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Abstract

Histone deacetylase inhibitors (HDACis) have now emerged as a powerful new class of small-
molecule therapeutics acting through the regulation of the acetylation states of histone proteins (a
form of epigenetic modulation) and other non-histone protein targets. Over 490 clinical trials have
been initiated in the last 10 years, culminating in the approval of two structurally distinct HDACis
– SAHA (vorinostat, Zolinza™) and FK228 (romidepsin, Istodax™). However, the current
HDACis have serious limitations, including ineffectively low concentrations in solid tumors and
cardiac toxicity, which is hindering their progress in the clinic. Herein, we review the primary
paradigms being pursued to overcome these hindrances, including HDAC isoform selectivity,
localized administration, and targeting cap groups to achieve selective tissue and cell type
distribution.

Balancing the epigenome

Cancer is vastly divergent, clever at avoiding therapeutic strategies, and lays a burden of
pain, suffering and death on our society. Although billions of dollars, countless research
institutions and the best scientific minds have all been engaged in attempting to eradicate
this disease, there have been only flashes of success in a subset of cancers while a broad
success across all cancer subtypes has so far remained elusive [1]. In that struggle, our
knowledge of the complexities of cancer has grown rapidly, shedding light on the causes and
character of neoplastic phenotypes. Mutagenesis, permanent alteration(s) to the genetic
information within previously healthy cells, has long been the main suspect in cancer
progression, but the improper regulation of non-mutated DNA is a major culprit as well [2].

Among abnormalities that lead to cancerous phenotypes, epigenetic misregulation is
reversable by definition, unlike genetic mutations or deletions [3]. While our understanding
of epigenetics is still burgeoning, a long list of regulatory mechanisms has been uncovered
to date, including transcription factors [4,5], many types of noncoding RNA previously
considered to be nonfunctional (including siRNA) [6–8], DNA methylation [9], histone
modification [10,11] chromatin remodeling [12] and features of the nuclear architecture,
including transcription factories [13] and chromosome terratories [14] (Figure 1). Much
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success in medicinal chemistry has been achieved in this area, targeting transcription factors
(such as the estrogen and androgen receptors), utilization of RNA silencing, inhibiting DNA
methyltransferases and histone modification enzymes, such as histone acetyl transferase
(HAT) and histone deacetylase (HDAC) [15].

Since cancer is the result of the epigenetic differentiation program going in reverse [16],
drugs aimed at pushing towards a terminal phenotype should lock it down, allowing the
body to regain control and homeostasis [17]. As the mammoth information waves from
proteomics, genomics and epigenomics converge, our biological understanding of the
cellular world will pave the road to inumerable chemical interventions.

The focus of this review is HDAC inhibitors (HDACis), a particularly promising class of
epigenetic drugs. We will discuss their successes and failures in the clinic, the possibility of
various targeting approaches to address those failures and elaborate on the future prospect of
a new paradigm in HDAC inhibition; namely, molecules with tissue-selective biodistribution
profiles able to overcome systemic toxicity.

HDAC

HDAC encourages silencing of genes by removing acetyl groups from lysine residues on the
tails of histone proteins, which DNA wraps around (Figure 2). This creates a positive charge
that causes the negatively charged phosphate backbone of DNA to tightly coil and restrict
chromatin structures. In addition, HDAC-promoted deacetylation of acetylated lysine, a key
epigenetic marker read by bromodomains within transcription factor complexes that recruit
RNA polymerases, further dampens the transcriptional activity of hypoacetylated chromatin.
This is contravened by HAT, which opens the structure by acetylating lysine residues on the
histone, upregulating gene expression. Although the acetylation states of histone tails
correlate well with chromatin accessability, HDACs have been found at sites of active
transcription, suggesting they are used to reset chromatin acetylation after transcription [18].
For some complexes with HDACs present at sites of active transcription, they may also
function to recognize acetylated lysine, rather than remove it [19].

HDAC activity plays a key role in cell differentiation [20], embryogenesis [21], cancers
[22], neurodegenerative diseases [23], immunilogical responses [24], metabolic homeostasis
[25] and many other biological phenomena. Small-molecule inhibitors of HDAC shift the
equilibrium towards accessible chromatin, and restores expression of key genes [26].

While many disease states are characterized by epigenetic imbalance that could benefit from
HDACis, much attention has been directed towards cancers. Silencing of tumor suppresor
genes (such as p21) through hypoacetylation is a hallmark of many cancers, and turning
these back on through HDAC inhibition has shown clinical benefit.

There are 18 known isoforms of HDAC (Table 1). The zinc-dependent metalloproteases are
grouped into Class I, II and IV (based largely on cellular location and sequence homology)
[27], with Class III being NAD+-dependent enzymes [28]. The zinc-dependent Class II is
further divided into IIa (having both nuclear and cytoplasmic localization) and IIb (primarily
cytoplasmic and the only class with two enzyme active sites). The structural differences
among these isoforms is becoming clearer as more crystal structures of these enzymes
complexed with inhibitors become available (Table 1, structures available as of 15
December 2011 from the Protein Data Bank) [29]. Nevertheless, gaps still exist in HDAC
structural information, and these have to be filled in by homology models [30,31].

Gryder et al. Page 2

Future Med Chem. Author manuscript; available in PMC 2013 January 01.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



HDAC inhibition successes

The US FDA has approved two HDACis, SAHA (Vorinostat, Zolinza™) [32] and FK228
(Romidepsin, Istodax™) [33], with many others at various stages of testing (Figure 3). These
clinical validations have sustained a wave of research efforts aimed at:

• Synthesis of naturally occuring HDACis;

• Synthesis of new synthetic HDACi compounds of a wide variety;

• Solving of crystal structures for various isoforms of HDAC;

• Determining structure–activity relationships (SAR) in terms of HDAC inhibition
potency, isoform selectivity and/or anticancer activity;

• Evaluating HDACis in the clinic both as stand alone and combination anticancer
therapy.

HDACi pharmacophoric model

Mimicking the natural substrate (acetylated lysine residues), HDACi typically follow a
structural motif (Figure 4) comprised of a surface recognition cap moiety that can tolerate
extraordinary variability, a linker group that traverses the tunnel of the active site and a zinc-
binding group (ZBG) that chelates active site zinc ion (Zn2+) [34,35]. Modulating these
different pieces of the pharmacophore has been pursued in attempts to understand the
structural basis for HDACi potency, isoform selectivity and efficacy against various diseases
including cancers [36,37].

Hydroxamate (e.g., trichostatin A [TSA] and suberoylanilide hydroxamic acid [SAHA]) is
the most common ZBG by far, owing it’s success to the fact that most of the binding energy
associated with the strength of inhibition is derived from the bidentate chelation of this
popular functional group (found in naturally occuring HDACis). Second to that is the
naturally occuring prodrugs, the depsipeptides (largazole, FK-228 and the spiruchostatins),
which have a latent alkyl-thiol that is unmasked in vivo to achieve excellent HDAC
inhibition potency in an isoform-selective manner. A third common ZBG in the benzamide
moiety (MS-275), which trades off potency for Class I isoform selectivity. The diversity
among the linkers has not been systematically explored, but nonetheless they exhibit limited
chemical diversity surrounding chain-like alkyl linkers with various degrees of saturation
and often include substituted aryl groups, dictated by the diameter and hydrophobicity of the
tunnel region. The surface-recognition cap groups enjoy the widest range of chemotype
tolerance, and have been the topic of extensive study in attempts to toggle potency
[36,38,39], biodistribution [40], isoform selectivity [41], cardiotoxicity [42] and, more
recently, tissue targeting [43].

HDACis in the clinic

The interest in the clinical application of HDACis has exploded over the last few years, with
over 490 clinical trials, excluding diseases other than cancer, of which there are a few
examples [44]. The weakly HDAC-inhibiting phenyl butyrate was the first to enter clinical
trials for cancer in the mid-1990s [45], followed by FK-228 [46] and a rush of hydroxamic-
based HDACi in the last decade (Figure 5). As stated earlier, the FDA approved SAHA
(Vorinostat) in 2006 and, later in 2009, FK-228 (Romidepsin) joined it in the medicine
cabinet, both for treating cutaneous T-cell lymphoma (CTCL) [47,48].
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Suberoylanilide hydroxamic acid (SAHA; vorinostat)

The approval of SAHA was the consequence of a Phase II multicenter trial in patients with
refractory CTCL [48]. Of the 74 patients who received 400 mg of vorinostat orally daily,
29.7% had an objective response with a median duration of response ≥185 days and median
time to progression of ≥299 days [49]. Additionally, 65 patients in this trial have pruritis, a
symptom often associated with CTCL [50]. Of these patients presented with pruritis, 32%
experienced relief of symptoms, which was independent of the response to the treatment. In
another Phase II trial of oral Vorinostat for refractory CTCL where various dosing regimen
and schedule were used, 45% patients with pruritis were relieved and attenuation of this
condition was higher in patients with severe pruritis before the treatment. The most common
side effects noticed during these trials were constitutional and gastrointestinal effects,
including nausea, diarrhea, dysgeusia, and hematologic effects such as thrombocytopenia.
Serious dose-dependent side effects such as anemia, infection, dehydration, sepsis,
hypotension and pulmonary embolism were also observed [51].

FK228 (romidepsin)

In a study that evaluated Romidepsin as a monotherapy for the treatment of CTCL, 68
patients with refractory or relapsed CTCL were administered Romidepsin intravenously at
14 mg/m2 on days 1, 8 and 15 during a 28-day cycle. The observed treatment response was
34% with median duration of response of 13.7 months. Three patients with Sézary syndrome
had complete remission and one patient continued to be in remission at 63 months.
Constitutional and gastrointestinal adverse effects were fatigue, nausea and vomiting.
Hematologic toxicities, such as leucopenia, lymphopenia, thrombocytopenia and anemia,
were also observed. Asymptomatic ECG changes were present in 71% of patients [35,52].
Similar results were also reported by another Phase II clinical trial, establishing the efficacy
of Romidepsin for the treatment of refractory CTCL [35,53].

Lack of efficacy against solid tumors

Despite promising results in the treatment of CTCL, these two HDACis have not been
effective in clinical trials involving solid tumors. Many clinical trials have assessed the
efficacy of Vorinostat against different solid tumors, including refractory breast, colorectal,
non-small cell lung and thyroid cancers. Disappointingly, none of the patients in these trials
showed partial or complete response to treatment, but the prevalence of drug-induced side
effects was very high: constitutive (fatigue 62%), gastrointestinal (anorexia 81% and
diarrhea 56%) and hematologic (thrombocytopenia 50%). A total of 63% also experienced
QT interval prolongation less or equal to 30 ms and one patient had QT interval
prolongation between 30 and 60 ms [54,55]. The only silver lining in these studies is that
approximately 50–56% of patients experienced stabilization of their diseases. This leaves
open a narrow window of opportunity for the use of vorinostat and similar HDACis in solid
tumor therapy, most likely in combination with other chemotherapeutic agents.

Romidepsin has also been evaluated as a monotherapy against solid tumors. Similarly to
vorinostat, romidepsin has also been ineffective against solid tumors. Stadler et al. reported
that the treatment of patients with refractory metastatic renal cell cancer with Romidepsin
resulted in only 7% objective response with one patient achieving and remaining in
complete remission for 14 months. In addition to hematologic (anemia, neutropenia and
thrombocytopenia), gastrointestinal (nausea, vomiting and diarrhea) and constitutional
adverse effects, serious cardiotoxicity was also observed. Prolonged QT interval was
detected in two patients, one patient developed atrial fibrilation, another had tachycardia and
there was an occurrence of sudden death [56]. Romidepsin was also ineffective against
metastatic colorectal cancer. In a 25-patient trial, no objective responses were seen, and only
four patients had stable disease states for a period of time ranging from 44 to 161 days.
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Treatment was stopped in six patients due to the prevalence of serious side effects, such as
thrombocytopenia, dehydration and QT interval prolongation [57]. Although these patients
received similar dose of Romidepsin at the same rate and during the same 28-day cycle as
patients with refractory CTCL, patients with CTCL had significantly better outcomes
compared to those with solid tumors. In cancers of the blood, such as CTCL and multiple
myeloma, the metabolic instability of these HDACi compounds may not preclude their
effectiveness, compared with less permeable malignancies [58].

In addition to Romidepsin and Vorinostat, QT interval prolongation has been associated
with other hydroxamate-based HDACis such as LBH589 and LAQ-824 [59]. The progress
of HDACis through clinical trials has been the subject of recent review articles; we have
restricted the focus of this review to the clinical trials of SAHA and Romidepsin [60–62]. In
the sections below, we will use the information gleaned from these trials to discuss ways
forward for HDACi as chemotherapy agents.

Cardiotoxicity: a hurdle for HDACis in the treatment of solid tumors?

HDACis such as romidepsin and SAHA have been associated with serious cardiotoxicity.
Such cardiotoxicity include T-wave flattening, ST segment depression and QT interval
prolongation [52]. QT interval prolongation has been to date the most severe cardiac event
in patients treated with HDACi due to their ability to lead to potentially fatal ventricular
arrhythmia, known as torsades de pointes [63]. Prior to its approval by the FDA, there have
been six cases of unexpected deaths in patients treated with Romidepsin. Pulmonary
embolus was believed to be responsible for one death, while the other five cases were
attributed to sudden cardiac arrest [64,65]. Addressing this cardiotoxicity becomes crucial as
various HDACis are being studied in clinical trials against solid tumors.

Although not completely understood, the mechanism of QT interval prolongation has been
explained by aberrant cellular trafficking and/or functioning of the human ether-ago-go
(hERG) K+ channel [66]. The latter being the most accepted mechanism for the HDACi
induced QT interval prolongation [59]. The activation of the hERG K+ channel leads to
ventricular repolarization, hence blocking of this channel may result in QT interval
prolongation [66]. HDACi are not the only class of drugs that can interact with the hERG K+

channel; other drug classes also have that capacity due to the large size of the channel’s
inner cavity and the presence of aromatic residues favoring hydrophobic interactions with
lipophilic molecules inside [67].

In addition to the aforementioned mechanisms, drug-induced QT prolongation may be
caused by increased turnover rate of mature hERG channels from the plasma membrane
[68]. Though most drug-induced QT prolongations have been associated with the hERG
channels, other ions channels such Na+ channel may be involved as well [69]. Lacerda and
coworkers reported that Alfuzosin, an α1-adrenergic receptor antagonist with clinical
evidence of QT prolongation, did not bind to hERG K+ channel. Instead, Alfuzosin
mechanism of QT prolongation resides in its ability to enhance Na+ current [70].
Furthermore, the proper functioning of hERG in vivo required the coexpression of many
other proteins such as MinK and MinK-related peptide 1 (MiRP1) [71,72]. Mutations or lack
of these peptides have been linked to QT prolongation [72,73]. For drugs known to
modulate gene expression, such as HDACi, altering the expression of hERG and any of
these genes may lead to QT prolongation even in the absence of a direct interaction with the
hERG channels at therapeutic doses. In fact, emerging evidence in the literature suggests
that the QT prolongation associated with HDACis may be the consequence of such altered
gene expression and possibly the inhibition of specific HDAC isoforms [74,75]. Therefore,
changes in hERG expression or that of the coregulators of hERG activity may represent yet
another mechanism of QT prolongation. This and other alternative mechanisms of QT
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prolongation discussed therein, may explain the findings that SAHA did not affect hERG K+

channels up to 300 μm [76] and that SB939, another hydroxamate-based HDACi, did not
bind to hERG channels up to 10 μm but showed evidence of QT prolongation during Phase I
clinical trials [77,78]. A study looking at the impact of HDACis on the expression of hERG
and of its coregulators is needed to elucidate other potential mechanisms of drug-induced
QT prolongation.

Although it has been seen in different clinical trials that HDAC inhibition can lead to QT
interval prolongation; there is, however, an increased risk in patients with certain
predisposing factors such as diabetes mellitus, obesity, hypothyroidism and congenital long
QT syndrome [79]. Other risk factors include gender, advanced age, previous cardiovascular
and cerebrovascular diseases [66,80]. In a study by Barbey et al., baseline ECG in cancer
patients prior to treatment revealed cardiac abnormalities, such as sinus tachycardia, atrial
fibrillation and previous myocardial infarction in 36% of patients [81]. This study, as well as
others, highlighted the importance of detecting and treating pre-existing cardiovascular
diseases in cancer patients as these can be underestimated [81,82]. Predisposing factors to
QT interval prolongation can be iatrogenic, following administration of various drugs, such
as antipsychotics, and serotonin agonists and antagonists. In the UK and Italy, 2–3% of all
drugs prescribed may provoke QT interval prolongation [83]. De Ponti et al. have compiled
a more comprehensive list of drugs with QT interval prolongation potential [84]. Cancer
patients, due to concomitant use of antiemetics, antibiotics and antifungal for the treatment
of chemotherapy induced side effects, may be at an increased risk of QT interval
prolongation, as these drugs may increase the QT interval [79,84]. Antidepressants, which
may be used to treat symptomatic depression present in 24% of cancer patients, can also
prolong the QT interval [79,85]. Metabolic disturbances are other QT prolongation
predisposing factors. Electrolyte imbalance, such as hypokalemia, hypomagnesemia and
hypocalcemia, which can be consequences of the chemotherapy-induced anorexia or
vomiting, may also lead to QT prolongation [59,86].

Approaches to overcoming roadblocks against HDACi in the clinic

Delivering increased potency at the site of action, while eliminating the toxicities that result
from off target effects of chemotherapies, is the hope of up-and-coming cancer treatments of
all kinds [87]. Targeting in cancer therapy can mean:

• Target preference: designing and developing drugs with extremely high potency
and selectivity for a unique molecular entity and not others;

• Selective delivery: directing the medicine to the organ, tissue, cell or subcellular
location of interest.

Approaches being explored to overcome the problems seen with first-generation HDACis in
the clinic include either or both of these targeting paradigms. We will explore two
approaches from the ‘target preference’ paradigm; namely, isoform selectivity and hERG
binding reduction; and two examples from the ‘selective delivery’ paradigm; namely,
localized administration and targeting cap groups (Figure 6).

Isoform selectivity

It stands to reason that if the isoforms of HDAC have various locations, expression levels
and functions, then an understanding of those differences, combined with an arsenal of
isoform selective or isoform-specific HDACis could yield tremendous clinical benefit.
However, it is not yet clear if hitting one HDAC isoform and not others will translate into
clinical benefit. Here, we take a brief look at some of the most promising molecules that will
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help set the future direction of isoform selectivity. For more detailed reviews on isoform
selectivity, we direct the reader to previous reviews [23,41,88,89].

Pan-HDAC inhibitors

The first-in-class drugs approved to date (as well as many candidates in clinical trials) act
broadly on all isoforms of the zinc-dependent classes with little discrimination and are
regarded as pan-HDAC inhibitors (pan-HDACis). While there are countless examples, three
pre-eminent ones include the synthetic analogue SAHA, the naturally occuring TSA and the
Novartis discovered LAQ-824, all of which show activity against all isoforms (Figure 7A).

Recently, the activity of these compounds against Class IIa HDACs has been brought into
question primarily by the results from assay development and screening efforts of James
Bradner and Ralph Mazitschek [19]. A novel, more sensitive Class IIa enzyme substrate was
utilized, allowing for improved catalytic turnover and lower enzyme concentrations. With
these tools in hand, hydroxamic acids such as SAHA were shown to have a surprisingly
attenuated Class IIa inhibition activity (Figure 7B), and a true pan-HDACi was discovered,
Pandacostat [19]. Class IIa HDACs were suggested as readers of acetylation marks on
chromatin rather than erasers, raising important questions as to interplay between Class IIa
inhibition and cancer progression. It is instructive to state here that assays probing for Class
IIa specific HDACis have been demonstrated to be frequently contaminated with more
active HDAC isoforms, an additional factor that may skew isoform selectivity data [90].

The cause(s) of ineffectiveness for these first-in-class HDACis against solid tumors at doses
that have proven effective in CTCL are not well understood. It is conceivable that doses
needed to see clinical benefit may be achievable if isoform selectivity reduces or prevents
dose-limiting side effects. Thus, effort to develop inhibitors selective for isoforms has been
thought to be a significant step towards successful HDACi therapy.

Inhibitors selective for HDAC1, 2 & 3

Within Class I, there are four isoforms (Table 1), with HDAC1, 2 and 3 sharing the most
sequence homology; they therefore are usually hit with similar strength for any given
inhibitor. HDAC1, 2 and 3 are located in the nucleus (almost entirely) and are found in all
healthy cell types [91]. However, in certain cancers overexpression of these HDACs has
correlated with poor survival rates [91–93]. Highest levels of Class I HDAC have been
found especially in late stage, aggressive malignancies [91] and inhibiting these nuclear
HDACs induces apoptosis by re-establishing expression of key on cosuppressor proteins,
such as p21(Cip1/WAF1) [94].

Summarized in Figure 8 are inhibition data for the clinically relevant benzamides and the
natural product depsipeptides HDACi, which have varying degrees of selectivity for
HDAC1, 2 and 3.

The first major Class I selective HDACi with high hopes was benzamide MS-275, due to the
lack of cardiotoxicity. The isoform selectivity of MS-275, MGCD0103 (Mocetinostat) [95]
and more recently 4SC-202 [96] are typical of the benzamide class of HDACis [88]. While
they are extremely selective (Figure 8A), their half-maximal inhibitory concentration lies in
the micromolar regime, much higher than the low nanomolar activity of most hydroxamic
acid-based HDACis, a concern that may be responsible for the poor performance of MS-275
in the clinic. In various Phase I clinical trials involving MS-275 in patients with refractory
solid and hematologic malignancies, no cardiotoxicity attributed to MS-275 was detected
[97–99]. There were also no deaths related to MS 275 administration [100]. Although Phase
I studies showed promising results, MS-275 as a monotherapy had little efficacy in patients
with refractory leukemia and metastatic melanoma [100,101]. In a latter study, no objective
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response was observed; however, disease stabilization was seen in 25% of the patients, with
time to progression ranging from 5 to 385 days and median survival of 8.84 months [101].
Similar toxicity profile and efficacy were also reported for MGCD0103 [102,103]. Despite
the limitations seen with Class I selective benzamies so far, 4SC-202 [96] is still charging
full steam ahead, although results showing improved clinical benefit have yet to be released.

The naturally occurring depsipeptides FK-228 (Romidepsin, Figure 3) and largazole are
HDAC1, 2 and 3 selective owing to the unique ability to recognize amino acid side chains
and amide backbones on the enzyme outer rim (the most structurally divergent location on
all HDAC enzymes), via a multitude of binding interactions from their complex macrocyclic
ring structures (Figure 8C) [104]. These molecules require in vivo unmasking of their alkyl-
thiol ZBG, but once revealed the strength chelation leads to low nanomolar inhibition of
HDAC1, 2 and 3 (Figure 8B). This increased potency, in combination with its isoform
selectivity, are likely the attributes that carried FK-228 through the clinic culminating in
approval for CTCL, a blood cancer that may not be subject to drug-penetration issues typical
of many solid tumors.

Inhibitors selective for HDAC6

It can be misleading to discuss HDAC6 in regards to ‘epigenetic’ cancer therapy. It is not
truly a HDAC, as its primary cellular localization is in the cytoplasm where it regulates
acetylation states (and thereby the functionality) of tubulin, HSP90 and other extra-nuclear
proteins [105]. The cell motility and metastatic potential result from the influence of
HDAC6 on microtubule formation [106]. HDAC6 allows progression and growth of
malignancies by enabling them to survive even in the absence of adequate anchoring to the
extracellular matrix [106]. It is also needed for the development malignancy through the
RAS/MAPK signaling pathway, and plays many other roles that make it an intriguing
therapeutic target [107].

One of the first major breakthroughs in isoform selectivity was in the discovery and use of
Tubacin. This aided in elucidating the distinct activity of HDAC6 on tubulin, but
demonstrated poor drug properties (low water solubility and synthetically challenging)
[108]. Recently, a major success in HDAC6 selectivity was achieved by Alan Kozikowski’s
group, guided by homology modeling in absence of HDAC6 crystal structures bound to
inhibitors [7,31]. The resulting lead, Tubastatin A (Figure 9), exhibits an excess of 1000-fold
selectivity for HDAC6 over HDAC1, 57-fold over HDAC8 and at least 2000-fold over
every other isoform. This was achieved without compromising activity, and in-fact
Tubastatin A is more potent than SAHA at inhibiting HDAC6. The structural basis for the
selectivity is due to the widening of the outer rim that connects to the Zn2+-containing active
site of HDAC6 (17 Å compared with 12 Å for HDAC1), a difference thoroughly
investigated by Kozikowski’s group through designing of steric bulk into the inhibitor’s cap
group. This is a key observation that may explain the strong selectivity for HDAC6 found in
the synthetic macrocyclic hydroxymate compounds designed recently by Auzzas et al., of
which (R)-9 is a lead example (Figure 9) [109]. Efforts in the Pflum lab to modify the C-3
position on SAHA with short alkanes showed HDAC6 preference; albeit with 1000-fold loss
in activity [110]. The HDAC6 selective inhibitor ACY-1215, in combination studies with
clinically approved proteasome inhibitor bortezomib, is being investigated for treatment of
multiple myeloma [111]. These selective inhibitors have shown promise, as HDAC6 is
known to be overexpressed in various cancers and its complete knockdown does not impair
normal functions, predicting a lack of major clinical side effects [106].
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Inhibitors selective for HDAC8

HDAC8 has an increased expression profile in smooth muscle tissue and has been proposed
to regulate the ability of smooth muscle cells to perform contractions [112]. HDAC8 is
differentially expressed and associated with various cancers. Noteably, HDAC8 is the only
HDAC (so far) relevant in neuroblastoma [113], making its selective inhibition of high
interest in the etiology and treatment of this form of cancer. Early reports of inhibitors
selective for HDAC8 included short [114] and linkerless hydroxamates [115]. Highlighted
in Figure 10 are HDAC inhibition profiles of two classes of exciting HDAC 8-selective
molecules that were reported within the year.

HDAC8 is most often the least inhibited isoform within Class I. It is especially unresponsive
to HDACi derived from the most common ZBG, the hydroxamate. The highthroughput
screening efforts by James Bradner and Stuart Schrieber have produced libraries of small-
molecule HDACis [19], which recently furnished a new linker motif that exhibits selectivity
for HDAC8 (Figure 10A) [116]. Novartis reported two lead HDACi that have an (R)-α-
amino-ketone moiety as a unique ZBG. These compounds show selectivity for HDAC8
principally through interaction with the acetate exit tunnel of HDAC8. The spatial
arrangement of the functional groups in these novel HDACis do not fit the traditional ‘cap-
linker-ZBG’ pharmacophoric model (Figure 10B) [117]. It will be exciting to see
pharmacological testing of these compounds, promised by the authors as forthcoming in a
future report.

The clinical benefits of HDAC8 isoform selectivity may be useful though limited, as it has
been shown that selective inhibition of HDAC8 induces apoptosis in T-cell cancers, such as
leukemia, but has little antiproliferative activity against cells derived from solid tumors. This
observation suggests an important connection between isoform selectivity and cancer-type
HDACi selectivity [114], which had been suggested for acute myeloid leukemia [115].
Nevertheless, the biochemical understanding of HDAC8 isoform is much deeper than most,
having the advantages of robust collection of very selective compounds and by far the most
structural information.

The pursuit of isoform specific/selective HDACis is of tremendous importance, particularly
for unique HDAC isoforms such as HDAC6 and HDAC8; it may, however, not be sufficient
to address all the problems that have beleaguered HDACis in the clinic. Additionally, the
functional redundancy of closely related isoforms, such as HDAC1, HDAC2 and HDAC3,
may offset any benefit derived from selective inhibition of a member of such related HDAC
isoforms [118]. While selecting for one or several HDAC isoform targets will likely play an
important role in the road to reducing off target toxicity, systemic inhibition of any single
isoform is still a potential health hazard, leaving a need for selective delivery to the desired
location.

hERG binding reduction

Cardiac toxicity is one of the major side effects/ concerns preventing progress of HDACi in
the clinics. Understanding the molecular entities that are being hit by HDACis to produce
this off-target effect is an alternative approach to increase the safety for this class of drugs.
Recently, Novartis has performed a study to design non-cardiotoxic hydroxamate-based
HDACis [42]. Starting from LAQ824 (Figure 7), one of the most potent HDACis in vitro
[119], a SAR was performed with the objective retaining potency while decreasing its hERG
affinity. Using the in vitro cardiac safety index (iCSI) – the ratio of the hERG IC50 to
cellular IC50 – researchers were able to determine the potential cardiotoxicity of several
derivatives of LAQ824 early in the SAR study. The incorporation of this index early in their
design and in vitro characterization enabled the synthesis of two compounds that achieve
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single-digit nanomolar IC50 HDACi activity and low hERG affinity with iCSI values greater
than 6000, providing a safety margin for in vivo and clinical studies [42]. Using similar in
vivo testing Shultz et al. have reported the synthesis of isoindoline-based HDACis [120].
The use of the iCSI as a parameter for HDACi candidate selection may decrease the number
of clinical trials being terminated for cardiotoxicity.

Interaction of HDACis with the hERG K+ channel, which is currently viewed as a downside
of HDACi therapy, may paradoxically be an advantage, as hERG K+ channels are involved
in proliferation of various malignant cell lines [121]. Besides their epigenetic mechanism of
action, HDACis, which are able to block the hERG K+ channels, may also induce apoptosis
through an additional pathway. To fully benefit from such dual activity, selective
distribution of those HDACis will have to be achieved, inflicting potent cytotoxicity onto
cancer cells while minimizing delivery to the heart to avoid QT prolongation. Such an
approach may enable the full anticancer potential of HDACis to be harnessed.

Localized administration

A target-independent methodology that has a great potential in overcoming many of the
systemic toxicity issues associated with HDACi usage is to locally administer compounds
into the tumor tissue. Localized drug administration has been achieved through intratumoral
injection [122], topical application [123], and surgically placed biodegradable polymers
[124]. to mention but a few. Three different HDACis in topical formulations are currently in
early stages of clinical trials.

In a Phase I trial, Kong et al. studied the safety of topical FK-228 in patients with CTCL
[201]. Through direct application of FK-228 to the skin lesions, selective delivery can be
achieved minimizing systemic side effects. This led to a patent application for the topical
formulation of FK-228 [125] for CTCL and other skin diseases. Following the same
paradigm, another clinical trial began in 2008 for topically administered pan-inhibitor
DAC060 from Genextra [123]. Exciting initial results from the Phase II trial have been
reported, showing complete or near complete remission in 16 of 22 patients with non-
melanoma skin cancer, and partial regression from all others, with only mild inflammatory
side effects [123]. Although the structure of DAC060 has not been disclosed, Genextra
recently published studies on N-hydroxyphenylacrylamide and spiro[benzofuran-2,4′-
piperidine] hydroxamic acid HDACi [126,127]. The latest clinical trial, started in 2011, by
Shape Pharmaceutical Inc., is evaluating the safety, pharmacokinetics and
pharmacodynamics of topical formulation of SHP141, a novel HDACi [202]. This clinical
trial was initiated after encouraging results in a mouse model of CTCL [128].

All the clinical trials aforementioned are examples of selective delivery through direct
physical application of the HDACi to the malignant tissues. This method is not applicable to
most malignancies as they may involve parenchyma of organs and may also have metastatic
lesions. However, they do illustrate the potential of selective delivery as a powerful means
of utilizing HDACis without inducing dangerous side effects.

Targeting cap groups for tissue–cell-selective drug accumulation

Equipping HDACis with a surface recognition cap group capable of binding unique
biological targets, such as over expressed or uniquely expressed receptors, could confer
interesting and desirable tissue-selective accumulation properties on HDACis. Because the
HDAC enzyme outer surface rims are highly tolerant of variations on HDACi surface-
recognition cap group, some of these tissue-selective compounds could be incorporated into
the design of next-generation drugs. Such HDACis will retain or even have enhanced
HDAC inhibition and possess targeted anticancer activity due to the selective tissue
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distribution conferred by the appended targeting moiety. Additionally, the increased potency
afforded by drug accumulation at the site of disease will likely translate to lower therapeutic
doses, thereby minimizing detrimental off target effects, which are often presented at high
drug doses. We highlight here two examples of such molecules that have the potential to
shape the future of HDACi therapy.

CHR-2845 is a hydroxamic-based HDACi endowed with an ester linkage which can be
hydrolyzed by human carboxylesterase-1 (hCE-1), an enzyme present mainly in
macrophages, monocytes and kupffer cells. Hydrolysis of CHR-2845 yields CHR-2847 (the
active metabolite) which accumulates in cells expressing hCE-1 [129]. This accumulation
results in a 20–100-fold increase in potency against monocytes derived malignancies relative
to non-monocytic malignancies [130]. In a Phase I multicenter trial of CHR-2845 in patients
with advanced hematological malignancies, no dose-limiting toxicities were detected. In
terms of efficacy, one patient with chronic myelomonocytic leukemia achieved bone
marrow response and symptoms relief after completion of nine cycles of CHR-2845 [130].

Our laboratory has been developing HDACis incorporating various nonpeptide macrocyclic
ring systems known to selectively accumulate in the lungs. The macrocyclic templates we
have chosen were derived from the medically successful antibiotics azithromycin (AZ) and
clarithromycin (CL) (Figure 11), as well as a triketolide (TE-802) that has demonstrated
superior efficacy in mice model of respiratory tract infection [35,131,132]. Our choice of
these macrocyclic compounds was informed by their extraordinary tissue distribution
profiles in data presented to the FDA and subsequently confirmed by various independent
laboratories [133,134]. The lung tissue selective accumulation of AZ [135] and CL [136]
(Figure 11) is a major determinant of their effectiveness against various respiratory tract
infections [135]. For the 15-membered AZ, targeting to the lung tissue occurs via rapid
uptake into monocytes, phagocytes, alveolar macrophages, fibroblasts and lymphocytes,
which themselves have a selective distribution to lungs especially in response to diseased
states such as infection and inflammation [131].

Using a combination of the tools of synthetic organic chemistry, computational chemistry
and cell based assays, we have identified a series of macrocyclic HDACis derived from AZ,
CL and TE-802. These elicit selective and potent anti-proliferative activity against human
lungs, prostate and breast cancer cell lines [43,137]., Overall, these compounds have
improved enzyme inhibition potency and isoform-selectivity (subclass isoform preference
for HDAC1 and 2, over HDAC8). They possess both linker-length and macrolide-type
dependent HDAC inhibition activities (Figure 12). The alkyl linker length is optimized at
seven carbons (n = 2) across all macrocyclic cap groups (Figure 12). The presence or
absence of the cladinose sugar on AZ and CL derivatives (cladinose-containing AO-AZ
versus AO-AZH, and AO-CL versus AO-CLH, Figure 12) has little effect on the HDAC
inhibition profile. Computational analyses enabled an understanding of the linker length
preference and the roles of the interaction between the HDAC enzymes outer rim and the
inhibitors’ macrocyclic templates that are responsible for the enhanced affinity and isozyme
selectivity [43,137]. Ongoing efforts in our lab have revealed interesting patterns of tissue-
selective accumulation in a subset of these macrolide-derived HDACis. The prospect of
tissue-specific HDACi delivery is a particularly enticing alternative to isoform-selective
HDACis [137].

Future perspective

The approval of SAHA and FK-228 has firmly laid the foundation for the exploration of
HDAC inhibition as a therapeutic approach for other cancer subtypes and related diseases.
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The next 5–10 years will see new and unprecedented therapeutic opportunities based on
HDACi regiments, although not without challenges.

We anticipate more isoform-selective HDACis, specifically for Class IIa HDAC4 and
HDAC7, since their crystal structures are now available [138,139]. Based on the current
trends, we expect more FDA approvals will arrive in the next decade, either for new
compounds based on: the desirable targeting characteristics outlined in this review, new
combination therapies; and/or new indications for other cancer types other than CTCL [140].
With the aspiration of finding real cures for cancer and other difficult-to-treat diseases for
which HDACi could be beneficial, we make a bold claim here that the paradigm of tissue-
and cell-targeted delivery will gain prominence in the design of new generation of HDACis.
This approach will be a natural complement to investigations centered on identifying
isoform selective HDACis.

In order to fashion HDACis that preferentially accumulate in certain tissues, many more
small molecules that have inherent tissue-selective distribution profiles and are compatible
with HDAC inhibition must be identified. This endeavor may be complicated by the fact that
drug tissue distribution profiles are not one of the routine pharmacokinetic properties
(adsorption, distribution, metabolism and excretion) investigated due to the relative
difficulties of obtaining tissue samples [141]. As methods for analysis of biodistribution
improve, more and more chemical entities will be unveiled to aid this approach. Meanwhile,
a treasure trove of information that is accessible to researchers who maintain interest in
tissue-selective drug accumulation, are supporting documents for several drugs currently
approved by the FDA.

As nanotechnology comes of age, we speculate that targeted nanoparticle formulations of
HDACis will answer some of the delivery problems associated with treating solid
malignancies [142]. The technological innovations driving decreased expense will spur a
dramatic increase in genetic and epigenetic screening, allowing more in-depth, routine and
comprehensive correlations to be made in order to map the epigenetic landscape. HDACis
will be key players in this arena, not only as personalized, targeted therapeutic agents, but
also as tools to parse out an understanding of epigenetic states [143]. Many difficulties that
accompany such a massive endeavor will be unburdened through advanced and globally
integrated computing technologies for storing, accessing, automatically updating, and
utilizing the seemingly intractable amount of genetic, epigenetic, proteomic and clinical
information.

The gains so far recorded in HDACi therapy could not have come at a better time. The
information gleaned from these advances will extend the reach of HDAC inhibition to other
diseases likely in combination with other epigenetic modifiers, such as siRNA and inhibitors
of DNA methylation, allowing for more precise control over the epigenetic program [144].
The future is bright for HDAC inhibition.

Key Terms

Chromatin DNA coiled around histone proteins and compacted into highly
ordered structures in the nucleus

Histone acetyl
transferase

Class of enzymes that add an acetyl group onto the tails of histone
protieins

Histone deacetylase Class of enzymes that remove acetyl groups from the tails of
histone proteins (and also other, non-histone protiens)
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Isoforms Also known as or isozymes, are different forms of a protein or
enzyme that all have a similar function, but may differ in
subcellular location, subtrates, sequence, size, and shape

Cutaneous T-cell
lymphoma

Immune system malignancy involving, but not limited to, skin
lesions

hERG K+ channel Ion channel involved in the electrical repolarization of the heart

QT prolongation Potentially fatal increased time interval of ventricular
depolarization of the heart
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Executive summary

• Histone deacetylase inhibitors (HDACis) are an exciting new class of
medicines, with broad applications, currently most notable in cancer.

• Serious dose-limiting (and, therefore, efficacy-limiting) side effects need to be
overcome, especially cardiac toxicity, although at high systemic concentrations
other serious effects are expected.

• Approaches for overcoming systemic toxicities and increasing potency against
solid tumors include:

– Target preference methodologies

♦ Isoform selectivity, whereby newly designed or
discovered HDACis are able to hit only one or a few of
the 11 known HDACs.

♦ Weakening hERG binding, whereby the cardiac toxicity
may be limited by reducing efficacy for hERG without
comprimising HDACi potency.

– Selective delivery methodologies

♦ Localized administration, whereby much higher
concentrations of the drug are achieved at the site of
action by topical drug application, intratumoral injection
or by other means.

♦ Targeted cap groups, whereby the structural and chemical
flexibility of the HDACi surface recognition cap group is
exploited to introduce ligands known to selectively
accumulate within certain organs, tissue, cells or
subcellular compartments.
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Figure 1.
Factors influencing epigenetic regulation of DNA information.
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Figure 2. The dynamic change in histone acetylation states and the accessability of the gene code
is facilitated by the activities of two functionally opposed enzymes – histone acetyl transferase
and histone deacetylase
Acetylated lysines on core histone tails encourage gene expression via (A) reduction of
electrostatic interaction between histone lysines and the DNA phosphate backbone, and also
by (B) enabling binding of chromatin reader complexes, such as BPTF, equipped with an
acetylated lysine reader (bromo, the bromodomain) and a methylated lysine reader (PHD)
[145]. Inhibiting HDACs in the nucleus induces apoptosis via re-establishing expression of
key tumor suppressor proteins, such as p53 and p21(Cip1/WAF1) [94].
BPTF: Bromodomain plant homeodomain finger transcription factor; HAT: Histone acetyl
transferase; HDAC: Histone deacetlyase; HDACi: Histone deacetlyase inhibitor; PHD: Plant
homeodomain.
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Figure 3. Various classes of histone deacetylase inhibitors
HDACi: Histone deacetylase inhibitor; SAHA: Suberoylanilide hydroxamic acid.
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Figure 4. Histone deacetylase 3 pharmacophoric model for Zn2+-chelating inhibitors
The crystal structure shown highlights the surface (blue), hydrophobic tunnel (gray) and
zinc-sequestering active site (red). Each histone deacetylase inhibitor pharmacophore is
color-coded to reflect its binding within the histone deacetylase enzyme active site.
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Figure 5. Clinical timeline: the explosion of histone deacetylase inhibitor cancer clinical trials,
over 490 to date
Count was compiled from the clinicaltrials.gov databank. Numbers for 2010 and 2011 are
incomplete given the time lag between start date and appearance in the databank, and do not
reflect a decrease in medical excitement surrounding histone deacetylase inhibitors.
SAHA: Suberoylanilide hydroxamic acid.
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Figure 6. Overcoming clinical roadblocks to histone deacetylase inhibitor cancer therapy
HDACi: Histone deacetylase inhibitor.
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Figure 7. Pan histone deacetylase inhibitors
(A) Traditional, non-selective inhibitors (SAHA and TSA data averaged from four
independent groups) [43,88,99,109]. (B) Pandacostat, profiled against values calculated
from Ki reported by the traditional inhibitors SAHA, TSA and LAQ-824 (IC50 Bradner et al.
using the Cheng–Prusoff equation) [19].
HDAC: Histone deacetylase; SAHA: Suberoylanilide hydroxamic acid; TSA: Trichostatin
A.
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Figure 8. Histone deacetylase isoform selectivity of clinically relevant benzamides and
depsipeptide histone deacetylase inhibitors relative to suberoylanilide hydroxamic acid
(A) Clinically relevant benzamide HDACi are selective for HDAC 1,2 and 3 of Class 1, but
not HDAC8. (B) Depsipeptide HDACi are selective for Class 1 HDAC and more potent than
the benzamides and SAHA. (C) Crystal structure of largazolethiol, the product of in vivo
hydrolysis of the thioester bond, bound to HDAC8 shows extensive interaction of the
macrocycle with HDAC outer surface rims which may explain the enhanced potency of
depsipeptides relative to other HDACis [104].
HDAC: Histone deacetlyase; HDACi; Histone deacetylase inhibitor.
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Figure 9.
Histone deacetylase 6-selective inhibitors.
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Figure 10. Histone deacetylase 8-selective inhibitors
(A) Hydrazide aryl hydroximatic acids and (B) (R)-α-amino-ketones.
SAHA: Suberoylanilide hydroxamic acid; TSA: Trichostatin A.
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Figure 11. Lung selective distribution profile of clarithromycin and azithromycin in human
patients [135]
Lung AV: Lung aveolar macrophage.
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Figure 12. Targeted histone deacetylase inhibitor with non-peptide macrocyclic cap groups
(A) Targeting with the cap group from the traditional HDACi pharmacophoric model. (B)
Linker length dependance on the activity of non-pepide macrolide HDACi. AO-AZ#:
Azithromycin-triazole-HDACi of chain length #n; AO-AZH#: Azithromycin-triazole-
HDACi of chain length #n with H replacing the cladinose sugar; AO-CL#: Clarithromycin-
triazole-HDACi of chain length #n; AO-CLH#: Clarithromycin-triazole-HDACi of chain
length #n with H replacing the cladinose sugar; AO-TK#: Triketolide-triazole-HDACi of
chain length #n; AZH: Azithromycin; HDACi: Histone deacetylase inhibitor.
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