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Next-generation of selective histone deacetylase

Feifei Yang, {22° Na Zhao,? Di Ge® and Yihua Chen {2 *?

Histone deacetylases (HDACs) are clinically validated epigenetic drug targets for cancer treatment. HDACs
inhibitors (HDACis) have been successfully applied against a series of cancers. First-generation inhibitors are
mainly pan-HDACIs that target multiple isoforms which might lead to serious side effects. At present, the
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next-generation HDACis are mainly focused on being class- or isoform-selective which can provide

improved risk—benefit profiles compared to non-selective inhibitors. Because of the rapid development
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1. Introduction

Epigenetic regulations have been considered to be one of the
important factors in tumor initiation and progression,' among
which acetylation is one of the most well studied modifica-
tions.” The acetylation status is controlled by two counteracting
enzyme families: the histone acetyltransferases (HATS) and the
histone deacetylases (HDACs).® Both of these enzymes exert
their actions on the g-amino group of Lys residues.*® Acetylation
of the lysine side chains is linked to transcriptionally active
genes, while hypoacetylated histones are associated with tran-
scriptionally silent regions of the genomes.®® To date, 18
human HDACs were identified and classified into four classes
according to their sequence homologies to yeast and domain
organization: class I (HDACs 1, 2, 3 and 8), class II (HDACs 4, 5,
7, 9, 6 and 10), class III (SIRT1-7), and class IV containing
a single isoform (HDAC11).%'° As shown in Table 1. Class I, class
II and class IV HDACs are Zn>*'-dependent enzymes, whereas
class III HDACs are structurally distinct and are characterized
by their nicotinamide adenine dinucleotide (NAD")
dependency.****

Class I HDACs include HDACs 1, 2, 3 and 8, which are
primarily located in the nucleus and homologous to the yeast
RPD3 protein,*® which are expressed ubiquitously in various
human tissues and generally play an important role in cell
proliferation, differentiation and cell cycle progression etc.”” A
prominent feature of class I HDACs, with the exception of
HDACS, is that their functions are mediated as part of multi-
protein complexes. These cofactors are necessary for their
deacetylases activities and modulating the interactions of other
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in next-generation HDACIs, it is necessary to have an updated and state-of-the-art overview. Here, we
summarize the strategies and achievements of the selective HDACis.

cooperative HDACs with the promoters of genes.” HDAC1 and
HDAC?2 interact with each other to form the catalytic core of
several large complexes such as CoREST, NuRD and Sin3A
complexes.”*" It is essential to point out that HDAC1 and 2 are
usually co-expressed and the homo and/or heterodimers are
essential for their catalytic activities. HDAC3 is generally found
in complex with HDAC4, 5 and 7 or the nuclear receptor core-
pressors (N-CoR) and SMRT.**** HDACS, differing from the
other class I HDACs, is mainly restricted in specific tissue and
displays deacetylase activity as a single polypeptide (Fig. 1).***

Class I1 HDACs (HDAGC:s 4, 5, 6, 7, 9 and 10) are homologous
to the yeast Hdal protein, and have both histone and non-
histone proteins targets.*® This class HDACs can be further
classified in two subclasses based on the presence or absence of
a double catalytic domain. Class IIa includes HDACs 4, 5, 7 and
9 and class IIb includes HDACs 6 and 10.*” Class Ila HDACs
show poor deacetylase activities unless acting in concert with
class I HDACs.*®* For example, the catalytic domain of HDAC4
is interacted with HDAC3 within a larger NCOR-SMRT complex,
and HDAC4 is essential for HDAC activity and transcriptional
repression of target genes by the NcoR-SMRT-HDAC3
complex.*>** HDACS is a unique histone deacetylase: it features
two independent catalytic domains and which can deacetylate
o-tubulin in vitro and in vivo.*>** Through the deacetylation of
tubulin, HDAC6 plays a central role in cytoskeleton regulation
and cytoskeleton mediated processes, such as cell-cell interac-
tion and cell migration.**

2. Histone deacetylase inhibitors
(HDAC:s)

HDACs play a pivotal role in the regulation of multiple
processes of life, from gene expressions to protein activities.
Importantly, the high expression of HDACs were found in
several types of cancers.*>*® For instance, transcriptional
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Table 1 Classification of histone deacetylases (HDACs) enzymes®
Class Member PDB code Location Expression
Class I (Zn**-dependent) HDAC1 4BKX"? Nucleus Ubiquitous
HDAC2 4LXZ"
HDAC3 4A69"
HDACS 1T64'°
Class Ila (Zn**-dependent) HDAC4 2vQMY’ Nucleus/cytoplasm Specific
HDAC5 —
HDAC? 3C10"®
HDAC9 —
Class IIb (Zn**-dependent) HDAC6 5EDU" Mainly cytoplasm Specific
HDAC10 —
Class III (NAD"-dependent) SIRT1 477H*° Nucleus Ubiquitous
SIRT2 1J8F** Cytoplasm
SIRT3 3GLS* Mitochondria
SIRT4 — Mitochondria
SIRT5 3RIG™ Mitochondria
SIRT6 3K35* Nucleus
SIRT7 51QZ* Nucleus
Class IV (Zn**-dependent) HDAC11 — Nucleus/cytoplasm Ubiquitous

@ «—» This type Homo sapiens HDAC isoform don't display PDB code.

upregulation of HDAC1 is observed in colorectal and pancreatic
cancers. In addition, HDAC3 in lung and colon cancers, HDACS8
in neuroblastoma were also found to be overexpressed.**°
HDACSs not only can remove the acetyl group from the histones
but also deacetylate other non-histone proteins pertaining to
the origin and development of tumors.**** In tumors, the bio-
logical functions of HDACs are mainly involved in the promo-
tion of the proliferation, invasion, migration and angiogenesis
of tumor cells.**® Therefore, HDACIis are proposed to have great
potentials in the therapies of human cancers.*®

Most HDACis share the common pharmacophore models
which consist of three parts: a cap part, a zinc binding group
(zBG), and a linker part connecting ZBG and cap part
(Fig. 2).**® The cap group usually has an aromatic character or
heteroaromatic hydrophobic moiety which mediates the inter-
action with the amino acids at the rim of the enzyme,*® and
which is mainly responsible for the HDAC isoforms selectiv-
ities.® ZBG acts as the chelating one for Zn>" in the active site of
HDACs, modification of the ZBG can introduce a change in
potency of inhibitors.**

The first X-ray structure of histone deacetylase like protein
(HDLP) with TSA was elucidated by Finnin et al. in 1999 (Fig. 2A
and B).® The structure revealed the presence of a tube-like, 11 A
internal channel for accommodation of the inhibitor. The
hydroxamic acid is bound to the active site Zn** center, present
at the bottom of the internal channel. Another 14 A internal
cavity, is adjacent to the active site. Crystal structure of HDAC8
with SAHA was shown in Fig. 2C, and the binding mode was
similar to TSA with HDLP. Fig. 2D displayed the binding
interaction of SAHA at active site of HDACS, the hydroxamic

Representative HDACI/2 complexes
HDACI HDAC2 HDAC HDAC2

Representative HDAC3 complex

HDACI HDACZ HDAC3
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CoREST complex NuRD complex Sin3 complex N-CoR complex

Fig. 1 Representative class | HDAC complexes.?®
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acid group of SAHA makes the same contacts to the Zn>* and
active-site residues.®

Based on ZBG chemical structures, HDACis could be divided
into five main classes: hydroxamates, cyclic peptides, benza-
mides, short-chain fatty acids, ketones and others.**** Among
which, HDACis containing hydroxamates are the most investi-
gated and potent.® However, most hydroxamates are pan-
HDACIs, while the benzamides have increased class I selectiv-
ities. Until now, four HDACis, namely Vorinostat (1, SAHA),
Belinostat (2, PXD101), Panobinostat (3, LBH589), Romidepsin
(4, FK228) have been approved by the US FDA and one HDACI,
namely Chidamide (5, CS005) was approved by the China FDA,
for the treatments of hematologic malignancies and more than
20 inhibitors are now in clinical trials®”~”* (Fig. 3).

3. Selective HDACIs

The current HDACis are mostly belong to pan-inhibitors with
several obvious side effects, such as fatigue, thrombo-cytopenia
and gastrointestinal.”»”® Considering the distinct tissue distri-
bution and cellular localization of individual HDACs, as well as

Fig. 2 The common pharmacophore model of HDACIs. (A) Space-
filling representation of TSA in the active-site pocket of HDLP. (B)
Schematic representation of HDLP-TSA interactions (adapted with
permission from ©2). (C) Crystal structure of HDAC8 with SAHA. (D)
Binding mode of SAHA with HDACS (this figure was cited from ref. 63).

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Examples of HDACis with different ZBG types.

the relationship between specific HDAC isoforms and different
kinds of cancers, researchers hypothesized isoform-selective
HDACis may possess better therapeutic index and fewer
adverse effects.”*”’® However, the therapeutic advantages of
isoform-selective HDACis have not yet been proved clinically,
and are still in course of studies.”””®

3.1. Class I selective HDACis

Crystal structures of the catalytic domain of all class I HDACs
have been solved by X-ray diffraction. There is only one residue
difference between HDAC 1 and 2, S263 in HDAC1 and A264 in
HDAC2. In HDACS3, there is one insertion of phenylalanine
(F199), which alters the orientation of tyrosine (Y198). The most
noticeable difference in HDACS is loop L1, formed by seven
amino acid residues (residues 30-36) (Fig. 4A).” The flexible L1
loop is required for selective inhibitors binding to a HDACS-
specific pocket which is absent in other class I HDACs
(Fig. 4B and C).*

3.1.1. Inhibitors of HDAC1-3. Many class I HDAC inhibi-
tors contain 2-aminoanilide as ZBG, such as 12 (MS-275) and 13
(MGCD0103), which were selective for HDAC1-3.?® This type of
inhibitors exploited a foot pocket close to the active site, which
was only exist in HDAC1-3. Compound 12 and 13 displayed ICs,
values in the nM range against HDAC1 and HDAC1&2, respec-
tively.**> Compound 14 with bulky branched cap group dis-
played 10-fold and 20-fold potencies for HDAC1 compared to
HDAC2 and HDACS3, respectively.*® Crystal structure of HDAC2
with 2-aminoanilide scaffold confirmed that the anilide scaffold
could access the foot pocket next to the catalytic region. Then
several 2-aminoanilides substituted in 5-position were designed
for further occupying this foot pocket. Compound 15 displayed

This journal is © The Royal Society of Chemistry 2019
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HDAC2 (4LX2)

A HDACI:MTA1 (4BKX) HDAC3:IP4:SMRT-DAD (4A69) HDACS (1764)

T1 L1 L2 L2
HDAC1  2-YYYGQGHPHKPHRIRMT-3  77-RSIRPDNMSEYSKQHQRFNVGEDCPV-it2
HDAC2  2-YYYGOQ! PV-103
HDAC3  16-FHYG/GHPHKPHRLALT-32  71-QRVSPTNMQGFTKSLNAFNVGODCPY- 96
HDAC8  2-MCDSLA--KIPKRASMV—1  3-QKVSQEGDDDHPDSIE-YGLGYDCPA-t0s

N

199-HKYGEY~FPGT-20¢  261-CGSDSLSGDRLGCFN-275

T-2%9 262-CGADSLSGORLGCFN-276
193-HKYGNY FFPGT-203  256-CGADSLGCORLGCFN-210
1-HKFSPGFFPGT-211  26-LGADTIAGDPHCSFN-218

HDAC-selective
e

HDAC8

Fig. 4 (A) Class | HDAC crystal structures (this figure was cited from
ref. 79). (B) Surface representation of the pocket accommodating the
linker and capping groups of the HDACS8-selective inhibitors. (C)
Surface representation of the same region in hHDACS3 (this figure was
cited from ref. 80).

a 5-fold selectivity for HDAC1 over HDAC2.** Compound 16 has
been synthesized for the specific inhibition of HDAC1 and 2
versus HDACs 3-8 and compound 17 displayed high selectivity
for HDAC1, with a 31-fold increase compared to HDAC2
(Fig. 5).%

Based on a series of 504 triazole candidates, Suzuki et al.
designed a series of HDAC3 selective inhibitors and found
compound 18 showed potent HDAC3 inhibition with sub-
micromolar ICs,, and which didn't inhibit other HDAC
isozymes even at 100 uM.*® Marson et al. described an oxazoline
capping group with a N-(2-aminophenyl) benzamide unit, and
compound 19 displayed good inhibitory activity against HDAC3,
almost a 13-fold increase compared to HDAC1.*” Hsieh et al.
developed a series of HDAC3 selective inhibitors, the target
compounds 19A and 19B displayed high HDAC3 potency and
selectivity. Especially, they exhibited efficacy in suppressing
TNBC cells via the downregulation of B-catenin. Furthermore,
compound 19B suppressed tumorigenesis in vivo (Fig. 6).%®

3.1.2. Inhibitors of HDAC8. HDACS8 is a HDAC isoform
containing 377 amino acids residues with stand-alone deace-
tylase activity in vitro that can localize in either the nucleus or

12M8-275 13 MGCD0103
Phase Il 14
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HDAC2 ICso = 313 1M
HDACS3 ICso = 697 M
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N
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17
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15
HDAC1 IC5p = 10 nM HDAC1 ICsp = 20 nM

Fig. 5 Structures of some benzamides selective inhibitors.
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Fig. 6 Structures of some benzamides selective inhibitors.

the cytoplasm.* The L1 loop, formed by seven amino acids
residues (Ser30, Leu31, Ala32, Lys33, Ile34, Pro35 and Lys36), is
highly flexible, which is located toward the proximity of the
active site and can undergo conformational changes for
substrates binding. The Ser39 phosphorylation near the cata-
Iytic site is special for HDACS,'® which will attribute to design
specific HDACS inhibitors.

Compound 20 (PCI34051, Fig. 7.) was probably the most
widely used HDACS8 specific inhibitor, reported by Balasu-
bramanian et al. This hydroxamic acid possessed potent HDACS
inhibition with an ICs, of 10 nM and was >200 fold selectivity
over HDACs 1/2/3/6/10. The 4-methoxybenzyl fits into the sub-
pocket of HDAC8 which may be a reason for the selectivity
toward HDACS8 enzyme.*’

Zhang et al. reported a series of tetrahydroisoquinoline-
based hydroxamic acid HDACIis.”* The tertiary butylox-
ycarbonyl (Boc) group was located on the secondary amine atom
and 4-methyloxy- phenyl group seemed beneficial to HDACS8
inhibitory activity. Molecular docking study displayed that the
methoxyphenyl group could form 7—m interaction with Tyrosine
100 (Y100). Zhang et al. further optimized the lead compound
21,°> compounds with Boc group were shown more potent
activities than their corresponding deprotected analogues
which indicated that the hydrophobicity of the cap group is very
beneficial to the inhibitory activities. Based on the compound
21a, more potent compounds were synthesized. However,
further cellular activities evaluations revealed that their

20 PCI34051
HDACS ICsp = 10 "M

Fig. 7 Chemical structure of compound 20 (PCI34051) and the
docking pose of PCI34051 in the side pocket of HDACS8 (PDB ID 2VX5)
(this figure was cited from ref. 90).
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antiproliferative activities were not as excellent as its HDACs
inhibitory activities. Among these compounds, compound 22
showed the highest HDACS inhibitory activity (ICs, = 47 nM),
about 2-fold selective over HeLa nuclear extract (HDAC1 and 2)
and 4-fold selective over HDAC6 (Fig. 8).

Zhang et al. also designed and synthesized a series of tri-
peptidomimetics HDACis with spiro-ring containing sulfur
atoms as a cap group, several compounds showed outstanding
potencies against HDACS8.” The results revealed that branched
cap groups with aromatic ring could efficiently increase its
inhibitory activities. In brief, a hydrophobic Boc-protected
amino group was optimal for HDAC8 inhibitory activity
compared with the Boc-cleaved counterpart. Compound 24a
(ICso = 35 nM) and compound 24b (IC5, = 21 nM) were 28- and
21-fold HDACS8 selective over HDAC1, respectively. In the
following work, Zhang et al. developed a novel series of N-
hydroxy-3-sulfamoylbenzamide-based HDACS8 selective inhibi-
tors. Three compounds 25a-c¢ showed effective HDAC8 inhibi-
tion with nanomolar ICs, values, and possessed selective anti-
proliferative activities to two T-cell leukemia cell lines (Fig. 9).**

Neelarapu et al. described potent isoxazole- and pyrazole-
based HDAC3 and HDACS diazide probes.”® The bulky substit-
uent in the para position of the terminal phenyl ring of target
compounds leads to its lower activities for HDAC8 and
compounds with the azide group exhibited tolerable HDACS
inhibitory activities. The most potent compound 26 was 8-fold
more active toward HDAC8 than for HDAC3. Docking studies
suggested that the pyrazole-based ligands are flexible enough to
occupy the second binding site of HDACS (Fig. 10).

Tang et al. developed an efficient synthetic method in 96-well
plates for high throughput screening selective HDACS8 inhibi-
tors.”® It could be found that compounds with comparatively
bulky heteroaryl cap group as well as the aromatic linker dis-
played better HDACS8 inhibitory activities. Compound 29
possessed the best HDACS inhibition (IC5, = 23 nM) among the
investigated ones (Fig. 11).

Suzuki et al. designed a library of triazole-containing HDAC8
inhibitors using click chemistry-based Cu(i)-catalyzed-azide-
alkyne cycloaddition (CuAAC).” Compound 30, the most
active HDACS selective inhibitor in this series, had a U-shaped
conformation in the active site of HDACS, especially, the phe-
nylthiomethyl group binds to a hydrophobic pocket formed by
Trp141, Ile34, and Pro35, which is unique to HDACS. The tri-
azole ring is also important to fix the orientation of the
hydroxamate and the phenylthiomethyl group appropriately,
which is mainly responsible for HDACS8 inhibitory activity and
selectivity. In order to further optimizing the triazole linker
motif, a new series of compounds were synthesized, in which
the triazole ring of 30 (NCC149) was changed with phenyl or
various five-membered aromatic rings.”® The results demon-
strated that the five-membered ring is still necessary for fixing
the orientation of hydroxamate and the hydrophobic pocket-
binding phenylthiomethyl group. Compound 31, with
reversed triazole, showed more potent HDACS8 inhibitory
activity than 30 (Fig. 12).

Ingham et al. discovered a highly potent HDACS8 inhibitor
with IC5o = 0.8 nM.”” From the SAR study, it was observed that

This journal is © The Royal Society of Chemistry 2019
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small hydrophobic groups at the R; position, such as cyclo-
propane (32), were found to be beneficial and afforded greater

inhibitions. At the same time, reduction of the alkyne resulted
in the loss of inhibitory activity (Fig. 13).

' o
-— iseg
HOHN N
o
o o

N :
Hy
HOHN\H/\O/QCNHJ\ R

View Article Online

RSC Advances

21 HDACS IC5 = 1000 M
OCH,

NHBoc
o
21a HDACB8 IC5p = 139 nM
5 J—z\i\(
23 HDACS IC5 = 68 M

Huang et al. developed an ortho-aryl N-hydroxycinnamide
HDACS inhibitors via structure-based drug design strategy
(SBDD) and molecular modeling techniques.'® The results
displayed that ortho-aryl substituted compounds showed higher
potency than corresponding para substituted analogues, the
ortho-oriented benzyl group may occupy the secondary hydro-
phobic surface pocket of HDACS, thereby contributing to
HDACS selectivity of compound 33. The molecular docking
analysis showed that further hydrophobic incorporation into
the ortho-phenyl moiety may make additional interactions to
the active site of HDACS, then more potent and more selective
HDACS inhibitor (compound 34) was acquired, two to three-fold
more potent than 33. In addition, compound 34 showed higher
cytotoxicity against than 20 in three cancer cell lines (Fig. 14).

Taha et al. described the design and synthesis of a novel
series of C1-substituted tetrahydroisoquinoline (TIQ)-based
HDACS inhibitors.* The TIQ-based compounds 35 and 36
displayed the highest potencies with ICs5, values of 82 and
55 nM against HDAC8 and 330- and 135-fold selectivities over
HDAC1, respectively. Docking studies showed that the C1-
substituent pointed into the HDACS8 extended pocket (Fig. 15).

3.2. Class II selective HDACIis

3.2.1. Inhibitors of HDAC6. The surface area of HDAC6 are
different in shape and the channel of HDAC6 appears shallower
and wider than other HDAC isoforms, which makes it possible
for development of HDAC6 selective inhibitors.'”> HDACS6, as
the only HDAC containing two catalytic domains (Fig. 16A), is
mainly expressed in the cytoplasm.**'** The first catalytic
domain (CD1) is enzymatically active. However, the second
catalytic domain (CD2) is mainly responsible for the

X NHOH N NHOH NHOH
WQY g Ws v
N=N o o

o
30 NCC149

HDACS IC5q = 70 nM

Fig. 12 Structures of triazole-based HDACS inhibitors.
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deacetylation of non-histones, such as a-tubulin, Hsp90 and
cortactin,'”® therefore HDACG6 plays a substantial role in chap-
erone activities and microtubule dynamics, which are respon-
sible for cell mobility."**'*” Indeed, up-regulated expression of
HDACS6 has been found closely linked to the invasive metastatic
behavior of cancer cells."” Therefore, HDAC6 represents
a potential target for further investigation considering its
therapeutic applications.

Crystal structures of CD2 complexed with broad-specificity
inhibitors and HDAC6-selective inhibitor HPOB revealed that
the cap group of broad-specificity inhibitors clustered around
a ‘hotspot’ on the L1 loop, and the hydroxamate hydroxy and
carbonyl groups were interacted with H573 and Y745. However,
only the hydroxy of hydroxamate group of HPOB coordinated to
Zn**(Fig. 16B-D).*® These data suggested that HDACis with
bulky and short aromatic linker, big, rigid and hydrophobic cap
are more efficient to achieve HDAC6 selectivity, which could
preclude a closer approach of the hydroxamate group to Zn>*,
and prevent the cap group of HDACG6 selective inhibitors from
interacting with the L1 loop.'”
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Endo-substrates, such
C as a-tubulin

Fig. 16 (A) HDACS6 harbors a unique substrate-binding site (this figure
was cited from ref. 104). (B) Superposition of broad-specificity HDACis
(thin wheat stick figures) and the HDACS selective inhibitor HPOB (thin
orange stick figure). (C) Close-up view of the Zn?* binding site in the
hCD2 complexes with broad-specificity HDACIis. (D) Close-up view of
the Zn?* binding site in the hCD2-HPOB complex (this figure was cited
from ref. 19).

Compound 37 (Tubacin), the first reported HDAC6 inhibitor,
was developed by Schreiber and co-workers through cell-based
screening of 7392 compounds.*™ Tubacin was a “T” type
structure with unique surface recognition region, including five
aromatic rings and a dioxane scaffold. Studies have indicated
that Tubacin showed different effects on HDAC1, HDAC6 and
HDACS, which were mainly derived from the surface difference
between class I and class II HDACs."™ Unfortunately, its high
lipophilicity made it more useful as a chemical tool other than
a drug candidate. Compound 38 (ACY-1215) was the first
HDACES selective inhibitors in clinical studies. Low doses of 38
combined with bortezomib or lenalidomide in anti-multiple
myeloma can produce synergistic therapeutic effects."> The
structurally related drug ACY-241 was another selective HDAC6
inhibitor in phase I clinical development (Fig. 17).***

Kozikowski et al. prepared a series of biphenyl and phenyl-
thiazole hydroxamic acid HDAC6 inhibitors."** The phenyl-
thiazole HDACi 40 was more potent than the biphenyl
compound 39. Also, introduction of a Boc group led to an
enhancement in the inhibitory activity toward HDACS.
However, the more HDAC6 selective analogues displayed
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37 Tubacin
HDACS ICs = 4 nM

38 ACY-1215, R = H, HDACS6 IC5p = 4.7 nM
38a ACY-241, R= Cl, HDACS ICsy = 2.6 nM

Fig. 17 Structures of novel HDACS6 inhibitors.
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Fig. 18 Structures of heteroaryl-based HDACG6 inhibitors.

reduced potencies against a panel of pancreatic cancer cell
lines, which suggested that the anticancer properties of these
compounds may not due to HDAC6 inhibition but with off-
target effects. The same research group further developed
a set of triazolylphenyl-based HDACI with modification at the
cap region,™* the results showed that the substitution pattern of
the central phenyl ring played a significant role in the selectivity
for inhibition of HDAC6 over HDAC1. Using of nitrile oxide
cycloaddition (NOC) chemistry, Kozikowski and co-workers re-
ported potent HDACis which contained the aryl substituted
isoxazole cap.'® Compound 43 displayed an impressive potency
of 2 pM against HDAC6 together with a superb level of enzyme
selectivity. The cap region interacted with only one side of the
HDAC6 enzyme. The carbonyl group of the Boc group could
interact with His499, which may be important in positioning
the cap residue on the surface of protein (Fig. 18).

Based on molecular docking study and the feasibility anal-
ysis of synthesis, Yang et al. designed novel selective HDAC6
inhibitors using the quinazoline as the cap region."” The SAR
analysis indicated that the hydroxamic acid side chain on C-3
and introduction of a methoxy group to the C-4 position was
necessary to keep the activity and selectivity on HDACS.
Compound 44, was the most potent selective inhibitor in these
series of compounds for HDAC6 with an IC5, value of 17 nM and
showed 25-fold and 200-fold selectivities relative to HDAC1 and
HDACS, respectively. This compound also displayed excellent
low nanomolar antiproliferative effects against both the
hematological and solid cancer cells (Fig. 19).

On the basis of the strategy for creating multifunctional
drugs, Duan et al. reported a novel series of phenylsulfonyl-
furoxan-based hydroxamates with HDAC inhibitory and NO
donating activities."® The most potent hybrid, 45, displayed
potent HDACS6 activity with ICs, of 7.4 nM, however, it exhibited
pan-HDAC inhibition in a Western blot assay, which was likely

4.0
\N}E;S[O/\/\H/NHOH
N o
N/)\

44 HDACS IC5o = 17 nM

Fig. 19 Structures of quinazoline-based HDACS6 inhibitors.
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due to class I HDACs inhibition caused by NO release at the
cellular level. Further studies revealed that this compound
induced a much stronger apoptotic effect and G1 phase arrest in
HeLa cells as well as exhibited greater oral antitumor potency
than SAHA in vivo (Fig. 20).

Based on celecoxib, Yang et al. designed and synthesized
a series of HDACIs bearing phenylpyrazol moiety."* SAR anal-
ysis indicated that locating the linker group at 1’ of pyrazole
gave the most selectivity, the most selective HDAC6 inhibitor 46,
was with ICs5, value of 20 nM. Docking studies revealed that
compound 46 could occupy the hydrophobic pocket of HDAC6
with a - stack between phenyl ring and Phe679, which could
account for the selectivity of 46 against HDAC6.

Yang et al. described a pharmacophore combining the
pacritinib and vorinostat with JAK2 and HDAC bispecific
inhibitors.””® Compound 47, with single-digit nanomolar
potencies against JAK2 and HDAC6, showed broad anti-
proliferative potencies across a range of solid and hematolog-
ical cell lines. Based on Ruxolitinib and Vorinostat, this group
developed a new series of pyrazole substituted pyrrolopyr-
imidine based hydroxamates with HDAC and JAK inhibitory
activities.*" Finally, compound 48 with the optimal length of six
carbons and methyl group, displayed single digit nanomolar
potency against HDAC6. On this basis, Yao et al. explored
alternative attachment points for the hydroxamate bearing
chain and the pyrazole substituent.” When the pyrazole was
substituted with homoallyl, compound 49, had a sub-
nanomolar ICs, against HDAC6 of 0.25 nM and selectivity
over HDAC1 with more than 300-fold potency. Binding models
displayed that the homoallyl pyrazole substituent occupied in
a shallow hydrophobic pocket around Thr678 and Met682
which could explain the observed strong inhibition of HDAC6
(Fig. 21).

Butler et al. found that the active channel of HDAC6 is wider
and shallower than HDAC1 (17.5 A vs. 12.5 A), thus replacement
of the traditional long methylene linker with bulkier and
shorter aromatic moieties may help to enhance the selectivity
for HDAC6."* Then a series of carbazole based hydroxamic
acids with alkylaryl linker were synthesized. However, as the
carbazoles are too lipophilic, a tertiary amine was introduced to
the tricyclic ring. The tetrahydro-y-carboline analogue,
compound 50 (Tubastatin A), with an ICs, of 15 nM against
HDACS6 and over 1000-fold selectivity against HDAC1. In order
to investigate a second generation of these compounds, a series
of substituted B- and y-carbolines based hydroxamic acids were
designed,** the subsequent SAR analysis found that substitu-
tions to the 6-, 7-, 8-, and 9-positions of the cap group were not

NHOH
0 7\

NHOH ==
O\\ ,/O \/\/\)\
S o N~
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45 HDAC6 ICso = 7.4 1M 46 HDAC6 ICs = 20 1M

Fig. 20 Structures of novel HDACS inhibitors.
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Fig. 21 Structures of pyrrolopyrimidine based HDAC6 inhibitors.

beneficial to increasing the selectivities of these compounds,
while introducing aromatic functionalities at the 2-position
were beneficial. Compound 51, with a 4-pyridyl group, showed
subnanomolar potency against HDAC6 as well as approximately
5000-fold selectivity over HDAC1. By using a bicyclic cap as the
structural scaffold, Shen et al. developed a set of benzimidazole
based inhibitors that showed comparable potency and selec-
tivity against HDAC6."** Especially, compound 52, with a fluo-
rine atom at the 3-position of the aryl linker, led to the increased
lipophilicity, which may improve binding energies correlating
with improved HDAC6 inhibition. Modeling studies revealed
that benzimidazole could stabilize - stacking with Phe680
and the methyl group fitted into a small sub-pocket that aided
in cap region of HDAC6. At the same time, this compound
possessed improved pharmacokinetic properties compared to
Tubastatin A. Lee et al. developed a series of 5-aroylindolyl
substituted hydroxamic acids HDACS6 inhibitors for Alzheimer's
disease. The most potent compound 53, with an ICs, value of
3.92 nM, was able to reduce tau phosphorylation and aggrega-
tion. The docking studies showed that the cap region of
compound bound to the specific pocket of HDAC6 and the
anisole moiety could form van der Waals interactions with
residues N494, D496, and W497 (Fig. 22).

A series of sulfur analogues of 50 were prepared by Vreese
et al.*** It was found that a sulfone unit could form hydrogen
bonds between the oxygen atoms and the backbone nitrogen of
residues Asp567 and Gly619, and sulfur oxidation seemed
beneficial for bioactivities. Sulfones compounds 54 and 55, had
ICs, values of 1.9 and 3.7 nM, respectively, as well as a 5789-fold
and a 3243-fold selectivities against HDAC1. In further modifi-
cation, compound 56, with a five-membered thiaheterocyclic
ring, was also a potent HDAC6 inhibitor. Meanwhile, five
membered sulfones compounds display appropriate prelimi-
nary ADME/Tox profile (Fig. 23).*

Based on the findings of Butler et al., Leonhardt et al
designed a set of tetracyclic tetrahydro-B-carboline deriva-
tives.”® The additional piperazine-2,5-dione structure was
proven to be more potent than the imidazolidine-2,4-dione
structure. Lead compound 57, with ICs, value of 3.73 nM, was
a stronger HDAC6 inhibitor than 50 as well as had a selective
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Fig. 22 Structures of carboline based HDACG inhibitors.

index of >200 against HDAC1, 2, 4, 8 and 10. By combination of
the fluorophore of 4 MS and 50, Zhang et al. designed HDAC6
selective inhibitors 58a and 58b as small-molecular fluorescent
probes.” 58a displayed satisfying HDACG6 selectivity with the
selective index of over 140, 700 and 210 against HDAC1/2/3 and
could label MG132-induced aggresome because of its high
HDAC6 selectivity. Encouraged by these positive results, Ho
et al. synthesized a series of fluorescent HDAC6 selective
inhibitors with substituents on the naphthalimide skeleton.
Compound 59 with the methoxy group at position 4 of naph-
thalimide exhibited the greatest HDAC6 inhibitory activity (ICs,
= 0.1 nM) and HDACS6/1 selectivity (1080-fold). Compound 59
could also increase a-tubulin acetylation in a dose-dependent
manner and showed the most effective activity against six
cancer cell lines (Fig. 24).'*

Through virtual screening, Schlimme et al identified
compound 60 as a HDACS6 inhibitor with an ICs, of 300 nM.**°
In order to further improving the potency and selectivity of 60,
this group reported the preparation of thiazole-, oxazole-, and
oxadiazole-containing biarylhydroxamic acids.*** In general, the
thiazole- and oxadiazole-containing derivatives were much less
potent and selective than the oxazole containing compounds,
and the para-position substitutions were better for selectivities.
The 4-bromophenyl substituted oxazole hydroxamate 61 was
the most potent analogues between these series of compounds,
with ICs, value of 59 nM. Docking studies revealed that the
oxazole interacted with Phe566 and Phe520, which could
explain the high selectivity of para-substituted phenyl-oxazoles
based compounds (Fig. 25).

Blackburn et al. screened several hundred hydroxamic acids
for inhibitory activity of HDAC6 and identified 4-(amino-
methyl)-N-hydroxybenzamide as potent inhibitors of HDAC6
with improved selectivity."®* Heterocyclic analogues such as
compound 62 (tetrahydroisoquinolines) showed enhanced
HDACS selectivity, and had an ICs, of 36 nM against HDAC6. In
addition, compound 62 showed negligible inhibition against
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56 HDAC6 ICs = 8.2 "M
55 R = F, HDAC6 ICso = 3.7 nM

Fig. 23 Structures of carboline based HDAC6 inhibitors.
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matrix metalloproteases such as MMPs 2, 9, and 4 (>100 uM). In
further modifications, this group designed three additional
series based on 1,2,3,4-tetrahydropyrrolo[1,2-a]pyrazine,
4,5,6,7-tetrahydropyrazolopyrazine and 5,6,7,8-tetrahydro-imi-
dazo[1,2-a]pyrazines.”* And 63 was the most potent HDAC6
inhibitors in these series of compounds, with ICs, value of
33 nM, almost 100-fold selectivity versus HDAC8. Homology
modeling revealed that fused ring spacer was more effectively
occupied the channel of HDACS6, and the hydrophobic capping
group interacted with the protein surface (Fig. 26).

Based on the homology model, Bergman et al. found that the
entrance to the binding site was wider and shallower for HDAC6
than HDAC1, then a series of compounds with the introduction
of certain branched-elements to the linker were synthesized.***
Structure-activity = relationship  studies exhibited that
compounds bearing a branched linker group resulted in the
increased potency and selectivity for HDAC6. The n-butyl-
containing compound 64 displayed nanomolar inhibitory
potency against HDAC6 and indicated excellent selectivity over
HDAC1 (600-fold). The same group further reported SAR studies
in a series of analogues based on the scaffold of compound
64."° The new compound 65, bearing added indazole ring,
exhibited improved potency against HDAC6 (ICso = 1.6 nM) and
retained selectivity (450-fold) over HDAC1. Docking simulations
revealed that one of the nitrogen atoms in the indazole ring
engage in hydrogen bonding interactions with the carbonyl
group of Ala641, which may be the reason for the improving
HDACS activity and selectivity. The in vivo studies demonstrated
that this compound possessed improving capability to inhibit
tumor growth in melanoma models through regulating
inflammatory and immune responses (Fig. 27).
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60 61
HDACSG IC5 = 300 nM HDACS6 IC5p = 59 nM

Fig. 25 Structures of thiazole and oxazole based HDACG6 inhibitors.
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Fig. 26 Structures of novel HDACG inhibitors.
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Fig. 27 Structures of branched linker based HDACG inhibitors.

Lee et al. found 66 (HPOB) was a HDACS6 selective inhibitor,
with an ICs, value of 52 nM against HDAC6, almost 50-fold
selectivity over HDAC1. 66 enhanced Etoposide, Doxorubicin, or
SAHA-induced transformed cell death, which indicated that 66
had advantage in combination therapy to enhance the potency
of antitumor drugs.’*® In further study, Lee et al. described
a new selective HDAC6 inhibitor 67 (HPB), with an ICs, value of
31 nM, almost 15 to 400-fold more potent than other HDACs."’
67 selectively induced accumulation of acetylated a-tubulin and
other substrates of HDAC6. 67 inhibited cell growth but did not
influence cell death of normal and transformed cells. However,
HPB enhanced transformed cell death caused by the anticancer
drugs Paclitaxel or SAHA (Fig. 28).

Diedrich et al. designed a series of selective HDAC6 inhibi-
tors utilizing peptoid-based branched cap groups.*** The most
potent HDAC6 inhibitor 68 (ICs, = 1.59 nM) exhibited selec-
tivity index of 46 289 against HDAC4 and 126 against HDAC2.
Especially, compound 68 displayed remarkable chemo-
sensitizing properties and completely resensitized Cal27 CisR
cell line towards cisplatin. Porter et al. reported that 69
(Bavarostat) exhibited more than 16 000-fold selectivity in
comparison with HDAC1-3."*° Docking studies revealed that the
hybridization of the linker benzylic nitrogen and the steric
bulky capping group affected the affinity of hydroxamate-Zn>*
coordination which contributed to HDAC6 selectivity (Fig. 29).

Bracher et al. reported the preparation of phenothiazines
based benzhydroxamic acid HDAC6 inhibitors."*® They
confirmed the beneficial effect of the benzylic linker on potency
and selectivity for HDACS6 in these series of inhibitors. The lead
compound 70 showed impressive HDAC6 inhibition (IC5, = 22
nM) and a selectivity factor (SF) of 231 over HDAC1. The selec-
tive inhibition of HDACG6 by analogues of 70 (71 and 72) was also
validated in cell culture with western blotting of tubulin versus
histone acetylation. Docking studies of compound 70 to HDAC6
displayed that the tricyclic ring system can interact with the rim
of the binding tunnel. Song et al. utilized structure-based virtual
screening and provided the novel HDAC6 inhibitor 73. This
compound inhibited HDAC6 with an ICs, value of 56 nM and

HO

. PO oy

66 HPOB
HDACS ICso = 52 nM

67 HPB
HDACS ICsp = 31 nM

Fig. 28 Structures of branched linker based HDACG6 inhibitors.
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Fig. 30 Structures of novel HDACS6 inhibitors.

displayed excellent selectivity for HDAC6 over other HDAC iso-
forms. At the same time, compound 73 could increase the
acetylation of a-tubulin but not histone H3, which also
confirmed the selectivity for HDAC6 of this inhibitor (Fig. 30).***

4. Conclusions

The development of the selective HDACis have made great
progresses through modifying the cap region and linker,
however, the design of selective HDACis remains a great chal-
lenge. The high sequence homology between catalytic sites as
well as the tendency of HDACs in vivo to become functionally
active multiprotein aggregates limited the development of iso-
type specific HDACis, since inhibitory activity of single HDAC
could be different from which in protein complexes. It is noting
that the development of X-ray crystallography, molecular
modeling studies and computer-aided drug design may provide
further contributions to the design of novel selective HDACis.

HDACIs are more active in hematological cancers than solid
tumors, yet the reason is not clear. In order to overcome this
issue, the possible strategy is to design multifunctional or
multitarget HDACis synthesized by combining pharmaco-
phores of typical HDACis and other inhibitors. A huge number
of multi-targets inhibitors based on HDAC inhibitory activity
have now been developed and showed remarkable anti-tumor
activity. Numerous multi-target inhibitors have been demon-
strated the advantages in enhancing anti-tumor efficacy and
reducing side effects. However, the design and synthesis of
multi-target compounds still require more exploration due to
the multifactorial mechanistic nature of cancer. Therefore, the
research of multi-target inhibitors is also another important
direction for next generation HDACis.
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