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Bromodomain and extra-terminal (BET) proteins, a class of epigenetic reader domains has
emerged as a promising new target class for small molecule drug discovery for the treatment of
cancer, inflammatory, and autoimmune diseases. Starting from in silico screening campaign,
herein we report the discovery of novel BET inhibitors based on [1,2,4]triazolo[4,3-
a]quinoxaline scaffold and their biological evaluation. The hit compound was optimized using
the medicinal chemistry approach to the lead compound with excellent inhibitory activities
against BRD4 in the binding assay. The substantial antiproliferative activities in human cancer
cell lines, promising drug-like properties, and the selectivity for the BET family make the lead
compound (13) as a novel BRD4 inhibitor motif for anti-cancer drug discovery.

2009 Elsevier Ltd. All rights reserved.

Activation of transcription is modulated by acetylation of the
lysine residues on histones. Lysine acetylation, a key post
translational modification, is mediated by histone
acetyltransferases (HATs) and results in the neutralization of
positive charge on lysine side chains. Consequently, the histone-
DNA interactions are altered and the diminished nucleosome
compaction enhances the transcriptional activity by recruiting the
transcription and chromatin remodeling factors which is
mediated by bromodomain containing proteins (BRDs)'. BRDs
act as epigenetic readers by recognizing and binding to the
acetylated lysine residues of the histone tails, thus regulating the
key processes of gene transcription and gene expression””.
Bromodomain and extra-terminal (BET) proteins, a subfamily of
human BRDs, is composed of four members (BRD2, BRD3,
BRD4 and BRDT) in humans. BET proteins have two similar N-
terminal bromodomains and an extra-terminal protein interaction
motif at the C-terminus. Like all other BRDs, the BET family
recognizes and binds to the acetylated lysine residues in histones
H3 and H4 *. BET proteins have been evidenced to be
implicated in several human diseases such as MLLI1-fusion
leukemia, NUT midline carcinoma, various inflammatory
diseases, and cardiovascular disorders®™"!

The structural design of the acetyl lysine binding pocket of
BET proteins makes them attractive druggable targets for drug
discovery campaigns. The architecture of the binding pocket has
been reported to be favorable for the development of small

molecule inhibitors and a number of potent small molecule BET
inhibitors have been reported up to date (Figure 1) '*'*. The rapid
progress in the development of small molecule BET inhibitors
have greatly stimulated the drug discovery efforts both from
academia and pharmaceutical industry, and have led to more than
a dozen BET inhibitors into the human clinical trials. Despite this
enormous progress, there is still a need for new chemotypes with
improved pharmacokinetics and physicochemical properties
which will further increase our understanding of the therapeutic
potential of the BET inhibitors for various human diseases'*'%.
Recently, JQI has been reportedly related to memory deficits in
mice and the drug resistance against JQ1-motif triazoloazepines
has been described'®. These issues further provide a strong
demand for the development of additional chemotypes for BET
inhibitors. The new chemotypes are thus strongly desirable as
alternatives for the clinical developments.

In the present work, we unveil the discovery of novel
[1,2,4]triazolo[4,3-a]quinoxaline aminophenyl derivatives as
potent BET inhibitors. Discovery from virtual screening and the
medicinal chemistry optimization of the hit compound to the lead
has been described. Biological evaluation of a new class of potent
and orally bioavailable BET inhibitors as anticancer agents has
been thoroughly discussed as well.



Figure 1. Representative BET inhibitors
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All the molecular modeling was carried out using the Maestro
v10.2 (Schrodinger, Inc.)™. In an effort to discover BET
inhibitors with a novel scaffold, the docking based high
throughput virtual screening was performed using the fragment-
like database® with more than 800,000 compounds from ZINC*
and the X-ray crystal structure of BRD4 (PDB id: 4CLB)>.
Starting the molecular modeling, four water molecules located
within the binding pocket were considered to be conserved in the
majority of bromodomains. The structural defects of the protein
were fixed by the Protein Preparation Wizard. The low-energy
3D structures of compounds were generated by the LigPrep, and
then they were docked into the binding pocket of BRD4 using the
Glide in Standard Precision (SP) mode based on a grid box of 20
x 20 x 20 A’ centered on the co-crystallized ligand: We used
constraints such as H-bond interactions with the side-chain of
Asn140 and water molecule. The docking results were ranked
and filtered by the Glide score. The top 2000 poses were
clustered according to structural similarity, and finally 8
fragment-like motifs were selected. 230 Compounds having 8
fragment-like motifs were obtained and tested for the inhibitory
activity against BRD4. The active BET inhibitors with
[1,2,4]triazolo[4,3-a]quinoxaline scaffold were docked into the
binding pocket of each BD1 (PDB id: 4CLB) and BD2 (PDB id:
2YEM™) of BRD4 using the Glide in Extra Precision (XP) mode.
Other options were the same as mentioned above. The protein-
ligand interactions were analyzed by the Discovery Studio
Modeling Environment v4.0> and the molecular models of the
docked compounds were displayed using the PyMOL software®.

Figure 2. Discovery of hit compound 1 by virtual screening
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BRD4 (BD1+BD2) IC5g: 6.40 uM Bromosporine
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The virtual screening hit compound 1 shown in Figure 2,
based on a novel [1,2,4]triazolo[4,3-a]quinoxaline motif, was
validated by ICs, measurement using the AlphaScreen binding
assay”’. A careful survey of the literature revealed bromosporine,
a triazolopyridazine based pan bromodomain inhibitor with very
weak cellular potency’’. A patent from Constellation

Pharmaceuticals have also described a series of BET inhibitors
based on triazolopyridazine scaffold”®. Putting all together, the
newly discovered triazolo quinoxaline scaffold seemed to be a
good starting point for the search of more potent and selective

BET inhibitors.
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Scheme 1. Syntheses of compound 1-3
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Compound 1-3 (Table 1) were prepared by the synthetic route
described in Scheme 1. Addition of hydrazine monohydrate to
the commercially available 2,3-dichloroquinoxaline (1a),
followed by cyclization with triethyl orthoacetate afforded 4-
chloro-1-methyl triazoloquinoxaline core (1c¢) in excellent yield.
Base-catalyzed coupling of para-phenylenediamine (1d) and
meta-phenylenediamine (1e) with 1c produced intermediates 1f
and 1g, respectively. Installation of tert-butyloxycarbonyl (Boc)
group to 1f and 1 g furnished compounds 1 and 2, respectively.
Base catalyzed coupling of 4-(N-Boc-aminomethyl)aniline (ih)
with key intermediate 1c afforded compound 3 in 86% yield.
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Scheme 2. Syntheses of compounds 4-15

Compounds 4-15 (Table 1 & 2) were prepared according to
Scheme 2. Various orthoesters were used to synthesize C-1
variants of the triazoloquinoxaline with chlorine at C-4 position
(1c¢, 2a, 2¢, 2d). In case of CF; analogue at C-1 position of the
triazoloquinoxaline ring, triflouroacetic acid was used under
reflux conditions, followed by chlorination of the resulting
intermediate 1d with phosphorous oxychloride provided the
desired C-1 analogue 2b. 3-Aminobenzonitrile was then coupled



with 1c and 2a-2d under acid catalyzed conditions using 0.08 M
HCl in ethoxyethanol at 100 °C for one hour to furnish various
nitriles (3a-3e). The resulting nitriles were reduced to the
corresponding amines by employing palladium catalyzed
hydrogenation (10, 4a-4d). Transformation of the resulting
benzylamines to various carbamates and amides furnished
compounds 4-9 and 11-15, respectively.

NH2

=N
. e
N ~Cl NH,NH,.H,0, EtOH N__NH triethyl orthoacetate _N_ /N QH o
(L (L (L, K
N™ “CI 25°C, 16 h N ~cl 100°C, 1 h N” ¢l o)

(5a) 86% () 79% (50) (5d)

=N
DIPEA,'POH NN
64% H o \’<
(16)
Scheme 3. Synthesis of 3-methyl-[1,24]triazolo[4,3-a]pyrazine 16

The synthesis of 3-methyl-[1,2,4]triazolo[4,3-a]pyrazine 16 is
described in Scheme 3. Addition of hydrazine monohydrate to
2,3-dichloropyrazine, followed by cyclization with triethyl
orthoacetate afforded Sc. The base catalyzed coupling of 5S¢ with
5d produced the desired compound 16 in 64% yield.

Table 1. C-1 and C-4 SAR of triazoloquinoxaline scaffold
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I-BET762 - - 0.061 0.39 0.29
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a: BRD4 ICso (BD1 + BD2)
ND: Not Determined

Compound 1, discovered by virtual screening, exhibited
modest BRD4 inhibitory activity of 6.40 uM in AlphaScreen
assay. In order to design more potent derivatives, we planned to

carry out SAR studies at the amino phenyl ring attached at the C-
4 position of the triazoloquinoxaline scaffold. The SAR of C-1
position of the triazoloquinoxaline scaffold was explored as well
(Table 1). The meta-analogue 2 was significantly more potent
(>50 fold) in the biochemical assay but lacked cellular potency.
Introduction of methylene linker (entry 3) boosted the
biochemical potency but still lacked the cellular potency against
Ty-82, a human NUT midline carcinoma cell line. Delightfully,
the meta-analogue 4 exhibited BRD4 inhibitory activity
comparable with the reference compounds I-BET762 and OTX-
015 in biochemical assay, and showed appreciable in vitro
cellular potency against Ty-82 and THP-1 (human leukemic cell
line). These observations confirmed that the methylene linker is
essential for the potent BET inhibition. SAR exploration at the C-
1 position of the triazoloquinoxaline revealed that methyl was the
optimal substitution at this position. All.other analogues having
H, CF;, ethyl, and phenyl group at C-1 position proved to be
inactive in biochemical assay (5-8)-

Table 2. Detailed C-4 SAR of triazoloquinoxaline scaffold
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With compound 4 as a potent BRD4 inhibitor, the drug-like
properties of this lead compound were examined. Accordingly
the liver microsomal stability and pharmacokinetic parameters of
4 were investigated and it was observed that 4 have low liver
microsomal stability in mouse and rat while acceptable stability
in human liver microsomes in vitro (Table 4 & 5). The inferior
cellular potency and sub-optimal rat pharmacokinetic parameters
of the 4 demanded for further optimization.



Further SAR analysis revealed that hydrophobic group is
essential at the benzylamine end (Table 2). When the bulky and
hydrophobic tertiary butyl carbamate (Boc) group was removed,
the potency was diminished and this observation was in
agreement with the docking studies (vide infra). Small-sized
substitutions such as acetyl and ethyl carbamates were not
tolerated. After thorough investigation, it was established that
isobutyryl amide 13 was the substitution of choice. Replacement
of the tertiary butyl carbamate (Boc) with isobutyryl amide not
only boosted the cellular potency but also improved the
pharmacokinetic parameters of the triazoloquinoxaline scaffold
(Table 4 & 5).

Table 3. Role of quinoxaline phenyl ring

“BRD4 Ty-82
Structure ICso ICso
(M) (uM)
4 0.068 2.50
16 1.50 >10
a: BRD4 ICs, (BD1 + BD2)

Finally, the role of the quinoxalinic phenyl ring was
investigated. Changing the core from the quinoxaline to benzene-
missing pyrazine 16 resulted in a considerable loss in
biochemical potency and cellular activity (Table 3). This
observation can be attributed to the loss of the protein-
triazoloquinoxaline ligand hydrophobic interactions and was
consistent with the docking studies (vide infra).

Table 4. In vitro liver microsomal stability of compound 4 and 13

Compound MLM RLM HLM
% remain’ % remain’ % remain”
4 0.12 0.19 27
13 0.024 5 92
a: percent remaining after 30 minutes of incubation.

Table 5. Pharmacokinetic parameters of compound 4 and 13 in rat

4 4 13
parameters IV, 2mg/kg PO, 5 PO, 20
mg/kg mg/kg
Tinax (hr) - 3.42 1.3
Chuax (mg/mL) - 0.34 4.6
Ty (hr) 0.72 3.69 3
AUC, (ug.hr/mL) 4.02 2.11 20.6
AUC, (ug.hr/mL) 4.02 2.39 25.3
CL (L/kg/hr) 0.50 - -
Vs (Lkg) 0.46 - _
F(%) - 20.9 -

Figure 3. Western blot of the lysates from Ty-82 cells treated with
compound 13 for 24 hr. The expression levels of c-MYC were found to be
decreased in a dose-dependent manner upon the compound treatment
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Recent studies of BET bromodomain inhibition identified a
significant decrease in c-Myc expression with concomitant
depletion of BRD4 at the Myc promoter in several cancer cell
lines*®*. The oncogenic transcription factor c-Myc is well
known to control a gene expression program mediating cellular
proliferation, metabolic adaptation, and survival. Thus, we can
hypothesize that compound 13 treatment should decrease c-Myc
expression in Ty-82 cell line. In fact, when the cells were treated
with compound 13 for 24 h, c-Myc expression was found to be
decreased in a dose-dependent manner as revealed by Western
blot analysis” (Figure 3).

Figure 4. Cell cycle arrest induced by compound 13 in Ty-82 cells. DNA
content histograms were recorded after treating the cells with various
concentrations of compound 13 for 24 h. The G, population (M2) was found
to be increased upon treatment of the compound from 73% (0 uM) to 88%
(10 uM). M1: sub-G; phase, M2: G, phase, M3: S phase, M4: Go/M phase,
MS5: miscellaneous
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The eukaryotic cell cycle is traditionally divided into four
phases: Gy, S, G, and M. G represents the gap between M phase
(M for mitosis) and S phase (S for DNA synthesis), while G, is
the gap between S phase and M phase. It has been reported that
genetic knockdown of BRD-NUT in NUT midline carcinoma cell
lines such as Ty-82 results in terminal squamous cell
differentiation and G cell cycle arrest. The cytotoxic effects of
compound 13 on Ty-82 cell line were investigated by cell cycle
assays”* whether the compound could inhibit the BRD4 activity
and induce G; cell cycle arrest in the cell line. The cells were



treated with compound 13 for 24 h and labeled by cell-permeable
nucleic acid stain for cell cycle analysis. The histograms in
Figure 4 showed that compound 13 induced accumulation of Ty-
82 cells in G, phase. Cell population in G, phase exposed to
compound 13 (81% for 1 uM, 89% for 3 uM, and 88% for 10
UM) was found to be significantly higher than the control cells
(73%), strongly indicating that the cells are undergoing G, cell
cycle arrest due to BRD4 inhibition by the compound.

Figure 5. (A) Proposed binding mode of compound 13 (green stick) to the
BD1 of BRD4: The key residues are represented by sticks, which of colors
are different according to their interactions types such as hydrophobic
(salmon) and H-bond (cyan). The different residues between binding pockets
of BD1 and BD2 are represented by white sticks. The important waters are
represented by red spheres. The H-bond and hydrophobic interactions are
drawn as dashed red and gray lines, respectively. (B) Proposed binding mode
of compound 13 (green stick) to the BD2 of BRD4: The key residues are
represented by sticks, which of colors are different according to their
interactions types such as hydrophobic (salmon) and H-bond (cyan). The
different residues between binding pockets of BD1 and BD2 are represented
by white sticks. The important waters are represented by red spheres. The H-
bond and hydrophobic interactions are drawn as dashed red and gray lines,
respectively

- ’/’Y

bo1a3 4 M1:,9,

; { paze s P\

K141 I\'Drf c136 -C‘I\"“Z ca29 7.
c 5 %ﬁe =< . P4 \F\J/ »'»i;‘ml s
\ - N33 }f‘ DS \
o

P375
bl

An insight of the binding interaction of 13 with BRD4 was
examined by molecular docking. Compound 13 was docked with
BRD4 and the docking result revealed the key interactions
between 13 and the acetyl-lysine binding pocket of the BRD4.
Compound 13 binds to the acetyl-lysine recognition pockets of
both BD1 and BD2 of BRD4, which means that compound 13
recognizes common features of two bromodomains. The binding
modes of compound 13 to BD1 and BD2 of BRD4 and their key
interactions revealed by docking studies are shown in the Figure
5(A) & 5(B), respectively. The N3 atom on the
[1,2,4]triazolo[4,3-a]quinoxaline forms H-bond interactions with
the side-chain of Asn140 and the N2 atom interact tightly into
nearby water molecule as depicted in Figure 5(A). The amine
group at the C4 position of [ 1,2,4]triazolo[4,3-a]quinoxaline also
forms the H-bond interaction with the side-chain of Asn140. The
methyl group at the C1 position is located in the small
hydrophobic pocket formed by Pro82, Phe83, Val87, and Ile146.
The [1,2,4]triazolo[4,3-a]quinoxaline scaffold lies in the
hydrophobic pocket formed by Pro82, Val87, Leu92, Cys136,
and Ile146, and accepts alkyl-w interactions with the residues.
The benzene ring of amino benzene substituent at the C4 position
makes an alkyl-m interaction with Leu94. In particular, the
isobutyryl amide group on the meta-position of benzene ring
locates adjacent to the hydrophobic region named as the WPF
shelf including Trp81, Pro82, Phe83, lle146 and Met149, which
improves its inhibitory activity against BRD4. Compound 13
binds to the acetyl-lysine recognition pocket of BD2 as well. The
binding mode and key interactions of compound 13 in the BD2 is
identical with those of compound 13 in the BD1 except an
additional interaction between the amino benzene ring at the C4
position of [1,2,4]triazolo[4,3-a]quinoxaline scaffold and His437
as shown in Figure 5(B). As a result, compound 13 recognizes
common features of two bromodomains.

Compound 13 was screened for its bromodomain selectively
using BROMOscan™ service from DiscoverX. The TREEspor™
interaction map for compound 13 at a concentration of 500 nM is
shown in Figure 6. Compound 13 TREEspor™ interaction map
revealed that compound 13 is selective for the BET family of the
bromodomains. 13 was found to be a pan inhibitor within the
BET family inhibiting both BD1 and BD2 binding domains of all
the four members of the family. This observation was confirmed
by the similar K, values between the two bromodomains of
BRD4 (K, values for BRD4(BD1) and BRD4(BD2) were27 nM
and 9 nM, respectively). No significant interaction was observed
with other members of the bromodomain family at a
concentration of 500 nM™.

Figure 6. Bromodomain selectivity profiling of compound 13 with
BROMOscan™ technology (DiscoverX, Inc.). The subclass Il represents
BET family. Measurements were performed at a concentration of 500 nM of
the compound. The affinity was defined with respect to a DMSO control

" Percent Control

" ® o

@ 01%
® 01-1%
@)
[ ]
[ ]

1-5%
5-10%
10-35%

In conclusion, we identified novel [1,2,4]triazolo[4,3-
a]quinoxaline scaffold as BET inhibitors. An extensive SAR of
the [1,2,4]triazolo[4,3-a]quinoxaline scaffold has been described.
Compound 4 exhibited comparable biochemical potency with
IBET-762 and OTX-015 with inferior cellular potency. Further
optimization of compound 4 afforded compound 13 with
improved cellular potency and pharmacokinetic parameters. An
insight into the binding mode of compound 13 with BRD4 has
been described. Novel [1,2,4]triazolo[4,3-a]quinoxaline scaffold
along with anti-proliferative activity and drug-like properties
makes compound 13 a promising lead for anticancer drug
discovery. Efforts toward further optimization of compound 13
are underway and will be reported in due course.
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For immunoblotting, cells were grown at 70% confluency in 6
well plates, treated with different concentrations of compound and
incubated for 24 hr. The cells were washed with PBS and lysed
with RIPA solution (50 mM Tris-HCI, pH 8.0; 150 mM NaCl; 1%
NP-40; 0.5% sodium deoxycholate; 0.1% SDS). After heating the
lysates for denaturation, the samples were electrophoretically
separated on a 12% SDS-polyacrylamide gel. Proteins were
transferred onto nitrocellulose membranes. Membranes were
blocked with PBS containing 1% BSA and 0.1% Tween 20, pH
7.4 for 1 hr and then incubated sequentially with primary and
secondary antibodies diluted in blocking buffer. Protein bands
were detected with chemiluminescence detection system (Cell
Signaling, MA, USA) on a LAS-3000 (Fuji, Japan).

Effects of the compounds on cell cycles of Ty-82 cell line were
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Full BROMOscan™ data of compound 13 is available in the
supplementary material.
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Compound 13 BROMOscan™ data and NMR spectra of
selected compounds are attached in the supplementary material.



