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Summary. Imbalance in histone acetylation can lead to changes in chro-
matin structure and transcriptional dysregulation of genes that are involved
in the control of proliferation, cell-cycle progression, differentiation
and/or apoptosis. Histone acetyltransferases (HATs) and histone deacety-
lases (HDACsS), are two classes of enzymes regulating histone acetylation
and whose altered activity has been identified in several cancers. HATS
and HDACs enzymes also target non histone protein substrates, including
transcription factors, nuclear import factors, cytoskeleton and chaperon
proteins. HDAC inhibitors are a novel class of anticancer agents which
have been recently shown to induce growth arrest and apoptosis in a
variety of human cancer cells by mechanism that cannot be solely attrib-
uted to the level of histone acetylation. Several clinical studies with HDAC
inhibitors are ongoing, however the molecular basis for their tumour
selectivity remains unknown and represent a challenge for the cancer
research community.
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Introduction

In spite of the improvement of conventional medical ther-
apy for cancer treatment, the impact on cancer related
mortality in the last ten years has been modest especially
for advanced disease in adults. On the other hand, under-
standing of oncogenomics and cancer signaling pathways
have selected novel markers of molecular pathology and
novel molecular targets for new drugs.

Recently, an increasing series of data are emerging
about the involvement of chromatin structure in the con-
trol of cell proliferation and survival pathways in malig-
nant cells, indicating that it can be an additional target for
anti-cancer strategies (Marks et al., 2001). In particular,
among multiple genetic alterations which characterize
tumors, modification of epigenetic events such as meth-

ylation of DNA or histone acetylation are emerging as key
events in cancer development.

It was Vincent G. Allfrey, several decades ago, who
described how histones control gene activation in higher
organism and who suggest for the first time the importance
of their post-translational modification in the control of
RNA synthesis (Allfrey et al., 1963). These pioneering
studies from 1960s already indicated that active chromatin
was hyperacetylated while inactive, silenced genes were
deacetylated and often cytosine methylated. However, it
is only in recent years that an emerging body of literature
supports the role of chromatin structure in regulating cell-
cycle progression, differentiation, and apoptosis, in normal
and malignant cells, by modulation of gene transcription.

Four decades of research on the composition of eukary-
otic chromatin has identified not only its basic structure, the
nucleosome, composed of 146 base pairs of DNA coiled
around an octamer of histones, but also the numerous post-
translational modification on histone proteins (Richmond
et al., 1984; Felsenfeld and Groudine, 2003). In particular,
the NH,-terminal tails of the four core histones (H2A, H2B,
H3 and H4) emanate in all directions from the nucleosome,
with the H3 NH,-terminal tail being the longest, and
undergo several modifications characterized by high versa-
tility and density (Richmond et al., 1984; Felsenfeld and
Groudine, 2003). Whereas additional sites of modification
are still being uncovered and the full comprehension of all
these modifications is still lacking, many direct and indirect
connections between specific patterns of certain histone
modifications and distinct biological phenomena such as
appropriate regulation of gene transcription, chromosome
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Active Chromatin

Inactive Chromatin

Fig. 1. Regulation of chromatin condensation and gene transcription by
histone acetylation. The aminoterminal tails of core histones are poten-
tial acetylation (AC)/deacetylation sites for histone acetyltransferase
(HAT) and histone deacetylase (HDAC). With inhibition of HDAC by
HDAC inhibitors (HDAC-I) histones are acetylated and the DNA, that is
tightly wrapped around the deacetylated histone core, relaxes, allowing
the binding of transcription factor (TF)

segregation, cell cycle progression, and the maintenance
of genome integrity, have been established (Wolffe and
Hayes, 1999; Cheung et al., 2000). Histone modifications
can be highly reversible, such as histone acetylation (upon
lysine residues) and histone phosphorylation (upon serine
and threonine residues), or more stable such as histone
methylation (upon lysine and arginine residues).

It has been demonstrated that in general DNA-histone
interaction condense chromatin and repress transcription,
whereas decreased DNA-histone interaction relax chroma-
tin and enhance gene transcription. These interactions are
regulated by the acetylation status of histones, which in
eukaryotic cells play a pivotal role in chromatin remodeling
and in the regulation of gene expression: hyperacetylation
determines transcriptional activation while hypoacetyla-
tion transcriptional repression (Deckert and Struhl, 2001;
Gregory et al., 2001; Felsenfeld and Groudine, 2003)
(Fig. 1). Furthermore, it has been recently proposed that a
cross-talk between different post-translational modifica-
tions, clustering on specific regions on histone tails, regu-
late the gene expression (Fischle et al., 2003). For example,
it has been shown that modification of the H3 tail by phos-
phorylation and acetylation compromises its chromatin
compaction activity, thereby enabling the transcriptional
activation of local genes (Zhong et al., 2003).

HATs and HADCs

The acetylation state of histones is reversibly regulated by
two classes of enzymes, histone acetyltransferases (HATS)
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and histone deacetylases (HDACs) (Gregory et al., 2001)
(Fig. 1). In general, transcriptional activators can bind and
recruit HAT and are associated with acetylated chromatin,
while transcriptional repressors and co-repressors interact
with HDAC, and their binding to promoters correlate with
loss of histone acetylation (Gregory et al., 2001).

In particular, the acetylation by multiprotein complexes
containing HAT enzymes neutralizes the positive charge
associated with the e-amino group of conserved lysine
residues within the NH,-terminal domains of the core
histones. In general, this is thought to enhance the acces-
sibility of nucleosomal DNA for transcription, by attenu-
ating direct masking of the NH,-terminal domains and
also by destabilizing higher order folding of nucleosomal
filaments mediated by internucleosomal contacts made
by these domains (Gregory et al., 2001) (Fig. 1). HATs
enzymes can be divided into several families on the basis
of a number of highly conserved structural motifs. These
include GNAT family, MYST group and p300/CBP
family (Marks et al., 2001).

HDACSs enzymes restore the positive charge to lysine
residues upon hydrolysis of e-amino acetyl moieties and
are divided into three classes (Gray and Ekstrom, 2001;
Marks et al., 2001) (Table 1). Class I human HDACSs, that
have homology to the yeast HDAC called Rpd3, are gen-
erally nuclear and associate with transcriptional repressors
and co-factors. This class includes the ubiquitously ex-
pressed HDAC1, HDAC2, HDAC3 and HDACS8 (Gray
and Ekstrom, 2001) and the recently discovered HDAC11
(Gao et al., 2002). Class II HDACs are larger proteins
which can shuttle between the cytoplasm and nucleus,
include HDAC4, HDACS5, HDAC6, HDAC7, and the
recently discovered HDAC9 (Zhou et al., 2001) and
HDACI10 (Fischer et al., 2002), are homologous to the
yeast HDAC Hdal (Gray and Ekstrom, 2001) and their
expression is tissue restricted. HDAC6 and HDAC10 con-
tain two catalytic domains, one of which is specific for
tubulin and not for histones (Hubbert et al., 2002), and can
be considered a subclass of class II HDACs (class II b) as
reported in Table 1. Class I and Class II HDACs have a
catalytic pocket at the base, containing a critical zinc ion
and a hydrophobic pocket allowing for the insertion of a
lysine side chain. Class III of human HDACs consists of
homologues of yeast and mouse Sir2 and requires nicoti-
namine adenine dinucleotide (NAD™) as a 1:1 co-factor
with substrate (Marks et al., 2001).

Like HATSs, also HDACs are components of multipro-
tein complexes containing other proteins including tran-
scriptional regulators. Both these key enzymes also target
non-histone protein substrates involved in transcription,
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Table 1. Characteristics of histone deacetylases
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Class I Class Ila Class IIb Class III

Yeast HDAC RPD3 HDALI HDALI SIR2
Human HDAC HDAC 1, 2, 3, 8, 11 HDAC 4, 5,7,9 HDAC 6, 10 SIRT 1, 2,3,4,5,6,7
Distribution Ubiquitous Tissue-restricted Tissue-restricted ?
Localization Nuclear Nucl. /cytopl. Nucl. /cytopl. Nucl. /cytopl./Mitochondrial
Targets Histones Histones Histones, Histones,

p53 (HDAC1), Tubulin Tubulin (SIRT2), pS3

NF-kB (HDAC3) (SIRT1),

TAF(1)68 (SIRT1)

Co-factors Zn" Zn* Zn™ NAD™
Inhibitor S S S NS/ND
Sensitivity

Table 2. Acetylated protein substrates of HDACs

Histones H2a, H2b, H3, H4

Transcription factors TAT, p53, p73, TCF, GATA-1,
RelA, C-Jun, E2F, EKLF, NF-Y,
HMGI (Y), NF-kB

Importin «, Rehl

aTubulin

HSP90

Nuclear import factors
Cytoskeleton proteins
Chaperon proteins

nuclear transport, cytoskeleton and signal transduction
(Grant and Berger, 1999) (Table 2).

Abberrant HDACs and/or HAT activity
associated with cancer

Aberrant regulation of gene transcription is hallmark of
many forms of cancer and there is increasing evidence
that alterations in HAT and HDAC activity occur in sev-
eral tumors (Cress and Seto, 2000). HDACs have been
found to be associated with aberrant transcription factors
and can mediate the function of oncogenic translocation
products in specific forms of leukemia (Pandolfi, 2001)
and lymphoma (Dhordain et al., 1998). For example,
acute promyelocytic leukemia (APL) is associated with
chromosomal translocation leading to PML-RARa and
PLZF-RARa« chimeric fusion oncoprotein functioning as
aberrant transcriptional repressor in part by recruiting
HDAC:S and altering normal gene regulation through mod-
ification of chromatin (Lin et al., 1998; He et al., 2001;
Pandolfi, 2001). The repression of otherwise active genes
lead to differentiation block and contribute to tumor
development.

Moreover, specific regions of the genome of cancer
cells are frequently aberrantly hypermethylated leading

to silencing of tumor suppressor genes, such as pl16™ <4
in melanoma or other solid tumors, by the recruitment, on
methylated cytosine residues, of multifactor repressor
complex containing DNA methyltransferase and HDACs
(Jones and Baylin, 2002).

HAT activity has been found to be disrupted by trans-
location, amplification, overexpression or mutation in
a variety of cancers, including those of hematological
and epithelial origin. In particular, missense mutations
or deletion of p300 have been identified in colorectal
and gastric primary tumors, and in other epithelial can-
cers, confirming a role of this regulatory enzymes in cell
transformation (Gayther et al., 2000).

Re-expression of genes epigenetically inactivated can
result in the suppression of tumor growth or sensitization
to other anticancer therapies. This, together with epige-
nomic analysis of chromatin alterations such as DNA
methylation and histone acetylation, opens up the poten-
tial to define epigenetic patterns of gene inactivation in
tumors and to use drugs that target epigenetic silencing.
If any component of the repression complex might be a
therapeutic target, enzymes like HDACS are considerably
among the more tractable, accordingly a number of
HDAC inhibitors are now in preclinical development or
in early clinical trials (Table 3).

Table 3. Examples of histone deacetylase inhibitors in clinical trials

Sodium butyrate (Short-chain fatty acid)

Depsipeptide (FR901228, FK228) (Cyclic tetrapeptide)
CI-994 (N-acetyl dinaline) (Benzamide)

MS-275 (Benzamide)

Suberoynalide hydroxamic acid (SAHA) (Hydroxamic acid)
LQ824 (Hydroxamic acid)

Pyroxamide (Hydroxamic acid)

Valproic acid
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HDAC inhibitors as anticancer agents

Besides the cross talk between oncogenes and chromatin
structures, the role of chromatin remodeling in carcino-
genesis is based primarily on experiments with HDAC
inhibitors. These compounds are novel agents that mod-
ulate chromatin structure and considerable efforts have
recently focused on identifying and elucidating the
mechanisms by which they mediate growth arrest and
apoptosis in cancer cells.

To date, several structural classes of HDAC inhibitors
have been identified, including short chain fatty acids
such as phenylbutyrate and valproic acid (VPA); cyclic
tetrapeptide such as trapoxin A, cyclic peptide such as
depsipeptide (FK228) and apicidin; benzamides such as
MS27-275 and CI-994; hydroxamic acids such as sub-
eroylanilide hydroxamic acid (SAHA), oxamflatin, trichos-
tatin A and the recently developed LAQ824 and PXD101
(Gottlicher et al., 2001; Marks et al., 2001; Fuino et al.,
2003; Plumb et al,, 2003). Crystallographic studies
revealed that the histone deacetylase inhibitors SAHA
and trichostatin A, fit very well into the catalytic pocket
of histone deacetylase. The functional group of the hydrox-
amic acid binds to the zinc atom while the carbon
aliphatic chain mimics a lysine side chain of common
HDAC substrate, and the hydrophobic cap moiety inter-
acts with the edge of the catalytic pocket and could play a
role in HDAC selectivity (Finnin et al., 1999; Marks et al.,
2001). In contrast, HDAC inhibitors with lower potency
such as phenylbutyrate and VPA possess an acyl group
that may interact with the catalytic zinc ion, but cannot
make significant contact with the catalytic pocket due to
their very short side chains (Johnstone and Licht, 2003).
Most HDAC inhibitors are able to inhibit the activity of
all class I/II HDACs (Table 1) with few exception, such
as the recently identified tubacin which specifically targets
the tubulin-specific catalytic domain of class II b HDAC6
(Haggarty et al., 2003). As today, inhibitors of class III
HDAC have not been selected yet.

It has been proposed that HDAC inhibitors, by inducing
the hyperacetylation of nucleosomal histones, activate the
expression of repressed genes that produce growth arrest,
terminal differentiation, and/or apoptosis in a variety of
cancer cell types (Fig. 1) (Marks et al., 2001; Johnstone
and Licht, 2003). In some cases HDAC inhibitors induce
gene repression by a mechanism that involve the recruit-
ment of a repressor protein rather than transcriptional
activator, as a consequence of histones acetylation.

It is of particular interest the finding that these com-
pounds act very selectively to alter the transcription of
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fewer than 2% of expressed genes (Van Lint et al., 1996)
and by mechanism that cannot be solely attributed to the
level of histone acetylation (Johnstone and Licht, 2003).
Acetylation of other proteins such as transcription factors,
rather than histones, has been described (Table 2) including
p53 (Gu and Roeder, 1997), GATA-1 (Boyes et al., 1998)
and NF-Y (Jin and Scotto, 1998). The acetylation could
either repress or activate the transcription factor leading to
either the repression or activation of transcription, respec-
tively. For example, acetylation of p53 and E2F1 increases
DNA binding and transcription (Gu and Roeder, 1997;
Martinez-Balbas et al., 2000) while acetylation of high
mobility group I (HMGI) transcription factors inhibit their
binding to DNA (Munshi et al., 1998).

A recent paper by Glaser et al. analyzed the gene
expression patterns of three different HDAC inhibitors
in three different cell lines using microarray studies, and
identified a “core” set of genes that are regulated by all
HDAC inhibitors in all cell lines examined (Glaser et al.,
2003). The “core” set, 8 upregulated and 5 down-regu-
lated genes, were predominantly involved in cell cycle,
apoptosis and DNA synthesis.

Hierarchical of epigenetic transcriptional
control, with DNA and histone methylation providing a
dominant effect over histone acetylation, can, at least in
part, explain the relative low number of genes affected
by HDAC inhibitors. In general, methylated genes can-
not be reactivated by histone hyperacetylation alone. Re-
expression of methylated genes can be obtained, in some
cases, by treatment with 5-Azacytidine (5Aza) which
sequesters DNA methyltransferase. Interestingly, while
HDAC inhibitors or 5Aza alone induced a different set
of genes, combination therapy with both drugs synergis-
tically activated a set of methylated repressed genes in
different cell models (Jones and Baylin, 2002; Yamashita
et al., 2002). Similar approaches has been successfully
used in therapy-resistant acute promyelocitic leukemia
by using HDAC inhibitors in combination with a all-trans
retinoic acid (ATRA) (He et al., 2001).

One of the most commonly induced genes by HDAC
inhibitors is the cell cycle kinase inhibitor p21¥*" which
is transcriptionally activated by a p53 independent
mechanism (Sambucetti et al., 1999). Other commonly
induced genes include gelsolin, pl6™** and p27"P!
(Hoshikawa et al., 1994; Kim et al., 1999). Among several
genes repressed by HDAC inhibitors are cyclin D1 (Kim
et al., 1999) and thymidilate synthase (Glaser et al.,
2003). The induction of inhibitors of the cyclin dependent
kinase 4 (CDK4) and CDK2, such as p21¥*!, p16™4* and
p275P! as well as the repression of cyclin D1, resulted in

nature
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Gl cell cycle arrest and differentiation, common mecha-
nism of the antiproliferative effect induced by HDAC
inhibitors.

HDAC inhibitors can induce also apoptosis and their
ability to induce proapoptotic genes such as FAS or BAK
suggests that transcription regulation may be involved in
this process (Johnstone and Licht, 2003). However, in sev-
eral systems it has been shown that cell death induced by
HDAC inhibitors was characterized by alteration of cell
cycle profile with a loss of cells in G1 and S phase and
accumulation of cells with a 4n DNA content, consistent
with a G2-M cell cycle arrest (Peart et al., 2003). Moreover,
while a number of different mechanism were described for
HDAC-induced cell death, including death receptor-acti-
vated caspase cascade, usually the intrinsic apoptotic path-
way, mediated by mitochondrial membrane disruption, is
commonly activated by all the HDAC inhibitors studied
(Ruefli et al., 2001; Peart et al., 2003; Rosato et al., 2003).

It is common knowledge that subsequent phosphoryla-
tion and acetylation of p53 promote different interactions
with other proteins and with target gene regulatory ele-
ments, to facilitate cell-cycle arrest, apoptosis, or adapta-
tion in response to DNA damage (Ashcroft and Vousden,
1999). HDAC inhibitors, by blocking deacetylation and
destabilization induced by class I and II HDACs, could
inhibit MDM2-mediated ubiquitination of p53 and en-
hance sequence-specific DNA binding of this protein
(Ashcroft and Vousden, 1999). However, the importance
of p53 in HDAC inhibitors-mediated cell death is un-
certain. It is of particular interest the finding that HDAC
inhibitors, such as SAHA and Depsipeptide, can downregu-
late the expression of mutant, but not wild-type, p53 (Di
Gennaro et al., unpublished observations; Yu et al., 2002).

The HDAC inhibitor SAHA is also able to up-regulate
the expression of tissue transglutaminase (TGase) (Di
Gennaro et al.,, unpublished observations), another en-
zyme involved in the regulation of several biological
events including cellular differentiation and apoptosis
(Fesus and Piacentini, 2002). TGase catalyzes covalent
cross-linking of proteins by forming isopeptide bonds
between peptide-bound glutamine and lysine residues
(Fesus and Piacentini, 2002). Histones are substrates for
TGase and a recent paper suggests that histone cross-link-
ing by TGase may play a role in chromatin remodeling
and gene transcription regulation (Sato et al., 2003).

Suppression of telomerase gene expression by HDAC
inhibitors has been also demonstrated, indicating that
these agents may induce antiproliferative effect also by
interfering with cell senescence programs (Nakamura
et al., 2001).

Furthermore, a novel mechanism of antitumor activity
can be attributed to the recently described ability of
HDAC inhibitors to deplete the level of several oncopro-
teins that are normally stabilized by binding to the Hsp90
multichaperone complexes, including Bcr-Abl, ErbB2,
Raf, or AKT (Yu et al.,, 2002; Nimmanapalli et al.,
2003). It has been shown that HDAC inhibitors could
promote directly the acetylation of Hsp90, with destabili-
zation of the ATP-dependent active Hsp90-client protein
complex. As a consequence, client proteins are driven to
poly-ubiquitination and proteosomal degradation. Inter-
estingly, this findings suggest that HDAC inhibitors has
the potential to improve the efficacy of drugs targeting
Hsp-90 client oncoproteins. On this regard, Fuino et al.
have shown how the HDAC inhibitor LAQ824, by down-
regulating ErbB2, sensitizes human breast cancer cells
to the anti-ErbB2 antibody Trastuzumab and to conven-
tion chemotherapeutics (Fuino et al., 2003). Moreover, the
same group have shown that LAQS824, by lowering
expression and promoting proteosomal degradation of
Bcer-Abl, induced apoptosis of imatinib mesylate (Glee-
vec)-sensitive or refractory chronic myelogenous leuke-
mia blast crisis cells (Nimmanapalli et al., 2003).

Finally, other mechanisms of antitumor activity of
HDAC include antiangiogenic properties,
through alteration of VEGF signaling (Deroanne et al.,
2002) and suppression of tumor invasion, through nega-
tive regulation of matrix metalloproteinases expression
(Liu et al., 2003).

inhibitors

Conclusions

Several HDAC inhibitors exhibit antitumor effects also in
preclinical animal models at amounts that have little or no
toxicity and some of them, are in clinical trials (Table 3).
First clinical studies have shown that histone hyperacety-
lation can be achieved safely in humans and that treatment
of cancer with such agents seems to become possible.
Thus, HDAC inhibitors remains one of the most promis-
ing class of new anticancer agents. Further studies are
needed in order to delineate the optimal dosage, the dura-
tion of therapy and, possibly, the efficacy of other agents
able to synergize with HDAC inhibitors in the fight
against cancer. Based on the studies we have presented
here, some example of combination therapy are already
moving to the design of novel clinical trials. A recent
paper suggests that loosening-up the chromatin structure
by histone acetylation can increase the efficiency of sev-
eral conventional anticancer drugs targeting DNA (Kim
et al., 2003). However, the precise mechanism by which
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these agents mediate growth inhibition and apoptosis, pref-
erentially in cancer cells, remains uncertain; histone acet-
ylation alone appears to be insufficient to account for the
potent cytotoxic effects of HDAC inhibitors. Moreover,
the gene expression profile regulated by these novel
agents has yet to be completed. In addition, what factors
establish whether a cancer cell undergoes G1 or G2-M
cell cycle arrest, differentiation or cell death in response
to HDAC inhibitors remain to be defined. Drugs levels as
well as tissue type seem to play a role (Johnstone and
Licht, 2003). Moreover, the basis of the selected toxicity
toward cancer cells is unclear. One possible explanation
could be ascribed to the fact that cancer cells lose cell
cycle checkpoints and are more sensitive to agents whose
proapoptotic activity is related to abberant mitosis, as
described above. The few clinical studies showed no
major toxicity in patient treated with HDAC inhibitors
with good response in selected tumor subtype such as
renal cell carcinoma (Sandor et al., 2002), and T cell
lymphoma (Kelly et al., 2002; Piekarz et al., 2002).
HDAC inhibitors that specifically target selected HDACs
might be useful if ongoing studies can demonstrate if a
particular HDAC play a role in a specific type of cancer.
Future translation studies are critical for the correlation
between clinical response, accumulation of acetylated
chromatin and biological phenomena, such as specific gene
expression regulation or apoptosis, and should determine
clinical utility and mechanism of action of these agents.
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