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Histone deacetylase (HDAC) proteins are transcription regulators linked to cancer. As a result,

multiple small molecule HDAC inhibitors are in various phases of clinical trials as anti-cancer

drugs. The majority of HDAC inhibitors non-selectively influence the activities of eleven human

HDAC isoforms, which are divided into distinct classes. This tutorial review focuses on the recent

progress toward the identification of class-selective and isoform-selective HDAC inhibitors. The

emerging trends suggest that subtle differences in the active sites of the HDAC isoforms can be

exploited to dictate selectivity.

Introduction

Histone deacetylase (HDAC) proteins play an important role

in gene expression by governing the acetylation state of lysine

residues located on the amino-terminal tails of histone pro-

teins (Fig. 1). Histones comprise nucleosomes, which are the

basic packaging units of chromosomes.1 By binding to geno-

mic DNA, the accessibility of genes to transcriptional proteins

is altered by histone lysine acetylation. As a result, HDAC

proteins are generally associated with repression of transcrip-

tion and reduced gene expression (for a review of HDAC

proteins, histone acetylation, and transcription, see ref. 2).

HDAC proteins comprise a family of 18 members in hu-

mans and are separated into four classes based on their size,

cellular localization, number of catalytic active sites, and

homology to yeast HDAC proteins. Class I includes HDAC1,

HDAC2, HDAC3, and HDAC8. Class II consists of six

HDAC proteins that are further divided into two subclasses.

Class IIa includes HDAC4, HDAC5, HDAC7, and HDAC9,

which each contains a single catalytic active site. Class IIb

includes HDAC6 and HDAC10, which both contain two

active sites, although only HDAC6 has two catalytically

competent active sites. HDAC11 is the sole member of class

IV, based on phylogenetic analysis.3 Class I, II, and IV HDAC

proteins operate by a metal ion-dependent mechanism, as

indicated by crystallographic analysis.4 In contrast, class III

HDAC proteins, referred to as sirtuins (SIRT1-7), operate by

a NAD+-dependent mechanism unrelated to the other HDAC

proteins (see ref. 5 for a review of the HDAC family). The

metal-dependent HDAC proteins are the targets of the HDAC

inhibitors discussed in this review.

Due to their fundamental role in gene expression, HDAC

proteins have been associated with basic cellular events and

disease states, including cell growth, differentiation, and can-

cer formation (see ref. 6 for a review on HDAC proteins in

cancer). In particular, distinct class I and class II HDAC

proteins are overexpressed in some cancers, including ovarian

(HDAC1–3),7 gastric (HDAC2),8 and lung cancers (HDAC1

and 3),9 among others. In addition, a possible correlation

between HDAC8 and acute myeloid leukemia (AML) has

been suggested.10 With respect to the class II HDAC proteins,
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aberrant expression of HDAC6 was induced in some breast

cancer cells.11 While individual members of class I and II

HDAC proteins are linked to cancer formation, the role of

each isoform in carcinogenesis is unclear. Particularly, the

molecular mechanism connecting HDAC activity to cancer

formation is not yet defined.

Given their association with cancer formation, class I and II

HDAC proteins have emerged as attractive targets for anti-

cancer therapy. Several HDAC inhibitor (HDACi) drugs are in

various stages of clinical trials,12 with SAHA (suberoylanilide

hydroxamic acid, Vorinostat, Fig. 2) gaining FDA approval in

2006 for the treatment of advanced cutaneous T-cell lymphoma

(CTCL).13 Consistent with their clinical effects, inhibitors of

HDAC proteins suppress tumor cell proliferation, induce cell

differentiation, and upregulate crucial genes associated with

anti-cancer effects (see ref. 14 for a review of the clinical effects

of HDACi drugs). Therefore, HDACi drugs represent a pro-

mising next generation of anti-cancer therapeutics.

In general, HDAC inhibitors have a standard, modular

construction with structural similarities to the HDAC acetyl-

lysine substrate (Fig. 1). HDAC inhibitors typically consist of

a metal-binding moiety that coordinates to the catalytic metal

atom within the HDAC active site and a capping group that

interacts with the residues at the entrance of the active site

(Fig. 2). In addition, a linker that is structurally related to the

carbon chain present in the acetyl-lysine substrate appropri-

ately positions the metal-binding moiety and capping group

for interactions in the active site. Crystallographic evidence

with SAHA bound in the active site of a bacterial homologue

of class I HDAC proteins (HDLP) confirms that the hydro-

xamic acid coordinates to the zinc atom at the bottom of the

active site, the linker lies in a confined hydrophobic channel,

and the anilide capping group interacts with the amino acids

surrounding the entrance of the active site.4

The majority of HDACi drugs in and out of clinical trials

inhibit all HDAC isoforms nonspecifically (so called pan-

inhibitors). SAHA and TSA are the canonical pan-inhibitors

(Fig. 2), influencing the activity of HDAC1–9 with roughly

equivalent potency.15 Selective HDAC inhibitors, which affect

either a single HDAC isoform (isoform-selective HDACi) or

several isoforms within a single class (class-selective HDACi),

would be ideal chemical tools to elucidate the individual

functions of each HDAC isoform. Specifically, selective

HDAC inhibitors would aid in defining the molecular mechan-

ism connecting HDAC activity to cancer formation. In addi-

tion, it is possible that a class-selective or isoform-selective

HDAC inhibitor would provide a more effective chemother-

apy compared to pan-inhibitors. Despite the utility and po-

tential therapeutic advantage of selective HDAC inhibitors,

their design has been challenging. The high sequence similarity

within the active sites of the isoforms makes inhibitor design

problematic. In addition, subtle differences among the active

sites of each human isoform are not well characterized due to

the limited crystallographic analysis; the only available crystal

structures are of HDAC7 and HDAC8,16–18 although the

structures of bacterial homologues related to class I and II

HDAC proteins have been useful.4,19 Despite these challenges,

several class-selective and isoform-selective HDAC inhibitors

have been reported within the past decade.

Herein, we review the recent advancements in creation of

class-selective and isoform-selective HDAC inhibitors. Due to

the modular nature of HDAC inhibitors, this review is organized

by modifications made to each region: the capping group, metal-

binding moiety, and linker. In addition, the structural elements

leading to selectivity are highlighted by discussing class I-selec-

tive and class II-selective inhibitors separately. The emerging

trends suggest that selective inhibitors can be designed to exploit

the subtle differences in the active sites of each HDAC isoform.

The current challenges in the field are also highlighted to aid

future inhibitor design efforts.

I. Review of class-selective and isoform-selective

HDAC inhibitors

I.A Capping group modifications

The capping group region has been modified extensively

towards the creation of selective HDAC inhibitors. Among

the class-selective inhibitors identified, capping group moieties

have been hypothesized to interact with amino acid residues

near the entrance of the active site differently between the

HDAC classes. Inhibitor docking studies confirm this hypoth-

esis in the case of class II-selective inhibitors (section I.A.2).

Several inhibitors with possible isoform selectivity within class

I were also reported (section I.A.1), although the elements

leading to selectivity in this case are less understood.

I.A.1 Class I-selective HDAC inhibitors. HDAC inhibitors

with cyclic peptide moieties at the capping group region (Fig. 3)

display class I selectivity. For example, natural products

Fig. 1 The acetylation state of lysine amino acids are governed by the

equilibrium activities of acetyltransferase enzymes and deacetylase

enzymes. In the context of gene expression, the lysine residues of

histone proteins are key substrates for acetylation.

Fig. 2 Pan-inhibitors TSA and SAHA.
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trapoxin A (TPX), trapoxin B, chlamydocin, and Cyl-2 dis-

played selectivity for HDAC1 versus HDAC6 of 640–570 000-

fold with pM potency (HDAC1 IC50 = 110–820 pM).20 HC-

toxin was tested against rat liver HDAC proteins (RLH), which

are comprised of predominantly HDAC1–3, as well as human

HDAC8 and an HDAC6-like bacterial homologue (FB188

HDAH), and demonstrated class I selectivity of greater than

1000-fold (RLH IC50 = 10 nM).21 Among the azumamides,

azumamide E displayed roughly 100-fold selectivity for class I

HDAC1, 2, and 3 compared to class II HDAC4, 5, 6, 7, and 9

(HDAC1–3 IC50 = 50–100 nM).22 Apicidin was tested against

HDAC1–9 and showed 17–232-fold selectivity for HDAC2, 3

and 8 compared to HDAC1, 4, 6, 7, and 9 (HDAC2–3, 8 EC50

= 43–575 nM).15 Finally, romidepsin (depsipeptide, FK-228)

displayed roughly 10-fold selectivity for HDAC1 and HDAC2

versus HDAC4 and roughly 300-fold selectivity versus HDAC6

(HDAC1–2 IC50 = 36–47 nM).23 Furthermore, some syntheti-

cally derived cyclic hydroxamic acid-containing peptides

(CHAPs, Fig. 3) and romidepsin derivatives have also been

shown to have similar class I selectivity.20,24 Interestingly, a

cyclic peptide mimic (compound 1) displayed modest selectivity

within class I, with a 4-fold preference for HDAC1 versus

HDAC8 (HDAC1 IC50 = 57 nM), although the class II

selectivity was not assessed.25 In total, the class I selectivity of

inhibitors containing cyclic peptide moieties suggests that the

capping group plays a significant role of discriminating the

HDAC isoforms.

It has been hypothesized that the origin of the class I

selectivity of cyclic peptide inhibitors arises from the mimicry

of the peptide-derived capping group to the natural substrate

associated with class I HDAC proteins.20 A comparison of the

crystal structures from bacterial homologues of class I and II

HDAC proteins (HDLP and FB188 HDAH, respectively)

bound to HDAC inhibitors identified major differences at

the entrance regions of the active sites.4,19 In particular, two

loops exist in class II homologues that may prevent binding of

bulky cyclic peptide capping groups.19,21 Therefore, a steric

argument has been invoked to account for the observed class I

specificity of cyclic peptide HDAC inhibitors.21

Consistent with the trends observed with the cyclic peptide

inhibitors and the steric argument, additional class I-selective

HDAC inhibitors have been created by introducing bulky

hydrophobic groups at the capping group of the pan-inhibitor

SAHA (Fig. 2). For example, compounds 2 and 3 contain two

aromatic capping groups and display modest class I selectivity.26

Compound 2 displayed greater than 65-fold selectivity for

HDAC1, 2, and 3 versusHDAC4, 5, and 7, however, it inhibited

HDAC1, 2, and 3 only 10-fold greater than HDAC6 (HDAC1–3

IC50 = 0.80–4 nM). In the case of compound 3, HDAC3 and 6

(HDAC3, 6 IC50 = 13–14 nM) were inhibited to a greater extent

than HDAC1 (4-fold), HDAC2 (12-fold), and HDAC4, 5, 7, and

8 (greater than 135-fold). The fact that compounds 2 and 3 were

potent against the class II HDAC6, in addition to the class I

HDAC1, 2, and 3, suggests some structural similarity among

these isoforms that is not discriminated by SAHA analogues (see

section I.A.2 for more discussion).

While the cyclic peptides and SAHA analogues point towards

bulky capping groups to discriminate among the HDAC classes,

Fig. 3 HDAC inhibitors with a cyclic peptide or cyclic peptide mimic capping group.
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smaller aromatic capping groups in conjunction with aromatic

linker regions have also been associated with selectivity. For

example, an HDACi bearing an extended aromatic capping

group attached via an aromatic amide linker (compound 4)

demonstrated modest selectivity for HDAC1 and HDAC4

versus HDAC6 (3-fold and 8-fold, respectively, with HDAC4

IC50 = 98 nM).27 Capping group modifications were investi-

gated in an iterative fashion, leading to the discovery of com-

pound 5, which displayed 10–250-fold selectivity for HDAC1, 2,

and 3 compared to HDAC6 and 8 (HDAC1 IC50 = 36 nM).

Interestingly, compound 5 also displayed isoform selectivity

within class I, with a 10-fold and 20-fold selectivity for HDAC1

versus HDAC2 and HDAC3, respectively.28 Finally, several

6-amino nicotinamides bearing aromatic capping groups were

also tested against HDAC1–3, 6, and 8, with compound 6

displaying roughly 20-fold selectivity for class I HDAC1, 2,

and 3 versusHDAC6 and 8 (HDAC1 IC50 = 73 nM). Again, in

this case, within class I, compound 6 demonstrated 4-fold and

13-fold selectivity for HDAC1 over HDAC2 and HDAC3,

respectively.29 Although the capping groups were extensively

investigated in the reports for compounds 4–6, they also contain

aromatic linkers that may play a role in the observed selectivity

(see section I.C). Furthermore, it is notable that compounds 5

and 6 contain benzamide metal-binding moieties, which may

play a role in the observed selectivity (see section I.B).

In total, the trends observed with capping group derivatives

suggest that compounds containing smaller capping groups

have generally less class I selectivity (10–100-fold class I

preference) compared to most cyclic peptide derivatives

(Fig. 3) or compounds 2 and 3 (100–10 000-fold preference

for class I). Therefore, the size of the capping group is likely

important for governing class selectivity. In terms of isoform

selectivity and discrimination between isoforms within class I,

the selectivities are modest (4–20-fold preference for HDAC1

with compounds 1, 5, and 6), making trends less obvious.

I.A.2 Class II-selective HDAC inhibitors. The class I-selec-

tive inhibitors described in section I.A.1 were identified via

screening of acetyl-histone derived protein or peptide sub-

strates against individual HDAC isoforms. In contrast, many

class II-selective inhibitors were discovered by screening

against various acetylated substrates. For example, the HDACi

tubacin was originally identified in an in vivo screen monitoring

the acetylation state of a-tubulin.30 Because a-tubulin is a

substrate for HDAC6, tubacin is considered a selective

HDAC6 inhibitor. In fact, tubacin inhibits HDAC6 by 4-fold

over HDAC1,31 although inhibition of other class I HDAC

proteins has not been reported.21 While HDAC6 uniquely

contains two functional catalytic domains, tubacin influences

the activity of only one of the active sites to inhibit deacetyla-

tion of both histone and a-tubulin substrate proteins in vitro.32

Tubacin is structurally related to SAHA but contains a very

large capping group that putatively mimics the natural sub-

strate, acetylated a-tubulin, for HDAC6. Interestingly, tubacin

has structural similarities to SAHA analogs with class I

selectivity (see section I.A.1), suggesting that the chemical

nature of the capping group is critical for subtle discrimination

between HDAC6 and the class I HDAC isoforms.

Towards development of assays for screening selective

HDAC inhibitors, the deacetylation of fluorescent acetyl-

lysine substrate derivatives was studied with several HDAC

isoforms to identify the determinants of substrate selectivity.33

For example, substrate 7 was deacetylated preferentially by

HDAC6 versus HDAC1 and HDAC3. Using the selective

substrates, small molecules were screened for HDAC1 versus

HDAC6 selectivity.34 Unfortunately, the isoform selectivity

predicted by the substrate screening was not always validated

in secondary assays with purified proteins,35 suggesting that

caution should be used when screening with selective sub-

strates. However, several inhibitors with biaryl and haloge-

nated aryl capping groups were identified.35 Of the best hits,

compound 9 demonstrated 14-fold selectivity for HDAC6

versus HDAC1 (HDAC6 IC50 = 1.69 mM). Inhibitor docking

studies using homology models of HDAC1 and HDAC6

revealed favorable interactions between non-polar residues at

the entrance of the HDAC6 active site and the capping group.

Specifically, compound 9 is accommodated optimally by the

wider entrance to the active site of HDAC6 where distinct

cavities offer selective binding modes.35 With structural simi-

larities to SAHA, as with tubacin, the observations with

compound 9 are consistent with the capping group playing a

role in class II, and possible HDAC6, selectivity.
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While selective substrates were used to screen for selective

HDAC inhibitors, the HDAC6-selective substrate 7 was also

exploited towards development of a selective inhibitor. In

particular, several thiolate analogs of 7 were synthesized with

a variety of different cyclic capping groups (compounds 8a–c)

to create selective HDAC6 inhibitors.36 Testing with HDAC1,

4, and 6 revealed a 32–42-fold selective inhibition of HDAC6

over HDAC1 and HDAC4, respectively, with the thiolate

analogs (HDAC6 IC50 = 23–29 nM). Further exploration of

the bulky alkyl capping groups lead to the identification of

analog 8d, which demonstrated 46–51-fold isoform selectivity

of HDAC6 over HDAC1 and HDAC4, respectively (HDAC6

IC50 = 82 nM).37 These results suggest that an understanding

of the substrate selectivity of various HDAC isoforms can be

exploited to create selective HDAC inhibitors.

While the capping group has influence on class selectivity,

the linker and capping group were simultaneously varied in a

series of aroyl pyrrolyl hydroxamide (APHA) compounds. In

this series, compounds were screened against maize HD1-B

and HD1-A, which represent mammalian class I and class IIa

homologues, respectively. The initial hit compound 10 demon-

strated 78-fold preference for maize class IIa HD1-A com-

pared to class I HD1-B.38 Further modification of the capping

group region led to compound 11 which displayed a 176-fold

selectivity for HD1-A over HD1-B.31 Importantly, non-halo-

genated or differently substituted APHA derivatives showed

no HD1-B/HD1-A selectivity, underscoring the importance of

the position of the halogen in the capping group. Interestingly,

the APHA compounds and compound 9 contain halogenated

phenyl capping groups and prefer the class II proteins,

although with opposing class IIa and IIb selectivity, respec-

tively, suggesting that halogens impart class preference. Be-

cause APHA compounds contain an aromatic pyrrole in the

linker chain, the elevated class selectivity of compounds 10 and

11 relative to tubacin and compounds 8d and 9 may reflect the

influence of the linker in addition to the capping group (see

section I.C).

In total, the capping group has a significant impact on

HDAC inhibitor selectivity for both class I and class II.

Unfortunately, the specific functional groups in the capping

group required for discriminating class I or class II isoforms

are not clear from the available examples. It is notable,

however, that compared to the most robust class I-selective

inhibitors, such as trapoxin A, B, chlamydocin, and Cyl-2

(640–570 000-fold preference for HDAC1 versus HDAC6), the

class II-selective HDAC inhibitors are generally less discrimi-

nating (4–176-fold preferences), possibly reflecting the fewer

studies reported with class II-selective inhibitors.

I.B Metal-binding moiety modifications

Capping group modifications likely exploit structural differ-

ences at the entrance of the active site of each isoform to afford

class selectivity or isoform selectivity (section I.A). In the case

of modification near the metal-binding moiety, the high

sequence similarity near the catalytic metal among the HDAC

isoforms makes a similar approach problematic. However,

selective inhibitor design has centered in some cases on the

presence of distinct binding pockets adjacent to the

catalytic metal.

I.B.1 Class I-selective HDAC inhibitors. Many class I-se-

lective HDAC inhibitors contain benzamides as metal-binding

groups (Fig. 4). Most notably, MS-275 displayed class I

selectivity with at least 135-fold preference for HDAC1 and

3 compared to HDAC6 and 8 (HDAC1 IC50 = 180 nM).39

Interestingly, MS-275 also showed selectivity within class I,

showing preference for HDAC1 compared to HDAC3 by

either 4-fold or 27-fold.39,40 Similar to MS-275, CI-994 and

Fig. 4 HDAC inhibitors displaying benzamide metal binding moieties.
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MGCD0103 showed both class and isoform selectivity when

tested against HDAC1, 3, 6, and 8. With CI-994, at least a 133-

fold preference for HDAC1 and 3 compared to HDAC6 and 8

was reported, while also displaying a roughly 2-fold preference

for HDAC1 versus HDAC3 (HDAC1 IC50 = 410 nM).39 In

the case of MGCD0103, at least a 40-fold preference for

HDAC1 and 3 compared to HDAC6 and 8 was observed,

while an 8-fold selectivity for HDAC1 versus HDAC3 was

documented (HDAC1 IC50 = 82 nM).39 It is noteworthy that

while MS-275, CI-994, and MGCD0103 contain benzamide

metal-binding groups, they also contain aromatic linkers that

may contribute to selectivity (section I.C.1). However, a trend

of the data suggests that the benzamide moiety contributes to

class I selectivity. In fact, a direct comparison of SAHA

analogs (Fig. 2) containing either a benzamide or hydroxamic

acid metal binding moiety showed that the benzamide deriva-

tive discriminated against the class II HDAC6 isoform, sug-

gesting class I selectivity.41 While the benzamide may take

advantage of sequence differences in the region adjacent to the

catalytic metal, some have suggested an alternative allosteric

binding mode for MS-275.42

According to crystallographic analysis of bacterial homo-

logues of class I (HDLP) and class II (FB188 HDAH) HDAC

proteins, as well as human HDAC8, a 14 Å internal cavity

exists deep within the HDAC active site near the catalytic

metal atom.4,17–19 The internal channel is hypothesized to

function as an exit channel for release of the acetate byproduct

after acetyl-lysine deacetylation.43 Critical for selective inhibi-

tor design, sequence differences in the internal cavity exist

between HDLP and FB188 HDAH, which can be exploited to

create a selective HDACi.43,44 Specifically, docking of MS-275

in the active site of an HDAC1 homology model suggested

that substituents could be placed on the benzamide and fit

favorably into the 14 Å internal cavity.45 Based on this

analysis, compound 12 was synthesized and displayed a 5-fold

selectivity for HDAC1 over HDAC2 (HDAC1 IC50 = 20

nM). Because no selectivity between HDAC1 and HDAC2

was observed with MS-275,45 the presence of the thienyl

substituent on the benzamide imparts selectivity. Interestingly,

truncation of the capping group and linker regions of com-

pound 12 (compounds 13–15) did not significantly influence

the potency of the compounds (HDAC1 IC50 = 40–50 nM).

In addition, compounds 13–15 demonstrated roughly 100-fold

selectivity for HDAC1 and 2 versus HDAC3 and 8, although

the preference for HDAC1 versus HDAC2 was reduced to

between 1.6- and 4-fold.45

Recently, another set of HDAC inhibitors were designed to

target the 14 Å internal cavity for the specific inhibition of

HDAC1 and 2 versus HDAC3–8.46 Compound 12 was synthe-

sized in this study, as well as compounds 16–19, all bearing

biaryl substituents extending from the metal-binding benza-

mide moiety. In this study, compound 12 demonstrated great-

er than 145-fold selectivity for HDAC1 and 2 versus HDAC3

and 8 with greater than 260-fold selectivity versus HDAC4–7

(HDAC1 IC50 = 6 nM). Compound 12 also showed a 32-fold

selectivity for HDAC1 over HDAC2, similar to the previous

work.46 Compounds 16–17 demonstrated greater than 86-fold

selectivity for HDAC1 and 2 versus HDAC3 and greater than

275-fold versus HDAC4–8, while showing a 7–9-fold selectiv-

ity for HDAC1 over HDAC2 (HDAC1 IC50 = 10–13 nM). In

addition, compounds 18–19 demonstrated greater than 475-

fold selectivity for HDAC1 and 2 versus HDAC3–8 with

roughly a 10-fold selectivity for HDAC1 over HDAC2

(HDAC1 IC50 = 7–10 nM).46

With the selective inhibition observed with compounds

12–19, a small-molecule library of amide derivatives was

synthesized to probe the influence of the benzamide substitu-

ents on selectivity.47 Compounds 20–23 demonstrated 12–30-

fold selectivity for HDAC1 and 2 versus HDAC3 with a 6–19-

fold selectivity for HDAC1 over HDAC2 (HDAC1 IC50 =

48–65 nM). Analyses of homology models of HDAC1 and

HDAC3 based on the crystal structure of an HDAC8 mutant

verified that the 14 Å internal cavity is hydrophobic, suggest-

ing that nonpolar substituents on the benzamide are preferred

over polar groups.47 Significantly, the homology models in-

dicate that a Ser113 present in the cavity of HDAC1 is

replaced by Tyr96 in HDAC3, perhaps explaining the ob-

served selectivity for HDAC1 over HDAC3 by the substituted

benzamides.47 Although targeting the 14 Å internal cavity to

impart inhibitor isoform selectivity is an exciting new possibi-

lity, additional experiments are needed to verify the binding
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mode of the substituted benzamides in the active site channel

and 14 Å internal cavity. However, a significant conclusion of

these studies is that the metal binding moiety can be substi-

tuted to create selective HDAC inhibitors.

I.B.2 Class II-selective inhibitors. To probe the impact of

the metal binding moiety on the selectivity of the cyclic peptide

HDAC inhibitors (see section I.A.1), several derivatives of

chlamydocin were generated with a variety of metal-binding

substituents.48 While all discriminated against HDAC6, simi-

lar to chlamydocin, several of the compounds tested showed a

slight preference for class IIa HDAC4 versus class I HDAC1.

For example, compound 24 demonstrated a 4-fold and 15-fold

selectivity for HDAC4 over HDAC1 and HDAC6, respec-

tively (HDAC4 IC50 = 60 nM).48 Although the capping group

is important for class selectivity (section I.A), the data suggests

that the metal-binding moiety also plays a role in selectivity

within class II. Consistent with the interplay between the

capping group and metal binding moiety in dictating selectiv-

ity, changing the metal-binding moiety of a cyclic peptide

HDACi resulted in loss of class selectivity.20,49

In total, the metal binding moiety is an important attribute

in imparting selectivity in HDACi design. Interestingly, posi-

tioning groups to interact favorably with the 14 Å internal

cavity can be exploited to create potent and selective HDAC

inhibitors.

I.C Linker region modifications

The residues in the hydrophobic active site channel are highly

conserved among the HDAC isoforms. Similar to modifica-

tions to the metal-binding moiety, selective HDAC inhibitors

designed to exploit structural differences in the linker region

have been few. As a result, only class I-selective HDAC

inhibitors have been reported.

I.C.1 Class I-selective HDAC inhibitors. The pan-HDACi

TSA (Fig. 2) was altered to create compounds SK-7041 and

SK-7068. In these cases, an amide bond and phenyl ring are

present in the linker, unlike in TSA.50 SK-7041 and SK-7068

showed preferential inhibition of HDAC1 and 2 over HDAC3,

4, 5, and 6, although a quantitative analysis was not per-

formed. Because TSA is a pan-inhibitor and maintains an

identical metal binding moiety and capping group compared

to SK-7041, the data show that modifications in the linker

region govern selectivity. Particularly, the aromatic group

and/or polar amide bond are selectivity dictating elements in

the linker region, perhaps by interacting differentially with

residues in the hydrophobic active site channel or altering the

spatial relationship between the metal binding moiety and

capping group.

Analysis of the crystal structure of HDAC8 bound with an

aryl linker containing HDACi (CRA-A) revealed a large sub-

pocket formed in the side of the hydrophobic active site

channel that was not apparent when HDAC8 was bound to

the non-aryl linker containing SAHA (Fig. 2).17 Specifically,

when CRA-A was bound to HDAC8, analysis showed Phe152

located in the hydrophobic active site channel shifted signifi-

cantly from its normal position to create the large sub-pocket.

Based on the crystal structure analysis, HDAC inhibitors were

designed to specifically target this sub-pocket and create

HDAC8-selective inhibitors with structural similarities to

CRA-A in the aromatic linker region.10 Compound 25 dis-

played potent inhibition of HDAC8 with a greater than 140-

and 115-fold isoform selectivity over HDAC1 and HDAC6,

respectively (HDAC8 IC50 = 700 nM). Compound 26 dis-

played greater than 330-fold and 180-fold isoform selectivity

for HDAC8 over HDAC1 and HDAC6, respectively (HDAC8

IC50 = 300 nM). Although only three HDAC isoforms were

tested, the presence of an aromatic linker adjacent to the

metal-binding moiety may influence HDAC8 selectivity.

Consistent with the design strategies of compounds 25 and

26, PCI-34051 was rationally designed with an indole present

in the linking domain.51 PCI-34051 demonstrated greater than

290-fold selectivity for HDAC8 over HDAC1–3, 6, and 10
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(HDAC8 IC50 = 10 nM). Compounds 25, 26, and PCI-34051

all contain aromatic linkers with extended bulky aromatic

groups. Although consistent with the possibility of targeting

the unique sub-pocket formed in HDAC8, further crystal-

lographic analysis is needed to confirm the mode of binding.

Taking advantage of the fact that HDAC8 is the only

isoform expressed in active form in bacteria, an HDAC8

enzyme-based high-throughput screen was performed.40 SB-

379278A was identified and has a related structure to com-

pounds 25, 26 and PCI-34051 by containing aromatic func-

tionality within the linker region, although a different metal-

binding moiety is present. Similar to these HDAC8-selective

compounds, SB-379278A displayed roughly a 60-fold prefer-

ence for HDAC8 inhibition compared to HDAC1 and 3,

suggesting HDAC8 isoform selectivity (HDAC8 IC50 = 500

nM). The results with 25, 26, PCI-34051, and SB-379278A

taken together evidence the role of an aromatic linker in

dictating HDAC8 selectivity.

Valproic acid (VPA) is a moderately potent mM HDACi

that contains an unusual branched aliphatic linker region.

Although VPA has been suggested to be a class I-selective

inhibitor,52 more recent data has shown VPA to discriminate

only against the class IIb HDAC6 and HDAC10 isoforms.53

Similarly, butyrate also inhibits the activity of HDAC1, but

not HDAC6 or HDAC10, in this case with mM to mM

potency.54 The data suggest that compounds containing an

aliphatic linker, but lacking a distinct capping group, are not

tolerated in the hydrophobic active site region of the class IIb

HDAC isoforms. It is also notable that VPA and butyrate

display carboxylic acid metal binding moieties, which may

have an influence on selectivity.

The linker region is a relatively unexplored area of HDACi

design. However, several compounds bearing aromatic linker

regions display selective HDAC inhibition. While SB-

379278A, PCI-34051 and compounds 25 and 26 show a

preference for HDAC8, the benzamide-containing HDAC

inhibitors (Fig. 4) also contain aromatic groups within the

linker region and discriminate against HDAC8 (section I.B.1).

The combined data suggest that the metal-binding moiety and

aromatic linker together contribute to selectivity among the

class I HDAC isoforms. In addition, APHA derivatives con-

tain an aromatic linker region and a halogenated capping

group and display class II selectivity (section I.A.2), while

VPA and butyrate contain an aliphatic linker but lack a

capping group and discriminate against the class IIb isoforms,

HDAC6 and HDAC10. In these cases, the combination of

capping group and aromatic linker may contribute to class

selectivity. With the multiple modifications and the variable

selectivities observed in the tested compounds, the role of the

aromatic linker alone in the observed class selectivity or iso-

form selectivity remains unclear.

Analyses of the crystal structures of the bacterial class I and

II homologues (HDLP and FB188 HDAH, respectively) and

human HDAC8 bound to an HDACi reveal a residue orienta-

tion in the hydrophobic active site channel that may confer

selectivity.4,17–19 Specifically, two Phe residues are in parallel

alignment and could allow for favorable p–p-interactions with
an appropriately placed aromatic substituent in the linker

region of an HDACi. Therefore, aromatic groups in the linker

region may make favorable or unfavorable interactions with

residues in the hydrophobic channel, possibly resulting in

discrimination among the isoforms. With the linker region

likely playing a role in selectivity, further analysis is warranted

to systematically study the influence of bulky aromatic or

aliphatic linkers on selectivity.

I.D Miscellaneous HDAC inhibitors

Some HDAC inhibitors do not fit the standard modular

structural mode described in Fig. 2. The selective HDAC

inhibitors that are of this ‘‘miscellaneous’’ class and are not

easily categorized in the fashion outlined in this review are

discussed here.

I.D.1 Class I-selective HDAC inhibitors. The high-

throughput screen that identified SB-379278A (section I.C.1)

also yielded a potent HDAC1-selective compound, SB-

429201.40 SB-429201 displayed at least a 20-fold preference

for HDAC1 inhibition over HDAC3 and HDAC8, suggesting

selectivity among class I isoforms (HDAC1 IC50 = 1.5 mM).

The authors make no comment on the possible mode of

binding.

The cyclostellettamines are natural products that inhibit

HDAC proteins at mM concentrations, although they do not

maintain the modular structure of most HDAC inhibitors.

Based on the cyclostellettamines, acyclic derivatives, repre-

sented by compounds 27 and 28, were synthesized and tested

against HDAC1, 2, 3, and 4.55 In the case of compound 27, at

least a 370-fold preference for HDAC1 compared to HDAC4
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was observed and at least a 10-fold selectivity for HDAC1

versus HDAC2 and 3 was shown, suggesting it is a class

I-selective and possibly HDAC1-selective inhibitor (HDAC1

IC50 = 530 nM). Due to the dissimilar structure of compound

27 compared to known HDACi, it is difficult to ascertain the

origin of the observed isoform selectivity. The authors propose

binding to the entrance of the acetate exit cavity or active site

channel, allosteric binding to distal regions that influence

catalysis, or disruption of HDAC–histone interactions.55 Si-

milar to compounds 12, 16–19 (section I.B.1), we propose an

alternative binding mode in which one pyridinium moiety sits

near the catalytic metal with its olefin group situated in the

internal cavity and the second pyridinium representing the

capping group. Based on the isoform selectivity observed with

these atypical HDAC inhibitors, further analysis of the mode

of inhibition is warranted.

I.D.2 Class II-selective HDAC inhibitors. Among the acyc-

lic cyclostellettamine derivatives, while compound 27 dis-

played class I selectivity, compound 28 displayed modest

class II selectivity. In the case of compound 28, at least a

3-fold preference for HDAC4 compared to HDAC1, 2, and 3

was observed (HDAC4 IC50 = 540 nM).55 Furthermore,

compound 28 was unable to alter a-tubulin acetylation levels,

indicating possible discrimination against HDAC6. It is no-

table that compounds 27 and 28 have opposing selectivity

profiles, yet differ by only a single methylene in their struc-

tures. The comparison of compounds 27 and 28 suggest that

subtle differences in inhibitor structure can significantly influ-

ence selectivity.

II. Conclusions

Efforts to create selective HDACi have seen increased atten-

tion over the past several years, leading to several class-

selective and some isoform-selective inhibitors. To summarize

the compounds discussed in this review, Table 1 lists each

compound with the observed selectivity. Of the class I-selective

inhibitors, HDAC1, 2, and 3 are targeted by multiple inhibi-

tors, with discrimination against HDAC8. In the cases where

isoform selectivity is observed, HDAC1 and HDAC8 are

targeted exclusively. Fewer class II-selective HDAC inhibitors

have been identified, with HDAC4 and HDAC6 targeted

exclusively. Therefore, while progress has been made to create

selective inhibitors, only a few of the isoforms are targeted in

the available compounds, suggesting that additional attention

is needed to direct inhibitors to all isoforms.

To guide future design efforts, several structural trends were

observed in the known inhibitors. In particular, the sequence

differences in the active site entrance (capping group modifica-

tions), residues adjacent to the catalytic metal (metal binding

moiety modification), or hydrophobic active site channel

(linker modifications) were cited to explain some observed

selectivity. Certainly, the capping group has received consider-

able attention and has been modified successfully for the

design of several class-selective inhibitors (section I.A). Bulky

cyclic peptide capping groups demonstrate class I selectivity,

Table 1 Selective HDAC inhibitors, subdivided by class and isoform
selectivity

Inhibitor HDAC
isoform

Selectivity

Class I-selective inhibitors

Trapoxin A and
derivatives

HDAC1 640–570 000-fold vs. HDAC6

Apicidin HDAC2–3 5–83-fold vs. HDAC1,4–9
Romidepsin HDAC1–2 10-fold vs. HDAC4
Azumamide E HDAC1–3 37–500-fold vs. HDAC4–9
2 HDAC1–3 10-fold vs. HDAC6

65-fold vs. HDAC4,5,7
3 HDAC3,6 4–135-fold vs.

HDAC1,2,4,5,7,8
4 HDAC1,4 3–8-fold vs. HDAC6
MS-275 HDAC1,3 135-fold vs. HDAC6,8
CI-994 HDAC1,3 133-fold vs. HDAC6,8
MGCD0103 HDAC1,3 40-fold vs. HDAC6,8
13–15 HDAC1,2 100-fold vs. HDAC3,8
SK-7041 HDAC1,2 HDAC3–6
SK-7068 HDAC1,2 HDAC3–6
VPA HDAC1–5,7 420-fold vs. HDAC6, 10

Isoform-selective inhibitors within class I

1 HDAC1 4-fold vs. HDAC8
5 HDAC1 10-fold vs. HDAC2

20-fold vs. HDAC3
6 HDAC1 4-fold vs. HDAC2

13-fold vs. HDAC3
12 HDAC1 5–32-fold vs. HDAC2

4145-fold vs. HDAC3,8
16–23 HDAC1 6–19-fold vs. HDAC2
SB-429201 HDAC1 20-fold vs. HDAC3,8
27 HDAC1 370-fold vs. HDAC4

10-fold vs. HDAC2,3
25 HDAC8 140-fold vs. HDAC1

115-fold vs. HDAC6
26 HDAC8 330-fold vs. HDAC1

180-fold vs. HDAC6
PCI-34051 HDAC8 4290-fold vs.

HDAC1–3,6,10
SB-379278A HDAC8 60-fold vs. HDAC1,3

Class II-selective inhibitors

10 HD1-A 78-fold vs. HD1-B
11 HD1-A 176-fold vs. HD1-B
Tubacin HDAC6 4-fold vs. HDAC1
9 HDAC6 14-fold vs. HDAC1
28 HDAC4 3-fold vs. HDAC1,2,3

Isoform-selective inhibitors within class II

8d HDAC6 46-fold vs. HDAC1
51-fold vs. HDAC4

24 HDAC4 4-fold vs. HDAC1
15-fold vs. HDAC6
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possibly due to unfavorable interactions between the cyclic

peptides and residues around the active site rim of class II

HDAC proteins. However, large hydrophobic capping groups

have also resulted in class II-specific HDACi. At this point, it

is difficult to firmly predict the specific chemical features of the

capping group required for class I or II selectivity, making

systematic studies of the capping group structure a fruitful

area of future study. Due to the high degree of conservation of

the catalytic residues near the metal, few groups have targeted

the metal binding moiety to identify selective HDAC inhibi-

tors. However, the limited reports suggest that the metal-

binding moiety can be modified to elicit selectivity (section

I.B). Benzamides, for example, are exclusively class I selective.

In recent efforts, HDAC inhibitors were targeted to the 14 Å

internal cavity to impart selectivity, which represents an

exciting avenue for future design. Finally, subtle structural

differences in the hydrophobic active site channel have been

exploited toward selective inhibitor design. Specifically, favor-

able interactions with a unique sub-pocket in the hydrophobic

active site channel led to the creation of HDAC8-selective

inhibitors (section I.C.1), although a similar strategy with

additional isoforms has yet to be validated.

While modifying the capping group, linker, and metal

binding moiety individually contributes to selectivity, the

combination of modification at several of these regions is

likely important for many of the selective inhibitors. For

example, compounds exemplified by MS-275 display a benza-

mide metal binding moiety and an aromatic linker, which both

likely contribute to the class I selectivity (sections I.B.1 and

I.C.1). In addition, hydroxamic acids APHA (compounds 9

and 10) and SK-7041 maintain similar structures with subtle

differences in their aromatic linkers and substituents on a

phenyl capping group, yet display opposing class selectivities

(APHA is class II selective while SK-7041 is class I selective,

sections I.A.2 and I.C.1), suggesting that small structural

differences in the capping group and aromatic linker can

profoundly alter class selectivity. Towards creating robust

isoform-selective inhibitors, understanding the interplay be-

tween each region of the inhibitor in dictating selectivity will

be an important area of future work.

Future selective compounds should take advantage of the

rational design based on analysis of sequence differences

among the isoforms, as has been done previously. However,

incomplete structural information for the isoforms makes

rational design based on structure challenging. Clearly, an

important area of future work will be the analysis of structural

differences among the human HDAC isoforms. In the absence

of additional structural information, however, creation of

more selective inhibitors targeting all isoforms will likely

require additional design approaches and methods. Possible

design alternatives are exemplified by the compounds that

contain atypical HDACi structures. Specifically, compounds

27, 28, and SB-429201 (section I.D) possess a high degree of

selectivity, yet have unknown binding modes due to the lack of

modular structure or crystallographic analysis. Future efforts

to understand the binding mode and mechanism of inhibition

of these atypical compounds may lead to novel approaches to

selective inhibitor design. Alternatively, identification of sub-

strate selectivities among the isoforms could also be exploited

towards design of selective HDAC inhibitors, as was observed

in the creation of compound 8d based on the HDAC6-selective

substrate peptide 7 (section I.A.2). Finally, unlike the HDAC

inhibitors discussed in this review, the small molecule parthe-

nolide depletes the HDAC1 isoform in vivo through proteo-

somal degradation.56 The possibility of small molecule-

mediated HDAC isoform depletion represents a novel method

for modulating the activity of a single HDAC isoform.

One notable observation from the data listed in Table 1 is

the limited number of HDAC isoforms that have been tested

with the reported inhibitors. In some cases, only two of the

eleven HDAC isoforms have been tested (see trapoxin and

tubacin for examples). Even the most completely characterized

compounds only test HDAC1–9, without analysis of

HDAC10 and 11 (see apicidin and azumamide E for exam-

ples). Therefore, it is clear from available data that a signifi-

cant hurdle toward development of selective HDAC inhibitors

is the challenge of testing all HDAC isoforms simultaneously.

Because of the likely influence on past and future screening of

isoform-selective inhibitors, it is worth discussing the limita-

tions of available HDAC activity assays here. The most widely

used screen monitors deacetylase activity in vitro with colori-

metric or fluorimetric substrates (Biomol or Calbiochem) and

is easy to use, reproducible, and high throughput. Unfortu-

nately, screening for isoform-selective HDAC inhibitors using

the in vitro assay requires expressing and purifying the indivi-

dual HDAC proteins. With the exception of HDAC8, all

human HDAC proteins are catalytically inactive when ex-

pressed in bacteria and require human-derived or insect-

derived cell culture for expression.57 As a result, the expression

of each human HDAC isoform is low yielding, costly, and

consequently low throughput. Another strategy involves ex-

pressing each isoform in mammalian cells with subsequent

immunoprecipitation.20,23,27 In addition to being laborious,

low throughput, and costly, the results from immunoprecipi-

tated proteins are unreliable, with error bars as large as 76%.20

With the significant expression and purification costs, the

selectivity of known inhibitors is typically assessed with two

to five purified HDAC proteins that often only provide

representatives of each HDAC class (see Table 1).23,40 There-

fore, it is arguable that a significant obstacle to creation of

isoform-selective HDAC inhibitors is the limitations of cur-

rent screening technologies. As a result, additional HDAC

assays are needed to allow for the simultaneous screening of

inhibitors with all eleven HDAC isoforms to establish the

selectivity of known and future inhibitors.

While many challenges exist towards selective HDACi de-

sign, the inhibitors discussed in this review indicate that

creation of both class-selective and isoform-selective HDAC

inhibitors are possible. The medicinal chemistry problem

encountered with HDAC proteins is analogous to that of

other protein systems, such as the kinase enzyme family (see

ref. 58 for a review of kinase structure and activity). In the case

of kinases, roughly 510 family members exist with many

crystal structures solved to aid in the drug design effort. As

a result, many kinase inhibitors are in clinical use and devel-

opment,59 although selectivity remains a critical challenge.

Compared to the kinase family, designing HDAC inhibitors

is arguably manageable due to the fewer number of family
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members. However, the lack of structural data for the mam-

malian isoforms and the limitations of HDAC inhibitor

screening tools constitute major challenges.

HDAC proteins have been linked to cancer and several

HDAC inhibitors are in clinical trials as anti-cancer drugs.12,13

While it remains unclear whether selective inhibitors would

provide advantages compared to the pan-inhibitor SAHA

currently in clinical use, clinical trials of class-selective inhibi-

tors, such as MS-275 and romidepsin, will test the relevance of

selectivity in drug therapeutics. However, strictly isoform-

selective inhibitors are needed to thoroughly test the efficacy

and side effects observed with selective inhibitors. In addition

to the clinical interest, HDACi drugs have been widely used to

characterize HDAC proteins from cell culture to animal

studies.60 Unfortunately, the pan-selectivity of most inhibitors

limits their use in exploring the role of individual HDAC

isoforms in basic biological processes and disease formation,

as with cancer. With the temporal control and ease of use of

small molecule reagents, isoform-selective HDAC inhibitors

have the potential to quickly dissect the individual contribu-

tions of each HDAC isoform in carcinogenesis. Therefore,

progress in cancer research related to HDAC proteins would

be profoundly accelerated with the availability of selective

inhibitors.
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