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Abstract Cancer is a serious and life-eliminating disease.
Majority of anticancer agents are non-selective. Along with
the cancerous cells they also target the normal ones. An
important aspect is to hit the developing mechanism of the
tumor, which is highlighted by in silico drug designing. On
the basis of novel molecular targets, in silico (computa-
tional approach) drug discovery has emerged as today’s
need. Histone deacetylases are an important therapeutic
target for many human cancers. The first and only approved
(in 2006) histone deacetylase inhibitors (HDACIs) is
Zolinza. Depending on the types of the histone deacetylase
(HDAC) enzymes, discovery of type-specific inhibitors is
important. With continued research and development, in
near future HDACIs are likely to figure prominently in
cancer treatment plans. This review presents the overview
of HDAG:S, their role in cancer, their structural classes,
activity, catalytic domain and the inhibitors of HDACs for
cancer therapy. Also it helps in understanding the open
directions in this area of research and highlights the
importance of computational approaches in discovering
specific drugs for cancer therapy.
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Introduction

From the beginning, human life has been threatened by
various diseases. Among them, cancer is a serious and
pathogenic one. Great progress has been made for the
treatment of cancer in recent years [1]. The majority of
anticancer drugs are cytotoxic agents with low therapeutic
index acting in a non-selective manner against proliferative
cells of both cancerous and normal tissues [2]. The pro-
duction of more effective anticancer drugs with novel
modes of action is today’s need [3, 4]. In order to improve
the therapeutic efficiency, oncologists are aware of the
fact that new drug discovery must target the developing
mechanism of tumor [1]. Many transcription-regulating
proteins are themselves deregulated in cancer at the level
of expression or activity. Histone deacetylases (HDACsS) is
one such family of proteins [5].

Along with the mutations in the DNA code cancer can
result from aberrations in chromatin-modifying proteins
such as HDACs and chromatin [5]. Disruption of histone
acetyl transferases (HAT) or HDAC activity may play an
important role in the uncontrolled cell growth of cancer [6].
In the discovery of drugs, HDAC has become a novel target
for the treatment of cancer and other diseases [7—12]. Over
the past few years, the number of HDAC enzyme subtypes
has expanded considerably offering opportunities for the
development of HDAC inhibitors with improved specificity
[13]. With continued research and development, in near
future histone deacetylase inhibitors (HDACIs) are likely
to figure prominently in cancer treatment plans [5].

The first and only approved (in 2006) HDAC inhibitor
Zolinza by US Food and Drug Administration is used for
the treatment of cutaneous T cell Lymphoma [5]. In gen-
eral, HDACISs are associated with certain toxicities [14, 15]
and adverse side effects like bone marrow depression,
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adverse effects to gastrointestinal tract [1], fatigue, vom-
iting, nausea and diarrhea [5]. In vitro Tubacin selectively
targets HDAC6 and it can induce apoptosis of multiple
myeloma cells [16]. However, the toxicity profile of it is
yet not known and it has yet to enter clinical trials [5].

As HDAC: are an important therapeutic target for many
human cancers, so it is necessary to design and identify
target-specific inhibitors. Depending on the types of the
HDAC enzymes, discovery of type-specific inhibitors is
important. On the basis of novel molecular targets like
HDAC:S, rational drug discovery has emerged as today’s
need [2]. The cytostatic effects that are helpful in reducing
normal tissue toxicity rather than cytotoxic effects may be
produced by the rational drug discovery of mechanism-
based drugs [2].

This review presents the overview of HDACS, their role
in cancer, their structural classes, activity, catalytic domain
and the inhibitors of HDACs for cancer therapy. Also it
helps in understanding the open directions in this area of
research and highlights the importance of in silico
approaches in discovering specific drugs for cancer
therapy.

Histone deacetylases

Histone deacetylases are a family of enzymes involved in
DNA repair, regulation of gene expression and stress
response. The basic repeating units that constitute the
eukaryotic chromatin are nucleosomes. Nucleosome is
comprised of an octamer of the four pairs of core histones
H2A, H2B, H3 and H4, and ~ 146 base pairs of DNA
wrapped around them [17]. The N-terminal domains of
core histones are rich in positively charged basic amino
acids, which can actively interact with DNA [18]. Orga-
nization of chromatin is important for the regulation of
gene expression [19]. HDAC:s alter the chromatin structure
and dynamically affect transcriptional regulation by acet-
ylating and deacetylating the chromatin histone protein
[20]. Due to the higher order chromatin structure and the
packaging of DNA in nucleosomes, the ability of tran-
scriptional machinery to their target genes is blocked. In
order to regulate transcription, the histone tails within the
chromatin pass through multiple modifications [20]. One of
the major regulatory mechanisms for the gene expression is
the balance between the competing activities of HAT and
HDACS [21, 22]. The e-amino groups of conserved lysine
residues within the core histones get the acetyl groups from
acetyl coenzyme A by means of HATs [23]. By neutral-
izing the positive charge, acetylation loosens the interac-
tion of histones with negatively charged DNA backbone,
thus favoring the binding of transcription factors (TFs) for
active gene transcription and leading to a more open active
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chromatin structure [24]. The tightened interaction between
the DNA and histones, which inhibits gene transcription by
blocking the binding sites on promoter is thought to be due
to the re-establishment of the positive charge in the amino-
terminal tails of core histones catalyzed by HDACs [25].
Transcriptional repression is associated with low levels of
histone acetylation whereas transcriptionally active genes
are associated with highly acetylated core histones [26, 27].
The activities of two enzyme families, the HATs and
HDAC:Ss control the acetylation status of histones [28]. In-
ternucleosomal histone-histone interactions and associa-
tion of other proteins with chromatin are affected by
deacetylation. By changing gene expression patterns in the
absence of mutations of genome itself, HDACs influence
the epigenetic status of the cell [5]. It has been discovered
that many cancers occur by a genome-wide histone hypo-
acetylation [29].

In order to avoid the dramatic effects such as carcino-
genesis on cell phenotype, the normal balance between the
actions of HATs and HDACS is necessary [14].

Structural classes of HDACs

Structurally and functionally 18 different known human
HDACSs have been grouped into two families and four classes
[30]. The two families are Classical and Sirtuin family.

Class I, class Ila, class IIb and class IV are included in
the classical family whereas the Sirtuin family contains
class Il HDACs [5]. Class I comprises of HDACI,
HDAC2, HDAC3 and HDACS8 whereas class Ila has
HDAC4, HDACS5, HDAC7 and HDACO. Class IIb contains
HDAC6 and HDACI10. Class IV has only HDACI11 [5].

Class I and class I HDACs are different from class III in
respect of cofactor requirements [31]. Class I and II have
zinc as a cofactor so they are hydrolases which contain
zinc. Class III which are a series of NAD-dependent Sir2
family differs from other HDAC classes [32]. Class I and II
HDACS are mainly found to be involved in cancer patho-
genesis [19]. Class I are found exclusively in nucleus
whereas on certain cellular signals class II shuttle between
the nucleus and cytoplasm [19]. TFs including p53 and
non-histone proteins are deacetylated by Class III HDACs
[31, 33].

In regulating cell proliferation, Class I HDACs are more
significant than the Class II enzymes [34]. Suppression of
apoptosis in cancer cells might be due to HDAC2 [35]. In
cardiomyocyte differentiation HDACS5 and HDAC9 play a
role [36]. Majority of HDACIs are unlikely to be isoform-
specific [37].

HDACS is, to date, the only mammalian isoform for
which a crystal structure is available as shown in Fig. 1
[38] and due to the lack of availability of the crystal
structures rational design is being hindered [39].
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Fig. 1 Crystal structure of HDACS

HDAC:Ss catalytic domain

The catalytic domain of HDACSs consists of a narrow tube-
like pocket having the length equivalent to 4-6 carbon
straight chains. Near the bottom of the enzyme pocket a
Zn™ jon is positioned [40], which facilitates the deacety-
lation catalysis in cooperation with two His-Asp charge
relay systems [31]. Unusually, HDAC6 and HDAC10 have
two catalytic domains among the known human HDAC
enzymes and both domains of HDAC6 are used for
deacetylase activity [41]. The binding of suberoylanilide
hydroxamic acid (SAHA) has been shown to the catalytic
domain of the HDAC enzyme has been shown in Fig. 2 [7].

HDACSs malfunctioning disorders

Class I HDACs are mostly confined to the nucleus whereas
classes I HDACs are transported between nucleus and
cytoplasm [42]. The roles of class 1 HDACS in cell survival
and proliferation whereas those of class II HDACSs in
having tissue-specific roles have been obtained through
knock out analysis [43]. Through direct interaction with the
TF HDACI and HDAC3 enhance hypoxia-inducible fac-
tor-1a stability [44]. By regulation of p53-binding activity
HDAC2 modulates transcriptional activity [45]. Cardiac
defects are caused due to HDAC2 knockouts [46]. Also
HDACS5 and HDACY knockouts results in cardiac defects
[36]. HDACT7 knockouts cause defects in the maintenance
of vascular integrity [47]. The detailed mechanism of how
the malfunctioning in HDACs results in various disorders
is not clear, because little is known about the sequence
specificity of histones that determine the activity of dif-
ferent HDACs [48].

HDACs were ranked according to their substrate selec-
tivity using a library of fluorigenic tetrapeptide substrates
as HDACS8 > HDAC1 > HDAC3 > HDAC6 [49]. In
cancer, structural mutations in HDACSs are rare. However,
in various cancers, changes in expression of different

Vorinostat (suberoylanilide hydroxamic acid, SAHA)
H o

Fig. 2 SAHA binds to the cavity of HDAC enzyme. The hydroxamic
acid moiety of SAHA binds to zinc atom (pink), allowing the rest of
the molecule to lie along the surface of the enzyme

HDACSs have been reported. In colon cancer samples,
HDAC2 and HDACS3 proteins are increased [42]. In gastric
cancer, HDACI is increased. In lung cancer, reduced
expression of HDACS and HDACIO is associated with
poor scenario.

HDACs and HATs interact with DNA through multi-
protein complexes that include co-repressors and co-acti-
vators and hence do not bind to it directly [50].

HDAC inhibitors

Histone deacetylases inhibitors have recently emerged as an
important class of anticancer agents [51]. HDACIs along with
their antitumor effects may also potentiate cytotoxic agents or
synergize with other targeted anticancer agents [52].

HDAC inhibitors target the gene expression without
modifying the DNA sequence. The transcription of several
tumor suppressor genes is prevented when HDACs bind
DNA tightly to histones [53]. HDAC inhibitors are potent
inducers of differentiation, growth arrest, and apoptosis of
transformed cells through regulation of gene expression
[54]. In cell cycle, apoptosis and DNA synthesis, a com-
mon set of genes regulated by all HDAC inhibitors was
found to be predominantly involved [55]. The substrate
access is blocked, causing an accumulation of acetylated
histones when HDAC inhibitors bind directly to the
HDAC-active site [56].

Most of anticancer drugs when were used to treat tumor
cells have shown side effects like myocardium damage and
bone marrow depression even leading to cell death [57].

Three-component concept

The wide variety of structural HDAC inhibitors include
molecular fragments, a linker domain which occupies the
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channel, a metal-binding domain that interacts with the
active site and surface recognition domain that interacts
with the residues on the rim of the active site. In devel-
oping potent HDAC inhibitors, this three-component con-
cept has proved to be successful [58].

This three-component concept has also been defined as
that the inhibitors possess a cap group, an aliphatic chain
and a functional group that would chelate the metal cation
in the active site as explained by an example of Trichos-
tatin A (TSA) in Fig. 3 [59]. TSA is an HDAC inhibitor
[57]. This pharmacophore model may provide guidance for
the rational design to discover novel HDAC inhibitors
by highlighting the important binding features of HDAC
ligands [20].

Structural classes of HDACIs

The HDACITs comprises of four main structural classes and
represent a broad family of chemical compounds [5]:

Hydroxamates
Benzamides
Short-chain fatty acids
Cyclic peptides

Hydroxamates

The largest class of HDAC inhibitors with great therapeutic
potential is hydroxamic acids [19].

The first discovered natural product that belongs to hy-
droxamates group is Trichostatin A (TSA) [60]. TSA is a
frequent HDAC inhibitor [57]. TSA was originally isolated
from Streptomyces hygroscopicus as antifungal antibiotic
active against Trichophyton [61]. The structural analog,
SAHA of TSA and its low concentration, (nM) inhibit
growth in tumors and can induce cell differentiation with
little effects on normal cells [62].

Recent studies have shown that SAHA and TSA inhibit
the activity of Class I and Il HDACsSs and are able to induce
cell differentiation of lymphoma [63]. TSA is less efficient
against HDACS and inhibits HDACI, -2, -3 and HDACH4,
-6, -7 and -9 HDACs [64]. Class IIl HDACs (sirtuins) that

o (0]
\ \ N /OH
H
7
| | | |
Cap Group Aliphatic Functional
Chain group

Fig. 3 Properties of HDAC inhibitors
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are NAD+--dependent are not affected by TSA treatment.
The chemical structure of TSA is characterized by a
4-(N, N-dimethylamino) phenyl moiety linked through
a carbonyl group to an aliphatic unsaturated chain (4,
6-dimethyl-2, 4-hexanedienoic acid) bearing at the end a
hydroxamate portion. At C6 position, TSA possesses a
chiral center [65].

In TSA, biochemical mechanism of enzyme inhibition,
the 4-(N,N-dimethylamino)phenyl moiety of TSA works as
a cap to pack the inhibitor at the rim of the tubular active
site pocket of the enzyme, and the hydroxamic acid func-
tion chelates the zinc ion in a bidentate fashion at the
bottom of the pocket determining the inhibitory effect [66].

According to the latest studies, telomerase activity is
also inhibited by TSA. Although TSA has a wide range of
anticancer effects, but due to its side effects, it has not so
far been used in clinical trials [67].

Chemically SAHA and related HDACIs contain (1) a
hydrophobic CAP group, able to interact with the rim of
the catalytic tunnel of the enzyme, (2) a polar connection
unit (CU), present not in all but in most HDACIs, which
can make hydrogen bonds with some amino acid residues
in the tunnel, (3) a 4- to 6-carbon unit hydrophobic spacer
(linker), which allows to the following (4) zinc-binding
group (i.e., the hydroxamate group in SAHA and TSA) to
reach and to complex the zinc ion, and thus to inhibit the
enzyme [56, 68, 69].

SAHA displays lower potency against HDAC8 and
efficiently inhibits HDACI, -2, -3, -4, -6, -7 and -9 anal-
ogously to TSA [64]. The mechanisms underlying its
anticancer activity are still not fully characterized and are
very complex.

Vorinostat involve the accumulation of acetylated his-
tones resulting in transcriptional activation in part with the
antiproliferative effects [70]. In its anticancer activity,
vorinostat also uses non-histone proteins including TFs as
substrates for HDACs, and the effects of it on these pro-
teins might be also important [70].

Panobinostat (LBH-589) is less potent against HDAC6
and one or two magnitudes less active against HDACS, but
is highly active against HDACI, -2, -3, -4, -7, -9 [65].

Belinostat that inhibited both class I and class II HDACs
in the submicromolar range is another cinnamyl hydroxa-
mate. For hematological malignancies as well as for many
solid tumors belinostat is in Phase II clinical trials [71].

Benzamides

Having MS-275 being the lead compound, a series of
benzamide derivatives with a chemical structure unrelated
to the other synthetic HDACIs was described [72]. As
suggested by molecular modeling studies, these com-
pounds showed a 2-aminoanilide moiety at the right end of
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the molecule, which likely can function as a weak zinc-
chelating group into the tube-like active site of the
deacetylase core of the enzyme [73], or may contact key
amino acids in the active site without Zn-ion coordination.

MS-275 is inactive against HDAC4, -6, -7 and -8 and
inhibits preferentially HDAC1 and -9, HDAC?2 and -3 [64].
Orally administered MS-275 strongly inhibited the growth
in seven of eight tumor lines implanted into nude mice,
most of which not responding to 5-fluorouracil [74].

The inhibitors of class III HDACs (sirtuins) in contrast
to class I/II/IV HDACs are much less validated as anti-
cancer agents and in general less developed on the phar-
macological side. In many cellular processes, such as
regulation of TFs, gene silencing, lifespan extension, cell-
cycle regulation and fatty acid metabolism, sirtuins play an
important role [32].

MS-275 and CI-994 that are benzamide HDAC inhibi-
tors are now in Phase I and II clinical trials. MS-275 has
little effect on HDAC-8 while it preferentially inhibits
HDACI over HDAC3 [75]. The synergistic effects with
other therapeutic strategies and the practical uses of HDAC
inhibitors in cancer therapy are yet unresolved [76].

Short-chain fatty acids

Sodium butyrate, belonging to the natural short-chain fatty
acid, which is fermental production of bacterium in colon,
is the first confirmed HDAC inhibitor. Butyrate, valproic
acid, phenylbutyrate and their derivatives belong to ali-
phatic acid group. In clinical application, this group has
been limited due to its high effective millimolar concen-
trations when assessed in cells [75].

The short-chain fatty acids mechanism of action as
HDACTs has yet not been fully elucidated [65]. Because of
their short side chains, short-chain fatty acids have low
potency, which limits their contact with the catalytic
pocket of HDACs [77]. In human prostate cancer and
cervical carcinoma cells, butyrates inhibit the growth,
while in acute myeloid leukemia, butyrates induce granu-
locyte maturation and histone acetylation [78].

In both hematological malignancies and solid tumor
lines, butyrates have been under clinical evaluation [79].
Butanoic acid is currently under clinical trials as in leu-
kemia tumor cell lines, it showed tenfold more potency
than sodium butyrate [80].

Although the activity of short-chain fatty acids is weak but
among them various have entered the clinical trials because
of their use for alternative medical conditions [81, 82].

Cyclic peptides

A number of natural products with significant in vitro
activity as trapoxin A and B and depudecin are the HDAC

inhibitors which belong to this class [79]. Trapoxin is a
hybrid of cyclic peptide and epoxyketone moiety [83].

Depsipeptide, a natural product extracted from Chro-
mobacterium violaceum is another HDAC inhibitor, which
belongs to the cyclic peptides group [84]. For cancer
therapy, it has been under the multiple Phase I and II trials.
It inhibits HDACSs at nanomolar concentrations [79].

Important compounds of HDAC inhibitors and their
structures [85], which are under clinical trials, are sum-
marized in Table 1.

In silico approach and type-specific HDAC inhibitor
identification

Use of computational techniques is getting rapidly
involved in the drug discovery and development process
[86]. Various terms that include in silico drug design,
rational drug design, structure-based drug design, com-
puter-aided molecular modeling and computational drug
design are being used for this area [86]. In silico or rational
drug designing is a systematic process, which involves a
number of predefined steps [87]. Identification of the rel-
evant target molecule is defined to be the first step in this
process [88]. Developments in bioinformatics are helpful in
identifying excellent drug targets [89]. The target that is
closely linked to human disease is considered to be an ideal
one for in silico drug designing [89]. Mostly the good
targets for the drugs are proteins [89]. In some case,
enzymes are also the excellent drug targets because com-
pounds that can fit in the active site can be designed [89].

Recent research showed that in drug discovery, HDAC
has become a novel target for the treatment of cancer [1].
The number of HDAC enzyme subtypes has expanded
considerably offering opportunities for the development of
HDAC inhibitors with improved specificity [13]. Crystal
structure of HDACS8 is the only mammalian isoform
available to date [38]. So there is a need to identify the
crystal structure of all possible isozymes in order to iden-
tify the specific HDAC inhibitors. HDACs are an important
therapeutic target for cancer so they can be used for in
silico drug designing.

After target identification, the second step of in silico
approach is the selection of the most suitable molecule
(Lead) that binds tightly to the target, has no side effects
like toxicity, is bio-accessible and can be synthesized
easily [90]. Lead identification is the most critical stage in
drug discovery [2]. The discovery and development of
isozyme-specific HDAC inhibitors or Lead would be of
both research and clinical interests. With continued
research and development, in near future HDACIs are
likely to figure prominently in cancer treatment plans [5].
Most of the HDAC inhibitors that are known or are in
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Table 1 Histone deacetylase inhibitors
S. no. Classes Compounds in classes Structures
1 Hydroxamates SAHA HNMO
/
o~
2 Benzamide derivatives MS-275 L f N
O;gf
HO o
3 Short-chain fatty acids Valproic acid AI)
K-—(iN!'
oM ’s\7\€°
4 Cyclic peptides Depsipeptide ,Z‘:/
N o
o i H

clinical trials are unselective, or are just partially selective
for one class of HDACs [14, 15]. Consequently, there is a
need to identify selective Lead for the specific isoforms of
HDACs. More focused cancer therapies and new clinical
opportunities would also be provided by selective HDAC
inhibitors. It is not clear whether the antitumor properties
of HDAC inhibitors are the consequence of targeting one
or few “crucial” subtypes or are due to their lack of
specificity. This question is of considerable interest
because it opens the way for the development of more
selective novel compounds, possibly with enhanced effi-
cacy and tolerability [91].

The first and only approved HDAC inhibitor by US
Food and drug administration is SAHA [5]. SAHA is
approved under the trade name Zolinza, for treatment of
cutaneous T cell Lymphoma [5]. Only one specific HDAC
inhibitor is currently available [5]. Tubacin has the ability
of selectively targeting HDACG6; induces apoptosis in
myeloma cells and also inhibit transforming growth factor
f-induced epithelial-to-mesenchymal transition [5, 16].
Identification of type-specific HDAC inhibitors is neces-
sary and will reduce toxic side effects.

The greater opportunity for in silico drug design, in
discovering new leads is being fueled by the structural
genomics revolution, start of proteomics, completion of
human genome project and the developments in informa-
tion technology [89]. In silico approach of drug designing
in identifying the promising candidates has proved to be
the faster one with the advantage of cost minimization
and discarding the non-starters before too much of the
money has been wasted [2]. Early anticancer agents were
discovered largely serendipitously [92]. The anticipation
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about majority of future anticancer drugs is that they will
be significantly less toxic and target-specific [93]. By
applying in silico drug discovery techniques, it is antici-
pated that more potent and specific anticancer agents will
be discovered with in the next decade [93].

Conclusion and future directions

A growing interest in the discovery and development of
HDAC inhibitors has been observed during the past few
years. HDAC enzyme inhibition would be a promising
approach for the treatment of human cancers [19].

To date, the one and only approved HDAC inhibitor is
Zolinza [5]. So there is a need for more specific HDAC
inhibitors for cancer treatment. There has been a constant
drive towards the highly target-specific drugs with the
introduction of in silico approaches in the domain of drug
discovery. More specific compounds would certainly pro-
vide interesting pharmacological tools for elucidating
functions of individual HDACs. Too many HDAC inhibi-
tors are available and many of them can be screened using
assays [19]. So instead of designing newer and newer
compounds, there is a need to identify more specific HDAC
inhibitors for the specific enzyme types. By using in silico
approaches, not only the specific enzyme types can be
identified using comparative modeling studies, but also the
type-specific inhibitors can be designed. So in lesser time
and cost without wasting the important chemicals, the
important results can be first identified through computa-
tional methods and then after getting the proper lead, it
could be synthesized and tested for clinical trials.
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We conclude by the remarks that in silico approach has

appeared as a road, which can lead us to success in dis-
covering specific HDACIs for the treatment of many
human cancers caused by HDACs abnormal functions.
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