mice implanted with DN-STAT3 expressing clones survived significantly longer than 
control mice (Dasgupta et al. 2009). Knockdown of STAT3 expression by RNAi suppressed growth, 
induced apoptosis and differentiation in glioblastoma stem cells (Li et al. 2010). Effects of STAT3 on 
cell cycle and proliferation were mediated through its ability to regulate the expression of Cyclin D1 
and c-Myc. Double-stranded decoy oligodeoxynucleotides which correspond closely to the STAT3 
response element within the c-Fos promoter blocked STAT3 signaling and subsequently inhibited cell 
proliferation by inducing apoptosis and cell-cycle arrest in two glioma cell lines U251 and A172 (Gu 
et al. 2005; Iwamaru et al. 2007; Lo et al. 2008). On the other hand, we found no reduction in viability 
of C6 glioma cells after a treatment with the STAT3 decoys or STAT3 silencing by siRNA (Adach-
Kilon et al. 2011).

Suppression of apoptosis by STAT3 is mediated through expression of various survival genes that 
are regulated by STAT3 such as Bcl2l1, Bcl-2, survivin, Mcl-1. Pharmacological inhibition of STAT3 
activation in glioma cells leads to down-regulation of survival-related genes and apoptosis (Iwamaru 
et al. 2007; Konnikova et al. 2003; Rahaman et al. 2002).

STAT3 plays also an important role in regulating tumor cell invasion. STAT3 is known to directly 
up-regulate the expression of matrix metalloproteinases: MMP-2 and MMP-9, involved in the degra-
dation of extracellular matrix. Inhibition of STAT3 activity impaired migratory and invasive potential 
of numerous glioma cell lines and decreased MMP-2 and MMP-9 transcription, and their proteolytic 
activity (Chen et al. 2010; Senft et al. 2010).

STAT3 was shown to be a direct transcriptional activator of the VEGF gene which is the most 
potent angiogenesis inducing signal. In gliomas VEGF is expressed in cells with activated STAT3 
(Lo et al. 2008) and activated STAT3 dramatically increases the transcription from the VEGF gene 
promoter (Schaefer et al. 2002). As enhanced expression of VEGFR leads to activation of STAT3, it 
suggests its participation in a VEGF/VEGFR autocrine loop facilitating angiogenesis in malignant 
gliomas (Schaefer et al. 2002).

Infiltration of immune cells into tumors, their switch to the alternative, pro-tumorigenic phenotype 
and formation of an inflammatory microenvironment support glioma progression (Gabrusiewicz 
et al. 2011). Cancer-associated inflammation is marked by the presence of specific inflammatory 
mediators, including numerous cytokines and chemokines. Recent evidence suggest a crucial role of 
STATs, in particular STAT3, in tumor-induced immunosuppression. Interference with STAT3 expression/
activity in tumor-infiltrating immune cells reduced tumor progression in animal models (Yu et al. 
2007, 2009). STAT3 signaling in innate immune cells is required for the immunsuppressive and tumor 
promoting effects of myeloid-derived suppressor cells and tumor-associated macrophages in several 
experimental models. STAT3 also modulates expansion of T regulatory cells in tumors and is neces-
sary for the development of TH17 T cells (Yu et al. 2009). Inhibition of STAT3 activity by JSI-124  
(a STAT3 inhibitor) promoted maturation of tumor infiltrating CD11c + dendritic cells and activation 
of tumor-conditioned cytotoxic T cells. Brain infiltrating lymphocytes isolated from JSI-124-treated 
mice exhibited enhanced expression of surface maturation markers such as MHC class II, CD40, 
CD80, CD86 on tumor infiltrating CD11c + dendritic cells. Moreover, in vivo JSI-124 treatment reduced 
CD11b+/Gr1+ myeloid suppressor cells and CD4+/CD25+ regulatory T cells in a murine GL261 
intracranial glioma model (Fujita et al. 2008). These data further support the hypothesis that systemic 
inhibition of STAT3 signaling can reverse the immunosuppressive environment in gliomas.

Furthermore, ex vivo STAT3 inhibition has been reported to activate T cell, monocytes and microglia 
isolated from glioma patients. Glioma-infiltrating microglia/macrophages expressed MHCII but 
lacked expression of the co-stimulatory molecules CD80, CD86 and CD40 critical for T-cell activation 
and were unable to stimulate T lymphocytes. Inhibition of STAT3 by WP1066 (a JAK inhibitor) 
resulted in up-regulation of CD80 and CD86 on both normal donor PBMCs and on tumor infiltrating 
microglia/macrophages isolated from GBM patients. Moreover, the treatment stimulated the production 
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of immune-stimulatory cytokines IL2, IL4, IL12, IL15 and induced proliferation of effector T cells 
(Hussain et al. 2007). Altogether, STAT3 targeting in tumor microenvironment seems to be an 
effective strategy to overcome glioma-induced immunosuppression and to induce anti-tumor immu-
nity in gliomas.

10.4.2  STAT3 as a Tumor Suppressor in Gliomas

Although most studies have highlighted the oncogenic function of STAT3 in non-brain tumors, recent 
data suggest that STAT3 may play both tumor suppressive and oncogenic function in glioma 
pathogenesis, depending on the genetic background of the tumor (de la Iglesia et al. 2008a, b, 2009). 
STAT3 has been shown to promote cell differentiation along the astrocytic lineage (Bonni et al. 1997; 
Rajan and McKay 1998). Stat3−/− mouse astrocytes displayed increased proliferation and invasiveness 
as compared to control astrocytes, indicating that STAT3 inhibits astrocyte proliferation and invasiveness. 
Although loss of Stat3 gene was not sufficient to transform astrocytes, combined with knockdown of 
the tumor suppressor PTEN led to malignant transformation (de la Iglesia et al. 2008b). Deficiency of 
PTEN triggered the cascade of events that inhibits STAT3 signaling in murine astrocytes and human 
glioblastoma tumors (de la Iglesia et al. 2008b). Reactivation of STAT3 in PTEN-deficient but not in 
PTEN-expressing glioblastoma cells inhibited their proliferation, invasiveness and spreading on 
myelin (de la Iglesia et al. 2008a, b). In a panel of human brain tumors, PTEN loss correlates tightly 
with down-regulation of LIFRβ and low levels of phosphorylated STAT3. These findings provide 
correlative evidence that PTEN loss and inhibition of LIFRβ-STAT3 signaling are linked in gliomas 
(de la Iglesia et al. 2008b).

We have performed a global analysis of phospho-STAT3 binding sites in rat C6 glioma cells by 
chIP-on chip and crossed putative STAT3 target genes with the profiles of gene expression in control 
and JAK/STAT3 inhibitor treated cells. The distribution of genes containing peaks for phospho-
STAT3, which demonstrates STAT3 binding to promoters, correlated (p < 10−10 in the Kolmogorov-
Smirnov test) with changes in gene expression induced by inhibition of STAT3 phosphorylation 
(mostly with expression increases). It suggests that STAT3 binding contributes mostly to negative 
regulation of target gene expression in proliferating C6 glioma cells (unpublished).

In contrast to STAT3 acting as a tumor suppressor in PTEN deficient cells, STAT3 acts as an oncogene 
in EGFRvIII-expressing cells. STAT3 was required for the malignant transformation of astrocytes that 
are both PTEN-deficient and express EGFRvIII, and physically associates with EGFRvIII within the 
nucleus. It has been suggested that nuclear EGFRvIII acts as a switch to convert STAT3 from 
the tumor suppressive to pro-oncogenic protein (de la Iglesia et al. 2008a). Thus, the role of STAT3 
as a tumor suppressive and oncogenic protein depends on the genetic background of the tumor.

10.4.3  STAT3 in Glioma Cancer Initiating Cells

A subpopulation of cells with stem-like features, glioma-initiating cells or glioma stem cells were 
identified in GBM (Singh et al. 2003, 2004; Yuan et al. 2004). Those cells are characterized by their 
ability to undergo self-renewal and to differentiate into neuronal, astroglial and oligodendroglial 
cells, are highly tumorigenic (Galli et al. 2004; Vescovi et al. 2006). STAT3 mediates self-renewal of 
pluripotent embryonic stem cells (Niwa et al. 1998; Raz et al. 1999) and is implicated in neurogenesis 
and gliogenesis in neural stem cells (Gu et al. 2005). Isolated glioma-initiating cells grow as anchorage-
independent spheres and express STAT3 phosphorylated on activating tyrosine and serine residues. 
Inhibition of STAT3 signaling in those cells with either small molecule inhibitors or RNAi inhibited 



214 K. Swiatek-Machado and B. Kaminska

cell growth and spheres formation (Sherry et al. 2009; Villalva et al. 2010), and sensitized cells to an 
anti-tumor drug – Temozolomide (Villalva et al. 2010). STAT3 has emerged as the important regulator 
of immunosuppressive pathway in glioma initiating cells (Hatiboglu et al. 2010). The inhibition of 
STAT3 did not alter the immunological phenotype of those cells, but reduced Treg induction, restored 
T-cell function and induced T-cell proliferation (Wei et al. 2010).

10.5  Molecular and Pharmacological Strategies to Interfere with STAT 
Signaling for Potential Therapeutic Intervention in Gliomas

A number of studies have focused on development of STAT3 inhibitors due to their expected 
therapeutic potential in cancer therapy. Therapeutic strategies for blocking STAT3 activity are based 
either on direct targeting of STAT3 protein or indirect targeting of the upstream components of the 
STAT3 signaling pathway (Table 10.1). Due to difficulties in designing specific inhibitors of particular 
kinases, problems with drug specificities and side effects, recent investigator’s efforts focused on 
developing direct STAT3 inhibitors. These include dominant negative STAT3 expression vectors, 
oligonucleotides decoys, small interfering RNA, peptides, peptidomimetics and small molecules 
inhibitors. Mechanism of action of these compounds is usually based on disruption of STAT3 dimer-
ization or STAT3 DNA binding activity (Turkson 2004).

Recently several direct STAT3 inhibitors have been successfully applied in glioblastoma. Two non-
peptide, cell-permeable, small molecules, termed LLL3 and LLL12 were developed using structure-based 
drug design (Fuh et al. 2009; Lin et al. 2010). Computer modeling with docking simulation showed that 
these compounds bind directly to the phosphoryl tyrosine 705 binding sites of STAT3 monomer. Both 
compounds inhibit STAT3 phosphorylation and downstream STAT3 target genes that results in reduced 
cell viability and induction of apoptosis (Fuh et al. 2009; Lin et al. 2010). LLL12 is a more potent inhibitor 
of cell viability than previously described JAK2 inhibitor WP1066 (Iwamaru et al. 2007), with half maxi-
mal inhibitory concentration values 0.21 and 0.86 μM for U87-MG and U373-MG, respectively (Lin et al. 
2010). Furthermore, both inhibitors demonstrated very potent activity in vivo. The U87 glioblastoma 
tumor-bearing mice treated with LLL3 or LLL12 had smaller intracranial tumors and LLL3 treated mice 
exhibited prolonged survival relative to vehicle treated mice (28.5 vs 16 days) (Fuh et al. 2009).

A dimerization-disrupting phosphopeptide sequence derived from the SH2 domain-binding region 
of STAT3, PY*LKTK (where Y* represents phosphotyrosine) and its tripeptide derivatives PY*L and 
AY*L, were developed as inhibitors of STAT3 activation and biological function. Specific peptidomi-
metics selectively disrupt STAT3 DNA-binding activity in vitro and interfere with STAT3 DNA binding 
and a reporter gene activity in Src-transformed fibroblasts (Turkson et al. 2001, 2004).

Table 10.1 STAT3 inhibitors tested in preclinical/clinical trials in glioblastomas
Inhibitor Postulated mechanism References

LLL3 Inhibition of DNA binding Fuh et al. (2009)

LLL12 Inhibition of DNA binding Lin et al. (2010)

Peptides aptamers Disruption of STAT3 dimerization Borghouts et al. (2008)

ODN Inhibition of DNA binding Gu et al. (2008), Shen et al. 
(2009)

AG490 JAK1/2 inhibition Rahaman et al. (2002)

WP1066 JAK2 inhibition Iwamaru et al. (2007)

JSI-124 JAK2 inhibition Lo et al. (2008), Su et al. (2008)

Curcumin JAK1/2 inhibition Weissenberger et al. (2010)

ZD6474 VEGFR, EGFR inhibition Yiin et al. (2010)

Sorafenib Multikinase inhibition Yang et al. (2010)



21510 STAT Signaling in Glioma Cells

Dimerization of STAT3 proteins can be blocked by peptide aptamers, short, usually 12 to 20 amino 
acids in length, peptides that specifically bind to a target protein. Peptide aptamers specifically 
interacting with the STAT3 dimerization domain were selected from a peptide library by an adaptation 
of the yeast two-hybrid procedure (Nagel-Wolfrum et al. 2004). Purified recombinant peptide aptamer, 
tagged with a protein transduction motif of nine arginine and fused with thioredoxin as a scaffold 
protein, was cell-permeable and selectively induced growth inhibition and apoptosis of glioblastoma 
cells (Borghouts et al. 2008). Currently, peptides aptamers represent one of the most effective 
approaches to disrupt STAT3 function in vitro with half maximal inhibitory concentration values for 
glioblastoma cells <1 μM. No prior knowledge of the structure of the target protein is required and 
their binding ability is not limited to preexisting small molecular weight compound binding pocket 
(Borghouts et al. 2008). However, if the peptide aptamers are considered for in vivo usage, limitations 
such as stability and permeability of the fusion protein must be optimized.

Another approach developed for direct STAT3 targeting are oligodeoxynucleotides decoys, a 
short, synthetic DNA carrying the cognate DNA-binding sites of transcription factor (Yu and Jove 2004). 
STAT3 decoy-ODN inhibited the binding of STAT3 to DNA and altered the downstream gene 
expression in U251 and A172 glioma cell lines (Gu et al. 2008). Intratumorally administrated STAT3 
decoy-ODN significantly suppressed the growth of glioma by inhibiting proliferation and promoting 
apoptosis in xenografts (Shen et al. 2009). Our studies on different tumor cells, including rat C6 and 
human T98 glioma cells demonstrated lack of significant STAT3 decoy-ODN effects on the expression 
of endogenous, STAT dependent genes and cell survival (Adach-Kilon et al. 2011 and unpublished). 
Although such nucleic acids based strategy works well in cell culture and in animal model, it might 
be limited in terms of their clinical development as therapeutic agents.

Indirect inhibition of STAT3 can be achieved by disruption of the ligand-receptor interaction at the 
extracellular surface or by blocking upstream tyrosine kinases that are responsible for its activation. 
A plethora of small molecule inhibitors of JAK, Src or EGFR has been shown to effectively block 
STAT3 signaling, inhibit glioma proliferation and induce apoptosis (Heimberger and Priebe 2008). 
These STAT3 inhibitors display marked efficacy in murine glioma models, including intracerebral 
tumors. The mechanism of this in vivo efficacy of the STAT3 blockade agents is a combination of direct 
tumor cytotoxicity and immune cytotoxic clearance (Hussain et al. 2007; Iwamaru et al. 2007).

One of the first reports showing that STAT3 is a valid target for therapy of glioblastoma came from 
a study with AG490, the JAK1/2 inhibitor. A treatment with AG490 reduced a constitutive STAT3 
activation, inhibited proliferation of cultured U251 GBM cells and induced apoptosis by reducing the 
steady-state level of Bcl-x

L
, Bcl-2 and Mcl-1 anti-apoptotic proteins (Rahaman et al. 2002). Inhibition 

of the JAK/STAT3 signaling pathway impedes the migratory and invasive potential of human glioblas-
toma cells. Treatment with AG490 reduced migratory and invasive potential of five different glioblastoma 
cell lines that was paralleled by a decrease in transcription of MMP-2 and MMP-9, and their reduced 
proteolytic activity (Senft et al. 2010).

WP1066 was designed by modifying the structure of AG490 and inhibited STAT3 activation by 
blocking JAK2. It showed selective cytotoxicity toward cultured malignant glioma U87-MG and 
U373-MG cells in lower doses than AG490 and significantly inhibited the growth of subcutaneous 
tumors generated from U87-MG in mice (Iwamaru et al. 2007). Although the subcutaneous glioma 
model was used, the concentration of the compound in the brain was 10 times higher than in the plasma 
after intraperitoneal treatment, indicating a good penetrance of the blood–brain barrier. Furthermore, 
WP1066 reversed immune tolerance in immune cells isolated from GBM patients (Hussain et al. 2007).

Interestingly, the traditional herbal medicine cucrubitacin I (JSI-124) is a selective inhibitor of 
JAK kinase and STAT3 signaling. JSI-124 induced G2/M arrest and apoptosis of GBM cell lines via 
down-regulation of Cyclin B1 and Cdc2 expression (Lo et al. 2008; Su et al. 2008). Combination of 
JSI-124 and dasatinib (Src family kinase inhibitor) synergistically decreased cell proliferation and 
viability, and had a significant effect on cell migration exceeding those observed with either drug alone 
(Premkumar et al. 2010). Another naturally occurring, dietary compound, displaying the inhibitory 
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potential toward JAK signaling is curcumin. Curcumin was shown to suppress malignant glioma 
growth in vitro with induction of G2/M arrest and attenuation of migratory and invasive behavior. 
In vivo, curcumin reduced growth of intracranial gliomas and proliferation of tumors cells but failed 
to increase survival of glioma-bearing mice (Weissenberger et al. 2010).

The multikinase inhibitors such as sorafenib, sunitib or vandetanib that are already in clinical trials 
were shown to mediate the antitumor effects by reducing STAT3 activity. ZD6474 (ZACTIMA, 
vandetanib) is an inhibitor of various receptor tyrosine kinases, in particular VEGFR2 and EGFR. 
ZD6474 inhibited growth and survival through attenuation of STAT3 phosphorylation, Akt, and 
Bcl-x

L
 expression in glioma cells expressing EGFRvIII but not in cells with non-detectable 

EGFRvIII (Yiin et al. 2010). Vandetanib was used in the phase I of clinical trial in children with 
newly diagnosed diffuse intrinsic pontine glioma (Broniscer et al. 2010). Sorafenib (BAY43-9006, 
Nexavar) is an oral multikinase inhibitor originally developed to Raf and receptor tyrosine kinase 
signaling. Sorafenib (≤10 μmol/L) inhibited cell proliferation and induced apoptosis of U87 and 
U251 glioma cell lines, and two primary cultures (PBT015 and PBT022) from human glioblastomas. 
The effects of sorafenib were associated with inhibition of STAT3 phosphorylation. Overexpression 
of a constitutively activated STAT3 partially blocked the effects of sorafenib. The level of phos-
phorylated JAK1 was reduced in U87 and U251 cells, whereas phosphorylated JAK2 was down-regu-
lated in primary cultures (Yang et al. 2010). Glioma pathogenesis involves abnormalities in many 
cellular pathways, thus molecularly targeted therapies with multikinase inhibitors may provide clinical 
benefits in the treatment of glioblastomas.

Currently, the major approaches to treating glioma are surgical resection, radiotherapy, and 
adjuvant chemotherapy. The combination of oral cytotoxic chemotherapy with concomitant 
radiotherapy has been shown to improve survival of patients with glioblastoma (Stupp et al. 2005). 
However, GBM cells often develop resistance to ionizing radiation (IR) and chemotherapeutics, 
rendering therapy ineffective. Therefore, increasing cell sensitivity to radiation and chemotherapy 
could significantly increase therapeutic outcome. Attempts to sensitize GBM cells to radiation have 
focused on the use of broadly acting inhibitors of kinases known to be mutated or amplified in glio-
mas. In particular, targeting EGFR has been shown to sensitize GBM cells to IR (Stea et al. 2003; 
Zhou et al. 2007). Expression of DN-STAT3 sensitized U87 cells to the cytotoxic effects of IR 
(Zhou et al. 2007). Moreover, suppression of STAT3 with siRNA enhanced radiation-induced 
growth inhibition in a U251 glioma model. Simultaneous inhibition of STAT3 and ErbB2 combined 
with radiotherapy led to the most significant reduction of tumor growth (Gao et al. 2010). Inhibition 
of STAT3 with JSI-124 sensitized malignant glioma cells to TMZ (temozolomide), the most com-
monly used agent in the therapy of GBM and alykalating agents (cisplatin or 1,3 bis(2chlorylethyl)-
1-nitrosourea) (Lo et al. 2008). When STAT3 expression/activity was blocked by either shRNA 
or Sttatic (a direct STAT3 inhibitor) in glioma initiating stem cells, the treatment with IC20 
concentration of TMZ decreased proliferation rate by 50 % in comparison to untreated cells 
(Villalva et al. 2010).

While an array of STAT3 inhibitors that induce antitumor effects cultured cells and animal models 
have been identified, most of the STAT3 inhibitors reported to date have not undergone an in vivo 
efficacy, pharmacology or toxicity testing (Yue and Turkson 2009). Overall, there is a need for 
re-examination of the ongoing strategies to target STAT3 intended not only for refinement, but also to 
incorporate newest technologies to transform current compounds into clinically useful anticancer 
therapeutics.
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Chapter 11
Cannabinoid Signaling in Glioma Cells

Aleksandra Ellert-Miklaszewska, Iwona A. Ciechomska, and Bozena Kaminska

Abstract Cannabinoids are a group of structurally heterogeneous but pharmacologically related 
compounds, including plant-derived cannabinoids, synthetic substances and endogenous cannabi-
noids, such as anandamide and 2-arachidonoylglycerol. Cannabinoids elicit a wide range of central 
and peripheral effects mostly mediated through cannabinoid receptors. There are two types of specific 
Gi/o-protein-coupled receptors cloned so far, called CB1 and CB2, although an existence of additional 
cannabinoid-binding receptors has been suggested. CB1 and CB2 differ in their predicted amino acid 
sequence, tissue distribution, physiological role and signaling mechanisms. Significant alterations of 
a balance in the cannabinoid system between the levels of endogenous ligands and their receptors 
occur during malignant transformation in various types of cancer, including gliomas. Cannabinoids 
exert anti-proliferative action in tumor cells. Induction of cell death by cannabinoid treatment relies 
on the generation of a pro-apoptotic sphingolipid ceramide and disruption of signaling pathways cru-
cial for regulation of cellular proliferation, differentiation or apoptosis. Increased ceramide levels lead 
also to ER-stress and autophagy in drug-treated glioblastoma cells. Beyond blocking of tumor cells 
proliferation cannabinoids inhibit invasiveness, angiogenesis and the stem cell-like properties of gli-
oma cells, showing profound activity in the complex tumor microenvironment. Advances in transla-
tional research on cannabinoid signaling led to clinical investigations on the use of cannabinoids in 
treatments of glioblastomas.

Keywords Cannabinoids · Apoptosis · Autophagy · ER-stress · Gliomas
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2-AG 2-arachidonoylglycerol
AEA  anandamide
 arachidonoylethanolamide
Akt protein kinase B/Akt
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CB2 cannabinoid receptor type 2
CBD cannabidiol
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CHOP the C/EBP-homologous protein
DAG diacylglycerol
eIF2α eukaryotic translation initiation factor 2α
ER endoplasmic reticulum
ERK1/2 extracellular signal-regulated kinase 1/2
FAAH fatty acid amide hydrolase
GSC glioma stem-like cells
IP3 inositol 1,4,5-trisphosphate
LPS lipopolysaccharide
MAPK mitogen-activated protein kinase
MEK MAP kinase-ERK kinase
MGL monoacylglycerol lipase
mTORC1 mammalian target of rapamycin, complex 1
NAPE N-arachidonylphosphatidylethanolamide
PI3K phosphatidylinositol 3-kinase
PIP2 phosphatidylinositol 4,5-bisphosphate
PKA protein kinase A
PKC protein kinase C
PLC phospholipase C
TRB3 pseudo-kinase tribbles homologue 3
TRPV1 transient receptor potential cation channel subfamily V member 1, capsaicin or 

vanilloid receptor
WIN55,212-2 synthetic cannabinoid
Δ9-THC (−)-trans-Δ9-tetrahydro-cannabinol

11.1  Introduction

Preparations from Cannabis sativa, the hemp plant, have been used for centuries for both medicinal 
and recreational purposes (Howlett et al. 2002; Mackie 2006). Isolation of the active components of 
the plant, called cannabinoids, in 1960s, as much as subsequent cloning of cannabinoid receptors, 
discovery of their endogenous ligands and development of synthetic cannabinoids contributed to an 
intensive burst of cannabinoid research. Along with our expanding comprehension of mechanisms of 
cannabinoids action, targeting cannabinoid signaling for therapeutic purposes has inevitably emerged 
as an interesting area of scientific and clinical investigations.

One of the most extensively studied applications of cannabinoids is their potential use as anti- 
cancer agents. Anti-proliferative effects of cannabinoids have been reported in various cultured cancer 
cells, including neural, breast, prostate, skin, thyroid cancer cells and leukemia cells. Several studies 
demonstrated anti-tumor activity of cannabinoids in animal models (Guzman 2003). Since the first 
publication by Sanchez and co-workers in 1998, providing evidence that cannabinoids are effective in 
inducing glioma cell death, a growing interest of several groups, including ours, has been focused on 
understanding of molecular mechanisms of cannabinoid signaling in glioma cells and therapeutic 
potential of cannabinoids in glial tumors (Sanchez et al. 1998).

Signaling pathways and intracellular processes underlying cannabinoid action on glioma cells are 
reviewed here. Due to the number of studies carried out in the recent years on mechanisms of anti- 
proliferative effects of cannabinoids, these mechanisms are described in details. This chapter includes 
a brief overview of the endocannabinoid system, canonical signal transduction pathways coupled to 
the activation of cannabinoid receptors as well as data on alterations in the endocannabinoid system 
in gliomas, which may be of importance for tumor pathobiology and patient prognosis. We provide a 
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comprehensive up to date summary of reported changes in the cannabinoid receptor expression, the 
endocannabinoid levels and activity of the enzymes involved in the endocannabinoid metabolism in 
these tumors. We also describe the latest findings on cannabinoid action in the tumor microenviron-
ment. Beyond blocking of tumor cells proliferation cannabinoids were shown to inhibit angiogenesis 
as well as invasiveness and the stem cell-like properties of neoplastic cells in glioma tumors. We also 
report on current scientific and clinical data relevant to the use of cannabinoids in treatments of 
glioblastomas.

11.2  Cannabinoids and Their Receptors

Cannabinoids are a group of structurally heterogeneous but pharmacologically related compounds 
classified into three subtypes: plant-derived, synthetic and endogenous cannabinoids (Fig.  11.1). 
Plant-derived cannabinoids (phytocannabinoids) are uniquely found in the cannabis plant. Although 
the pharmacology of the majority of them is unknown, (−)-trans-Δ9-tetrahydrocannabinol (Δ9-THC) 
is recognized as the most potent out of approximately 70 identified phytocannabinoids. Various modi-
fications of the chemical structure of natural cannabinoids led to generation of a still growing set of 
synthetic cannabinoids. Exogenous cannabinoids mimic the action of endogenous compounds, known 
as endocannabinoids, ubiquitously produced in both vertebrate and invertebrate tissues.

Fig. 11.1 Chemical structures of cannabinoids. Plant-derived Δ9-THC ((−)-trans-Δ9-tetrahydrocannabinol), endocan-
nabinoids: anandamide (N-arachidonoylethanolamine) and 2-arachidonoylglycerol, synthetic cannabinoids JWH133, 
selective for non-psychoactive CB2 receptor ((6aR,10aR)-3-(1,1-Dimethylbutyl)-6a,7,10,10a-tetrahydro-6,6,9- 
trimethyl- 6H-dibenzo[b,d] pyran), and WIN55,212-2, a CB1/CB2 receptor agonist ((R)-(+)-[2,3-Dihydro-5-methyl-3-
(4-morpholinylmethyl)pyrrolo[1,2,3-de]-1,4-benzoxazin-6-yl]-1-naphthalenylmethanone)

11 Cannabinoid Signaling in Glioma Cells
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Two arachidonic acid derivatives, arachidonoylethanolamide (anandamide, AEA) and 
2- arachidonoylglycerol (2-AG) are the best characterized endogenous cannabinoids, although some 
other amides and esters of long chain polyunsaturated fatty acids also exhibit cannabimimetic proper-
ties. Endocannabinoids are produced as rapidly inactivated lipid mediators and their levels are strictly 
controlled by a transporter system and hydrolyzing enzymes (Fig. 11.2). Biosynthesis of endocan-
nabinoids is activated “on demand”. AEA is produced from lipid membrane precursors upon the 
stimuli that increase intracellular concentrations of calcium. Increased calcium levels activate 
N-acyltransferase, the enzyme generating an AEA precursor N-arachidonylphosphatidylethanolamide 
(NAPE), which is then hydrolyzed by NAPE phospholipase D.  Separate mechanisms have been 
described for 2-AG, which is most likely produced through the phospholipase C/diacylglycerol lipase 
pathway. Contribution of the alternative pathways for endocannabinoid synthesis, which were delin-
eated in other tissues, to the brain pool of AEA and 2-AG remains to be elucidated (Lu and Mackie 
2016). Endocannabinoid production and release by glial cells may underlie the neuroprotective prop-
erties of cannabinoids in experimental models, however its physiological significance is still unknown.

Although endocannabinoids, lipophilic in nature, can freely cross cell membranes, evidence sug-
gests the existence of mechanisms facilitating endocannabinoid internalization. Endocannabinoids 
are transported into cells by a purported high-affinity membrane transporter to undergo enzymatic 

Fig. 11.2 The endocannabinoid system. Two arachidonic acid derivatives, anandamide (AEA) and 2-arachidonoyl 
glycerol (2-AG), are produced by cleavage of lipid precursors in response to increased calcium levels or receptor stimu-
lation. AEA is generated from N-arachidonoylphosphatidylethanolamine (NAPE). NAPE originates from transfer of 
arachidonic acid from the sn-1 position of 1,2-sn-diarachidonoylphosphatidylcholine (PC) to phosphatidylethanol-
amine (PE), catalyzed by a Ca2+-dependent N-acyltransferase (NAT). NAPE is cleaved by phospholipase D (PLD) to 
release AEA and phosphatidic acid. 2-AG is synthesized in two steps via generation of 1-acyl-2-arachidonoylglycerol 
(diacylglycerol, or DAG) form phospholipids (such as phosphatidylinositol-4,5-bisphosphate PIP2) by phospholipase C 
(PLC) and subsequent hydrolysis of DAG by a diacylglycerol lipase (DGL). AEA and 2-AG are rapidly removed from 
the extracellular space possibly through a common purported high-affinity transporter (AMT), a carrier possibly work-
ing in both inward and outward directions. Once taken up by cells, AEA is a substrate for the fatty acid amide hydrolase 
(FAAH), which breaks the amide bond and releases arachidonic acid (AA) and ethanolamine (EtNH2). 2-AG is primar-
ily degraded by a specific monoacylglycerol lipase (MGL). Both AEA and 2-AG bind to and activate CB1 and CB2 
receptors; however, AEA is a weaker agonist than 2-AG at CB1 and is only a partial agonist at CB2. The transient 
receptor potential cation channel subfamily V member 1 (TRPV1) is another key molecular target of AEA, but impor-
tantly not of 2-AG. The binding site of TRPV1 receptors for AEA is on an intracellular domain. All elements of the ECS 
are located in the plasma membrane except from FAAH, which is bound to intracellular membranes, and MGL, which 
is cytosolic
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hydrolysis. Two degradative enzymes for endocannabinoids have been best described so far: the fatty 
acid amide hydrolase (FAAH) and monoacylglycerol lipase (MGL), responsible mainly for AEA and 
2-AG degradation, respectively (Fig. 11.2). FAAH and MGL exhibit a wide distribution in different 
structures of the rat and human central nervous system, but are mostly confined to neurons. FAAH is 
primarily a postsynaptic enzyme, whereas MGL localizes to presynaptic terminals. There are conflict-
ing data on the expression of endocannabinoid metabolizing enzymes in glial cells in the normal 
brain. FAAH is increased in hypertrophic astrocytes surrounding AD plaques or inflammatory infil-
trates but is not detected in other types of glial cells (Pazos et al. 2005). MGL can be found in oligo-
dendrocytes at different developmental stages, however in cultured oligodendrocyte progenitor cells 
(OPCs) MGL expression was lower than during maturation stages, suggesting that the increased lev-
els of 2-AG are required for OPCs differentiation (Gomez et al. 2010). Interestingly, an alternative 
pathway for AEA degradation is via oxidation by cyclooxygenase 2 (COX-2). The differences in 
structure between arachidonic acid and anandamide are sufficient to allow the development of COX-2 
inhibitors that inhibit anandamide oxidation without affecting prostaglandin formation. Furthermore, 
COX-2 is reasonably selective for anandamide over other acyl ethanolamides, so its inhibition offers 
a more selective way to increase anandamide compared with inhibition of FAAH (Hermanson et al. 
2014). 2-AG degradation can be also mediated by alpha/beta domain containing hydrolase 6 (ABHD6) 
and alpha/beta domain containing hydrolase 12 (ABHD12) (Lu and Mackie 2016).

Cannabinoids elicit a wide range of central and peripheral effects, which are mediated mostly 
through cannabinoid receptors (Howlett et  al. 2002). There are two types of specific seven- 
transmembrane, Gi/o-protein-coupled receptors cloned so far, called CB1 and CB2 (Fig.  11.2, 
Fig.  11.3), although an existence of additional cannabinoid-binding receptors has been suggested 
(Howlett et al. 2002; Stella 2004). CB1 and CB2 differ in their predicted amino acid sequence, tissue 
distribution and expression pattern. Overall homology between CB1 and CB2 is remarkably low (e.g. 
44% for human and 68% for murine receptors) with significant disparities in the domains, which 
interact with G proteins and effector proteins. Thus, quite expectedly two cannabinoid receptors were 
shown to play distinct physiological roles and share only some common signaling mechanisms.

Many of the effects of cannabinoids rely on the CB1 receptor activation. CB1 is particularly abun-
dant in discrete areas of the brain, such as cortex, hippocampus, basal ganglia and cerebellum, as well 
as in peripheral nerve terminals, where it mediates inhibition of neurotransmitter release and is 
involved in the control of motor activity, memory, cognition, appetite and sensory perception. CB1 is 
also present in some extra-neural sites, such as testis, uterus, vascular endothelium, eye, spleen, and 
tonsils, controlling processes such as vascular tone, intraocular pressure and immune response 
(Howlett et al. 2002). Glial cells have been shown to express CB1 receptors, although their precise 
function in astrocytes, oligodendrocytes and microglia has been only partly unveiled.

By contrast, the CB2 receptor is predominantly expressed in cells and organs of the immune sys-
tem (Howlett et al. 2002). The role of peripheral CB2 receptor activation under physiologic conditions 
is not well defined. CB2 signaling is involved in B-cell differentiation and modulation of immune 
response. Increased levels of CB2 are reported in tissues during development, inflammation, injury 
and cancer, revealing a critical role for the CB2 receptor in regulating these processes (Howlett et al. 
2002). The CB2 receptor was believed to be absent from healthy brain, however, its expression has 
been detected in microglia - brain macrophages (Stella 2004; Gong et al. 2006), as well as in a small 
subpopulation of neurons (Gong et al. 2006; Van Sickle et al. 2005). Animal experiments show that 
CB2-selective agonists do not induce widespread psychoactive effects attributed to activation of the 
CB1 receptor (Guzman 2003; Valenzano et al. 2005).

Extensive molecular studies have demonstrated that activation of the CB1 and CB2 cannabinoid 
receptors upon agonist binding is canonically linked to inhibition of adenylyl cyclase via the α-subunit 
of Gi/o-protein. The consequent decrease in cyclic AMP (cAMP) production leads to down-regulation 

11 Cannabinoid Signaling in Glioma Cells



228

Fig. 11.3 Mechanisms of anti-tumoral action of cannabinoids. Increased ceramide synthesis de novo via induction of 
serine palmitoyltransferase (SPT) plays a central role in cannabinoid-induced cell death. Signals from CB1 via adaptor 
protein FAN (factor associated with neutral sphingomyelinase activation) trigger also the ceramide production from 
sphingomyelin breakdown, catalysed by neutral sphingomyelinase (SMase). Stimulation of cannabinoids receptors 
leads to inhibition of adenylyl cyclase (AC), reduction of cAMP levels and decreased protein kinase A (PKA) activity. 
Inhibition of PKA and pro-survival pathways (Akt and ERK signaling) stimulates translocation of Bad to the outer 
mitochondrial membrane and its pro-apoptotic function. Interaction between Bad and Bcl-2 triggers a decrease of the 
mitochondrial membrane potential (ΔΨ) and release of pro-apoptotic factors (such as cytochrome c) to the cytosol, 
where apoptosis is executed by caspase cascade. Alternatively, induction of apoptosis by cannabinoids can be mediated 
by ER (endoplasmic reticulum)-stress and autophagy. Cannabinoid-induced phosphorylation of eIF2α (eukaryotic 
translation initiation factor 2α) and subsequent up-regulation of the stress-regulated protein p8 and ER-stress-related 
downstream targets: ATF4 (activating transcription factor 4), CHOP (the C/EBP-homologous protein) and TRB3 (trib-
bles homologue 3) leads to inhibition of Akt, an upstream activator of mTORC1. Decreased activity of Akt/mTORC1 
pathway contributes to initiation of autophagy, that precedes apoptosis of glioma cell
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of protein kinase A (PKA) and impedes PKA – dependent signaling. The CB1 receptor, acting as a 
guardian on presynaptic membranes, is coupled to ion channels, inducing for example inhibition of 
voltage-gated L, N- and P/Q Ca2+ channels and activation of G-protein activated inwardly rectifying 
K+ channels (Howlett et al. 2002). Cannabionoids have been also reported to affect several pathways 
that are more directly involved in the control of cell proliferation, differentiation and survival. 
Depending on a cell type and treatment conditions, signaling via cannabinoid receptors is linked to 
activation or inhibition of phosphatidylinositol 3-kinase (PI3K)/Akt pathway. Stimulation of either 
CB1 or CB2 receptor results in activation of three classes of mitogen-activated protein kinases 
(MAPKs): extracellular signal-regulated kinase (ERK), c-Jun N-teriminal kinase (JNK) and p38 
MAPK. Cannabinoid receptors are also coupled to activation of phospholipase C and a subsequent 
release of Ca2+ from inositol-1,4,5-trisphosphate (IP3)-sensitive stores, as well as to modulation of the 
sphingomyelin cycle (Howlett et al. 2002; Guzman 2003).

There is an increasing number of data suggesting that additional receptors act as targets for can-
nabinoids. Peroxisome proliferator-activated receptors (PPARs), G-protein coupled receptor 55 
(GPR55), transient receptor potential cation channel subfamily V member 1 (TRPV1, also known as 
capsaicin or vanilloid receptor) and member 2 (TRPV2) have been shown to be activated by cannabi-
noids, including Δ9-THC, another phytocannabinoid  – cannabidiol (CBD), and endogenous 
AEA. However, the precise role of these receptors in cannabinoid signaling is a subject of ongoing 
research (Mackie and Stella 2006; Lu and Mackie 2016).

11.3  Cannabinoid System in Gliomas

Endocannabinoids, their receptors and specific machinery involved in biosynthesis, uptake and deg-
radation constitute the endocannabinoid system (ECS). A growing array of data suggests that altera-
tions of a balance in the cannabinoid system between the levels of endogenous ligands and their 
receptors occur during malignant transformation in various types of cancer, including gliomas 
(Table  11.1). While non-transformed astrocytes express only the CB1 cannabinoid receptor, both 
types of functional cannabinoid receptors have been found in several established human glioblastoma 
cell lines, as well as in primary cultures derived from the most malignant brain tumor, glioblastoma 
multiforme (GBM) (Howlett et  al. 2002; Galve-Roperh et  al. 2000; Sanchez et  al. 2001). 
Immunohistochemical analysis of low and high grade human glioma surgical specimens revealed 
increased CB2 receptor expression in tumor cells, invading microglia/macrophages and endothelial 
cells of the tumor blood vessels, as compared to non-tumor brain samples (Schley et al. 2009; Ellert- 
Miklaszewska et al. 2007; Sanchez et al. 2001; Wu et al. 2012). We detected the presence of CB2 
receptors in all analyzed biopsies of astrocytomas and glioblastomas. The proportion of malignant 
tumors expressing high levels of CB2 (10 out of 16, 62.5%) was over twofold higher than that seen in 
the tumors of lower grade (7 out of 29, 24%) (Ellert-Miklaszewska et al. 2007). Thus, the extent of 
CB2 expression correlated with the tumor malignancy grade. Interestingly, some benign pediatric 
astrocytic tumors, such as subependymal giant cell astrocytoma (SEGA), which may occasionally 
cause mortality owing to progressive growth in some patients, also displayed high CB2-imunoreactivity. 
Moreover, as observed by Sanchez et al., CB2 receptor immunoreactivity markedly prevailed over 
detected CB1 receptor levels in grade IV astrocytomas (Sanchez et al. 2001). According to some stud-
ies the levels of CB1 receptor expression in tumor and tumor-associated endothelial cells were not 
significantly different from the control tissue and showed no dependence on tumor grade (Sanchez 
et al. 2001; Schley et al. 2009; Held-Feindt et al. 2006). However, the data on CB1 receptor expression 
are not consistent. De Jesus et al. (2010) showed the decreased CB1 receptor expression in tumor 
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samples, in contrast to others that presented unchanged (Held-Feindt et al. 2006) or even increased 
CB1 receptor expression in high grade glioblastomas as compared to low grade gliomas and non- 
tumoral brain tissue (Wu et al. 2012). Of note, the pediatric low grade gliomas, which remained stable 
or that presented spontaneous involution after sub-total surgical resection, showed significantly higher 
CB1 receptor expression at the time of diagnosis. The authors hypothesize that high expression levels 
of CB1 receptor provide tumor susceptibility to the antitumor effects of circulating endocannabinoids 
like anandamide, resulting in tumor involution (Sredni et al. 2016).

A link between CB2 expression and malignancy grade of the tumor has been reported also in 
prostate, breast and pancreatic cancer, and the level of CB2 expression in transformed cells was 
higher than in the respective normal tissue (Caffarel et al. 2006; Sarfaraz et al. 2005; Carracedo et al. 
2006a). In examined tumors, CB2 receptors were usually located in the areas of intense tissue pro-
liferation and invading cells. The enhancement of cannabinoid receptor expression in malignant 
versus healthy tissues might suggest a possible role of the endocannabinoid system in the tonic sup-
pression of cell divisions and cancer growth. In support of this hypothesis, inhibitors of endocan-

Table 11.1 Alterations of the major components of the cannabinoid system in gliomas

Element of the 
system Function

Change vs. control brain 
tissue Detection level References

Receptors
CB1 Receptor 0

0
0
↓
↑
↑ (low grade with 
spontaneous regression)

Protein by IHC
mRNA
Protein by IHC
Protein by WB
mRNA/protein 
by WB
Protein by IHC

Sanchez et al. (2001)
Held-Feindt et al. (2006)
Schley et al. (2009)
De Jesus et al. (2010)
Wu et al. (2012)
Sredni et al. (2016)

CB2 Receptor ↑(low grade) ↑↑ (high grade)
0
↑(low grade) ↑↑ (high grade)
↑
↑
↑(low grade) ↑↑ (high grade)

Protein by IHC
mRNA
Protein by IHC
Protein by IHC
Protein by WB
mRNA/protein 
by WB

Sanchez et al. (2001)
Held-Feindt et al. (2006)
Ellert-Miklaszewska 
et al. (2007)
Schley et al. (2009)
De Jesus et al. (2010)
Wu et al. (2012)

TRPV1 Receptor ↑ (high grade) mRNA/protein 
by IHC

Stock et al. (2012)

Endocannabinoids
Anandamide 
(AEA)

Endogenous 
ligand

↓
↑
↓

Lipid
Lipid
Lipid

Maccarrone et al. (2001)
Petersen et al. (2005)
Wu et al. (2012)

2-AG Endogenous 
ligand

0
↑

Lipid
Lipid

Maccarrone et al. (2001)
Wu et al. (2012)

Enzymes
FAAH AEA hydrolysis ↓

↓(low grade) ↓↓ (high grade)
Activity
mRNA and 
activity

Petersen et al. (2005)
Wu et al. (2012)

NAPE-PLD AEA 
biosynthesis

↓
↓

Activity
mRNA and 
activity

Petersen et al. (2005)
Wu et al. (2012)

MGL 2-AG 
hydrolysis

↓ mRNA and 
activity

Wu et al. (2012)

DGL-a 2-AG 
biosynthesis

0 mRNA and 
activity

Wu et al. (2012)

0 no change, ↓ decrease, ↑ increase, WB Western-blotting, IHC immunohistochemistry
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nabinoid transport or degradation (VDM-11 and AA-5-HT) have been shown to inhibit tumor growth 
and progression in some types of cancer by enhancing the levels of endocannabinoids in the cells 
(Izzo et al. 2008).

Alterations in the endocannabinoid system in tumors refer also to endogenous ligands, specific 
enzymes involved in their biosynthesis and degradation, as well as other putative target receptors 
(Maccarrone et al. 2000; Wu et al. 2012; Petersen et al. 2005). Table 11.1 summarizes the reported 
levels of the two major endocannabinoids human glioblastoma specimens compared to non-tumor 
brain tissues. The alterations of the endocannabinoid levels were consistent with the changes in the 
expressions and activities of the enzymes responsible for their biosynthesis and degradation (Wu et al. 
2012; Petersen et al. 2005). Comparing to the non-tumor tissues, mRNA expression and the enzy-
matic activity of NAPE-PLD, the enzyme responsible for anandamide biosynthesis, decreased in 
tumor tissues. It was accompanied by the reduction of the anandamide hydrolyzing enzyme FAAH’s 
mRNA expression and enzymatic activity in low- and high-grade glioma samples (by 30% and 60%, 
respectively), which might be a result of a negative feedback induced by low levels of the substrate. 
mRNA expression and activity of MGL, the 2-AG hydrolyzing enzyme, decreased in glioma tissues 
comparing to that in the non-tumor tissues, whereas there was no difference in the expression levels 
of DGL-a, the 2-AG generating enzyme, between the groups (Wu et al. 2012).

GPR55, which can be engaged by some cannabinoids, appears to be up-regulated in cancer-derived 
cell lines and plays a pivotal role in tumor cells proliferation (Andradas et al. 2011). Another putative 
cannabinoid target, TRPV1, was also found upregulated in high grade human astrocytomas as com-
pared to non-neoplastic brains (Stock et al. 2012).

11.4  Action of Cannabinoids in Glioma Cells

Cannabinoids induce significant inhibition of cell growth in tumor cells, due to modulation of proteins 
and nuclear factors involved in the control of cell survival, transformation and cell death. The pro-
grammed cell death of glioma cells after cannabinoid treatment was first described by Manuel Guzman 
and his co-workers (Sanchez et al. 1998). They showed that Δ9-THC is able to inhibit growth of rat 
C6 glioma cells in vitro and induce cell death with features typical for apoptosis, a programmed cell 
death process (Sanchez et al. 1998). We reported an apoptotic death triggered by a mixed CB1/CB2 
synthetic agonist WIN 55,212–2 in rat glioma cells (Ellert-Miklaszewska et al. 2005). Following stud-
ies (Salazar et al. 2009; Gomez del Pulgar et al. 2002) and our own observations show effectiveness 
of Δ9-THC, WIN55,212–2 and a CB2-selective synthetic cannabinoid JWH133 in inducing apoptosis 
of cultured human glioblastoma cells and tumor-derived primary cultures (unpublished).

Cannabinoids exert anti-tumor effects in vivo leading to a significant regression of malignant glio-
mas in cannabinoid-treated animals (Duntsch et al. 2006; Massi et al. 2004; Galve-Roperh et al. 2000; 
Sanchez et al. 2001). Local administration of Δ9-THC or the synthetic cannabinoid, WIN55,212-2, 
reduced the size of tumors generated by intracranial inoculation of C6 glioma cells in rats, leading to 
complete eradication of gliomas and increased survival in one third of the treated rats (Galve-Roperh 
et al. 2000). Studies performed in mouse xenograft models with intratumoral and intraperitoneal drug 
administration demonstrated that non-psychoactive phytocannabinoid CBD (Massi et  al. 2004), a 
CB2-selective agonist JWH133 (Sanchez et  al. 2001) or a novel synthetic cannabinoid KM-233 
(Duntsch et al. 2006) blocked the proliferation of human astrocytoma cells implanted subcutaneously 
in the flank of immune-deficient mice. Our preliminary data suggest that systemic cannabinoid admin-
istration can effectively hamper intracranial tumor growth in rats.
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11.4.1  Mechanism of Cannabinoids Pro-apoptotic Action – Inhibition of Pro- 
survival Pathways

Several events and signal transduction pathways triggered by stimulation of the CB1 and CB2 recep-
tors have already been described to participate in the cannabinoid-induced cell death in various tumor 
cells (Guzman 2003; Guzman et al. 2001). They include inhibition of PKA, activation of MAPK, 
superoxide generation, and a strong increase in intracellular calcium concentration, as well as the best 
elaborated alterations in sphingolipid metabolism (Howlett et al. 2002; Velasco et al. 2007).

Sanchez and coworkers showed that Δ9-THC was able to partially antagonize the forskolin-induced 
elevation of intracellular cAMP concentration, but did not affect basal cAMP levels in C6 glioma cells 
(Sanchez et al. 1997). As described in details in Sect. 3.5, glioma C6 cells are characterized by a very 
low constitutive level of cAMP, and rather increased, than decreased concentration of intracellular 
cAMP may be responsible for inhibition of cell proliferation. It suggest, that cannabinoid receptors 
may be coupled to inhibition of adenylyl cyclase in glioma cells, but down-regulation of cAMP levels 
is unlikely to play a role in the induction of apoptosis triggered by cannabinoids in these cells. 
Involvement of other signaling molecules or adaptor proteins (of still mostly unknown identity) in 
cannabinoid receptor signaling is a subject of ongoing studies.

The best characterized mechanism of cannabinoid-induced cell death of glioma cells involves sus-
tained accumulation of pro-apoptotic sphingolipid ceramide (Fig. 11.3), which modulates signaling 
pathways crucial in the control of tumor cell growth and survival (Galve-Roperh et al. 2000; Sanchez 
et al. 2001). Activation of the CB1 receptor triggers two peaks of ceramide generation in glioma cells 
(Galve-Roperh et al. 2000; Gomez del Pulgar et al. 2002; Sanchez et al. 2001). Treatment with Δ9- 
THC or another CB1 receptor agonist produces a rapid release of ceramide via enzymatic hydrolysis 
of sphingomyelin from the cell membrane, catalyzed by neutral sphingomyelinase (Fig. 11.3). This 
effect is G-protein independent and involves the adaptor protein FAN (factor associated with neutral 
sphingomyelinase activation). The second ceramide peak is generated within hours or days after 
receptor activation and depends on increase of ceramide synthesis de novo via induction of serine 
palmitoyltransferase, a regulatory enzyme of sphingolipid biosynthesis (Gomez del Pulgar et  al. 
2002). Selective CB2 receptor agonists, such as JWH133, are supposed to stimulate only the ceramide 
synthesis process, which is sufficient to turn on the cell death program (Sanchez et al. 2001; Gomez 
del Pulgar et al. 2002). Thus, enhanced production of ceramide de novo is considered as an important 
event in cannabinoids-induced apoptosis. However, still little is known about the signaling pathways 
underlying the promotion of ceramide synthesis through cannabinoid receptor activation.

Galve-Roperh and co-workers postulated that the increased ceramide levels reported upon canna-
binoid challenge led to prolonged activation of Raf-1/MEK/ERK signaling cascade and thus mediated 
glioma cell cycle arrest and cell death (Galve-Roperh et al. 2000). The same authors showed also that 
pharmacological inhibition of ceramide synthesis de novo prevented the inhibition of protein kinase 
B/Akt triggered by cannabinoids (Gomez del Pulgar et  al. 2002). Our studies revealed that rather 
down-regulation of ERK activity, together with inhibition of PI3K/Akt pathway, contributed to rat C6 
glioma cell death induced by WIN55,212-2 (Ellert-Miklaszewska et al. 2005). The serine/threonine 
protein kinase Akt, activated downstream of PI3K, as well as the Ras-activated Raf1/MEK/ERK path-
way are widely recognized as key mediators of growth factor-promoted cell survival in gliomas 
(Kapoor and O’Rourke 2003). Both survival pathways converge on a small pro-apoptotic member of 
a Bcl-2 family of proteins, Bad. Bad is also a substrate for PKA, which is negatively linked to both 
cannabinoid receptors via canonical Gi/oα-mediated inhibition of adenylyl cyclase and subsequent 
decrease of cAMP levels. Phosphorylation of Bad by Akt, ERK and PKA retains the protein in the 
cytosol, where it is recognized by 14-3-3 regulatory proteins and sequestered (Zha et  al. 1996). 
Otherwise, Bad translocates to mitochondria, and formation of heterodimers between non- 
phosphorylated Bad and anti-apoptotic proteins, such as Bcl-XL or Bcl-2, may result in a loss of 
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integrity of the outer mitochondrial membrane (Zha et al. 1996). The release of cytochrome c and 
other pro-apoptotic proteins from mitochondria triggers the executive phase of programmed cell 
death. We proposed a mechanism, in which the decrease of mitogenic/pro-survival signaling evoked 
by the synthetic cannabinoid WIN55,212-2 promotes the pro-apoptotic function of Bad (Fig. 11.3). 
Accordingly, we demonstrated changes in Bad phosphorylation level followed by collapse of the 
mitochondrial membrane potential in C6 glioma cells treated with WIN55,212-2. These events pre-
ceded activation of caspase 9 by factors released from disrupted mitochondria, subsequent processing 
of effector caspases and finally oligonucleosomal DNA fragmentation.

Our further studies, as well as some published data suggest that human glioma cells treated with 
cannabinoids enter the suicide cell death using the same mitochondria-dependent pathway (Carracedo 
et al. 2006b). This mechanism contributes to the induction of apoptosis by cannabinoids also in other 
types of tumor cells (Velasco et al. 2007). However, involvement of an alternative, death receptor–
dependent pathway in the apoptotic process triggered by these compounds cannot be ruled out.

11.4.2  The Role of ER Stress and Autophagy in Cannabinoid-Induced Cell 
Death

Different experimental approaches showed that the pro-apoptotic and tumor growth-inhibiting activity 
of cannabinoids relies on the accumulation of de novo-synthesized ceramide, an event that occurs in the 
endoplasmic reticulum (ER) and eventually leads to execution of cell death via apoptotic mitochondrial 
pathway. The mechanisms linking these two events have been revealed in details (Carracedo et  al. 
2006b; Salazar et al. 2009; Hernandez-Tiedra et al. 2016). Carracedo et al. showed that Δ9-THC treat-
ment of glioma cells leads to up-regulation of the transcription co-activator p8 and its ER stress- related 
downstream targets: ATF4 (activating transcription factor 4), CHOP (the C/EBP-homologous protein) 
and TRB3 (pseudo-kinase tribbles homologue 3). Inhibition of ceramide synthesis de novo prevented 
Δ9-THC-induced p8, ATF4, CHOP and TRB3 up-regulation as well as ER dilation, and selective 
knockdown of ATF4 and TRB3 blocked cannabinoid-induced apoptosis in glioma cells. This indicated 
that ceramide accumulation is an early event in the cannabinoid-triggered ER stress and apoptosis in 
glioma cells (Carracedo et al. 2006b). Further studies by the same group implicated the role of eukary-
otic translation initiation factor 2α (eIF2α) in cannabinoid-evoked ER stress. (Salazar et  al. 2009). 
Activated eIF2α (after phosphorylation of Ser51 by a protein kinase-like endoplasmic reticulum kinase, 
PERK) is known to attenuate general protein translation, while enhancing the expression of several 
genes related to the ER stress response (Schroder and Kaufman 2005). Δ9-THC induced Ser51-
phosphorylation of eIF2α, which was required for the up-regulation of the stress protein p8, as well as 
ATF4, CHOP and TRB3 (Salazar et al. 2009) and the subsequent glioma cell death (Fig. 11.3).

Furthermore, Salazar et al. observed that ER-stress-related stimulation of the p8/TRB3 pathway 
resulted in the induction of autophagy (Salazar et al. 2009). Autophagy is an evolutionarily conserved 
catabolic process, where a cell self-digests its cytoplasmic contents in newly formed vesicle structures 
called autophagosomes. Autophagy is activated in response to stress conditions, such as nutrient star-
vation, the unfolded protein response (ER stress) and hypoxia, both in normal cells and during cancer 
progression. Classically, autophagy promotes cell survival but it may also contribute to cell death. A 
detailed analysis indicated that Δ9-THC treatment led to formation of autophagosomes in human 
astrocytoma cell lines and primary cultures of human glioma cells (Salazar et al. 2009). This was 
associated with the inhibition of the Akt/mTORC1 (mammalial target of rapamycin, complex 1) axis, 
considered a key step in the early triggering of autophagy (Klionsky and Emr 2000). In fact, Δ9-THC- 
induced expression of TRB3 promoted the interaction of this ER stress-related protein with Akt. This 
led to decreased phosphorylation of Akt, as well as of its direct substrates TSC2 (tuberous sclerosis 
protein 2, tuberin) and PRAS40 (the proline-rich Akt substrate of 40 kilodaltons), which in turn 
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resulted in mTORC1 inhibition (Salazar et al. 2009). Δ9-THC-treatment decreased phosphorylation 
of p70S6 kinase (a well-established mTORC1 downstream target) and its substrate phospho-S6 ribo-
somal protein. Altogether, Δ9-THC treatment triggered the following cascade of intracellular events: 
up-regulation of ER-stress-related TRB3, mTORC1 inhibition and induction of autophagy, which led 
to apoptotic glioma cell death (Fig. 11.3).

Recent studies additionally showed that changes in sphingolipid metabolism induced by Δ9-THC 
in glioma cells, including ceramide synthesis de novo, along with leading to the activation of ER 
stress/authophagy pathway, altered also the balance between ceramides and dihydroceramides in 
autophagosomes and autolysosomes. In turn, modified sphingolipid content promoted the permeabi-
lization of the organellar membrane, the release of cathepsins to the cytoplasm and the subsequent 
activation of apoptotic cell death (Hernandez-Tiedra et al. 2016). This parallel mechanism seems to 
play a crucial role in determining the cell death-promoting (rather than protective) fate of authophagy 
stimulation by cannabinoids.

Administration of Δ9-THC to mice bearing human astrocytoma-derived tumors resulted in 
increased TRB3 expression, inhibition of mTOR signaling pathway, appearance of autophagy mark-
ers and caspase-3 activation. These findings indicate that cannabinoid promotes the apoptotic cell 
death through stimulation of ER stress and autophagy in human glioma cells and is essential for can-
nabinoid anti-tumoral action in vivo (Salazar et al. 2009).

11.4.3  Proapoptotic Actions Beyond the Cannabinoid Receptors

Some cannabinoids activate apoptosis independently of cannabinoid-receptor binding. Antiproliferative 
action of CBD likely involves the induction of oxidative stress through the generation of reactive oxy-
gen species, which was linked to a later induction of apoptosis. This effect was inhibited by tocopherol, 
a potent antioxidant and interestingly was not observed in non-cancerous primary glial cells (Massi 
et al. 2006). Recently however, Scott et al. showed that CBD-induced increase in ROS production was 
accompanied by an upregulation of a number of genes belonging to the heat-shock protein (HSP) 
super-family, which diminished the cytotoxic effect of CBD. The authors proposed the combination of 
HSP inhibitors might enhance the anti-tumor effects of cannabinoids (Scott et al. 2015).

Anandamide promotes apoptosis through either the activation of vanilloid TRPV1 receptor 
(Maccarrone et al. 2000) or the accumulation of the pro-apoptotic sphingolipid ceramide mediated via 
CB1 or CB2 receptor activation (Galve-Roperh et al. 2000). All these results suggest that overall can-
nabinoids affect multiple cellular signaling pathways and thus have the potential to decrease cancer 
development. The mechanisms are however both cancer- and cannabinoid-specific. Defining the role 
of the cannabinoid receptors (CB1 and CB2) versus vanilloid or novel receptors in antitumoral action 
of these compounds is a matter of ongoing research. More recently, Moreno et  al. described that 
GPR55 and CB2 can form heteromers in glioma and other cancer cells, in which the two receptors are 
highly abundant, and co-participate in the control of tumors growth (Moreno et al. 2014).

11.4.4  Effects of Cannabinoids on The Tumor Microenvironment 
in Malignant Gliomas

Cannabinoids have displayed a great potency in reducing glioma tumor growth in experimental ani-
mal models. Apparently their effectiveness in vivo is attributed not only to antiproliferative action 
against tumor cells but points to other cellular targets and additional mechanisms of action within the 
tumor microenvironment. Beyond affecting tumor cell survival cannabinoids impair tumor 
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angiogenesis, glioma cells invasiveness and even malignant potential of glioma stem-like cells 
(Fig. 11.4) (Blazquez et al. 2003; Aguado et al. 2007; Nabissi et al. 2015; Singer et al. 2015; Soroceanu 
et al. 2013).

Increased demand for oxygen and nutrients supply to proliferating cancer cells makes angiogenesis 
a critical factor for the progression of solid tumors and a popular target for oncologic therapies. Local 
administration of the CB2 selective cannabinoid JWH133 in a mouse flank inoculation model of gli-
oma turned the vascular hyperplasia characteristic of actively growing tumors to a pattern of blood 
vessels characterized by small, differentiated and impermeable capillaries, thus proving anti- 
angiogenic potential of the cannabinoid (Blazquez et al. 2003). This was associated with a reduced 
expression of pro-angiogenic factors, such as vascular endothelial growth factor (VEGF) and angio-
poietin- 2 in cannabinoid treated tumors. Downregulation of the major vascularization factors, includ-
ing VEGF, was observed following treatment with Δ9-THC, Met-F-AEA, WIN-55,212-2, and 
JWH-133 in various types of tumors (Blazquez et al. 2003; Pisanti et al. 2007). More importantly, 
intratumoral administration of Δ9-THC to two patients with glioblastoma multiforme (grade IV astro-
cytoma) decreased VEGF levels and VEGFR-2 activation in the tumors (Blazquez et  al. 2004). 
Antiangiogenic activity of cannabinoids could be partly related to a direct influence of the cannabi-
noids on endothelial cells migration and survival (Blazquez et  al. 2003). Similarly, Solinas et  al. 
demonstrated that CBD inhibited endothelial cell proliferation, migration and sprouting in vitro, and 
inhibited angiogenesis in vivo (Solinas et al. 2012). Overall, cannabinoids appear to have consistent 
effects on the vascularization pathway, causing a decrease in tumor vascularization in in vivo 
models.

Infiltrative growth through the surrounding brain parenchyma is one of the hallmarks of malignant 
gliomas and a major cause of their inevitable recurrence. Several studies have referred so far to target-
ing of glioma cell migration and invasiveness by cannabinoid treatment. Δ9-THC or JWH133 
decreased the activity and expression of matrix metalloproteinase-2 (MMP-2) and tissue inhibitor of 
metalloproteinase 1 (TIMP-1) in cultured glioma cells and in the tumors in glioma-bearing mice 
(Blazquez et  al. 2003; Blazquez et  al. 2008b). MMP-2 is a proteolytic enzyme that allows tissue 

Fig. 11.4 Multimodal action of cannabinoids in the tumor microenvironment. Cannabinoids induce tumor cell death, 
block angiogenesis and invasiveness crucial for tumor progression and induce differentiation of cancer stem cells (CSC)
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breakdown and remodeling during angiogenesis and metastasis and its up-regulation is associated 
with a high risk of progression and poor prognosis of gliomas. Blocking the release of the extracel-
lular matrix degrading enzyme by in vivo administered cannabinoids correlated with decreased tumor 
volumes (Blazquez et al. 2003; Blazquez et al. 2008b). TIMP-1 plays a critical role in the acquisition 
of migrating and invasive capacities by tumor cells. Decreased TIMP-1 expression was observed in 
biopsies from patients with recurrent glioblastoma multiforme tumors undergoing a clinical trial on 
Δ9-THC efficacy (Blazquez et al. 2008a).

Multiple mechanisms were also suggested for antineoplastic activity of CBD, however they are 
unlikely mediated by the cannabinoid receptors. CBD effectively inhibited glioma cell proliferation, 
migration and invasion and caused a decrease in the expression of a set of proteins specifically 
involved in these processes (Vaccani et al. 2005; Solinas et al. 2013). CBD also inhibited HIF-1a, the 
regulatory subunit of the hypoxia inducible transcription factor, which is responsible for orchestrating 
the adaptive transcriptional programs, inducing cell survival, motility and tumor angiogenesis under 
hypoxic conditions (Solinas et al. 2013).

Accumulating evidence supports the existence of a highly tumorigenic subpopulation of glioma 
stem-like cells (GSC). GSC retain self-renewal properties, display increased resistance to radiation 
and conventional chemotherapeutic drugs, and therefore contribute to tumor progression and recur-
rence (Cheng et al. 2011). Strategies to induce GSC differentiation and alleviate their malignant fea-
tures have been recently included to treatment modalities as a promising new approach to improve the 
effectiveness of anticancer drugs. Aguado et al. (2007) showed that activation of CB1 and CB2 recep-
tors using synthetic cannabinoids HU-210 and JWH133 promoted differentiation of GSC derived 
from GBM biopsies and glioma cell lines. Cannabinoid-treated GSC displayed decreased efficiency 
to initiate glioma formation in vivo (Aguado et al. 2007). Several potential mechanisms regulating the 
GSC differentiation upon CBD treatment have been also recently proposed, although they are non-CB 
receptor mediated. CBD significantly downregulated the expression of a transcription regulator Id1, 
which controls multiple tumor-promoting pathways in glioblastoma, including glioma cell invasive-
ness and stemness-related self-renewal. This mechanism was suggested to cause an inhibition of gli-
oma progression upon CBD administration in vivo (Soroceanu et al. 2013). Further studies revealed 
that CBD-triggered downregulation of Id1 and other stem cell mediators, such as Sox2, is caused by 
increased ROS production upon cannabinoid treatment, as it was abrogated by co-treatment with 
antioxidants (Singer et al. 2015). Another study described a novel mechanism, in which CBD induced 
TRPV2-dependent autophagy and stimulated GSCs differentiation by upregulating the expression of 
acute myeloid leukemia 1a (Aml-1a) transcription factor. Aml-1a, in turn, bound to TRPV2 promoter 
and stimulated TRPV2 receptor expression (Nabissi et al. 2015). CBD activity led to inhibition of 
proliferation, promotion of GSC differentiation, and sensitization of glioma cells to the cytotoxic 
effects of alkylating agents. Multimode action of cannabinoids, including inhibition of gliomagenesis 
by blocking the potential of GSC to initiate tumor formation or recurrence may have important impli-
cations for the development of cannabinoid-based therapeutic strategies.

Growing evidence suggests the modulating role of tumor-associated glial cells, especially microg-
lia, on glioma progression (Li and Barres 2018). Microglia are the resident macrophages of the central 
nervous system. They participate in brain development, regulation of homeostasis and synaptic plas-
ticity, as well as protect the brain from infections, metabolic disturbances or misfolded proteins. Upon 
stimulation by tumor-derived factors microglia become pro-invasive, anti-inflammatory cells that pro-
mote glioma invasion, immunosuppression and angiogenesis. Microglia express a functional endo-
cannabinoid signaling system and the activation of CB receptors was shown to affect microglia 
behavior, including migration, proliferation, free radicals release and phagocytosis (Stella 2009). Of 
note, endocannabinoids drive the acquisition of the alternative phenotype in microglia, which coun-
teracts the inflammatory activation and resembles the tumor-induced phenotype (Mecha et al. 2015). 
It is likely that stimuli related to anti-inflammatory and repair mechanisms activate 2-AG and AEA 
synthesis in order to promote the autocrine and paracrine activity of these lipid messengers, activating 
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the CB1 or CB2 receptors and specific CB signaling cascades (Mecha et al. 2015). The impact of can-
nabinoids on tumor associated microglia and potentially astrocytes in the microenvironment of glio-
mas is still to be studied.

11.5  Therapeutic Potential of Targeting Cannabinoid Signaling in Gliomas

Standard chemotherapeutics are a double edged sword; they eliminate cancer cells but affect severely 
healthy cells in the body. Based on evidence from in vitro and in vivo preclinical studies, as well as 
from pilot clinical trials in patients with recurrent glioblastoma multiforme, cannabinoids appear to 
have a favorable safety profile and do not produce the generalized toxic effects as most conventional 
chemotherapeutic drugs (Galve-Roperh et al. 2000; Guzman 2003; McAllister et al. 2005; Ladin et al. 
2016). Furthermore, cannabinoids promote survival of glial cells and neurons in different models of 
injury, suggesting that the anti-proliferative effect of cannabinoids is selective for brain tumor cells, 
while viability of normal brain cells remains unaffected or even favored by cannabinoid challenge 
(Guzman 2003; Molina-Holgado et al. 2002). Several mechanisms could be responsible for cannabi-
noid compounds targeting only the cancer cells, including differences in cannabinoid signaling in 
glioma and normal neural cells and selective over-expression of the CB2 receptor in tumor cells. In 
contrast to pro-apoptotic action of Δ9-THC and WIN55,12–2 on transformed glial cells, treatment of 
primary cultured astrocytes with these CB1/CB2-activating cannabinoids does not trigger ceramide 
generation de novo, induction of ER stress-related genes or apoptosis. In our studies administration of 
the CB2-selective agonist JWH133 was effective toward tumor cells, and it did not affect survival or 
morphology of normal astrocytes (unpublished). Apparently negligible CB2 receptor expression in 
the normal brain and its abundance in high grade gliomas seems to confer a relative safety of CB2- 
selective agonists for targeted glioma therapy. Moreover, the CB2 selective compounds are devoid of 
undesirable psychodysleptic side-effects, attributed to marijuana abuse, which are mediated by the 
CB1 receptor.

Due to genetic and epigenetic alterations malignant glioblastomas are highly resistant to radiation 
and chemotherapy. Mainstream therapeutic strategies for the management of all primary brain tumors 
are still mostly palliative, known to leave survivors with devastating neurological deficits and fre-
quently with a high risk of the disease recurrence. The potency of synthetic cannabinoids to induce 
apoptosis in glioblastoma cells has been tested by us and others on several cell lines and primary cell 
cultures derived from biopsies of human tumors, which to some extent may reflect the heterogeneity 
of glioma molecular characteristics (Duntsch et  al. 2006; Ellert-Miklaszewska et  al. 2005; Galve- 
Roperh et al. 2000; Guzman 2003; Massi et al. 2004; McAllister et al. 2005; Sanchez et al. 2001). 
Thus, cannabinoids were able to override alterations of growth regulatory and apoptotic pathways, 
caused by common mutations reported in primary and secondary glioblastomas. Pro-apoptotic action 
of cannabinoids relies on the generation of ceramide and disruption of signaling pathways crucial for 
the regulation of cellular proliferation, differentiation or apoptosis (Ellert-Miklaszewska et al. 2005; 
Galve-Roperh et al. 2000; Gomez del Pulgar et al. 2002; Salazar et al. 2009). Their unique mechanism 
of action among standard oncology remedies justifies further research on their anti-tumoral  properties. 
This also stimulates investigations on the effectiveness of combination of cannabinoids with standard 
GBM therapies to improve patients survival. Pretreating glioma cells with a mixture of Δ9- THC and 
CBD increased their sensitivity to irradiation. These in vitro results were recapitulated in an ortho-
topic murine glioma model, which showed dramatic reductions in tumor volumes, when both canna-
binoids were combined with irradiation (Scott et al. 2014). Co-administration of Δ9-THC or Δ9-THC 
plus CBD (at a 1:1 ratio) with an alkylating agent temozolomide (TMZ) synergistically reduced the 
growth of subcutaneous gliomas upon local injection (Torres et al. 2011) and showed enhanced anti-
tumor action in orthotopic models using patient-derived xenografts with oral drug delivery (Lopez-
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Valero et al. 2018). These pre-clinical observations have led to phase II clinical trial investigating a 
Δ9-THC:CBD mixture in combination with TMZ in GBM patients. Patients treated with TMZ plus 
Δ9-THC:CBD mixture presented nearly twice higher survival rates as compared to the control group 
that received TMZ only (Dumitru et al. 2018). A promising field to explore is to prolong the effective-
ness of endocannabinoids by interference with their biosynthesis, uptake and breakdown. Therefore 
future studies on cannabinoid signaling system in gliomas are clearly needed.
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Chapter 12
Effects of Arginine and Its Deprivation on Human 
Glioblastoma Physiology and Signaling

Olena Karatsai, Oleh Stasyk, and Maria Jolanta Redowicz

Abstract The observations that numerous cancers are characterized by impairment in arginine syn-
thesis and that deficit of exogenous arginine specifically affects their growth and viability are the 
ground for arginine deprivation-based anticancer treatment strategy. This review addresses molecular 
mechanisms of the human glioblastoma cell response to arginine deprivation. Our earlier studies have 
shown that arginine deprivation specifically impairs glioblastoma cell motility, adhesion and invasive-
ness. These changes were evoked by alterations in the actin cytoskeleton organization resulting from 
a decreased arginylation of β-actin isoform. Moreover, deficit of arginine induces prolonged endo-
plasmic reticulum (ER) stress and activation of the unfolded protein response, not leading, however, 
to a massive apoptosis in glioblastoma cells. Our current research indicates that cell death could be 
augmented by other compounds such as modulators of ER stress, for example arginine analogue of 
plant origin, canavanine. Implication of these studies on the development of new anti-glioma meta-
bolic therapeutic modalities are discussed.

Keywords Actin cytoskeleton · Adhesion · Arginine · Arginylation · Glioblastoma · Invasiveness · 
Migration · Signaling · Therapy
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CM complete medium
ER endoplasmic reticulum
GBM glioblastoma multiforme
GFAP glial fibrillary acidic protein
GFP green fluorescent protein
LFM lysine-free medium
NO nitric oxide
NOS nitric oxide synthase
ODC ornithine decarboxylase
OTC ornithine transcarbamylase
TCA tricarboxylic acid cycle
UPR unfolded protein response

12.1  Introduction

Despite a number of published observations that arginine deprivation affects metastatic potential of 
numerous malignant cancer cells for a long time there were only few reports addressing molecular 
mechanisms of the effects of arginine deprivation on cancer cells (Tönjes et  al. 2013; Syed et  al. 
2013). It was our article (Pavlyk et al. 2015), in which we showed for the first time that one of the 
major involved mechanisms could be impairment of β-actin arginylation that affected organization of 
the cytoskeleton, and thus caused inhibition of glioblastoma cell invasiveness. Importantly, there were 
also few studies on the effects of arginine deprivation on brain, though prominent role of arginine in 
brain development and degeneration was shown (Yi et al. 2009). In our work, we addressed this prob-
lem by examining glia cells and showing that arginine deficit is not dramatically affecting untrans-
formed cells. We also showed that although deficit of arginine abrogated cell growth and decreased 
viability, but these effects were reversible in glioblastoma cells after arginine re-supplementation. 
Also, in our next article (Bobak et al. 2016) we confirmed this observation by showing that while 
arginine deprivation induced endoplasmic reticulum stress, it did not promote efficient apoptotic cell 
death in many human solid cancers, including glioblastoma. Our observations indicate that there is a 
need for further studies elucidating the effects of arginine deficit that could provide the molecular 
basis and rationale for development of selective, efficient and non-toxic anti-cancer modalities based 
on arginine deprivation.

In this review, we summarize the current knowledge on arginine metabolism with special attention 
devoted to human glioblastoma cells and the effects of arginine deprivation on these cells derived 
from malignant human brain tumors. Also, the current status of arginine deprivation-based therapy 
(ADT) is discussed.

12.2  Involvement of L-Arginine in Cellular Processes

L-arginine is a conditionally essential proteinogenic amino acid involved in a numerous physiological 
and pathophysiological processes. It plays an essential role in the regulation of cell division, wound 
healing, acid-base balance, inflammation, hormone synthesis and other processes. It is also involved 
in immunomodulatory effects such as expression of T-cell receptor, activation of T-killer cells and 
development of immunological memory (Mörén et al. 2018; Szefela et al. 2019; Hinrichs et al. 2018; 
Riess et al. 2018).
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Arginine is also a precursor for the synthesis of important molecules such as urea, polyamines, 
creatine, agmatine and certain amino acids (glutamine and proline) (Hall et al. 2019) (see Fig. 12.1). 
Moreover, arginine is the immediate precursor of nitric oxide (NO), making it important in the regula-
tion of a vasodilatation (Mörén et  al. 2018). In the healthy adult organism arginine homeostasis 
depends on the dietary intake, intracellular protein catabolism and its synthesis de novo in the urea 
cycle (see Fig. 12.2) (Szefela et al. 2019; Stasyk et al. 2015).

About 60% of arginine in human body is synthesized in the proximal renal tubules of kidneys 
(Morris 2002). Arginine becomes available for the cellular functions due to activity of its transporters, 
dependent on cytokines, interferon and tumor necrosis factor α (TNFα) (Szefela et al. 2019). Cellular 
uptake of arginine into the cells is determined by cationic amino acid transporters (CATs) located in 
cell membrane, mainly by CAT1 (Szefela et al. 2019; Jungnickel et al. 2018). This type of amino acid 
transporters mediates Na+-independent bidirectional transport of cationic L-amino acids, and plays an 
important role in the synthesis of proteins, nitric oxide and polyamines. CAT1 is ubiquitously 
expressed in different tissues and cell types with the exception of the adult liver. However, its expres-
sion level is highly variable in a cell type-specific manner, and can be modulated by growth factors, 
cytokines, hormones, cell proliferation stimuli, and nutrients availability. Moreover, CAT1 is often 
induced and co-expressed with the inducible isoform of nitric oxide synthase (iNOS) (Hatzoglou et al. 
2004). The mechanism of regulation of CAT1 expression involves transcriptional, posttranscriptional 
and posttranslational modifications. It was described that CAT1 mRNA level during amino acid star-
vation could be dependent of its mRNA stability. The transcriptional control by amino acid availabil-
ity is carried out by amino acid response element (AARE) in the promoters of the regulated genes 
such as asparagine synthase (ASNS) and CAT1 (CTGATGAAAC) and by the  CCAAT-enhancer- binding 
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proteins (C/EBPs). It is known that although amino acid deprivation is characterized by a general 
decrease of protein synthesis, CAT1 mRNA is being translated and the protein level increases 50-fold 
as compared to 10- to 15-fold increase in its mRNA levels (Hatzoglou et al. 2004).

12.3  Arginine Metabolism

L-arginine synthesis occurs particularly via the intestinal–renal axis: the epithelial cells of the small 
intestine produce citrulline, which is carried in the bloodstream to the proximal tubule cells of the 
kidney where is converted to L-arginine. Synthesis of arginine also occurs in many others tissues but 
to a lesser extent (Morris 2004).

Arginine is synthesized by conversion from citrulline in a two-step reaction catalyzed by the fol-
lowing cytosolic enzymes: argininosuccinate synthetase 1 (ASS1) and argininosuccinate lyase (ASL) 
(Hinrichs et al. 2018). These two enzymes are crucial for the production of arginine in the urea cycle 
(see Fig. 12.2). Argininosuccinate synthetase 1 condensates citrulline and aspartate from the tricar-
boxylic acid (TCA) cycle to argininosuccinate. Argininosuccinate lyase, in turn, cleaves argininosuc-
cinate into arginine and fumarate, which then enters TCA cycle (Hall et al. 2019). As a rule, normal 
cells have intact urea cycle enzymes, in contrast to cancer cells, which often exhibit metabolic shifts 
and have a higher need for exogenous arginine (Cheng et al. 2018; Alexandrou et al. 2018).

In the cells L-arginine can be catabolized by several enzymes: nitric oxide synthases (NOS), argi-
nases (ARG) and arginine decarboxylase (ADC) (see Fig. 12.1) (Wu and Morris 1998). There are 
three NOS isoenzymes: inducible NOS (iNOS; Type II NOS), neuronal NOS (nNOS; Type I NOS) 
and endothelial NOS (eNOS; Type III NOS). iNOS often associates with malignant disease, and nor-
mally is not expressed in most cell types, whereas nNOS and eNOS are constitutively expressed in 
different cells. NO synthases produce NO by catalyzing oxidation of L-arginine (Wu and Morris 
1998).

Arginases isoforms catalyze the final step in the urea cycle, the conversion of L-arginine to 
L-ornithine and urea. Two isozymes of ARG are expressed in mammals: arginase 1 (ARG1), located 
mainly in the cytoplasm of hepatocytes, and more widespread mitochondrial arginase 2 (ARG2), 
which regulates intracellular arginine/ornithine level (Morris 2002). Arginine decarboxylase produces 
CO2 and agmatine from L-arginine in the brain, liver, kidney, adrenal gland, macrophages and small 
intestine tissue (Wu and Morris 1998).

12.4  Defects in Arginine Synthesis in Cancer Cells, 
Including Glioblastomas

Cancer cells often have higher nutrient requirements as compared to normal cells. It was shown that 
numerous cancers are defective in arginine biosynthesis due to reduced expression of argininosucci-
nate synthetase and, sometimes, argininosuccinate lyase. Therefore, they become extremely depen-
dent on exogenous supplementation of arginine for their growth and survival. These now include 
glioblastomas, melanomas, lymphomas, hepatocarcinomas, malignant pleural mesotheliomas, pros-
tate, ovarian, pancreatic cancers and some others (Hinrichs et al. 2018; Stasyk et al. 2015; Hall et al. 
2019; Mörén et al. 2018). Interestingly, the loss of argininosuccinate synthetase 1 expression is asso-
ciated with a more aggressive, altered metabolic phenotype in numerous cancers. It is clear that 
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argininosuccinate synthetase-negative tumor cells have impaired arginine metabolism in addition to 
large differences in other amino acids metabolism. Large shifts in the metabolism of alanine, glycine 
and glutamate with increased level of α-ketoglutarate and pyruvate were detected in argininosuccinate 
synthetase-deficient cancer cells (Mörén et al. 2018). Arginine auxotrophy in such tumors has been 
used as a rationale to develop enzymatic arginine deprivation therapy, to effectively inhibit their pro-
liferation (Hinrichs et al. 2018; Stasyk et al. 2015; Khoury et al. 2015).

Defects in arginine metabolism in malignant tumors apparently influence their development and 
progression. The majority of arginine auxotrophic tumors are characterized by intrinsic chemoresis-
tance that has become a prognostic biomarker for reduced metastasis-free survival. Argininosuccinate 
synthetase 1 deficiency is also often associated with poor prognosis in glioblastomas and bladder 
cancer (Alexandrou et al. 2018). The reasons of argininosuccinate synthetase 1 loss in numerous can-
cers are still not fully elucidated, however, the redirection of its substrate aspartate flux for pyrimidine 
synthesis has been suggested (Thongkum et al. 2017).

In vivo, cancer cell sensitivity to arginine deprivation correlates with inducibility of argininosuc-
cinate synthetase expression. The regulation of argininosuccinate synthetase expression involves co- 
action of positive transcriptional regulators, c-Myc and Sp4, and HIF-1α as a negative regulator (Tsai 
et al. 2009). Arginine deprivation-responsive elements, E-box and GC-box, that control argininosuc-
cinate synthetase (ASS) expression were identified in promoter of the ASS1 gene. E-box is recognized 
by transcription factors c-Myc and HIF1α, whereas GC-box by a constitutively bound transcription 
factor Sp4. In normal cells, E-box is bound by HIF1α, but in numerous cancers under arginine depri-
vation HIF-1α could be replaced by a proto-oncogen c-Myc. In many arginine auxotrophic tumors 
regulatory sites in the argininosuccinate synthetase promoter were shown to be hypermethylated 
under physiological conditions shutting off the gene expression (Syed et al. 2013). It was also shown 
that the level of c-Myc but not Sp4 increases in tumor cells under arginine deprivation, and ASS 
induction is dependent on ability of c-Myc to interact with the argininosuccinate synthetase promoter 
(Tsai et al. 2009).

The absence of argininosuccinate synthetase protein may indicate an increased level of protea-
somal degradation or posttranscriptional and posttranslational modification (Szlosarek et al. 2006). 
However, epigenetic silencing of argininosuccinate synthetase expression due to hypermethylation of 
its promoter is considered as a key factor causing arginine auxotrophy of lymphoid cells, melanomas, 
mesotheliomas, and hepatocellular carcinomas (Delage et al. 2012; Alexandrou et al. 2018; Tsai et al. 
2009). Therefore, correlating with ASS1 promoter methylation and low level of ASS1 mRNA, ASS1 
protein and activity are undetectable in ASS1-deficient malignant cancers (Delage et  al. 2012; 
Szlosarek et al. 2006). Glioblastoma multiforme (GBM) is one of the most aggressive brain tumor that 
occurs in adults. Despite numerous efforts to develop successful therapeutic approaches, the most 
common prognosis of survival remains around 12–15 months for treated patients. It was described 
that argininosuccinate synthetase 1 and argininosuccinate lyase transcription in many cell lines of 
glioblastoma multiforme is blocked by neoplasia-specific CpG island methylation in the 5΄ regulatory 
sequences of the genes, what causes auxotrophy for arginine (Mörén et al. 2018; Syed et al. 2013). It 
was also reported that argininosuccinate synthetase 1 and argininosuccinate lyase CpG islands were 
aberrantly methylated in 30% and 22% of glioblastomas, respectively. Moreover, lack of the CpG 
island methylation in argininosuccinate synthetase 1 (ASS1) and argininosuccinate lyase (ASL) 
caused upregulation of both ASS1 and ASL mRNAs under arginine deprivation (Syed et al. 2013).

Because glioblastoma cells as a rule exhibit high demand for exogenous amino acids to support 
their increased growth rate (Libby et al. 2018), arginine deprivation strategy may be considered as 
therapeutic approach which may potentially circumvent limitations imposed by the blood–brain 
barrier.

12 Effects of Arginine and Its Deprivation on Human Glioblastoma Physiology and Signaling
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12.5  Arginine Deprivation in Human Glioblastoma Cell Lines

As the mechanism of impairment of L-arginine biosynthesis in glioblastoma cell lines has been 
already established (Mörén et al. 2018; Syed et al. 2013), our group aimed at in depth characterization 
of the effects of arginine deprivation on glioblastoma physiology. In particular, U251 MG and U87 
MG commercially available cell lines derived from malignant brain tumors were examined (Li et al. 
2017a, b; Pavlyk et al. 2015; Bobak et al. 2016). Studies were performed in vitro in an arginine-free 
medium (AFM), based on 5% dialyzed fetal bovine serum lacking small molecules such as amino 
acids (from Sigma Aldrich, USA). A complete (control, CM) medium was obtained by supplementa-
tion the arginine-free medium with arginine, lysine and leucine (Pavlyk et al. 2015). In some of the 
experiments we had additional control that was the medium lacking L-lysine (lysine-free medium, 
LFM), the essential amino acid involved mainly in protein synthesis and posttranslational modifica-
tions but also in the crosslinking of collagen polypeptides, uptake of essential mineral nutrients, and 
in carnitine production (Azevedo and Saiardi 2016). The glioblastoma cells after being cultivated in 
the experimental conditions of a single amino acid withdrawal for up to 144 hours were subjected to 
thorough analyses of their growth, viability, morphology and adhesion as well as migration and inva-
siveness (see Fig. 12.3) (Pavlyk et al. 2015).
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Fig. 12.3 Summary of the effects of arginine deprivation on human glioblastoma cells. The panels at the top and bot-
tom, examplary non-published data and drawings reflecting the effects of arginine deprivation on the examined cells. 
CM and AFM, complete and arginine-free medium, respectively; Arg in yellow, arginyl residue in arginylated β-actin; 
red lines in bottom panels, drawings representing ribbon-like structure of the actin monomer and microfilaments, 
respectively. Other explanations in the text
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12.5.1  Effects of Arginine Deprivation on Glioblastoma Cell Growth 
and Viability

One could expect that starvation in vitro for essential amino acids arginine or lysine should cause 
pronounced negative effects on growth and viability of the cells. We previously showed that irrespec-
tive of their argininosuccinate synthetase status all cultured cell lines are deficient in OTC, an enzyme 
of arginine anabolism and are, therefore, auxotrophic for this amino acid (Bobak et al. 2010). And 
indeed, we showed that deprivation of each of these amino acids caused cell growth arrest and partial 
decrease, to a different extent for different cell lines, in cell viability (Pavlyk et al. 2015; Bobak et al. 
2016) (see Fig. 12.3). The growth was not rescued in arginine-free medium containing L-arginine 
precursor, OTC substrate, ornithine, and was only partially restored in the presence of another precur-
sor, argininosuccinate synthetase substrate, citrulline. Thus, these data further confirm that both glio-
blastoma cell lines U251 MG and U87 MG have disturbance in arginine biosynthesis and are 
auxotrophic for arginine. However, when arginine-free medium was re-supplemented with L-arginine 
after 3  days of starvation, efficient restoration of cell viability and regrowth of the culture were 
observed. Similar observation was made for the cells deprived of lysine, however, growth restoration 
upon lysine re-supplementation was only partial (Pavlyk et al. 2015). These data indicated that the 
observed negative effects of arginine deprivation on glioma growth and cell viability were 
reversible.

To reveal the mechanisms underlying the observed changes in cell viability, we evaluated whether 
arginine deprivation may induce cell stress that leads to apoptotic cell death (Bobak et  al. 2016, 
Karatsai et al. unpublished data). We observed that indeed arginine deprivation induced endoplasmic 
reticulum (ER) stress in several cancer cell lines derived from different tumors, including glioblas-
toma cell line U251 MG and this could contribute to the observed defects in cell growth and viability 
in arginine-free medium medium (see Fig. 12.3) (Bobak et al. 2016, Karatsai et al. unpublished data). 
Several markers of ER stress such as GRP78, GRP94, CHOP and EDEM1 were elevated both on the 
mRNA and protein level. This was accompanied by activation of ER stress sensors such as IRE1α and 
ATF6. The changes in the levels of numerous proteins involved in ER stress response (and/or their 
activity) were also observed. These changes were detected in PERK and GCN2 kinases and their 
substrate eIF2α and as well as in 4EBP1, ribosomal protein S6 and p38 kinase. Moreover, we demon-
strated an increase in expression of genes facilitating unfolded protein response (UPR) upon arginine 
starvation, such as ATF4 and its target, asparagine synthetase (ASNS) (Bobak et al. 2016, Karatsai 
et al. unpublished data). Our study that is currently in progress indicates that similar alterations also 
occur in the cells of human glioblastoma U87 MG cell line (Karatsai et al. unpublished data).

Since it was established that the duration of ER stress is critical for cell survival, we tested whether 
it could lead to the development of apoptotic cell death program in glioblastoma cells under arginine 
withdrawal. We investigated several pro-apoptotic markers such as caspase 3, cleaved PARP1 and 
Bcl-2, and all of them were either absent or unchanged up to 72-h of the treatment, thus indicating that 
in both glioblastoma cell lines were resistant to arginine deprivation and ER stress was not translated 
into cell death program.

We previously reported that the natural arginine proteomimetic analog, canavanine, enhanced the 
cytotoxic effect of arginine starvation in abroad spectrum of cancer cell lines (Vynnytska et al. 2011; 
Bobak et al. 2016). We showed for two cell lines derived from colorectal cancers, HCT-116 and HT29, 
that canavanine had a selective and particularly strong potential to enhance ER stress triggered by 
arginine starvation (Bobak et al. 2016). Similar effect was observed in both examined human glioblas-
toma cell lines (Karatsai et al. unpublished data). Since canavanine, similarly to other amino acids, 
can easily cross blood-brain barrier, these data are promising and further studies aiming at evaluation 
of canavanine effects are currently in progress.
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12.5.2  Effects of Arginine Deprivation on Glioblastoma Cell Morphology

In our studies we observed by several means that arginine deprivation specifically affected glioma 
cells morphology. In morphological examinations, we looked at the cell shape using the scanning 
electron microscopy and confocal fluorescence microscopy. For fluorescent analyses, cells were 
stained with fluorescently-labeled phalloidin, a mycotoxin that specifically binds to actin filaments 
and stabilizes actin network (Lengsfeld et al. 1974).

The changes were particularly well pronounced for U251 MG cell line. These cells under complete 
medium (CM) conditions are round and have a wide lamellipodium, resembling to a certain degree 
shape of fish keratinocytes (Burton et  al. 1999) Noteworthy, both cell types are also very motile. 
Under arginine deprivation U251 MG cells became elongated with a very limited lamellipodium (see 
Fig. 12.3). This change was not observed in lysine-free medium conditions as well as in primary cul-
ture rat glia cells used here as an additional control of non-transformed cells of the same organ 
origin.

As staining with phalloidin allows for rough assessment of organization of the actin cytoskeleton, 
it enabled us to reveal that the changes in cell shape in arginine-free medium conditions were accom-
panied by profound changes in actin filaments assembly. Glioblastoma cells cultured in arginine-free 
medium contained less stress fibers and cortical actin (see Fig. 12.3). This was not visible in lysine- 
free medium conditions as well as in glia cells cultured in all experimental conditions. Thus, the 
observed changes in cell morphology and actin cytoskeleton organization seem to be specifically 
evoked by arginine limitation, and not the absence of any essential amino acid.

12.5.3  Effects of Arginine Deprivation on Glioblastoma Cell Adhesion

The observed changes in morphology and cytoskeleton arrangement in the arginine-deprived glio-
blastoma cells could potentially result in alterations in cell adhesion. We demonstrated that hetero-
typic adhesion (i.e. cell attachment to the surface; assessed here by the localization and the level of 
proteins involved in adhesive contact formation such vinculin or talin) was specifically severely 
impaired in cells cultured in arginine-free medium conditions (see Fig.  12.3) (Pavlyk et  al. 2015, 
Karatsai et al. unpublished data). However, it should be mentioned that the level of several proteins 
forming the focal contacts was not significantly affected except that of phosphorylated (active) form 
the focal adhesion kinase (FAK), the key regulator of cell adhesion. The level of active FAK was dra-
matically decreased in arginine-deprived cells of both glioblastoma cells lines but not in control glia 
cells. Also, we observed that cell-cell interactions (homotypic adhesion), very important for tumor 
formation, were severely impaired in arginine-free medium conditions as was the level of E-cadherin, 
a protein involved in cell-cell contact formation (Pavlyk et al. 2015).

Thus, the presence of physiological arginine levels seems to be critically important for glioblas-
toma cell adhesion, which is severely impaired under arginine deprivation.

12.5.4  Effects of Arginine Deprivation on Glioblastoma Cell Migration 
and Invasiveness

Cell migration (motility) is the intrinsic feature of all living cells, including numerous body cells such 
as fibroblasts, neutrophils and glia cells. It depends on a panoply of consecutive processes such as cell 
polarization, attachment and detachment from the surface as well as force generation. All of them are 
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associated with dynamic reorganization of the cytoskeleton, mainly the actin-based cytoskeleton 
(Blanchoin et al. 2014). The migration could be assessed by an array of methods including the scratch 
test (termed also as a “wound healing assay”), translocation through the porous membranes 
(chemotaxis- based Transwell™ system), as well as by observing the position of individual cells using 
the time-lapse technique (see Fig. 12.3) (Pavlyk et al. 2015; Kouvroukoglou et al. 2000).

The observed changes in the cell morphology, cytoskeleton organization and cell adhesion sug-
gested that arginine deprivation could affect (possibly strongly impair) glioblastoma cell motility. By 
means of the techniques mentioned above, we showed that the lack of arginine significantly decreased 
migration of the examined cells (up to approximately 20% of the control values in CM conditions). 
However, it did not affect migration of glia cells. Also, deficit of lysine did not have a significant 
impact on migration of both glioblastoma and glia cells indicating that the inhibition is specific for 
conditions of arginine deprivation.

Both examined human glioblastoma cell lines have been derived from very malignant (invasive) 
brain tumors and their migration was severely impaired under arginine deprivation. So it was an obvi-
ous next task to assess invasiveness of these cells in arginine-free medium conditions. In our experi-
mental setup, we employed a modified Transwell™ filters, which were covered by Matrigel®, a 
gelatinous protein mixture resembling extracellular matrix present in many tissues (Benton et  al. 
2014). As expected, arginine but not lysine deprivation also greatly inhibited invasiveness (up to 85%) 
of both glioblastoma cell lines as was assessed by counting the cells that passed through the pores (see 
Fig. 12.3).

These observations were further confirmed by an assay resembling to a great extent the in vivo 
conditions, i.e. with the use of organotypic brain slices. To visualize cells that invaded into the rat 
brain slice, glioblastoma cells were transfected with GFP and prior to experiment were cultured for 
two days in complete medium, arginine-free medium and lysine-free medium conditions, and then 
placed on the slice top. Examination of the slice inside with confocal fluorescent microscope revealed 
that cells cultured in arginine-free medium conditions did not infiltrated into the brain tissue as effec-
tively as the cells cultured in complete medium and lysine-free medium conditions.

Thus, we observed by several means a significant reduction of invasiveness in the examined cells 
deprived of arginine.

12.5.5  Effects of Arginine Deprivation on Cytoskeleton Organization 
in Glioblastoma Cells

The data described above clearly indicate that arginine deprivation evoked specific effects on glioblas-
toma cell morphology, adhesion as well as migration and invasiveness (Pavlyk et al. 2015). Based on 
stainings with fluorescently labeled phalloidin that specifically binds to filamentous actin, we pro-
posed that these effects could result, at least in part, from the alterations in the cytoskeleton organiza-
tion (see Fig. 12.3).

The cytoskeleton is defined as the dynamic intracellular network of protein filaments, which plays 
a pivotal role in maintenance of the cell shape, membrane dynamics, intracellular trafficking, cell 
polarization, motility and division, just to name the few. The cytoskeleton of eukaryotic cells is built 
by three major filamentous systems: actin filaments (microfilaments), microtubules and intermediate 
filaments (Alberts et al. 2008; Fletcher and Mullins 2010). Unlike intermediate filaments, microfila-
ments (in non-muscle cells built by two major actin cytoskeletal isoforms, β- and γ-actin) and micro-
tubules (formed by dimers consisting of α- and β-tubulin isoforms) are polar polymers. While actin 
(molecular weight ~42 kDa) and tubulin (molecular weight ~55 kDa) isoforms are highly evolution-
arily conserved in Eukaryotes, proteins forming intermediate filaments (cell/tissue specific) differ in 
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their amino acid composition (molecular weight range 40–200 kDa), but fold into a similar secondary 
structure enabling assembly into apolar filaments. Importantly, only microfilaments and microtubules 
were shown to serve as tracks for motor proteins and thus are crucial for all of the processes associated 
with cell motility/migration (Fletcher and Mullins 2010).

To address the aforementioned hypothesis, we performed analyses that showed that under arginine- 
free medium (and lysine-free medium) conditions there was no difference in the amount of total actin 
(and its both actin cytoplasmic isoforms) as well as of tubulin isoforms with respect to control medium 
conditions. These data indicate that the observed changes in the cell migration and invasiveness were 
not associated with the difference in the amount of these key cytoskeletal components. In the next set 
of experiments, we focused on evaluation of organization of the cytoskeleton under the examined 
conditions. Using both the flow cytometry and sedimentation assay, we demonstrated a substantial 
decrease in the content of β-actin filaments under arginine deprivation but not in lysine deprivation 
conditions. However, there was no any significant change in γ-actin filaments and microtubules. Also, 
no any difference was observed in actin or tubulin organization in primary rat glia cells incubated in 
AFM or LFM.

Thus arginine deprivation caused specific changes in organization of only β-actin resulting in a 
smaller pool of filaments formed by this cytoskeletal actin isoform (Pavlyk et al. 2015).

12.5.6  Arginine and Actin Arginylation

The question arised what is the underlying mechanism of the observed changes that were manifested 
only in the β-actin filament organization. Is there any direct relation between arginine and this specific 
actin isoform? The literature research revealed that behind these observations could be a relatively 
newly characterized protein modification, namely posttranslational arginylation. This modification is 
catalyzed by an enzyme, arginyl transferase 1 (ATE1), and was demonstrated to affect numerous 
cytoskeletal proteins, including tubulin, talin and specifically β-actin and not γ-actin isoform (Rai and 
Kashina 2005, Karakozova et al. 2006, Wong et al. 2007). ATE1 was shown to add arginyl residue 
onto the second or third acidic amino acid residues of N-terminus of β-actin isoform, i.e. aspartic acid2 
(Asp2) or aspartic acid3 (Asp3), and arginylated β-actin is metabolically stable (Karakozova et al. 
2006, Zhang et al. 2010). In case of γ-actin, two glutamic acid residues are replacing two N-terminal 
β-actin aspartic acid residues (Rubenstein 1990), and in theory this actin isoform could be also argi-
nylated. However, it was shown that a specialized mechanism selectively removes arginylated γ-actin 
by targeting differences in actin coding sequences and translation rates thus ensuring that no arginyl-
ated γ-actin is produced in vivo (Zhang et al. 2010). The reasons for this bias relate to the mechanisms 
maintaining the functional distinction between different actins, and are not presently fully understood 
(Terman and Kashina 2013). Kashina’s group in numerous elegant studies showed that both in vitro 
and in vivo Arg arginylation of this actin isoform regulates actin filament assembly, its subcellular 
localization, and lamella formation in motile cells. This posttranslational modification is essential for 
directional cell migration and maintenance of the cell leading edge morphology and adhesion, and is 
rapidly regulated by different stimuli (Pavlyk et  al. 2018; Karakozova et  al. 2006; Rodriguez and 
Kashina 2018).

Analysis of the literature also revealed that the observed effects of arginine deprivation on glioblas-
toma cell migration and cytoskeleton organization resembled to some extent the observations in 
murine cells with either ATE1 knockdown or after treatment with ATE1 inhibitors (Zhang et al. 2012, 
Saha et al. 2012, Kurosaka et al. 2012, Karakazova et al. 2006). For instance, motile cells lacking 
arginylation exhibited impairments in the lamellipodium formation (see Fig. 12.3), both cell-substrate 
and cell-cell adhesion as well as reduced directionality and speed of migration. Therefore we decided 
to test a hypothesis that it was arginylation of β-actin that was affected by arginine deprivation and in 
consequence evoked other observed changes.
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To verify this supposition, we performed two dimensional (2D) electrophoresis (to detect a shift in 
actin isoelectric pattern) and mass spectrometry analysis (to detect β-actin arginylation). 2D electro-
phoresis revealed that out of the three major actin spots detected in complete medium and lysine-free 
medium conditions only two with more acidic pI were seen in arginine-free medium conditions. This 
indicated quantitative changes in actin isoform pattern, possibly due to deficit in β-actin arginylation, 
a modification adding a positive charge into actin polypeptide chain. This suggestion was next con-
firmed by mass spectrometry that revealed about 35% decrease in arginylation of Asp3 with respect 
to complete medium conditions. Importantly, there was no statistically significant effect on β-actin 
arginylation in lysine-free medium conditions further confirming specificity of effects evoked by argi-
nine deprivation (Pavlyk et al. 2015).

Thus we demonstrated that arginine deprivation diminished the extent of β-actin arginylation that 
in turn most probably caused changes in cell morphology and defects in cell adhesion and impairment 
in cell migration and invasiveness (see Fig. 12.3). However, we do not exclude the possibility that 
deficit in arginylation of other cytoskeletal proteins (for example of talin, a protein of adhesive com-
plexes) could also contribute to the observed effects in arginine-deprived conditions (Wong et  al. 
2007; Zhang et al. 2012).

12.6  Arginine Deprivation-Based Anticancer Strategies for Glioblastoma

Above, we reviewed recent literature reports and data from our laboratories suggesting that gliomas, 
glioblastomas (GBM) in particular, for which no efficient treatment exists, may be a target of arginine 
deprivation-based therapy (ADT), which is being rigorously developed on several cancer cell models 
(reviewed in Stasyk et al. 2015, Riess et al. 2018, Kwong et al. 2017). Our original data also suggested 
that, on the one hand, glioblastomas were rather resistant to this treatment in vitro and did not develop 
apoptosis despite up-induction of ER stress under arginine deprivation. On the other hand, we dem-
onstrated that arginine deprivation dramatically affected such hallmarks of tumor cells metastatic 
potential as cell motility, adhesiveness and invasiveness, which greatly contribute to common difficul-
ties connected to the design of an efficient cure against GBMs. Taken together, these data suggest that 
ADT may be a good basis for the development of the new more efficient rationally designed therapeu-
tic modalities against glioblastomas. To achieve this goal, one has to take into account that negative 
status of argininosuccinate synthetase is a prerequisite of cancer cells sensitivity to arginine depriva-
tion-based therapy (ADT) in vivo and that glioblastomas apparently readily derepress argininosucci-
nate synthetase under arginine deprivation (Syed et  al. 2013; Karatsai et  al. unpublished results). 
Therefore, any combination adjuvant treatment must solve this limitation to be efficient. Of note, 
argininosuccinate synthetase 1 deficient GBM have a worse prognosis as compared to argininosucci-
nate synthetase 1 positive tumors (Mörén et al. 2018). Second limitation to be overcome is existence 
of the blood brain barrier for any auxiliary chemotherapeutic compounds considered as components 
for anti-glioma therapy.

There are several reports describing glioblastoma cells response to arginine deprivation and 
addressing the molecular mechanism determining cells survival to ADT as a monotherapy. For 
instance, Syed et al. (2013) showed that autophagy plays a pro-survival role, while status of CD133 
antigen (also known as prominin-1) can be used as a predictive marker for potential argininosuccinate 
synthetase promoter demethylation and argininosuccinate synthetase upregulation under ADT.  Of 
note, chloroquine, a known anti-malaria drug, has been proposed by us and others as a potential 
autophagy inhibitor under ADT in cancer cells, including glioblastomas (Shuvayeva et al. 2014; Syed 
et al. 2013; Fiedler et al. 2015). There is a potential as a co-treatment with ADT also for inhibitors of 
proteasomal degradation such as bortezomib, already shown to be effective against a subset of GBM 
(Styczynski et al. 2006).
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Khoury et  al. (2015) examined the effects of another arginine-degrading enzyme, recombinant 
human arginase (rhARG) on the panel of nine human GBM cell lines and on human fetal glial cells 
SVG-p12. They found that only one third of the cell lines remained argininosuccinate synthetase- 
negative under arginine deprivation and sensitive to the treatment upon citrulline supplementation, 
and that autophagy inhibition elevated cytotoxicity of the treatment without up-inducing programmed 
cell death. In addition, Li et al. (2017a, b) described that up-induction of the cyclooxygenase-2 (COX- 
2), dependent on p38 mitogen-activated protein kinase (p38-MAPK) and the Sp1 transcription factor 
was linked to adaptation of GBM cells to general amino acid starvation. These observations suggest 
that p38-MAPK inhibitors may disrupt this mechanism. However, it remains to be elucidated, whether 
the proposed mechanism holds also for single arginine starvation conditions. Using liquid 
chromatography- time-of-flight mass spectrometry (LC-TOFMS) and bioinformatic methods Mörén 
et al. (2018) addressed basal metabolic differences between argininosuccinate synthetase 1 negative 
and positive glioma cell lines (SNB19 and U87 MG, respectively). The obtained data revealed signifi-
cant systematic difference in the metabolite levels between the two cell lines and perturbations in 
amino acid metabolism in argininosuccinate synthetase-negative U87 MG.  This warrants further 
study to determine their diagnostic and therapeutic potential for the development of new combination 
treatments. It would be also interesting to see, how mutations in isocitrate dehydrogenase IDH1 in a 
large subset of glioblastomas (Maus and Peters 2017) would affect such a difference in amino acids- 
related metabolite profiles. It is also of interest in this respect to decipher, how mutations in IDH1 and 
argininosuccinate synthetase 1 may be interdependent on the genetic and biochemical levels, taking 
into account that the first drug against IDH1-mutated tumors (Ivosidenib) has just been globally 
approved (Dhillon 2018).

With regard of combination treatments, it was reported that ADI in combination with anti-GBM 
drug Palomid-529 yielded more than 70% of killing of the examined glioblastoma cell lines. Apoptosis 
as well as cell cycle disregulation were found to play a minor role in the observed cancerocidal effects 
(Fiedler et al. 2015). However, this cumulative effect was not translated to in vivo conditions of glio-
blastoma xenograft growth.

We, in collaboration with L.  Kunz-Schughart’s group, demonstrated that arginine deprivation- 
based therapy (ADT) with recombinant human arginase even in the presence of citrulline efficiently 
sensitizes glioblastoma cells to irradiation in 3D models (Hinrichs et al. 2018), in which cancer cells 
become rather resistant to ADT as a single treatment (Vynnytska-Myronovska et al. 2013). Of note, 
the observed radio-sensitization effect was more pronounced in GBM cell model with p53 loss of 
function as compared with a p53-wildtype cell line. As mentioned above, combination with arginine 
proteomimetic toxic analogues, such as canavanine, may be another avenue for the development of 
efficient anti-glioblastoma treatments.

Importantly, despite some differences, useful parallels for the development of ADT-based adju-
vant therapies can be drawn from the experience of another metabolic therapy based on recombinant 
asparaginases that decrease asparagine levels in serum and cerebrospinal fluid and are successfully 
exploited in clinics for the treatment of acute childhood leukemia (Ghasemian et al. 2019). It was 
reported that metabolic reprogramming triggered by asparaginase treatment (asparagine depletion) 
sensitized glioblastoma cells deficient in asparagine synthetase (ASNS) for apoptosis in vitro and in 
vivo (Karpel- Massler et al. 2016). Thereby it was found that certain glioma cell lines are particularly 
susceptible to asparagine withdrawal (a non-essential amino acid for most malignant cells), while 
others displayed a resistant phenotype. Combination of L-asparaginase with an inhibitor of antiapop-
totic protein Bcl-2/Bcl-xL, ABT263, led to the induction of apoptosis in vitro and reduction of tumor 
growth in vivo without induction of toxicity (Karpel-Massler et al. 2016). It was also reported that 
asparaginase treatment enhanced cytotoxicity of such conventional chemotherapeutic agents as gem-
citabine or etoposide against glioblastoma cells. Although xenograft tumors in vivo exhibited no 
significant response to asparagine depletion monotherapy or temozolomide alone, their combination 
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resulted in significant tumor growth suppression for an extended period of time (Panosyan et  al. 
2014). In another study, asparagine-depleting enzyme reduced temozolomide IC50s by 3.6- to 
13-fold in the neurosphere models in vitro and improved survival in mice with transplanted glioblas-
toma (Sanghez et al. 2018).

It has to be also mentioned that, in line with ours and other groups’ results with cultured tumor 
cells, first clinical trials with recombinant arginine-degrading enzymes demonstrated their potential as 
cancerostatic agents, but revealed the limitation of ADT as a monotherapy. Thus, pegylated ADI dem-
onstrated strong antitumor and anti-angiogenesis effects on argininosuccinate synthetase 1-negative 
cancers in clinical phase I–III trials (Zarei et al. 2019; Riess et al. 2018; Stasyk et al. 2015). Pegylated 
recombinant human arginase I (rhARG1-PEG) was also efficient as anticancer drug, for example 
against hepatocellular carcinoma. Importantly, rhARG1 was proposed to exert an anti-proliferative 
activity on cancer cells deficient in ornithine transcarbamylase (OTC) whereas only argininosuccinate 
synthetase-negative tumors are sensitive to ADI treatment (Riess et al. 2018; Dhankhar et al. 2018; 
Stasyk et al. 2015).

With respect to ADT as anti-glioblastoma treatment, a recent study addressed the efficacy of ADI- 
PEG20 in an intracranial murine model of human GBM (Przystal et al. 2018). Animals bearing intra-
cranial human GBM tumors with variable c status were treated with ADI-PEG20 alone or in 
combination with temozolomide. It was demonstrated that ADI alone reduced the intracranial growth 
of argininosuccinate synthetase 1-negative GBM and extended survival of mice carriers without obvi-
ous toxicity. Combination with temozolomide led to the enhanced effects in both argininosuccinate 
synthetase 1-negative and unexpectedly even argininosuccinate synthetase-positive tumors. These 
data provided proof of principle for a therapeutic strategy for brain tumors based on peripheral blood 
arginine-depleting enzyme, and argued for early clinical evaluation of the treatment (Przystal et al. 
2018). One clinical phase I trial with GBM patients run by Polaris group is currently in progress with 
ADI as arginine-depleting agent in combination with pemetrexed and cisplatin (https://clinicaltrials.
gov/ct2/show/NCT02029690) (Hall et al. 2019).

12.7  Concluding Remarks

It has become well appreciated in recent years that metabolic reprogramming is a key hallmark of 
tumorigenesis that is controlled by oncogenes. In gliomas, such key features concern tumor cell 
addiction to glucose as a carbon source and glutamine as a nitrogen source (Maus and Peters 2017; 
Fogal et al. 2015; Seyfried et al. 2015). The importance of such oncogenes as c-Myc for such a 
reprograming (Fogal et al. 2015), which may be simultaneously involved in regulation of methyla-
tion of biosynthetic gene promoters, e.g. argininosuccinate synthetase 1 (Syed et al. 2013), points 
at possible coordination of metabolic alterations in energy metabolism and amino acid biosyn-
thetic mechanism in many malignant cells, including glioblastomas. Such orchestrated metabolic 
alterations are becoming increasingly better understood (Márquez et al. 2017), and may often lead 
to appearance of new still unrecognized synthetic lethalities or “Achilles heel” in cancer cells that 
may be targeted by rationally designed combinatorial therapies. However, metabolic heterogene-
ity and plasticity of malignant cells, glioblastomas in particular, often complicate this strategy 
(Libby et al. 2018).

In this review, we substantiated the idea that arginine deprivation therapy might serve as a new way 
for development of nontoxic metabolic therapies against glioblastoma. Several recently observed by 
us effects of arginine deprivation-based therapy (ADT) on glioblastoma physiology such as decreased 
cell motility, adhesion and invasiveness seem to be unique hallmarks of ADT and draw further interest 
to the development of new combination therapies against highly malignant brain tumors.
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Chapter 13
Histone Modifying Enzymes and Chromatin 
Modifiers in Glioma Pathobiology and Therapy 
Responses

Iwona A. Ciechomska, Chinchu Jayaprakash, Marta Maleszewska, and Bozena Kaminska

Abstract Signal transduction pathways directly communicate and transform chromatin to change the 
epigenetic landscape and regulate gene expression. Chromatin acts as a dynamic platform of signal 
integration and storage. Histone modifications and alteration of chromatin structure play the main role 
in chromatin-based gene expression regulation. Alterations in genes coding for histone modifying 
enzymes and chromatin modifiers result in malfunction of proteins that regulate chromatin modifica-
tion and remodeling. Such dysregulations culminate in profound changes in chromatin structure and 
distorted patterns of gene expression. Gliomagenesis is a multistep process, involving both genetic 
and epigenetic alterations. Recent applications of next generation sequencing have revealed that many 
chromatin regulation-related genes, including ATRX, ARID1A, SMARCA4, SMARCA2, SMARCC2, 
BAF155 and hSNF5 are mutated in gliomas. In this review we summarize newly identified mecha-
nisms affecting expression or functions of selected histone modifying enzymes and chromatin modi-
fiers in gliomas. We focus on selected examples of pathogenic mechanisms involving ATRX, histone 
methyltransferase G9a, histone acetylases/deacetylases and chromatin remodeling complexes 
SMARCA2/4. We discuss the impact of selected epigenetics alterations on glioma pathobiology, sig-
naling and therapeutic responses. We assess the attempts of targeting defective pathways with new 
inhibitors.

Keywords Histone modifications · Transcription regulation · Glioma, histone modifying enzyme 
inhibitors · Epi-drugs
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DAXX Death-domain associated protein
DNMT1 DNA methyltransferase-1
DSB Double-strand break
EHMT2 Euchromatic histone-lysine N-methyltransferase 2
EZH2 Enhancer of zeste homolog 2
GBM Glioblastoma
GLP G9a-like protein
GSC Glioma stem cell
HAT Histone acetyltransferase
HDAC Histone deacetylase
HMT Histone methyltransferase
MBT domain Malignant brain tumor domain
pCAF p300/CBP Associated factor
PcG protein Polycomb Group protein
RPA70 Replication protein A 70
SAM S-adenosyl-methionine
SMARCA2 SWI/SNF related, matrix associated, actin dependent regulator of chromatin,  

subfamily A, member 2
SMARCA4 SWI/SNF related, matrix associated, actin dependent regulator of chromatin,  

subfamily A, member 4
Suv39h1 Suppressor of variegation 3–9 homologue 1
SWI/SNF SWItch/sucrose non-fermentable
TCGA The cancer genome atlas
TMZ Temozolomide

13.1  Chromatin as a Dynamic Platform for Signal Integration 
and Information Storage

Chromatin consists of DNA wrapped around a protein complex consisting of the histones H2A, H2B, 
H3, and H4 octamer. This “beads-on-a-string” structure loops into topologically associated domains 
(TADs), creates higher order structures (30 nm fibers) and compacts further into a densely packed 
transcriptionally silent chromatin, frequently located at the peri-centromeric regions or attached to a 
nuclear lamina. Chromatin structure at a particular gene is crucial for its expression as it defines 
accessibility of DNA for transcriptional regulators, affects gene expression, and influences cell-fate 
decision making processes. Remodeling of chromatin can be achieved via several epigenetic mecha-
nisms involving DNA methylation, histone modifications, and nucleosome remodeling. The most 
important histone modifications are: lysine acetylation, lysine and arginine methylation, serine/threo-
nine/tyrosine phosphorylation, and serine/threonine ubiquitylation (Kouzarides 2007; Tan et al. 2011). 
Extracellular signals bind to cell surface or intracellular receptors and initiate intracellular intercon-
nected cascades of signaling mediators which culminate at chromatin and gene transcription levels to 
produce long-term changes in cell behavior (Turner 2012). Therefore, chromatin acts as a dynamic 
platform of signal integration and a long-term storage of information about gene expression profiles.

Modifications of histones regulate all processes involving DNA as a template, including replica-
tion, transcription, and repair. Specific histone modifications have been found at active or inactive 
loci, i.e., acetylation of N-terminal lysines of histones H3 and H4 is typically associated with an active 
chromatin, while methylation of lysines 9 and 27 of histone H3 are marks of condensed chromatin at 
silent loci (Bannister and Kouzarides 2011). Histone acetylation may affect electrostatic interactions 
between histone tails and DNA, making chromatin open to accept transcription factors and general 
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machinery to specific gene regulatory regions influencing gene expression. Collaborative or antago-
nistic cross-talks may occur between different epigenetic modifications.

Histone modifications recruit transcription factors, chromatin remodelers, or chromatin structural 
proteins that are involved in chromatin condensation or de-condensation, and contribute to the forma-
tion and maintenance of active or repressive chromatin state (Yun et al. 2011). Numerous chromatin- 
associated factors can specifically interact with modified histones via distinct domains such as: 
bromodomain, which predominantly recognizes acetylated residues [i.e. p300/CBP Associated Factor 
(pCAF) the bromodomain and extra-terminal motif (BET) proteins], chromodomain [i.e., HP1, sup-
pressor of variegation 3–9 homologue 1 (Suv39h1), Polycomb Group (PcG) proteins], MBT domain 
[i.e., the malignant brain tumor (MBT) domain-containing protein family SFMBT], and Tudor domain 
(i.e., JMJD2A, SETDB1) recognizing methylated histones (Yun et al. 2011).

Nucleosome remodeling at the repressed genes is driven by ATP dependent chromatin remodeling 
complexes which disrupt nucleosome DNA contacts, passage nucleosomes along DNA, and remove 
or exchange nucleosomes. Amongst the most studied nucleosome remodeling proteins are ATP- 
dependent SWI/SNF family members (named SWI or SNF  - switching defective or sucrose non- 
fermenting, as they were discovered in yeast), which are conserved in flies, plants, and mammals. 
These ATP-binding helicases display DNA- and nucleosome-dependent ATPase activity. In humans, 
the complex contains two mutually exclusive ATPase enzymatic subunits SMARCA2 and SMARCA4, 
and 10 or more SMARCA2/SMARCA4-asssociated factor (BAF) subunits. The SWI/SNF proteins 
interact with the accessory subunits (regulating an enzymatic activity of the entire complex), tran-
scription factors and other chromatin modifying enzymes, and are capable of mobilizing nucleosomes 
at target promoters and enhancers to modulate gene expression (Helming et al. 2014).

13.2  Mutations in Epigenetics-Related Genes or Their Aberrant 
Expression Contribute to the Dysregulated Epigenetic Landscape 
in Gliomas

Recent applications of next generation sequencing have revealed that many epigenetics-related genes 
such as ATRX, ARID1A, SMARCA4, SMARCA2, SMARCC2, BAF155, and hSNF5 are mutated in glio-
mas (Cancer Genome Atlas Research Network TCGA et al. 2015; Liu et al. 2012; Lulla et al. 2016; 
Schwartzentruber et al. 2012; Williams et al. 2018). These alterations are typically loss-of-function 
mutations and are not directly therapeutically targetable. Mutations in genes of BAF complex and 
PI3K pathway co-occurred more frequently in TERTp (Telomerase Reverse Transcriptase  pro-
moter)  wild-type glioblastomas (GBMs) suggesting an occurrence of functional interactions in a 
specific pathway of gliomagenesis (Williams et al. 2018). ATRX (α-thalassaemia/mental retardation 
syndrome X-linked) encodes a subunit of a chromatin remodeling complex which binds a chaperone 
protein DAXX (death-domain associated protein) and participates in histone variant H3.3 incorpora-
tion at pericentric heterochromatin and telomeres, which are sites of transcriptionally silent chroma-
tin. H3.3 loss or misplacement triggers cell cycle blockade and cell death, processes mediated by 
dysfunction of heterochromatin structures at telomeres, centromeres, and pericentromeric regions of 
chromosomes, leading to mitotic defects. The resulting genome abnormalities and DNA damage may 
lead to p53 pathway activation. ATRX inactivation within gliomas can be due to mutations, deletions, 
or gene fusions and these alterations are specific to astrocytic tumors in adults carrying IDH1/2 and 
TP53 mutations (Liu et al. 2012). ATRX deficiency results in widespread changes in chromatin acces-
sibility, histone composition, and transcription at genomic sites normally bound by the protein. In 
murine cells gene targets of Atrx that contribute to specific Atrx-deficient phenotypes showed simi-
larly dysregulated expression as genes in ATRX-mutant human gliomas (Danussi et al. 2018).
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ATRX loss may lead to genome instability and increased formation of G-quadruplexes (G4s), 
which are abnormal secondary structures involved in transcription dysregulation and DNA damage. 
ATRX-deficiency in non-transformed human astrocytes led to accumulation of clinically relevant 
copy number alterations. Chemical G4 stabilization was associated with enhanced DNA damage and 
cell death in ATRX-deficient cells and ATRX-mutant glioma stem cell xenografts were sensitive to 
G4-targeting in vivo (Wang et al. 2019). Gliomas with low ATRX expression levels upregulated genes 
involved in the transport, modification, and ubiquitination of proteins, signal transduction, including 
GTP-related signal transduction and positive regulation of GTPase. Induced ATRX knockdown in 
glioma cells inhibited cell migration, impaired cell viability and increased cell death (Cai et al. 2015).

13.3  Histone Acetylases and Deacetylases as Therapeutic Targets 
in Malignant Gliomas

Acetylation of lysines in histone H3 is regulated by enzymes with opposite activities: histone acetyl-
transferases (HATs) and deacetylases (HDACs). HATs acetylate the conserved lysines of histones by 
transferring an acetyl group from acetyl-coenzyme A, leading to formation of N-ε-acetyl-l-lysine. 
Chromatin adopts a more relaxed structure after histone acetylation, which enables the recruitment of 
the general transcriptional complex and increases gene transcription (Tan et al. 2011). The acetylation 
marks on lysine residues are recognized by proteins containing bromodomains (BRDs) and a PHD 
finger (previously shown to target methylated lysine residues) (Zeng et al. 2010). HDACs remove the 
acetyl groups of lysine residues of histone tails, which leads to local chromatin compaction and tran-
scriptional repression. HATs and HDACs have relatively low substrate specificity and cooperate with 
other family members forming protein complexes, determining their specificity.

It should be stressed that besides modifying histones, HATs and HDACs acetylate/deacetylate 
several other cellular proteins with important functions in tumorigenesis. High-resolution mass spec-
trometry approach identified 3600 lysine acetylation sites on 1750 proteins and lysine acetylation 
preferentially targets large complexes involved in chromatin remodeling, cell cycle, splicing, nuclear 
transport, and actin nucleation in human acute myeloid leukemia MV4-11 cells. A list of acetylated 
proteins includes tumor suppressors TP53, DAXX, PML, PTEN, and HAUSP, many proteins that are 
essential for DNA damage repair such as Ku70, MDC1, DDB1/2, RAD50, PCNA, WRNIP1, MSH2, 
BLM, and RAD54L, nuclear ubiquitin ligases and deubiquitylases including UHRF1, HUWE, 
BRE1A, and BRE1B (Choudhary et al. 2009). Acetylation can also affect signaling pathways. Akt 
and PDK1 are acetylated at lysine residues in pleckstrin homology domains, which mediate PIP3 
binding. Acetylation blocked binding of Akt and PDK1 to PIP3, preventing its membrane localization 
and phosphorylation of Akt. Deacetylation by SIRT1 (the class III deacetylase) enhanced binding of 
Akt and PDK1 to PIP3 and promoted their activation. Cells expressing a mutant mimicking a consti-
tutively acetylated Akt grew smaller tumors than control ones when injected into mice (Sundaresan 
et al. 2011). A large number of non-histone targets of HATs and HDACs makes it difficult to dissect 
effects of genetic or pharmacological interventions on chromatin from those on signaling pathways.

A recent study analyzed genetic alterations occurring in all known 73 genes coding for HATs (18), 
BRDs (43), and HDACs (18) across the TCGA (The Cancer Genome Atlas) data cohort (n > 10,000). 
The study reported that many of those genes recurrently gained or lost copy number variations or had 
somatic mutations in more than one cancer type, but interestingly no (or rare) aberrations were 
detected in low grade gliomas (LGGs) and GBMs (Hu et al. 2019).

Histone acetylation in cancer cells can also be deregulated by aberrant expression of HATs and 
HDACs. Unfortunately, the data regarding HATs and HDACs in gliomas are fragmentary. The protein 
300 (p300) and pCAF are main enzymes with a HAT activity (Eguía-Aguilar et al. 2013). The analysis 
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of their expression in pediatric gliomas showed the lack of PCAF expression in normal brain tissue 
and higher expression of p300 and PCAF in benign astrocytomas than in WHO grade III and grade IV 
tumors. Immunohistochemical staining corroborated those results and showed decreased protein 
expression with an increasing clinical severity (Eguía-Aguilar et  al. 2013). PCAF/KAT2B was 
reported as an important factor of the Hedgehog (Hh) signaling pathway which controls embryonic 
patterning in development, and tissue maintenance and repair in adults. Uncontrolled activation of the 
Hh-Gli pathway has been found in several cancers, including brain tumors such as medulloblastoma 
and glioblastoma. PCAF downregulation in tumor cells impaired Hh activity and reduced expression 
of Hh target genes, which resulted in decreased proliferation and increased apoptosis. PCAF inter-
acted with GLI1, the downstream effector in the Hh-Gli pathway, and loss of either PCAF or GLI1 
reduced the levels of H3K9 acetylation at Hh target gene promoters. PCAF silencing reduced tumor 
growth in mice intracranially injected with Ink/Arf-null EGFR-transformed neural stem cells, mim-
icking driver mutations occurring in human gliomas (Malatesta et al. 2013).

A very few specific HAT inhibitors have been identified that reduce cancer cell growth and pro-
mote apoptosis in human cancer cells by inhibiting p300 HAT activity (Bowers et al. 2010; Malatesta 
et al. 2013). HATi II is a cell-permeable bis-arylidene cyclohexanone compound inhibiting a p300/
CBP protein, which reduced histone H3 acetylation and inhibited proliferation of U251, U87, HS683, 
and SHG44 glioma cells in a dose-dependent manner. HATi II induced cell cycle arrest at the G2/M 
phase and caspase-dependent apoptosis, possibly by activating the p53 signaling pathway (Xu et al. 
2014).

A gene expression profiling pilot study demonstrated downregulation of seven out of eight HDAC 
mRNAs in GBMs. The levels of acetylated histone H3 (but not histone H4) were higher in GBMs than 
normal brain (Lucio-Eterovic et al. 2008). The more comprehensive analysis of HDAC1–11 expres-
sion profiles in gliomas of different malignancy from the TCGA database revealed that only HDAC1, 
2, 3, and 7 mRNA levels were upregulated in malignant gliomas; the expression of most HDACs was 
lower in malignant gliomas than in LGGs (Was et al. 2019). Knockdown of HDAC1 or HDAC2 in 
human glioblastoma cells significantly decreased cell proliferation. Moreover, both new and reference 
HDAC inhibitors such as the FDA-approved SAHA (vorinostat) and mocetinostat, showed anti- 
proliferative effects in different human glioma cells (Was et al. 2019).

HDAC inhibitors are considered to be promising anti-cancer drugs particularly in combination 
with chemotherapeutics and/or radiotherapy. A number of structurally diverse compounds have been 
synthesized that can effectively inhibit HDAC activity and alter chromatin structure in cancer cells 
leading to re-expression of aberrantly silenced tumor suppressor genes. HDAC inhibitors vorinostat, 
romidepsin, and belinostat have been approved for T-cell lymphoma and panobinostat for multiple 
myeloma, and are being tested in clinical trials for solid malignancies, including gliomas (Eckschlager 
et al. 2017; Maleszewska and Kaminska 2015).

13.4  Role of G9a: A Histone Methyltransferase in Glioma Pathobiology

13.4.1  Functions of G9a as a Histone Methyltransferase

Histone methyltransferases (HMTs) catalyze the methylation of histone lysines and arginines utiliz-
ing S-adenosyl-methionine (SAM) as a source of methyl groups. This histone modification can result 
in either the activation or repression of transcription (Jones and Baylin 2007; Martin and Zhang 2005). 
G9a, also known as euchromatic histone-lysine N-methyltransferase 2 (EHMT2)], belongs to the 
Su(var)3-9 family, mainly catalyzing histone H3 lysine 9 mono- and dimethylation, a reversible modi-
fication generally associated with transcriptional gene silencing (Tachibana et  al. 2002, 2005). 
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Structurally, it is composed of a catalytic SET (suppressor of variegation 3–9 enhancer-of-zeste tritho-
rax) domain, a domain containing ankyrin repeats (involved in protein–protein interactions), and 
nuclear localization signals on the N-terminal region. A SET domain of G9a is responsible for adding 
methyl groups to H3 tails (Casciello et al. 2015). G9a-like protein (GLP, also known as EHMT1) is 
closely related to G9a, with approximately 80% sequence identity in their catalytic SET domains 
(Chang et al. 2009; Kubicek et al. 2007). Biochemical studies have revealed that the G9a actively 
interacts with GLP forming a heterodimeric complex which catalyzes H3K9 mono- and dimethyl-
ation (H3K9me1 and H3K9me2) (Tachibana et al. 2002, 2005). The G9a/GLP complex can methylate 
other histone substrates such as H1 (Trojer et al. 2009), H3K27 (Tachibana et al. 2001), and H3K56 
(Yu et al. 2012). Moreover, G9a can modify several non-histone proteins including G9a itself (Chin 
et al. 2007), chromodomain Y-like protein (CDYL1), widely interspaced zinc finger motifs protein 
(WIZ), histone deacetylase (HDAC1), sirtuin 1 (SIRT1), Reptin, myogenic differentiation 1 (MyoD), 
the tumor suppressor TP53, and the cell cycle inhibitor p21 (Casciello et al. 2015; Chen et al. 2017) 
(Fig. 13.1).

G9a and GLP are ubiquitously expressed and are involved in the multiple biological processes 
including germ cell generation and meiosis (Tachibana et al. 2007), embryo development (Tachibana 
et  al. 2002, 2005), cell differentiation (Culmes et  al. 2013; Yang et  al. 2012), immune responses 
(Lehnertz et al. 2010; Thomas et al. 2008), cocaine-induced neuronal plasticity (Maze et al. 2010), 
cognition and adaptive behavior (Schaefer et al. 2009), and provirus silencing (Leung et al. 2011). 
Furthermore, G9a and/or GLP has been implicated in many human diseases such as inflammatory 
diseases, neurodegenerative disorders, and cancer (Kondo et al. 2007; Watanabe et al. 2008).

Fig. 13.1 Functions of histone methyltransferase G9a in normal and cancer cells. G9a introduces histone H3 
lysine 9 dimethylation. In cancer cells G9a is accumulated, leading to increase of global H3K9me2. G9a can methylate 
non-histone proteins. G9a can also interact with RPA70 (replication protein A 70) involved in DNA damage repair
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13.4.2  Role of G9a in Glioma Biology

G9a is overexpressed and amplified in various human cancers, including brain tumors, and its overex-
pression has been associated with poor prognosis and a more aggressive phenotype of cancer 
(Casciello et al. 2015; Chen et al. 2010; Guo et al. 2016). Elevated G9a levels usually correlate with 
higher histone methylation levels, leading to the silencing of important tumor suppressor genes. The 
molecular basis of G9a action in the control of glioma cell proliferation and viability is not fully 
understood. It has been shown that G9a inhibition leads to re-induction of autophagy in glioma cells 
(Ahmad et al. 2016; Ciechomska et al. 2016). Autophagy is a dynamic recycling process associated 
with formation of autophagic vacuoles (Klionsky 2007). While autophagy is considered to be pre-
dominantly a cell-survival mechanism, some evidence points towards its role in cell death 
(Nikoletopoulou et al. 2013). The autophagy induction in human glioma cells was mediated by reduc-
tion of repressive marks at the promoters of autophagy-related genes (Ciechomska et  al. 2016). 
Studies with BIX01294, the selective inhibitor of G9a, demonstrated that G9a plays a role in regula-
tion of the self-renewal and the “stemness” state of glioma stem cells. The CD133-positive cells (a 
subpopulation enriched in glioma stem cells) were H3K9me2 negative. BIX01294 increased sphere 
formation by glioma cancer cells, which was associated with increase in expression of stemness mark-
ers SOX2 and CD133. Overexpression of G9a increased H3K9me2 levels and decreased sphere for-
mation as well as the expression of CD133 and SOX2, which was associated with reduction of the 
repressive H3K9me2 marks at the CD133 and SOX2 promoter regions (Tao et al. 2014).

G9a can regulate homologous recombination (HR) in response to double-strand breaks (DSBs) in 
human colorectal cancer cells and in glioma cells (Gursoy-Yuzugullu et al. 2017; Yang et al. 2017). 
G9a deficiency impaired DNA damage repair and sensitized cancer cells to DSBs by disrupting for-
mation of aggregates of accessory proteins RPA and Rad51. This action of G9a is dependent on casein 
kinase 2 (CK2), which phosphorylates G9a at serine 211 to permit its recruitment to chromatin. In 
addition, the direct binding of G9a to RPA70 is indispensable for G9a function in DNA damage repair 
and this effect was independent of its methyltransferase activity. Altogether, these data demonstrate 
that G9a is directly involved in repair mechanisms after DNA damage in human cancer cells. This 
could be exploited in the design of new cancer therapeutics, particularly for those patients with ele-
vated G9a levels (Yang et al. 2017).

13.4.3  Inhibitors of Histone Methyltransefase G9a/GLP

13.4.3.1  Quinazoline Derivatives

In 2007, Kubicek et al., performed screening of small molecules against G9a and reported seven hits 
from a chemical library comprising 125,000 compounds. One of them, BIX01294, a diazepin- 
quinazolin- amine derivative, was found to inhibit G9a and reduce the H3K9me2 level in cells, and did 
not compete with the cofactor, SAM. BIX01294 inhibited not only G9a, but also GLP, although to a 
lesser extent, with an IC50 of 1.7 μM for G9a and 38 μM for GLP. Moreover, BIX01294 at 4.1 μM 
reduced the H3K9me2 mark on histones in several cell lines, showing cytotoxicity at concentrations 
higher than 4.1 μM (Kubicek et al. 2007). Further analysis revealed that BIX01294 binds to the SET 
domain of G9a and GLP in a peptide-binding site and prevents histone methylation (Chang et al. 
2009). BIX01294 was the first potent, dual inhibitor of G9a and GLP, although, the poor separation 
between a concentration producing robust functional effects in cells and a concentration causing tox-
icity has limited its usefulness as a G9a/GLP chemical probe.
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Over the last decade, many quinazoline-containing compounds using BIX01294 as a template have 
been developed to selectively inhibit the methyltransferase activity of GLP and G9a. UNC0224 is a 
potent and selective inhibitor of G9a and GLP, five-fold more potent than BIX01294 in biochemical 
assays. Further investigation of position-7 of the quinazolines varying in a linker size, terminating 
with different aliphatic and alicyclic groups led to the discovery of UNC0321 (Huang et al. 2010) and 
E72 as a potent and selective GLP inhibitor (Chang et  al. 2010). Although these molecules were 
potent G9a/ GLP inhibitors, they lacked good physicochemical and pharmacokinetic properties. 
Modification of position-7 with propoxy pyrrolidine side chain led to the development of the potent, 
selective, and cell-active G9a/GLP dual inhibitor UNC0638 (Lehnertz et al. 2014; Liu et al. 2011; 
Vedadi et al. 2011). UNC0638 displayed balanced in vitro potency, aqueous solubility, and cell mem-
brane permeability. UNC0638 was highly selective for G9a and GLP over a broad range of epigenetic 
and non-epigenetic targets and exhibited robust on-target activity in cells and low cell toxicity. Indeed, 
UNC0638 suppressed cell proliferation in breast, non-small cell lung cancer, and pancreatic cancer 
cells (Narvajas et al. 2013; Vedadi et al. 2011; Zhang et al. 2018). However, while BIX01294-mediated 
inhibition of G9a was shown to induce autophagy, pharmacologic inhibition of the enzyme using 
UNC0638 did not lead to the same phenotype (Ciechomska et al. 2016; Kim et al. 2013; Narvajas 
et al. 2013). Although UNC0638 was an excellent chemical probe for cell-based studies, it was not 
suitable for animal studies due to its poor in vivo pharmacokinetic (PK) properties (Vedadi et  al. 
2011). UNC0642 was the first in vivo chemical probe of G9a and GLP, displaying high in vitro and 
cellular potency, low cell toxicity, and excellent selectivity, and had greatly improved in vivo PK 
properties (Liu et al. 2013). Structures of inhibitors are presented in Fig. 13.2.

13.4.3.2  Selective Inhibitors for GLP

The studies presented above were based on an assumption that there is a functional overlap between 
G9a and GLP, but it has been demonstrated that the two proteins have distinct physiological functions 
(Kramer 2016). Most of the current compounds are dual inhibitors of GLP and G9a. Given the high 
homology between GLP and G9a, it was challenging to develop potent and selective inhibitors for 
either enzyme. Recently, screening of quinazoline compound collection against GLP and G9a led to 
a discovery of a potent and selective GLP inhibitor, MS0124 and the improved GLP selective inhibi-
tor, MS012 (Xiong et al. 2017). Both compounds share most of the constituent groups on the quinazo-
line core, except the 2-amino moiety. Further optimization of this region resulted in two new GLP 
selective compounds, MS3748 and MS3745, having a quinoline core instead of the quinazoline core. 
New selective inhibitors of G9a or GLP are valuable tools to study distinct functions of these two 
closely related HMTs.

13.4.3.3  Substrate-Competitive Inhibitors

Current inhibitors of G9a are derivatives of parent compound BIX01294. Kondengaden et al. (2016) 
identified a new G9a inhibitor, DCG066, through structure-based virtual screening. DCG066 has a 
novel molecular scaffold, and unlike other G9a inhibitors, could bind directly to G9a and inhibit 
methyltransferase activity in vitro, reduce histone H3 methylation levels, and displayed low cytotoxic-
ity in leukemia cell lines overexpressing G9a (Kondengaden et al. 2016). The other potent G9a inhibi-
tor, A-366, was discovered using an independent high-throughput screen, comprises of a novel amino 
spirocyclobutyl indole moiety and is a non-competitive inhibitor with respect to SAM (Pappano et al. 
2015; Sweis et al. 2014). A-366 caused 50% reduction in H3K9me2 levels in prostate PC-3 cancer 
cells at 3 μM, although it had no effects on cellular proliferation even at 10 μM when tested against 
an extensive panel of 38 cancer cell lines. Treatment of mice with A-366 showed no overt toxicity and 
reduced the growth of tumor xenografts (Pappano et al. 2015).
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Fig. 13.2 Structures of selected G9a/GLP inhibitors
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13.4.3.4  SAM-Competitive G9a Inhibitors

Development of SAM-competitive inhibitors of G9a is less advanced. The most potent SAM- 
competitive inhibitor chaetocin is at least tenfold less potent than BIX01294. Chaetocin, a fungal 
toxin, is a member of the epidithiodiketopiperazine (ETP) family of alkaloids and is cytotoxic due to 
the formation of mixed thiols with cellular protein; (+)-chaetocin and its enantiomer inhibited G9a 
(IC50 = 2.4 and 1.7 μM, respectively) (Iwasa et al. 2010). Further studies on chaetocin derivatives 
disclosed that simple derivatives were significantly less toxic but were effective inhibitors of G9a. The 
disulfide linkage of chaetocin was crucial for the inhibitory activity (Fujishiro et al. 2013). However, 
chaetocin inhibits other members of this family in a time-dependent and non-specific manner, there-
fore, it should not be used as a selective chemical probe (Cherblanc et al. 2013). BRD4770 was identi-
fied from a focused library of 2-substituted benzimidazoles as a SAM-competitive, but non-selective 
inhibitor. The compound reduced cellular levels of di- and trimethylated H3K9 without inducing 
apoptosis, but induced senescence, and inhibited proliferation in the pancreatic PANC-1 cancer cells. 
The EC50 of BRD4770 in PANC-1 cells, determined by Western blotting for trimethylated H3K9, was 
approximately 5 μM (Yuan et al. 2012).

13.4.3.5  Dual Inhibitors of G9a and Other Epigenetic Enzymes

In addition to methylating H3K9, G9a has been shown to methylate H3K27 (Tachibana et al. 2001; 
Wu et al. 2011). G9a and another methyltransferase, EZH2 (via the Polycomb repressive complex, 
PRC2) interact physically and share targets for epigenetic silencing (Mozzetta et al. 2014). This sug-
gests that targeting either EZH2 or G9a alone may not be sufficient to reverse epigenetic silencing of 
genes, but rather a combined inhibition may be required. Indeed, Curry et al. reported the synergistic 
effect of targeting EZH2 and G9a with a single molecule, as a potential therapy for a triple negative 
breast cancer (Curry et  al. 2015). Certain genes were only re-expressed upon dual inhibition. 
Chromatin immunoprecipitation showed a decrease in silencing marks and an increase in permissive 
marks at promoters and transcription start sites of re-expressed genes. Western analysis showed reduc-
tion in global levels of H3K27me3 and H3K9me3. The compounds reduced cell growth in a panel of 
breast cancer and lymphoma cells with low to sub-micromolar IC50.

Different modifications of chromatin are associated with variable functions. For example, acetyla-
tion of histone H3 and H4 is usually associated with active transcription, while methylation of H3K9 
and H3K27 are associated with gene silencing and repressive marks. Concurrent inhibition of G9a 
and HDAC may restore expression of some genes. The first small molecule dual inhibitor of both G9a 
and HDAC has been recently reported and displayed a promising inhibition of both G9a and HDAC 
in low micro-molar range in cell-based assays (Zang et al. 2017).

G9a physically interacts with DNA methyltransferase-1 (DNMT1) to coordinate DNA and his-
tone methylation during cell division (Estève et al. 2006) promoting transcriptional silencing of tar-
get genes (Tachibana et  al. 2008). Reduction of both DNA and H3K9 methylation levels led to 
reactivation of tumor suppressor genes and inhibited cancer cell proliferation (Sharma et al. 2012; 
Wozniak et al. 2007). The first potent selective compound, CM-272 simultaneously inhibited G9a 
and DNMT activities, reduced cell proliferation and promoted apoptosis, inducing interferon-stimu-
lated genes and immunogenic cell death of cultured cells of acute myeloid leukaemia (AML), acute 
lymphoblastic leukaemia (ALL), and diffuse large B-cell lymphoma (DLBC) (San José-Enériz et al. 
2017). It significantly prolonged survival of AML, ALL, and DLBC injected mice. These com-
pounds represent a novel therapuetic tool for treatment of a broad spectrum of human tumors with 
poor prognosis.
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13.4.3.6  Inhibition of G9a as a New Therapeutic Approach in Gliomas

Glioblastoma (GBM) is a malignant, primary brain tumor, highly resistant to conventional therapies. 
High G9a expression and the increased level of H3K9m2, but not H3K9me1 were found to be associ-
ated with development and progression of gliomas (Guo et al. 2016). Expression of G9a was observed 
in 86% (43/50) of glioma tissues, in contrast to 42% (21/50) in adjacent tissues. Similarly, 82% cells 
were positive for H3K9me2 in glioma tissues versus 38% in adjacent tissues. These results suggest 
that H3K9me2 may be an indicator of glioma malignancy, and G9a, which was overexpressed in 
tumor tissue samples, can be targeted in gliomas. To support this notion, treatment of glioma U251 
cells with BIX01294 at increasing concentrations (range = 1 to 8 μM) reduced cell proliferation and 
induced apoptosis. The expression of anti-apoptotic BCL-2 protein was downregulated, while the 
expression of pro-apoptotic proteins such as BAX, Caspases 3 and 9 was upregulated. We found that 
BIX01294 reduced di- or tri-methylation of H3K9 and H3K27, respectively, in rat and human glioma 
cells, but also in human glioma stem cells growing as spheres. BIX01294 at higher concentrations 
(>2 μM) impaired viability of glioma cells, which resulted in apoptosis (Ciechomska et  al. 2016, 
2018; Maleszewska et  al. 2014). On the other hand, multiple low-dose treatment with BIX01294 
(1 μM for 2 weeks) enhanced migration and invasion of U251 glioma cells. Sequential BIX01294 
treatment of mice injected with tumor cells resulted in more and larger nodules compared to controls 
or a single, high dose treatment (Kim et al. 2017).

Glioma stem cells (GSCs) have gained increasing attention as a target to refine treatment strategies, 
but the effects of BIX01294 on GSCs are not clear. In some studies, BIX01294 stimulated sphere 
formation and increased stem cell markers SOX2 and CD133 expression in U251 glioma cells grow-
ing as spheres (Kim et al. 2017; Tao et al. 2014). In contrast, we found that in LN18-glioma spheres 
and GBM patient-derived spheres BIX01294 reduced stem cell markers and induced up-regulation of 
differentiation markers GFAP (glial fibrillary acidic protein) and neuronal Tubulin β (Ciechomska 
et al. 2016). Glioma cells and GBM-derived GSCs-enriched spheres expressed lower levels of autoph-
agy related genes (ATG) than the parental glioma cell cultures (Ciechomska et al. 2016). BIX01294 
triggered autophagy in human glioma cells, as well as in GSCs, which was associated with upregula-
tion of ATGs and differentiation-related genes in GSCs. We demonstrated binding of G9a to the pro-
moters of autophagy (LC3B, WIPI1) and differentiation-related (GFAP, TUBB3) genes in GSCs. 
Pharmacological inhibition of autophagy decreased GFAP and TUBB3 expression in BIX01294- 
treated GSCs. We postulate that the anti-tumor action of the G9a inhibitor depends on the induction 
of autophagy-dependent differentiation process. In agreement with those data, pre- treatment 
with  BIX01294 augmented differentiation of different stem cells (Culmes et  al. 2013; Ling et  al. 
2012; Mezentseva et al. 2013; Yang et al. 2015).

Currently, treatment of GBM relies on surgery followed by radiotherapy and temozolomide treat-
ment (Lathia et al. 2015). Temozolomide (TMZ) is a first line therapeutic agent in GBM patients, 
however, median survival of patients is poor as the tumor grows back. The resistance could be due to 
the high level of DNA repair protein O6-methylguanine-DNA-methyltransferase (MGMT) and/or 
occurrence of glioma stem cells that contribute to drug resistance in GBM. We explored the possibil-
ity of epigenetic reprogramming of glioma cells to increase sensitivity to TMZ and restore apoptosis 
competence in glioma cells by targeting G9a (Ciechomska et al. 2018). We combined TMZ treatment 
with BIX01294 at non-toxic concentration (2 μM). BIX01294 was administered to human LN18 and 
U251 glioma cells before or after TMZ treatment. We found that both pre-treatment and post- treatment 
with BIX01294 sensitizes glioma cells to TMZ, as indicated by the analyses of cell viability, appear-
ance of apoptotic alterations in morphology of cells and nuclei, and markers of apoptosis, such as 
augmented  levels of cleaved caspase 3, caspase 7, and PARP. Moreover, BIX01294 enhanced the 
cytotoxic effect of TMZ on GSCs, although it was not associated with modulation of the pluripotency 
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markers (NANOG, SOX2, CD133) expression or methylation of NANOG and SOX2 gene promoters 
(Ciechomska et al. 2018). These results suggest that pre-treatment or post-treatment with BIX01294 
at non-toxic concentrations improves anti-tumor efficacy of TMZ in glioma cells, as well as in glioma 
stem cells (Ciechomska et al. 2018).

Combining inhibitors of specific histone methyltransferases with radiation therapy may also 
increase tumor radio-sensitivity, particularly in tumors with significant therapeutic resistance. When 
various histone methyltransferase inhibitors were applied to a panel of glioblastoma cell lines, they 
increased cell responses to radiotherapy (Gursoy-Yuzugullu et  al. 2017). Inhibitors of the H4K20 
methyltransferase SETD8 (UNC0379) and the H3K9 methyltransferase G9a (BIX01294) acted as 
radio-sensitizers in human glioma cells. UNC0379 blocked H4K20 methylation and reduced recruit-
ment of the 53BP1 protein to double-strand breaks (DSBs), although this loss of 53BP1 caused only 
limited changes in radio-sensitivity. In contrast, loss of H3K9 methylation through G9a inhibition 
with BIX01294 increased radio-sensitivity in a panel of glioma cells. Further, loss of H3K9 methyla-
tion reduced DSBs signaling dependent on the H3K9 mark, including reduced activation of the Tip60 
acetyltransferase, loss of ATM signaling, and reduced phosphorylation of the KAP-1 repressor. In 
addition, BIX01294 inhibited DSBs repair through both the homologous recombination and non- 
homologous end-joining pathways. Inhibition of G9a and loss of H3K9 methylation is therefore an 
effective approach to increase radio-sensitivity of glioma cells. These results suggest that combining 
inhibitors of histone methyltransferases which are critical for DSBs repair with radiation may provide 
a new therapeutic modality in glioma therapy.

In fact, a combinatorial therapy using epigenetic inhibitors together with other drugs such as che-
motherapy or immunotherapy should improve the efficacy of current treatments. G9a inhibition with 
UNC0638 sensitizes glioma cells to interferon (IFN)γ-induced apoptosis, as manifested by increase 
of TUNEL-positive cells, activation of caspase 3 and accumulation of cleaved PARP when compared 
to cells exposed to a single treatment (Ghildiyal and Sen 2017). G9a inhibition with BIX01294 
increased IFNγ-induced RIG-I (retinoic acid induced gene I) level and PGC-1α (PPAR gamma coact-
ivator- 1 alpha), which positively regulated RIG-I. This shows that histone methyltransferase regulates 
glioma cell differentiation state via metabolic modelers PCG-1α and RIG-1 (Ghildiyal and Sen 2017).

13.5  Functions of SWI/SNF Family Members SMARCA2 and SMARCA4 
in Gliomas

13.5.1  Genetic Alterations or SNPs in Genes Coding for SWI/SNF Family 
Members in Gliomas

The SWI/SNF complex has a DNA- and nucleosome-dependent ATPase activity and participates in 
the unwinding of chromatin, allowing the access of transcription factors to DNA (Shain and Pollack 
2013). The ATPase function can be performed by either SMARCA4 or SMARCA2. These enzymes 
are mutually exclusive and interact with different families of transcription factors, which leads to dif-
ferential gene expression (Kadam and Emerson 2003). SMARCA4 is considered to be a tumor sup-
pressor gene as inactivating mutations in different tumor types have been described (Shain and Pollack 
2013). Conversely, its overexpression has been linked to pathogenesis of several cancers, including 
glioma (Bai et al. 2012), breast (Bai et al. 2013), colorectal (Watanabe et al. 2011) and prostate cancer 
(Li et al. 2006; Sun et al. 2007). Its role in cancer cell proliferation and altering the expression of 
oncogenes and tumor suppressors has been reported.

The family contains several other subunits, including BAF (BRG1/hBRM-associated factor) 250, 
BAF200, BAF47 (SMARCB1), BAF155 (SMARCC1) and BAF170 (SMARCC2), and other acces-
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sory subunits (Helming et al. 2014; Masliah-Planchon et al. 2015). Based on the composition of the 
subunit, the complexes are grouped into: (1) BAF complexes, consisting of SMARCA4 and 
SMARCA2, along with BAF250a or BAF250b; (2) PBAF complexes containing only SMARCA4 in 
addition to BAF180 (PBRM1) and BAF200 (ARID2) subunits (Harte et al. 2010; Kadoch et al. 2013). 
Most of these subunits can bind directly to DNA or nucleosomes and thereby, block DNA-histone 
interaction, and further, regulate gene transcription (Côté et  al. 1998; Euskirchen et  al. 2012). 
Oncogenic SMARCA4 mutants had impaired ATPase activity, enhanced the incidence of mitotic 
defects increasing a number of polyploid cells. These mutants disrupted the interaction of 
Topoisomerase IIα (TOP2A) with chromatin at SMARCA4-binding, open chromatin sites across the 
genome, indicating that the enzymatic activity of SMARCA4 is required for TOP2A accessibility to 
substrate DNA (Dykhuizen et al. 2013). An additional function of SWI/SNF complexes includes regu-
lation of non-chromatin substrates during progression of the cell cycle, e.g. Mek1, a checkpoint kinase 
known as ATR in mammalian cells (Kapoor et al. 2015).

Inactivating mutations of genes encoding the SWI/SNF family members encompass 19.6% of all 
cancers (Helming et al. 2014; Kadoch et al. 2013; Masliah-Planchon et al. 2015). Homozygous dele-
tions were found in the SMARCA4 gene, causing loss of its expression in many cancers, including 
lung, pancreas, breast, and prostate cancer, with rescue experiments showing the restoration of func-
tion in SMARCA4-knockout cells (Wong et al. 2000). Several other mutations were discovered in the 
other subunits of the SWI/SNF family, with mutations in the BAF250A gene commonly found in 
brain, breast, liver, prostate, lung cancers (Biankin et al. 2012; Fujimoto et al. 2012; Hargreaves and 
Crabtree 2011; Kadoch et  al. 2013). Inactivating mutations have been found to affect SMARCA4 
(Johnson et al. 2014), and BAF250B (Son and Crabtree 2014). A recent study demonstrated that 50% 
of TERT promoter (TERTp)-wild type GBMs harbor mutations in the BAF complex gene family 
(ATRX, SMARCA4, SMARCB1, and ARID1A), compared with only 9% of TERTp-mutant GBMs 
(Williams et al. 2018). Two out of 23 patients with diffuse intrinsic pontine gliomas (DIPGs) had 
SMARCA4 mutations (Porkholm et  al. 2018). Mutations within SMARCA4 were not detected in 
elderly GBM patients, however, 50% of younger patients showed a SMARCA4 mutation (Ferguson 
et al. 2016). Genomic alterations driving recurrent tumor growth are frequently distinct from those in 
the initial tumor. Exome sequencing of 23 initial low-grade gliomas and recurrent tumors resected 
from the same patients showed that in 43% of cases, half of the mutations present in the initial tumor 
were undetected at recurrence, including TP53, ATRX, SMARCA4, and BRAF (Johnson et al. 2014). 
Several SNPs in SMARCA2 (rs2296212, rs4741651) and SMARCA4 (rs11672232, rs12232780) were 
correlated with a statistically significant increased risk of oligodendroglioma, but not of glioblastomas 
or lower grade astrocytomas (Amankwah et al. 2013).

Epigenetic silencing by DNA methylation, histone modifications, and nucleosome remodeling 
could also lead to loss of function in the SWI/SNF family. SMARCA2 inactivation in several cancers 
including breast, esophagus, lung and ovarian cancer, is postulated to be an effect of epigenetic silenc-
ing (Glaros et al. 2007; Kahali et al. 2014b; Yamamichi et al. 2005). This mechanism was reversible 
by re-expression of SMARCA2 in SMARCA2-null cells by HDAC inhibitors (Glaros et al. 2007; 
Yamamichi et al. 2005). Several other compounds such as RH02032 and GK0037 have shown a good 
efficacy in reactivation of SMARCA2 expression and function suppressing the growth of cancer cells 
(Glaros et al. 2007; Gramling et al. 2011; Kahali et al. 2014a).

13.5.2  Targeting SWI/SNF Family Members in Cancer Cells

The SWI/SNF family of proteins also contain a bromodomain, which is an epigenetic “reader” of 
histone acetylation. Bromodomains (BRDs) are highly conserved structures, which are involved in 
remodeling of chromatin and regulation of transcription. There are a total of 61 bromodomains within 
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the human proteome that recognize a diverse range of peptide ligands (Ferri et al. 2016). Dysfunction 
of these domains is involved in the pathogenesis of cancer, inflammation, and neurological disorders 
(Theodoulou et  al. 2016). Recently, bromodomains have been shown to be a promising target for 
therapy. Numerous small molecule inhibitors have been developed, which target the bromodomain as 
well as the extra terminal domain (BET) proteins (Theodoulou et al. 2016). The first inhibitors were 
reported by GlaxoSmithKline (GSK) and the Structural Genomics Consortium (SGC), along with the 
Dana-Faber Cancer Institute, and were developed for the BET family of bromodomains (Chung et al. 
2011; Filippakopoulos et al. 2010; Mirguet et al. 2013; Nicodeme et al. 2010). In 2014, Pfizer and 
SGC introduced PFI-3, a chemical probe for SMARCA2 and SMARCA4, and polybromo-1 
(Theodoulou et al. 2016). The probe was developed from a salicylic acid and showed a high, selective 
activity and binding to the bromodomain (Romero et al. 2016). Several studies have shown that PFI-3 
treatment increases the rate of differentiation for trophoblast stem cells, indicating the critical role of 
SMARCA2/4 in maintenance and differentiation of stem cells (Chung et al. 2011; Herait et al. 2014). 
The antitumor activity of bromodomain and BETi has been demonstrated in several types of cancer. 
Knockdown of SMARCA4 sensitized resistant cells to BETi. Transcriptomic analysis revealed down-
regulation of a network of genes involved in receptor tyrosine kinase HER3 signaling in SMARCA4/2- 
deficient cells (Shorstova et al. 2019).

Since the SWI/SNF family has been shown to be a critical player in cancer, PFI-3 was tested in 
several cell lines (Hohmann and Vakoc 2014). However, it showed no anti-proliferative effect in these 
cells, suggesting that the bromodomain may not be involved in cell proliferation (Fedorov et al. 2015). 
Interestingly, PFI-3 was well tolerated and short-term exposure did not cause toxic effects, while long 
term exposure caused gene expression changes in stem cells, validating the role of BRDs in stem cell 
maintenance (Fedorov et al. 2015). ADAADiN (Active DNA-dependent ATPase A Domain inhibitor), 
a product derived from the bacterial APH (3′)-III enzyme, inhibits the activity of the SWI/SNF family 
ATPases and SMARCA4 nucleosome remodeling activity (Dutta et  al. 2012; Muthuswami et  al. 
2000). ADAADiN decreased cell proliferation to levels similar to that with shRNA-mediated silenc-
ing of SMARCA2. Interestingly, combining shRNA + ADAADiN inhibited cell proliferation in an 
additive, and statistically significant manner (Wu et al. 2016) (Fig. 13.3).

13.5.3  SMARCA4 and SMARCA2 Show a Synthetic Lethality

A synthetic lethality happens when two genetic events or mutations occur in a cell causing it to lose 
fitness (Nijman 2011). Several synthetic lethal relationships have been identified in cancers driven by 
dysregulation of the SWI/SNF family members, where loss of one subunit causes a critical depen-
dence on a paralogous functional subunit, e.g., SMARCA4 (Hoffman et al. 2014; Oike et al. 2013; 
Wilson et al. 2014), ARID1A (Bitler et al. 2015; Miller et al. 2016), SMARCB1 (Wilson et al. 2010). 
This unique relationship can be exploited by targeted therapy where drugs are already available for a 
molecular pathway. However, chromatin remodeling complexes are usually responsible for global 
effects on a transcriptome and consequently, are less dependent on a single gene or pathway (Pierre 
and Kadoch 2017). Therefore, future therapies should consider the synthetic lethal loss of these sub-
units, and their affected downstream pathways.

Screening for synthetic lethal events by using RNAi libraries has been performed in SMARCA4- 
deficient non-small cell lung carcinoma cells and revealed SMARCA2 with the highest lethal depen-
dency for proliferation of the cells (Hoffman et  al. 2014; Wilson et  al. 2014). Therefore, targeted 
inhibition of the ATPase domain would be the best therapeutic target for a small population of 
SMARCA4 deficient cancers (Vangamudi et al. 2015). However, as the ATPase domains of SMARCA4 
and SMARCA2 are nearly identical, small chemical probes that target both ATPases could be a viable 
alternative.
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We found the high expression of SMARCA4 and SMARCA2 in a panel of human glioblastoma 
cell lines and primary GBM-derived cultures. RNAi-mediated knockdown of SMARCA4 upregulates 
the expression of SMARCA2, and vice versa; however, double knockdown of gene expression was 
found to cause synthetic lethality in human glioma cells. Interestingly, addition of the PFI-3 inhibitor 
did not significantly increase cell death following single gene silencing, and as shown in previous 
reports, proliferation of the cells was not affected (unpublished data).

Altogether, genomic studies showed that there are a number of malignant gliomas with inactivating 
mutations in SMARCA4 or some other genes coding for members of the SWI/SNF family. Both the 
ATPase and bromodomains domains of SMARCA4 and SMARCA2 have been recognized as poten-
tial targets in cancer cells and there are a growing number of new inhibitors which display the promis-
ing effects on cultured cancer cells. While most of them have not yet been studied in gliomas, these 
compounds are useful tools for understanding the SMARCA4 loss-of-function and should enable 
further research of SWI/SNF functions in gliomas.

Glioblastoma is a deadly disease with the median survival rate of GBM patients up to 14 months. 
All the recent advances have not quite managed to change the bleak outcome for patients, mainly due 
to the rapid progression of the cancer via infiltration of cells to surrounding parenchyma, the presence 

Fig. 13.3 SWI/SNF dependent chromatin remodeling. The SWI/SNF complex binds to DNA and histones and 
affects nucleosome placement, thereby increasing or decreasing accessibility to DNA and further, initiation of transcrip-
tion. Mutation of either SMARCA2 or SMARCA4 results in the cell growth and proliferation dependency on the 
remaining subunit. Targeting this vulnerability using inhibitors for the ATPase domain or bromodomains, or disruption 
of the less stable protein complex can be useful for therapeutics
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of glioma stem cells, and chemo/radio-resistance of the tumors. Heterogeneity and instability of the 
tumors is a key feature of gliomas. GBM patient-derived sphere cultures could mimic the expression 
profile patterns of primary tumors, aiding in the discovery of novel epigenetic targets. Combining or 
designing multiple target inhibitors, such as HDAC inhibitors and G9a inhibitors could be a key to 
the clinical success of epigenetic therapies.
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Chapter 14
Role of Infiltrating Microglia/Macrophages in Glioma

Myriam Catalano, Giuseppina D’Alessandro, Flavia Trettel, and Cristina Limatola

Abstract In this chapter we describe the state of the art knowledge of the role played by myeloid 
cells in promoting and supporting the growth and the invasive properties of a deadly brain tumor, 
glioblastoma. We provide a review of the works describing the intercellular communication among 
glioma and associated microglia/macrophage cells (GAMs) using in vitro cellular models derived 
from mice, rats and human patients and in vivo animal models using syngeneic or xenogeneic experi-
mental systems. Special emphasis will be given to 1) the timing alteration of brain microenvironment 
under the influence of glioma, 2) the bidirectional communication among tumor and GAMs, 3) pos-
sible approaches to interfere with or to guide these interactions, with the aim to identify molecular and 
cellular targets which could revert or delay the vicious cycle that favors tumor biology.

Keywords GAMs · Innate immunity · Brain tumors · Glioma · Animal models · Ion channels
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Cox-2 cyclooxygenase-2
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CXCL chemokine C-X-C ligand
ECM extracellular matrix
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Evs extracellular vesicles
FAK focal adhesion kinase
FcGR fragment crystallizable Fc-gamma receptor
FGL2 fibrinogen-like protein 2
GAMs glioma associated microglia/macrophage cells
GAS6 growth arrest specific 6
GBM glioblastoma multiforme
GDNF glial-derived neurotrophic factor
GM-CSF granulocyte/macrophage colony-stimulating factor
GPNMB glycoprotein non-metastatic melanoma protein B
HGF/SF hepatocyte growth factor/scatter factor
HMGB high-mobility group box
IFN-γ interferon-γ
IL interleukin
Irf interferon regulatory factor
KCa Ca2+-activated K channel
MAPK mitogen-activated protein kinase
MFG-E8 milk fat globule EGF like factor 8
MHC major histocompatibility complex
MMP matrix metalloproteinase
MS multiple sclerosis
NG2/CSPG4 neuron-glial antigen 2/chondroitin sulfate proteoglycan 4
NK cells natural killer cells
NO nitric oxide
PD-1 programmed cell death protein-1
PDGF platelet derived growth factor
PKA protein kinase A
PKG protein kinase G
ProS protein S
ROS reactive oxygen species
RUNX1 Runt-related transcription factor 1
SIRPα signal regulatory protein α
STAT-2 signal transducer and activator of transcription 2
STI1 stress inducible protein 1
TGF transforming growth factor
Tgm2 transglutaminase 2
TK thymidine kinase
TLR Toll-like receptor
TRAM-34 1-[(2-Chlorophenyl)diphenyl-methyl]-1H-pyrazole
TrkB tropomyosin receptor kinase B
VEGF vascular endothelial growth factor

14.1  Introduction

Glioblastoma multiforme (GBM) is a deadly tumor which occurs with a relatively low incidence in 
the population (rare, about 3/100.000 cases per year) (Louis et  al. 2016). Symptoms occur when 
tumor already reached significant regions of the brain and usually comprise epileptic events and focal 
deficits including cognitive impairments (Weller et al. 2017). Standard therapeutic options include 
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surgery, radio and chemotherapy, and the recent addition of tumor treating fields, but the overall sur-
vival rate after 1 year from diagnosis remains very low (Weller et al. 2019). At difference with other 
solid tumors, immunotherapeutic approach to glioblastoma has evolved later, due to the long standing 
notion of the central nervous system as a highly immune-restricted tissue. Among the new therapeutic 
approaches to glioblastoma, increasing interest comes from the innate immune system, and many 
studies recently focused on the mechanisms to harness the microglia/macrophage cell population 
invading the tumour mass as a tool to reactivate a proper anti-tumour response. Here we review the 
recent advances in the knowledge of the molecular and cellular mechanisms involved in glioma cell 
communication with the innate immune components, preceded by a short overview on microglia and 
its activities in a healthy brain.

14.2  Glioma-Associated Microglia/Macrophages (GAMs) in Brain Tumors

14.2.1  Microglia and Other Myeloid Cells in the Healthy Brain

Microglia, the resident phagocytes in brain parenchyma, belong to the system of non-neuronal cells 
that support and protect several neuronal functions. In 1919, Del Rio-Hortega introduced the term 
“microglial cell” to describe the “third element of the CNS” with a possible mesodermal origin, con-
taining phagocytic corpuscles and endowed with migratory and phagocytic activities (Hortega 1919). 
The concept of a neuroectodermal origin of microglia persisted for many decades (Kitamura et al. 
1984; Hao et al. 1991; Fedoroff et al. 1997). Based on similar morphological features with macro-
phages, the idea of a mesodermal origin of microglia started to emerged (Murube and Sano 1982). 
Phenotypic homologies with monocytes/macrophages, demonstrated by immunohistochemistry stud-
ies, identified the expression of macrophage markers, including F4/80, Fc receptor and CD11b in 
mouse microglia (Perry et  al. 1985), and FcGRI, and CD11b in human microglia (Akiyama and 
McGeer 1990). In 1996, the myeloid nature of microglia was established using genetically modified 
mice deficient for the transcription factor PU.1, specific for cells of hematopoietic lineage. McKercher 
and colleagues demonstrated that PU.1−/− mice lack cells of myeloid origin such as B and T cells but 
also microglia cells, with the first demonstration of an ontogenetic relation with macrophages 
(McKercher et al. 1996).

Further demonstration come with the observation that in mice the microglia progenitor cells derive 
from the yolk sack and appear in the early brain at E8, increasing in number from E9.0/E9.5 to 14 
post-natal day (Alliot et al. 1991, 1999). Further experiments demonstrated that post-natal microglia 
self-renew by proliferation of cells that colonized the brain before birth, independently of peripheral 
monocytes (Ajami et al. 2007). Lineage tracking studies clearly confirmed that adult microglia derive 
from primitive myeloid progenitors, arise among E7.0 and E7.5 and migrate in the newly forming 
CNS; these cells highly proliferate throughout the embryonic life (Ginhoux et al. 2010). This elegant 
work demonstrated that, in contrast to macrophage populations, microglia developed in mice lacking 
the colony stimulating factor-1 (CSF-1) but were absent in CSF-1 receptor–deficient mice. Moreover, 
using irradiated newborns with hematopoietic cells isolated from congenic mice, adult bone marrow 
chimera models and parabiotic mice, authors demonstrated that postnatal hematopoietic progenitors 
do not contribute to microglia homeostasis in adult brain. In addition to PU.1, microgliogenesis dur-
ing the embryonic development also requires other transcription factors, such as RUNX1 (Ginhoux 
et al. 2010) and Irf8 (Kierdorf et al. 2013). These also play a role later, in postnatal life, since Irf8 
contributes to microglia activation (Masuda et al. 2012) and RUNX1 modulates microglia prolifera-
tion and homeostasis (Zusso et al. 2012).
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In addition to parenchymal microglia, heterogeneous populations of myeloid cells are present in 
the CNS, including perivascular, subdural meningeal and choroid plexus macrophages. Non paren-
chymal CNS macrophages were believed to originate from short-lived blood monocytes which can be 
quickly replaced by bone marrow (BM)-derived cells (Prinz and Prille 2014; Ransohoff and Cardona 
2010). However, this was recently revised since parabiosis and fate-mapping approaches in mice 
(Goldmann et al. 2016) revealed that CNS macrophages arise from hematopoietic precursor during 
embryonic development, establishing a stable cell population which persists in adult-life, indepen-
dently from circulating monocytes. The only exception is represented by choroid plexus macrophages 
that show features of relative transience and some replenishment by blood cells during life (Goldmann 
et al. 2016; Prinz and Priller 2014; Greter 2016).

14.2.2  Microglia Activities

In the healthy brain, microglia play homeostatic functions during development, eliminating the super 
numerary neural precursor cells as well as the immature synapses, and promoting neuronal matura-
tion, and in adults, continuously patterning its competence parenchyma and rapidly reacting to neuro-
nal damages, supporting synapses functioning and eliminating cellular debris and pathogens 
(Nimmerjahn et al. 2005; Schafer et al. 2012). These homeostatic activities correspond to established 
cell signatures, with unique microglial transcriptional states in different brain regions (Hammond 
et  al. 2019). In response to injury and pathological conditions, disease-specific patterns occur 
(Butovsky et al. 2014; Wes et al. 2016), and distinct clusters and subpopulations of microglia have 
been characterized in murine models of MS (Hammond et al. 2019). In vitro, microglia responses to 
specific cytokines can be standardize to acquire the so-called M1 or M2 phenotypes, in analogy with 
other immune cells (Murray et al. 2014; Martinez and Gordon 2014), with homogeneous populations 
as concern gene expression and morphological phenotypes. However, it must be considered that an 
in vivo equivalent to this experimental condition cannot be found (Ransohoff 2016).

14.3  Mechanism of Bidirectional Communication Between Tumor 
and Parenchymal Cells

The first evidence of the presence of microglial cells in human glioma was published in “The American 
Journal of Pathology” in 1925 by Wilder Penfield who wrote: “Microglia in various stages of migra-
tory and phagocytic activity can be seen everywhere throughout the tumor. By the silver carbonate 
method these cells and the fibers and cytoplasm of giant neuroglia cells are stained selectively, while 
only the nuclear outlines of the neoplastic cells are visible. With this method it will frequently be found 
that only the pathological neuroglia is stained”.

It is now well recognized that in glioma the tumor mass is highly infiltrated with myeloid cells such 
as resident microglia and monocytes/macrophages, that reach a significant proportion of the whole 
mass (Bowman et al. 2016; Hambardzumyan et al. 2016; Chen et al. 2017), and are collectively called 
glioma-associated microglia/macrophages (GAMs). Early studies recognized a unique phenotype to 
these cells, mainly resembling, in term of morphology, activity and inflammatory gene expression, 
that of IL-4 stimulated myeloid cells (anti-inflammatory) (van Hal et al. 1994). In particular, the mor-
phology of peritumoral and tumor infiltrating GAMs is amoeboid while microglia and macrophages, 
present in regions other than the tumor mass, appear ramified, both in mouse and rat glioma models 
(Gabrusiewicz et al. 2011; Resende et al. 2016) and in post-mortem patients (Roggendorf et al. 1996). 
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Not only the morphology, but also the migratory behavior of GAMs, as well as their phagocytic activ-
ity is modified through the expression of specific receptors (Annovazzi et al. 2018). In the last decade, 
the attempt to switch the phenotype of GAMs toward an inflammatory-anti-tumor phenotype stimu-
lated a number of researchers to identify putative approach to contrast glioma growth (Prionisti et al. 
2019). However other recent studies, which took advantage of gene transcription analysis, clearly 
demonstrated that, as in other brain diseases, GAMs are highly heterogeneous and, furthermore, their 
phenotype significantly differs among several commonly used animal models and patients (Szulzewsky 
et al. 2016). The evidence in support of a deleterious GAMs-glioma communication and the identified 
mechanisms will be described.

14.3.1  How GAMs Support the Tumor Growth

As key “surveillants” of the brain parenchyma, one would expect microglia being able to immediately 
recognize and eliminate tumor cells. Indeed, the naïve (not exposed to tumor derived factors) microg-
lia exert anti-tumorigenic activity, stimulating the expression of cell cycle-arrest and differentiation- 
related genes (Sarkar et al. 2014). However, this important activity is lost in GAMs. It was shown that 
in glioma-bearing mice expressing the herpes simplex virus 1 thymidine kinase (TK) gene under the 
control of the promoter of the myeloid-specific Cd11b, depletion of myeloid cells was induced by 
brain infusion of ganciclovir (a pro drug converted by viral TK to nucleotide analogues, which kill 
proliferating cells by inhibiting DNA synthesis); and this depletion reduces tumor growth (Markovic 
et al. 2009). However, another study using the same mouse model with the intraperitoneal treatment 
with ganciclovir had opposite effect, increasing tumor volume (Galarneau et al. 2007). In a rat (C6 
cells) glioma model and in an organotypic brain slice model, microglia/macrophages depletion 
through liposome-encapsulated clodronate decreases tumor volume (Qin et  al. 2015; Farber et  al. 
2008; Markovic et al. 2005). These contrasting results indicate that peripheral macrophages and resi-
dent GAMs may differently affect glioma biology. Furthermore, clodronate treatment of GBM- 
bearing rats undergoing an immunotherapeutic strategy against NG2/CSPG4 (neuron-glial antigen 2/
chondroitin sulfate proteoglycan 4) combined with NK cell infusion, abolished the anti-tumoral 
effects due to the recruited pro-inflammatory macrophages (Poli et al. 2013). The multimodal role 
played by of microglia/macrophages in glioma is not unique of this disease, since it is reported for 
other CNS pathologies, such as multiple sclerosis (MS) (Correale 2014) and Alzheimer disease 
(Majumdar et al. 2007; El Khoury et al. 2007; Takata et al. 2012). In all these pathologies, microglia 
exert a dual role, acting to phagocyte toxic compounds and to release inflammatory cytokines, as a 
function of the pathology but also of the pathologic phase (Hanisch and Kettenmann 2007). Efforts 
have been devoted to the identification of specific markers correlating tumor stage with the transition 
steps from naïve microglia to GAMs, in the GL261 mouse glioma model (Ricard et al. 2016).

Which molecules mediate the bidirectional communication among GAMs and glioma? It is known 
that both soluble and membrane-bound factors are involved. One example is the microglial release of 
the membrane type 1 metalloprotease (MT1-MMP or MMP-14), that activates the matrix metallopro-
tease 2 (MMP2) released by glioma cells (Markovic et al. 2005). MMP2, together with MMP9 and 
MMP14 are also upregulated by the CX3CL1/CX3CR1 signaling, potentiated in glioma-associated 
microglia (Held-Feindt et al. 2010). The increased production of MMPs enhances the degradation of 
extracellular matrix, allowing the tumor to invade the brain parenchyma. The role of MMP in glioma 
has been recently investigated in a small subset of patients, finding a correlation among ADAM10 and 
ADAM17 expression, a M1-like phenotype of myeloid cells and an increased patient survival; in 
contrast, genes for MMP9 and MMP14 were associated with a M2-like phenotype and a bad patient 
prognosis (Gjorgjevski et al. 2019).
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Glioma cells directly modulate microglia/macrophages release of pro- and anti-inflammatory fac-
tors: among them interleukins (IL) such as IL-10 (Gabrusiewicz et al. 2011) and IL-18 that in glioma 
C6 cells induces actin microfilament disassembly and cell migration through the activation of the NO/
cGMP pathway (Yeh et  al. 2012). Microglia also release the granulocyte/macrophage colony- 
stimulating factor (GM-CSF, Gabrusiewicz et al. 2011), the co-chaperone stress inducible protein 1 
(STI1, Fonseca et  al. 2012) and IL-6 (Dzaye et  al. 2016), induced upon glioma release of CCL2 
(Zhang et al. 2012); all these cytokines favor GAMs infiltration into the tumor region. GAMs release 
the tumor growth factor (TGF) β1 that binds the type II TGF-β receptor (TGFBR2) on glioma cells, 
promoting tumor invasion (Ye et al. 2012). In the presence of glioma, microglia/macrophage upregu-
late some anti-inflammatory-related genes such as arg-1, cxcl14, ifn-β1, cox-2,c-myc, il1-β, irf-7, 
stat-2 (Gabrusiewicz et al. 2011), mmp14, Tgm2 and Gpnmb (Walentynowicz et al. 2018). However, 
as mentioned above, GAMs have heterogeneous phenotypes creating different population clusters, 
and their transcriptome only partially resembles M1 or M2 polarization; gene expression analyses of 
two different mouse models of glioma, compared with human samples, revealed that GAMs are an 
important source of two common pro-tumorigenic molecules such as Glycoprotein non-metastatic 
melanoma protein B (GPNMB) and osteopontin (SPP, Szulzewsky et al. 2015) (see below).

Other factors released by microglia under the influence of glioma are related to angiogenesis: for 
example, transgenic mice deficient for the vascular endothelial growth factor (VEGF)-A on CD11b+ 
myeloid cells had a delay in intracranial tumor (GL261) growth and prolonged survival time suggest-
ing pro-tumor effects of VEGF produced by myeloid cells (Osterberg et  al. 2016). Another pro- 
tumoral microglia-released factor is the epidermal growth factor (EGF) released by microglial cells 
and promoting glioma cell (GL261) invasion (Coniglio et al. 2012).

The pro-tumoral effects of GAMs can be also mediated by the Toll-like receptors (TLRs). The 
TLRs, homologues of Toll receptor in Drosophila, are germ line-encoded receptors that recognize 
pathogen-associated molecular patterns shared by large groups of microbes, but also recognize endog-
enous molecules depending on environmental stimuli (Jack et  al. 2005; Ebert et  al. 2005). In gli-
oma, TLRs, such as TLR2 and 4, recognize tumor-released heat-shock proteins (Qian et al. 2018), 
high-mobility group box (HMGB)1 protein (a nuclear factor that also respond to inflammation stim-
uli, Lotze and Tracey 2005; Hardcastle et al. 2017), and many ECM components as hyaluronan (con-
sisting of linear repeat units of d-glucuronic acid and N-acetylglucosamine disaccharides), involved 
in tumor cell migration and versican, a large chondroitin sulfate proteoglycan (Ricciardelli et al. 2009; 
Hu et al. 2015). TLRs activation lead to the activation of the p38 mitogen-activated protein kinase 
(MAPK) signaling pathway, which in turn increases the membrane type 1 matrix metalloprotease 
(MT1-MMP) expression, promoting glioma invasion, as described above.

Microglia cytotoxic/protective effects also depend on its phagocytic activity, even if this correla-
tion is debated in different pathophysiological conditions. Microglial phagocytosis is activated by 
cell-surface phosphoserine recognition through ligands, such as the growth arrest specific gene 6 
(GAS6), protein S (ProS) and  the milk fat globule EGF-like factor 8 (MFG-E8), that activate a 
receptor tyrosine kinase (Mer-TK) involved in homeostatic clearance of apoptotic cells (Neher 
et al. 2012). Microglial cells are the most efficient phagocytes in brain tumor (Chang et al. 2000): 
reactive oxygen species (ROS) and nitric oxide (NO) are used by microglial cells to destroy atypi-
cal cells and to eliminate cellular debris as shown in a glioma rat model obtained by intraperitone-
ally injection of the chemical carcinogen N-ethyl-N-nitrosourea (Ghosh et al. 2007). As other solid 
tumor, glioma cells escape this immunosurveillance mechanism by activating a “don’t eat me” 
signal on microglial cells: the anti-phagocytic pathway starts with the activation of the integrin 
associated protein CD47 that, binding its receptor SIRPα, inhibits phagocytosis (Jaiswal et  al. 
2009; Li et al. 2017).

The activity on human microglia is inhibited by the presence of glioma cancer stem cells (Wu 
et al. 2010). However, data on the phagocytic activity of microglia under glioma influence are con-
troversial: whether GAM phagocytosis constitutes a protection against tumor invasion or a support 
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for  glioma growth and the relative role of resident microglia and infiltrating macrophages is still 
debated (Ellert-Miklaszewska et al. 2016; Grimaldi et al. 2016; Zhang et al. 2016a, b; Hutter et al. 
2019).

14.3.2  How Glioma Modifies Microglia/Macrophages Phenotype and Activity

The dynamic interaction of GAMs with glioma cells, in addition to be mediated by soluble factors, is 
also determined by physical contact among GAM (in particular microglia) pseudopodia and tumor 
cells. The spatial distribution pattern among glioma and migrating microglia is crucial to induce an 
“activated” morphology and an increased motility of microglial cells at the tumor margins (Resende 
et  al. 2016; Juliano et  al. 2018). Microglia migration is considered part of the functional tumor- 
supporting phenotype that, bringing in contact with tumor cells promotes their growth and invasion 
inhibiting apoptosis (Zhai et al. 2011; Rolón-Reyes et al. 2015; Hamilton et al. 2016).

In the tumor environment, under the influence of glioma, GAMs acquire immune suppressive func-
tions. Among the factors responsible of GAM reprogramming toward an anti-inflammatory pheno-
type is osteopontin which regulates tumor invasiveness and growth (Jan et al. 2010) and, cooperating 
with lactadherin (Ellert-Miklaszewska et al. 2016), also shapes GAM phenotype toward a pro-tumor 
one. Genetic deletion of osteopontin in glioma cells reduces tumor growth and blocks GAM repro-
gramming (Ellert-Miklaszewska et al. 2016). However, osteopontin is also produced and released in 
the tumor microenvironment by GAMs, and its silencing in the cerebral parenchyma promotes tumor 
growth (Szulzewsky et al. 2018). Another molecule involved in GAM reprogramming is the fibrinogen- 
like protein 2 (FGL2) (Yan et al. 2015) which modulate the expression of the checkpoint molecule 
PD-1 (programmed cell death protein-1). Other immunosuppressive factors are produced by GAMs, 
and amplify the signals released in the tumor environment by glioma cells, such as IL-10 (Wagner 
et al. 1999; Dziurzynski et al. 2011; Hishii et al. 1995), TGFβ (Gabrusiewicz et al. 2011), MMP-9 
(Jacobs et al. 2012; Fonseca et al. 2012; Ye et al. 2012) and EGF (El-Obeid et al. 1997; Coniglio et al. 
2012). The immunosuppressive roles of IL10 and TGFβ rely on their ability to down-regulate MHC 
class II expression on monocytes; IL10 also inhibits IFN-γ and TNF-α release by immune cells (Van 
Meir 1995). On T cells, IL10 upregulates PD-L1 that, in turn, activates T cell apoptosis and reduces 
the release of inflammatory cytokines, such as IFN-γ and IL-2 (Wintterle et al. 2003; Wilmotte et al. 
2005), enhancing the inhibition of the immune surveillance activity.

The tumor immune resistance is accompanied by microglia recruiting on tumor site guided by 
glioma-derived growth factors, cytokines and chemokines such as hepatocyte growth factor/scatter 
factor (HGF/SF; Badie et al. 1999), glial-derived neurotrophic factor (GDNF, Ku et al. 2013) that is a 
strong chemoattractant for GAMs, CCL7 (Okada et al. 2009), CX3CL1 (Held-Feindt et al. 2010), 
SDF1α (Wang et al. 2012) and CCL5, in addition to CCL2 (as above reported). A soluble form of the 
transmembrane chemokine CXCL16 is released by glioma and promotes the acquisition of a pro- 
tumor GAM phenotype; in addition, CXCL16/CXCR6 signaling directly promotes tumor cell growth 
and invasion (Lepore et al. 2018). Contrasting results have been reported for some chemokines, such 
as CX3CL1: it was shown that the inhibition of CX3CR1/CX3CL1 axis in GAMs increased glioma 
cells invasion and tumor mass (Sciumè et al. 2010), and decreased survival in a genetically engineered 
mouse model of adult PDGFB-driven gliomas (Feng et al. 2015). On the other hand, in the GL261 
glioma model, the CX3CL1/CX3CR1 axis did not affect microglia migration, tumor growth or animal 
survival (Liu et  al. 2008). Of note, the expression of the common allele variant of the receptor, 
CX3CR1-I249, associates with a reduced GAMs infiltration and with an increased survival rate of 
GBM patients (Rodero et al. 2008).

A prominent pro-tumor response is mediated by other glioma-released factors such as GM-CSF/
CSF-2, IFN-γ and CXCL10 that support GAMs proliferation inhibiting the CSF-1R mediated signal, 
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that in non-pathological conditions, guides the microglia mediated immunosurveillance (Coniglio 
et al. 2012; Pyonteck et al. 2013).

The progression of glioma is also sustained by an increased level of neurotransmitters in the tumor 
microenvironment that, in addition to exert neurotoxicity, contributes to enroll GAMs at the tumor 
site. For example, due to a reduced expression and activity of hydrolyzing ectonucleotidases, in tumor 
environment, ATP concentration could reach values of 100 μM (Pellegatti et al. 2008), in comparison 
with its almost undetectable level in healthy tissue (Braganhol et al. 2012). The ATP increase leads to 
the activation of the P2X7 receptor on glioma cells, enhancing the release of monocyte chemotactic 
protein 1 (MCP-1) and IL-8 which, in turns, mediate GAMs migration to the tumor site (Wink et al. 
2003; Bergamin et al. 2012).

Among the intracellular pathways, the activation of the Wnt/β-catenin signalling promotes glioma 
progression through the activators Wnt3a and Wnt5a, released by glioma itself that support a pro- 
tumor microglia phenotype, inducing up regulation of arg1 and sti1, IL10 genes and down regulation 
of IL1β as well as stimulating GAM proliferation and migration (Matias et al. 2019; Dijksterhuis et al. 
2015).

In addition to the above reported mechanisms, many recent evidence support the notion that glioma 
cells modulate their microenvironment taking advantage of a different type of intercellular communi-
cation among parenchymal cells, the extracellular vesicles (EVs, including exosomes and microvesi-
cles). Glioma-derived EVs contain mRNA, miRNA and proteins (Skog et al. 2008). Glioma-derived 
EVs translocate miR-21 on microglia cells activating their tumor-supportive phenotype (van der Vos 
et al. 2016). The low pH in the extracellular tumor environment promotes the lysis of EVs releasing 
proangiogenic proteins such as angiogenin, FGF, IL-6, IL-8, TIMP-1, VEGF and TIMP-2, some of 
them exerting a direct silencing effect on microglia, or reducing their surveillance activity (Taraboletti 
et al. 2006; Skog et al. 2008).

Glioma-derived factors also disempower the anti-tumor immune surveillance of GAMs indirectly, 
through other immune and parenchymal cells. Among them, a subpopulation of reactive astrocytes, 
around brain lesions, switch off the microglia-mediated immune surveillance through increased 
release of IL10 and TGFβ (Henrik Heiland et al. 2019; Priego et al. 2018). Moreover, T cells stimulate 
microglia to produce CCL5, supporting the immune evasion (Pan et al. 2018).

14.4  Modulators of Tumor-Parenchyma Cross-Talk

As cited above, in addition to GAMs, glioma microenvironment also includes T lymphocytes, com-
prising natural killer cells (Graeber et al. 2002; Gieryng et al. 2017). Targeting the immune tumor 
microenvironment appears to be a promising therapeutic strategy to counteract tumor progression 
(Quail and Joyce 2017). In the last years, new pathways have been identified to promote an anti-tumor 
phenotype of infiltrating GAMs, inducing the production of cytotoxic molecules, or reducing the 
release of immunosuppressive factors (Watters et  al. 2005; Prionisti et  al. 2019). Among the new 
GAM modulators calcium activated potassium channels (KCa3.1) appear as promising therapeutic 
targets.

14.4.1  K+ Channels

The intermediate conductance Ca2+-activated K channels, KCa3.1, belong to the Ca2+-activated K 
channel (KCa) family, which comprises the large- (KCa1.1), intermediate (KCa3.1), and small con-
ductance (KCa2.1–3) K channels, classified according to their single-channel conductance. These 
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channels are further divided in two groups: one, including only KCa1.1 channel, is gated by both 
membrane depolarization and intracellular Ca2+ concentration, while the second group includes both 
the intermediate conductance KCa3.1 and small-conductance KCa2.1–3 channels, activated by cyto-
solic Ca2+ increase. In CNS, the KCa3.1 channels are functionally expressed in microglia (Eder et al. 
1997) and these channels mainly contribute to Ca2+ activated K+ currents recorded in these cells 
(Schilling et al. 2002, 2004). KCa3.1 is critically involved also in macrophage activation and function 
in model of atherosclerosis (Toyama et al. 2008, Xu et al. 2017). In microglia, KCa3.1 channels are 
involved in cell migration, with cAMP/ PKA- and Ca2  +  −dependent mechanisms (Lively and 
Schlichter 2013, Ferreira et al. 2014), and in the production of reactive oxygen species (ROS) through 
the p38/MAPK and cGMP/PKG pathways (Ferreira et al. 2015). Migration and nitric oxide genera-
tion are closely associated with the inflammatory function of these cells (Scheiblich et  al. 2014); 
indeed, microglia may exert both pro- and anti-inflammatory activities, in response to surrounding 
stimuli, that induce continuous shape and volume changes, enabling cells to monitor brain paren-
chyma (Squarzoni et al. 2014). In vitro, microglia stimulated with IL-4 assume an anti-inflammatory 
phenotype, producing cytokines such as IL-6 and TGFß (Casella et al. 2016; Zhou et al. 2012), and 
increasing migration enhancing the expression of MMP2, cathepsin S and cathepsin K (Eder et al. 
1997). IL-4 also increases the functional expression of KCa3.1 channels in microglia, and channel 
inhibition blocks the intrinsic migratory ability of IL-4 stimulated cells (Lively and Schlichter 2013; 
Ferreira et  al. 2014). Interestingly, KCa3.1 channels are also expressed by glioma cells and are 
involved in key glioma functions, such as invasion and cell growth (Turner et al. 2014; Stegen et al. 
2015; D’Alessandro et al. 2016, 2019). KCa3.1 activity in GAMs sustains tumor progression: the 
inhibition of KCa3.1 by 1-(2-chlorophenyl) diphenylmethyl-1H-pyrazole (TRAM-34), a selective 
inhibitor for the channel, induces a switch of glioma-conditioned primary microglia from an anti- 
inflammatory/pro-tumoral phenotype toward a pro-inflammatory, anti tumor phenotype increasing the 
expression levels of cd86, tnfa, il1b and il6 mRNA. Similar effects were observed in GAMs isolated 
form a syngeneic model of glioma, where in vivo treatment with TRAM-34 switched the phenotype 
of infiltrating immune cells, and decreased tumor growth (Grimaldi et al. 2016). More importantly, 
KCa3.1 inhibition of GAMs freshly isolated from GBM patient tissues induced a gene expression 
switch increasing CXCL10, IL12A, TNF and NOS2 mRNA expression. It has also been shown that 
blocking KCa3.1 channels inhibits GBM cell invasion in a xenogeneic model of the disease, reducing 
cd68 expression (D’Alessandro et al. 2013), a marker of GAMs associated to a worst prognosis in 
GBM patients (Wang et  al. 2018). KCa3.1 blockade in microglia involves the phosphoinositide 
3-kinase (PI3K)/Akt and focal adhesion kinase (FAK) pathways (Grimaldi et al. 2016). These same 
signaling pathways were involved in the modulation of microglia cell movement and phagocytosis 
induced by glioma-released factors (Ellert-Miklaszewska et al. 2013; Tarassishin et al. 2011).

14.4.2  Environmental Stimuli/NK Cells

It is well known that environmental stimuli shape brain functions, modulating key neural functions 
such as learning and memory, and delaying the onset or slowing the progression of several neurode-
generative diseases in animal models and in patients (Sale et al. 2014). In the early 1960s, Rosenzweig 
and colleagues introduced a new experimental paradigm, the enriched environment (EE) to study the 
effects of concomitant external stimuli on brain functions and morphology (Rosenzweig et al. 1964). 
EE consisted of wide and attractive cages where the animals were housed in large social groups and 
in the presence of a variety of stimulating objects that were regularly changed and substituted with 
others to stimulate explorative behavior, curiosity, and attentional processes (Rosenzweig and Bennett 
1996). Later, it was demonstrated that mice exposed to EE modulate brain microenvironment, affect-
ing the levels of hormones involved in feeding behavior or linked to the hypothalamic-pituitary axis, 
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such as adiponectin, norepinephrine, BDNF and glucocorticoids (Cao et al. 2010). It is known that EE 
affects microglial cell proliferation in a brain-region-specific manner (Ehninger and Kempermann 
2003; Ehninger et al. 2011). EE also modifies brain-infiltrating myeloid cells in a mouse model of 
depression, in which the high expression of pro-inflammatory genes (Chabry et al. 2015) affects the 
response to antidepressant treatment (Alboni et al. 2016). Recently it has been shown that microglia 
number and morphology are affected by EE in a mouse model of Alzheimer’s disease (Rodrıguez 
et al. 2015). As concern preclinical research on cancer, contrasting studies described either positive or 
no effects of EE on tumor progression (Cao et al. 2010; Nachat-Kappes et al. 2012; Westwood et al. 
2013). It has been shown that mice exposed to EE show a reduced intracranial glioma growth in com-
parison with mice housed in standard environment, with indirect mechanisms acting through innate 
immune NK cells, and with direct effects of BDNF on the truncated isoform 1 of the tropomyosin 
receptor kinase B (TrkBT1), which is expressed by tumor cells (Garofalo et al. 2015). Housing ani-
mals in EE also modifies GAM phenotype, in particular microglial phenotype (Garofalo et al. 2017) 
with increased expression of pro- and reduction of anti-inflammatory genes, acquiring an anti-tumor 
phenotype. EE also modifies the morphology of GAMs, increasing the length, the number and the 
speed of cell process movement towards ATP. A possible mechanism involves myeloid cell-derived 
IL-15 which stimulates NK cells recruiting, IFN-γ secretion and modification of GAM phenotype 
toward an anti-tumor phenotype (Garofalo et al. 2015, 2017).

14.5  Concluding Remarks

Recent transcriptome studies at the single cell level clearly demonstrated that the myeloid cell popula-
tion invading the brain in glioblastoma patients and in glioma animal models is highly heterogeneous, 
with no simple phenotypic definition (Szulzewsky et al. 2016). However, few common genes and 
phenotypes have been identified among different animal models and human tissues, and two main 
GAM populations were recently described (Szulzewsky et al. 2015; Chen et al. 2019). The possibility 
to integrate these exciting discoveries with new combination therapies will open new tools to treat this 
devastating disease.
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