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pigenetics, the heritable changes that

do not involve DNA sequences, give
dynamic propulsion to a static genome
and modulate genome accessibility by
acting through multiple layers of regula-
tion, ultimately ending with a variable
organization of chromatin. The main
player in chromatin reprograming is the
nucleosome, which modifies its associa-
tion to DNA depending on a variety of
post-translational modifications (PTMs)
on histone tails.. PTMs act directly on
higher order chromatin structures and
affect the degree of DNA wrap around
the histone octamer and the interaction
and/or sequential recruitment of chro-
matin-associated proteins and transcrip-
tion factors at defined regions.! Recently
genomic approaches revealed a far more
complex epigenome involving key pro-
teins of cell signaling.

Overview

Histone tails affect the nucleosome struc-
ture via a number of active and inactive
histone marks, inducing a closed, inac-
cessible silenced state or an open, decon-
densed and expressed chromatin. In this
context, the hypothesis of a specific histone
code? states that modification of a specific
residue may affect a second on the same
histone or a neighbouring one, so that the
epigenome, i.e., the PTMs setting of the
whole genome. Epigenome is effective in
essential biological functions (e.g., devel-
opment, maintenance of tissue specificity,
genome integrity) converging in complex
networks which constitute the sum of
feedback mechanisms of multiple inter-
laced epigenetic layers. Decisive in this
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scenario are histone modifiers,? structural
chromatin-associated proteins, and tran-
scription factors that collectively contrib-
ute to regulate the epigenetic state, fixed
and stable in somatic cells or dynamic in
response to exogenous stimuli for rapid cell
response. Epigenome dysfunction induced
by mutations of chromatin regulators is
one of the basic mechanisms of cancer.
Histone acetylation and methylation con-
cur to set an epigenetic pattern that can
switch tumor suppressors and oncogenes
on/off, thus becoming hallmark in human
cancer.! DNA methylation is similarly
recurrent in tumors, and increased methy-
lation silences tumor suppressor genes.’
Reversibility of epigenetic changes is a
fundamental concept behind epigenetic
drugs, some of which hold promise for can-
cer treatment. DNA demethylating agents
like zebularine, for example, can reactivate
genes and prevent further genome methy-
lation.® Hypomethylating 5-azacitidine
was found to promote complete remission
in acute myeloid leukemia (AML) and
the myelodysplastic syndrome (MDL).
Similarly, histone deacetylase (HDAC)
inhibitors raise the acetylation level and
prompt cells to undergo apoptosis.®

Acetylation and HATs

Acetylation of lysines is a bona fide posi-
tive activating mark. A rapidly growing
body of evidence indicates that acetylation
involves histone tails along with an increas-
ing number of non histone proteins, thus
providing a global cell signaling pathway.
Histone acetyltransferases (HATs) are
grouped into a few evolutionary conserved

major families (Table 1): GNAT, Gen5



Table 1. Classification of known lysine acetyltrasferases

Family Alias Yeast Human Histone Auto-Ac Non-histone Complex
H4K5, K8, K12,
MYST KATS Esal Tip60 K16; p53, ATM, mye, NuA4/TIP60
HIV-tat
HtzIKI4
KAT8 Sas2 MOF/MYSTI H4K16 SAS/MAF2
KATé6 Sas3/Ybf2 H3K14, K23 NuA3
KAT6A MOZ/MYST3 H3KI14 X
KAT6B MORF/MYST4 H3KI14 X
Qkf
KAT7 Hbol/MYST2 H4KS5, K8, KI2; H3
GNAT KATI Hatl Hatl H4KS5, KI2 HatB
H3K9, 14, 18, 23, SAGA., ADA,
KAT2 Gcen5 27, X SLIK/SALSA
36; H2B; yHtzl
KAT2A hGen5 H3K9, 14, 18; H2B X STAGA,TFTC
HMGI7, HMG(Y),
p53, Tal-I,
KAT2B P/CAF H3K9, 14, 18; H2B X E2FI, MyoD, DTCF, TFIIE, TFIIF, PCAF
TAF(I), EVII, HIV tat, Adenovirus
EIA
KAT9 Elp3 Elp3 H3K14; H4K8 Elongator
KATIO Hpa2 H3K14; H4 X
Hpa3 H3; H4
Nutl H3; H4 Mediator
. Rb, p53, E2FI,
Pg;g/ KAT3B P300 H2P|\(-||§.5,H|-3|.Z;B_|-‘:(|2, X MyoD, NFkB,
T HMG proteins, adenovirusEIA,
H2A-K5; H2B-K12, MyoD, p53, NFkB,
KAT3A CBP KI15; H3; H4 X HMG proteins
TFIIC TFIIC H3; H4
KATI2 TFIIIC90 H3; H4
TFIICIIO H3; H4
TFIIIC220 H3; H4
pl60 KATI3A SRCI H3; H4
ACTR/pCIP H3; H4
TIF2/GRIPI H3; H4
Orphans KATII Rtt109 H3K9, 56 Asfl
KAT4 Tafl Tafl H3; H4 TFIID
TAF,250 H3; H4 TFIID
KATI3C CLOCK H3; H4 X BMALI
TFIIB TFIIB X
acetyltransferases (GenSp itself, PCAF, activation, histone acetylation appears TFIID, MyoD, nuclear hormone receptor

Elp3, Hatl, Hpa2 and Nutl), MYST
(Esal, Morf, Ybp2, Sas2, Sas3, Tip60,
Hbol) with additional domains: zinc
fingers and chromodomain and p300/
CBP with Tafl and the nuclear coactiva-
tors (NR) component of a third “orphan”
group.” Although GNAT and MYST are

similar and are engaged in transcriptional

to influence other
cycle progression,'
dynamics," DNA recombination, repair'

and double strand breaks.” Like Gen5p,
CBP/p300 are transcriptional coactiva-

processes including

cell chromosome

tors and are recruited to specific promot-
ers through interaction with transcription
factors such as E1A, c-Jun, c-Myc, c-Fos,
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and E2F-1 through which they may inte-
grate several signaling pathways with tran-
scriptional responses. Gen5p (classified as
KAT2),>" is highly conserved in evolu-
tion shows a global role in acetylation of
histone H3 lysines on the N-terminal tail

but also targets non histone transcription
factors like Myc,” BRCAL,'® and p53."”
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Also recruited by Tat in HIV infection, it
triggers chromatin remodeling at proviral
genes.'s Less detailed is the function of
homologs Gen5/2 (KAT2A) and PCAF
(KAT2B) in mammals.””?! A recent study
showed that Gcen5 is also involved in
telomere maintenance and that its deletion
leads to embryonic lethality, chromosomal
fusions and dysfunctional telomeres.?
Most HATs are the catalytic subunits of
stoichiometric complexes characterized by
substrate specificity. Gen3p is a compo-
nent of ADA and SAGA complexes which
also contain conserved ubiquitin-specific
protease (Ubp87/USP22) which removes
ubiquitin from histone H2B-K123 to
facilitate transcription.” In yeast, GenSp
is required for the organization of cen-
tromeric chromatin assembly; its deletion
causes mitosis defects and chromosome
loss.?*

HATs Inhibitors in Neoplasia

Misregulation of HATs induced by muta-
tion, translocation and overexpression has
been correlated with hematological malig-
nancies and solid tumors. In AML, trans-
location of CBP leads to the formation of
a chimeric protein fused with the mono-
cytic leukemia zinc finger protein (MOZ),
a transcriptional coactivator with intrinsic
HAT activity. MOZ-CBP and MOZ-p300
cause aberrant gene expression, leading
directly to malignant hematopoiesis.?>*¢
Similarly, mutation or deletion of p300
correlates with solid tumors such as col-
orectal, gastric, breast, ovarian and epi-
thelial cancer. Missense mutations and
truncations in p300, leading to loss of
critical domains (HAT and cys/his-rich
domains) were found in both colorectal
and gastric carcinoma.””?® Similarly, the
role of steroid receptor coactivator AIB1
in breast cancer development and progres-
sion is one of the best-known association
between cancer and a mutated HAT. AIBI
(amplified in breast cancer 1), also named
SRC-3 (steroid receptor co-activator-3),
promotes transcription of multiple nuclear
receptors such as the estrogen receptor and
others, its overexpression causes deregula-
tion of AIB1 controlled pathway. HATs
misregulation has been also shown to
play an important role in other diseases
like Rubinstein-Taybi syndrome (RTS),
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a complex genetic disease that includes
a high incidence of neoplasia, where
mutated CBP in germline inactivates the
HAT catalytic domain.®® Loss of CBP/
P300 activity and hypoacetylation have
also been correlated with other patholo-
gies like neurodegenerative amyotrophic
lateral sclerosis (ASL)* and, through
diabetes,
chronic obstructive pulmonary disease
(COPD) and cystic fibrosis. In the major-
ity of these cases HDAC inhibitors have
been successfully used in the clinic. While
HDAC inhibitors have been intensively
studied in the last decade and successfully

inflammation  to asthma,

assayed in cutaneous T cell lymphoma
(CTCL) and Hodgkin’s disease, poor
results were obtained in solid tumors.?
Some HDAC inhibitors in human trials
(SAHA [Vorinostat]) received U.S. Food
and Drug Administration approval for
treating CTCL,” while others have not
yet been approved.” Key to appreciating
the relevance of HATs misregulation in
pathology and understanding the implica-
tions of pleiotropic effects of acetylation
are efforts to develop and identify a set
of novel compounds that can modulate
counteracting HATs-HDACs by reversing
acetylation.

The HAT inhibitors (HAT1) described
so far can be classified in two groups: nat-
ural and synthetic compounds (Table 2).
Anacardic acid and garcinol, natural com-
pounds obtained from plant extracts, have
been found to be potent inhibitors of both
p300 and PCAF.*3¢ Also, curcumin, a
natural polyphenolic compound extracted
from the Curcuma longa rhizome, has
been reported to be a HAT inhibitor
highly specific for p300/CBP inhibition.
Despite the many patents on anacardic
acid and garcinol, curcumin is by far
the most extensively studied and widely
used compound in drugs that have dem-
onstrated high efficacy in the prevention
and treatment of several cancers including
colorectal, prostate, kidney, lung, ovarian,
breast, cervical and liver cancer.’” Among
synthetic inhibitors the first HATi group
to be described was a class of bisubstrate
analogues that mimic the Ac-CoA-lysine
intermediate complex in HAT reactions.
CoA conjugated peptides like Lys-CoA
and H3-CoA-20 showed selectivity for
p300 and PCAF.?** Another group of
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synthetic HATi is composed of small
molecules that can permeate the cell,
thus overcoming the drug permeability
problem with most HAT], including gar-
cinol analogues (the LTK compound),
ybutyrolactone MB-3, several quinoline
and isothiazolone derivatives. A set of iso-
thiazolone derivatives has been reported
to inhibit the enzymatic activity of both
PCAF and p300 and block cell prolifera-
tion in a panel of human colon and ovar-
ian tumor cell lines.” Recently, a novel
quinoline derivative was discovered after
phenotypic screening in budding yeast:
this small molecule is a global hypoacety-
lating drug that also reduces o-tubulin
acetyation.” In light of the redundancy of
epigenetic modifications and the modula-
tion of opposing HATs/HDAC:s functions
which might associate the effect of a test
compound not merely with a single or a
few targets but to cross-regulated gene
pathways, the off-targets identification
becomes crucial in drug discovery. Off-
Target modulators bind to a different gene
product that modulates the function of
the therapeutic target, such as heterodi-
mer or a distant interacting protein. Off-
Target modulators are therefore promising
for new indications of existing drugs or as
substrates of novel molecules.

Reading Module Blocking
Molecules

Every code needs to be deciphered. This
is the case of protein modules invariably
present and conserved in chimeric chro-
matin modifiers that “read” the epige-
netic marks on histone tails. Histone tails
constitute modified platforms responsible
for integrating signaling cascades and
regional recruitment.* High selectivity
of PTMs recognition by chromatin read-
ing modules is putatively linked to the
recruitment of chromatin-associated com-
plexes at defined regions of the genome.
The first identified chromatin readout
was the Gen5p acetyl-lysine binding bro-
modomain® whose structure was solved in
complex with the H4 AcK16 interacting
peptide.® Bromodomain proteins belong
to a conserved protein family composed
of single (Gcen5,CBP, p300...), tandem
(TAF250, Rsc4p) or polybromodomain
(BAF180) repeats that invariably interact



Table 2. Known HAT inhibitors
Parental structures Compounds Specificity References
OH O
OH Anacardic Acid p300, PCAF 35
14
Garcinol P300, PCAF 36
Isogarcinol: (R = H) p300/PCAF 40
LTKI4: R =CH,) p300 40
Curcumin p300/CBP 37
(0]
H Lysyl-CoA: (R = CH; R =R, =H) p300 38
R1 N /RZ | 3 2 3
Y H ” H3-CoA-20: (R = G-G-T-S5-K-R-A-T-Q-K-T-R-A-NH-COCH_; PCAF 38
o - R, = A-P-R-K-Q-L; R3 = H)
ﬁ H3-(Me)-CoA: (R = CH,CO-NH-A-R-T-A-R-K-§-T-G-G; R, = p300 39
Rs A-P-R-K-Q-L; R, = Me)
HN Tﬁ\s Con Lys-Phe-Coa: (R, = Phe, R, = R, = H) p300 39
-0 Lys-CoA-3'dephospho: R = (R, =Phe, R, =R, = H) p300 39
(0]
(0]
P Butyrolact hGCNS5 41
o y-Butyrolactone
J o
HO
Isothiazolones: (R = H, Cl; R, = NO,, CI, CF,, OCH,, COOEy) p300/PCAF 42
43

T

OH
OO
=z
N

with acetyl-lysine. Interaction with acetyl-
lysine may be more complex than a
simple one-to-one residue interaction,

COOR,

R

Quinolines
cooperatively with hyperacetylated H4
tails to engage more than one mark.”

Deciphering the roles for selectivity of

and a combinatorial readout of PTMs
Volume 5 Issue 2

can be encountered, as in the mouse
TAF1 homolog Brdt which interacts

Epignetics



interaction among bromodomains (BRD)
may therefore add insights into the speci-
ficity of interaction of histones and non his-
tone proteins and lead to the discovery of
novel tools for the control of acetylation.*®
In this connection, small chemical ligands
specific for bromodomains may be consid-
ered suitable tools to modulate acetylation.
Identification of molecules that could alter
the binding and biological activity of bro-
modomains may aid in the development
of efficient synthetic chemical switches.
To do this, the solved 3-D macromolecu-
lar structure of bromodomains could lead
to the development of molecular simula-
tion approaches to identify br-interfering
peptides, for example, CBP-br interaction
with AcK538 of tumor suppressor p53.%
Bromodomain protein expression is also
recurrently misregulated in cancer, as in
the overexpression of BRD8, a component
of the hTRAPP/TIP60 complex associ-
ated with tumor progression in aggressive
colorectal cancer.”® These results highlight
the importance of Br-proteins as putative
targets for chemotherapy. Accordingly,
BRDS8 si-RNA mediated knock-down
delayed cancer.

A Simple Yeast for Epistasis and
Chemogenomics

Budding yeast S. cerevisiae is a very sim-
ple model for studying basic biological
functions and shows high homology to
humans. Its genome is compacted and
few intergenic regions are found, accord-
ingly, histone methylation is missing and
silencing may therefore be studied only in
part. Methylation may therefore be better
investigated in the fission yeast S. pombe
whose genome organization and methy-
lation mediated silencing are similar to
humans. S.cerevisiae genome is organized
into 6466 open reading frames, at least
31% of which shows a human ortholog
and almost 50% show a conserved yeast
ortholog with a disease gene. Yeast offers
a variety of combinations of OMICs
approaches making this organisms one
ideal candidate for drug discovery’® In
yeast, synthetic enhancement genetics
can be used to assay how mutations in
two genes interact to modulate a phe-
notype.”? The yeast gene-deletion set is
a key resource for large-scale systematic
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modifiers.

Figure 1. Modulating chromatin compaction. Notes and tempo rhythm music likewise acetylation
of histone tails controls spatially and temporally gene transcription. HATs inhibitors induce a silent
and inactive chromatin by changing histone epigenetic marks and recruitment of chromatin

genetics, it employs robotic procedures to
create and systematically examine growth
phenotypes of yeast haploid mutants
incubated with a'test compound. Global
screening for anticancer - and antifun-
gal compounds carried out in yeast have
frequently highlighted novel classes and
known targets as well.”®> Some drugs are
not developed for therapeutical applica-
tion because of their unknown secondary
mechanisms of action. Hence, yeast can be
viewed as an ideal system to discover bio-
chemical functions associated with a given
compound. Haploinsufficiency profiling
(HIP) in the heterozygous diploid leads to
the identification of gene products which,
if lowered for interaction with a drug,
results in inhibition of cellular fitness,
highlighting the primary target genes.
Bar-coded integration cassettes allow the
identification of strains hypersensitive to
a drug’* Strains more sensitive to a drug
often carry deletions in genes that inter-
act directly with the test compounds and
inhibit cell proliferation.”® Alternatively,
homozygous deletion profiling (HOP) or
haploid deleted strain giving hypersensi-
tive to a test compound means that the
molecule targets a secondary gene shar-
ing a back-up function with the deleted
one and therefore represent putative off-
target genes.”® These methodologies have
helped researchers to focus on molecular
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mechanisms for drugs of unknown func-
tion. For example, a compound inhibiting
metastasis and angiogenesis turned out to
be directed to sphingolipid metabolism.”
In summary, applications of yeast chemo-
genomics may be of great help to investi-
gate gene networks responding to a novel
test compound and to unreveal site effects
induced by modification of the acetylation
state.

Future Directions

Epigenetic processes are buffered by envi-
ronmental conditions that, in turn, affect
the counterbalancing action of HDAC-
HATs and gene expression. In addition,
acetylation controls the expression of
multiple genes involved in timing of dif-
ferentiation and cell respons to signal
molecules. Controlling the modulation of
HATs ON-OFF is therefore a promising
tool in the discovery of novel compounds
that may extend their beneficial effect far
behind already identified pathways. As a
matter of fact, pre-clinical studies reported
a reduced survival of cancer cells treated
with HATs-OFF yet, the underlying
mechanisms were not fully understood.
Natural products like curcumin inhibited
growth of oesophageal, breast and colon
cancer cell lines’® The pleiotropic effects

of HATs makes difficult to provide a

AUTHOR: please refer to Figure 1 within the body text.



global compendium of possible effects of
these drugs in vivo. Still, one important
aspect to bear in mind deals with syner-
gic effects of HAT inhibitors and the pos-
sibility to application coupled to known
citotoxic agents, for this, the analysis and
identification of secondary drug targets
is of extreme importance. In this sense,
yeast represents an awesome model where
gene networks and chemogenomic effects
of a test compound may be analysed and
superimposed to a vast genetic and inter-
actomic networks. Another important
issue deals with the impressive growing
examples of acetylated non histone pro-
teins. Acetylation of cyclin A regulates
its degradation,” in addition, acetylation
of BubR1 by CBP activates the Spindle
Associated Checkpoint thus blocking cells
with unbalanced chromosome segrega-

60

tion.®” Counteracting acetylation with

specific inhibitors may therefore inactivate
the checkpoint and force aberrant cells to
duplicate and undergo apoptosis. Overall,
epigenetic drugs represent a future chal-
lenge in the treatment of disease, their
pleiotropic effects point for a use in
combination with cytotoxic or radiation

therapy.
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