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Epigenetic enzymes are often dysregulated in human tumors through mutation, altered expression, or inappro-
priate recruitment to certain loci. The identification of these enzymes and their partner proteins has driven the
rapid development of small-molecule inhibitors that target the cancer epigenome. Herein, we discuss the influence
of aberrantly regulated histone deacetylases (HDACs) in tumorigenesis. We examine HDAC inhibitors (HDACis)
targeting class I, IT, and IV HDAC:s that are currently under development for use as anticancer agents following the
FDA approval of two HDACis, vorinostat and romidepsin.

Introduction

Histone acetylation is an important determinant of gene expres-
sion. Acetylation is generally associated with elevated transcrip-
tion, while deacetylated histones are often associated with gene
repression. Histone deacetylases (HDACs) are critical regulators of
gene expression that enzymatically remove the acetyl group from
histones. A broader role for HDACs as acyl-lysine “erasers” is also
emerging with the discovery of additional acyl-lysine histone mod-
ifications such as crotonylation, succinylation, and malonylation
(1, 2). The activity of HDACs on nonhistone proteins is also a key
aspect of HDAC function (3). However, while a large number of
nonhistone HDAC substrates have been identified, the molecular
and biological consequences of nonhistone protein deacetylation is
yet to be elucidated for the majority of these targets. Three classical
HDAC classes (I, II, and IV) containing 11 HDACs have been iden-
tified thus far and are classified according to their homology to
yeast proteins, subcellular location, and enzymatic activities (these
distinctions are further described in Table 1 and Figure 1). The class
III HDAC:s, or sirtuins, possess NAD-dependent catalytic sites and
have some overlapping functions with the classical HDACs. How-
ever, sirtuins are not hindered by conventional HDAC inhibitors
(HDAC:s), and as such will not be discussed herein. The biological
outcome of HDAC inhibition is dependent on the HDAC speci-
ficity of the compound and intrinsic operation of cell-signaling
pathways. HDACis are best characterized as anticancer agents, and
investigation into their mechanisms of action and clinical efficacy
remains robust and active, and will be discussed further.

Rationale for targeting HDACs in cancer

An early indication that genome-wide changes in histone acety-
lation may underpin cancer onset and progression came from
a study demonstrating a global loss of monoacetylation and
trimethylation on histone H4 in cancer cells (4). Numerous cor-
relative studies have demonstrated aberrant expression of HDACs
in human tumors (Table 1), and expression of HDACI, -5, and -7
can serve as a molecular biomarker of tumor versus normal tis-
sue (5). Interestingly, in several cancer types, such as prostate (6),
colorectal (7), breast (8), lung (9, 10), liver (11), and gastric can-
cer (12), overexpression of individual HDACs correlated with

Conflict of interest: The Johnstone laboratory receives grant support from Novartis.

Citation for this article: ] Clin Invest. 2014;124(1):30-39. d0i:10.1172/JCI169738.

30 The Journal of Clinical Investigation

http://www.jci.org

significant decreases in both disease-free and overall survival and
was able to predict poor patient prognosis independent of other
variables such as tumor type and disease progression. Indeed, the
overexpression of HDACs has been linked to key events of tum-
origenesis such as the epigenetic repression of the tumor suppres-
sor gene CDKNI1A (encoding the cyclin-dependent kinase inhibitor
p21vafi/cipls ref. 13) and key genes encoding DNA damage repair
enzymes such as breast cancer 1, early onset (BRCAI) and ataxia
telangiectasia and Rad3 related (ATR) (14). However, it is clear
that HDAC overexpression is not always a negative prognostic
marker; indeed, elevated HDACG levels predicted better progno-
sis in patients with estrogen receptor-positive (ER-positive) breast
cancer (15). Furthermore, despite potent clinical activity of pan-
HDAC!s in cutaneous T cell lymphoma (CTCL), the overexpression
of HDACG6 correlated with improved prognosis, and acetylated H4
was associated with more aggressive lesions (16). Thus, the level of
HDAC expression and/or histone acetylation may not necessarily
indicate clinical sensitivity to oncology drugs, including HDACis.
Aberrant activity of HDACs is, however, linked to key oncogenic
events. The genetic knockdown of individual HDACs, most notably
HDACI, -2, -3, and -6, in a variety of tumor types such as colon,
breast, and lung and acute promyelocytic leukemia (APL) induced
apoptosis and cell cycle arrest (further described in Table 1), impli-
cating HDAC activity as a key mediator of survival and tumorigenic
capacity in these settings. Direct deacetylation of the tumor sup-
pressor p53 by HDACs leads to decreased transcriptional activity
(17), and the upregulation of oncogenes such as BCL2 is induced by
HDAC-mediated deacetylation and activation of the transcription
factors SP1 and C/EBPa (18). The aberrant recruitment of HDACs
to certain gene loci through binding to oncogenic fusion proteins
has also been proposed as an important mechanism of tumorigen-
esis. For example, AML1-ETO (a fusion of the acute myeloid leu-
kemia 1 [AML1] and eight twenty-one [ETO] proteins resulting
from t[8;21]) and PML-RARa (a fusion of promyelocytic leukemia
[PML] and retinoic acid receptor oo [RARa] fusion arising from
t[15;17]) gain corepressor activity upon aberrant recruitment of’
HDAC complexes (containing nuclear receptor corepressor [NCoR;
ref. 19]) and gain subsequent leukemogenic potential upon aber-
rant recruitment of mSin3a and silencing mediator for retinoid
and thyroid receptors (SMRT) (20). Indeed, HDACis are potent
inducers of apoptosis and terminal differentiation in leukemias
expressing AML1-ETO and PML-RARa (21, 22).
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Table 1
Aberrant regulation of HDACs in cancer

HDAC Normal and oncogenic

protein associations

Expression in cancer

review series

Class | (homologous to RDP3 yeast protein, nuclear location, ubiquitous tissue expression)

HDAC1 HDAC2, CoREST, NuRD, Elevated in gastricA,
Sin3, AML1-ETO, PML, breast®, colorectal,
PLZF, BCLS, p53, HL, lung?, liverA
AR, ER, Rb/E2F1

HDAC2 HDAC1, CoREST, NuRD, Elevated in gastric?,
Sin3, AML1-ETO, prostate®, colorectal?,
PML, PLZF, Bcl6 HL, CTCL

HDAC3 HDAC4, HDAC5, HDAC?, Elevated in gastric?,
NCoR/SMRT, AML1-ETO, breast?8, ALL, colorectal,
PML, PLZF, PML-RARa., HL; decreased in liver
PLZF-RARa, Bcl6,
STAT1, STAT3, GATAT,
GATA2, NF-xB

HDAC8 Elevated in neuroblastoma

Class lla (homologous to Hda1 yeast protein, shuttle between nucleus and cytoplasm, tissue-restricted expression)

HDAC4 HDAC3-NCoR, GATA1
HDAC5 HDAC3-NCoR, GATA1, Elevated in medulloblastoma;
GATA2 decreased in lung
HDAC7 HDAC3-NCoR, ERa Elevated in ALL; decreased
in lung
HDAC9 Elevated in ALL,

medullablastoma

Class IIb (homologous to yeast protein Hda1, mostly cytoplasmic location, tissue-restricted expression)

HDAC6 a-Tubulin, HSP90,

HDAC11

Elevated in breast®, CTCL;
decreased in lung

HDAC10

Class IV (unknown yeast protein homology, cytoplasmic location, tissue-restricted expression)

Class 11 HDAC6 Elevated in breast, renal,

liver

Genetic evidence Reference
KD induced growth arrest, decreased viability, and 7-9, 11,12,
increased apoptosis in colon, breast, and osteosarcoma 95-106
cancer cells and increased survival of mice with overt
PML-RARa—mediated APL; HDAC1 KO/HDAG2 KD
induced growth arrest in fibroblasts; KO induced
genomic instability and arrest and reduced survival
of transformed cells in vivo
KD induced growth arrest, decreased viability, and 6,7,12,
increased apoptosis in colon and breast cancer cells 96-101, 103,
and induced apoptosis and decreased lung cancer in 106-109
vivo; HDAC1 KO/HDAG2 KD induced growth arrest in
fibroblasts; KO induced genomic instability and arrest
and reduced survival of transformed cells in vivo;
KD induced apoptosis and decreased lung cancer in vivo
KD in colon cancer cells decreased survival, increased 7,8,12, 25,
apoptosis, and relieved transcriptional repression 78,96, 97,
mediated by PML-RARc. in APL cells 99, 100, 105,
110-113
KD reduced proliferation of lung, colon, 50, 71
and cervical cancer cells
KD in chondrosarcoma cells increased VEGF 76-78,
expression and reduced growth and induced apoptosis 105, 114
of colon and glioblastoma tumors in vivo
KD decreased medullablastoma cell growth 9,78,
and viability 105, 115
KD induced growth arrest in colon 10, 78,
and breast cancer cells 110, 116
KD of HDAC9/10 inhibited homologous 110, 115,
recombination and increased sensitivity to DNA 117
damage and decreased medullablastoma
cell growth and viability
KD decreased VEGF expression and decreased 10, 16, 83,
cell viability due to accumulation 105, 118,119
of misfolded proteins
KD of HDAC9/10 inhibited homologous 117,119
recombination and increased sensitivity to DNA
damage and decreased VEGF expression
KD induced apoptosis in colon, prostate, 94,120,
breast, and ovarian cancer lines 121

Alndependent prognosis indicator. BAssociated with enhanced prognosis. KD, knockdown; HL, Hodgkin lymphoma; ALL, acute lymphoblastic leukemia.

Intriguingly, downregulation and deletion of HDACs may play
arole in cancer progression. HDAC4 is routinely decreased in gas-
tric tumors, HDAC1 somatic mutations were detected in approx-
imately 8% of dedifferentiated human liposarcomas (23), and a
frame-shift mutation causing dysfunctional HDAC2 expression
was observed in human epithelial cancers with microsatellite
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instability (24). Together these data suggest a putative tumor sup-
pressor role for certain HDACs. Indeed, recent studies by our lab-
oratory and others using HDAC knockout and knockdown tech-
nologies provide strong functional evidence supporting tumor
suppressor roles for HDAC1, -2, and -3 (25-27). Genetic knockout
of Hdacl and Hdac2 enhanced spontaneous tumorigenesis in a
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The molecular targets of HDACs, downstream cellular pathways, and anticancer outcomes of HDAC inhibition. HDAC substrates include his-
tones and nonhistone proteins. Histones are the primary substrates for HDAC1, -2, and -3, while other cellular proteins are targeted by one or
more class | and class || HDACs. Some known HDAC targets, downstream molecular changes that occur following HDAC inhibition, and asso-
ciated biological pathways that mediate antitumor responses are shown. The HDACs, substrates, and molecular responses are color matched
to illustrate functional relationships. The best-characterized biological consequences of HDACi treatment of tumor cells are shown on the lowest
tier of the diagram. SMC3, structural maintenance of chromosomes 3; GCMa, glial cells missing homolog 1; HAT, histone acetyltransferase;

HP1, heterochromatin protein 1.

dose-dependent manner by relieving a p53-dependent oncogenic
barrier (26), and HDAC1 genetic and pharmacologic inhibition
accelerated tumorigenesis of precancerous cells harboring onco-
genic lesions (27). Bhaskara et al. observed that downregula-
tion of the HDAC3-containing complex NCoR was apparent in
approximately 30% of human hepatocellular carcinomas (HCCs),
and the tumor suppressor function of HDAC3 was confirmed
when liver-specific HDAC3 knockdown resulted in overt HCC
(25). HDACs may also suppress the development of metastasis,
as HDACI treatment alleviated repression of metastasis-related
genes, subsequently promoting the migration of human tumor
cell lines in vitro (28, 29) and enhancing metastasis in vivo (28). It
will be important to elucidate the impact of these class I HDACs
at each step of tumorigenesis in order to explain their apparent
paradoxical roles as tumor suppressors in developing tumors and
as therapeutic targets in established neoplasms. HDACis are cur-
rently being studied in clinical trials for use against non-cancer
diseases such as rheumatoid arthritis (30). Based on the lim-
ited experimental data available to date, one might predict that
patients chronically treated with HDACis may be at risk of devel-
oping therapy-induced tumors. However, there is no clinical data
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as yet demonstrating the development of malignancies following
HDAC! treatment of patients with noncancerous diseases.

HDACIis as anticancer agents

A vast array of both natural and synthetic chemical compounds
function as HDACis. Two HDACIs, vorinostat and romidepsin,
are FDA approved for use against refractory CTCL, and many
others are currently being clinically assessed (see Table 2 for a
list of recent clinical trials assessing HDACI efficacy against can-
cer). HDACIs are classified into groups based on their chemical
structure, including hydroxamic acids (trichostatin A, vorino-
stat), carboxylic acids (valproate, butyrate), aminobenzamides
(entinostat, mocetinostat), cyclic peptides (apicidin, romidepsin),
epoxyketones (trapoxins), and hybrid molecules. There are 11
class I, II, and IV HDACs, and the target specificity of HDACis and
the requirement for specific and selective inhibition of HDACs
to achieve therapeutic efficacy remain topics of debate. Tradi-
tionally, tests examining the bioactivity of HDACis in vivo have
included assessment of histone acetylation levels by Western blot
or immunohistochemistry, and more recently, fluorescence-based
reporter assays examining HDAC activity in the peripheral white
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Table 2
HDACis in current clinical trials

HDACi Highest phase trial Cancer type
Panobinostat (LBH-589) 11 CTCL
Belinostat (PXD101) Il Thymoma
Entinostat (MS275) Il Melanoma
Mocetinostat (MGCD01030) Il B cell malignancies
Givinostat (ITF2357) Il JAK2V617F-expressing
myeloproliferative neoplasms
Practinostat (SB939) Il Prostate cancer
Chidamide (CS055/HBI-8000) Il Solid tumors and lymphomas
Quisinostat (JNJ-26481585) Il CTCL
Abexinostat (PCI- 24781) Il FL
CHR-3996 I Various (mostly solid tumors)
AR-42 I Hematological malignancies

review series

Best clinical outcome Reference
Ongoing; promising in phase Il against CTCL 122-124
(74% tumor reduction), HL (74% tumor reduction and
27% OR), and WM (MR or better in 47% of patients, 50% SD)
Significantly enhanced survival 125
Some clinical activity, promising PK and PD values 126-128
Disease control (35% rate) in HL 129
Pruritus relief (~100%), splenomegaly reduction 130
(75% of PV/ET and 38% of MF patients)
Limited clinical efficacy to date but promising PK values 131,132
Ongoing; PR was observed in 5/31 patients during phase | 61
Ongoing; 31.6% reduction in mSWAT score 63
of tumor burden, 1/19 CR, 4/19 PR
Tumor reduction in 86%, ORR of 64% 64
Favorable PK and PD values 60
Ongoing, minor clinical responses in myeloma 62

and T cell lymphoma

CR, complete response; ET, essential thrombocythemia; FL, follicular lymphoma; MF, myelofibrosis; MR, minimal response; OR, overall response;
ORR, overall response rate; PD, pharmacodynamic; PK, pharmacokinetic; PR, partial response; PV, polycythaemia vera; SD, stable disease; WM,

Waldenstrém macroglobulinemia.

blood cells of HDACi-treated cancer patients have been developed
(31). These non-HDAC class-selective bioassays might prove use-
ful for determining HDACi pharmacodynamics in clinical trials.
However, reliable determination of HDACIi target specificity in
vitro using standard assays with recombinant HDAC proteins
has been hindered due to protein misfolding, lack of enzymatic
activity, and most importantly, the inappropriate assessment of
isolated HDACs that exist as multiprotein complexes in physio-
logic conditions. Furthermore, the substrate specificity of HDACs,
in particular class Ila HDACs, is yet to be fully elucidated, which
means that the precise surrogate biomarkers of individual HDAC
inhibition are also not defined. Importantly, the activity of class I
HDAC:s increases upon complex formation (32, 33), and recent
pivotal studies using sophisticated chemoproteomics and chem-
ical phylogenetic approaches demonstrated that commonly used
HDACIs have a higher degree of specificity than originally pro-
posed (34, 35). HDACis can be used as “bait” to explicitly discrimi-
nate between multiprotein complexes containing the same HDAC
target (34). Interestingly, class Ila HDACs were rarely identified as
direct targets of HDACis, possibly due to their low catalytic activ-
ity, suggesting a role for this class in the recognition of and bind-
ing to acetylated histones (histone “reading”) with subsequent
recruitment of additional epigenetic modifiers, as opposed to
active deacetylation (34, 35). Corroborating these findings in vivo
remains a further challenge, but the development of the HDAC
chemical phylogenetic tree (35) and identification of specific sub-
strates of individual HDACs, such as SMC3 for HDACS (36), may
lead to more focused in vivo investigations into HDAC and HDACi
selectivity and specificity.

Studies utilizing genetic knockdown or knockout of HDACs
have provided clues as to the most important HDACs to target
in cancer. Depletion of HDACI, -2, -3, -4, or -11 was sufficient to
induce apoptosis in a range of tumor cells lines, whereas HDACI,
-2, and -4 were required to maintain cancer cell survival in vivo
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(specific experiments are listed in Table 1). It will be crucial to
determine whether the antitumor effects observed upon knock-
out or knockdown of HDACs listed in Table 1 was due to lack of
HDAC activity specifically or was linked to disruption of HDAC-
containing complexes that might have epigenetic or other regula-
tory activities. This distinction is particularly relevant to HDAC1,
-2, and -3, which are key catalytic subunits of various complexes
and are recruited by oncogenic fusion proteins (protein associa-
tions of individual HDACs are listed in Table 1 and illustrated in
Figure 2). Furthermore, the pharmacologic inhibition of HDACs
will almost certainly not be equivalent to genetic knockdown/
knockout (37), especially in terms of effects on multiprotein
complex formation and function, and for less catalytically active
HDAC:S such as those in class ITa. Additional investigations will
likely result in the identification of the key HDAC-containing com-
plexes required by tumor cells for survival, the specific functions
of HDACs within these complexes, and the molecular and biolog-
ical consequences of pharmacologic inhibition of these HDACs.
These findings will hopefully allow for a more rational approach
to stratifying patients for HDACI treatment. Furthermore, it may
be possible to investigate the correlation between inhibiting spe-
cific HDAC-dependent complexes in particular tumor types with
clinical outcomes following HDACI treatment, allowing for the
identification of novel HDACi response biomarkers.

HDACi mechanisms of action

HDACIs can induce tumor cell apoptosis, growth arrest, senes-
cence, differentiation, and immunogenicity, and inhibit angio-
genesis, as depicted in Figure 1. It is almost impossible to conceive
that a single mechanism of action will be identified that is respon-
sible for antitumor effects across different tumor types mediated
by HDACis with diverse specificity profiles. Almost certainly,
the biological effects and therapeutic outcomes will depend on
the genetic lesions driving the tumor of interest and the HDACi
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The specificity of HDACis for HDACs and associated protein complexes. The specificity of HDACis for HDAC isoforms has been recently reclassi-
fied using sophisticated chemoproteomics and chemical phylogenetic approaches, revealing that HDACis have surprising affinity for both HDACs
and individual HDAC-dependent multiprotein complexes (34, 35). This new specificity is shown for class | HDAC1, -2, -3, and -8 as well as class |Ib
HDACS6 and -10; specificity is calculated from average Kp?? values generated by Bantscheff et al. and Bradner et al. (34, 35). lllustration based on
data from Deubzer et al. (94), Bolden et al. (40), Bantscheff et al. (34), and Bradner et al. (35). BHC80, BRAF35-HDAC complex protein; CHD4,
chromodomain helicase DNA binding protein 4; CoREST, REST corepressor 1; LSD1, lysine-specific demethylase 1; MTA, metastasis-associated
protein; MBD, methyl-CpG binding domain protein; NuRD, nucleosome remodeling and deacetylase; RbAp46, retinoblastoma-binding protein p46;
Sap30, Sin3A-associated protein, 30 kDa; SDS, serine dehydratase; TBL1X, transducin p-like 1X-linked; TBL1XR1, transducin f-like 1 X-linked

receptor 1; GPS2, G protein pathway suppressor 2.

under investigation. While HDACis were historically identified on
the basis of their ability to induce tumor cell differentiation (38,
39), induction of tumor cell apoptosis is the biological outcome
most often reported (40). Indeed, using preclinical models, we and
others have identified a direct link between HDACi-induced tumor
cell apoptosis and therapeutic efficacy (22, 41-43). However, even
here, divergent views exist regarding the importance of the intrin-
sic apoptotic pathway mediated by the interplay between proap-
optotic and antiapoptotic Bel-2 family proteins (41, 42, 44), versus
the extrinsic pathway mediated by death receptors (e.g., TRAIL
receptors, Fas) and their cognate ligands (e.g., TRAIL, FasL) (21,
22). There is a link between altered gene expression and the induc-
tion of apoptosis, with histone hyperacetylation observed at pro-
moters of apoptosis-inducing genes such as TNFSFI0 (encoding
TRAIL; ref. 22) and BMF (encoding the proapoptotic Bcl-2 family
member Bmf; ref. 45), and changes in activity of transcription fac-
tors due to acetylation, such as inhibition of SP1 and C/EBPa,
leading to downregulation of the antiapoptotic protein Bcl-2 (18),
following HDACIi treatment. It is therefore likely that both the
threshold of apoptosis induction and the mechanism by which
death can be triggered by HDACis is determined by the interaction
between the oncogenic lesions and the intrinsic apoptosis-signal-
ing pathways active within each cell.

Two reports have provided potential insights into biomarkers
for response to HDACis. The first demonstrated that enhanced
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JAK/STAT signaling negatively affected HDACi-induced death
of CTCL cells, and constitutive accumulation of STAT1 in the
nucleus and high levels of phosphorylated STAT3 correlated
with a lack of response to vorinostat in clinical trials (46). The
second approach incorporated a sophisticated loss-of-func-
tion genetic screen that identified human RAD23 homolog B
(HR23B) as important for HDACi-induced apoptosis (47). Sub-
sequent studies showed a correlation between HR23B expres-
sion and clinical response to vorinostat (48), and the interaction
between Hsp90 and HDACG was identified as being the crucial
functional effector mechanism delineating relative sensitivity
to HDACi-induced apoptosis through regulated HR23B expres-
sion (49). Whether there is any functional interplay between
JAK/STAT signaling and HR23B remains uncertain. Moreover,
as HR23B expression can regulate sensitivity to HDACis that are
very weak inhibitors of HDACG (e.g., apicidin, romidepsin) (48),
it is unlikely that direct effects on the HDAC6/Hsp90 functional
interaction account for the mechanistic role of HR23B in regu-
lating HDACi-induced apoptosis.

How or why tumor cells are more sensitive to HDACi-induced
apoptosis compared with matched, normal cells remains an
intriguing and largely unanswered question. Previous studies indi-
cated that tumor cells treated with HDACis preferentially accu-
mulate ROS compared with treated normal cells, concomitant
with enhanced expression of the reducing molecule thioredoxin
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in normal but not tumor cells (50). Recently, we utilized donor-
matched normal and transformed cells treated with vorinostat
to identify a tumor cell-selective, proapoptotic gene expression
signature containing effectors of the intrinsic apoptotic pathway
that conferred tumor cell-selective apoptosis mediated by vori-
nostat and romidepsin (51). It is not clear why matched tumor
and normal cells selectively regulate a subset of genes that confer
tumor cell-selective, HDACi-mediated apoptosis. It is tempting to
speculate that the cancer epigenome is altered in such a way as to
predispose to altered expression of apoptotic genes in response to
the transformation process, but definitive mechanistic evidence
remains to be obtained.

HDAC:s in the clinic

The most successful clinical application of HDACis has been
the use of vorinostat and romidepsin against refractory cuta-
neous and peripheral T cell lymphoma (52-55). In addition to
these two FDA-approved agents, the butyrates, valproic acid, and
newer compounds such as panobinostat (LBHS589), givinostat
(ITF2357), mocetinostat (MGCD01030), belinostat (PXD101),
pracinostat (SB939), and entinostat (MS275) have been exten-
sively studied in the clinic with varying results (56-58). Although
some of these agents often demonstrate more potent antitumor
effects than vorinostat and romidepsin in preclinical testing,
none have thus far demonstrated novel mechanism(s) of action,
vastly superior clinical activity, or more favorable toxicity profiles,
and accordingly none have yet been registered for clinical use
(56-58). While toxicities are largely manageable, in some instances
cardiotoxicities as well as constitutional, hematologic, and gastro-
intestinal effects can be dose limiting (59). The efficacy of more
than 20 different HDACis tested in the clinic has been largely
restricted to hematological malignancies, with positive effects
observed in Hodgkin lymphoma, multiple myeloma, and AML
(some examples of these trials are listed in Table 2 and ref. 56).
Despite positive responses in patients with hematologic malig-
nancies, the effects of HDACis used as monotherapies against
solid tumors has been disappointing, with few durable responses
observed (56, 58). Current and future clinical studies using HDACis
in combination with other agents, in particular with agents like
bortezomib (velcade) in myeloma and other hematological malig-
nancies, are ongoing (56, 57).

Asecond generation of orally available HDACis have been devel-
oped based on the chemical structure of clinically efficacious
agents such as the hydroxamic acids (vorinostat) and the benz-
amides (entinostat, mocetinostat). Of these, several have entered
the clinic including the class I-specific agents CHR-3966 (60),
chidamide (CS0S5/HBI-8000) (61), class I- and class II-specific
AR-42 (62), and hydroxamides quisinostat (JNJ-26481585) (63)
and abexinostat (PCI- 24781) (64), and some preliminary results
are described in Table 2. While still ongoing, early preclinical
studies indicate these agents are more potent than the paren-
tal compounds, with improved pharmacodynamic and pharma-
cokinetic values, and are potentially less toxic. However, given
that these new agents possess the same HDAC specificity pro-
file (based on both chemoproteomic approaches [summarized
in Figure 2] and traditional enzyme-based assays) as HDACis
already in the clinic, it is unclear whether these newer agents will
have improved clinical outcomes. The potency and reasonable
toxicity profile of these agents suggests they may instead be use-
ful in combinatorial therapeutic approaches.
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Novel and emerging HDACis in preclinical development
Class  HDACis. HDAC1, -2, and -3 are frequently overexpressed in
human tumors, and knockdown of HDACT1 or -2 is sufficient to
reduce tumor growth in vivo (see Table 1 for important tumor-spe-
cific examples). These studies provide a strong rationale for the
development of class I- or isoform-specific inhibitors for the
treatment of cancer. The recruitment of HDAC1-, HDAC2-, and/
or HDAC3-containing transcription regulatory complexes to leu-
kemogenic fusion proteins indicates class I-specific agents may be
particularly suited to the treatment of tumors driven by discrete
oncogenic proteins. The pharmacologic development of class I-
specific or isoform-specific HDACis is currently underway, aided
by clarification of the HDAC?2 catalytic site following cocrystalli-
zation (65). Chemical modeling based on the HDAC2 crystal struc-
ture has allowed the generation of a series HDAC2-specific benz-
amides, and the inclusion of a sulfhydryl group may allow specific
inhibition of HDACI (65, 66). Given the close sequence homology
and observed functional redundancy mechanisms and compensa-
tory expression relationships that occur between HDAC1 and -2,
it will be of interest to determine whether these compounds confer
different antitumor effects.

HDACS3 is emerging as a strong candidate for selective pharma-
cologic target inhibition in the oncology setting. The HDAC3-de-
pendent NCoR complex can be recruited by the oncogenic fusion
proteins PML-RARa, PLZF-RARa, or AML1-ETO in AML (19,
67). Furthermore, HDACS3 is required for the expression of almost
half of the LPS-induced inflammatory genes in macrophages,
and STAT1 levels were reduced in Hdac37/~ macrophages (68),
suggesting a possible link. Conceivably, HDAC3 could act as the
primary STAT1 and STAT3 deacetylase, which regulates the con-
stitutive expression, deacetylation, and subsequent activation of
STAT proteins in certain cancer types, a phenotype associated
with resistance to HDACis (46). Other clues that suggest HDAC3
is an attractive target come from studies of Friedreich ataxia, a
neurologic disorder caused by aberrant epigenetic silencing of the
mutated frataxin (FXN) gene mediated by HDAC3. Treatment of
mice bearing the Fxn mutation with an HDAC3-specific inhibitor,
RG2833, resulted in decreased disease progression and enhanced
survival, findings that led to the instigation of phase I trials (69,
70). It will be of interest to examine the efficacy of RG2833 in
patients with cancer, especially in comparison to HDACis with
high specificity for HDAC3 and NCoR, such as entinostat and
mocetinostat (as represented in Figure 2 and ref. 34). Addition-
ally, it will be important to determine whether patients develop
immune-mediated complications, given the role of HDAC3 in
inflammation (68). Moreover, the recent identification of putative
tumor suppressor roles for HDACI, -2, and -3 (25-27) raises some
concerns about the clinical use of highly selective compounds that
target these class I HDACs.

The role of HDACS in cancer is not as well established as other
class  HDACs. HDACS has not been identified in any major core-
pressor complexes, and very few HDACis developed to date tar-
get HDACS with any potency (as depicted in Figure 2 and ref. 34).
However, HDAC8 may have a particular role in solid tumors, as
expression is enhanced in brain tumors, and knockdown revealed
arole for maintaining the survival of lung, colon, and cervical can-
cer cells (Table 1 and refs. 50, 71). Thus, future studies are needed
to determine whether inhibition of HDACS in solid tumors can
enhance the traditionally suboptimal efficacy of HDACis in these
malignancies (58). Solving the crystal structure of HDACS has
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assisted with in silico screening for appropriate chemical inhibi-
tors (50, 72), the most promising of which is PCI-34051. Preclin-
ical studies have suggested that PCI-34051 has activity against
T cell malignancies, and while the mechanism is yet to be fully elu-
cidated, HDAC8 may be linked to PLCy1, a signal transducer spe-
cifically associated with the T cell receptor; together these proteins
may induce apoptosis in T cell lymphomas (73). The development
of PCI-34051 may allow for a better understanding of HDACS in
cancer cells and can be utilized to identify any possible protein
complexes containing HDACS. It will be of interest to determine
the potential effects of HDACS inhibition on normal T cells dur-
ing treatment of solid malignancies. Assessment of PCI-34051 in
T cell-mediated autoimmune diseases such as systemic lupus ery-
thematosus (74) and colitis (75), in which pan-HDACis are cur-
rently undergoing investigation, may also be warranted.

Inbibitors of class II HDACs. The normal function of class Ila
HDACs appears to be highly tissue specific (as indicated in Table 1),
and there is a growing understanding that class ITa HDACs have
weak deacetylase activity and may therefore more likely function
as histone readers. Knockdown of HDAC4, -5, -7, and -9 induced
the growth arrest of a variety of human solid tumor cell lines, and
the depletion of HDAC4 alone was sufficient to induce apoptosis
in colon and neuroblastoma tumors in vivo (Table 1), suggesting
an important role for these HDACs in maintaining the survival of
tumor cells (76, 77). Key to the non-catalytic activities of class Ila
HDACSs may be their capacity to act as scaffold proteins, incorpo-
rating enzymatically active HDACs into multiprotein complexes.
For example, HDAC4, -5, and -7 can recruit NCoR via recognition
of the HDACS3 catalytic domain (78). Together these studies sug-
gest there is a rationale for targeting class Ila HDACs as an anti-
cancer approach. Ongoing research investigating the nonhistone
protein targets of HDACs combined with the description of both
HDAC4 (79) and HDAC7 (80) reader sites will likely allow for more
detailed functional assessment of these proteins in cancer develop-
ment. The recent discovery of trifluoromethyloxadiazole (TFMO),
an agent with nanomolar potency against class Il HDACs, will also
enhance research in this area dramatically (81).

HDACG6 does not deacetylate histones, and accordingly, the
anticancer effects of the HDACG6-specific inhibitors tubacin and
rocilinostat (ACY-1215) are not associated with disrupted epige-
netic control of gene transcription (82). A primary function of
HDACG6 appears to be the regulation of protein degradation both
via the aggresome (a structure that forms in response to mis-
folded proteins) and the regulation of Hsp90 chaperone activity.
HDACG6 contains a ubiquitin-binding domain, unique among the
HDAC s, and tethers polyubiquitylated proteins to dynein motor
for transport to the aggresome. Knockdown of HDACG6 led to the
accumulation of polyubiquitylated, misfolded proteins due to
lack of aggresome formation (83). HDAC6 also maintains activa-
tion of Hsp90 by deacetylation, and upon knockdown of HDAC6,
Hsp90 becomes dissociated from its client proteins, leading to
the ubiquitylation and degradation of immature, misfolded pro-
teins (84). Several oncoproteins rely on Hsp90 for stability (e.g.,
Ber-Abl, Her2); thus inhibition of HDAC6 can lead to their ubig-
uitin-mediated degradation, implicating HDACG6 as a promising
anticancer target (85). However, inhibiting HDAC6 with tubacin
was not sufficient to induce cell death (82), as protein aggregates
can be degraded by the proteaseome. Indeed, the rational com-
bination of tubacin or rocilinostat with the proteasome inhibi-
tor bortezomib has been tested in preclinical models of multiple
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myeloma, with striking, synergistic anticancer effects observed
(86, 87). The particular sensitivity of multiple myeloma to this
combination therapy is thought to be due to the requirement
of the malignant plasma cells to appropriately express and fold
large amounts of immunoglobulin proteins; however, additional
mechanisms are also likely to contribute (88). The combination
of rocilinostat and the proteasome inhibitor bortezomib is cur-
rently under clinical investigation in multiple myeloma, and early
results are promising (89). HDAC6 is responsible for a-tubulin
deacetylation (90), thus providing a sensitive biomarker for rocil-
inostat activity during clinical trials.

Hybrid molecules targeting HDACs and other oncogenic
proteins and pathways

New medicinal chemistry approaches are being utilized to design
more potent and specific inhibitors of class T HDACs. Compounds
utilizing novel chemical scaffolds such as adamantane and norad-
amantane have been shown to inhibit HDACs at picomolar
concentrations, and to inhibit tumor cell growth with limited
toxicities in vivo at low nanomolar ranges (91). Chemical hybrid
molecules containing both HDACi activity and an additional anti-
cancer module are under development, and while the HDACi com-
ponent is relatively broad spectrum, targeting HDACs concurrent
with inhibition of PI3K (CUDC-907), tyrosine kinase (CUDC-101),
or topoisomerase II (daunorubicin-vorinostat), or with 1a,25-
vitamin D (triciferol) for nuclear receptor targeting (92), may be
of interest for particular cancer subtypes. Additionally, an ester-
HDACI hybrid has been developed consisting of an HDACi and an
esterase-sensitive chemical motif, which is specifically hydrolyzed
by human monocytes and macrophages, trapping the active drug
inside the cell (93). While this technology is currently useful for
the inhibition of HDAC-regulated inflammatory cytokines and
the treatment of inflammatory diseases, it also provides an impe-
tus to utilize the hybrid technology to develop more cell type-spe-
cific HDACIs for use in cancer.

Conclusions

The view that genetic lesions resulting in epigenetic deregulation
is a major driver of tumor onset and progression is rapidly gaining
acceptance by oncologists and cancer researchers. The develop-
ment of HDACIs as anticancer agents and the FDA approval of
two agents, vorinostat and romidepsin, have provided the impe-
tus to develop more potent HDACis and to target other epigenetic
enzymes for oncology. While existing HDACis with somewhat
broad target specificity have proven effective for the treatment
of a relatively small population of patients with defined hemato-
logic malignancies, their usefulness as single agents for the treat-
ment of most other tumors has been marginal at best. Correlative
data linking HDAC expression with patient prognosis and gene
knockout as well as knockdown studies in preclinical mouse mod-
els of cancer are providing further clues as to the oncogenic and/
or tumor suppressor role of HDACs. Furthermore, these studies
should lead to more sophisticated, evidenced-based development
of HDACis with greater target specificity. Whether or not these
agents will deliver significantly enhanced therapeutic efficacy and
less toxicity as hypothesized remains to be determined.
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