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Abstract—We report herein the initial exploration of novel selective HDACI/HDAC?2 inhibitors (SHI-1:2). Optimized SHI-1:2
structures exhibit enhanced intrinsic activity against HDAC1 and HDAC?2, and are greater than 100-fold selective versus other
HDACG:s, including HDAC3. Based on the SAR of these agents and our current understanding of the HDAC active site, we pos-

tulate that the SHI-1:2 extend the existing HDAC inhibitor pharmacophore to include an internal binding domain.

© 2008 Elsevier Ltd. All rights reserved.

The histone deacetylase (HDAC) family of metalloen-
zymes is extensively involved in epigenetic regulation
of gene expression.! They catalyze the cleavage of the
N-acetyl group from acetylated lysine residues located
on the tails of the core nucleosomal histones H2a,
H2b, H3, and H4. However overexpression of histone
deacetylase leads to hypoacetylated chromatin that be-
comes inaccessible to transcription factors, for example.
These enzymes also regulate the acetylation status of
numerous nonhistone proteins such as transcription fac-
tors p53, STATI1, and NF-kB as well as a-tubulin,
Hsp90, and Ku70.?

There are 11 zinc-dependent HDAC enzymes character-
ized to date, divided into three classes. Class I enzymes
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(HDACs 1-3 and 8) are 350-500 amino acids in length,
are ubiquitously expressed, and are located primarily in
the nucleus. Class IT enzymes (HDACs 4-7, 9 and 10)
are about 1000 amino acids in length, are tissue-specific,
and can shuttle between the cytoplasm and the nucleus.
HDACI1 contains residues common to both classes and
also has tissue-specific expression; and is considered the
only class IV HDAC. Seven additional NAD-dependent
HDACs comprise Class III. Known as SIRT1-7, this
silencing information regulator 2 (Sir2) family of deacet-
ylases has a unique catalytic mechanism that requires
the cofactor nicotinamide adenine dinucleotide and
these enzymes respond to changes in cellular redox.?

Small molecule inhibitors* of histone deacetylase have
been shown to activate transcription of genes regulating
cell-cycle progression, differentiation, and/or apoptosis
in cancer cells and these agents generally conform to a
broadly accepted pharmacophore. In late 2006, Zolin-
za™ became the first HDAC inhibitor to gain FDA ap-
proval and is used for the treatment of the cutaneous
manifestations of T-cell lymphoma (Fig. 1).> Like many
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Figure 1. HDAC inhibitors Zolinza™, MS-275, and piperazyl benz-
amide 1.

inhibitors containing a hydroxamic acid moiety in the
zinc-binding motif, Zolinza™ (SAHA, vorinostat) is a
broad-spectrum HDAC inhibitor. Another class of
HDAC inhibitors contains an a-aminobenzamide zinc-
binding motif as exemplified by MS-275° (SNDX-275)
and nicotinyl piperazine 1.7 As is typically observed
for benzamide-derived inhibitors, compound 1 inhibits
HDAGCs 1-3 but does not significantly inhibit the other
HDAC isoforms screened. Though the histone deacetyl-
ase family is well documented in the development of
cancer, the role of the individual HDACSs remains un-
clear. HDACs 1 and 2 share a high degree of homology
and are found in the same multicomponent nuclear com-
plexes containing transcriptional co-repressors such as
mSin3 and NuRD.® They both have been shown to be
overexpressed in human cancers and knockdown leads
to increased apoptosis.’

Distinct from HDACs 1 and 2, HDACS3 is found in the
NCoR-SMRT co-repressor complex. The physiological
role of HDAC3 is less well understood, though it is
overexpressed in certain colon tumors'® and it is capable
of interacting with the class I HDACs as a functional
link between the classes. For example, the activity of
HDACG:s 4, 5, and 7 has been shown to be dependent
on HDAC3.!"" In a recent study using DNA micro-
arrays, Zolinza™ was found to activate or repress the
expression of at least 22% of genes in a 16-h cell culture,
most of which are involved in cell proliferation and
apoptotic pathways.!?> Hence, isoform-selective inhibi-
tors would help our understanding of the individual
roles of the HDAC family, and may even offer an im-
proved therapeutic window by modulating a small set
of disease-focused genes.'?

As part of our efforts to further improve the selectivity
of benzamides such as 1, we investigated potent and
selective hydroxybiphenyl benzamide 2, which was dis-
covered through an HTS campaign (Fig. 2).!* Benzam-
ide 2, and closely related analogs, were prepared
previously as part of a program directed toward the
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Figure 2. A biaryl benzamide imparts >100-fold selectivity for HDACs
1 and 2 versus HDAC3. The new pharmacophore model places the
pendant phenyl ring into the internal cavity.

identification of potential antiprotozoal agents using to-
tal nuclear HDAC activity as a screening tool.!> Despite
lacking a surface recognition domain, compound 2
exhibits good potency in HDAC1 and HDAC2 bio-
chemical activity assays (ICso 0.058 and 0.20 uM,
respectively).!'® Most notably, 2 is inactive against all
other HDAC isoforms screened, including HDACs 3-
8 and 11. In an HCT116 human colon carcinoma cell
viability assay, 2 exhibits promising antiproliferative
activity (Glsy 2.1 uM).!” The lack of HDAC3 activity
exhibited by these biaryl benzamides is in striking con-
trast to simple benzamides such as 1. Herein we focus
on the influence of substituents putatively residing in
the internal cavity domain.

A small library of amide derivatives was prepared hold-
ing the hydroxybiphenylaniline constant (Table 1). The
HDACI inhibition data parallel the SAR of the phenyl-
enediamine-derived benzamide inhibitors lacking the
pendant aryl substituent (data not shown). The 2-pyri-
dyl analog was not well tolerated; however 3-pyridyl

Table 1. Exploration of the amide moiety of biaryl phenol 2

®
L

N
H on
Compound Substituent R HDACI ICsy (uM)
2 Phenyl 0.058
3 2-Pyridyl 0.31
4 3-Pyridyl 0.068
5 4-Pyridyl 0.075
6 2-Thiophenyl 0.13
7 2-Benzothiophenyl 0.13
8 2-Benzothiazolyl 0.35
9 2-Furanyl 0.13
10 S-Isoxazolyl 0.10
11 2-Aminophenyl 1.8
12 3-Aminophenyl 0.44
13 4-Aminophenyl 0.040
14 Acetyl 4.8
15 Benzyl >50
16 Hydrocinnamyl 0.61
17 Cinnamyl 1.2
18 Acetoxy >50
19 Benzyloxy >50
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and 4-pyridyl analogs were found to be equipotent to 2,
with HDACI ICs, values of 0.068 and 0.075 uM, respec-
tively. Thiophene, benzothiophene, furan, and isoxazole
ring (6, 7, 9, and 10) replacements were found to be
acceptable, with less than a twofold loss in potency,
although the 2-benzothiazolyl analog was found to be
sub-optimal. An amino substituent placed on the ben-
zoyl group of 2 was well tolerated at the para-position
(13), but not at the ortho- or meta-positions. Nonaryl
amides 14-17 were at least one log unit less potent than
2, and lastly acetoxycarbamate and benzyloxy carba-
mate (18 and 19) were found to be inactive.

Given the structural homology between 2 and the clini-
cal agent MS-275, we replaced the phenol of 2 with an
aniline for subsequent studies. Following our research
with nicotinoyl benzamides such as 1, we also elected
to further explore the SAR of biaryl moiety analogs con-
taining the nicotinoyl moiety in the linker domain (Ta-
ble 2). As a reference, N-(2-aminophenyl)-nicotinamide
20 inhibits HDAC1 with an ICs of 2.6 uM. Installation
of the pendant hydrophobic phenyl, 2-thiophene or 3-
thiophene (21-23) characteristic of the SHI-1:2 struc-
tures gave a 50-fold boost in potency. Introduction of
more polar groups such as 1-imidazolyl and 4-pyridyl
led to a 15- to 20-fold loss in potency versus phenyl
substituted 21, while the 3,5-pyrazinyl derivative was
inactive. We turned to nonaromatic substitution and
were encouraged by pyrrolidine 28 (HDAC1 ICs
0.67 uM). However analog 29, having a cyclopentyl sub-
stituent, was sixfold less potent, and dimethylamine (30)
and morpholinyl analogs (31) were inactive. Methyl and
trifluoromethyl analogs are also inactive. These studies
suggest that a small aromatic moiety is optimal for bind-

Table 2. SAR of the nicotinyl aniline

0]
()N
N/ H NH,
Compound Substituent R HDACI ICsy (uM)
20 Hydrogen 2.6
21 Phenyl 0.048
22 2-Thiophenyl 0.065
23 3-Thiophenyl 0.052
24 3-Furanyl 0.16
25 1-Imidazolyl 1.0
26 4-Pyridyl 0.65
27 3,5-Pyrazyl >50
28 1-Pyrrolidinyl 0.67
29 Cyclopentyl 4.2
30 Dimethylaminyl 44
31 Morpholinyl >50
32 CO,H >50
33 CO,Me >50
34 CONHMe >50
35 Methyl >50
36 Trifluoromethyl >50
37 Chlorine >50
38 Fluorine >50

ing in the narrow entry to the internal cavity. Lastly,
substitution with halides (37 and 38) led to inactivity;
indicating polarity may be poorly tolerated in this re-
gion of the active site.

With phenyl biaryl 21 being among the most promising
leads, we explored substitution about the pendant phe-
nyl ring (internal cavity domain) (Table 3). Installation
of a variety of groups at ortho- or meta-positions led
to a dramatic loss in potency (data not shown), while
substitution at the para-position is somewhat permitted.
Substitution with a fluorine was allowed with little pen-
alty, however aniline 40 was sevenfold less potent than
21 and dimethylaniline 41 was 100-fold less potent. A
methylnitrile substituent was permitted (42; HDACI
ICso 0.25 uM) however charged amine and carboxylic
acid substituents (43, 44, and 47) were not. Interestingly,
benzyl and methyl esters 45 and 48 were modestly potent
(ICso values of 1.3-1.5 puM), indicating that there is
space in the internal cavity of HDACI for larger hydro-
phobic groups. Further exploration of the internal bind-
ing domain revealed that insertion of oxygen, carbonyl,
ethyl or piperazinyl linkers is not tolerated (Table 4).

Summarized in Table 5 are the HDAC isoform bio-
chemical and HCT116 human colon carcinoma cell pro-
liferative activities of nicotinoyl leads 21 and 22 and the
analogous benzoyl leads 54 and 55. As we have seen, N-
(2-aminophenyl)nicotinamide 20 and the benzoyl analog
53 are modest inhibitors of HDACI with little selectivity
over HDAC2 or HDACS3. The introduction of a phenyl
or 2-thiophene substituent gives a 100-fold boost in
HDACI potency (ICsq 0.048-0.065 uM). Selectivity
over HDAC2 is >15-fold for the phenyl biaryls and
>5-fold for the thiophenyl biaryls, and all biaryls are a
remarkable selectivity of >100-fold over HDAC3. Benz-
amide inhibitors 20-22 and 53-55 do not significantly
inhibit HDACs 4-8 or 11 (ICso >50 uM).

Table 3. Derivatization of phenyl biaryl 21

N/ NH,
Compound Substituent R HDACI ICsy (uM)
21 Hydrogen 0.048
39 Fluorine 0.14
40 NH, 0.33
41 NMe, 5.3
42 CH,CN 0.25
43 CH,NH, 2.1
44 CO,H >50
45 CO,CH,Ph 1.3
46 C(O)-morpholine >50
47 CH,CH,CO,H 13

48 CH,CH,CO,Me 15
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Table 4. Introduction of a linker into biaryl 21

0]
R
H
N/ NH,

Compound Linker X HDACI ICsy (uM)
21 Bond 0.048
49 CcO >50
50 0} >50
51 Ethyl >50
52 Piperazine >50

Table 5. Summary of nicotinyl and benzoyl biaryl leads

R
0
DR
H
P NH
X 2
Compound 1Csp (M) Gls
HDACI HDAC2 HDAc3 HCTII6
(M)
X=N
20:R=H 26 7.0 3.6 24
21: R = phenyl 0.048  0.90 1 2.1
22: R = 2-thiophenyl 0.065  0.39 73 2.4
X=CH
53 R=H 2.4 33 28 21
54: R = phenyl 0.060  0.78 1 2.0
55: R = 2-thiophenyl 0.048  0.36 1 0.72

In 2004, Weist and co-workers postulated the role of the
internal cavity adjacent to the zinc active site of histone
deacetylase.!® They put forth a proposal for an inhibitor
design accessing this internal cavity with a new binding
element. The binding of the zinc-binding motif of biaryl
21 is expected to be similar to simple benzamides such as
1, however with a thiophene substituent directed into
the internal cavity.

To address the selectivity of the biaryl SHI-1:2 class, we
constructed homology models of HDACs 1 and 3 based
on the 1.9-A X-ray structure of an inactive mutant
HDACS bound to an acetylated peptidic substrate.'’
The active sites of the class I HDACs are virtually iden-
tical. Overall homology between HDACs 1 and 8 is
good, with 43% identical and 66% similar residues. Be-
tween HDACs 3 and 8, the homology is 43% identical
and 64% similar residues. Likewise, the homology be-
tween HDACs 1 and 3 is very high 62% identical and
82% similar residues with one most notable exception;
Ser113 in the internal cavity of HDACI is replaced by
Tyr96 in HDACS3.

Shown in Figure 3 is the active site model of HDACI
docked with biphenyl lead 21. The ball and stick repre-
sentation shows the carbonyl and aniline groups bound
to zinc (shown in green) while the N-H bonds to
Gly149. The phenyl fits neatly into the internal cavity
with a phenyl-phenyl dihedral angle of 35°; nearly
equivalent to that measured from an energy minimiza-
tion without enzyme. The space filling representation
illustrates how little space there is available for substitu-
tion about the pendant phenyl ring.

We now can begin to understand the SAR outlined in
Table 2. Given the hydrophobic character of the internal
cavity, nonpolar substituents are preferred over polar
groups such as imidazolyl, pyridyl or pyrazyl. Pyrroli-
dine 28 is likely able to adopt a near coplanar conforma-
tion with the benzamide, while cyclopentyl 29 cannot.
Other alkyl substituents are likely too large. As seen in
Figure 3, there is space within the internal cavity for
substitution at the para-position of the biaryl (Table 3).

Putative binding of 21 to HDACS illustrates a potential
source of SHI-1:2 selectivity (Fig. 4), wherein, tyrosine-
96 replaces serine-113 in the lower corner of the internal
cavity, completely blocking access of a biaryl.

After considerable investigation of the internal cavity
domain, we opted to further explore analogs containing
a nicotinyl or benzoyl in the linker domain. For exam-
ple, the biphenyl analog/hydrid of 1 and 2 shown in Fig-
ure 5 is a potent, selective SHI:1:2. However, the
HDACT inhibitory activity of 56 is not improved, and
only a marginal improvement in the antiproliferative
activity was observed. The poor solubility of 56 is likely
the culprit.

Further optimization of the linker and recognition do-
mains led to analogs of CI-9942° (Table 6). CI-994 was
a clinical agent with modest activity (HDACI1 ICs
0.57 uM), however incorporation of our biphenyl
phenol or aniline resulted in a 20- to 30-fold boost in

Figure 3. Model of 21 bound to HDACI.
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Figure 4. Putative model of 21 bound to HDAC3. The phenyl biaryl
would overlap with tyrosine-96.

| H
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50° U. Iz
O\"/N\:) HDAC2 IC5o: 0.64 uM
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Figure 5. Biaryl analog of piperazine 2.

Table 6. Biaryl analogs of CI-994

R2
(0]
;
)J\N R
H

Compound R! R? HDACI ICsy (LM)
CI-994 NH, H 0.57
57 OH Ph 0.018
58 NH, Ph 0.028
59 F Ph >50
60 NH, 2-Thiophene 0.007
61 NH, 3-Thiophene 0.007
62 NH, CO,H >50
63 NH, CO,Me 45
64 NH, CONHMe >50
65 NH, CONHPh >50

potency. A fluorobiaryl (59) was inactive reaffirming the
requirement of a strong chelate with zinc in the active
site. The thiophene analogs 60 and 61 were remarkably
potent inhibitors (ICsq 7 nM), however once again the
introduction of polar acid, ester or amide functional

groups led to an erosion in HDACT activity. Placement
of the N-acetamide group at the meta-position gave a
threefold loss in potency (data not shown).

2-Thiophenyl biaryl 60 also exhibits potent HDAC?2
inhibitory activity (ICsy 0.049 uM), is selective versus
other HDAC isoforms (ICso =10 uM), and is potent
in the HCT116 proliferation assay (Glsy 0.11 uM).
Compound 60 is devoid of CYP (>50 uM) and hERG
(>30 uM) activity, and has acceptable rat pharmacoki-
netics in both the iv (2 mg/kg dose; Cl 12 mL/min/kg;
Vdg 6.9 L/kg; t1» 9.7 h) and po (4 mg/kg dose; AUCy\
2.8 uM h/mg/kg; Cpax 1.4 pM; F 64%) arms.

Given these promising features, biaryl 60 was evaluated
in an HCT116 mouse xenograft model of cancer
(Fig. 6).! Gratifyingly, at a dose of 30 mg/kg adminis-
tered ip the inhibitor was tolerated and a 52% tumor
growth inhibition was observed without significant
weight loss. However, as the dose was escalated to 45
and 60 mg/kg ip, adverse effects caused termination of
the study by 10 and 8 days, respectively. Despite having
a poor therapeutic margin, compound 60 represents a
promising discovery lead. Inhibitors possessing an im-
proved therapeutic index will be the focus of future
disclosures.

The discovery of biaryl inhibitors such as phenol 2 and
aniline 21 represents a new class of HDACI1 and
HDAC2-selective tools, termed SHI-1:2, that may help
clarify the roles of the individual class I HDACs in hu-
man cancer. SAR gathered to date indicates that the ob-
served selectivity may arise from the orientation of the
hydrophobic aryl substituent into the internal cavity of
the HDAC enzymes, with preferential binding to
HDACI over HDAC3. The SHI-1:2 class of HDAC
inhibitors exhibit potent antiproliferative activity and
inhibit tumor growth in a mouse xenograft model.

HDAC1 ICsy: 0.007 uM
HDAC2 IC5y: 0.049 uM
HDAC3 ICsq: 10 uM

S
0
HDACs 4-8 ICs0: >10 uM
0 N HCT116 Glgg: 0.11 uM
H
)J\N NH,
N 60

Effect of Biaryl 60 on HCT116 Tumor Growth

1400
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Figure 6. HCT116 xenograft mouse model efficacy study with 2-
thiophenyl biaryl 60.
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Further studies of the SHI-1:2 will be the subject of fu-
ture disclosures.

—
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