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In  the past  65  years,  antifolates  targeting  folate  metabolism  played  a pivotal  role  in drug  treatment  of
malignant,  microbial,  parasitic  and  chronic  inflammatory  diseases.  Drug  discovery  of  novel antifolates
with  improved  properties  and  superior  activities  remains  an attractive  strategy  both  in  academia  and  in
the pharmaceutical  industry.  Among  novel  antifolates  are  pemetrexed  which  primarily  targets  thymidy-
late synthase  as well  as pralatrexate  which  blocks  dihydrofolate  reductase,  and displays  enhanced
transport  and  cellular  retention  properties.  The  present  review  describes  the  evolution  and  pharma-
cological  activity  of  antifolates  and  prospects  for the  development  of  the  next  generation  antifolates.
Pre-clinical  and  clinical  studies  identified  a  plethora  of  mechanisms  of antifolate  resistance  that  are  a
primary  hindrance  to curative  cancer  chemotherapy;  these  are  frequently  associated  with  qualitative
and/or  quantitative  alterations  in  influx  and/or  efflux  transporters  of  antifolates  and  in  folate-dependent
enzymes.  Current  advances  including  for example  the  deciphering  of the  dominant  folate  transporter
proton-coupled  folate  transporter  (PCFT/SLC46A1)  facilitated  the  synthesis  of  experimental  antifolates
aimed  at  selectively  targeting  solid  tumor  cells,  which  reside  in  an  acidic  microenvironment  where  PCFT

supposedly  functions  optimally.  Moreover,  drugs  that  are  structurally  and  mechanistically  distinct  from
folates  were conjugated  to  folic  acid  (e.g.  Vintafolide/EC145,  a folic  acid  desacetylvinblastine  conjugate)  to
facilitate  endocytosis  via  the folate  receptor  (FR)  which  is  markedly  overexpressed  in various  solid  tumors.
In an  alternative  approach,  novel  antifolates  selectively  targeting  the  FR  but not  other  folate  transporters
are  being  developed  (e.g. BGC  945).  Hence,  targeting  mechanisms  of  antifolate-resistance  could  facilitate
the development  of  rationally-based  novel  antifolates  and  strategies  that overcome  chemoresistance.
. Introduction

.1. Cellular folate metabolism and compartmentalization

Folates are B9 vitamins that serve as one-carbon donors in mul-
iple crucial biosynthetic pathways including de novo biosynthesis
f purines and thymidylate, amino acid metabolism and methy-
ation reactions (Stockstad, 1990). Folates are composed of three
hemical components: pteridine ring, p-aminobenzoic acid (PABA)
nd a glutamate residue (Fig. 1). Folates can be found in an oxi-
ized form, folic acid, or as the naturally occurring reduced folates.
olic acid can be synthesized and reduced by the normal bacte-
ial flora that is resident in the small intestine. Reduced folates
re found as the partially reduced form 7,8-dihydrofolate (DHF)

r the reduced species 5,6,7,8-tetrahydrofolate (THF). THF cofac-
ors are the biologically active congeners of folates. In humans, the
rimary circulating reduced folate is 5-methyl-THF (5-CH3-THF)
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(Fig. 1) which is found at low, yet sufficient physiological con-
centrations of ∼5–30 nM in the blood (Ifergan and Assaraf, 2008).
Unlike bacteria and plants that possess an autonomous biosyn-
thetic capacity to generate their own  folate cofactors, metazoan
organisms including mammals lack this enzymatic capacity for
folate biosynthesis. Mammals must therefore obtain their folates
from the diet; green leafy vegetables serve as the major source of
our dietary folate intake.

In eukaryotes, folate metabolism is compartmentalized in
two main subcellular compartments: the cytosol and mitochon-
dria (Tibbetts and Appling, 2010). 5,10-CH2-THF is the cofactor
necessary for the reductive methylation activity of thymidylate
synthase (TS) that catalyzes the conversion of 2′-deoxyuridine
monophosphate (dUMP) to 2′-deoxythymidine monophosphate
(dTMP). The byproduct of this reaction is DHF, which is efficiently
recycled to THF by dihydrofolate reductase (DHFR), an abundant
key cytosolic enzyme that maintains the cellular THF cofactor

pool (Fig. 2). The reduced folate cofactor, 10-CHO-THF is first used
by the enzyme glycineamide ribonucleotide formyltransferase
(GARFT), for the formation of the imidazole ring of purines;
the second enzyme that utilizes 10-CHO-THF as a cofactor is

dx.doi.org/10.1016/j.drup.2012.07.002
http://www.sciencedirect.com/science/journal/13687646
http://www.elsevier.com/locate/drup
mailto:assaraf@tx.technion.ac.il
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ig. 1. Chemical structures of oxidized and reduced folates. The one-carbon units 

ray.

-aminoimidazole-4-carboxamide ribonucleotide formyltrans-
erase (AICARFT), a more downstream enzyme in the purine
iosynthetic pathway which eventually generates the purine

ntermediate inosine 5′-monophosphate (IMP) (Fig. 2). Another
ellular form of THF cofactor is 5-methyl-THF (5-CH3-THF) (Fig. 1);
-CH3-THF serves as a cofactor, along with vitamin B12, for the
atalytic activity of methionine synthase (MS) which mediates the
onversion of homocysteine to methionine. ATP can be conjugated

o methionine, thereby forming S-adenosylmethionine (AdoMet);
he latter serves as the universal methyl group donor in multiple

ethylation reactions such as methylation of neurotransmitters,
hospholipids, RNA, cytosine nucleotide residues within CpG

Fig. 2. Cellular folate metabolism and its compartm
re transferred during a multitude of folate-dependent reactions are highlighted in

islands in DNA, as well as proteins including histones (Reviewed
in Fox and Stover, 2008) (Fig. 2).

THF cofactors that originate in the cytosol can be transported
into mitochondria in their monoglutamate form via the mitochon-
drial folate transporter (MFT/SLC25A32)  (Lawrence et al., 2011;
Titus and Moran, 2000). Inside mitochondria, folates are predom-
inantly used for the biosynthesis of formate, which is later used
for cytoplasmic one-carbon reactions, as well as for mitochondrial

glycine biosynthesis (Fig. 2). Mitochondria also serve as a promi-
nent folate reservoir accumulating as much as 40% of total cellular
folates, which does not exchange with the cytosol (Fox and Stover,
2008; Lin et al., 1993). However, some communication does occur

entalization in the cytosol and mitochondria.
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etween mitochondria and cytosol that is facilitated by the trans-
ort of one-carbon donor substrates such as formate, glycine and
erine (Tibbetts and Appling, 2010) (Fig. 2).

.2. Cellular folate transport and homeostasis

.2.1. Transporters that mediate influx of folates
THF cofactors are negatively charged under physiological pH

ue to the ionization of the dicarboxylic glutamic acid moiety.
herefore, folate cofactors cannot cross the plasma membrane by
assive diffusion and rely on specific uptake systems for their entry

nto the cell. Accordingly, three transport systems are currently
nown to accommodate folate uptake:

(a) The reduced folate carrier (RFC/SLC19A1):  RFC was the first
ransporter to be described at the kinetic level (Goldman et al.,
968; Zhao et al., 2009a).  RFC belongs to the major facilitator super-
amily (MFS) of transporters, and more specifically to the solute
arrier (SLC) family of facilitative carriers (Pao et al., 1998; Saier,
999). Within the SLC19A sub-family resides RFC (SLC19A1) and

ts close homologues, thiamine transporters THTR1 (SLC19A2) and
HTR2 (SLC19A3) (Diaz et al., 1999; Dutta et al., 1999; Fleming et al.,
999; Labay et al., 1999; Rajgopal et al., 2001). RFC is a 591 amino
cids transmembrane protein with a molecular mass of ∼85 kDa
nd 12 hydrophobic transmembrane domains (TMD) with short
ydrophilic N-terminus and a long hydrophilic C-terminus, both of
hich reside in the cytoplasm (Cao and Matherly, 2004; Ferguson

nd Flintoff, 1999; Liu and Matherly, 2002). RFC contains a large
ytoplasmic loop connecting TMD6 and TMD7. The human RFC is
-glycosylated at a single conserved consensus N-glycosylation site

ocated at the loop connecting TMD1 and TMD2 (Asn58) (Wong
t al., 1998). Although harboring a single N-glycosylation site, RFC
ndergoes heavy glycosylation at Asn58, which results in a ∼20 kDa

ncrease in its molecular mass (i.e. core MW of ∼65 kDa vs ∼85 kDa

f the N-glycosylated form) (Wong et al., 1998).

RFC is devoid of an ATP-binding domain and hence its trans-
ort activity is not driven by direct ATP hydrolysis. Instead, it is a
idirectional antiporter that facilitates the exchange of folates with

ig. 3. Homeostasis of folates and cellular accumulation of antifolates. Influx and efflux t
olyglutamylation in the cytosol and mitochondria, whereas the counteracting process o
ce Updates 15 (2012) 183– 210 185

organic phosphates such as adenine nucleotides as well as thiamine
mono- and pyrophosphate, which are largely retained within the
cell (Fig. 3) (Goldman, 1971; Henderson and Zevely, 1983; Zhao
et al., 2002, 2001b). This major asymmetry in the concentrations of
organic phosphates across the plasma membrane constitutes the
driving force for the uphill transport of folates into the cell via
RFC (Goldman, 1971; Zhao et al., 2002, 2001b). Consistent with
RFC activity as a folate/organic phosphate exchanger, impaired
folate efflux was  demonstrated under depletion of extracellular
anions. This effect could be reversed upon restoration of extracel-
lular anions including AMP, phosphate or thiamine pyrophosphate
(Henderson and Zevely, 1983). Moreover, it was recently shown
that ectopic overexpression of RFC resulted in an approximately
15-fold decline in cellular viability in medium lacking folates but
not in folate-containing medium, further supporting the bidirec-
tional transport activity of RFC (Ifergan et al., 2008). As reflected in
its name, RFC exhibits relatively high transport affinity for reduced
folates (Km = 1–3 �M),  but poor affinity for the oxidized folate, folic
acid (Km = 200–400 �M)  (Sirotnak, 1985).

In humans, RFC is ubiquitously expressed in a variety of normal
tissues and malignant tumors, including bone marrow, breast, lung,
heart, small intestine and lymphocytes (Liu et al., 2005; Matherly
and Angeles, 1994; Matherly et al., 1992; Whetstine et al., 2002a).
Multiple cDNA isoforms were described for the human RFC, differ-
ing in their 5′-untranslated regions (UTRs) (Gong et al., 1999; Tolner
et al., 1998; Whetstine et al., 2002a).  Human RFC gene expres-
sion is driven by two minimal promoters (A and B) and a linker
region that consists of 3 additional binding elements (Whetstine
and Matherly, 2001). Minimal promoter A is localized within a 47 bp
region (positions −3912 to −3959) and is regulated by an inducible
cAMP-response element (CRE)/AP1-like element (CRE/AP1). Min-
imal promoter B resides within a 46 bp region, located upstream
to the transcription start site (positions −4508 to −4550). This

promoter contains a constitutive element and is regulated by a
GC-box. Apart from the constitutive GC-box and inducible CRE/AP-
1 element, additional promoter elements including AP-2, myeloid
zinc finger 1 (Mzf-1) and E-box are contained within or near four

ransporters that transport (anti)folates. Once inside the cell, (anti)folates undergo
f hydrolysis occurs in the lysosome.
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andemly repeated sequences upstream of promoter A (Whetstine
t al., 2002b).

Interestingly, a recent study suggested that RFC is crucial for
he epigenetic regulation of neural crest development in Xeno-
us (Li et al., 2011). The authors demonstrated that inhibition
f Xenopus RFC, blocked expression of a series of neural crest
arker genes while overexpression of RFC or injection of 5-CH3-

HF expanded the neural crest territories. They also found that
ono- and trimethyl-Histone 3-K4 levels were dramatically lower

nder RFC knockdown. These results provide a possible explanation
or the neural tube defect phenotype seen in embryos of pregnant
omen consuming a folate-deficient diet. One could speculate that
ecreased synthesis of AdoMet could contribute to this reduced
ethylation effect.
(b) The proton-coupled folate transporter (PCFT/SLC46A1):

nother route of folate uptake occurs via the PCFT gene product
Qiu et al., 2006) (Fig. 3). PCFT is a 459 amino acids transmem-
rane protein with a molecular mass of 55 kDa (Unal et al., 2008).
ased on hydropathy analysis, the predicted membrane topology
f PCFT reveals 12 TMDs with a large intracellular loop after TMD  6;
he N- and C-termini reside in the cytoplasm. The large predicted
xtracellular loop between the first and second TMDs contains two
onsensus N-glycosylation sites which were further confirmed by
n vitro experiments (Qiu et al., 2007; Unal et al., 2008). Targeted
isruption of the consensus N-glycosylation sites decreased influx
ctivity by 40%; however, lack of N-glycosylation had no effect on
he plasma membrane targeting of PCFT (Unal et al., 2008).

PCFT was initially described as a heme transporter (influx
m = 125 �M)  and was therefore named heme carrier protein-1

HCP1) (Shayeghi et al., 2005). However, it was subsequently shown
hat the hemin transport capacity of PCFT is lower by two  orders of

agnitude compared to folate transport (Qiu et al., 2006); this was
ecently confirmed by the group of McKie who first cloned HCP-1
Laftah et al., 2009). Hence, this gene is now referred to as PCFT due
o its high transport affinity towards oxidized folates and reduced
olates.

PCFT functions as a unidirectional symporter that co-transports
olates along with protons into the cell (Qiu et al., 2006) (Fig. 3).
he high concentration of protons in the acidic microclimate of the
pper small intestine, which is partly facilitated by the activity of
a+/H+ exchangers, is the driving force for the uptake of folates

Zhao et al., 2009a).  As predicted from its proton-coupled trans-
ort capacity, PCFT operates optimally at an acidic pH of 5.5, with
olate transport activity increasing as the pH decreases, as shown
n mammalian cells and Xenopus oocytes (Qiu et al., 2006). Unlike
FC, PCFT exhibits high affinity for both folic acid and 5-CH3-THF
t pH 5.5 (Km ∼ 0.5–1 �M).  Although the highest transport activ-
ty of PCFT was documented at pH 5.5, some transport activity was
lso observed at physiological pH (i.e. pH 7.4; Lasry et al., 2008;
hao et al., 2009a). PCFT was recently reported to form homo-
ligomers that appear to possess functional transport activity (Hou
t al., 2011).

A recent study addressed the extent to which PCFT contributes
o the transport and pharmacological activity of the folic acid
ntagonist (i.e. antifolate) pemetrexed as well as other antifolates,
elative to the contribution of the ubiquitously expressed RFC at
hysiological pH (Zhao et al., 2008). Either PCFT or RFC cDNAs
ere stably transfected into a folate transporter-null HeLa cell

ariant to achieve transport activities similar to their endogenous
unction in parental HeLa cells. PCFT and RFC produced com-
arable increases in pemetrexed cytotoxicity in growth medium
ontaining 40 nM 5-formyl-THF. However, PCFT had little or no

ffect on the activities of MTX, raltitrexed and PT523 in com-
arison with RFC, irrespective of the folate growth source that
as either folic acid or 5-formyl-THF. Hence, when cells were

rown with 5-formyl-THF as the sole folate source, RFC alone
ce Updates 15 (2012) 183– 210

could fully restore activity to the above antifolates. In contrast,
pemetrexed was the only antifolate for which PCFT fully restored
pharmacological activity. However, it is possible that at the acidic
microenvironment of solid tumors, PCFT may  have a more sig-
nificant cytotoxic effect for antifolates other than pemetrexed. It
was further found that PCFT, expressed at high levels in Xenopus
laevis oocytes and in folate transporter-competent HepG2 cells,
exhibited a high affinity for pemetrexed, with remarkable influx
Km values of 0.2–0.8 �M at pH 5.5. PCFT markedly increased
the growth inhibitory activity of pemetrexed, but not that of
the other antifolates in HepG2 cells grown with 5-formyl-THF at
physiological pH. These findings illustrate the unique role that
PCFT plays in the transport and pharmacological activity of peme-
trexed.

The cloning of the human PCFT gene paved the way for the dis-
covery that inactivating mutations within the PCFT coding region
are the genetic cause for the rare autosomal recessive disorder,
hereditary folate malabsorption (HFM; OMIM 229050) (Atabay
et al., 2010; Lasry et al., 2008; Meyer et al., 2010; Qiu  et al., 2006;
Shin et al., 2011, 2012; Zhao et al., 2007). HFM is a folate deficiency
syndrome caused by impaired intestinal folate absorption. Patients
with HFM present with low folate levels in the blood and cere-
brospinal fluid (CSF). HFM manifests within the first few months of
life with anemia, diarrhea, hypogammaglobulinemia, severe infec-
tions and failure to thrive. Moreover, due to the poor folate levels in
the CSF and hence the impaired folate uptake into the central ner-
vous system (CNS), neurological abnormalities and deficits occur
including seizures and mental retardation. Unless the condition is
diagnosed early and treated with high doses of oral folates, HFM is
fatal, or neurological deficits become permanent.

Consistent with its main role in intestinal folate absorption,
the highest PCFT expression can be observed in the upper small
intestine, mainly in the duodenum and the upper jejunum. PCFT
is also expressed in a wide variety of tissues including the kid-
ney, liver, placenta and spleen, and to a lesser extent, colon and
testis (Qiu et al., 2006). PCFT gene expression in human tumor cell
lines was also examined; it was found that the colorectal cancer
cell line, Caco-2, shows the highest level of PCFT gene expression.
High expression was also documented in HeLa-R5 (a derivative of
HeLa cells with a genomic deletion of the RFC locus), SW620 and
A549 tumor cells. HeLa and MCF-7 cells exhibited moderate levels
of PCFT expression. In contrast, PCFT mRNA levels in the two  T-cell
leukemia lines CCRF-CEM and Jurkat were essentially undetectable
(Gonen et al., 2008). This has led to the identification of a dense,
1085 bp CpG island, present in the PCFT promoter and the coding
region (nucleotides −600 to +485) which upon methylation plays
a key role in the silencing of the PCFT gene (Gonen et al., 2008).
It was  specifically shown that this CpG island is densely methy-
lated in the above human leukemia cell lines which fail to express
PCFT; however, this CpG island was  shown to lack methylation in
PCFT-expressing cell lines (Gonen et al., 2008). Interestingly, these
results were in complete concordance with a previous study which
found that a spectrum of human carcinoma cell lines displays a
prominent folate transport activity at acidic pH (5.5) that exceeded
the influx obtained at pH 7.4 (Zhao et al., 2004b).  In contrast, folate
transport activity at pH 7.4 in CCRF-CEM leukemia cells exceeded
the influx obtained at pH 5.5. These results suggested that whereas
PCFT is expressed at substantial levels in various carcinoma cell
lines, it is poorly expressed in leukemia cells. Furthermore, a recent
study which examined PCFT gene expression in a wide array of
53 human tumor cell lines found similar results (Kugel Desmoulin
et al., 2011). PCFT was found to be expressed in the majority of

human solid tumor cell lines of different origins, however, low
PCFT transcript levels exist in human leukemias, including ALL and
acute myeloid leukemia (Kugel Desmoulin et al., 2011). The high-
est levels of PCFT transcripts were observed in Caco-2 (colorectal
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denocarcinoma), SKOV3 (ovarian carcinoma), HepG2 (hepatoma),
nd H69 (small cell lung cancer) cells (Kugel Desmoulin et al.,
011).

The promoter of the PCFT gene was characterized using a
equential deletion analysis which identified a 271 bp fragment
pstream to the first ATG that drives the same promoter activity
btained with a large 3.1 kb fragment. Further refinement showed
hat the minimal PCFT promoter localizes to only 157 bp (Stark
t al., 2009a); these results were corroborated in an independent
tudy (Diop-Bove et al., 2009). The basal promoter was shown to
e rich in functional GC-box sites which play an important role in
egulation of PCFT gene expression (Stark et al., 2009a).  PCFT was
lso found to be regulated by a more selective transcription fac-
or in certain tissues. In this respect, a vitamin D(3) and vitamin D
eceptor (VDR) response element was shown to increase intesti-
al PCFT gene expression, resulting in enhanced cellular folate
ptake (Eloranta et al., 2009). Moreover, treatment with vitamin
(3) resulted in increased PCFT mRNA levels, both in vitro and ex
ivo. The VDR response element in the PCFT promoter was  identi-
ed and localized to nucleotides −1694 to −1680 (Eloranta et al.,
009).

Another interesting level of regulation of PCFT gene expres-
ion emerged with the discovery that PCFT is regulated by Nuclear
espiratory Factor-1 (NRF-1), the dominant transcription factor
egulating mitochondrial biogenesis and respiration (Gonen and
ssaraf, 2010). In this study, three functional NRF-1 binding sites
esiding within the basal promoter of the PCFT gene were character-
zed. These consensus NRF-1 binding sites proved to be functional
s NRF-1 was found to bind to these sites. Targeted mutational
nactivation of these NRF-1 binding sites resulted in 60% decrease
n promoter activity. Consistently, overexpression of NRF-1 or a
onstitutively active NRF-1 VP-16 construct resulted in increased
eporter activity and increased PCFT mRNA levels. Conversely,
ntroduction of a dominant-negative NRF-1 construct markedly
epressed reporter activity and PCFT mRNA levels; likewise, intro-
uction of NRF-1 siRNA duplexes to cells resulted in decreased
CFT transcript levels. These findings provide a molecular and
unctional linkage between mitochondria biogenesis and folate

etabolism, thereby revealing that PCFT is an NRF1-responsive
ene that behaves like a mitochondrial gene.

(c) Folate receptors (FRs): FR˛, FR  ̌ and FR�: The third route of
olate uptake proceeds via the family of folate receptors (FRs). FRs
re high-affinity folate-binding membrane glycoproteins, encoded
y three different genomic loci including FR�,  FR� and FR� (Fig. 3).
here is ∼70–80% amino acid homology between the FRs and they
ontain 245–257 amino acids as well as several N-glycosylation
ites (Reviewed in Elnakat and Ratnam, 2004, 2006). FR� and FR�
re glycosylphosphatidylinositol (GPI)-anchored cell surface gly-
oproteins, involved in folate transport, whereas FR� is a secreted
rotein (Shen et al., 1995).

Among folate transport routes, FR� and FR� display the highest
ocumented binding affinity for folic acid (Kd = 0.1–1 nM)  (Wang
t al., 1992). Folate uptake mediated by FRs proceeds via receptor-
ediated endocytosis (Kamen et al., 1988; Lu and Low, 2002;

othberg et al., 1990; Salazar and Ratnam, 2007). In this respect,
t was recently suggested that PCFT plays a role in FR�-mediated
ndocytosis by exporting folates from acidic folate-containing
ndosomes into the cytoplasm (Zhao et al., 2009b).  From a physi-
logical point of view, it is less clear what the role of FRs is when
o-expressed with RFC and/or PCFT as the folate transport rate via
FC is 100-fold faster than that via FRs. It is possible that under

olate-deficiency conditions, or in tissues with low RFC and PCFT

xpression, the activity of FRs becomes more significant.

FR� (FOLR1) expression is mostly observed in epithelial cells of
he uterus, placenta, choroid plexus, retina and kidney (Parker et al.,
005; Ross et al., 1994; Salazar and Ratnam, 2007). FR�  is also
ce Updates 15 (2012) 183– 210 187

expressed in a variety of cancers, mainly of epithelial origin,
including adenocarcinomas of the ovary, cervix, uterus,
endometrium, kidney, lung, breast, bladder and pancreas (Elnakat
and Ratnam, 2004, 2006; Parker et al., 2005; Ross et al., 1994). The
FR� gene is regulated by two  promoter regions, one that resides
upstream to exon 1 and is named P1, whereas the second, located
upstream of exon 4 is termed P4 (Elwood et al., 1997; Kelemen,
2006; Saikawa et al., 1995). in vitro studies have shown that FR� is
positively regulated by extracellular folate depletion (Kane et al.,
1988) and elevated levels of homocysteine (Antony et al., 2004).
In addition, steroid hormone regulation of FR� gene expression
was also demonstrated; in this respect, FR�  was shown to be
down-regulated by the estrogen receptor (Kelley et al., 2003;
Rochman et al., 1985), while being up-regulated by both retinoic
acid (Bolton et al., 1999) and the glucocorticoid receptor (Kelemen,
2006; Tran et al., 2005). Similarly, FR� (FOLR2) also displays a
restricted pattern of tissue-specific gene expression in placenta,
thymus, spleen and various malignant cells of myelomonocytic
lineage (Elnakat and Ratnam, 2004; Ratnam et al., 1989; Ross
et al., 1994, 1999; Shen et al., 1994). Unlike FR�,  the FR� gene is
regulated and expressed from a single promoter that encodes a
single transcript, by the regulation of Sp1 and GA-binding protein
(GABP) (Sadasivan et al., 1994). It was demonstrated that FR�
can be highly up-regulated (20-fold) by all-trans retinoic acid
in a dose-dependent and reversible manner in the absence of
terminal differentiation or cell growth inhibition (Wang et al.,
2000). Furthermore, the molecular mechanism of transcriptional
induction of FR� by all-trans retinoic acid was  also established
(Hao et al., 2003).

The restricted pattern of tissue-specific expression of both FR�
and FR� renders them attractive candidates for diagnostic purposes
and selective delivery vehicles of therapeutic agents in malig-
nant and non-malignant disorders, hence minimizing toxic side
effects in non-target healthy tissues, as will be discussed below
(Hilgenbrink and Low, 2005; Paulos et al., 2004; Xia and Low, 2010;
for further FR-based applications see Section 4).

1.2.2. Transporters that mediate folate efflux
Forty nine ATP-binding cassette (ABC) transporters exist in

humans, all of which are transmembrane proteins that couple ATP
hydrolysis to the transport of endogenous and exogenous sub-
strates across cellular membranes. ABC transporters are classified
into seven families, one of which is the important family of mul-
tidrug resistance (MDR) proteins (MRP/ABCC), that is comprised of
13 members (reviewed in Borst and Elferink, 2002; Deeley et al.,
2006; Gottesman et al., 2002; Szakacs et al., 2006). Members of
the MRP/ABCC family confer MDR  to various hydrophobic and
hydrophilic cytotoxic compounds by acting as low affinity, high
capacity ATP-dependent drug efflux pumps (Reviewed in Assaraf,
2006).

Folates are among the various transport substrates of MRP1-5
(Fig. 3); it has been demonstrated that these efflux pumps have the
ability to export THF, 5-CH3-THF, 5,10-CH2-THF and 10-CHO-THF
out of the cell (Assaraf, 2006; Chen et al., 2002; Hooijberg et al.,
2003; Kusuhara et al., 1998; Zeng et al., 2001, 2000). MRP1-5 are
also capable of exporting antifolates (Fig. 4 and Table 1). Overex-
pression of MRP1-5 may  result in antifolate resistance as will be
elaborated in section 3 (Assaraf, 2006). Another ATP-driven efflux
transporter that is capable of exporting folates and antifolates is the
breast cancer resistance protein (BCRP/ABCG2), which also belongs
to the ABC superfamily of efflux pumps (Fig. 3). Like the MRPs,

BCRP functions as a high capacity, low-affinity exporter of multiple
large hydrophobic or amphiphilic substrates, harboring some pos-
itive or negative charge. Among its substrates are anticancer drugs
including anthracyclines as mitoxantrone, irinotecan (SN-38),
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opotecan, antifolates as well as vitamins such as folates and
iboflavin (reviewed in Assaraf, 2006; Polgar et al., 2008).

.3. Cellular retention of folates

Following cellular uptake of folates via the influx routes
escribed above, THF cofactors and antifolates undergo a
nique metabolism known as folylpolyglutamylation catalyzed
y folylpoly-�-glutamate synthetase (FPGS) (Fig. 3). This enzyme
atalyzes the MgATP-dependent, sequential addition, of multi-
le equivalents of glutamic acid to the �-carboxyl chain of THF
ofactors and glutamate-containing antifolates (Baugh et al., 1973;
cBurney and Whitmore, 1974; McGuire et al., 1980; Moran, 1999;
oran et al., 1976).
FPGS has three known functions in mammalian cells; (a)

nhanced cellular retention; polyglutamate congeners of THF and
ntifolates are polyanions and therefore are incapable of travers-
ng the lipid bilayer by passive diffusion. Additionally, long chain
>3) polyglutamate derivatives are no longer substrates of efflux
ransport systems including the ATP-driven efflux transporters of
he MRP/ABCC family (MRP1-5) (Wielinga et al., 2005; Zeng et al.,
001) and ABCG2 (ABCG2/BCRP) (Volk and Schneider, 2003); con-
istently, polyglutamate conjugates of THF and antifolates are not
ransport substrates of RFC (Matherly and Goldman, 2003). Conse-
uently, polyglutamate conjugates of THF cofactors and antifolates
re efficiently retained within cells. (b) FPGS exists in two com-
artmentalized isoforms, i.e. cytosolic (cFPGS) and mitochondrial
mFPGS) (Fig. 3). Polyglutamylation of folates by the mFPGS results
n mitochondrial accumulation of folate polyglutamates, a process
rucial for glycine biosynthesis which occurs exclusively in mito-
hondria (Lin et al., 1993). (c) The third function of FPGS concerns
he bioactivity of polyglutamates of THF cofactors and antifolates;
t is well established that most polyglutamate THF cofactors are

uch better substrates than their parent monoglutamate forms
or various folate-dependent enzymes. This can result from either
ncreased affinity and/or enhanced Vmax (Schirch and Strong,
989). This is also true for antifolates where it has been shown
hat polyglutamate conjugates of antifolates display a markedly
nhanced inhibitory capacity of their target enzymes (Allegra et al.,
985, 1987; Baggott et al., 1986; Jackman et al., 1991; Shih et al.,
997).

From a physiological point of view, the process of polyglutamy-
ation is reversed by the counteracting activity of the lysosomal
nzyme �-glutamyl hydrolase (GGH). GGH is a secreted glycopro-
ein enzyme located in the lysosome. GGH catalyzes the hydrolysis
f the �-glutamyl tail of folate and antifolate polyglutamates
Fig. 3). GGH exhibits a Km value in the micromolar range and is a
igh-turnover enzyme that possesses a catalytic cysteine residue
t the active site (Reviewed in Galivan et al., 2000; Schneider and
yan, 2006).

. Antifolates and their mode of action

Due to the major role that folates play in the de novo biosyn-
hesis of purines and thymidylate, it was realized in the 1940s
hat antifolates are effective in the treatment of childhood acute
eukemia (Farber et al., 1948). Decades afterwards, this discovery
ed to the development of a large group of rationally designed,
ew generation antifolates (Walling, 2006) (Fig. 4 and Table 1).
hese antifolates were designed to target and inhibit key folate-
ependent enzymes, thereby leading to inhibition of nucleotide

iosynthesis and consequent cell death (Walling, 2006). The cur-
ent section describes the different antifolates that are used in the
linic and those that are currently developed or that are under dif-
erent stages of clinical evaluation. This will include their uptake
ce Updates 15 (2012) 183– 210

and efflux routes as well as their cellular target enzymes (Fig. 4 and
Table 1). Moreover, special emphasis will be put on the molecular
mechanisms of antifolate resistance (Section 3).

Antifolates can be generally divided into two  main categories:
polyglutamatable and non-polyglutamatable antifolates. Like natu-
rally occurring folates, polyglutamatable antifolates also contain a
glutamic acid residue and therefore undergo intracellular polyg-
lutamylation. In contrast, non-polyglutamatable antifolates are
devoid of a glutamate residue and thus cannot undergo polyglu-
tamylation (Fig. 4 and Table 1).

2.1. Polyglutamatable antifolates

2.1.1. Methotrexate (MTX)
Although first introduced into the clinic in 1948, it took another

two to three decades to completely understand the kinetics of
the inhibitory interaction between 4-amino antifolates including
aminopterin (AMT) and MTX  and their target enzyme, DHFR. Ani-
mal  studies published in 1956 showed that the therapeutic index
of MTX  was better than that of AMT, and the clinical use of AMT
was thus abandoned in favor of MTX. MTX  is currently used as
an integral component of chemotherapeutic regimens that display
substantial efficacy in the treatment of a number of malignan-
cies including: breast cancer, head and neck cancer, non-Hodgkin
lymphoma, osteosarcoma, bladder cancer, and choriocarcinoma
(Assaraf, 2007), Moreover, MTX  is also used for the treatment of
autoimmune disorders including rheumatoid arthritis, psoriasis,
psoriatic arthritis, systemic lupus erythematosus and Crohn’s dis-
ease (Assaraf, 2007).

When studied in a cell-free system, it was  demonstrated that
MTX is a potent inhibitor of DHFR with a Ki of 5 pM (Appleman
et al., 1988; Domin et al., 1982). However, it was soon realized that
in order to completely block DHFR activity in living cells, a six orders
of magnitude higher MTX  concentration above the Ki value is nec-
essary, i.e. ≥1 �M,  (Goldman, 1974; Sirotnak and Donsbach, 1974;
White et al., 1975). The basis for this difference was  both experi-
mentally elucidated as well as examined by computational models
(Assaraf et al., 2006; Jackson and Harrap, 1973; Jackson et al., 1977;
White, 1979; White and Goldman, 1981). Unlike in a cell-free sys-
tem where there is a stoichiometric inhibition of DHFR by MTX,
the relationship between MTX  and DHFR is more complex in liv-
ing cells as it is being influenced by multiple parameters including
the levels of DHF and THF cofactors, as well as the ability to retain
MTX  within the cell. DHFR activity in mammalian cells is very high
when compared to the activity of TS. As a result, DHF, which is the
byproduct of TS activity, is retained at very low levels in the cell
(∼10 nM)  (Moran et al., 1976) and is being efficiently reduced to THF
by DHFR. As the Km of DHF for DHFR is in the range of 0.1–1 �M
(Domin et al., 1982), this enzyme operates at a very low level of
saturation, hence, only a very small fraction of DHFR activity is suf-
ficient to maintain the cellular need for THF cofactors (∼5% of total
enzyme). Once MTX  is taken up into cells via a carrier-mediated
process (typically RFC and PCFT), it tightly binds DHFR with a very
high affinity, thereby resulting in accumulation of DHF. In turn, DHF
binds the MTX-unbound DHFR, still allowing appropriate synthesis
of THF. When DHF accumulates to a concentration of ∼10 �M (i.e.
1000-fold increase), it starts to compete with MTX  for the residual
amount of free DHFR critical for the maintenance of THF pool. As
such, in order to achieve a complete inhibition of this small, but yet
crucial fraction of DHFR, relatively high levels of intracellular MTX
is needed (Jackson et al., 1977; White, 1979; White and Goldman,
1981).
Another parameter that has a major impact on the activ-
ity of MTX  is polyglutamylation. The formation and relatively
slow accumulation of MTX  polyglutamates can markedly alter
antifolate retention and cytotoxic activity since long-chain MTX
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olyglutamate congeners can no longer be exported out of the
ell (Assaraf, 2007, 2006). Unlike with some antifolates where
olyglutamylation can lead to a markedly increased affinity to key
olate-dependent target enzymes (as detailed below), MTX  inhi-
ition of DHFR is not affected by its polyglutamylation. Instead,
olyglutamylation of MTX  alters its target specificity by convert-

ng its polyglutamates into potent inhibitors of TS and AICARFT in
ddition to the potent inhibition of DHFR (Allegra et al., 1985, 1987;
aggott et al., 1986).

With the cloning of the mouse (Dixon et al., 1994), hamster
Williams et al., 1994) and human RFC (Moscow et al., 1995; Prasad
t al., 1995; Wong et al., 1995), the ultimate proof that impaired RFC
ransport activity results in MTX  resistance was revealed, establish-
ng RFC as a major uptake route for this antifolate (Km = 2–26 �M)
Prasad et al., 1995; Wong et al., 1995). MTX  is also transported by
CFT with comparable affinities (Km = 2 �M at pH 5.5) (Qiu et al.,
006) and to a markedly lesser extent by FRs; the MTX  Ki values for
R� and FR� were 1900 nM and 114 nM,  respectively, determined
y inhibition of [3H]folic acid binding when compared to the folic
cid Ki values in the subnanomolar range (Wang et al., 1992).

MTX is also a substrate of MRP1-5 (ABCC1 through ABCC5) and
CRP (ABCG2) (Bakos et al., 2000; Chen et al., 2002; van Aubel et al.,
002; Volk and Schneider, 2003; Wielinga et al., 2005; Zeng et al.,
001; for a comprehensive review see Assaraf, 2006).

.1.2. Raltitrexed
Raltitrexed (Tomudex®; ZD1694) is a water-soluble,

uinazoline-based antifolate and a potent inhibitor of TS
Ki = 62 nM)  (Jackman et al., 1991) (Figs. 1 and 4). Raltitrexed
s actively transported into cells by RFC and FR�  (Westerhof
t al., 1995b). In contrast, transfection of the human PCFT into
ransporter-null HeLa cells did not result in any increased cytotox-
city of raltitrexed, suggesting that PCFT does not play a significant
ole in ralitrexed uptake at physiological pH (Zhao et al., 2008).
pon entry into the cell, raltitrexed is rapidly polyglutamylated, a
rocess that dramatically increases its inhibitory potency towards
S by a factor of 100-fold when comparing the tetraglutamate
orm to the parent monoglutamate form of ralitrexed. In support
f its inhibitory activity of TS, the cytotoxic effect of raltitrexed
an be reversed by the addition of thymidine or by a simultaneous
dministration of leucovorin (5-CHO-THF) (Jackman et al., 1991).
altitrexed was approved in Europe, Canada and Australia for the
reatment of advanced colorectal cancer; however, it is usually
iven only to patients with intolerance to 5-flurouracil (5-FU), a
idely used fluoropyrimidine analogue (Cunningham et al., 2002;

homas et al., 2003). In addition, following a successful phase II
rial exploring the activity of raltitrexed either as a single agent or
n combination with a platinum compound, a phase III trial was
onducted, which demonstrated that a combination of raltitrexed
nd cisplatin improved the overall survival in malignant pleural
esothelioma (MPM), a solid cancer with poor prognosis. Hence,

altitrexed was registered for the treatment of MPM  in several
uropean countries (Surmont and van Meerbeeck, 2011).

.1.3. Lometrexol
Lometrexol (5,10-dideazatetrahydrofolate, DDATHF) was the

rst class of GARFT inhibitors to be synthesized (Beardsley et al.,
989). It is a specific and potent inhibitor of GARFT with no

nhibitory effect on either DHFR or TS, hence its cytotoxicity solely
elies on inhibition of the de novo purine synthesis (Beardsley et al.,
989). As a result of GARFT inhibition, a rapid drop in intracellu-

ar ATP and GTP pools occurs which can be completely reversed

y the addition of a preformed purine such as hypoxanthine
Pizzorno et al., 1991a). Lometrexol uptake into the cell is medi-
ted via RFC and FR (Pizzorno et al., 1993; Westerhof et al., 1995a).
ometrexol is highly dependent on polyglutamylation for its
ce Updates 15 (2012) 183– 210 189

cytotoxic activity and displays very slow elimination of polygluta-
mates (Pizzorno et al., 1991b). As such, impaired polyglutamylation
due to decreased FPGS activity is considered a major mechanism
of resistance to this antifolate (Pizzorno et al., 1995). One of the
major obstacles in using lometrexol in the clinic is its high toxicity
to healthy tissues and as such, severe side effects (Ray et al., 1993).
Although lometrexol was  administered with folate supplementa-
tion it was not further developed for cancer treatment (Roberts
et al., 2000).

2.1.4. AG2034
Following pioneering studies with lometrexol, the first GARFT

inhibitor, AG2034 (4-[2-(2-amino-4-oxo-4,6,7,8-tetrahydro-
3H-pyrimidino[5,4-6] [1,4]thiazin-6-yl)-(S)-ethyl]-2,5-thienoyl-L-
glutamic acid), a second generation, potent GARFT inhibitor was
designed using knowledge of the X-ray crystal structure of GARFT
from E. coli and of the GARFT domain of the human trifunctional
enzyme (Boritzki et al., 1996). Human GARTF harbors three cat-
alytic activities: phosphoribosylglycinamide formyltransferase,
phosphoribosylglycinamide synthetase, and phosphoribosy-
laminoimidazole synthetase, all of which are essential for de novo
purine biosynthesis. Computational analysis of the GARFT active
site suggested that sulfur atoms should have particular affinity
with two regions of the folate cofactor binding site. Thus, AG2034
was designed to fulfill this requirement, while retaining substrate
activity for RFC and FPGS. Indeed, in preclinical studies, AG2034
was similar to lometrexol, in terms of GARFT inhibition (Ki = 28 nM)
and FPGS substrate specificity (Km = 6.4 �M),  but displayed higher
binding affinity for FR (Kd = 0.0042 nM)  (Boritzki et al., 1996). A
recent study aimed to evaluate the membrane transport properties
of GARFT inhibitors including AG2034 demonstrated that the
latter displayed 4–5-fold better RFC transport efficiency than
MTX. Moreover, AG2034 displayed a higher affinity towards FR
than folic acid (Jansen et al., 2010). AG2034 demonstrated a
broad spectrum antitumor activity in in vitro and in vivo model
systems, with greater potency than lometrexol (Boritzki et al.,
1996). AG2034 retained its pharmacological activity regardless of
the intracellular folate pool size (Jansen et al., 2010). Interestingly,
AG2034 exhibited preferential cytotoxicity against tumor cells
lacking a functional G1 checkpoint (Zhang et al., 1998a).  Recently,
the anti-proliferative effect of AG2034 was  shown to involve
increasing phosphorylation of AMP-activated protein kinase,
(AMPK); it was  specifically shown that AG2034 activates p53
and AMPK, hence mediating the induction of signaling pathways
leading to senescence in prostate cancer cells (Obajimi et al.,
2009). However, dose-limiting toxicities in the form of mucositis,
diarrhea and vomiting were observed at doses of ≥6 mg/m2; sig-
nificant levels of thrombocytopenia, neutropenia and anemia were
also recorded (Bissett et al., 2001). Unfortunately, no objective
antitumor responses were observed in this study. Based on these
findings the development of AG2034 was terminated.

2.1.5. Pemetrexed
Pemetrexed (Alimta®, MTA, LY231514) is a rationally designed

antifolate which is primarily a potent inhibitor of TS (Figs. 1 and 4).
Pemetrexed was  synthesized by Eli Lilly on the basis of lome-
trexol. Substitution of the 5-deazapteridine ring of lometrexol by
a pyrrolopyrimidine ring yielded pemetrexed, which surprisingly
turned out to be a potent inhibitor of TS, while exhibiting far less
inhibitory capacity towards GARFT (Shih et al., 1997; Taylor et al.,
1992). Subsequent studies with pemetrexed revealed that peme-

trexed is quickly and efficiently taken up into tumor cells by RFC and
especially PCFT (Qiu et al., 2006); pemetrexed was found to undergo
a rapid and efficient polyglutamylation (Habeck et al., 1995; Taylor
et al., 1992).



1 sistan

a
p
e
t
1
1
c
l
b
r
r
a
T
u
2
a
T
f
p
m
T
t
i
p
a
t
p
c
t
t
o
p
e
o
G
p

a
2
s
o
o
s
s
d
t
t
i
b

K
c
a
5
e
f
p
t
t
i
w
T
t
t
b

90 N. Gonen, Y.G. Assaraf / Drug Re

A key parameter that sets pemetrexed superior over MTX
ppears to be the very rapid polyglutamylation that begins when
emetrexed is present at very low intracellular concentrations. This
ffect is mediated by the superior kinetic characteristics of peme-
rexed as an excellent FPGS substrate, i.e. pemetrexed exhibits
00-fold lower Km towards FPGS than does MTX (Habeck et al.,
995). This high affinity of pemetrexed for mammalian FPGS when
ompared to MTX  was further demonstrated in murine L1210
eukemia cells (Zhao et al., 2000a). The cellular accumulation of
oth MTX  and pemetrexed was examined; while the initial uptake
ates of both antifolates were comparable, a steady-state was
apidly attained with MTX, whereas a continuous increase, albeit
t a lower rate than initial, was documented for pemetrexed.
his difference in cellular accumulation could be reversed by the
se of an FPGS-deficient subline of L1210 (Chattopadhyay et al.,
007a; Zhao et al., 2000a). The polyglutamylation of pemetrexed
lso affects its inhibitory potency towards target enzymes such as
S. In this respect, it was demonstrated that the pentaglutamate
orm of pemetrexed displayed an 84-fold increase in the inhibitory
otential towards TS, when compared to the parent monogluta-
ate form (Ki = 1.3 nM vs 109 nM,  respectively) (Shih et al., 1997;

aylor et al., 1992). Apart from the increased inhibitory potency
owards TS, pemetrexed polyglutamates also exhibit a significantly
ncreased inhibitory activity towards GARFT (Ki = 65 nM for the
entaglutamate congener vs 9.3 �M for the monoglutamate form)
nd AICARFT (Ki = 265 nM for the pentaglutamate vs 3.6 �M for
he monoglutamate form) (Shih et al., 1997). Pemetrexed also dis-
layed an inhibitory activity against DHFR, however, no significant
hanges in the affinity of the mono- and pentaglutamate deriva-
ives were observed (Ki = 7.2 nM for the pentaglutamate vs 7 nM for
he monoglutamate) (Shih et al., 1997). Due to the superior ability
f pemetrexed to inhibit several key folate-dependent enzymes,
emetrexed was termed “multitargeted antifolate” (MTA). How-
ver, one should note that on a molar basis, the inhibitory capacity
f pemetrexed towards TS is 50-fold more potent than that towards
ARFT, further confirming that TS is the primary target enzyme of
emetrexed, whereas GARFT is a secondary target.

Interestingly, a recent study discovered that pemetrexed has
n additional secondary target enzyme AICARFT, (Racanelli et al.,
009). As a result of AICARFT inhibition by pemetrexed, its sub-
trate, ZMP, markedly accumulated. ZMP  is also a known activator
f AMPK, which is a key component in the mammalian target
f rapamycin (mTOR) pathway. Racanelli et al. (2009) demon-
trated that ZMP  accumulation induced an activation of AMPK with
ubsequent inhibition of mTOR and hypophosphorylation of the
ownstream targets of mTOR that control the initiation of pro-
ein synthesis and cell growth. These novel results suggest that
he activity of pemetrexed in cancer cells comprises of both direct
nhibition of folate-dependent enzymes and a more prolonged inhi-
ition of the mTOR pathway.

Pemetrexed is transported into cells via RFC with a transport
m of 1.1 �M (Wang et al., 2004). Interestingly, pemetrexed is
urrently the antifolate with the highest documented transport
ffinity towards PCFT with a remarkable transport Km as low as
0 nM at the optimal pH of 5.5 (Chattopadhyay et al., 2007a; Wang
t al., 2004). The major role that PCFT (initially termed the low pH
olate transporter; (Sierra et al., 1997; Sierra and Goldman, 1998))
lays in the transport of pemetrexed was uncovered by the isola-
ion of a HeLa subline with a genomic deletion of the RFC locus,
ermed HeLa-R5 (Zhao et al., 2004b).  These HeLa-R5 cells exhib-
ted a marked resistance towards MTX, raltitrexed and talotrexin,

hile remaining highly sensitive to pemetrexed (Zhao et al., 2004c).

his sensitivity was due to the preservation of an efficient peme-
rexed transport via PCFT, which retained a good transport affinity
owards pemetrexed at physiological pH (Km = 12 �M at pH 7.4)
ut low transport affinity towards raltitrexed, MTX  and talotrexin
ce Updates 15 (2012) 183– 210

(Ki = 90, 100 and 250 �M,  respectively). Furthermore, following
MTX  selection, a HeLa-R5 subline termed HeLa-R1 was further
established which displayed a markedly decreased transport activ-
ity via PCFT (Zhao et al., 2004a).  As expected, this subline exhibited
markedly decreased influx of pemetrexed, further supporting the
major role of PCFT as a transport route of pemetrexed, both in
the presence or absence of RFC activity (Zhao et al., 2004a).  This
HeLa-R1 subline was  subsequently found to harbor a silenced PCFT
gene via promoter methylation (Diop-Bove et al., 2009); this find-
ing was consistent with the original observation that the PCFT
gene undergoes silencing in certain tumor cells via dense promoter
methylation (Gonen et al., 2008).

Another important determinant that markedly affects the cyto-
toxic activity of pemetrexed is the intracellular folate pool size
(Taylor et al., 1992; Zhao et al., 2001a).  An expanded intracellular
folate pool markedly decreases the cytotoxic activity of peme-
trexed; this is due to competition between pemetrexed and the
abundant cellular folates both for binding to target enzymes as well
as for polyglutamylation by FPGS. It was  shown that under con-
ditions of expanded cellular 5-CHO-THF pools, there is a marked
decrease in the polyglutamylation of pemetrexed, thereby lead-
ing to reduced inhibitory capacity of this antifolate (Zhao et al.,
2001a). Consistently, another study in HeLa cells with loss of RFC
transport activity, showed a major decrease in 5-CHO-THF levels;
this resulted in a marked increase in the inhibitory capacity of
pemetrexed on GARFT, an inhibition that highly relies on intact
polyglutamylation (Zhao et al., 2005). Interestingly, a phase III clin-
ical trial with pemetrexed and cisplatin in MPM  showed different
results as to folate supplementation (Vogelzang et al., 2003). This
study examined whether or not treatment with pemetrexed and
cisplatin results in a superior survival time to that achieved with
cisplatin monotherapy in MPM  patients. Whereas there was a clear
improvement in survival time, time to progression, and response
rates in the combination arm of pemetrexed + cisplatin, the toxi-
city was  high. During this study, Eli Lilly amended the treatment
protocol by adding folates and B12 to both arms. This resulted in
significantly reduced toxicity without negatively affecting survival
time (Vogelzang et al., 2003). Hence, during pemetrexed treatment
of human malignancies including MPM,  it is important to clinically
evaluate folate vitamin supplementation, as it might have a signif-
icant effect on the cytotoxic activity of pemetrexed both in tumor
cells and normal tissues.

In 2004, pemetrexed (Alimta®) was approved by the FDA and
European Medicines Agency (EMA) for the treatment of MPM,  in
combination with cisplatin (Hazarika et al., 2004; Manegold, 2003).
In 2008, pemetrexed was  further approved by the FDA and EMA  as
the first line treatment for non-squamous, non-small cell lung can-
cer (NSCLC) in combination with cisplatin (Cohen et al., 2010, 2009).
Furthermore, on 2009, the FDA approved pemetrexed for mainte-
nance treatment of patients with locally advanced or metastatic
non-squamous NSCLC whose disease has not progressed after four
cycles of platinum-based first-line chemotherapy. The therapeu-
tic activity of pemetrexed is currently being assessed in more than
132 ongoing clinical trials for the treatment of various solid tumors
including breast cancer, gastric cancer, head and neck cancer, CNS
lymphoma, ovarian cancer, advanced solid tumors and more (Clin-
icalTrials.gov) (Reviewed in Jarmula, 2010; Martin, 2006).

2.1.6. Pralatrexate
Pralatrexate (10-propargyl-10-deazaaminopterin; Folotyn®)

was introduced as part of a rationally designed synthesis aimed at
improving the cytotoxic activity of antifolates such as MTX. Sirot-

nak and colleagues discovered that structural modifications of the
N10 position of 4-amino folates increased membrane transport of
antifolates in mammalian cells but had little effect on the inhi-
bition of the target enzyme DHFR (Schmid et al., 1985; Sirotnak
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Fig. 4. Chemical structures of various polyglutamatable and non-polyglutamatable antifolates and the folate-dependent enzymes that they target.
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t al., 1984a,b). The improved activity of these antifolates was  orig-
nally attributed to enhanced transport via RFC (Sirotnak et al.,
984a, 1987). However, it is possible that PCFT also contributed

o membrane transport of pralatrexate. The addition of a propargyl

oiety at the N10 position yielded the most favorable antifolate
n this group with regards to uptake characteristics via RFC as

ell as cellular retention mediated by polyglutamylation (Sirotnak
inued.

et al., 1998) (Fig. 4 and Table 1). Pralatrexate displayed greater
in vitro and in vivo antitumor efficacy than MTX  and edatrexate
in murine tumor models and human tumor xenografts (Sirotnak

et al., 1998). Pralatrexate has successfully passed phase I and II
clinical trials in NSCLC (Krug et al., 2003, 2000). The efficacy and
safety of pralatrexate have also been demonstrated in a prospec-
tive phase II study called PROPEL, in patients with relapsed or
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Table 1
Summary of transport, polyglutamylation and target enzyme properties of various antifolates.

Antifolate Synonyms Target enzyme Polyglutamylation Transport system Approved for treatment

Polyglutamatable
Methotrexate MTX DHFR + RFC +
Pralatrexate Folotyn®  DHFR + RFC +
Lometrexol DDATHF GARFT + RFC/FR� −
AG2034 GARFT + RFC/FR� −
Pemetrexed Alimta®/PMX/MTA/LY231514 TS/DHFR/GARFT + PCFT/RFC +
Raltitrexed Tomudex®/ZD1694 TS + RFC/FR� +
GW1843 GSL7904L/BW1843/1843U89/OSI-7904 TS + RFC −
Non-polyglutamatable
Trimetrexate TMQ/Neutrexin®  DHFR − PD* −
Piritrexim PTX/BW3014 DHFR − PD −
Talotrexin PT523 DHFR − RFC +
Nolatrexed AG337/Thymitaq® TS − PD +
Plevitrexed ZD9331/BGC9331 TS − RFC/FR� −
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efractory peripheral T-cell lymphoma (PTCL) (O’Connor et al.,
009). On this basis, pralatrexate was granted an accelerated
pproval by the FDA for the treatment of patients with PTCL.
emarkably, this was the first chemotherapeutic drug approved

or this specific hematological malignancy (Foss, 2011; O’Connor
t al., 2011; Thompson, 2009). Building on the cytotoxic activity
f pralatrexate with PTCL, a recent phase I study was  completed
n patients with previously treated, advanced NSCLC (Azzoli et al.,
011). Pralatrexate with folic acid and B12 supplementation was
afely administered in previously treated NSCLC patients, and
urable responses were observed. However, mucositis remained
he dose-limiting toxicity of pralatrexate, and this study failed
o demonstrate that vitamin supplementation prevents mucositis.
here are several ongoing clinical trials with pralatrexate for the
reatment of head and neck squamous carcinoma, non-Hodgkin’s
ymphoma, multiple myeloma and breast cancer (ClinicalTri-
ls.gov).

.1.7. GW1843
GW1843 (BW1843, 1843U89, OSI-7904, GSL7904L) is a very

otent antifolate inhibitor of TS (Dev et al., 1994; Duch et al.,
993; Jackman and Calvert, 1995) (Fig. 4 and Table 1). It was
eveloped using a series of benzoquinazoline folate analogues
imed at inhibiting TS and was confirmed to be a very potent
nhibitor of human TS with a remarkable Ki of 0.09 nM (Duch et al.,
993). GW1843 is efficiently transported into human leukemia
OLT-4 cells via RFC with a remarkable transport Km of 0.33 �M

Duch et al., 1993). In addition, GW1843 exhibited potent cyto-
oxic activity in various tumor cell lines with IC50 values lower
han 1 nM.  Growth inhibition was reversed by provision of thymi-
ine, indicating that TS was the sole site of inhibitory activity of
W1843 (Duch et al., 1993). Interestingly, although it is an excellent
ubstrate for FPGS, the parent compound is as potent TS inhibitor as
ts polyglutamate conjugates (Hanlon and Ferone, 1996; Jackman
nd Calvert, 1995). Although FPGS displays high affinity towards
he parent GW1843 compound, GW1843 mostly undergoes diglu-
amylation with approximately 80% of intracellular GW1843
resent in the diglutamate form (Hanlon and Ferone, 1996). This
as found to be due to a major fall in the affinity of the digluta-
ate form for FPGS when compared to the parent compound; i.e.

he diglutamate congener of GW1843 was only 1/100 as an effi-
ient substrate for further polyglutamylation as was  the parent
rug itself. In this respect, it was demonstrated, in two indepen-

ent studies, that unlike raltitrexed and MTX, GW1843 retained
igh cytotoxic activity in FPGS-deficient human and mouse soft
issue sarcoma, leukemia and ovarian cancer cell lines (Jackman
t al., 1995; Li et al., 1995). The diglutamate form of GW1843
− FR� −

can be retained in the cell for a longer period than the parent
compound; however, it persisted for shorter time than did long-
chain polyglutamates of other antifolates. As such, a more frequent
administration protocol would be necessary in order to achieve a
continuous inhibition of TS activity (Hanlon and Ferone, 1996).

Encouraging pre-clinical results with human tumor xenografts
implanted in mice (Banks et al., 1994; Smith et al., 1999, 1995) led to
phase I clinical trials. A phase I clinical trial was conducted with the
aim to evaluate the pharmacokinetics of GW1843 and to seek pre-
liminary evidence for anticancer activity in patients with advanced
solid tumors before this drug was reformulated (Schwartz et al.,
2001). In 2000, GW1843 was  reformulated by encapsulation into
liposomes in order to enhance its therapeutic index and for dose
schedule convenience; the drug was then renamed OSI-7904L. Sub-
sequent studies with OSI-7904L in a human colon adenocarcinoma
xenograft model in mice demonstrated superior antitumor effects
compared to the non-encapsulated drug. Due to better bioavailabil-
ity of the liposomal-encapsulated drug, it could be administered
less frequently than GW1843, while achieving greater tumor
growth inhibition. Phase I clinical trials were conducted with
OSI-7904L alone or in combination with other antitumor agents
including cisplatin or oxaliplatin in patients with solid tumors
(Beutel et al., 2005; Ricart et al., 2008) and advanced colorec-
tal cancer (Clamp et al., 2008). OSI Pharmaceuticals conducted
phase II clinical trials in patients with advanced gastric or gastro-
esophageal junction adenocarcinoma (Falk et al., 2006), advanced
biliary cancer (Ciuleanu et al., 2007) and metastatic or recurrent
squamous cell carcinoma of the head and neck (SCCHN) (Hough
et al., 2009).

2.2. Non-polyglutamatable antifolates

2.2.1. Trimetrexate
Trimetrexate (TMQ, Neutrexin®) is a nonclassical, lipophilic

quinazoline derivative which was developed in order to overcome
MTX  resistance mediated by impaired drug transport (Fig. 4 and
Table 1). Hence, although the glutamate residue was  truncated
and a trimethoxy substitution was introduced, TMQ  still retained
potent inhibition of DHFR (Bertino et al., 1979; Jackson et al., 1984;
Marshall and DeLap, 1994). Being a lipid-soluble antifolate, TMQ
is not a substrate for the dominant influx transporters RFC and
PCFT; this lipophilic antifol efficiently enters cells by passive dif-
fusion (Assaraf et al., 1989a; Fry and Besserer, 1988). As such,

tumor cell lines displaying MTX  resistance due to impaired trans-
port, retain their sensitivity towards TMQ  and frequently display
a remarkable hypersensitivity to this antifolate due to diminished
intracellular folate pools (Rothem et al., 2002). Moreover, although



1 sistan

l
a
t
u
B
t
o
s
o
t
l
2
T
t
h
t
r
e
a

i
T
s
(
fi
e
A
W
c
a
o

a
p
u
o
a
1
e
a
r
u
a

2

l
e
h
d
1
l
M
c
t
t
D
1
e

I
(
m
e
e
e

94 N. Gonen, Y.G. Assaraf / Drug Re

eucovorin (5-formyl-THF) efficiently protects MTX-sensitive cells
nd healthy tissues from TMQ  toxicity, MTX-transport defective
umor cells are poorly rescued by leucovorin as they cannot take
p this reduced folate via their impaired RFC. In this respect, the
ertino group showed that SCID mice bearing MTX-transport defec-
ive human ALL cells can be successfully treated by a combination
f TMQ  and leucovorin with no toxic side effects to healthy tis-
ues (Lacerda et al., 1995). As mentioned above, TMQ  is devoid
f a glutamate residue and hence is not a substrate for FPGS;
his latter property renders it a superior antifolate when antifo-
ate resistance emerges due to loss of FPGS activity (Liani et al.,
003). Liani et al. (2003) reported up to 14-fold hypersensitivity to
MQ  in multiple human leukemia cell lines that acquired resistance
o polyglutamatable antifolates due to loss of FPGS function and
ence markedly diminished intracellular folate pool. However, due
o lack of polyglutamylation and despite its lipophilicity, TMQ  is not
etained within the cell for prolonged periods; therefore, a longer
xposure is required in order to obtain optimal DHFR inhibitory
ctivity (Fleming and Schilsky, 1992).

In early studies it was shown that acquisition of TMQ  resistance
n cultured mammalian cells following multiple step selection to
MQ, occurs due to DHFR and ABCB1 gene amplification and con-
equent overexpression of both DHFR and P-glycoprotein (ABCB1)
Assaraf et al., 1989b). This and subsequent studies provided the
rst evidence that TMQ  is a bona fide transport substrate of the MDR
fflux transporter, ABCB1 (Arkin et al., 1989; Assaraf et al., 1989a,b).
dditionally, overexpression of a mutant G482 and T482 but not the
T R482 of another MDR  efflux transporter called ABCG2 (BCRP),

onferred high level resistance to TMQ, along with other lipophilic
ntifolates, hence demonstrating that TMQ  is a transport substrate
f ABCG2 as well (Bram et al., 2006).

On 1993 TMQ  co-administered with 5-formyl-THF, was
pproved by the FDA for the treatment of Pneumocystis carinii
neumonia in AIDS patients. In the oncology setting, TMQ  had
ndergone broad phase II clinical testing, mainly for the treatment
f solid tumors; the overall activity in most tumors was not favor-
ble when compared to existing treatments (Reviewed in Takimoto,
996). A recent Southwest Oncology Group phase II clinical trial
xplored the combination of TMQ, 5-FU, and leucovorin in gastric
denocarcinoma; it was found that this regimen achieved response
ates that were comparable to other 5-FU-based regimens, when
sed in treatment of incurable gastric cancer; the untoward toxicity
ppeared manageable (Blanke et al., 2010).

.2.2. Piritrexim
Similar to TMQ, piritrexim (PTX/BW301U) is a lipophilic antifo-

ate which also inhibits DHFR (Fig. 4 and Table 1). PTX rapidly
nters cells by diffusion, does not undergo polyglutamylation and
as proven effective against cancer cells displaying MTX  resistance
ue to impaired transport (Assaraf and Schimke, 1987; Taylor et al.,
985). Interestingly, this effect was not seen in other tumor cell

ines including L5178Y/MTX or L1210/MTX R, where resistance to
TX  was correlated with either overproduction of DHFR or with

ombined MTX  transport defect and increased DHFR levels, respec-
ively (Taylor et al., 1985). Resistance to PTX can be acquired due
o increased DHFR expression (Assaraf et al., 1989b),  mutations in
HFR that decrease the binding capacity of the drug (Lewis et al.,
995) and increased efflux due to increased expression of MDR
fflux pumps (Klohs et al., 1986).

The antitumor effect of PTX was evaluated in a variety of Phase
I clinical trials for the treatment of carcinoma of the urothelium
Khorsand et al., 1997; Lassiter et al., 2008; Roth et al., 2002),
etastatic melanoma (Feun et al., 1991, 1995), glioma (Bleehen
t al., 1995), head and neck carcinoma (Degardin et al., 1994; Uen
t al., 1992; Vokes et al., 1991), metastatic breast cancer (de Vries
t al., 1993) as well as soft tissue sarcoma (Schiesel et al., 1992). In
ce Updates 15 (2012) 183– 210

summary, although PTX underwent many phase I/II clinical trials
for the treatment of a variety of solid cancers, it failed to exhibit
any therapeutic superiority and is therefore no longer developed
for clinical use.

2.2.3. Talotrexin
Talotrexin (PT523) and its close homologue PT632 (5,8-

dideaza PT523) are extremely potent non-polyglutamatable DHFR
inhibitors (Fig. 4 and Table 1). Talotrexin is similar in struc-
ture to aminopterin; however, it contains a side chain that
contains a hydrophobic aromatic ring harboring an acid group
(Rosowsky et al., 1991). Talotrexin is a very potent inhibitor of DHFR
(Ki = 0.35 pM), with 11-fold and 15-fold lower Ki values than those
obtained with aminopterin and MTX, respectively (Rosowsky et al.,
1998).

Talotrexin and its close homologues utilize the RFC for their cel-
lular entry and the transport Km values of these compounds for RFC
are approximately 10-fold lower than that of MTX  (Ki = 0.7 �M for
talotrexin, determined by inhibition of [3H]MTX uptake) (Wright
et al., 2000, 2003). Consistently, resistance to talotrexin in human
leukemia cells occurs primarily due to impaired transport via RFC;
this was  mediated by several alterations in RFC including transcrip-
tional silencing, inactivating mutations, and allele loss (Kaufman
et al., 2006; Rothem et al., 2002). In contrast, PCFT displays a very
poor transport affinity for talotrexin and its close homologue PT632
(Zhao et al., 2004c, 2008).

Talotrexin is devoid of a glutamic acid side chain and therefore
cannot undergo polyglutamylation. In addition, due to its very high
affinity for DHFR, talotrexin is less affected by the intracellular THF
pool size, when compared to MTX  and TMQ  (Rosowsky et al., 1998;
Wright et al., 2000; Zhao and Goldman, 2003). A phase I study of
talotrexin was conducted in patients with relapsed or refractory
NSCLC, where talotrexin demonstrated acceptable tolerability with
encouraging cytotoxic activity after multiple cycles of chemother-
apy (Rocha Lima et al., 2006). The FDA has granted orphan drug
status for talotrexin in patients with ALL to Hana Biosciences which
subsequently became Talon Therapeutics. Two  phase I clinical trials
with talotrexin in solid tumors, leukemia and NSCLC were recently
withdrawn.

2.2.4. Nolatrexed
Drug discovery and development is an interdisciplinary, expen-

sive and time-consuming process. Scientific advancements have
revolutionized the way  pharmaceutical research generates novel
bioactive molecules. Advances in computational techniques and
in parallel hardware support have enabled in silico methods, and
in particular structure-based drug design techniques, to accelerate
new target selection through the identification of hits to the opti-
mization of lead compounds in the drug discovery process. In this
respect, nolatrexed (AG337/Thymitaq®) is a nonclassical lipophilic
inhibitor of TS that was  rationally designed using such advanced
X-ray structure-based methodologies in order to block the folate
cofactor-binding site of TS (Fig. 4 and Table 1). Nolatrexed inhibited
purified recombinant human TS with a Ki of 11 nM and displayed
non-competitive inhibitory kinetics (Webber et al., 1996). Like
other antifolate inhibitors of TS including raltitrexed, pemetrexed
and plevitrexed, nolatrexed binds TS at the folate-binding site
and not at the nucleotide-binding domain like 5-fluoro-dUMP (the
bioactive form of 5-FU). A severe depletion of dTMP and a marked
accumulation of dUMP occurs following treatment with nolatrexed,
thereby resulting in cell death (Reviewed in Chu et al., 2003;
Jarmula, 2010).
Due to its lipophilicity, nolatrexed enters cells by passive diffu-
sion and since it is devoid of a glutamate residue it cannot undergo
polyglutamylation (Webber et al., 1996). Nolatrexed was found to
be a transport substrate of ABCB1 (P-gp) but not of MRP1 (Hu and
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hen, 2004; van Triest et al., 1997). Resistance to nolatrexed can
e acquired via TS overexpression due to TS gene amplification as
ell as point mutations in TS that decrease nolatrexed binding to

S (Tong et al., 1998).
Two phase II clinical studies and a randomized phase III

tudy comparing nolatrexed with doxorubicin for the treatment
f advanced hepatocellular carcinoma (HCC) were conducted (Gish
t al., 2007; Jhawer et al., 2007; Mok  et al., 1999; Stuart et al., 1999).
n that basis, nolatrexed was designated a fast track product for the

reatment of unresectable HCC by the FDA in 2001, and by the EMA
n 2007 (Reviewed in Niculescu-Duvaz, 2001). Enrolment for piv-
tal Phase III trial of nolatrexed compared to doxorubicin, for the
reatment of patients with HCC was completed on 2005. Unfortu-
ately, this trial failed to show survival benefit of nolatrexed over
oxorubicin (Gish et al., 2007). Hence, the development of nola-
rexed was discontinued in the US and Europe for such antitumor
ndications.

.2.5. Plevitrexed
Plevitrexed (ZD9331, BGC9331) is a rationally designed, orally

ioavailable, non-polyglutamatable quinazoline antifolate that is a
elective inhibitor of TS with potent antineoplastic activity (Fig. 4
nd Table 1). It was developed to have increased efficiency owing
o its ability to overcome antifolate resistance that is due to
ecreased FPGS activity, in addition to having reduced toxicity pre-
umably due to a lesser cellular retention than polyglutamatable
S inhibitors. Plevitrexed selectively binds to the folate binding
ite of TS with high affinity and blocks thymidylate biosynthesis
Ki = 0.4 nM,  Jackman et al., 1997), resulting in inhibition of DNA
ynthesis and consequent apoptosis.

Plevitrexed is primarily transported into cells via RFC; consis-
ently, it exhibited reduced cytotoxic activity in two  leukemia cell
ines (L1210:1565 and CEM/MTX) with low transport activity via
FC (Jackman et al., 1997). Plevitrexed can also be transported
y FR�,  albeit, to a lesser extent than via the RFC (Reviewed in
enepal and Judson, 2005). Consistent with its inability to undergo
olyglutamylation, it was demonstrated that a mouse leukemia cell

ine (L1210:RD1694), with acquired resistance to raltitrexed due to
mpaired FPGS activity, retained sensitivity to plevitrexed (Jackman
t al., 1997). Resistance to plevitrexed can result from both TS gene
mplification and from impaired transport via RFC (Kobayashi et al.,
998).

Plevitrexed was assessed in several phase II clinical studies for
he treatment of various solid cancers including metastatic colorec-
al cancer (Louvet et al., 2004), advanced colorectal cancer (Schulz
t al., 2004), ovarian cancer (Rader et al., 2003), pancreatic cancer
Smith and Gallagher, 2003) as well as relapsed or refractory solid
umors (Hainsworth et al., 2003; Niculescu-Duvaz, 2001).

.2.6. BGC 945
As FR�  is highly expressed in 90% of ovarian cancers and in

any other epithelial tumors (Reviewed in Antony, 2004; Elnakat
nd Ratnam, 2004; Jackman et al., 2004; Xia and Low, 2010), BGC
45 (ONX 0801) is considered an excellent selective agent for
ancer treatment through the development of novel FR�-targeted
ntifolates. Indeed, a novel class of FR�-targeted TS inhibitors was
ynthesized all of which are cyclopenta[g]quinazoline-based com-
ounds (Bavetsias et al., 2000), among which are BGC 638 (Theti
t al., 2003) and BGC 945 (Gibbs et al., 2005). BGC 638 and BGC
45 are non-polyglutamatable antifolates with some structural
imilarity to plevitrexed (Theti et al., 2003) (Fig. 4 and Table 1).
oth BGC 638 and BGC 945 have a modified glutamate moiety,
n the form of L-Glu-�-D-Glu dipeptide, with the D-enantiomer
tabilizing them against enzymatic hydrolysis in vivo (Gibbs et al.,
005; Theti et al., 2003). Although displaying 5-fold lower inhibi-
ion of TS when compared to BGC 638 (BGC 945 Ki = 1.2 nM;  BGC
ce Updates 15 (2012) 183– 210 195

638 Ki = 0.24 nM), BGC 945 was  found to be superior to BGC 638 in
in vitro studies in terms of its ability to target FR�-overexpressing
tumor cells (Gibbs et al., 2005). Remarkably, the affinity of FR�
for BGC 945 was 70% that of folic acid (Kd = 0.1–1 nM). Growth
inhibition experiments in mouse leukemia L1210 cells demon-
strated that the IC50 of BGC 945 (7.6 �M)  was 30-fold higher
than that of BGC 638. Additionally, RFC-negative L1210-FBP cells
which overexpress FR� showed a marked sensitivity to BGC 945
(IC50 = 0.02 nM), which could be abrogated by addition of 1 �M
folic acid, due to competition on transport via FR�.  While the IC50
value of BGC 945 in the FR�-negative A431 cell line was as high
as 7 �M,  this value decreased significantly in FR�-overexpressing
human tumor cell lines (IC50 ∼ 1–300 nM), demonstrating that
BGC 945 is a potent TS inhibitor.

In vivo experiments in mice bearing human KB tumor xenografts
demonstrated that due to the restricted pattern of FR� expression
in the various tissues, the tumor was the only site of incorporation
of 5-[125I]-iodo-2′-deoxyuridine (Gibbs et al., 2005). These encour-
aging results indicated that BGC 945 is a selective inhibitor of TS
in FR�-overexpressing tumors, and that the use of BGC 945 may
result in minimal toxicity to healthy tissues (Gibbs et al., 2005).
Onyx Pharmaceuticals initiated a phase I clinical study in the UK in
2009 in order to evaluate the safety and pharmacokinetics of BGC
945 in advanced solid tumors. This study may  lead to further clini-
cal trials with BGC 945, where it is expected to be mostly efficient
in epithelial tumors overexpressing FR�,  including ovarian cancer,
lung cancer, breast cancer, and colorectal cancer.

3. Molecular mechanisms of antifolate resistance in cancer

Mechanisms of resistance to antifolates frequently emerge that
hinder their clinical efficacy. Intensive molecular research provided
deep mechanistic insights into the various mechanisms underly-
ing resistance to various antifolates (Fig. 5). Notably, many of the
mechanisms that were characterized in vitro were further iden-
tified in vivo, in patients who  either presented with (i.e. inherent
drug resistance) or developed resistance (acquired drug resistance)
to antifolate-containing chemotherapy. The in-depth understand-
ing of the molecular mechanisms underlying drug resistance
enhanced the rational design of new generation antifolates, some
of which were aimed at overcoming drug resistance (Section 2).
The documented mechanisms of antifolate resistance are as follows
(Fig. 5).

The following section describes and discusses the preexisting
mechanisms of resistance or those that were acquired following
antifolate-containing treatment.

3.1. Impaired antifolate uptake

One of the first documented mechanisms of antifolate resis-
tance was  impaired MTX  transport (Assaraf and Schimke, 1987;
Hakala, 1965; Hill et al., 1979; Niethammer and Jackson, 1975;
Sirotnak et al., 1968, 1981). Since RFC is a major transporter medi-
ating antifolate uptake into cells, it was  not surprising to find
that loss of RFC function was a frequent mechanism of antifolate
resistance. This was  associated with allele loss, inactivating RFC
mutations, decreased expression or silencing due to loss of function
of transcription factors. Consistently, RFC expression was found
to be decreased in cancer patient specimens, hence resulting in
antifolate resistance in several malignancies including ALL (Belkov

et al., 1999; Gorlick et al., 1997; Kastrup et al., 2008; Levy et al.,
2003; Rots et al., 2000; Zhang et al., 1998b),  colorectal carcinoma
(Wettergren et al., 2005), osteosarcoma (Guo et al., 1999; Ifergan
et al., 2003; Yang et al., 2008b),  diffuse large B-cell lymphomas
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Fig. 5. Molecular mechanisms un

DLBCL) (Kastrup et al., 2008) and primary central nervous system
ymphoma (PCNSL) (Ferreri et al., 2004).

To date, no resistance mechanisms associated with the primary
oss of function of PCFT were documented in antifolate-resistant
ells. However, it is possible that under conditions where RFC is
ess active, PCFT may  remain the primary route of entry, and thus
esistance mechanisms that involve down-regulation of PCFT may
volve. Supportive evidence for this hypothesis stems from antifo-
ate selection augmented by chemical mutagenesis in HeLa cells
Diop-Bove et al., 2009); in a HeLa cell line (HeLa R5), in which the
FC locus was genomically deleted following chemical mutagene-
is and MTX  selective pressure, growth inhibition by pemetrexed
as fully preserved due to transport mediated by PCFT (Zhao et al.,

004b). However, these HeLa R5 cells displayed resistance to MTX
nd were highly cross-resistant to raltitrexed and talotrexin. When,
n addition, PCFT was silenced due to a second round of MTX  selec-
ion, the resultant HeLa R1 cell line now exhibited resistance to all
f these antifolates (Zhao et al., 2004a).

As to the third route of entry, FR� and FR�,  there is paucity
f data to suggest that alterations in FR expression could result in
ntifolate resistance. This can be attributed to the fact that under
onditions where RFC and PCFT are expressed, the net impact of
he relatively slow, yet high affinity FR would be small. However,
n tumors with high level FR expression as in nasopharyngeal epi-
ermoid carcinoma (KB) cells, it was demonstrated that selection
ith MTX  can result in decreased level of the FR� protein, leading

o decreased transport, increased IC50 of MTX  and drug resistance
Saikawa et al., 1993). Furthermore, transfection of FR� into human
reast carcinoma MCF-7 cells resulted in increased uptake and
ensitivity to MTX  (Chung et al., 1993). Another report demon-
trated that a MTX-resistant KB subline (KB1BT) which exhibited
0–80% decrease in FR� mRNA was associated with DNA methy-

ation; FR� expression could be restored by treatment with
-aza-2′-deoxycytidine (Hsueh and Dolnick, 1994). While these

eports suggest the involvement of other transport routes in medi-
ting antifolate resistance, the vast majority of mechanisms of
mpaired antifolate transport involve quantitative and/or qualita-
ive alterations at the RFC level as follows:
ng antifolate resistance in cancer.

(i) Mutations in RFC that alter its transport activity.

The first inactivating mutation in the RFC gene was identified
in MTX-resistant murine L1210 leukemia cells (Brigle et al., 1995).
This tumor cell line exhibited a point mutation which resulted in
the substitution of a proline for an alanine (Ala130Pro) in the highly
conserved TMD3. This mutation resulted in a markedly decreased
MTX  transport due to decreased Vmax, associated with impaired
carrier mobility. Interestingly, despite the presence of two RFC alle-
les, only the mutant allele was expressed, indicating that this cell
line has acquired yet another alteration in RFC expression that
presumably silenced the wild type allele; however, this putative
alteration was not confirmed experimentally.

Among the frequent mechanisms of impaired transport were
inactivating mutations in the RFC coding region, the majority of
which mapped to TMDs (Drori et al., 2000; Jansen et al., 1998;
Kaufman et al., 2006; Mauritz et al., 2002; Rothem et al., 2002; Roy
et al., 1998; Zhao et al., 1998a,b, 1999). Some of these RFC mutations
formed a mutation cluster region (i.e. “hot spot”) in TMD1, support-
ing its key role in antifolate binding and/or substrate translocation
(Drori et al., 2000; Jansen et al., 1998; Rothem et al., 2002; Zhao
et al., 1998a,b, 1999). Several mutations exhibited a unique
phenotype of reduced entry of antifolate either due to decreased
transport affinity (higher Km)  or lower transport Vmax, resulting
in antifolate resistance. Remarkably however, they retained suf-
ficient cellular folate transport to meet their folate requirement
necessary to sustain DNA replication and cellular proliferation.
The latter involved markedly increased affinity towards folic acid
or reduced folates (Drori et al., 2000; Jansen et al., 1998; Zhao
et al., 1998a,b). In one case it was shown that a 100-fold resistance
towards GW1843 and MTX  was acquired in human CCRF-CEM
leukemia cells, through decreased RFC-dependent antifolate
transport. Specifically, these cells exhibited 6-fold increase in the
transport Km of GW1843 (decreased affinity), while conversely

displaying 11-fold decrease in the Km for folic acid (increased
affinity), including a slight increase in the Vmax for folic acid. By
combining these opposite transport kinetic properties towards
the antifolate and folic acid, cells were able to acquire resistance
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o GW1843 and MTX, while allowing sufficient folic acid uptake
o sustain cell growth and DNA replication. These cells adopted
his unique antifolate resistance phenotype by acquiring three
oint mutations in amino acids located in TMD1 of RFC (Val29Leu,
lu45Lys and Ser46Ile) (Drori et al., 2000). Consistently, the same
mino acid residues located at positions 45 and 46 were identified
s mediating antifolate resistance in murine leukemia cells (Zhao
t al., 1998a,b). Notably, substitution of amino acid 45 from Glu
o Lys (Glu45Lys) was identified in both murine and human RFC,
ollowing antifolate selection (Drori et al., 2000; Jansen et al., 1998;
hao et al., 1998a).  MTX-resistant human leukemia cells harboring
his mutation, showed markedly increased affinity to both folic
cid and 5-CHO-THF (transport Km values decreased by 9- and
1-fold, respectively) as well as decreased transport Vmax. Hence,
he unique Glu45Lys mutation increased the transport affinity
owards folates, thereby selectively compensating for the
ecreased transport Vmax, resulting in the retention of suffi-
ient cellular folate cofactor pools. In support of the above findings,
pon gradual folate deprivation from the culture medium, this
nique Glu45Lys mutant cell line exhibited up to 24-fold elevation

n the folate pool compared with parental cells, owing to RFC
verexpression due to 10-fold RFC gene amplification of this
ltered Glu45Lys RFC allele (Jansen et al., 1998). Consequently,
he markedly expanded intracellular folate pool conferred a novel

echanism of resistance to polyglutamatable (e.g. ralitrexed,
ometrexol, and AG2034) and to lipophilic antifolates (e.g. trime-
rexate and pyrimethamine) by abolishing their polyglutamylation
nd circumventing target enzyme inhibition. Substitution of serine
o asparagine in the adjacent amino acid residue 46 (Ser46Asn)
lso conferred MTX-resistance in mouse leukemia cells (Zhao et al.,
998b). L1210 cells were grown with 5-CHO-THF as the sole source
f folates and upon chemical mutagenesis and MTX selection, a
TX-resistant clone was isolated; this clone displayed a markedly

ecreased MTX  transport Vmax, with far less decrease in 5-CHO-
HF transport, further confirming the differential preservation of
olate influx while losing antifolate uptake (Zhao et al., 1998b).

Exploration of mechanisms of antifolate resistance mediated
y RFC alterations in cancer patients undergoing MTX-containing
hemotherapy, revealed that RFC mutations can also occur in vivo
Flintoff et al., 2004; Kastrup et al., 2008; Kaufman et al., 2004;

hetstine et al., 2001; Yang et al., 2003). Two  large studies
hat examined the potential presence of RFC mutations as a

echanism of MTX  resistance in ALL patients failed to iden-
ity frequent RFC mutations (Kaufman et al., 2004; Whetstine
t al., 2001). In contrast, in a study with 162 osteosarcoma
pecimens obtained after treatment with high dose MTX, it was
ound that various heterozygous mutations in RFC are relatively
ommon (Yang et al., 2003). Not only were missense mutations
dentified but also frameshift mutations were present. Interest-
ngly, among these mutations was also the Ser46Asn, which was
nitially described in vitro with MTX-resistant mouse and human
eukemia cells (Zhao et al., 1998b). A follow up study assessed
he functionality of the altered RFC proteins encoded by these RFC

utant genes and found that some mutations may  contribute to
TX-resistance in osteosarcoma (Flintoff et al., 2004). These alter-

tions in the RFC gene in osteosarcoma specimens are consistent
ith previous findings that decreased RFC transcript is evident in
alf of osteosarcoma specimens at the time of diagnosis (Guo et al.,
999). Consistently, a significant correlation between low RFC lev-
ls at osteosarcoma diagnosis and poor histological response to
reoperative chemotherapy was identified, hence suggesting that
FC levels at diagnosis may  be a useful predictor of chemosensi-

ivity (Ifergan et al., 2003). Another study that examined genetic
lterations in RFC in a relatively small number of ALL as well as
n large B-cell lymphoma (DLBCL) patients found a nonsense RFC

utation (Gln466X) in DLBCL, as well as a missense mutation
ce Updates 15 (2012) 183– 210 197

(Ile417Thr) mapping to TMD11 in ALL specimens (Kastrup et al.,
2008).

(ii) RFC Silencing via promoter methylation and 3′-UTR alterations.

The first indication for promoter methylation as a mechanism
of antifolate resistance was  documented in a human breast cancer
cell line MDA-MB-231 which is known for its high DNA methylation
status (Worm et al., 2001). This study demonstrated that this inher-
ently MTX-resistant tumor cell line, which is completely devoid of
RFC expression, harbors CpG island methylation in the RFC pro-
moter region. Transfection of MDA-MB-231 cells with RFC cDNA
restored MTX  uptake and markedly increased MTX sensitivity by
approximately 50-fold (Worm et al., 2001).

In support of these pre-clinical in vitro findings, some clinical
studies with tumor specimens derived from primary central ner-
vous system lymphoma, osteosarcoma and large B-cell lymphoma
identified RFC silencing, mediated by promoter methylation, as a
possible mechanism of MTX-resistance (Ferreri et al., 2004; Kastrup
et al., 2008; Yang et al., 2008a,b). In a study with 66 osteosar-
coma specimens, RFC promoter methylation was  observed in 84%
of the tumor samples (Yang et al., 2008b).  Additionally, this study
also characterized several heterozygous polymorphisms in the 3′-
UTR of RFC that were associated with reduced RFC expression;
these results provide some novel aspects as to the possible mech-
anisms of MTX  resistance that involve RFC transcript alterations in
osteosarcoma (Yang et al., 2008b). In contrast, other studies with
antifolate-resistant tumor cell lines failed to detect RFC promoter
methylation (Ding et al., 2001; Rothem et al., 2003).

(iii) RFC silencing via loss of function of transcriptional regulators.

The molecular characterization of the basal and the inducible
promoters driving RFC expression (Whetstine and Matherly, 2001)
paved the way  for further investigation of the possibility that
alterations in transcription factors may  be possibly involved in
decreased RFC expression and thereby contribute to antifolate
resistance. Several studies with an assortment of transport-
defective human leukemia cell lines displaying resistance to
different antifolates, demonstrated multiple alterations in the
activity of transcription factors known to regulate RFC expres-
sion; this resulted in down-regulation of RFC and consequent
antifolate resistance (Kaufman et al., 2006; Rothem et al., 2003,
2004a,b; Stark and Assaraf, 2006). In this respect, it was  shown that
alterations in post-translational modifications, i.e. hyperphospho-
rylation of Sp1 and/or loss of CREB-1 phosphorylation resulted in a
marked decrease in RFC mRNA levels, thereby leading to antifolate
resistance. Consistently, treatment with inhibitors of Sp1 phos-
phorylation or with agents that enhance CREB-1 phosphorylation
restored RFC expression (Rothem et al., 2004a; Stark and Assaraf,
2006).

(iv) Alterations in gene copy number of RFC in antifolate-resistant
cells.

RFC is located in a telomeric region of chromosome 21
(21q22.2–q22.3) (Moscow et al., 1995; Yang-Feng et al., 1995).
This telomeric localization of RFC along with the genomic insta-
bility, that is a hallmark of many cancers, may  lead to alterations
in both RFC copy number and in its genomic localization. Selec-
tion with various antifolates leading to antifolate resistance was
due to genomic deletion, allele loss and translocation of the RFC

genomic locus (Ding et al., 2001; Kaufman et al., 2006; Zhao et al.,
2004c). Ding et al. (2001) studied MTX-resistant K562 cells with
marked decrease in RFC mRNA and protein levels. It was  found
that decreased RFC expression was  due to a combination of RFC
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llele loss along with translocation of the remaining RFC allele with
he formation of a 21/22 fusion chromosome (Ding et al., 2001).

hether or not RFC translocation or allele loss mediates antifolate-
esistance in the clinic remains to be determined.

.2. Loss of FPGS function as a mechanism of defective antifolate
olyglutamylation and decreased cellular retention

Since polyglutamylation enhances cellular retention of antifo-
ates, it is not surprising that loss of FPGS activity is an important
eterminant of resistance to polyglutamylation-dependent antifo-

ates. A large number of studies demonstrated that MTX-resistant
umor cells, from various cell lineages, exhibit markedly reduced
ctivity of FPGS, leading to reduced intracellular levels of MTX
olyglutamates (Barakat et al., 1993; Li et al., 1992; Liani et al.,
003; Mauritz et al., 2002; McCloskey et al., 1991; McGuire
t al., 1993; Pizzorno et al., 1989, 1988). Similarly, loss of
PGS activity was also documented in drug-resistant cancer
ells following treatment with other polyglutamatable-dependent
ntifolates such as aminopterin, edatrexate, raltitrexed, peme-
rexed, GW1843 and lometrexol (Cheradame et al., 1999; Drake
t al., 1996; Liani et al., 2003; Lu et al., 1995; Mauritz et al., 2002;
izzorno et al., 1995; Rumberger et al., 1990; Takemura et al.,
999). For some polyglutamatable-antifolates like MTX, polyglu-
amylation is mostly crucial for cellular retention but has little
ffect on the affinity of MTX  towards its primary target enzyme
HFR; therefore, upon continuous exposure to MTX, a signifi-
ant cytotoxic effect may  be retained even in the presence of
iminished FPGS activity (Barnes et al., 1999). However, in cer-
ain polyglutamatable-antifolates like raltitrexed and pemetrexed
here polyglutamylation is required to enhance the binding affin-

ty to the primary target enzymes, even a continuous exposure to
he antifolate cannot restore antifolate sensitivity.

In a large study with multiple antifolates, fourteen antifolate-
esistant sublines of the parental CCRF-CEM human leukemia cell
ine were isolated following a clinically relevant selection protocol
f exposure to high dose intermittent pulses to polyglutamat-
ble antifolates. Among these antifolates were the DHFR inhibitors
TX, aminopterin and edatrexate, the TS inhibitors raltitrexed

nd GW1843, the GARFT inhibitor lometrexol as well as the
ultitargeted antifolate pemetrexed which inhibits primarily TS

ut also targets DHFR and GARFT (Liani et al., 2003). Eleven out
f the fourteen sublines exhibited antifolate resistance due to
mpaired FPGS activity with more than 90% loss of FPGS activity.
nterestingly, one of these antifolate-resistant sublines harbored a
ys346Phe inactivating mutation in FPGS, which upon 3D model-

ng, mapped to the active site, therefore suggesting an interference
ith its catalytic activity. Indeed, this mutant Cys346Phe FPGS
isplayed a 23-fold decrease in the affinity towards its substrate
-glutamate. Four other sublines exhibited decreased FPGS mRNA
evels, while the mechanism underlying loss of FPGS activity in the
emaining sublines was not identified (Liani et al., 2003), but is
urrently under investigation.

Consistent with these findings, other studies have also demon-
trated loss of FPGS activity, albeit in the absence of decreased FPGS
RNA levels (Drake et al., 1996; McGuire et al., 1995; McGuire and

ussell, 1998; Pizzorno et al., 1995; Roy et al., 1997). This implies
he presence of additional, yet unidentified post-transcriptional

echanisms or mutations involved in the regulation of FPGS
ranscript levels and catalytic activity. An example for such an
mpaired post-transcriptional modification emerged with the dis-
overy that aberrant splicing of FPGS and hence marked loss of

PGS activity can emerge in MTX-resistant human leukemia cells
n vitro and in leukemia patients (Stark et al., 2009b). In this study,

TX-resistant leukemia cell lines with markedly impaired FPGS
ctivity were shown to have defective splicing of FPGS mRNA; the
ce Updates 15 (2012) 183– 210

latter was based on intron retention and/or exon skipping, leading
to premature translation termination. These in vitro results were
further corroborated in childhood ALL patients, where exon 12
skipping was identified both at diagnosis and at relapse, the latter of
which occurred following high-dose MTX-containing chemother-
apy (Stark et al., 2009b).  In this respect, it is well established
that under high-dose, intermittent exposure to polyglutamatable
antifolates including MTX, raltitrexed, and pemetrexed, antifolate
resistance that is dependent on loss of FPGS function frequently
occurs. This is in contrast to the continuous, low dose antifolate
exposure, where mechanisms of antifolate resistance frequently
arise due to impaired drug transport (Assaraf and Schimke, 1987;
Drake et al., 1996; Liani et al., 2003; Lu et al., 1995; McCloskey
et al., 1991; McGuire et al., 1995, 1993; Pizzorno et al., 1989,
1988). It is interesting to note that exon 12 skipping pre-existed in
some ALL patients at diagnosis, albeit at low levels; this propensity
may  explain why  FPGS-dependent mechanisms of drug resis-
tance would frequently emerge following intermittent, high dose
exposure to polyglutamatable-antifolates. Apparently, the severe
selection imposed by intermittent, pulse exposure to high doses
of antifolates does not allow for the de novo acquisition of novel
mutations, thereby favoring the positive selection of pre-existent
mechanisms. Owing to the genomic instability of leukemic cells, the
pre-existence of such a modality of antifolate resistance in cancer
cells but not in normal healthy cells, can be easily enhanced under
high dose pulse exposure to antifolates. Therefore, the enhance-
ment of a pre-existing mechanism would be superior to the de
novo generation of a new mechanism, probably involving quanti-
tative (decrease) or qualitative alterations (inactivating mutations)
in RFC that would frequently lead to impaired antifolate transport.

Epigenetic regulation of the FPGS gene was recently shown to be
involved in FPGS activity in ALL cell lines. Treatment with histone
deacetylase (HDAC) inhibitors resulted in increased FPGS expres-
sion and enhanced intracellular accumulation of long-chain MTX
polyglutamates (i.e. Glu3-7) in ALL cells (Leclerc et al., 2010). This
effect proved to be mediated via epigenetic mechanisms involv-
ing chromatin remodeling through a NFY-B- and Sp1-dependent
recruitment of HDAC1 to the FPGS promoter (Leclerc et al., 2010).
Whether or not this mechanism mediates MTX  resistance in ALL
patients warrants further investigation.

Inactivating mutations in FPGS could also constitute a mecha-
nism mediating resistance towards polyglutamatable antifolates.
However, as previously shown (Liani et al., 2003), only upon
enhancement with a chemical mutagen, such mutations occurred
in the FPGS gene; specifically, four murine leukemia L1210 cell
lines resistant to lometrexol were isolated after pre-exposure to
the mutagen N-methyl-N-nitrosourea (Zhao et al., 2000b). These
variants exhibited >98% decrease in FPGS activity, where each
cell line harbored distinct single point mutations in both FPGS
alleles (Zhao et al., 2000b). Although inactivating mutations in
FPGS do exist, they do not constitute a frequent mechanism of
antifolate-resistance. In summary, loss of FPGS function infre-
quently mediated by inactivating mutations, decreased mRNA
levels and/or post-transcriptional modifications such as aberrant
splicing, constitutes an important determinant of resistance to
polyglutamatable antifolates.

3.3. Increased expression of GGH

GGH cleaves the �-glutamyl chain of both folates and antifolates,
hence converting them into the monoglutamate form which ren-
ders them transport substrates of the MDR  efflux pumps (Reviewed

in Coward and McGuire, 2008; Galivan et al., 2000; Schneider and
Ryan, 2006). Thus, under increased GGH activity, antifolates can
be readily extruded out of the cell, thereby abolishing their cyto-
toxic activity. Notably, such increased GGH activity would result
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n the same outcome for folates, i.e. diminished intracellular folate
ool. Several early reports demonstrated that increased GGH activ-

ty can lead to decreased accumulation of long-chain antifolate
olyglutamates, hence facilitating antifolate resistance; however,
his was not a sole mechanism rendering antifolate resistance and
hese resistant cells also displayed the coexistence of both reduced
PGS activity and impaired RFC-dependent transport (Li et al., 1992,
993; Rhee et al., 1993).

In an attempt to assess the contribution of increased GGH activ-
ty to antifolate resistance, GGH was ectopically overexpressed.
onsequently, these transfectant cells overexpressed GGH tran-
cript by 15–30-fold and displayed 15–90-fold increased GGH
ctivity. Expectedly, these tumor cells exhibited a shift in the intra-
ellular MTX  pool towards the unmodified MTX  (MTX-Glu1) and
TX-Glu2, whereas parental cells contained mostly long-chain
TX  polyglutamates (MTX-Glu3-6). The same was  true for 5-CH3-

HF but to a lesser extent than for MTX. Surprisingly however,
GH overexpression did not confer resistance to short exposure

o MTX  (Cole et al., 2001). This failure to confer MTX-resistance
an be mediated by the shrinkage in the folate pool and, there-
ore, enhancement of the cytotoxic effect of MTX. Therefore, it
emains unclear whether increased GGH expression can be a pri-
ary determinant mediating MTX-resistance (Cole et al., 2001).
owever, recent studies provided ample evidence that epigenetic

egulation and single nucleotide polymorphism (SNP) in the pro-
oter and coding region of GGH can affect GGH expression and

ence responsiveness to antifolate-containing therapy (Adjei et al.,
010; Chave et al., 2003; Cheng et al., 2006, 2004; DeVos et al.,
008; Hayashi et al., 2007; Organista-Nava et al., 2010). Collec-
ively, alterations in the levels and activity of GGH can contribute
o the outcome of the treatment with polyglutamatable antifolates.

hile reduced GGH activity would favor sensitivity to antifolates,
ncreased GGH activity could lead to antifolate resistance. Fur-
her studies are warranted to conclusively determine whether or
ot increased GGH activity can mediate antifolate resistance as a
rimary mechanism of antifolate resistance in the clinical oncology
etting.

.4. Overexpression of DHFR and mutations that decrease its
ffinity towards antifolates

Many antifolates target DHFR, a key enzyme in the folate
etabolic pathway, among which are aminopterin, MTX, prala-

rexate, trimetrexate, piritrexim and talotrexin (see Section 2). One
ould postulate that increased DHFR levels would result in further
levation in the already high level of DHFR, leading to a markedly
ncreased concentration of antifolate necessary to fully block DHFR
ctivity. Indeed, overexpression of DHFR, sometimes mediated by
HFR gene amplification, was discovered both in cancer cell lines
nd in specimens from cancer patients as an underlying mechanism
f MTX-resistance (Alt et al., 1978; Assaraf et al., 1992; Dolnick
t al., 1979; Hamkalo et al., 1985; Horns et al., 1984; Kaufman
t al., 1979; Matherly et al., 1997; Mini et al., 1985; Morales
t al., 2009; Nunberg et al., 1978; Singer et al., 2000; Trent et al.,
984).

Two different genomic mechanisms account for DHFR gene
mplification: the more stable one in which the DHFR amplicon
esides on a chromosome is known as homogeneously staining
egion (HSR). This mechanism involves gene amplification that is
ypically located at the same locus of the original gene or translo-
ated to another chromosomal region, hence being retained upon
ell division and is therefore considered stable. DHFR gene ampli-

cation involving the latter mechanism was well documented

ollowing gradually increasing (stepwise selection) concentrations
f MTX  using a multitude of tumor cell lines (Dolnick et al., 1979;
ini et al., 1985; Morales et al., 2009; Nunberg et al., 1978). The
ce Updates 15 (2012) 183– 210 199

second mechanism for DHFR gene amplification is an unstable
form, involving DHFR amplicons residing on acentromeric circular
DNA termed double minute chromosomes (DMs). DMs  are small,
acentric and autonomously replicating extrachromosomal DNA
structures, which are therefore frequently lost upon cell division.
Examples for DHFR gene amplification through the DMs  mecha-
nism are well documented (Haber and Schimke, 1981; Hamkalo
et al., 1985; Kaufman et al., 1979; Morales et al., 2009; Singer et al.,
2000).

The dynamics of acquisition of MTX  resistance mediated by
DHFR gene amplification in human colon adenocarcinoma HT29
cells was  recently determined (Morales et al., 2009). The authors
re-sensitized these MTX-resistant cells to MTX  by leaving out drug
selection, followed by re-exposure to MTX. They demonstrated
passive loss of the DHFR amplicon upon withdrawal of MTX selec-
tion, which resulted in re-sensitization of these tumor cells to
MTX. When subjected to a second cycle of MTX  treatment, these
tumor cells exhibited a reduced capacity to mount antifolate resis-
tance. Cells which regained MTX  resistance displayed a different
structure of the amplicon, suggesting that the formation of the
DHFR amplicon, as in the first cycle of treatment, is not feasi-
ble. These interesting findings suggest that MTX-resistant tumor
cells may  become responsive to a second round of treatment if
left untreated during a sufficient period of time (Morales et al.,
2009). Whether or not this mechanism of acquired sensitivity
exists in the clinic requires further investigation. It is impor-
tant to note that DHFR gene amplification was clinically observed
in several cancers, including leukemia (Horns et al., 1984) and
ovarian carcinoma (Trent et al., 1984) following MTX-containing
chemotherapy.

Another level of regulation at the DHFR enzyme level emerged
with the original discovery that apart from being a DHF reductase,
human DHFR is also an RNA-binding protein (Chu et al., 1993a;
Ercikan et al., 1993). Several early in vitro and in vivo studies found
an increase in DHFR protein levels in response to MTX  treatment
(Bertino et al., 1965, 1970, 1963, 1962; Hillcoat et al., 1967). Inter-
estingly, this increase in DHFR protein level, upon exposure to MTX,
was unaffected by the transcriptional inhibitor actinomycin D but
was blocked by the eukaryotic translation inhibitor cycloheximide,
indicating the presence of a transcriptional-independent autoreg-
ulatory mechanism (Hillcoat et al., 1967). The ultimate support
to this hypothesis emerged from in vitro translation assays which
demonstrated that addition of exogenous DHFR protein to its own
mRNA blocked its translation. Additionally, UV cross-linking assays
showed that DHFR can bind its own  mRNA (Ercikan-Abali et al.,
1997). Based on the above, it was proposed that human DHFR
protein can bind its own  mRNA, resulting in translation inhibi-
tion. Addition of MTX  which binds the DHFR protein with high
affinity resulted in conformational changes which prevented the
formation of the binary DHFR protein-mRNA complex. This enabled
mRNA translation and resulted in increased DHFR protein levels
(Appleman et al., 1988; Bystroff and Kraut, 1991). Further stud-
ies have identified the specific amino acids in the DHFR protein
that mediate its binding to the mRNA (Tai et al., 2002), as well as
amino acids that are essential for the upregulation of DHFR protein
in response to antifolate treatment (Skacel et al., 2005). Further-
more, the cis-acting autoregulatory element in the human DHFR
gene that allows the binding of the DHFR protein was also identified
(Tai et al., 2004a, 2008). A 27-nt sequence (DHFR27, corresponding
to nucleotides 407–433) was  isolated using enzymatic footprint-
ing assays and RNA-binding experiments, which was found to
bind the DHFR protein with high affinity and specificity, forming

a ribonucleoprotein complex. Transient transfection experiments
using a luciferase reporter system revealed that DHFR27 RNA could
repress luciferase gene expression in a DHFR-dependent manner
when placed upstream of luciferase mRNA. This study provided
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ew insights into the essential molecular elements that mediate
NA-protein interactions and the autoregulatory loop. Collectively,
hese studies establish the presence of a translational autoregula-
ion of DHFR that can be abolished by the presence of an antifolate,
hereby leading to increased DHFR protein levels (Reviewed in Abali
t al., 2008; Banerjee et al., 2002; Tai et al., 2004b).  The associa-
ion between the translational autoregulatory loop of DHFR and
ntifolate resistance needs to be further explored.

Decreased affinity of DHFR towards antifolates was  also iden-
ified as a determinant of antifolate-resistance; however, this

echanism appears to be far less frequent than DHFR gene ampli-
cation (Albrecht et al., 1972; Flintoff and Essani, 1980; Goldie
t al., 1980; Jackson et al., 1976). The kinetic properties of such an
ltered mouse DHFR isolated from MTX-resistant cells were pre-
iously described (Haber and Schimke, 1981). This altered DHFR
isplayed a 270-fold fall in the binding affinity for MTX, with
nly a 3-fold increase in the Km for its substrate DHF (Haber and
chimke, 1981), therefore, allowing sufficient THF synthesis while
locking the inhibitory activity of MTX. It was soon realized that
his altered DHFR harbors a Leu22Arg mutation (Simonsen and
evinson, 1983). Subsequent studies described additional muta-
ions in DHFR including Leu22Arg or Leu22Phe, Gly15Trp and
he31Trp or Phe31Ser, all of which resulted in substantial MTX
esistance (Dicker et al., 1990; McIvor and Simonsen, 1990; Melera
t al., 1984; Melera et al., 1988; Miyachi et al., 1995; Srimatkandada
t al., 1989). It is important to note that in some cases, the muta-
ion in DHFR was accompanied by allele-specific gene amplification
Dicker et al., 1990; Haber and Schimke, 1981; Miyachi et al.,
995; Srimatkandada et al., 1989). As most mutations decreased
he affinity of DHFR towards DHF, it is likely that gene amplification
ccurred in order to produce sufficient amounts of altered DHFR to
llow for adequate levels of THF to be formed that can sustain cel-
ular growth, DNA replication and cellular proliferation. Although

utations in DHFR were identified in MTX-resistant tumor cell
ines, it is important to note that no such mutations were found in
atients exposed to MTX-containing chemotherapy (Spencer et al.,
996).

.5. Overexpression of TS and mutations that decrease its affinity
owards antifolates

TS catalyzes the conversion of deoxyuridylate (dUMP) and 5,10-
H2-THF to thymidylate (dTMP) and DHF. This reaction constitutes

 crucial step in the de novo pyrimidine biosynthetic pathway
esulting in the formation of dTMP. Due to its pivotal role in DNA
eplication, TS has proven a prime target for chemotherapy. Two
istinct types of TS inhibitors exist: dUMP analogues such as 5-FU
Heidelberger et al., 1957) and antifolates. The later is composed
f rationally-designed THF antagonists that potently inhibit TS
ctivity, including raltitrexed, nolatrexed, GW1843, pemetrexed,
levitrexed and BGC 945 (see Section 2; (Jarmula, 2010)).

The molecular mechanisms underlying resistance to these
ntifolates include TS overexpression, sometimes due to gene
mplification and/or polymorphism, and TS mutations that
ecrease its affinity towards the antifolate. In this respect, it was
ecently shown that increased expression of TS confers resistance to
emetrexed in NSCLC cell lines (Takezawa et al., 2011). Similarly to
HFR, TS gene amplification underlies the acquisition of resistance

o different antifolates including ICI198583 (C2-desamino-C2-
ethyl-N10-propargyl-5,8-dideazafolic acid) (O’Connor et al.,

992), raltitrexed (Drake et al., 1996; Freemantle et al., 1995), and
emetrexed (Schultz et al., 1999; Sigmond et al., 2003; Wang et al.,

001).

Another mechanism involved in regulation of TS expression and
ensitivity to fluoropyrimidines relates to polymorphisms in both
he 5′-UTR and 3′-UTR of TS (Reviewed in Lurje et al., 2009; Zhou
ce Updates 15 (2012) 183– 210

et al., 2012). The first polymorphism is a tandem repeat in the
TS promoter enhancer region (TSER); this 28-bp sequence region
can appear either as a double (2R) or triple (3R) tandem repeat
(Horie et al., 1995). Moreover, a single-nucleotide polymorphism
(G > C) within the second repeat of the 3R alleles also exists which
might influence TS expression/activity and response to fluoropy-
rimidines. The second common polymorphism affecting TS levels
is a 6-bp deletion in the 3′-UTR of the TS gene (TS1494del6) (Ulrich
et al., 2000). It was  proposed that alterations in the 3′-UTR may
influence TS mRNA stability, thereby altering TS mRNA and pro-
tein levels (Ulrich et al., 2000). Several recent clinical studies in
patients with colorectal cancer failed to find a consistent relation-
ship between TSER polymorphisms and protein levels as well as
with clinical outcome (Mauritz et al., 2009). Combined analysis of
these studies revealed that while some correlation exists between
TSER genotype and TS mRNA and protein levels in normal tissues,
no such correlation is observed in malignant tissues (Galvani et al.,
2011; Mauritz et al., 2009). Furthermore, a recent pooled analysis
performed a quantitative study of the association between these
two polymorphisms and cancer risk, including 63 studies for TSER
polymorphism and 39 studies for the TS1494del6 polymorphism.
Overall, these two  polymorphisms failed to exhibit an association
with cancer risk when pooled together; however, upon division to
different authentic groups, such an association was  found (Zhou
et al., 2012). Gene amplification of these TS polymorphisms was
also documented (Brody et al., 2006).

Recent studies explored the role of TS and excision repair
cross-complementing group-1 (ERCC1) protein as predictors of
chemotherapy responsiveness in MPM  patients treated with peme-
trexed/carboplatin (Righi et al., 2010; Zucali et al., 2011). This
pemetrexed/platinum combination represents the standard of care
in first-line treatment for MPM.  Currently however, there are no
established indicators of responsiveness that can be used to opti-
mize the treatment. Thus, the primary goal of the first retrospective
study was to assess the role of ERCC1 and TS in MPM  tumors, and
to correlate the expression levels of these key determinants of drug
activity with the outcome of MPM  patients treated with carbo-
platin/pemetrexed as first-line chemotherapy. Sixty histologically
confirmed MPM  patients previously treated with pemetrexed and
platinum (45 of 60) or as pemetrexed monotherapy (15 of 60) were
retrospectively considered. Eighty-one control patients with MPM
which were not treated with pemetrexed were also evaluated. TS
and ERCC1 gene expression levels were evaluated by real-time
PCR and by immunohistochemistry using the H-score (histologic
score). A significant correlation between low TS protein expression
and longer time to progression (TTP; 17.9 versus 7.9 months; haz-
ard ratio [HR], 2.05, 95% CI, 1.19–3.77; P = 0.02) or overall survival
(OS; 30 versus 16.7 months; HR, 2.38; 95% CI, 1.15–4.91; P = 0.019)
was found when patients were divided according to median H-
score. Conversely, TS mRNA levels were not significantly correlated
with outcome. In platinum-treated patients (n = 45), no correlation
was found with survival according to ERCC1 median H-score, but
patients in the lower tertile had a significantly shorter survival (HR,
3.06; 95% CI, 1.08–8.69; P = 0.035). In untreated MPMs,  TS had no
prognostic role. At multivariate analysis, TS protein levels were
the only independent prognostic factor for both TTP (HR, 2.71;
95% CI, 1.13–6.49; P = 0.02) and OS (HR, 6.91; 95% CI, 1.90–25.07;
P = 0.003). These findings suggest that in MPM  patients treated with
pemetrexed-based chemotherapy, low TS protein levels are predic-
tive of improved TTP and OS.

Consistent results were obtained in a follow up study (Zucali
et al., 2011). Here, the aim of the study was  to assess the role

of ERCC1 and TS in MPM  tumors, and to correlate the expres-
sion levels and polymorphisms of these determinants of drug
activity with the outcome of MPM  patients treated with carbo-
platin/pemetrexed as first-line chemotherapy. Towards this end,
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nalysis of TS and ERCC1 polymorphisms, mRNA and protein
xpression was performed using PCR and immunohistochem-
stry in tumor specimens from 126 MPM  patients, including 99
arboplatin/pemetrexed-treated patients. A significant correlation
etween low TS protein expression and MPM  disease control (DC)
o carboplatin/pemetrexed therapy (P = 0.027), longer progression-
ree survival (PFS; P = 0.017), and longer overall survival (OS;

 = 0.022) was found when patients were categorized according to
edian H-score. In contrast, patients with the higher tertile of TS
RNA expression correlated with higher risk of developing pro-

ressive disease (P = 0.022), shorter PFS (P < 0.001), and shorter OS
P < 0.001). At multivariate analysis, the higher tertile of TS mRNA
evel and TS H-score confirmed their independent prognostic role
or DC, PFS, and OS. No significant associations were found among
RCC1 protein expression, TS and ERCC1 polymorphisms, and
linical outcome. Thus, in this important study with carboplatin-
pemetrexed-treated MPM  patients, low TS protein and mRNA
evels were significantly associated with DC, improved PFS, and
S. Prospective trials for the validation of the prognostic/predictive

ole of TS in MPM  patients treated with pemetrexed-based regi-
ens are thus warranted.
As with the autoregulation of DHFR protein levels, TS was  also

hown to function as an RNA-binding protein. TS protein was
ound to bind its own mRNA, resulting in translational inhibition
Reviewed in Liu and Matherly, 2002; Tai et al., 2004b).  The first
ndication for this autoregulatory loop was achieved through cell-
ree studies with a rabbit reticulocyte lysate system. It was  shown
hat exogenous addition of purified human recombinant TS pro-
ein to an in vitro translation reaction, inhibited translation of TS

RNA. Additionally, electrophoretic mobility shift assays (EMSA)
onfirmed a specific interaction between TS protein and its cor-
esponding mRNA (Chu et al., 1991). This protein-mRNA complex
as also identified in cultured human colon cancer cells (Chu et al.,

994). Consequent studies pin-pointed the sites crucial for this spe-
ific interaction both in the mRNA (Chu et al., 1993b; Lin et al., 2000)
nd in the TS protein (Lin et al., 2003). Interestingly, addition of
UMP, 5-F-dUMP or 5,10-CH2-THF to the in vitro translation assays,
ompletely released the inhibitory effect on the mRNA translation,
ue to competitive binding to the TS protein (Chu and Allegra, 1996;
hu et al., 1994).

Although relatively rare, mutations occurring in the TS coding
egion can also confer resistance to both TS-inhibitory antifolates
s well as to fluoropyrimidines including 5-FU. Two  mutations
hat confer resistance to both nolatrexed and fluorodeoxyuridines
ere isolated after mutagenesis with the chemical mutagen ethyl
ethanesulfonate followed by nolatrexed selection in the human

brosarcoma HT-1080 cells (Tong et al., 1998). Both TS gene ampli-
cation and point mutations contributed to nolatrexed resistance.

nterestingly, two mutations, located in a conserved Arg50 loop,
sp49Gly and Gly52Ser displayed resistance to nolatrexed in cells

ransfected with the mutant TS cDNAs, with IC50 values 40- and 12-
old higher than their wild type TS, respectively. Consistently, these

utations also conferred resistance to fluorodeoxyuridine (26-
nd 97-fold increase in the IC50 values, respectively). Surprisingly,
o resistance was observed towards other antifolates including
altitrexed and GW1843, indicating that these amino acids con-
ribute to the binding of nolatrexed and fluorodeoxyuridines, but
ot to other antifolates such as raltitrexed and GW1843 (Tong
t al., 1998). Additional studies have also identified amino acid
3 as a highly conserved residue that is crucial for the binding of
-fluoro-2′-deoxyuridine and 5,10-CH2-THF to TS (Barbour et al.,
990; Hughey et al., 1993; Reilly et al., 1997). In summary, it appears

hat TS mutations can confer resistance to both antifolates and 5-
U; however, they are relatively rare. The possible emergence of
uch TS mutations in colorectal cancers undergoing TS targeted
hemotherapy has not been identified to date.
ce Updates 15 (2012) 183– 210 201

3.6. Expansion of intracellular THF cofactor pool

Since antifolates target specific enzymes in the folate metabolic
pathway, a constant competition exists between folates and
antifolates at the levels of uptake, target enzyme binding, polyg-
lutamylation, and efflux. As such, it is expected that alterations at
the level of the intracellular THF-cofactor pool size will have major
impact on the pharmacological activity of antifolates. Expansion of
the cellular folate pool will result in enhanced competition both
on polyglutamylation as well as on target enzyme binding, leading
to decreased cytotoxic effects and consequent antifolate resis-
tance. In contrast, shrinkage in the cellular folate pool will result
is enhanced cytotoxic effects. Indeed, expanded cellular folate pool
due to multiple mechanisms that lead to antifolate resistance is a
well recognized determinant of antifolate resistance (Assaraf and
Goldman, 1997; Chattopadhyay et al., 2006; Drori et al., 2000;
Jansen et al., 1999, 1998, 1990; Tse and Moran, 1998; van der Wilt
et al., 2001; Zhao et al., 2001a).

Several studies indicated that increased RFC transport activ-
ity could contribute to the expansion of cellular folate pool (Drori
et al., 2000; Jansen et al., 1998; Tse and Moran, 1998). However,
the understanding that increased RFC activity cannot serve as a
standalone mechanism for intracellular folate expansion was  first
demonstrated in a study where RFC was  overexpressed in murine
L1210 leukemia cells (Zhao et al., 1997). The impact of the bidirec-
tional transport activity of RFC on the folate pool size was  further
explored in a study which demonstrated that increased RFC expres-
sion can be lethal to cells cultured under conditions of severe folate
deprivation, causing major export of folates from the cell, hence
bringing about a decrease in the folate pool (Ifergan and Assaraf,
2008; Ifergan et al., 2008).

A different mechanism that was shown to mediate an increase in
the cellular folate pool is loss of folate exporter activity, typically via
ATP-driven MDR  efflux transporters (Assaraf and Goldman, 1997).
In this respect, studies with a pyrimethamine-resistant Chinese
hamster ovary cell line (PyrR100) shed light on the involvement of
folate exporters in facilitating the expansion of intracellular folate
pool (Assaraf and Slotky, 1993; Jansen et al., 1999). This cell line
was established using a gradual deprivation of folates by a stepwise
selection to the lipophilic antifolate pyrimethamine. Consequently,
this cell line exhibited 1000-fold resistance to pyrimethamine.
These cells displayed 17-fold increase in the intracellular pool of
folic acid (under conditions of DHFR blockade with trimetrexate
which prevents folic acid reduction), and the underlying mech-
anism was complete loss of folate efflux pump activity (Assaraf
and Goldman, 1997). Subsequent studies revealed the complete
loss of MRP1 (ABCC1) expression as well as a marked decrease
in MRP5 (ABCC5) levels, thereby leading to 5-fold decrease in the
ATP-dependent efflux of folic acid (Stark et al., 2003). Additional
studies with different antifolate-resistant tumor cell lines further
confirmed that decreased activity of ATP-driven folate efflux pumps
plays a pivotal role in the expansion of cellular folate pools (Assaraf
et al., 2003).

Once expansion in the intracellular folate pool is accomplished,
it can mediate antifolate resistance through several mechanisms,
mainly competition at the level of either (a) FPGS activity and/or
(b) folate-dependent target enzymes, i.e., DHFR, TS or GARFT. The
first indications that elevated intracellular folate pools will inhibit
MTX  polyglutamylation stemmed from early studies in 1983; stud-
ies with H35-rat hepatoma cells showed that the maximal rate of
MTX  polyglutamylation occurred in folate-depleted cells (Johnson
et al., 1988; Nimec and Galivan, 1983). Furthermore, supplemen-

tation of these folate-depleted cells with THF-coenzymes resulted
in 90% decrease in MTX  polyglutamylation (Johnson et al., 1988;
Nimec and Galivan, 1983). Consequently, several other studies
consistently showed that elevated cellular folate pools result in
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ntifolate resistance mediated by diminished polyglutamylation
Assaraf and Goldman, 1997; Assaraf et al., 2003; Drori et al., 2000;
ansen et al., 1998; Tse and Moran, 1998). In this respect, a ded-
cated study was conducted, aimed at evaluating the impact of
he intracellular THF-cofactor pool size on the activity of vari-
us polyglutamatable and non-polyglutamatable antifolates (Zhao
t al., 2001a).  Murine leukemia L1210 cells were grown in differ-
nt concentrations of leucovorin and it was demonstrated that the
ntracellular folate pool increased in proportion to the elevation
n the extracellular leucovorin concentration. This increase in the
ntracellular folate pool led to a significant increase in the IC50
alues of polyglutamatable antifolates including lometrexol, peme-
rexed and raltitrexed. The lower the affinity of the monoglutamate
ntifolate to the target enzyme (and FPGS), the more compromised
as its cytotoxic effect by the expanding cellular folate pool. Con-

istently, no effect was observed with the IC50 value of plevitrexed,
 non-polyglutamatable TS-inhibitor (Zhao et al., 2001a).

Increased folate pool can also mediate resistance to antifolates
hat do not undergo polyglutamylation mainly by competition
t the level of the target enzyme. The cytotoxic activity of
rimetrexate, a less potent DHFR inhibitor that cannot undergo
olyglutamylation, was also found to be highly compromised by

ncreased cellular folate pool (Assaraf and Goldman, 1997; Assaraf
nd Slotky, 1993; Zhao et al., 2001a). This is in contrast to non-
olyglutamatable, potent DHFR inhibitors such as PT523 and PT632
hat retain their cytotoxic activity even when the intracellular
olate pool was expanded (Zhao et al., 2001a).  The above results
emonstrate that the higher affinity the antifolate has for its target
nzyme, the less it will be affected by expanded folate pool.

The significance of expanded cellular folate pool was  not
ssessed in the clinical oncology setting, although it is expected to
ave a significant impact on the cytotoxic activity of several antifo-

ates that are currently used in cancer chemotherapy. In addition,
any antifolates are administered with folate supplementation

n order to decrease toxic side effects to normal tissues. In this
espect, it was recently suggested following pre-clinical experi-
ents with human solid tumor cell lines, that the addition of folic

cid to cancer patients undergoing pemetrexed-based chemother-
py, should be limited to the lowest dose possible (Chattopadhyay
t al., 2007b). This should be done in order to provide optimal pro-
ection from pemetrexed toxicity, while allowing potent cytotoxic
ffect of pemetrexed in tumor cells.

.7. Enhanced efflux of antifolates due to increased expression of
he ATP-driven MDR  efflux transporters of the ABC superfamily

Members of the MDR  efflux transporters including MRP1
ABCC1) through MRP5 (ABCC5) and ABCG2 (BCRP) mediate the
TP-dependent efflux of mono- di- and tri-glutamate of folates
nd antifolates (Assaraf, 2006). Early experiments with hyperbiliru-
inemic rats lacking ABCC2 (MRP2) were the first to show the role
f this ABC transporter in MTX  efflux; these hyperbilirubinemic rats
xhibited impaired clearance and excretion of MTX  (Masuda et al.,
997). Subsequent studies demonstrated that other members of the
amily, i.e. MRP1-4 (ABCC1-4) are all involved in MTX  efflux when
verexpressed and can therefore mediate MTX-resistance follow-
ng short exposure to the drug (Chen et al., 2002; Hooijberg et al.,
999, 2003; Lee et al., 2000; Zeng et al., 2001). The same principle
as found to be true for BCRP (ABCG2) where overexpression of

his efflux pump was shown to mediate resistance to MTX (Shafran
t al., 2005; Volk et al., 2000). Like MTX, other antifolates were
ound to be transport substrates for the above ABC-transporters

ncluding raltitrexed and GW1843. Trimetrexate, however, was
hown to be a substrate of P-gp (ABCB1) (Arkin et al., 1989; Assaraf
t al., 1989a; Bram et al., 2006; Hooijberg et al., 1999; Schlemmer
nd Sirotnak, 1995; Shafran et al., 2005).
ce Updates 15 (2012) 183– 210

These efflux transporters can also expel reduced folates out of
the cell including THF, 5-CH3-THF, 5,10-CH2-THF and 10-CHO-THF
(Assaraf, 2006; Kusuhara et al., 1998). It is important to note that
enhanced efflux of THF cofactors decreases the cellular folate pool,
hence enhancing the cytotoxic effect exerted by different antifo-
lates. Therefore, increased expression of various MRPs and BCRP
(ABCG2) can mediate two distinct opposing effects on antifolate
cytotoxicity. The net effect of such overexpression will result in
a different outcome; this depends on the specific antifolate, in
terms of affinity for the ABC transporters, and to what extent this
antifolate is affected by the cellular folate pool that may  affect its
cytotoxic activity.

Despite the major role that overexpression of these MDR  efflux
transporters has on antifolate-resistance, it is important to note
that no such primary overexpression of an ABC transporter was ever
provoked in tumor cell lines selected for resistance to antifolates. It
is only when cells are treated with other MDR  type cytotoxic agents
such as anthracyclines, epipodophyllotoxins, camptothecins, tax-
enes and Vinca alkaloids, that overexpression of ABC transporters
can be observed as a primary mechanism of drug resistance and
cross-resistance to antifolates. Hence, this efflux pump-dependent
mechanism of antifolate resistance is mostly critical in cancers
where a combined chemotherapeutic regimen is administered,
where other cytotoxic agents that are bona fide transport sub-
strates of ABC transporters can provoke increased expression of
ABC transporters, thereby leading to combined resistance both
towards antifolates and other cytotoxic agents.

4. Future perspectives: emerging antifolates and small
molecule folate-drug conjugates for personalized medicine

For some antifolates, tumor selectivity may not be optimal
since many antifolates are taken up by RFC which is ubiqui-
tously expressed in normal cells from healthy tissues, while poorly
expressed or mutated in drug resistant tumor cells (Assaraf, 2007,
2006). This may  consequently result in untoward toxicity to
various proliferating healthy tissues. For example, clinical stud-
ies with lometrexol and AG2034 were discontinued due to
extensive accumulation and long-term retention of lometrexol-
polyglutamates in normal tissues leading to undesired toxicities
to healthy tissues. Specifically, this explains the severe myelosup-
pression previously encountered in phase I studies with lometrexol
(Ray et al., 1993) as well as the untoward toxicity observed with
AG2034 (Bissett et al., 2001). Hence, one could postulate that if
an FR-targeted antifolate were itself cytotoxic without being rec-
ognized as an RFC transport substrate, selective tumor targeting
would ensue. Moreover, if an antifolate could be rationally designed
to be recognized as a transport substrate of PCFT and FR but not
of RFC, this could result in enhanced tumor selectivity, owing to
the acidic microenvironment of tumors where PCFT is supposed
to display its optimal influx activity. In support of this notion,
antifolates that selectively target FRs over RFC have been originally
described (Jansen, 1999). In this respect, cyclopenta[g]quinazoline
antifolates that target FRs for their cellular entry including BGC 945
were described, that potently inhibit TS in tumor cells (Jackman
et al., 2004). Moreover, when tested in mice bearing human tumor
xenografts, BGC 945 was found to be active and in the same time
had no toxicity to normal tissues, as reflected in the lack of weight
loss, or any macroscopic signs of toxicity to major organs. This is
consistent with the premise that FR-targeting without the involve-
ment of RFC is highly selective, since various human carcinomas

overexpress FRs (Gibbs et al., 2005).

The Gangjee group initially reported the synthesis and discovery
of novel series of 6-substituted classical pyrrolo[2,3-d]pyrimidine
antifolates with a 3–6-carbon bridge between the heterocycle and
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he benzoyl-L-glutamate; some of these compounds were trans-
orted via FRs, displayed high affinity inhibition of GARFT, thereby
esulting in potent antitumor activity in tumor cell lines with high
R expression (Deng et al., 2008). The potent inhibition of de novo
urine biosynthesis via blockade of GARFT was  further confirmed
y the fact that these antifolates markedly decreased the GTP
nd ATP pools and that 5-amino-4-imidazolecarboxamide (AICAR)
bolished their cytotoxic effect. Subsequent studies have shown
hat these novel 6-substituted classical pyrrolo[2,3-d]pyrimidine
ntifolates were taken up via FRs and PCFT, but not by RFC; these
ompounds which were potent inhibitors of GARFT, displayed
ntitumor activity in SCID mice harboring advanced human KB car-
inoma tumors with FR-overexpression (Wang et al., 2010). Under
n vitro low pH conditions that mimic  the acidic microenviron-

ent of solid tumors, these radiolabeled antifolates were shown
o be efficiently transported via PCFT but not RFC and subsequently
nderwent polyglutamylation (Kugel Desmoulin et al., 2011).
oreover, an in vivo efficacy trial with nude mice implanted with

CFT-overexpressing human hepatoma HepG2 xenografts con-
rmed that this 6-substituted pyrrolo[2,3-d]pyrimidine thienoyl
ntifolates were active (Kugel Desmoulin et al., 2011). Collec-
ively, these studies offer some new therapeutic possibilities in the
elivery of rationally-designed novel antifolates via PCFT- and/or
R-dependent transport (but not via RFC) in the acidic microenvi-
onment of solid tumors that frequently express substantial levels
f these antifolate transport systems (Wang et al., 2012). Clinical
valuation of these rationally designed novel targeted antifolates
s warranted.

Cancer therapies using targeting ligands including folic acid
imed at selectively delivering cytotoxic drug conjugates to malig-
ant cells which frequently overexpress FRs, are currently receiving

 great deal of attention (Leamon et al., 2008; Low and Kularatne,
009; Xia and Low, 2010). Over the past three decades, the FR
as emerged as an attractive tumor biomarker with the poten-
ial to be exploited for therapeutic and imaging purposes (Muller,
012). Increasing evidence suggests that these endocytosing FRs
an functionally mediate the cellular uptake and retention of
atural folates, certain antifolates, and folate-small molecule drug
onjugates. FR has a restricted tissue expression profile which
ppears to be limited to either tissues responsible for whole body
etention of folates (e.g., kidney and placenta), or certain patho-
ogic tissues including malignant tumors or activated macrophages.
ence, the FR is increasingly proving to be a useful biological target

or disease management and personalized medicine as well as for
maging and diagnostic purposes. In this respect, it was recently
emonstrated that FR�  can be efficiently harnessed for intraop-
rative tumor-specific fluorescence imaging in patients harboring
varian cancer (van Dam et al., 2011). In this study, folic acid conju-
ated to fluorescein isothiocyanate (folate-FITC) for FR� targeting
as used together with a real-time multispectral intraoperative
uorescence imaging system. Hence, in ovarian cancer patients,

ntraoperative tumor-specific fluorescence imaging with a FR�-
argeted fluorescent agent showcased the potential applications in
varian cancer patients for improved intraoperative staging and
ore radical cytoreductive surgery. Additionally, the recent years

ave been peppered with reports of novel FR-targeted therapies,
nd many have demonstrated impressive in vivo potency, partic-
larly against tumor xenografts, without the undesirable toxicity
hat often accompanies non-targeted drug regimens (Leamon et al.,
008; Low and Kularatne, 2009; Naumann and Coleman, 2011; Xia
nd Low, 2010). Thus, folate conjugates bind to FRs that are over-
xpressed on approximately 40% of human cancers and mediate

nternalization of their attached drugs via receptor-mediated endo-
ytosis. With the rational use of proper linkers, folate-conjugated
mall molecule drugs can be released inside their target tumor
ells where they can elicit their desired cytotoxic activity. Based
ce Updates 15 (2012) 183– 210 203

on this strategy, multiple FR-targeted folic acid-drug conjugates
have been synthesized and developed by Endocye Inc., some of
which are currently undergoing advanced stages of clinical trials
for cancer therapeutics. In this respect, a randomized phase II trial
termed PRECEDENT used pegylated liposomal doxorubicin (PLD;
Doxil®, which is known outside the US as Caelyx®) with or without
Vintafolide (EC145) against recurrent platinum-resistant ovar-
ian cancer. Vintafolide is a folic acid-linked desacetylvinblastine
hydrazide, i.e. a Vinca alkaloid conjugate which disrupts micro-
tubule polymerization (Naumann and Coleman, 2011; Naumann
et al., 2011). This novel drug combination regimen of Vintafolide
and platinum compounds has shown a significant progression-free
survival advantage over standard therapy. Moreover, the most sig-
nificant progression-free survival was observed in ovarian cancer
patients harboring tumors and metastases that were FR-positive.
Consequently, Endocyte Inc. who  developed these folic acid small
molecule drug conjugates for personalized medicine has launched
a new phase III clinical study, called PROCEED; this large study is
currently evaluating the effectiveness and safety of Vintafolide in
combination with Doxil® for the treatment of women with ovarian
cancer whose tumors developed resistance to standard platinum-
based chemotherapy. This clinical study is being conducted in
160 locations in the US, Canada, and Europe and will include 640
women harboring platinum-resistant ovarian cancer. This novel
FR-targeted therapeutic strategy offers a new hope for personal-
ized medicine of drug-resistant human cancers while minimizing
untoward side effects.
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