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ABSTRACT

The role of histone deacetylases (HDAC) and the potential of these enzymes as therapeutic targets for cancer, neurodegenerative diseases and a
number of other disorders is an area of rapidly expanding investigation. There are 18 HDACs in humans. These enzymes are not redundant in
function. Eleven of the HDACs are zinc dependent, classified on the basis of homology to yeast HDACs: Class I includes HDACs 1, 2, 3, and 8;
Class ITIA includes HDACs 4, 5, 7, and 9; Class IIB, HDACs 6 and 10; and Class IV, HDAC 11. Class III HDACs, sirtuins 1-7, have an absolute
requirement for NAD ", are not zinc dependent and generally not inhibited by compounds that inhibit zinc dependent deacetylases. In addition
to histones, HDACs have many nonhistone protein substrates which have a role in regulation of gene expression, cell proliferation, cell
migration, cell death, and angiogenesis. HDAC inhibitors (HDACi) have been discovered of different chemical structure. HDACi cause
accumulation of acetylated forms of proteins which can alter their structure and function. HDACi can induce different phenotypes in various
transformed cells, including growth arrest, apoptosis, reactive oxygen species facilitated cell death and mitotic cell death. Normal cells
are relatively resistant to HDACi induced cell death. Several HDACi are in various stages of development, including clinical trials as
monotherapy and in combination with other anti-cancer drugs and radiation. The first HDACi approved by the FDA for cancer therapy is
suberoylanilide hydroxamic acid (SAHA, vorinostat, Zolinza), approved for treatment of cutaneous T-cell lymphoma. J. Cell. Biochem. 107:

600-608, 2009. © 2009 Wiley-Liss, Inc.
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H istone acetylation is a reversible process whereby histone
and non-histone protein acetyl-transferases transfer the

acetyl moiety from acetyl co-enzyme A to lysines and HDACs
remove the acetyl groups reestablishing the positive charge in the
proteins. The biological activities of the zinc dependent HDACs are
not completely understood. Accumulating evidence indicates that
these enzymes are not redundant in their activity. Class I HDACs
are primarily localized in the nucleus (Table I). Class Il HDACs are
primarily cytoplasmic in location but may shuttle between the
nucleus and cytoplasm [see reviews Bolden et al., 2006; Minucci and
Pelicci, 2006; Glozak and Seto, 2007; Jones and Baylin, 2007; Xu
et al., 2007; Dokmanovic et al., 2007a; Blackwell et al., 2008;
Shankar and Srivastava, 2008]. Based on selective gene knock-out
and siRNA gene suppression studies, class | HDACs appear to play a
primary role in cell survival and proliferation, while class Il HDACs
have tissue specific roles. HDAC 1 knock-out mouse embryos have a
general proliferation survival defect despite ‘“‘compensatory”
increases in levels of HDAC 2 and HDAC 3 activity. HDAC 1 and
HDAC 3 associate with the transcription factor, hypoxia inducible

factor-1a (HIF-1a) and modulate the expression of HIF-1a gene
and, in turn, affect angiogenesis. HDAC 2 can modulate transcrip-
tional activity through interaction with p53. HDAC 4 knock-out
mice have defects in chondrocyte differentiation. HDAC 4, like other
class Ila HDACs, shuttles between the nucleus and the cytoplasm.
HDAC4 serves as a nuclear co-repressor involved in regulating bone
and muscle development and plays an important role in promoting
the survival of retinal neuron [Chen and Cepko, 2009]. HDAC 5 and
HDAC 9 have a role in the development of cardiac muscle. HDAC 7 is
a factor in the maintenance of T-cell integrity.

HDAC 6 and 10 have two catalytic sides. HDAC 6 is a unique
HDAC in having a ubiquitin binding site toward its C-terminal end
which plays a critical role in aggresome formation in the pathway of
proteolysis of misfolded proteins. HDAC 6 is a specific deacetylase of
several proteins including «-tubulin, cortactin, peroxiredoxins,
chaperone protein, HSP90, but histones are not a substrate of this
enzyme in vivo (Table II).

All zinc dependent HDACs exist as components of large
multiprotein complexes. Such complexes may contain more than
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TABLE I. Zinc-Dependent Histone Deacetylases

HDAC Localization Size (AA) Chromosomal site Tissue distribution
Class I
HDAC1 Nucleus 483 1p34.1 ubiquitous
HDAC2 Nucleus 488 6q21 ubiquitous
HDAC3 Nucleus 423 5q31 ubiquitous
HDAC8 Nucleus 377 Xq13 ubiquitous
CLASS Ila
HDAC4 Nuc/Cyt 1,084 2q37.2 H, SM, B
HDAC5 Nuc/Cyt 1,122 17q21 H, SM, B
HDAC7 Nuc/Cyt 855 12q13 H, PL, PA, SM
HDAC9 Nuc/Cyt 1,011 7p21-p15 SM, B
Calss IIb
HDAC6 Mainly Cyt 1,215 Xp11.22-33 H, L, K, PA
HDAC10 Mainly Cyt 669 22q13.31-33 L S, K
Class V
HDAC11 Nuc/Cyt 347 3p25.2 B, H, SM, K

SM, skeletal muscle; B, brain; PL, platelet; L, liver; K, kidney; S, spleen; H, heart; PA, pancreas.

one HDAC. HDACs do not bind to DNA directly but rather interact
with DNA through multi protein complexes that include co-
repressors and coactivators [Bolden et al., 2006; Xu et al., 2007;
Dokmanovic et al., 2007a; Blackwell et al., 2008]. The activity of
HDAC s is regulated on multiple levels including protein-protein
interactions, post-translational modification by phosphorylation,
acetylation, sumoylation and proteolysis, subcellular localization,
and a variety of metabolic cofactors [Sengupta and Seto, 2004;
Bolden et al., 2006; Xu et al., 2007; Dokmanovic et al., 2007a,b;
Blackwell et al., 2008]. Phosphorylation and subsequent association
with the cytoplasmic protein 14-3-3, plays a role in the shuttling of
the class I HDACs, HDAC 4, HDAC 5, HDAC 7 and HDAC 9 between
cytoplasmic and nuclear localization. Tetradecapeptide repeat
domains of HDAC 6 are involved in maintenance of the cytoplasmic
localization of this enzyme. HDACi can selectively suppress the
expression of HDAC 7 gene and, to a lesser extent, HDAC 4 gene
[Dokmanovic et al., 2007b].

An increasing number of proteins are being identified as
substrates of HDACs which alters the structure and, as a
consequence, the activity of these target proteins (Table II) [Bolden
et al., 2006; Minucci and Pelicci, 2006; Xu et al., 2007; Dokmanovic
et al., 2007a; Blackwell et al., 2008]. Non-histone protein targets of
HDACSs include transcription factors, transcription regulators, signal
transduction mediators, DNA repair enzymes, nuclear import
regulators, chaperone proteins, structural proteins, inflammation
mediators, and viral proteins (Table II). Acetylation can alter the
stability of these proteins and affect protein-protein interactions.

TABLE II. Substrates of Histone Deacetylases (Partial List)*

These HDAC substrates are directly or indirectly involved in
numerous important cell pathways including control of gene
expression, regulation of cell proliferation, differentiation, migra-
tion, and death. As a consequence, HDACi can have multiple
mechanisms of inducing transformed cell growth arrest and cell
death (Fig. 1). This may be a key factor in the anti-cancer activity of
HDACi against a broad spectrum of hematologic and solid
neoplasms.

Altered expression of HDACs has been reported in association
with a number of human cancers [Glozak and Seto, 2007; Jones and
Baylin, 2007; Xu et al., 2007; Dokmanovic et al., 2007a; Blackwell
et al., 2008]. In ceratin transformed cells, HDAC 1 has been reported
to interact directly with transcription repressors, and with pocket
proteins, Rb, p107, p130, and with YY1, associated with deregula-
tion of cell proliferation. HDAC 2 and HDAC 3 protein levels have
been found increased in some colon cancers. HDAC 1 in gastric
cancers and HDAC 5 and HDAC 10 in lung cancers with poor
prognosis are reduced. HDAC 1 and HDAC 3 expression is elevated
in some breast cancer tumors. Lower HDAC 1 expression has been
associated with an invasive esophageal cancer phenotype. Increased
expression of HDAC 6 has been reported to correlate with improved
disease free and overall survival in patient with hormone sensitive
breast cancer. HDAC 2 over expression has been found in
precancerous lesions and colon cancers associated with abnormal
adenomatosis polyposis colli tumor suppressor gene. It remains to be
established whether these HDAC associations contribute to the
malignant phenotype.

Pathway Protein
HDACs HDAC!1 and possibly other HDACs

Cell motility o-Tubulin, cortactin

Chaperones HSP90, HSP70

Gene transcription factors and co-regulators
Chromatin structure

Nuclear receptors (DNA)

Signaling mediators

DNA repair Ku70, WRN
Nuclear import Importin-a7
Inflammation mediator HMGB1

Viral protein

p53, p73, GATA-1, 2 and 3, MyoD, E2F1, 2 and 3, PLAG-1 and PLAGL-2, c-myc, BCL-2, Rb, PGC-1«
HMG-A1, B1, B2, N1 and N2, SRY

Androgen receptor, glucocorticoid receptor, estrogen receptor o

SAT3, Smad7, B-Catenin

E1A, L-HDAg, S-HDAg

“See text for references.
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Fig. 1.

Zinc-dependent histone deacetylase inhibitors can induce transformed cell growth arrest and death by different pathways. HDACS, histone deacetylase 6; HIF-1c,

hypoxia induced factor-1a; HSP90, heat shock protein 90; PP1, protein phosphatase 1; ROS, reactive oxygen species; TBP2, thioredoxin binding protein 2; Trx, thioredoxin;

VEGF, vascular endothelial growth factor.

In addition to altered expression of HDACs, aberrant recruitment
of these enzymes to specific loci occurs in certain malignancies.
Aberrant recruitment of HDACs to transcription factors that involve
oncogenetic DNA binding fusion proteins resulting from chromo-
somal translocation or over expression of repressive transcription
factors, such as, the oncogenic PML-RARa, or PLZF-RAR«, and
AML1-ETO fusion proteins are found in acute promyelocytic
leukemia and acute myeloid leukemia respectively. The transcrip-
tion factor BCL-6 is over expressed in large B cell lymphomas and
recruits HDAC 2.

Structural mutations in HDACs appear to be rare in cancers. A
truncation mutation of HDAC 2 has been discovered in human colon
cancer and human endometrial cancer cell lines. A human prostate
cell line has been found that does not express HDAC 6, with
consequent constitutive accumulation of acetylated a-tubulin and
other acetylated proteins that are targets of this deacetylase
[Parmigiani et al., 2008].

Histone deacetylase inhibitors generally have in common three
structural characteristics: a zinc binding moiety, an opposite
capping group, and a straight chain alkyl, vinyl or aryl linker
connecting the two (Table III). Based on the co-crystal structures of
hydroxamate inhibitors with HDAC4, HDAC 8 and an anaerobic
bacterial HDAC like protein (HDLP) [Finnin et al., 1999; Somoza
et al., 2004; Vannini et al., 2004], it is clear that these functional
groups interact with three conserved regions of the active site. The

first is the zinc ion that facilitates amide hydrolysis and is at the
bottom of the narrow catalytic pocket. The second is a hydrophobic
tunnel through which an acetyl-lysine substrate penetrates. The
aliphatic chain with six carbons usually being an optimal link of the
two functional groups. The third structure is at the channel opening
where the rim interacts with the hydrophobic capping group. The
rim has a greater degree of amino acid sequence diversity compared
to the other two domains and, therefore, may have the most
potential to be manipulated to develop selective HDACi.

Inhibitors of the zinc dependent HDACs have been discovered
which are of several different structural classes, including
hydroxamic acids, cyclic peptides, electrophilic ketones, short-
chain fatty acid, and benzamides [Kozikowski et al., 2007; Marks
and Breslow, 2007; Xu et al., 2007; Dokmanovic et al., 2007a; Butler
and Kozikowski, 2008; Estiu et al., 2008; Khan et al., 2008; Moradei
et al., 2008; Shankar and Srivastava, 2008; Jones et al., 2008a;
Schemies et al., 2009] (Table III). The structural diversity among
HDACI suggests that the mechanisms of action of these compounds
may involve the interaction of the HDAC with other proteins
independent of its deacetylase activity. Several HDAC inhibitors
have been designed based on a rational approach using the structure
of the catalytic site of HDACs. Assay of HDACi activity of the
different compounds has been based on using purified recombinant
HDACs and/or antiproliferative cell based assays with various
transformed cells. Cell free assays with recombinant HDACs do not
always reflect the activity of an inhibitor in cell-based assays.

A number of structurally diverse HDACi are in clinical trials
as monotherapy and/or in combination with other anti-cancer
agents (see Clinical Development of HDACi Section). Vorinostat
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TABLE 1III. Histone Deacetylase Inhibitors in Clinical Trials (Partial List)*

Drug Name

Structure

Potency (in vitro)

Clinical trials

Vorinosat (SAHA, Zolinza)

Panobinostat (LBH589)

Belinostat (PXD101)

ITF-2357

PC-24781 (CRA-024781)

Romidepsin (Depsipeptide, FK228)

Valproic acid

Phenylbutyrate (VP-101, EL-532)

Pivanex (AN-9)

SB-939

Entinostat (MS-275, SNDX-275)

MGCDO0103

JHJ-26481585
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pmol/L

pmol/L

pmol/L

pmol/L

FDA approved —CTCL,
PhII-III (p.o.)

PhI-II (p.o.), PhII (i.v.)

PhII (i.v.), Phl (p.o.)

PhI-II (p.o.)

Phl (p.o.)

PhI-II (i.v.)

PhII-III (p.o.), PhiI (top.)

PhlI (p.o.)

PhI-II (i.v.)

PhI (p.o.)

PhI-II (p.o.)

PhI-II (p.o.)

PhI-I (p.o.)

“See text for references.
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(suberoylanilide hydroxamic acid, SAHA) is the first HDACi
approved for cancer therapy-advanced cutaneous T-cell lymphoma
[Marks and Breslow, 2007]. All HDACi reported to date have some
isoform selectivity based on cell free assays with purified human
recombinant HDACs (Table III). Differences in the reported
selectivity of HDACi may reflect differences in assay conditions
[Bolden et al., 2006; Kozikowski et al., 2007; Rasheed et al., 2007;
Xu et al., 2007; Dokmanovic et al., 2007a; Butler and Kozikowski,
2008; Estiu et al., 2008; Khan et al., 2008; Moradei et al., 2008; Jones
et al., 2008a; Schemies et al., 2009]. For example, vorinostat (SAHA)
was found to inhibit class I HDACs, HDACs 1, 2, 3, and 8, class II
HDACSs, HDACs 6 and 10 and HDAC11. Vorinostat does not inhibit
HDAC 4, 5, 7, and 9 at concentrations that are clinically relevant.
N-Carboxycinnamid acid bishydroxamic is a potent HDAC inhibitor
and the structural bases for several derivatives including panobino-
stat (LBH589), and bleinostant (PXD-101) (Table III). These HDACi
target a similar profile of HDACs as vorinostat. The cyclic
peptides are a structurally complex group of HDAC inhibitors,
such as, romidepsin (depsipeptide). Romidepsin inhibits primarily
HDAC 1 and, more weakly, HDACs 2 and 3. In in vitro assays, the
hydroxamic acid and cyclic peptide inhibitors are active at
nanomolar concentrations. Benzamide derivatives, including Enti-
nostat (MS-275) and MGCDO0103 are also active at nanomolar
concentrations. Entinostat selectivity inhibits HDACs 1, 2, and 3.
Butyrates and phenylbutyrate are drugs that have been on the
market for non-oncologic uses for years and have recently been
shown to have activity as HDAC inhibitors. These short chain fatty
acids inhibit HDAC activity at millimolar concentrations. Valproic
acid (VPA) an anticonvulsant has been shown to have HDACi
activity also at millimolar concentrations. AN-9, pivaloyloxymethyl
butyrate, is a novel prodrug of butyric acid. Tubacin is a small
molecule which selectively inhibits HDAC 6 activity [Haggarty
et al., 2003].

A number of HDAC isoform selective or specific inhibitors are
currently in development [Haggarty et al., 2003; Somoza et al.,
2004; Kozikowski et al., 2007; Rasheed et al., 2007; Butler and
Kozikowski, 2008; Estiu et al., 2008; Khan et al., 2008; Moradei
et al., 2008; Jones et al., 2008a; Schemies et al., 2009]. A question in
the field of HDACi development which remains unanswered is
whether selective inhibition of HDACs would be advantageous over
the broader HDAC inhibitors as anti-cancer agents.

HDAC] have multiple biologic effects consequent to alteration in
patterns of acetylation of histones and many non-histone proteins
which include proteins involved in regulation of gene expression,
pathways of extrinsic and intrinsic apoptosis, cell cycle progression,
redox pathways, mitotic division, DNA repair, cell migration, and
angiogenesis (Fig. 1) [Bolden et al., 2006; Minucci and Pelicci, 2006;
Glozak and Seto, 2007; Jones and Baylin, 2007; Rasheed et al., 2007;
Xu et al., 2007; Dokmanovic et al., 2007a; Blackwell et al., 2008;
Moradei et al., 2008; Shankar and Srivastava, 2008]. HDACi also
have immunomodulatory activity that may contribute to mediating
their anticancer effects. Further, in contrast to most cancer
therapeutic agents, HDACi can induce death of transformed cells
in both the proliferative and non-proliferative phases of the cell
cycle [Burgess et al., 2004]. The mechanisms of action of HDACi are
clearly complex and not completely elucidated. Nevertheless, the

effect of HDACi on proteins that play a role in regulating many
different cell pathways makes these agents attractive as potential
anti-cancer therapeutics given the multiple defects that characterize
most cancer cells [Jones et al., 2008b].

Various studies using cDNA arrays have found that between 2%
and 20% of expressed genes are altered in transcription in the cells
exposed to HDACi [Bolden et al., 2006; Dokmanovic et al., 2007a;
Shankar and Srivastava, 2008]. HDACi increase the expression of
about as many genes as are suppressed. The number and type of
genes whose transcription is altered by HDACi is determined, in part,
by the duration of exposure of the cells to the inhibitor, the HDACi to
which the cells are exposed and the type of transformed cell studied
[Ungerstedt et al., 2005]. Some changes in gene expression appear to
be a direct effect of HDACi on the gene promoter and transcription
factor complex while other changes in gene expression are
downstream effects. While the patterns of alteration of gene
expression are similar for different HDAC inhibitors, there are
differences induced by different inhibitors [Peart et al., 2005]. The
basis for the gene selective action of HDAC inhibitor in altering
transcription is not well understood and may be determined, in part,
by the composition of the transcription factor protein complexes
[Gui et al., 2004].

HDACi induce cell cycle growth arrest in both normal and
transformed cells [Ungerstedt et al., 2005; Xu et al., 2007]. Low
concentrations of HDACi predominantly induce G1 arrest, while
high concentrations induce both G1 and G2/M arrests. The increase
of the cyclin dependent kinase (CDK) inhibitors and the decrease of
cyclins induced by HDACi may work together to account for the
reduced CDK activity and cause G1 and G2 arrest [Bolden et al.,
2006; Xu et al., 2007]. CDK inhibitor p21 (WAF1/CIP1) is one of the
most commonly induced genes by HDACi. HDACi induced p21
expression is independent of p53 and correlates with the alterations
of proteins associated with p21 promoter, including an increase in
the acetylation of histones, a marked decrease in HDAC1 and Myc
and recruitment of RNA polymerase II [Gui et al., 2004]. CDK
inhibitor p27 (Kip1) is induced in some, but not all, tumor cells.
HDAUCI can decrease the expression of cyclin D1 and cyclin A, and
contribute to the G1 and G2 arrest, respectively.

HDACi can activate the extrinsic and/or intrinsic apoptotic
pathways. HDACi up-regulate the expression of both death receptors
and their ligands in vitro and in vivo in transformed cells, but not in
normal cells. HDACi induced or increased expression of Fas and
FasL, TRAIL and its receptor DR-5 and TNF-a. c-FLIP, an inhibitor of
the death receptor pathway, was down-regulated by HDACi [Bolden
et al.,, 2006; Rosato et al.,, 2006; Xu et al.,, 2007; Shankar and
Srivastava, 2008].

The intrinsic or mitochondrial apoptotic pathway is a major
mechanism of HDACi induced cell death. HDACi activate this
pathway by causing the release of cytochrome c from mitochondrial
intermembrane space and activation of caspase-9, while over-
expression of Bcl-2 or Bel-X;, which protect mitochondria, inhibits
HDACi-induced apoptosis [Bolden et al., 2006; Xu et al., 2007]. Bid
cleavage, which can initiate the intrinsic apoptotic pathway, occurs
before mitochondrial disruption in CEM cells cultured with
vorinostat. HDACi can up-regulate pro-apoptotic proteins of
Bcl-2 family, such as Bim, Bmf, Bax, Bak, and Bik and decrease
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antiapoptotic proteins of Bcl-2 family, such as Bcl-2, Bel-X, Bel-w,
Mcl-1, and XIAP and survivin [Robbins et al., 2005; Bolden et al.,
2006; Rosato et al., 2006; Xu et al., 2007]. The mechanism of these
effects are not well understood. The basal level of these proteins vary
dramatically in different tumor cells even of the same type of cancer,
for example, prostate, as do the changes in these proteins induced by
HDACI [Xu et al., 2006].

HDACi can induce mitotic cell death of transformed cells by
causing mitotic defects. HDACi increase histone acetylation that
disrupts the structure and function of the centromere and the
pericentric heterochromatin with loss of binding to heterochromatin
binding proteins [Robbins et al., 2005]. Histone acetylation
interferes with histone phosphorylation and disrupts the function
of mitotic spindle checkpoint proteins, such as BubR1, hBUBI,
CENP-F, and CENP-E. HDACi cause degradation of two important
mitotic serine/threonine kinases, aurora A and B, and survivin,
which has dual role in apoptosis and mitosis [Robbins et al., 2005;
Zhang et al., 2008]. As a result, the cells show a transient arrest at
prometaphase, followed by aberrant mitosis such as missegregation
and loss of chromosomes, resulting in cell death by either apoptosis
or, mitotic cell death/catastrophe [Xu et al., 2007].

HDAUC] can induce autophagic cell death. Hela cells with Apaf-1
knockout or Bel-X| over-expression were induced to autophagic cell
death when cultured with vorinostat or butyrate [Xu et al., 2007; Oh
et al., 2008; Yamamoto et al., 2008]. HDAC1 may play a role in
autophagy because inhibition of HDAC1 with a specific inhibitor or
siRNA can induce autophagy. HDACi can induce senescence
in cultured fibroblast and in carcinoma cells associated with
polyploidy cells and mitotic defects [Xu et al., 2006].

Accumulation of reactive oxygen species (ROS) occurs in
transformed cells cultured with HDACI, such as vorinostat, TSA,
butyrate or entinostat [Ungerstedt et al., 2005; Xu et al., 2006].
Accumulation of ROS may be important in HDACi-induced cell
death. ROS scavengers such as N-acetylcysteine can decrease
HDACi-induced apoptosis. HDACi up-regulates the expression of
TBP-2. TBP-2 binds to and inhibits reduced Trx activity and
contribute to ROS accumulation in transformed but not in normal
cells [Ungerstedt et al., 2005]. Trx is also an inhibitor of apoptosis
signal-regulating kinase 1 (ASK1). ASK1 promotes apoptosis by
activation of SET1-JNK and MKK3/MKK6-p38 signaling cascades,
and by enhancing the expression of pro-apoptotic protein Bim
through a positive feedback on E2F1 activity [Tan et al., 2006].
Inhibition of Trx by TBP2 activates ASK1, which promotes
apoptosis.

Specific inhibition of HDAC6 activity or its downregulation by
siRNA increases accumulation of acetylated a-tubulin and cortactin
and is associated with inhibition of cell migration [Zhang et al.,
2007]. HSP90 acetylation disrupts its chaperone function and client
proteins such as pro-survival and pro-proliferation proteins Akt,
Ber-Abl, c-Raf, and ErbB2 can be poly-ubiquitinated and
degradated via proteasome pathway associated with apoptosis.
HDACi disrupt HDAC-protein phosphatasel complexes and acti-
vates the phosphatase which, in turn, inactivates Akt by depho-
sphorylation. Inhibition of HDACG6 leads to disruption of the anti-
apoptotic Akt pathway, by both Akt dephosphorylation and its
degradation.

Androgen receptor is also a client protein of HSP90, and
inhibition of HDAC6 can induce AR degradation [Chen et al., 2005].
HDACi can inhibit transcription of AR and block function of AR on
its target genes [Welsbie et al., 2009]. These findings suggest that
HDACi may be useful in combination treatment of both hormone-
dependent and hormone-refractory prostate cancers.

Another effect of inhibition of HDACS is to disrupt the aggresome
pathway. HDAC6 is a component of the aggresome, a cellular
structure that constitutes a major site of degradation for misfolded
protein aggregates, both non-ubiquitinated and ubiquinated
misfolded proteins. HDAC6 can bind both mono and poly-
ubiquitinated proteins. HDAC6 also binds p150, a component of
dynein motor complex, and acts as a bridge between the dynein
motors and the ubiquinated proteins leading to aggresome
formation. Inhibition of HDAC6 function makes cells more sensitive
to misfolded protein stress induced by protease inhibitor and, as a
consequence, to cell death [Hideshima et al., 2005]. This is a
mechanistic basis for a therapeutic strategy combining an HDACi
and a proteome inhibitor to treat certain cancers.

HDACi can block tumor angiogenesis in vitro and in vivo by
reducing expression of pro-angiogenesis factors including HIF-1a
and VEGF [Bolden et al., 2006; Minucci and Pelicci, 2006; Xu et al.,
2007]. HDACi can disrupt HIF-1a function by several different
mechanisms. HDACi can induce HIF-1a degradation by acetylation
at Lys532. Class Il HDACs, HDAC4 or HDACS6, physically associate
with HIF-1a and their selective inhibition by siRNA induced HIF-1a
degradation [Qian et al., 2006]. HIF-1a binds to HSP90 and HDACi
can disrupt HSP90 chaperone function, exposing HIF-1a to
proteasomal degradation. A decrease in HIF-1a activation can
result from inhibiting HDAC7 activity, since under hypoxic
conditions, HDAC7 translocates to the nucleus, interacts with
HIF-1a and increases its transcriptional activity. HDACi can inhibit
tumor angiogenesis by preventing endothelial cells from responding
to the angiogenic stimulus generated by VEGF [Bolden et al., 2006;
Minucci and Pelicci, 2006; Xu et al., 2007]. TSA and vorinostat
inhibit VEGF-induced expression of VEGF receptors and induce
semaphorin III expression in endothelial cells. These observations
support the use of HDACi in combination therapy with VEGF
inhibitors for various cancers.

Mechanisms of resistance to HDAC inhibitors are not well
elucidated. Resistance to HDACi may reflect drug efflux, epigenetic
alterations, stress response mechanisms and anti-apoptotic, and
pro-survival mechanisms [Fantin and Richon, 2007]. For example,
elevated levels of anti-apoptosis factor, BCL-2 or the redox proteins,
peroxiredoxins are reported in cancers resistant to chemotherapy
and radiation therapy [Fantin and Richon, 2007]. Resistance to
HDAC inhibitors can also be linked to factors, such as, poor
pharmacokinetics and tumor cell micro-environment.

DNA hyper-methylation may cause resistance to HDAG],
inducing compact nucleosomes with consequent block to access
of acetylases which can result in silencing of tumor suppression
genes. Increased activities of DNA damage repair mechanisms may
be an adaptive mechanism for cancer resistance to HDACi.

In general, multi-drug resistance mediated by drug efflux
mechanisms is not a major cause of cancer cell resistance to
HDACi with a possible exception of romidepsin (depsipeptide).
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Romidepsin is the only HDACi identified to date which is a substrate
of glycoprotein and multi drug resistant protein [Fantin and Richon,
2007].

Alterations in structure or expression of specific HDACs have
been shown to be a possible mechanism of resistance to HDACi. For
example, an inactivating mutation of HDAC2 has been identified in
certain human colon and endometrial cancer cell lines which is
associated with resistance to TSA.

Cellular polyamines are cationic molecules that have a role in
regulating gene expression by affecting the chromatin microenvir-
onment. Studies have shown that polyamines can modulate the
response to structurally diverse HDACi and depletion in polyamines
is associated with resistance to apoptosis induced by HDACi [Fantin
and Richon, 2007].

Resistance to HDACi can be associated with an increased capacity
of cancer cells to resist oxidative stress. HDACi cause increased
production of ROS. This may be a significant factor in the pro-
apoptotic affects of HDACI. Increased activity of thioredoxins and/
or peroxiredoxins, redox proteins that play a role in protection of
cells from ROS, may cause resistance to HDACi [Nonn et al., 2003;
Parmigiani et al., 2008].

Identifying resistance markers, such as, high levels of BCL-2,
peroxiredoxins, or polyamines is an area of investigation that can
lead to possible strategies to maximize the therapeutic efficacy of
HDACi by combining them with agents that target factor(s) that
contribute to resistance.

HDAC ] in combination therapy with targeted anticancer drugs,
cytotoxic agents, anti-angiogenesis drugs or radiation is potentially
very useful, based on results of preclinical studies and early clinical
trials [Bolden et al., 2006; Minucci and Pelicci, 2006; Glozak and
Seto, 2007; Jones and Baylin, 2007; Rasheed et al., 2007; Xu et al.,
2007; Dokmanovic et al., 2007a; Nolan et al., 2008; Shankar and
Srivastava, 2008]. In preclinical studies, HDACi have been shown to
be synergistic with diverse chemical and biological therapeutic
agents. For example, in acute promyelocytic leukemia the aberrant
recruitment of HDACs to the fusion proteins, PML-RARa or
PLZF-RARq, is a rational for using HDACi in combination with
all- trans retinoic acid as a therapeutic strategy and has been
demonstrated effective both in in vitro and in vivo preclinical
models. There is a molecular rational for the combination of HDACi
with DNA demethylating agents or the methyltransferase inhibitors
since hypermethylation can lead to compact nucleosomes resistant
to acetylation. In this combination therapy, the sequence of
administration of the agents, 5-aza-cytidine or 2’-deoxycytidine,
prior to the HDACi, appears to be important in achieving efficacy in
treating various cancers.

HDACi have shown synergy when used in combination with
chemotherapeutic agents, including, anthracyclines, carboplatinum,
taxanes, topoisomerase inhibitors, the nucleoside analogs, gemci-
tabine and fludarabine, antiangiogenic agents, azacytidine, tyrosine
kinase inhibitor, imatinib, proteasome inhibitor, bortezomib, the
apoptosis inducer, TRAIL, the heat shock protein (HSP90) antagonist
17-allylamino-17-demethoxy-geldanamycin, rituximab, trastuzu-
mab, and the EGFR inhibitor, erlotinib. As we better understand the
mechanisms of HDACi induced tumor cell death, particularly
the downstream anti-tumor pathways affected by HDACi, more

effective combination therapeutic strategies will be developed.
Indeed, it is likely that HDACi will be most effective therapeutically
used in combination with other anti-cancer agents [Carew et al.,
2008; Nolan et al., 2008].

Clinical Development of HDACi is an active area of investigation
[Glozak and Seto, 2007 ; Marks and Breslow, 2007; Xu et al., 2007;
Dokmanovic et al., 2007a]. Based on published reports, there are at
least 15 structurally different HDACi in clinical trials as mono-
therapy and combination therapy for hematologic and solid
neoplasms (Table III).

Vorinostat is the most advanced of the HDACi in clinical
development. Vorinostat was the first HDACi approved by Federal
Drug Administration for clinical use in treating patients with
advance cutaneous T-cell lymphoma [Duvic and Vu, 2007; Marks
and Breslow, 2007].

Panobinostat (LBH-589) is somewhat more potent than vorino-
stat. It is in phase I and II clinical trials for hematologic and solid
tumors as monotherapy and combination therapy. Several other
hydroxamic acid based HDACi including belinostat, ITF2357, and
JHJ 26481585 are in phase I and early phase II clinical trials
(Table IIT). For each of these agents, preliminary evidence indicates
anti-tumor activity including stable disease, partial response and, in
a few incidences, completes responses of transient duration. At least
two benzamides, entinostat (MS-275, SNDX-275), and MGCDO0103
are in clinical development. These agents, as with the hydroxamic
based drugs, are in trials as single agents and in combination with
other drugs.

Clinical trials with several of the HDACi include patients with a
wide variety of hematologic and solid neoplasms including chronic
lymphatic leukemia, Hodgkin lymphoma, myeloproliferative
disorder, B-cell lymphoma, acute myeloid leukemia, multiple
myeloma, head and neck cancer, brain tumors, melanoma, lung
cancer, hepatocellular cancer, breast cancer, ovarian cancer,
renal cell carcinoma, and pancreatic adenocarcinoma (www.
clinicaltrials.gov).

A useful marker of biological activity of HDACi is the
accumulation of acetylated histones in normal peripheral mono-
nuclear (PMN) cells. This marker does not correlate with clinical
efficacy—rather it is an indication that a biologically active in vivo
level of the HDACI is achieved. For example, a single oral dose of
vorinostat, 400 mg (0D, P.0.) will induce PMN cells to accumulate
acetylated histones in 2-4 h which returns to pretherapy levels in
10-14 h.

The main adverse affects of HDACI include fatigue, nausea,
dehydration, diarrhea, and thrombocytopenia. Generally, these side
effects are reversible upon cessation of administration of the drug.

Definitive reports of results of phase II or phase III clinical trials
with any of the HDAC] other than vorinostat therapy for CTCL have
not been published. The clinical development of HDACi remains
very much a work in progress, but is clearly an area of intense
investigation with different agents (Table III).
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HDACi are a promising new group of anticancer agents. We
anticipate that developing HDACi and increasing our understanding
of the effect of targeted inhibitors of HDACs will lead to anti-cancer
drugs that are safer and more effective than so called non-targeted
agents. HDACi can induce cancer cell death across a broad spectrum
of different types of hematologic and solid neoplasms. The
mechanisms of HDACi induced tumor cell death require further
elucidation. It is clear that these agents can cause cancer cell growth
arrest and cell death by more than one pathway including: extrinsic
and intrinsic apoptotic cell death, autophagy, and mitotic cell death,
and inhibit cell migration and tumor angiogenesis and alter
immune response. HDACi have histone and many non-histone
protein substrates. Normal cells are relatively resistant to HDACi
induced cell death. The basis of normal cell resistance to HDAGi is
not understood. It may be speculated that cancer cells, with multiple
defects, cannot reverse the critical effects of HDACi as normal cells
may do. A consequence of the relative resistance of normal cells to
HDAC] is the fact that HDAC], in general, are well tolerated in
clinical trials.

The HDACi developed to date are structurally diverse and
generally inhibit several HDACs. While HDACi have demonstrated
anti-tumor effect both pre-clinically and in clinical trials to date
across a broad variety of different cancers, only a proportion of
patients with a given diagnosis appear to respond to the HDACi. The
accumulated evidence to date indicates that HDACi may be most
useful in combination with other targeted or cytotoxic anti-cancer
drugs. It is clearly important to have a better understanding of the
mechanisms of action of HDACi and identify markers that may
predict response. Our best chance to identify predictive biomarkers
is to continue to gain better understanding of the targets of HDACs
and, it follows, of HDACi.

The structural variety of active HDACi suggest that, in part at
least, HDACs may have effects consequent to protein-protein
interactions as well as, their catalytic deacetylase activities. The fact
that many non-histone proteins are HDAC substrates suggest that
these enzymes may more properly be referred to as ‘“lysine
deacetylases.” The development of isoforms HDACi will be very
useful in elucidating the mechanism of action of each of the HDACs
and understanding which isoforms are necessary for therapeutic
efficacy and which contribute to off target toxicity. Among the
questions that remain to be addressed is whether isoform specific
HDACi may be clinically more useful than “pan” inhibitors.

Currently a number of clinical trials are going forward with
HDAC;i as monotherapy but an increasing number are with HDACi in
combination with different anticancer agents both chemotherapy, as
well as, targeted agents and radiotherapy, against a broad spectrum
of both hematologic and solid tumors.

Cancer cells typically contain multiple genetic deficits that
disrupt key cell pathways including regulation of cell division, cell
migration, and cell death. Recent studies have shown that tumors
such as pancreatic cancer and glioblastomas have a large number of
genetic defects revealing an extremely complex pattern of
abnormalities which suggest that therapeutic strategies that target

biological pathways and in particular, multiple biological pathways
are likely to be more effective therapeutics than drugs targeted at a
single gene or protein. This concept supports the need for continued
development of HDACI, particularly, in combination therapeutic
strategies.
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