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B Abstract Acetylation is a key posttranslational modification of many proteins re-
sponsible for regulating critical intracellular pathways. Although histones are the most
thoroughly studied of acetylated protein substrates, histone acetyltransferases (HATS)
and deacetylases (HDACsS) are also responsible for modifying the activity of diverse
types of nonhistone proteins, including transcription factors and signal transduction
mediators. HDACs have emerged as uncredentialed molecular targets for the develop-
ment of enzymatic inhibitors to treat human cancer, and six structurally distinct drug
classes have been identified with in vivo bioavailability and intracellular capability to
inhibit many of the known mammalian members representing the two general types of
NAD™-independent yeast HDACs, Rpd3 (HDACs 1, 2, 3, 8) and Hdal (HDACs 4, 5, 6,
7, 9a, 9b, 10). Initial clinical trials indicate that HDAC inhibitors from several different
structural classes are very well tolerated and exhibit clinical activity against a variety
of human malignancies; however, the molecular basis for their anticancer selectivity
remains largely unknown. HDAC inhibitors have also shown preclinical promise when
combined with other therapeutic agents, and innovative drug delivery strategies, in-
cluding liposome encapsulation, may further enhance their clinical development and

*Nonstandard abbreviations: AOE, 2-amino-8-0x0-9,10-epoxy-decanoic acid; ATRA, all-
trans-retinoic acid; CBHA, m-carboxylcinnamic acid bis-hydroxamide; CDK, cyclin-
dependent kinase; DAC, 5-aza-2'-deoxycytidine; HAT, histone acetyltransferase; HDAC,
histone deacetylase; HMT, histone methyltransferase; IMID-1, immunomodulatory thalido-
mide derivative 1; PB, phenyl butyrate; SAHA, suberoylanilide hydroxamic acid; SB,
sodium butyrate; TRAIL, tumor necrosis factor-related apoptosis-inducing ligand; TSA,
trichostatin A.
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anticancer potential. An improved understanding of the mechanistic role of specific
HDACS in human tumorigenesis, as well as the identification of more specific HDAC
inhibitors, will likely accelerate the clinical development and broaden the future scope
and utility of HDAC inhibitors for cancer treatment.

INTRODUCTION

The packaging of DNA into the higher order and dynamic structure of chromatin
provides a pivotal point of control for gene expression by regulating access of
transcription factors to DNA. Chromatin is composed of multiple repeating units
termed nucleosomes, which are comprised of 146 base pairs of DNA wrapped
around a core of eight histone proteins composed of two copies each of H2A,
H2B, H3, and H4. Posttranslational modifications play a prominent role in the
regulation of gene expression and signal transduction pathways. Phosphorylation,
methylation, acetylation, ubquitination, and sumoylation are the known modifi-
cations thought to influence chromatin architecture and regulate gene transcrip-
tion. The composition and consequences of these various histone modifications
are often referred to as the histone code, orchestrating an intricate regulation of
nucleosomal structure, DNA accessibility, and gene transcription (Figure 1). To
date, acetylation is the most thoroughly studied of these modifications; and while
the acetylation state of chromatin proteins is unquestionably very dynamic, it
seems to depend on the net local balance between histone acetyltransferase (HAT)
and histone deacetylase (HDAC) activities. Empirically observed is the fact that
HDAC activity is invariably increased in cancer cells, resulting in altered gene
transcription, impaired differentiation, increased cell survival, and dysregulated
proliferation (1).

Transcriptional Regulation and the Histone Code

Early models of how acetylation regulates transcription focused on the physical in-
teractions of the basic histone proteins with negatively charged DNA. The addition
of charge-neutralizing acetyl groups to lysine residues on histones disrupts inter-
actions with DNA, resulting in decompaction of chromatin, greater access of the
DNA to transcription factors, and the presence of a transcriptionally active genomic
locus. However, there is considerable evidence that these models are oversimpli-
fied. In cell culture studies, less than 10% of transcriptionally active genes appear
to be altered in response to treatment with HDAC inhibitors, with a near equal
proportion of these being induced as repressed (2, 3). This suggests that regulation
of gene expression by acetylation is more highly selective than would be expected
by a simple and unregulated physical disruption of histone-DNA structure, and
also likely involves chromatin-associated nonhistone proteins.

Nonetheless, the complex network of interdependent and site-specific histone
modifications associated with restricted and sequence-specific DNA binding by
transcription factors has resulted in a histone code hypothesis for gene-specific
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transcriptional control (4, 5). The code is set by a variety of histone tail-derivatizing
enzymes, including HATS for the acetylation of lysine residues (6), histone methyl-
transferases (HMTs) for methylation of histone lysine and arginine residues (7,
8), serine kinases for the phosphorylation of specific histone serine residues (9),
ubiquitin ligase for the addition of the 76-amino-acid 9-kDa protein ubiquitin
to specific lysine residues (10), and the sumoylation of lysine by the 11-kDa
small ubiquitin-related modifier (SUMO) (11). In addition, the activities of mod-
ification destabilizing enzymes such as HDACs, methylases, phosphatases, and
ubiquitin and ULP-related proteases help shape the status of the code. The com-
plexity of transcriptional regulation by histone modifications is further enhanced
by the interaction of HATs and HDACs with other proteins involved in chro-
matin modification, including methyl CpG-binding proteins and ATP-dependent
chromatin-remodeling complexes, which can lead to replication propagated and
more enduring epigentic modifications of DNA, such as the gene silencing cytosine
methylation of specific CpG dinucleotides (12-14).

The setting of the histone code involves establishing defined patterns of histone
tail modifications, whereupon a particular modification in turn affects subsequent
modifications. For example, histone deacetylation has been shown to activate lysine
(K) methylation, resulting in relatively stable transcriptional silencing (15). In an
eloquent experiment demonstrating sequential histone modifications, Kouzarides
and colleagues showed that upon estrogen stimulation, H3 is acetylated initially
at K18, then at K23, and finally methylated at R17 (16). A specific set of his-
tone modifications was proposed to direct DNA methylation (17). The reading of
the code can be accomplished through recognition of particular modifications or
groups of modifications (18, 19). The bromodomain of proteins such as BRG1 and
TAFII250 and the chromodomain of HP1 recognize acetylated lysines and methy-
lated lysines, respectively (20-22). Certain combinations of modifications can also
dictate the recruitment of various cis- or trans-acting regulatory proteins. The role
of the particular modification in transcriptional signaling may also be influenced
by the degree and stability of the modification. Lysine residues may be modified
with one, two, or three methyl groups, and the degree of methylation determines
if transcription of certain genes is activated or repressed (23, 24). The methylated
lysines, and more so the methylated cytosines in DNA, are more stable modifi-
cations than the relatively dynamic modifications of histone tail acetylation and
phosphorylation. Thus, with the lack of any known histone or DNA demethylases,
methylation may be more important in epigenetic memory, whereas the acetyla-
tion status of histones may be more of a switch that can be rapidly reset and allow
transcription to respond more rapidly to changes in the cell’s environment.

The histone code is just beginning to be deciphered and thus its complexity
and its role in carcinogenesis are far from understood. Although it is obvious that
a wide variety of posttranslational protein modifications are responsible for reg-
ulating transcription of any given gene and as such can play important roles in
human cancer cell behavior, the remainder of this review focuses specifically on
the preclinical and clinical development of HDAC inhibitors as potential anticancer
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agents. In this regard it is important to note that the activity of a wide variety of
nonhistone transcription factors and co-regulators of transcription are known to
be modified by acetylation, and both are structurally and functionally affected by
HDAC inhibitors. Acetylation may enhance or inhibit the function of transcrip-
tional activators as well as transcriptional repressors; therefore, enhancing their de-
gree of acetylation by cell treatment with an HDAC inhibitor can either increase or
repress the transcription of genes regulated by such nonhistone proteins (Table 1).
TFIIE (25), TFIIF (25), p53 (26), androgen receptor (27), estrogen receptor-« (28),
and GATA-1 (29, 30) are promoter-binding and transcription-regulating proteins
shown to be acetylated in response to HDAC inhibition. In addition, other DNA
binding nonhistone proteins are functionally affected by acetylation. For example,
HMG-17 is a nucleosomal binding protein responsible for unfolding the higher or-
der structure of chromatin and thus exerts indirect control over gene transcription;
and acetylation of HMG-17 has been shown to reduce its binding to chromatin
3.

Classification of HDACs

There are three major groups or classes of mammalian HDACs based on their
structural homologies to the three distinct yeast HDACs: Rpd3 (class I), Hdal
(class II), and Sir2/Hst (class III). Class IIl HDACs consist of the large family of
sirtuins (SIRs) that are evolutionarily distinct, with a unique enzymatic mecha-
nism dependent on the cofactor NAD™, and are virtually unaffected by all HDAC
inhibitors currently under development (32, 33). This review focuses on the NAD -
independent class I and II HDACs (Figure 3), as they are evolutionarily similar,
contain an active site zinc as a critical component of their enzymatic pocket, have
been more thoroughly described in association with cancer, and are thought to
be comparably inhibited by most currently available HDAC inhibitors. The Rpd3
homologous class I HDACs include HDAC1, HDAC2, HDAC3, and HDACS.
They are widely expressed in a variety of tissues and are primarily localized in
the nucleus. The Hdal homologous class II HDACs include HDAC4, HDACS,
HDAC6, HDAC7, HDAC9 (a and b isoforms), and HDAC10, and are structurally
much larger in size. Class I HDACs can shuttle between the nucleus and cyto-
plasm (34-37), suggesting different functions and cellular substrates from Class I
HDACSs. HDACS6 in particular is predominantly localized in the cytoplasm (38).
Class II HDAC:s also display a more limited tissue distribution (39—41). HDACs
4, 8, and 9 are expressed to a greater extent in tumor tissues than in normal tissues,
with HDAC 4 demonstrating the greatest difference in this regard (39). Class 11
enzymes have also been shown to be specifically involved in differentiation (40).
Finally, HDAC6 and HDACI10 are unique among class Il HDACs in having two
catalytic domains (37, 40). Although there is some evidence that certain HDAC in-
hibitors display different degrees of HDAC specificity, considerable research must
still be performed to delineate differences in HDAC function, their roles in cancer,
and their sensitivities to drugs. Some of these differentiating features are reviewed
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TABLE 1 Nonhistone proteins whose acetylation may be increased by HDAC inhibitors

Protein Intracellular function Reference(s)
pS3 Tumor suppressor (26, 145, 146)
c-Myb Protooncogene—regulates proliferation and (147)
differentiation
GATA-1 Differentiation of blood cells (29, 30)
Estrogen Stimulates growth of certain breast cancers (28)
receptor-o
TFIIE General transcription factor 25)
TFIIF General tanscription factor 25)
Androgen Androgen-dependent transcription factor 27)
receptor
hsp90 Chaperone—targets proteins for degradation (82)
by proteasome
«-tubulin Microtubule component (61, 148)
HMG-17 Unfolds higher order chromatin structure 31
HMGI Essential architectural component for enhancesome (149)
assembly
TCF | Transcriptional regulator (150)
PCNA DNA repair and replication, cell cycle control, (151)
chromatin remodeling
EKLF Red cell-specific transcriptional activator (152)
ACTR Nuclear receptor coactivator, HAT (153)
HNF-4 Transcriptional activation (154)
Importin-o Nuclear import factor (155)
NF-«B Regulates antiapoptotic responses (156)
ER81 Downstream effector of HER2/neu and Ras (157)
SF-1 Transcription factor—expression of steroidogenic (158)
proteins
Ku70 Suppresses apoptosis (159)
UBF Structures DNA in ribosomal enhancesome (160)
Sp3 Transcriptional activator or repressor (161)
TAL1 Regulator of normal and leukemic hematopoiesis (162)
YY1 Multifunction transcription factor (163)
E2F1 Cell cycle activator—required for progression (164)
MyoD Stimulates cdk inhibitor p21 (165)

PCNA, proliferating cell nuclear antigen; SF-1, steroidogenic factor-1; UBF, architectural upstream binding factor.
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in detail elsewhere (39). Unraveling specific roles by these HDAC isozymes during
human tumorigenesis will further incentivize development of more specific HDAC
inhibitors (42), potentially enhancing their clinical activity as well as decreasing
their nonspecific toxicities, while also optimizing potential interactions with other
rationally designed and integrated therapeutic agents.

STRUCTURAL CLASSES AND MECHANISTIC
ACTIONS OF HDAC INHIBITORS

The six structurally distinct classes of HDAC inhibitors (Figure 2) act by binding to
various portions of the catalytic domains within class I and Il HDACs (Figure 3A).
Although reviewed here briefly, a detailed examination of the medicinal chemistry
and activity relationships for these structurally varied inhibitors is beyond the
scope of this review, and the reader is directed to several excellent reviews on
this subject (43—45). Hydroxamic acid-type chelators, including TSA, SAHA,
and LAQS824, have three basic components (Figure 3B): (a) a hydroxamic acid
moiety that chelates the active zinc in a bidentate manner, hydrogen bonds with
residues composing the charge relay systems, and displaces the nucleophilic water
molecule present in the active site; (b) a hydrophobic spacer that has a length
optimal for spanning the length of the hydrophobic pocket and dimensions capable
of navigating the narrowest segment of the cavity; and (c¢) a hydrophobic cap that
blocks the entrance to the active site. Design and understanding of the enzymatic
inhibitory mechanisms for various HDAC inhibitors was aided by solving the
crystal structure of an HDAC homologue that shares significant homology with
class I and class I HDACs, including all critical active site residues (46). The
active site of class I and class I HDACs includes critical zinc and water molecules;
two charge relay systems, where aspartate residues act to increase the basicity of
histidine residues by polarizing the epsilon nitrogen; and an active site tyrosine
residue that coordinates to the acetyl oxygen during the transition state (Figure 3C).
The zinc ion acts by polarizing the acetyl carbonyl to make the carbonyl carbon
a better electrophile for attack by the activated water molecule. Substitution of
other divalent cations, or chelation of the zinc cation by a small-molecular-weight
chelator, abolishes enzymatic activity. A hydrophobic pocket high in aromatic
and glycine residues leads to the active site, with the narrowest point having a
distance of 7.5 A marked by two opposing phenylalanine residues. A depiction
of the predicted transition state interaction between HDAC1 and the hydroxamic
acid—type inhibitor LAQ824 is shown in Figure 3C. Hydroxamates with five or six
carbon spacers were found to be the most active inhibitors (47), and replacement of
the hydroxamic acid with a carboxylate was found to eliminate inhibitory activity
(48).

Epoxyketone-based HDAC inhibitors, such as trapoxin B, HC-toxin, or 2-
amino-8-0x0-9,10-epoxydecanoic acid (AOE), may act by chemically modify-
ing an active site nucleophile with the epoxy group (49) and forming important
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Figure 2 Structural classes of HDAC inhibitors. Six basic classes of HDAC inhibitors
are shown: (a) small-molecular-weight carboxylates, including sodium butyrate, valproic
acid, and sodium phenylbutyrate; (b) hydroxamic acids, including CBHA, TSA, SAHA,
and LAQS824; (c) benzamides, including MS-275 and CI-994; (d) epoxyketones, including
AOE and trapoxin B; (e) cyclic peptides, including depsipeptide and apicidin; and (f) hybrid
molecules, such as CHAP31 and CHAPS50.
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Figure 3 Structural basis for hydroxamic acid inhibition of HDACs. (A) Structural ho-
mology of class I and II HDACs showing hydroxamate-inhibiting catalytic domains.
(B) Functional components of hydroxamic acid—-type HDAC inhibitors (LAQ824). Hydrox-
amic acid—based HDAC inhibitors are composed of four primary functional components: (a) a
zinc-chelating hydroxamic acid, (b) a linker region, (c) a polar site, and (d) a hydrophobic cap
that blocks the active site. (C) Predicted transition state inhibition of HDAC1 by LAQ824.

hydrogen bond contacts with the ketone. Elimination of the ketone, or reduction of
the ketone to an alcohol, abolishes the activity of these molecules (50). Trapoxin
B and HC-toxin also contain a five-carbon linker for transversing the cavity and a
cyclic tetrapeptide capable of acting as a hydrophobic cap for the cavity. Trapoxin
B is a hybrid molecule and can also be listed with the cyclic peptide HDAC in-
hibitors. The combination of cyclic peptide and epoxyketone resulted in nanamolar
HDAC inhibitory activity.

The carboxylates or short-chain fatty acids, including sodium butyrate, valproic
acid, and sodium phenylbutyrate, have much weaker HDAC inhibition constants
(Kjs), commonly in the millimolar range. In spite of their weak activity, several of
these agents have been studied clinically (51) owing in part to their clinical use for
alternative medical indications. The most commonly studied members of this class
are simple molecules with alkyl or phenylalkyl carboxylates. The carboxylate is
thought to coordinate with the zinc ion in the active site, albeit more poorly than
in the case of hydroxamates.

Cyclic peptide HDAC inhibitors have been discovered or developed that either
contain an epoxyketone group (HC-toxin, trapoxin B) or are devoid of it (Apicidin,
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Depsipeptide). In general, these inhibitors have nanamolar HDAC inhibitory activ-
ity and can have either irreversible (epoxyketone-based) or reversible mechanisms
of action. The macrocyclic peptide portion of the inhibitor binds tightly to the rim
or opening of the channel to the active site, whereas an aliphatic linker navigates the
channel to the active site (44). Depsipeptide, also known as FK228, is a prodrug
that requires intracellular reduction to liberate a sulthydryl-containing aliphatic
group that enters the active site and binds the active site zinc and water molecule
(44, 52). Hybrid molecules, including CHAP31 and CHAPS50, that possess both
a cyclic peptide and an aliphatic hydroxamate have been prepared and shown to
have a reversible mechanism of action and remarkable inhibitory activity when
optimized in the range of 1-5 nanamolar (53, 54). The optimal linker in these
studies was found to have five methylenes, similar to that described previously for
other hydroxamates (47).

Inhibitors of the benzamide class, such as CI-994 (55) and MS-275 (56), are
in general less active than members of the hydroxamate or cyclic peptide classes,
with Kjs in the micromolar range (44, 56). The mechanism of HDAC inhibition
for benzamides remains uncertain at present. In addition to the structural classes
of HDAC inhibitors described thus far, a variety of inhibitors have been prepared
that are not readily classified into one of the above mentioned five classes. Brosch
and colleagues have recently described 3-(4-Aroyl-1-methyl-1H-2-pyrrolyl)-N-
hydroxy-2-alkylamides containing a range of different metal chelating groups with
ICsps in the micromolar range (57, 58). Another series of Psammaplin derivatives
containing novel metal chelating groups have demonstrated considerably greater
inhibitory activity, with the most active of these compounds having nanomolar Kjs
(59).

Little is presently known about the potential selectivity of various HDAC class I
or IT isoforms for structurally different inhibitors. HDAC6 and HDAC10 both pos-
sess two catalytic domains that appear to be differentially inhibited by drugs that
preferentially bind near the entrance of the catalytic site (37, 54, 55). These class
II HDAC isoforms appear relatively resistant to trapoxin when compared to class
I HDAC:. Despeptide, MS-275, and several of the hybrid CHAP derivatives also
appear considerably more selective for HDAC1 over HDAC6 (54). TSA is gener-
ally considered a nonspecific HDAC inhibitor, as it has a similar K; for all isoforms
examined. Recently, Schrieber and colleagues described an HDAC6-specific in-
hibitor, tubacin (Figure 2), responsible for the deacetylation of tubulin, as well as
another “histacin,” which appears to be a histone-selective deacetylase (60, 61).
The continued development of isoform-specific inhibitors will undoubtedly remain
a major emphasis of HDAC inhibitor development.

ANTITUMOR MECHANISMS OF HDAC INHIBITORS

There is an everexpanding body of evidence supporting the involvement of, as well
as structural alterations in, various HATs and HDACs with development of can-
cer (62, 63). Broadly speaking, this includes evidence for their genetic disruption
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(e.g., translocation, amplification, mutation, overexpression) in a subset of hema-
tological and epithelial malignancies, as well as the aberrant genomic recruitment
of otherwise normal HDACs in conjunction with oncogenic transcription factors.
Such observations have led to the conclusion that defects and/or imbalances in the
genome’s acetylation machinery accompany changes in local chromatin structure
and oncogenic dysregulation of genes controlling cell cycle progression, differen-
tiation, and apoptosis. Despite these observations and conclusions, there are as yet
no specific HAT or HDAC measurements devised that can predict the sensitivity
of any given tumor to any class of HDAC inhibitor.

It has also been generally accepted that more actively transcribed chromatin
regions are associated with histone hyperacetylation and recruitment of HATS
(although HDAC: are also known to be recruited), and histone deacetylation asso-
ciated with recruitment of HDACs often restores these genomically active regions
to a more repressed and condensed chromatin state. Thus, an attractive paradigm
for the antitumor action of HDAC inhibitors has been the induction of histone
acetylation producing transcriptional activation of critical genes needed for tu-
mor growth arrest (1, 43, 44, 64-67). Unquestionably, HDAC inhibitors produce
a global increase in histone acetylation within hours of treatment of many dif-
ferent malignant and nonmalignant tissue types, including those showing little if
any biological consequences upon treatment with HDAC inhibitors. Thus, while a
global increase in the level of histone acetylation by itself cannot explain selective
changes in gene expression or specific patterns of antitumor activity following
HDAC inhibition, assaying for enhanced histone acetylation in readily sampled
cells or tissues (e.g., peripheral white blood cells) is being routinely employed
to demonstrate HDAC inhibitor bioavailability and activity. Greater attention is
currently being given to the expanding list of nonhistone proteins acetylated in di-
rect response to HDAC inhibition (Table 1), especially because many of these are
tissue/development-specific (EKLF, GATA-1, ERa, MyoD), oncogenic (c-Myb),
tumor-suppressing (p53), or even rather ubiquitous (TFIIE, TFIIF, TCF, HNF-4)
transcription factors.

Virtually all HDAC inhibitors currently in clinical development show some de-
gree of preclinical activity against malignant cells proliferating in culture and also
tumors growing in animal models; this antitumor activity may be characterized as
either inducing cytostasis (cell cycle arrest), differentiation, or apoptosis. How-
ever, the HDAC-dependent mechanisms accounting for the observed and rather
selective modulation of gene expression, as well as specific patterns of antitumor
activity, remain poorly understood. Several studies have now revealed that fewer
than 10% of expressed genes in a given malignant cell population are affected
by an antitumor dose of an HDAC inhibitor, with a near equal number of tran-
scriptionally active genes being repressed as those being stimulated; structurally
different HDAC inhibitors can similarly modulate expression of a relatively lim-
ited set of core genes (2, 3, 68). As shown in Table 2, among the commonly
up- and down-modulated gene transcripts identified in these expression microar-
ray studies, as well as in numerous single-gene expression studies (66—78), are
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TABLE 2 Tumor-associated proteins whose transcriptional expression is altered in response to
HDAC inhibitor treatment of cells

Regulated Function (oncogenic or antioncogenic/tumor

protein supressing) Reference(s)

Downregulated by HDAC inhibitors (e.g., oncogenic)

HER2/neu Growth factor receptor (EGFR class) (81)

TGF-8 Regulates cell proliferation and differentiation (166, 167)
through TGF-$ type II receptor

Thioredoxin Disulfide reductase, cytokine activity, can inhibit (168)
apoptosis

Telomerase Prevents telomere erosion 97)

RECK Regulates matrix metalloproteinases (86)

VEGF Angiogenic factor (87, 169)

bFGF Angiogenic factor 8&7)

Myb/c-MyBL2 Oncogenic transcription factor-regulation of (68)
transformation and differentiation

raf-1 Effector of Ras (68)

cyclin A Cell cycle regulator (111)

cyclin B Cell cycle regulator (111)

DAF Complement inhibitory protein (170)

abl Growth factor receptor, component of ber/abl chimeric (68)
kinase

DEK Putative role in regulating chromatin structure and (68)
postsplicing events

Proteasome Degradation of misfolded or oxidized proteins (68)

Upregulated by HDAC inhibitors

Fas/Fas ligand Proapoptotic (76)

Bcl2 Proapoptotic (78)

p53 Proapoptotic (169)

Bak, Bax, Bim Proapoptotic 171)

c-myc Inhibitor of differentiation (100)

Caspase 3 Cysteine protease involved in apoptosis, proapoptotic (125, 172)

Carboxypeptidase Carboxypeptidase, putative role in regulating (173)

A3 (CPA3) differentiation

RECK Negatively regulates matrix metalloproteinases (86)

p21WAFI/Cipl Cell cycle regulation (66, 70)

Gelsolin Regulation of cell morphology (70)

(Continued)
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TABLE 2 (Continued)

Regulated Function (oncogenic or antioncogenic/tumor
protein supressing) Reference(s)
ER« Estrogen-activated nuclear receptor regulates transcription (174)

of estrogen responsive genes
TSSC3 Regulates Fas-mediated apoptosis (68)
IGFBP-3 Augments IGF actions, promotes apoptosis, and inhibits 175)

cell growth

TBP-2 Inhibits thiol-reducing activity of thioredoxin (168)

Bak, Bcl2 antagonist killer; Bax, Bcl2-associated X protein; DAF, decay-accelerating factor; TBP-2, thioredoxin binding
protein; TSSC3, tumor supressing subtransferable candidate.

those encoding known tumor-associated proteins that mediate proliferation and
cell cycle progression, survival factors, growth factor receptors, kinases and sig-
nal transduction intermediates, DNA synthesis/repair enzymes, shuttling proteins,
transcription factors, and proteases.

Some study has gone into the question of how HDAC inhibitors actually relieve
transcriptional repression and reverse the differentiation arrest in malignancies
such as acute leukemia, where differentiation arrest and the malignancy pheno-
type induced by such chimeric oncoproteins as PLZF-RAR«, PLZF-RAR«, or
AMLI/ETO can be reversed, at least in part, by HDAC inhibitors (69, 79). In
other types of malignancies, HDAC inhibitors induce differentiation and/or apop-
tosis by activating transcription of CDKN1A through a p53-independent mecha-
nism, producing increased levels of the cyclin-dependent kinase (CDK) inhibitor,
p21WAFI/CIPT (66) Likewise, HDAC inhibitors have been observed to induce tran-
scription of other tumor suppressor genes such as gelsolin and maspin (70, 71).
When administered in combination with DNA demethylating agents such as 5-aza-
2'-deoxycytidine, HDAC inhibition can fully restore transcriptional expression to
various genes, including MLH1, TIMP3, CDKN2A, and CDK2NB, that have been
epigenetically silenced by promoter methylation during the course of tumorigen-
esis (72, 73).

Apart from the upregulation of epigenetically silenced tumor suppressor pro-
teins or induction of caspases and other proapoptotic proteins (26, 68, 74-78),
there are emerging data showing HDAC-induced repression of critical transform-
ing growth factor mechanisms, such as those involving oncogenic tyrosine kinases
like ber/abl and ErbB2 (80-82). We recently reported that HDAC inhibitors can
selectively repress ErbB2 transcript levels by two distinct HDAC-dependent mech-
anisms: repression of new ErbB2 transcript synthesis and the accelerated decay of
mature ErbB2 mRNA (81). The hydroxamic acid TSA was identified in a high-
throughput cell-based chemical screen for its ability to repress ErbB2 promoter
activity (81). Figure 4 (panel A) compares the potency of TSA against several
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other HDAC inhibitors for their ability to inhibit ErbB2 promoter function. Of
interest, the rank order of potency for the HDAC inhibitors shown in this screen-
ing assay (LAQ824 > TSA > A1616906 > SAHA > CI994) is comparable to
their relative antitumor activity against several ErbB2 overexpressing breast can-
cer cell lines. When evaluated further against SkBr3 and other ErbB2-dependent
breast cancer cell lines (e.g., BT-474, MDA-453), HDAC inhibitors were shown to
inhibit the synthesis and elongation of nascent ErbB2 transcripts as well as desta-
bilize and accelerate the decay of mature cytoplasmic ErbB2 transcripts (Figure 4,
panels B and C). Although ongoing preclinical studies are confirming that ErtbB2-
dependent cancers appear somewhat more sensitive to HDAC inhibitors than
ErbB2-independent cancers, molecular studies are attempting to define the drug-
sensitive HDAC-dependent nuclear and cytoplasmic mechanisms that differen-
tially regulate ErbB?2 transcription and ErbB2 transcript stability, respectively. The
presence of multiple distinct HDAC-dependent mechanisms capable of control-
ling ErbB2 transcript levels suggests that even among ErbB2-dependent cancers,
there will be differential sensitivity to structurally different classes of HDAC in-
hibitors. Other investigators have identified HDAC-dependent posttranslational
mechanisms that can also downregulate the expression of oncoprotein kinases like
ErbB2 and ber/abl (80, 82). Acetylation of the chaperone protein, Hsp90, induced
by HDAC inhibition, results in the enhanced proteasomal degradation of ErbB2
and bcr/abl kinases. These examples of multiple mechanisms by which HDAC
inhibitors potentially downregulate critical oncogenic pathways also suggest new
combinatorial strategies for possible clinical evaluation, including HDAC inhibitor
treatment in conjunction with tyrosine kinase inhibitors (80, 82—-84) or Hsp90 an-
tagonists (85).

Apart from directly affecting transformed cells, HDAC inhibitors have also been
shown to inhibit tumor angiogenesis, suggesting additional therapeutic mecha-
nisms for the observed in vivo activity of these antitumor drugs (76, 86-88).
Depsipeptide was shown to suppress the expression of pro-angiogenic factors, in-
cluding vascular endothelial growth factor (VEGF) and basic fibroblast growth
factor (bFGF) (87). VEGF and bFGF mRNA levels were significantly reduced
in prostate tumor xenografts sensitive to this cyclic peptide HDAC inhibitor. The
hydroxamic acid HDAC inhibitor TSA was shown to upregulate the RECK pro-
tein responsible in part for inhibiting tumor metastasis and angiogenesis through
its action on matrix metalloproteases (86). The carboxylate and short-chain fatty
acid HDAC inhibitor, valproic acid, was also shown to inhibit angiogensis both
in vitro and in vivo via a mechanism involving diminished expression of endothelial
nitric oxide synthase (88). Additional miscellaneous or less well-studied tumor-
associated mechanisms may prove to be important in determining the ultimate
clinical utility of some HDAC inhibitors.

Last, various drug-resistance phenotypes have been shown to be modulated
by HDAC inhibitors (89-95). Treatment of different multidrug-resistant cell lines
with TSA or SAHA was shown to downregulate P-glycoprotein (93), helping
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reverse the multidrug-resistant phenotype. SAHA and oxamflatin were shown
in separate studies to overcome multidrug resistance (89, 94), whereas in one
study depsipeptide was shown to be a substrate for P-glycoprotein (94). In another
study, depsipeptide was shown to inhibit cell growth in irinotecan-, etoposide-,
and cisplatin-resistant cell lines in conjunction with its ability to inhibit telomerase
expression and activity (90). Telomerase is responsible for adding telomeric repeats
to the ends of chromosomes and is required for the relative immortality of cancer
cells; other investigators have also shown an inhibitory effect of HDAC inhibitors
on telomerase activity (96, 97). These diverse examples illustrate the immense
need for further studies to understand the relative importance of the many potential
in vitro and in vivo mechanisms by which HDAC inhibitors can produce antitumor
responses.

Figure 4 Transcriptional repression of ErbB2 induced by hydroxamic HDAC in-
hibitors is caused by a combination of both ErbB2 promoter repression and transcript
destabilization. (A) Employing our previously described high-throughput screening as-
say (81), an ErbB2-independent subline of MCF-7 breast cancer cells (MCF/RO6pGL-
4) bearing a chromatin-integrated ErbB2 promoter-driven luciferase construct was
used to compare the ErbB2 promoter repressing potency of four structurally differ-
ent hydroxamic acid-type HDAC inhibitors (SAHA, A1616906, TSA, LAQ824) and
a benzamide-type HDAC inhibitor (CI1994). After 24 h culture exposure to the in-
dicated drug doses, cell viability as measured by MTT assay (squares) shows little
change, whereas specific repression of ErbB2 promoter activity is detected by lu-
ciferase expression (diamonds). The benzamide inhibitor (C1994) shows slight ErbB2
promoter stimulation with no evidence of promoter repression; in contrast, the hy-
droxamic acid inhibitors show ErbB2 promoter repression at different potencies as
indicated by the 25% luciferase inhibitory concentration (uM IC25) values. (B) When
ErbB2-dependent SkBr3 breast cancer cells in culture are treated for 5 h with an
ErbB2 promoter—repressing dose of TSA, nascent ErbB2 transcript synthesis and
elongation, as measured by nuclear run-off assays (81), appears completely inhib-
ited, whereas nascent transcript synthesis of the Ets transcription factor ESX appears
marginally increased. (C) Total RNA extracted and Northern blotted after 5-h treat-
ment of cultured SkBr3 breast cancer cells shows treatment effects on mature long-
lived (~8 h half-life) ErbB2 transcripts (4.8 kb) in comparison to short-lived (<2 h
half-life) ESX transcripts (2.2 kb). Treatment for 5 h with an RNA polymerase in-
hibiting dose of Actinomycin D (10 pg/ml) demonstrates the expected absence of
ESX transcripts and partial decline in total ErbB2 transcripts. In contrast, and af-
ter 5-h treatment with comparable doses of the HDAC inhibitors TSA, CI994, and
LAQS824, ESX levels appear marginally increased, whereas ErbB2 transcript levels
are reduced below levels caused by Act D treatment, demonstrating the independent
ability of HDAC inhibitors to destabilize and accelerate the decay of mature ErbB2
transcripts.
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IN VIVO BIOLOGICAL AND CLINICAL CHARACTERISTICS
OF HDAC INHIBITORS

In Vivo Preclinical Antitumor Activity

Numerous animal model studies have demonstrated significant antitumor efficacy
for HDAC inhibitors from virtually every structural class (71, 87, 98—106). One of
the newest clinical candidates, the hydroxamate JINJ1641199 (Figure 2), exhibited
nanomolar HDAC inhibition and antitumor activity against lung, ovarian, and
colon cancer xenograft models, along with excellent oral bioavailability (106).
Another hydroxamate now in clinical trials, NVP-LAQ824 (Figure 2), shows potent
antitumor activity against human colon (Figure 5A) and lung cancer xenograft
models at submicromolar concentrations when administered parenterally every
day and with a maximal tolerated dose (MTD) that exceeds 100 mg/kg (101).
Likewise, TSA, SAHA, and pyridoxamide hydroxamates were previously shown
to have in vivo antitumor activity with daily parenteral dosing associated with little
systemic toxicity (98, 104, 105).

The cyclic peptide prodrug depsipeptide (FK228) demonstrates efficacy in
leukemia and lymphoma models (100, 103), which can be further enhanced in
combination with the cell-differentiating retinoid, ATRA (103). Depsipeptide was
also recently shown to have clinical activity in treating T cell lymphoma in early
Phase I/II trials (107).

Although most of the carboxylated short-chain fatty acid HDAC inhibitors have
displayed limited potency in vivo owing to their lack of specificity and high drug-
concentration requirements (51, 65), the prodrug AN-9 has shown good activity

Figure 5§ In vivo antitumor efficacy of hydroxamate-type HDAC inhibitor, LAQ824,
is dependent on dose, schedule, and formulation. Insert arrows in both panels show
treatment points. In vivo antitumor activity of LAQ824 was determined in (A) a human
colon (HCT116) tumor xenograft model and (B) liposomal LAQ824 in an ErbB2-
dependent human breast (BT474) tumor xenograft model. The drugs in both studies
were administered intravenously. For the free LAQ824 study (A), treatments started
when HCT116 tumors reached a mean size of 50 mm? and nude mice were injected
5 times per week for 3 weeks, for a total of 15 doses. The treatment groups were as
follows: (diamonds) 10% DMSO/D5W (control), (squares) 10 mg/kg/dose LAQ824,
(triangles) 25 mg/kg/dose LAQ824, (open circles) 50 mg/kg/dose LAQS24, and (closed
circles) 100 mg/kg/dose LAQ824. For the liposomal LAQ824 study (B), BT474 breast
tumor xenografts were allowed to grow to a size of approximately 250—-300 mm?. Mice
were then injected with either saline (open circles) or conventional liposomal LAQ824
(closed triangles) at a dose of 25 mg/kg weekly, for a total of 3 weeks, beginning
on day 27. The data are expressed as mean tumor volume = standard error. (A) was
adapted from Remiszewski et al. (101) with permission from the American Chemical
Society.
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in several murine tumor and human tumor xenograft models (108), and has shown
some encouraging results in early clinical trials (109).

The benzamide HDAC inhibitors, MS-275 (56, 71, 110, 111) and CI-994 (55),
have also shown in vivo activity against various tumor models. MS-275 was shown
to inhibit the growth of three different orthotopic pediatric tumor xenografts (110).
In another study, MS-275 administered orally was shown to have potent antitumor
activity against a series of seven different human tumors xenografts (71). Unfortu-
nately, antitumor doses of MS-275 in mice were also myelosuppressive, causing
decreases in red and white blood cells as well as platelets (111). A similar pattern
of toxicity was observed with CI-994 (112); and thrombocytopenia was a major
dose-limiting toxicity seen in Phase I and II clinical testing with CI-994 as well as
with the cyclic peptide depsipeptide (113, 114).

Clinical Toxicity and Antitumor Activity

Dose-limiting clinical toxicities and reported antitumor responses have been noted
in Phase I and II clinical trials for the limited number of structurally varied HDAC
inhibitors that have entered clinical testing to date. The carboxylate phenylbu-
tyrate given by prolonged intravenous infusion has a dose-limiting toxicity (DLT)
of somnolence and confusion, which has not been reported for the benzamide or
hydroxamate HDAC inhibitors (115) or for the carboxylate prodrug AN-9 (109).
The carboxylate valproic acid has been in clinical use for more than two decades
as an anticonvulsant and thus has well-described pharmacologic properties and
a well-tolerated side effect profile; clinical trials are in progress evaluating the
antitumor potential of valproic acid as an HDAC inhibitor. Despite thrombocy-
topenia being a DLT for both CI-994 and depsipeptide, evidence for antitumor
clinical activity upon oral daily dosing of CI-994 has been noted in patients with
several epithelial types of advanced solid malignancies [including nonsmall cell
lung cancer (NSCLC), renal cell carcinoma, and bladder cancer]. Likewise, two
Phase I trials of depsipeptide have suggested that patients with T cell leukemia
or lymphoma, as well as other occasional cases of refractory malignancies, may
achieve clinical benefit from this HDAC inhibitor (113, 116). Curiously, depsipep-
tide is the only clinically tested HDAC inhibitor reported to date that is associated
with a significant incidence of cardiac dysrhythmias and nonspecific EKG ab-
normalities (113). Among the hydroxamates, daily infusions of pyroxamide and
LAQ824 are currently under Phase I clinical evaluation, whereas a trial of infu-
sional SAHA was recently completed (115, 117). When given by 2-h infusions
daily five times, SAHA had a MTD of 300 mg/m?%day. Among treated patients
with advanced hematologic malignancies, myelosuppression (thrombocytopenia)
was the DLT. In those with advanced solid tumors, myelosuppression was observed
but was not a DLT; as well, nonspecific EKG changes without clinical signs or
symptoms were common. Fatigue was commonly observed with SAHA treatment
but was not dose-limiting and was similar to that previously reported for depsipep-
tide. Importantly, patients with renal cell carcinoma, head and neck squamous
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carcinoma, papillary thyroid carcinoma, mesothelioma, B and T cell lymphomas,
and Hodgkin’s disease all showed some degree of clinical improvement (115).

Pharmacokinetic Considerations

Although receiving less reported attention than studies elucidating the pharma-
codynamics of various HDAC inhibitors, the pharmacokinetic characteristics and
limitations of different HDAC inhibitors are of critical interest and will likely
prove to be an important determinant of their ultimate clinical utility. Inhibition of
intracellular HDAC activity commonly requires continuous systemic circulation
and drug exposure to achieve maximal tumor cytostasis or apoptosis and clinical
response. Rapid clearance, a high degree of protein binding, rapid metabolism,
or rapid inactivation of reactive functional groups (i.e., epoxy groups) are factors
that can adversely affect HDAC inhibitor bioavailability and antitumor activity.
Although occasionally used in the clinic, prolonged or daily infusions of any
drug are generally undesirable. The requirement of constant systemic exposure
by parenteral administration to achieve an active antitumor drug concentration
will most likely limit the clinical development of any HDAC inhibitor that is not
orally bioavailable. For this reason, the clinical development of SAHA shifted
from Phase I evaluation of daily intravenous infusions to a more recently designed
oral formulation (115).

Novel drug delivery systems that allow for controlled drug release may help cir-
cumvent the clinical inconvenience of daily infusions as well as generally enhance
the therapeutic index of HDAC inhibitors. We have recently evaluated the potential
of liposomes for delivering the HDAC inhibitor LAQ824. When formulated prop-
erly, liposomes can entrap and concentrate amphipathic drugs (achieving > 10,000
drug molecules per liposomal nanoparticle), releasing them slowly over time in
the plasma or delivering them specifically to solid tumors where they deposit their
drug in close proximity to the tumor, allowing for increased tumor accumulation
and drug exposure (118). In a pilot study administering liposomal LAQ824 on a
once-weekly schedule for three weeks, we observed significant growth arrest of
rapidly growing human breast tumor xenografts (Figure 5B). As shown in other
studies involving various tumor model systems, free LAQ824 requires daily in-
jections of generally higher doses to slow tumor growth (Figure 5A). More recent
studies with optimized formulations and targeted liposomal constructs have shown
even greater efficacy (119).

HDAC INHIBITORS IN COMBINATION
WITH OTHER AGENTS

The greatest potential of HDAC inhibitors may lie in their ability to modulate
the activity of other therapeutic agents. A variety of different drug combinations
have demonstrated considerable promise in treating cancer. These are reviewed
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more extensively in a separate review of the field (65), and are summarized in
Table 3. The pretreatment or coadministration of HDAC inhibitors with a wide
range of agents has repeatedly been shown to additively or synergistically enhance
apoptosis of cancer cells in culture (68, 82, 85, 120-125) as well as antitumor
efficacy in vivo (126—128). Notably, enhancements in activity have been observed
when HDAC inhibitors are combined with a number of different commonly used
chemotherapeutics (82, 120, 121). Nuclear receptor ligands (123, 127, 129, 130),
Hsp90 antagonists (85), proteasome inhibitors (68, 84, 131), signal transduction
inhibitors (80, 82, 124, 125, 132—-136), and DNA demethylating agents (72,73, 122,
128, 137) represent some of the more promising classes of agents. Demethylating
agents such as 5-aza-2’'-deoxycytidine (DAC) are particularly interesting owing to
the interaction of DNA methylation with histone deacetylation in gene silencing of
tumor suppressor genes, as mentioned above. Combinations of DAC with TSA or
depsipeptide were shown to reactivate silenced tumor suppressor genes including
MLHI, TIMP3, CDKN2B, CDKN2A, ARHI, gelsolin, and maspin (72, 73, 137),
synergistically increasing the level of tumor cell apoptosis (122). Combinations
of nuclear receptor ligands, such as all-trans retinoic acid (ATRA), or vitamin
D analogs, such as 1,25-dihydroxyvitamin D, with HDAC inhibitors have been
shown to increase differentiation and apoptosis in cancer cells (123, 127, 130) and
also inhibit tumor growth in vivo (127, 130, 138). Small-molecule kinase inhibitors
may also be rationally combined with HDAC inhibitors. Imatinib (Gleevec®) is
a specific inhibitor of Bcr/Abl with impressive clinical activity in the treatment
of chronic myeloid leukemia and selected other malignancies. Because LAQ824
has been shown to downregulate the expression of Bcr/Abl and also promote its
degradation through acetylation of Hsp90 (80), combinations of imatinib with
LAQS824 as well as other HDAC inhibitors, such as SAHA and apicidin, have
been tested and shown to dramatically increase the apoptosis of Bcr/Abl positive
leukemic cells (80, 83, 132, 133). A similar effect is seen when malignant cells
known to be transformed by oncogenic tyrosine kinases (ErbB2/HER2, Src/Abl,
PI3 kinase) are treated with HDAC inhibitors in combination with appropriate
kinase inhibitors like Herceptin®, PD180970, or LY294002 (80, 82, 124).

As noted above, expression of the CDK inhibitor p21WAFV/CIPL ig regulated by
HDAC:S and plays a critical role in determining whether cells undergo differenti-
ation or apoptosis in response to treatment with HDAC inhibitors (66, 70, 139).
Flavopiridol is a CDK inhibitor that results in a disruption of p21WAFI/CIPL jp_
duction and induces apoptosis. Its combination with HDAC inhibitors (SAHA,
depsipetpide, sodium butyrate) has been shown to result in a disruption of p21
induction and an additive or synergistic increase in tumor cell apoptosis (125, 135,
139, 140).

Proteasome inhibitors and Hsp90 antagonists represent two other groups of
interesting agents that may be rationally combined with HDAC inhibitors. Hsp90
is a molecular chaperone that stabilizes and controls the intracellular trafficking of
important client proteins, including ErtbB2/HER2, Ber/Abl, EGF, cyclin D1, c-Raf,
and steroid receptors. The inhibition of Hsp90 with amsacrine antagonists, such as
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TABLE 3 Therapeutic agents used in combination with HDAC inhibitors in preclinical and

clinical studies

Combined Combined
therapeutic agent HDAC inhibitor antitumor effects Reference(s)
Standard chemotherapy
Gemcitabine CI-994 Phase II trial— (176)
increased toxicity
VP-16 (etoposide) TSA, SAHA Synergistic (120)
cytarabine, etoposide, and PB Synergistic (121)
topotecan
Doxorubicin, melphalan, PB Additive (121)
chloroambucil, cisplatin,
carboplatin, fludarabine
Taxotere, gemcitabine, LAQS824 Additive (82)
epothilone B
Etoposide TSA Antagonistic (177)
Fludarabine MS-275 Synergistic (178)
IMID-1, dexamethasone SAHA Synergistic (68)
Demethylating agents
DAC TSA, depsipeptide Enhanced (122)
Depsipeptide Synergistic (73)
PB Synergistic (128)
PB Enhanced (179)
Nuclear receptor ligands
ATRA CBHA Synergistic 127)
la,25-Dihydroxyvitamin D3 TSA Synergistic (123)
SB
Signal transduction inhibitors
Imatinib mesylate (Gleevec) Apicidin Synergistic (83)
SAHA Synergistic (132)
Imatinib mesylate LAQS824 Synergistic (80)
or PD180970
Herceptin LAQ824 Synergistic (82)
LY-29, 4002 SAHA, SB, MS-275 Synergistic (124)
Flavopiridol SAHA Synergistic (125)
SB Synergistic (135)
Depsipeptide Synergistic (136, 140)
TRAIL SB Enhanced (180)
SB, SAHA Synergistic (181)
LAQS824 Enhanced (182)
Hsp90 antagonists and proteasome inhibitors
17-AAG SAHA Synergistic (85)
Bortezomib (PS-341) SAHA Synergistic (68)
SAHA, SB Synergistic (84)
SB Synergistic 141)
MG132 SB Synergistic (131)

ATRA, all-trans retinoic acid; CBHA, m-carboxylcinnamic acid bis-hydroxamide; DAC; 5-aza-2'-deoxycytidine; IMID-1,

immunomodulatory thalidomide derivative 1; TRAIL, tumor necrosis factor-related apoptosis-inducing ligand.
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17-AAG, results in proteasomal degradation of client proteins. Owing to the regu-
lation of Hsp90 function by acetylation, the combination of HDAC inhibitors and
Hsp90 antagonists is a reasonable therapeutic strategy. Experimentally, 17-AAG
in combination with SAHA or sodium butyrate inhibited induction of p21WAF/CIPL
inducing Bcl-2 cleavage, and synergistically enhanced tumor cell apoptosis (85).
Proteasome inhibitors slow the degradation of many important and diverse cellular
proteins, and their combination with HDAC inhibitors results in more complete
inhibition of proteasome activity, which may synergistically enhance tumor cell
apoptosis (68, 84, 131, 141).

There is additional evidence that HDAC inhibitors may improve the efficacy
of radiation therapy (142). In this study, pretreatment with depsipeptide greatly
increased radiation-induced apoptosis. In another study, the HDAC inhibitors
phenylbutyrate, TSA, and valproic acid were able to reduce cutaneous radiation
toxicity following radiotherapy (143). This poorly understood interaction whereby
HDAC inhibitors potentially increase radiation-induced tumor cell death while de-
creasing normal host cell toxicity deserves further study, as it may lead to more
novel clinical indications for HDAC inhibitors.

Although these provocative combination regimens based on cell culture studies
have rational appeal, they must be explored more fully in vivo to assure that
they do not also lead to enhanced host toxicity. One recent Phase II study of the
combination of gemcitabine and CI-994 in patients with NSCLC demonstrated no
improvement in efficacy over gemcitabine alone, primarily because of increased
toxicity that limited dose intensity and reduced the net therapeutic index of the
two-drug combination (176).

CONCLUSIONS

The complexities of the histone code and the various other nuclear as well as
cytoplasmic nonhistone proteins whose functions are modulated by acetylation
underscore why HDAC inhibition was an empirically discovered, as well as novel,
form of cancer therapy. The biology of the various HDAC isoforms and their rela-
tionship to tumorigenesis is just beginning to be elucidated and is largely driven by
the perceived clinical potential of HDAC inhibitors. It remains to be seen if a more
detailed understanding of the specific roles played by various HDAC isoforms
during human tumorigenesis leads not only to development of isoform-specific
inhibitors but also to more effective or less toxic antitumor therapeutics, as com-
pared to the multiclass HDAC inhibitors that are currently undergoing clinical
evaluation. Rationally designed combinations of HDAC inhibitors with various
other types of approved or investigational anticancer agents are showing promise
in tumor cell culture systems but must yet be proven in clinical trials. Of great inter-
est to many cancer investigators is the potential ability to derepress the expression
of epigenetically silenced tumor suppressor genes by administering HDAC in-
hibitors in combination with inhibitors of DNA methyltransferases. There is a
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similar level of preclinical interest in combining inhibitors of oncogenic kinases
with HDAC inhibitors to strategically downregulate critical oncogenic pathways
at transcriptional and posttranslational levels. The potential ability of HDAC in-
hibitors to overcome various drug-resistance phenotypes is yet another preclinical
strategy warranting clinical evaluation. Finally, little is presently published on the
pharmacokinetics and biodistribution of various HDAC inhibitors now under clin-
ical development. Owing to the preclinically determined need for constant drug
exposure to achieve in vivo tumor mass reduction by net inhibitory effects on tumor
cell proliferation and survival mechanisms, a more detailed study and comparison
of the pharmacokinetic profiles for various HDAC inhibitors is needed. Present
evidence suggests that more novel formulations and drug delivery strategies may
be able to significantly enhance the therapeutic index of even the most potent and
biologically active of currently available HDAC inhibitors. Although a clinical
role for HDAC inhibitors as novel cancer therapeutics seems almost inevitable
at present, their general clinical utility will likely depend greatly on the future
development of molecular or cellular predictors of their antitumor activity.
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Figure 1 Histones can be modified in a variety of ways, primarily in the tails of core his-
tones in a process that is referred to as the histone code. Acetylated lysine residues, methy-
lated arginines, methylated lysines, phosphorylated serines, sumoylated lysines, and ubquiti-
nated lysine residues all contribute to the histone code. The relative positions for each
modification on the various histone tails are depicted by symbols that are defined in the key.
The actual chemical modification of the various amino acids in the histone tails is shown with
the colored bonds indicating the modification and the amino acid residue shown in black.
This figure was adapted from Turner (4) and Spotswood & Turner (144) with permission.
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