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Abstract—Inhibition of histone deacetylases (HDACs) is emerging as a new strategy in human cancer therapy. Novel 2-aminophe-
nyl benzamides and acrylamides, that can inhibit human HDAC enzymes and induce hyperacetylation of histones in human cancer
cells, have been designed and synthesized. These compounds selectively inhibit proliferation and cause cell cycle arrest in various
human cancer cells but not in normal cells. The growth inhibition of 2-aminophenyl benzamides and acrylamides against human
cancer cells in vitro is reversible and is dependent on the induction of histone acetylation. Compounds of this class can significantly
reduce tumor growth in human tumor xenograft models.

© 2006 Elsevier Ltd. All rights reserved.

Histone deacetylases (HDACSs) and histone acetyltrans-

ferases (HATS) are enzymes that regulate transcription \
in eukaryotic cells by selectively deacetylating or acetylat- A NHOH ©/ NHOH
ing the g-amino group of lysine residues located in the TSA (1

NH,-terminal tails of core histones.! Correlations be- SAHA
tween increased levels of histone acetylation and trans-

criptionally active genes have long been recognized, and
conversely, hypoacetylated nucleosomal histones are en- (j/\ /\©\’(

riched in chromatin characterized by a virtual absence \©

of gene expression.” The anionic phosphate backbone of MS-275 (3

DNA strongly interacts with the cationic lysine residues
of histone proteins, resulting in a condensed chromatin
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chromatin and facilitating the accessibility of transcrip-
tion factors to DNA. HDACs and HATs influence many
cellular processes such as cell cycle progression and differ-
entiation. The deregulation of HDAC activity has also
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been linked to carcinogenesis. Consequently, the modula-
tion of HDAC activity could be a potential therapeutic
strategy in treating human cancer.’

Small molecules containing functional groups such as a
hydroxamic acid or aminoanilide have been reported to
exhibit HDAC inhibitory activity. The natural product
trichostatin A (TSA)* (1) and its analogues,’ synthetic
compounds such as suberoylanilide hydroxamic acid
(SAHA)® (2), and MS-275 (3) are examples (Fig. 1).”
Some of these compounds have been shown to have po-
tent in vivo antitumor effects in tumor-bearing animals
and a few of them are currently in clinical trials. In some
cases, however, their potential for clinical drug develop-
ment is limited by lack of selectivity, cytotoxicity, low
solubility, and/or low stability.®

In the course of searching for novel HDAC inhibitors
with potency and good safety profiles, we initially de-
signed hydroxamic acid-based sulfonamides (4).° Fur-
ther development of these HDAC inhibitors led to the
synthesis of the corresponding aniline-based sulfona-
mides (5) which showed improved pharmaceutical prop-
erties.!® More importantly, our novel arylamine anilides
(6) resulted in significant improvement in antitumor
activities both in vitro and in vivo. The structure—activ-
ity relationships (SAR), the antiproliferative activity,
and the in vivo efficacy will be discussed.

The first series of compounds, N-(2-aminophenyl)-3-
(pyridin-3-yl)acrylamides 7-16 (Table 1), were synthe-
sized starting from 2,5-dibromopyridine 17 as described
in Scheme 1 (exemplified by compounds 14 and 16).!!

Compound 18 was obtained by nucleophilic substitution
of bromine in 17 with 4-methoxybenzylamine. The for-
mation of S5-bromopicolinaldehyde 19, using n-butyl
lithium and DMF followed by a reductive amination
with 3,4,5-trimethoxyaniline, gave compound 20. Heck
couplings generated the intermediates 21 and 22 starting
from 18 and 20, respectively. These tert-butyl esters were
cleaved with TFA and then coupled to 1,2-phenylenedi-
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amine using BOP as a coupling agent to afford final
products 14 and 16.

The corresponding (E)-N-(2-aminophenyl)cinnamides
25-35 (Table 2) were also synthesized using the chemis-
try described in Scheme 1, but starting with 4-bromoan-
iline or 4-bromobenzaldehyde instead, and introducing
the benzylamine bond by reductive amination.

The analogous series of N-(2-aminophenyl)-benzamides
and N-(2-aminophenyl)-nicotinamides 36-44 (Table 3)
were also synthesized. Nicotinamides 36-38 were pre-
pared in three steps from 6-chloronicotinic acid starting

Table 2. SAR of some 2-aminophenyl cinnamides
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with amide synthesis followed by nucleophilic substitu-
tion of the chloride and then deprotection of the
N-Boc group, (Scheme 2, exemplified by compound
36). The N-(2-aminophenyl)-benzamides 39-44 were
synthesized as illustrated in Scheme 3 (exemplified by
compounds 41 and 43). N-(2-Aminophenyl)-4-(benzyla-
mino) benzamide 41 and N-(2-aminophenyl)-4-
((phenylamino)methyl) benzamide 43 were obtained
according to Scheme 3; starting, respectively, with
4-aminobenzoic acid 48 and 4-formylbenzoic acid 49.

All compounds were initially screened for the ability to
inhibit recombinant human HDAC-1. This isozyme
was chosen since it is widely implicated in both tran-
scriptional repression and chromatin remodeling.!?
The evaluation of the in vitro antiproliferative activities
of the synthesized compounds was performed using
3-[4,5-dimethylthiazol-2-yl-2,5-diphenyltetrazolium bro-
mide (MTT) assay against various human cancer cell
lines, in particular, HCT116 human colon cancer cell
line. Compound 7, in the first series (Table 1), showed
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activity against HDAC-1 (3 uM) and good antiprolifer-
ative activity (1 pM). Chain elongation (compounds 8
and 9) or introduction of substituents on the phenyl ring
(compounds 10-15) only slightly modified the activity.
Interchanging the position of the nitrogen (compounds
15 and 16) did little to improve the potency.

To continue this SAR, the aminophenyl cinnamide
series was explored (Table 2). In this series, interchang-
ing the position of the nitrogen (compounds 25 and 26)
resulted in improvement in antiproliferative activity.
The absence or presence of a methoxy substituent and
the substitution pattern (compounds 26-31) showed up
to a 10-fold difference in HDAC-1 activity, with
compound 31 being the most potent. Introduction of a
secondary amine (compound 32) or substituent variety
(compounds 33-35) did not prove to be beneficial.

To complete the SAR study, the (pyridin-3-yl)acrylam-
ide (Table 1) and the cinnamide series (Table 2) were
compared to the nicotinamide (compounds 36-38) and
the benzamide series (compounds 39-44) (Table 3).
These new compounds 36-44 showed an improved
range of antiproliferative activity from 0.5 to 3 uM.
Compounds 39, 42, and 43 were found to be quite po-
tent; comparable to MS-275 (3) which is currently
undergoing phase 1 clinical trials.!3

The cytotoxicity of the most potent compounds toward
normal cells was determined by the proliferation of hu-
man normal mammary epithelial cells (HMEC). Com-
pounds 31 (HMEC ICsy =39 uM) and 43 (HMEC
ICs9 = 15 uM) proved to have the lowest cytotoxicity.

To confirm the ability of these compounds to inhibit
HDAC in whole cells, they were evaluated for their abil-
ity to induce histone acetylation in T24 human bladder
cancer cells. The anilides 31 and 43 caused dose-depen-
dent histone hyperacetylation in these cells (Fig. 2). Sim-

MS-275 Cpd 31
() 2 5 1 02 25 5 1 02 (M)

+_H4—Ac

|.---_- ——— i._H“

MS-275 Cpd 43
() 25 5 1 02 25 5 1 02 (uM)

| S — — — —

—
|-'—-_---——— - H4

Figure 2. Human bladder carcinoma T24 cells were treated with
compounds at 0, 1, 5, and 25 mM for 16 h. Cells were harvested and
histones were acid-extracted, analyzed by SDS-PAGE, and immuno-
blotted with antibodies specific for acetylated H4 histones. Histones
were stained by Coomassie blue to reveal their amount loaded on the
blots.

ilarly to MS-275, the compounds 31 and 43 also induced
expression of p21 protein in T24 human cancer cell lines
(Fig. 3), and they caused G2/M cell cycle arrest in the
HCT116 human colon cancer cell line (Fig. 4), in accor-
dance with results from the literature.!#!>

HDAC small molecule inhibitors 31 and 43 were evalu-
ated in vivo in several different tumor xenograft models
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Figure 3. Induction of p21WAFVCIP! transcription by HDAC inhibitors
in Human HCT116 Cancer Cells. HCT116 cells were stably transfected
with a luciferase reporter plasmid driven by the p21 promoter. Cells
were treated with HDAC inhibitors for 16 h before harvest. Cells were
lysed and luciferase activity was analyzed using substrate from
Promega.
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Figure 4. HDAC Inhibitors Caused G2/M arrest of Human Cancer
Cells. Human HCT116 cancer cells were treated with in-house HDAC
inhibitors or MS-275 in 1% DMSO for 16 h before harvesting by
trypsinization. Propidium iodide-stained DNA contents in fixed cells
were analyzed by flow cytometry. The (G2+M)/S ratio was calculated
using the percentage of cells among total gated cells in G2/M phase
divided by the percentage of cells in S phase. Percentages of cells in G1
phase were not affected by HDAC inhibitors.
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in mice. These models represent the major forms of hu-
man cancers: A549 (non-small cell lung), PANC-1 (pan-
creatic), and SW48 and HCT116 (colon). Compounds
were administered daily by either intraperitoneal injec-
tion (ip) or orally (po). Both compounds showed good
antitumor activity (% of tumor growth inhibitions rela-
tive to vehicle controls, %TGI). Compound 31 showed
up to 73% in SW48 and up to 80% in HCT116 when
dosed at 25 and 20 mg/kg per day (ip route) for 3 weeks.
Compound 43 showed up to 73% in A549 (ip, 40 mg/
kg), up to 84% in PANCI (po, 50 mg/kg), up to 66%
and 86% in HCT116 (ip, 50 and 75 mg/kg), and up to
66% and 100% in SW48 (ip, 50 and 75 mg/kg). This
activity was obtained without any associated body
weight loss as a measure of gross toxicity. Moreover,
the activity was comparable or better than that of MS-
275 (3) (%TGI: 56, 68, and 46 for HCT116, SW48,
and A549-bearing mice, respectively, when dosed at
20 mg/kg ip) that was used as a positive control in these
experiments.

A novel class of HDAC inhibitors, which induce core
histone acetylation in human cancer cells, arylamine ani-
lides (general structure 6), was designed. Active aryl-
amine anilides exhibit in vitro anti-proliferative
activities in various human cancer cells, but not in nor-
mal cells. Selective induction of cell cycle arrest and
apoptosis of human cancer cells in a dose-dependent
manner was observed. At the protein excpression level,
compounds 31 and 43 induce p21"4FVCPL expression
and downregulate cyclin A and B1 expression in cancer
cells. Induction of p21"4FVCP! by compounds 31 and
43 starts as early as 8 h, and can last up to 72 h, post-
treatment. It was found that compounds 31 and 43 have
significant antitumor activity in vivo in several mice tu-
mor xenograft models. Compounds 31 and 43 showed
acceptable pharmacokinetic profiles in rats (iv half-life
1.8 and 0.7 h; bioavailability 65% and 20%, respective-
ly). Little toxicity of compounds 31 and 43, compared
to MS-275 (3), was revealed by body weight, white
blood cell counts, and spleen weight measurement.
These results represent a significant step toward the
development of HDAC small molecule inhibitors with
favorable pharmaceutical characteristics.
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