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ABSTRACT: BRD4, the most extensively studied member of the
BET family, is an epigenetic regulator that localizes to DNA via
binding to acetylated histones and controls the expression of
therapeutically important gene regulatory networks through the
recruitment of transcription factors to form mediator complexes,
phosphorylating RNA polymerase II, and by its intrinsic histone
acetyltransferase activity. Disrupting the protein—protein inter-
actions between BRD4 and acetyl-lysine has been shown to
effectively block cell proliferation in cancer, cytokine production in
acute inflammation, and so forth. To date, significant efforts have
been devoted to the development of BRD4 inhibitors, and con-
sequently, a dozen have progressed to human clinical trials. Herein,
we summarize the advances in drug discovery and development of
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BRD4 inhibitors by focusing on their chemotypes, in vitro and in vivo activity, selectivity, relevant mechanisms of action, and
therapeutic potential. Opportunities and challenges to achieve selective and efficacious BRD4 inhibitors as a viable therapeutic

strategy for human diseases are also highlighted.

1. INTRODUCTION

Chemical modifications of DNA (e.g., methylation of cytosine)
and the chromosomal DNA-packing histone modifications (e.g.,
acetylation, methylation, phosphorylation, and ubiquitination)
dictate the epigenetic regulation of gene activation and silencin%
in response to physiological and environmental stimuli.'™
Histone modification, a covalent posttranslational modification
(PTM), has led to a well-established “histone code” hypothesis
and an epigenetic mechanism for the regulation of a variety of
normal and disease-related processes.*”® Acetylation of a histone
lysine residue” was historically considered a hallmark of trans-
criptionally active genes.” On the one hand, lysine acetylation
can neutralize its positive charge leading to reduced affinity of
histones for negatively charged DNA or disruption of nucleo-
some packing and ultimately to an open, accessible chromatin
structure that is able to recruit transcriptional machinery.”"’
On the other hand, acetylated lysine provides binding sites for
protein recognition modules. The large number (over 24,000)
of lysine acetylations in human cells and frequent occurrence
indicate that lysine acetylation plays important roles in signal
transduction and signaling networks.” The e-N-lysine acetylation
(KAc) motifs can be recognized by bromodomains'" as well as
double plant homeodomain (PHD) fingers'”"* and pleckstrin
homology domains.'* Meanwhile, bromodomains exclusively
recognize acetylation motifs. The bromodomain-containing
proteins (BCPs) can thus act as KAc “readers” of modified histones
mediating signaling transduction to changes in gene regulatory
networks."> These readers result in epigenetic modification of
target genes through intrinsic histone acetyl transferase or kinase
activity or by their ability to serve as scaffolds for assembly of
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chromatin-modifying enzymes. In the human genome, there
are 61 bromodomains found within 46 proteins that can be
divided into eight families based on structure/sequence similarity
(Figure 1). Among them, bromodomain and extra-terminal
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Figure 1. Eight families of bromodomain-containing proteins.
Bromodomain-containing protein 4 (BRD4, highlighted in magenta)
belongs to the BET family (green).

domain (BET) family (highlighted in green, Figure 1) bromo-
domains recognize acetylated lysine residues in histones H3 and
H4.">" Disrupting the protein—protein interactions between
BET protein and acetylated lysine represents a promising tar-
. . ; . . 98-20
get for human diseases including cancer and inflammation.
BET family members have recently attracted increasing attention
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Figure 2. Chemical structures of selected BET inhibitors that are currently being evaluated in clinical trials.

in drug discovery and are considered to be the most druggable
target proteins among BCPs for regulating cellular epige-
netics.”!

The BET family is composed of bromodomain-containing
protein 2 (BRD2), BRD3, BRD4, and bromodomain testis-
specific protein (BRDT). They share two N-terminal bromodo-
mains and an extra C-terminal domain (ET) exhibiting high levels
of sequence conservation.”” Normally, BET family proteins all
localize in the nucleus™ and recruit transcriptional regulatory
complexes to acetylated chromatin, thus being implicated in a
number of DNA-centered processes including regulation of gene
expression. Unlike other BCPs, which are typically displaced from
condensed chromosomes during mitosis, BET proteins are able to
associate with mitotic chromosomes.'” BRD2, BRD3, and BRD4
are ubiquitously expressed, whereas BRDT is a tissue-specific
isoform expressed in pachytene spermatocytes, diplotene
spermatocytes, and round spermatids.”*** Although their
bromodomains share highly similar sequences of amino acids,
BET family members recruit different partners. BRD4 recruits
positive transcriptional elongation factor complex (P-TEFb),
which plays an essential role in the regulation of transcription by
RNA polymerase II (RNA Pol II) in eukaryotes.”® In addition,
the BRD4 ET domain recruits transcription-modifying factors
(e.g, NSD3, a SET domain-containing histone methyltransferase)
independently.”” BRD3 was reported to function in the
recruitment of hematopoietic transcription factor GATA1 by
regulating maturation of erythroid, megakaryocyte, and mast cell
lineages.””” BRD2 exerts its function via the E2F transcription
factor/retinoblastoma pathway in a P-TEFb-independent man-
ner.”’ Under normal conditions, BRD2/3/4 perform transcription
regulatory functions, and their dysfunction plays critical roles in a
variety of human diseases.”’ Over the past decade, the number of
small-molecule BET inhibitors has expanded dramatically. These
inhibitors act as useful chemical probes for exploring the biological
functions of BET proteins. Some of them (chemical structures
shown in Figure 2) have been enrolled into different phases of
human clinical trials (Table 1), including RVX-208/Apabetalone
(1), I-BET762/GSK-525762A (2),>* OTX-015/MK8628 (3),**
CPI-0610 (4),** TEN-010 (5),*® and ABBV-075 (6).*” Most of
their clinical investigations are focused on cancer therapies.

As the most extensively characterized BET protein, BRD4 has
been implicated in a number of human diseases including cancer,
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inflammation, cardiovascular diseases, central nervous system
(CNS) disorders, and human immunodeficiency virus (HIV)
infection.”**” BRD4 represents a promising therapeutic target
for various diseases, and targeting BRD4 has attracted significant
interest in both pharmaceutical and academic settings. Herein,
we mainly focus on summarizing the advances in the drug dis-
covery and development of BRD4 inhibitors, and opportunities
and challenges associated with this field are also discussed.

2. BRD4 AS A NOVEL THERAPEUTIC TARGET:
STRUCTURES AND DISEASE-ASSOCIATED
FUNCTIONS

2.1. Structures of BRD4 Bromodomains. BRD4, origi-
nally named mitotic chromosomal-associated protein (MCAP)
and also called Fshrg4 or Hunkl, was identified in 1988 from
studies on the mammalian mediator complex, a multiprotein
coactivator that links transcription factors to RNA Pol II
activation.™® Tt has three isoforms of different length: one long
isoform (1362 residues) and two shorter forms (722 and 796
residues, respectively).*” BRD4 contains two highly conserved
N-terminal bromodomains (BD1 and BD2), an ET domain, and
a C-terminal domain (CTD) (Figure 3a). BRD4 BD1 and BRD4
BD2 interact with acetylated chromatin as well as nonhistone
proteins to regulate transcription, DNA replication, cell cycle
progression, and other cellular activities.’’ Despite their
sequence similarity (Figure 3b), BD1 and BD2 appear to have
distinct functions due to their interactions with different lysine-
acetylated histones (e.g, H3 and H4) or with transcriptional
proteins. BRD4 BD1 binds to the diacetylated H4KSAcK8Ac
mark to anchor its associated proteins to the target gene
promoter and enhancer sites in chromatin. BRD4 BD2 does not
interact with singly acetylated H3K4ac but displays a strong
interaction with diacetylated H3K4AcK9Ac.”" In addition, BRD4
BD2 is associated with the recruitment of nonhistone proteins
(e.g, Twist).”” Each BD of BRD4 is composed of a left-handed
bundle of four helices (@;, a, ay and ac) linked by the
interhelical ZA loop and BC loop, which constitute the active
acetyl-lysine binding pocket (Figure 3c).”" The specific residues
(e.g., GIn8S of BD1 vs Lys383 of BD2, and Asp144 of BD1 vs
His442 of BD2; highlighted by different colors in Figure 3b)
within the loops of each BD contribute to determining the acetyl-
lysine binding specificity. The cocrystal structure of BRD4 BD1
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Table 1. BET Inhibitors in Clinical Trials”

drug sponsor phase

1’ Resverlogix Corp I
I

I

I

1I

/1

2% GlaxoSmithKline I
I

I

I

3% OncoEthix GmbH I
1

Merck Sharp and Dohme Corp. I

I

4% Constellation 1
I

1

53¢ Hoffmann-La Roche 1
I

6" AbbVie I
BI 894999*%" Boehringer Ingelheim 1
BMS-986158""" Bristol-Myers Squibb /1
FT-1101%" Forma Therapeutics I
INCB054329*" Incyte /1
GSK2820151*" GlaxoSmithKline I
ZEN-3694*° Zenith Epigenetics 1
GS-5829*0F Gilead Sciences /11

I
N-methyl-2-pyrrolidone (NMP)*”  Peter MacCallum Cancer Centre 1

indications NCT identifier
T2DM; CAD; CVDs NCT02586155
diabetes NCTO01728467
atherosclerosis; CAD NCT01058018
CAD; dyslipidemia NCTO01423188
CAD NCT01067820
dyslipidemia; atherosclerosis; ACS; CVDs NCT00768274
ER+ breast cancer NCT02964507
RRHMs NCTO01943851
NMC and other cancers NCTO01587703
drug interactions NCT02706535
AML; DLBCL; ALL; MM NCTO01713582
NMC; TNBC; NSCLC; CRPC; PDAC NCT02259114
AML; DLBCL NCT02698189
NMC; TNBC; NSCLC; CRPC NCT02698176
lymphoma NCT01949883
MM NCT02157636
AML; MDS; MDS/MPN, U; myelofibrosis NCT02158858
solid tumors; AST NCT01987362
MDS; AML NCT02308761
advanced cancer; breast cancer; NSCLC; AML; MM NCT02391480
neoplasms NCT02516553
AST NCT02419417
AML; MDS NCT02543879
advanced malignancies NCT02431260
AST; RST NCT02630251
metastatic CRPC NCT02711956/NCT02705469
metastatic CRPC NCT02607228
solid tumors; lymphomas NCT02392611
RRMM NCT02468687

“Data collected from www.clinicaltrials.com on Nov 19, 2016. Abbreviations: ACS, acute coronary syndrome; ALL, acute lymphoblastic leukemia;
AML, acute myeloid leukemia; AST, advanced solid tumors; CAD, coronary artery disease; CRPC, castration-resistant prostate cancer; CVDs,
cardiovascular diseases; DLBCL, diffuse large B-cell lymphoma; ER+ breast cancer, estrogen receptor-positive breast cancer; MDS, myelodysplastic
syndrome; MM, multiple myeloma; MDS/MPN, U, myelodysplastic/myeloproliferative neoplasm, unclassifiable; NMC, NUT midline carcinoma;
NMP, N-methyl-2-pyrrolidone; NSCLC, nonsmall cell lung cancer; PDAC, pancreatic ductal adenocarcinoma; RRHMs, relapsed refractory
hematologic malignancies; RRMM, relapsed refractory multiple myeloma; RST, recurrent solid tumors; T2DM, type 2 diabetes mellitus; TNBC,

triple negative breast cancer. bStructures are not disclosed.

with histone H4K8Ac12Ac (Figure 3c) indicates that the acetyl-
lysine is recognized by a central hydrophobic cavity and anchored
by a hydrogen bond with asparagine residue 140 (Asn140).”’
Additionally, a second interaction is formed between the acetyl
carbonyl oxygen atom and the conserved Tyr97 via a water
molecule. Most BRD4 inhibitors block the interactions between
BRD4 and acetyl-lysine by mimicking acetyl-lysine and
competing with it to bind BRD4. They all have a unique head
moiety that can form critical hydrogen bonds with Asn140 and
Tyr 97 like the O atom of the acetyl group does. In addition, a
small hydrophobic group is usually attached to the moiety that
can mimic the methyl group of acetyl to occupy the base of the
pocket. Meanwhile, their interactions with “WPF shelf” (W81,
P82, F83), a hydrophobic region of the BC loop that includes
conserved Trp/Pro/Phe motif present in all of the BET family
bromodomains, are also important for BRD4 binding affinities.”*
2.2. Disease-Related Functions of BRD4. BRD4 plays an
important role in cell cycle control of normal mammalian cells,
affecting cellular processes including cell proliferation, apoptosis,
and transcription.”>*® Microinjection of a BRD4-specific antibody
into HeLa cell nuclei can lead to cell cycle arrest, indicatin
that BRD4 is required for the G2-M phase transition.’
Moreover, BRD4 is essential for the expression of Aurora B
kinase, which is responsible for chromosome separation and
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cytokinesis during mitosis.”® BRD4 recruits transcriptional regu-
latory complexes to chromatin through various protein—protein
interactions (e.g, acetylated histones, transcriptional factors,
mediators, P-TEFb) mediated by its bromodomains as well as ET
and CTD domains. BET inhibition exhibits effective therapeutic
activity in a number of different pathologies, especially in models
of cancer and inflammation (Figure 4). Meanwhile, pharmaco-
logical BET inhibition also influences other organ systems such as
cardiovascular and the CNS.**%°

Through interactions with cyclin T1 and CDK9 (a validated
CLL ta1‘get),6l BRD#4 recruits P-TEFb®>®® to mitotic chromo-
somes resulting in increased expression of growth-promoting
genes.”* Chromosomal translocation of BRD4 to the nuclear
protein in the testis (NUT) locus generates a BRD4-NUT fusion
protein that results in c-MYC overexpression and NUT midline
carcinoma (NMC), an aggressive squamous cell malignancy
unresponsive to conventional chemotherapeutics.”® BET inhibi-
tion downregulates MYC transcription and subsequent genome-
wide MYC-dependent target genes.® Given the widespread
pathogenetic role of MYC in cancers, pharmacological inhibition
of MYC through the BET bromodomain holds great promise for
the treatment of cancer.”” BRD4 inhibitor (+)-JQ1 (7, Figure 5)
is highly efficacious against NMC tumor growth in xenografted
mice.”® BRD4 can also physically interact with androgen receptor
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Figure 3. (a) Domain organization of the long form of BRD4.
(b) Conserved sequences of BRD4 BD1 and BRD4 BD2. The important
critical residues that may contribute to the acetyl-lysine binding
specificity are highlighted in different colors. (c) (left panel) Ribbon
representation of BRD4 BD1 (PDB ID: 3UW9). (right panel) Surface
representation of the KAc binding pocket of BRD4 BD1. Asn140 is
highlighted in red, and the WPF shelf is highlighted in green.
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Figure 4. Proposed action modes of BRD4 in selected diseases such as
cancer, inflammation, and HPV. (left panel) Interaction of Twist and
BRD4 at the enhancer/promoter of WNTSA, leading to the
transcriptional activation of WNTSA expression in BLBC. (center
panel) Interaction of RelA and BRD4, facilitating the transcription of
NF-kB-dependent inflammatory genes. (right panel) BRD4 serves as the
receptor of the E2/viral DNA complex on mitotic chromosomes.

(AR), and disruption of this interaction by a BET inhibitor can
abrogate BRD4 localization to AR target loci and AR-mediated
gene transcription. Interestingly, BET inhibition was found to be
more efficacious in tumor reduction of CRPC in xenograft mouse
models than direct AR alntagonism.69 Moreover, the diacetylated
Twist protein binds the second domain of BRD4 and recruits the
associated P-TEFb/RNA-Pol II to the WNTSA super enhancer
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Figure S. (a) Chemical structures of compounds 7 and 8. (b) Cocrystal
structure of 7 with BRD4 BD1 (PDB ID: 3MXF). Residues Asn140
(N140), Tyr97 (Y97), Leu94 (L94), Val87 (V87), and Leu92 (L92) are
highlighted.

to directly activate WNTSA expression, which is required for
invasion and maintenance of cancer stem cell-like properties
of basal-like breast cancer (BLBC) (Figure 4, left panel).*”
Furthermore, BRD4 is amplified and overexpressed in a sub-
stantial subset of melanoma specimens and cell lines.”’
Treatment with compound 7 attenuates melanoma proliferation
in vitro and impairs melanoma tumor growth in vivo, effects that
can be mostly recapitulated by individual silencing of BRD4.
RNAI screens have also identified BRD4 as a therapeutic tarﬁet
in acute myeloid leukemia (AML) and ovarian carcinoma.”"’*
BRD4 is reported to play important roles in various other types
of cancer proliferation, such as the activated B-cell-like subtype
(ABC) of diffuse large B-cell lymphoma (DLBCL),” neuro-
blastoma,”* and lung adenocarcinoma.®®

BRD4 was found to be required for transcriptional coactiva-
tion of NF-kB, regulating the transcription of P-TEFb-dependent
proinflammatory target genes. Specific binding of BRD4 with
acetylated lysine-310 of RelA is proposed as a mechanism for
the recruitment of NF-xB (Figure 4, center panel).%’77 BRD4 is
highly enriched at enhancers associated with genes involved in
multiple profibrotic pathways, where BRD4 is colocalized with
profibrotic transcription factors. BRD4 inhibitors can not only
abrogate cytokine-induced activation of hepatic stellate cells but
also reverse the fibrotic response in carbon tetrachloride-induced
fibrosis in mouse models.”* BRD4 inhibition can also attenuate
experimental lung fibrosis induced by repetitive TGF-f challen%e
in a mouse model via the NF-kB/RelA signaling pathway.”
As a synthetic histone mimic, compound 2 was found to
suppress inflammation in an LPS-induced C57BL mouse model,
suggesting that targeting inflammatory gene expression by
interfering with the recognition of acetylated histones by BET
inhibitors is a new approach for treating inflammatory condi-
tions.*’ siRNA knockdown of BRD4 can induce upregulation of
apolipoprotein A (ApoAl), which protects from atherosclerosis
progression and other inflammatory processes.”* BRD4 is
essential for IL-1f-induced inflammation in human airway
epithelial cells, and BRD4 knockdown markedly reduces IL-6
and CXCLS8 release, suggesting that BRD4 is a promising target
for chronic obstructive pulmonary disease.”’ Pharmacological
BRD4 inhibition can attenuate the enhanced migration,
proliferation, and IL-6 release in lung fibroblasts from patients
with rapidly progressing idiopathic pulmonary fibrosis. For
example, compound 7 suppresses bleomycin-induced lung fibrosis
in mice, indicating that BRD4 inhibitors may hold great promise
for the treatment of rapidly progressing idiopathic pulmonary
fibrosis.*”*’

BET family proteins play a central role in gene control during
heart failure pathogenesis. BET inhibition blocks cardiomyocyte
hypertroghy in vitro and suppresses pathologic cardiac remodeling
in vivo.”” Compound 1 increases ApoAl and HDL-C in vitro
and in vivo, which are potential therapeutic targets for reducing
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atherosclerotic disease.”*"" In addition, BET family expression is

increased during cardiac hypertrophy, which is an independent
predictor of adverse outcomes in patients with heart failure.
Compound 7 can block agonist-dependent hypertrophy of cultured
neonatal rat ventricular myocytes and reverse the prototypical gene
program associated with pathological cardiac hypertrophy.*®

In the CNS, BRD4 may mediate the transcriptional regulation
underlying learning and memory, and the loss of BRD4 function
affects critical synaptic proteins, leading to memory deficits
in mice but also decreased seizure susceptibility.”” This study
suggests that, on one hand, BRD4 inhibitors that can cross the
blood-brain barrier (BBB) may pose a risk for neurological side
effects, whereas on the other hand, they may possess therapeutic
potential for epilepsy. BRD4 is significantly elevated in the
nucleus accumbens (NAc) of mice and rats following repeated
cocaine injections and self-administration.”” Moreover, BRD4
inhibition by BET inhibitors attenuates transcriptional and
behavioral responses to cocaine. Repeated cocaine injections
enhance the binding of BRD4 to the promoter region of Bdnf in
the NAc, whereas treatment with BRD4 inhibitors or siRNA-
mediated knockdown of BRD4 reduces the expression of Bdnf.
These findings indicate that BRD4 is a possible therapeutic
target for the treatment of drug addiction. Interestingly, selective
inhibition of the first domain of BET protein accelerates the
progression of mouse primary oligodendrocyte progenitors toward
differentiation, whereas blocking both bromodomains hinders
differentiation.*® This suggests that selective modulation of BET
bromodomains may enhance regenerative strategies in disorders
characterized by myelin loss such as aging and neurodegeneration.

Knockdown experiments have implicated BRD4 in the trans-
criptional regulation of viruses such as HIV®” and Epstein—Barr
virus (EBV)” as well as degradation of human papilloma
virus (HPV).”"”* The bovine papillomavirus E2 protein binding
to the CTD of BRD#4 tethers the viral DNA to host mitotic
chromosomes (Figure 4, right panel).”” Disrupting the E2/
BRD#4 interaction can inhibit viral transformation, providing a
new target for the treatment or prevention of HPV infections and
related diseases. Bromodomains are linked to diverse aspects of
the HIV life cycle, including transcription and integration.”*
Binding of the BRD4 CTD domain with P-TEFb disrupts the
interaction between the HIV transactivator Tat and P-TEFb,
thereby suppressing the ability of Tat to transactivate the HIV
promoter. >Asa negative regulator of HIV-1 replication, BRD4
was found to increase proviral transcriptional elongation and
alleviate HIV-1 latency in cell-line models. Both compounds 3
and 7 were reported to reactivate latent HIV, suggesting their
potential for eliminating latent HIV-1 reservoirs, which is a major
hurdle to a complete cure for AIDS.”~'"!

3. DISCOVERY AND DEVELOPMENT OF BRD4
INHIBITORS

Given the extensive disease-related functions of BRD4 and
proof-of-concept of disrupting the BRD4—acetyl-lysine inter-
actions as a therapeutic target, significant efforts have thus been
made to develop BRD4 inhibitors from both pharmaceutical and
academic settings. Various discovery strategies have been utilized
including high-throughput screening (HTS), midthroughput
screening (MTS), virtual screening (VS), fragment-based drug
design (FBDD), and structure-based drug design (SBDD) as
well as drug repurposing. On the basis of their core scaffolds, the
reported BRD4 inhibitors are chemically classified into several
series including azepines, 3,5-dimethylisoxazoles, pyridones,
triazolopyrazines, tetrahydroquinolines (THQs), 4-acyl pyrroles,
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2-thiazolidinones, and so forth and are discussed below. These
compounds show inhibitory effects on BRD4 either in vitro
and/or in vivo with selectivity reported at various levels. Given
the similarity of bromodomains across over 40 diverse proteins,
the selectivity of BRD4 inhibitors can be classified into three
categories. The first category is to selectively inhibit BET family
proteins over other BCP families. The second category of
selectivity is to target BD1 or BD2 of BET proteins. The third
category is to specifically inhibit BRD4 BD1 or BRD4 BD2.
3.1. Pan-BET BRD4 Inhibitors. 3.1.1. Azepines. Compound
7 (Figure Sa) is one of the first reported BET inhibitors and has
now become a widely used chemical probe for exploring the
mechanisms and functions of BRD4. Its design is based on
molecular modeling and the observation that thienodiazepines
possess binding activity for BRD4.°*'°* Thienodiazepines
(reported by Mitsubishi Tanabe) were originally identified as
anti-inflammatory or antiadhesion molecules from phenotypic
efforts without prior knowledge of the target.'” In a binding assay
based on differential scanning fluorimetry, binding of 7 signifi-
cantly increases the thermal stability of all bromodomains of
BET family with AT,°* values between 4.2 °C (BRDT BD1)
and 10 °C (BRD4 BD1), whereas no obvious stability shifts
are detected for bromodomains outside the BET family. Its
stereoisomer (—)-JQ1 (8, Figure Sa) displays no significant inter-
actions with any bromodomains.” Compound 7 is competitive
with a tetra-acetylated histone H4 peptide with ICs, values of
77 nM for BRD4 BD1 and 33 nM for BRD4 BD2. The cocrystal
structure of 7 with BRD4 BD1 (Figure Sb) reveals that it binds
directly to the KAc binding site and shows extraordinary shape
complementarity. One N atom of the triazole moiety mimics the
O atom of the acetyl group to form a critical hydrogen bond with
Asn140, and the methyl group attached to triazole acts exactly like
the methyl group of acetyl-lysine. Ligand binding is stabilized
by hydrophobic interactions with conserved residues in the
ZA and BC loop (e.g, Leu 92, Leu 94, Val 87, and Tyr 97).
Docking of 8 to BRD4 BD1 results in an energetically unfavorable
conformation due to steric clashes with Leu92 and Leu94.%*
Compound 7 displaces BRD4 from nuclear chromatin and
results in differentiation and growth arrest of NMC cells. In vivo
proof-of-concept for targeting BRD4 with compound 7 was also
established via several xenograft models of NMC including
clinically relevant disease models in mice. Although compound 7
is not being evaluated in human clinical trials due to a short half-
life, it is widely used as a chemical probe in laboratory applica-
tions.'**~'*° Furthermore, it provides a good lead compound for
the subsequent optimization work on azepines.
GlaxoSmithKline identified benzodiazepine (BZD) GW841819
(9, Figure 6) as a potent ApoAl regulator via a stable human
HepG2 hepatocyte cell line containing an ApoAl luciferase
reporter with an EC, value of 440 nM.** The BZD core was
essential for the activity, and the phenyl group extending from the
6-position on the BZD ring was common to all active analogues.
For its direct target to be identified, panels of kinases, ion channels,
nuclear receptors, GPCRs, and other drug target proteins
were screened using the luciferase assay but failed. Finally, a
chemoproteomic approach'””' was employed and has con-
firmed that BET proteins are its target and are responsible for the
ApoALl upregulation.”* With an ICs, value of 501 nM for BRD4,
compound 9 was considered as a good starting point for medicinal
chemistry optimization. Substituents at the meta or para position
were introduced (e.g, compound 10*°) to solve the issue of
selectivity for BRDs over GABA receptor, which is usually the
target of compounds containing a 1,4-benzodiazepine motif.
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Vss, volume of distribution at steady state.

The benzyl group on carbamate was replaced by alkyl (e.g,
compound 11*%) to reduce both molecular weight (MW) and
lipophilicity (cLogP) to a range more desirable for an oral drug
(MW < 400 and cLogP < 3). Similar to compound 7, only an
enantiomer of 11 was found active. Moreover, a nitrogen atom
(colored blue) at the side chain of the BZD ring was removed due
to the acidic instability of 11 (¢,, = 0.23 h at pH 2). All the favored
modifications were incorporated into one molecule and led to 2,
which showed similar potency to that of 9 but was more suitable
for in vivo experiments because of improved physicochemical and
pharmacokinetic properties. It has high passive permeability
(167 nm/s), excellent solubility in all vehicles (>3 mg/mL),
good tissue distributions (6.5 L/kg in mouse), and nice oral
bioavailability (44—61% in mouse, dog, and primate).*>'*” In vivo
studies on 2 have demonstrated significant efficacy in various
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oncology and immunoinflammatory models.”*””* Currently,
compound 2 is under Phase I/II clinical trials for the treatment of
different cancers.

Inspired by the similar crystallographic binding modes of
amino-isoxazole fragment 12 and compound 7, Albrecht et al.
developed potent BRD4 inhibitor 13 by incorporating the
isoxazole motif into an azepine scaffold (Figure 7).''°
Compound 13 showed potent inhibitory activity against BRD4
BD1 (ICs, = 26 nM) and significant suppression of MYC expres-
sion in Raji cells (ICy, = 140 nM). With the suitable PK profiles
in rats, compound 13 was evaluated in the MYC PD model at
doses of 10, 30, and 100 mg/kg. A dose-dependent decrease of
MYC mRNA expression was observed in vivo after PO dosing.
Replacement of the thiophene ring in 13, which has the
potential issue of metabolic instability, with a phenyl ring led to
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compound 4 (Figure 7),'"" which is currently undergoing
evaluation in multiple Phase I clinical trials. Compound 4 was
approximately 6-fold more potent against BET BD2 (BRD4 BD2
ICs, = 18 nM) than against BET BD1 (BRD4 BD2 ICy, =
120 nM). In an MV4-11 (an AML cell line) mouse model,
compound 4 was orally dosed as a single agent at 30 mg/kg daily,
30 mg/kg twice daily, or 60 mg/kg once daily. Substantial
suppression of tumor growth was observed (tumor growth
inhibition (TGI) of 41, 80, and 74%, respectively) with no
obvious body weight loss. Preliminary clinical results illustrated
that dosing above 230 mg causes substantial modulation of
biomarkers linked to BET and other clinically meaningful effects.
Antitumor effects have also been observed following the use
of 4 for treatment of patients with heavily pretreated DLBCL
and follicular lymphoma.'"" Various heteroaromatic rings were
introduced to the 8-position of 4-(R)-methyl benzoisoxazolea-
zepine chemotype, which exhibited modest potency in both
biochemical and cellular assays. Compound 14 (Figure 7),
with an acetamide substituted pyrazole, showed potent BRD4
BD1 inhibition (ICs, = 17 nM) and significant suppression of
MYC expression in MV4-11 cells (ICs, = 32 nM).""* Compared
to 13, compound 14 has a longer half-life and 3-fold greater
bioavailability. It was dosed subcutaneously at 5 and 15 mg/kg
twice a day in a MV4-11 tumor xenografts Balb/c nude mouse
model, resulting in 50 and 70% reductions in the MYC mRNA
level 8 h after the second dose. Substituents on the 8-position
were also explored for benzotriazolodiazepine leading to
compound 15 (Figure 7).'"* Compound 15, with an amino-
pyridine at the 8-position, displayed a potent BRD4 BDI1
inhibitory activity (ICs, = 15 nM) and significant suppression of
IL-6 from THP-1 cells (IC, = 13 nM). The cocrystal structure of
15 with BRD4 BD1 (Figure 7) illustrated that it adopted a
cupped shape, filling the space between Asnl140 and the WPF
shelf and making hydrophobic contacts around gatekeeper
residue Ile146. An edge-to-face interaction between amino-
pyridine and Trp81 explained its increased potency. An in vivo
study of compound 15 demonstrated dose- and time-dependent
suppression of plasma IL-6 in mice.

Other selected examples of triazoloazepines as BET BRD4
inhibitors are listed in Figure 8. Among them, compounds
16 and 17 from patent WO2016069578 with side chains at the
4-position displayed potent BRD4 BD1 inhibitory activities
with ICj, values of 1.3 and 0.43 nM, respectively.''* However,
no additional information about selectivity or in vivo efficacy
was provided. Benzotriazepine 18,''® thienodiazepine 19,''°
and pyrrolodiazepine 20" showed promising BRD4 inhibitory
activities with IC, values of 640, 34, and 30 nM, respectively.

A number of pyridoazepine derivatives (Figure 9) as potent
BET BRD4 inhibitors were reported in patents while having
not been published in peer-reviewed journal articles. Both
compounds 21 and 22 exhibited single-digit nanomolar BRD4
BD1 activity and potent antiproliferation activity in MV4-11
cell lines with ECs, values of 2 and 13 nM, restectively.118
Compound 23 displayed similar in vitro activity,'"" indicating
that replacement of the phenyl ring with an aliphatic ring on the
6-position is tolerable. Likely, N-methylpyridin-2(1H)-one is the
moiety that can mimic the acetyl group to form the critical
hydrogen bonds. Similar to 21-23, compounds 24 and 2§
with additional pyrrole rings also showed single-digit nanomolar
BRD4 binding activity.'"” In an OPM-2 human multiple
myeloma cancer xenograft model, compound 24 displayed a
TGI of 81% administrated orally at the dose of S mg/kg, but 44%
of mice were removed due to morbidity or weight loss in excess
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Figure 8. Chemical structures of compounds 16—20.

of 20%. At the dose of 2.5 mg/kg, no mice were removed, but
the TGI was decreased to 66%. Compound 25 had a TGI of
79% at the dose of 2.5 mg/kg in the same model, and no mice
were removed, indicating a better efficacy and a safer profile.
Interestingly, compound 26 without triazoles or isoxazoles retained
micromolar BET BRD4 inhibitory activities.'”” Compounds
27-29 with novel bicyclic aliphatic rings can also suppress the
proliferation of the MV4-11 cell line with ICs values of less than
100 nM."*!

Another well-developed compound of this azepine series of
BET BRD4 inhibitors is compound 3 (Figure 2). It inhibits
binding of BRD2/3/4 to acetylated H4 in a concentration-
dependent manner with IC;, values ranging from 92 to 112 nM.
Its exposure leads to cell growth inhibition, cell cycle arrest, and
apoptosis at submicromolar concentrations in acute leukemia
cells and patient-derived leukemic cells.”* Compound 3 is now
under a Phase I clinical trial in relapsed/refractory leukemia
patients.

3.1.2. 3,5-Dimethyl Isoxazoles. Inspired by the affinity of the
solvent N-methylpyrrolidinone (NMP, 30) with bromodomains
(e.g., for CREBBP, ICs, = 2.3 mM), Heightman et al. performed
subsequent studies on methyl-bearing heterocycles such as
dihydroquinazolinone-containing compound 31 (Figure 10)."**
The X-ray crystal structure of BRD4 BD1 with 31 was solved,
but additional unexplained electron density at the 4-position
of the dihydroquinazolinone was observed. Its real structure
was interpreted as compound 32, which has a substituent of the
ethylene glycol unit arising from oxidation at this position.'*”
The ethylene glycol unit occupies a hydrophobic groove (formed
by Trp81 and Pro82 from the ZA loop and 1146 and Met149 from
helix C), which is believed to contribute to the selectivity for BET
proteins over other bromodomains. The following modifications
are focused on the mono- and dimeta-substituted 3,5-dimethyl-
4-phenylisoxazole scaffolds to avoid ready oxidation and retain
interactions with that important groove. Compound 33 stood
out with IC, values of 4.8 and 1.6 yM against BRD4 and BRD2,
respectively. *> The cocrystal structure of compound 33 with
BRD4 BDI reveals that the dimethylisoxazole moiety acts as a
KAc mimic and occupies the KAc binding pocket. The isoxazole
oxygen atom of 33 forms the expected hydrogen bond with
Asn140, and the nitrogen atom interacts with the phenol group

DOI: 10.1021/acs.jmedchem.6b01761
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Figure 10. Discovery and development of BRD4 inhibitors 33—385.

of Tyr97 via a water molecule. The methyl group bound in The (R)- and (S)-enantiomers of 34 display similar BRD4
the WPF shelf was replaced with larger substituents such as inhibitory activities and identical binding modes. Both 34 and 35
aromatic rings leading to compounds 34 and 3 (Figure 10)."* have significant enhancement in BRD4 binding affinity
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compared to that of 33 with ICsy values of 370—390 nM.
Compound 35, with an additional acetyl group, has a 7-fold
selectivity over CREBBP, and the acetate carbonyl group was
predicted to form a hydrogen bond with GIn85. Additionally,
compounds 34 and 35 exhibit cytotoxicity in MV4-11 cells with
ICs, values of 794 and 616 nM but no appreciable cytotoxicity
(ICso > 100 #M) in HeLa or U20S cells, suggesting the effects
result mainly from inhibition of the BET proteins.

Compound 36 (Figure 11), developed by GSK via FBDD, has
an ICy, value of 500 nM against BRD4 in a TR-FRET assay,
but its solubility is very poor (<1 pg/mL)."** Introduction of
polar groups to the phenyl ring para to the isoxazole of 36 led
to compound 37, which had substantially improved solubility
(1125 ug/mL at pH 5)."** Compound 38 (Figure 11) containing
an imidazo[1,2-a]pyrazine scaffold binds BRD4 with a Ky value
of 550 nM and shows good cellular effects (ICs, = 724 nM) in
BRD4-dependent lines.'*’

GW694481 (39, Figure 12) was identified as a potent
ApoAl upregulator (EC,,, = 500 nM; EC,;, was defined as
the concentration of compound resulting in a 70% increase in the
luciferase activi?r) by an HTS approach using a transcriptional
cellular assay.'*® Optimizations on the 3- and 4-positions led to
compound 40,"**"*” which was potent in ApoAl upregulation
with an EC,,, value of 200 nM and in BET inhibition with an
ICs, value of 750 nM against BRD4. However, its cytochrome
P450 (CYP450) inhibition was in the low micromolar range.
To address this issue, CONH, was eliminated, and the intra-
molecular hydrogen bond between C3 and C4 was frozen
through cyclization leading to a series of imidazolone analogues.
Among them, I-BET151 (41) displayed the most promising
potency and properties.'>* Compound 41 showed an acceptable
CYP450 profile with no observable time-dependent inhibition
of CYP2D6 or CYP3A4, nonmutagenicity, significantly reduced
PDEA4 liability, and good bioavailability (65%) in rats. Addition-
ally, it demonstrated a broad anti-inflammatory profile in an
LPS-challenged Balb/C mouse model and efficacy in two distinct
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mouse models of murine MLL-AF9 and human MLL-AF4
leukemia.'*® Recently, Wang et al. introduced a [6,5,6] tricyclic
system to mimic the [6,6,5] tricyclic system in compound 41, and
compound 42 was obtained after a systematic structure—activity
relationship (SAR) study (Figure 12).'*’ Compound 42 is
specific for BET members and has K] values of 3.2—25 nM with
BRD2—4 BD1 and BD2 domain proteins. Moreover, it potently
inhibits the viability of MV4-11 and MOLM-13 cells but
maintains no obvious inhibition (ICs, > 2 uM) of cell growth in
the K562 cell line harboring a BCR-ABL fusion protein.

Similar tricyclic systems were applied on compounds 43—45
(Figure 13)."%° Their ICy, values against BRD#4 are in the range
of 10—21 nM, but compound 45 is less stable (after being
incubated for 30 min in mouse and human liver microsomes,
only 3.7% and 1.9% of compound can be recovered) due to the
metabolically active CH, position."*” Moreover, they are non-
selective BET BRD#4 inhibitors as they display similar inhibitory
activities against BRD2 and BRD3. Taking the same [6,5,6]
tricyclic system as Wang’s group used, researchers from BMS
introduced a 1,2,3-triazole to replace its bioisostere isoxazole.
Compounds 46—48 (Figure 13) displayed potent inhibition
against BRD4 BD1 with ICy, values of less than 5 nM."*" In vivo
efficacy was evaluated in xenograft rodents models derived from
H187 human small cell carcinoma or JJN3R multiple myeloma
cell lines. At a dose of 1 mg/kg (e.g., compounds 47 and 48), over
90% of TGI was achieved, but no additional data about toxicity
were available. The results of compounds 46 and 48 remind us
that deuteration may be an effective way of improving drug
pharmacodynamics, tolerability, and efficacy as well as getting
out of patent p1‘otection.l32’133

Given that the 3,5-dimethyl group plays a critical role in
forming hydrogen bonds with Asn and Tyr of BRD4, the main
body of this series of BET BRD4 inhibitors are tolerant and so
diverse that all single phenyl ring (e.g., compounds 33—38),
tricyclic systems (e.g, compounds 41—48), and bicyclic
rings'** (Figure 14) work very well with proper substituents.
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Figure 13. Chemical structures of compounds 43—48. FL, full length; MLM, mouse liver microsome; HLM, human liver microsome.

49
BRD4 IC5 = 35 1M
MV4-11 IC5o = 58 nM

50
BRD4 IC5 = 8 "M
MV4-11 ICo = 34 M

54
BRD4 IC5 = 36 nM

53
BRD4 IC5o = 14 nM

Figure 14. Chemical structures of compounds 49—56.
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Compounds 49 and 50 with an indoline ring inhibit BRD4 with
IC;, values of 35 and 8 nM in a TR-FRET methodology and
show promising antiproliferation cellular activity against
MV4-11 cell lines."*> Compounds 51 and 52,"*° containing a
benzoimidazole ring, can displace labeled BRD4 BD1 ligand 2
(K, was defined based on this ligand) and competitively bind to
BRD4 with K, values of 3 and 2.7 nM, respectively. Both of these
significantly suppress the proliferation of the MT-4 cell line with
ICy, values around 9 nM. Cyclization of N-methyl with the
adjacent carbonyl group of compound 53 led to compound $4."*
Introduction of a bulky piperidine to the N-methyl group of
compound 55 gave 56."*° All of them display similar BRD4
inhibitory activities with ICg, values in the range of 14—36 nM.
3.1.3. Pyridones. Although few journal articles were
previously published on pyridone-derived BET BRD4 inhibitors,
this series of compounds have maintained a large proportion
of relevant patents. Importantly, compound 6, derived from
pyridone, has entered into clinical trials for various cancers.
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Obviously, the pyridone plays a similar role as that of
3,5-dimethyl isoxazole, forming critical hydrogen bonds with
BRD4. Compounds 57 and 58 (Figure 15), developed by
AbbVie, display both potent BRD4 BD1 and BD2 inhibitory
activity (up to single-digit nanomolar) in vitro, but their cellular
activities are not very consistent (submicromolar range).139
Compounds 59 and 60,'*" fused with a 12-membered ring,
exhibit dramatically improved antiproliferative activity in cellular
assays (MX-1 cell lines) with ECs, values of 5.7 and 8.7 nM,
respectively. Their ability to inhibit LPS-induced IL-6 production
was confirmed (83 and 81%, respectively) in a mouse model.
Tricyclic (compounds 61 and 62)"*" and bicyclic ring systems
(compounds 63 and 64)'** attached to pyridone were
investigated by researchers from Boehringer Ingelheim. These
compounds show promising BRD4 BD1 inhibition with ICs,
values of 5, 2, 12, and 12 nM, respectively.

Pyrrole-fused pyridones were also explored by researchers
from AbbVie. As depicted in Figure 16, O- or N-substituents at
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Figure 15. Chemical structures of compounds 57—64.
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Figure 16. Chemical structures of compounds 65—70.
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BRD4 BD1 K; = 1.3 nM
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MX-1 ECgo = 10 nM
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BRD4 BD1 K, = 1.6 nM

BRD4 BD2 K; = 0.6 nM
MX-1 ECso = 48 nM

1-position and 4-sulfonyl substituents of the phenyl ring attached
to pyrrolopyridone are their common features. Compounds
65—67 exhibit similar BRD4 BD1 and BD2 inhibitory
activities with ICg, values at the single-digit nanomolar level.'**
Compared to compound 6, which is in Phase III clinical trials,
an additional morpholine was introduced to give compound 68,
and its potency indicated that the S-position of the phenyl ring
is tolerable."** A long side chain was introduced to pyrrole of
compounds 69 and 70, which both showed potent BRD4
inhibitory activities with ICs values in the single-digit nanomolar
range.'*’ They inhibited cell proliferation with ECy, values of
9.4 and 48 nM, respectively, against the MX-1 cell line.

3.1.4. Triazolopyrazines. Patent US20160129001 covering
[1,2,4]triazolo[4,3-a]pyrazines as BET BRD4 inhibitors was
recently highlighted in ACS Med. Chem. Lett."** Compounds
71—73 (Figure 17) were identified as potent BRD4 BD1 inhibitors
by the BRD4-H4 tetra-acetylated peptide inhibition AlphaScreen
assay with remarkable ICy, values of 8, 9, and 1 nM, respectively.'**
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Unfortunately, no binding affinity data toward other close
isoforms such as BRD4 BD2 or BRD2/3 were reported; thus,
their target specificity remains unclear. Compound 74 expanded
the amine on the 8-position of [1,2,4]triazolo[4,3-a]pyrazines,
and it retained potent BRD4 BD1 inhibitory activity. "> Com-
pounds 75 and 76 introduced aliphatic side chains to replace
the benzyl group without affecting their BRD4 inhibition
ability."*®

Researchers from Novartis introduced unique cyclic rings
(dihydropyrrolopyrazoles and dihydropyrrolopyrroles) into
bioisosteres of triazolopyrazines including triazolopyridazines
and triazolopyridines (Figure 18). Compounds 77 and 78 exhibit
ICs values of less than 11 nM against BRD4 with over 150-fold
selectivity against CREBBP.""” Compared to 77, compound 79
used the pyridone as a replacement of triazolopyridazine and
its selectivity against CREBBP was decreased to 42-fold."*’
Compounds 80 and 81 introduced substituents on the N- position
of pyrroles retaining potent BRD4 inhibition."** The high potency
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Figure 18. Chemical structures of compounds 77—82.
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(ICsy < 11 nM) of compound 82 indicates that modifications on
the 2-position of pyrrole are tolerable. The MV4-11 cell line was
determined to be sensitive to these compounds with IC; values of
less than 10 nM."**

3.1.5. Tetrahydroquinolines (THQs). Compound 83
(Figure 19), a THQ derivative, was identified via HTS as an
ApoALl upregulator in the HepG?2 cell luciferase reporter assay. *’
Optimization on the N1- and 6-position led to compound 84,
which is a potent ApoAl upregulator (EC,;, = 10 nM) and BRD4
(ICs, = 398 nM) inhibitor."* However, it shows moderate
inhibition of multiple CYP450 isoforms. Further modifications on
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phenyl rings A and B gave compound I-BET726 (85, Figure 19)
with an improved CYP450 profile."*” Its affinities with BET proteins
(BRD4 ICy, = 4.4—23 nM) were confirmed by different assays. The
cocrystal structure of 85 with BRD4 reveals that the N1-acetyl group
interacts with Asn140 to form a critical hydrogen bond and with
Tyr97 to form a second one through a water molecule. It was further
evaluated in mouse xenograft models of human neuroblastoma
(orally),"" an acute mouse inflammation model (orally), and mouse
septic shock model (intravenously) with promising efficacy.'*’
Compound 86 (Figure 20) developed by GSK was found to
inhibit BRD4 BD2 potently with an ICs, value of less than 100 nM
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Figure 19. Discovery and development of compound 8$ and its complex with BRD4 BD1 (PDB ID: 4BJX).
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Figure 20. Chemical structures of compounds 86—91.

and displayed 100-fold selectivity over that of BRD4 BDL.">”
However, no data on other BET members were provided.
Compounds 87 and 88 focused on modifications of the phenyl
ring and displayed promising BRD4 BD1 and BD2 (less than
100 and SO nM for BD1land BD2, respectively) inhibitory activ-
ities.'>> Additional N atoms were introduced to compound 89,
showing potent BRD4 BD1 and BD2 inhibition with ICs, values
of 20 and 43 nM, respectively.”* Variants of THQ such
as 3,4-dihydroquinazolin-2(1H)-one in compound 90" and
benzo[cd]indol-2(1H)-one) in compound 91'°° are capable of
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mimicking the acetyl-lysine to form hydrogen bonds with
conserved residues of BRD4 (e.g., Asnl40 and Tyr97).
Compound 90 has an ICs, value of 220 nM against BRD4 BD1
and inhibits IL-6 production in human blood mononuclear
cells stimulated by LPS with an ECg, value of 1.9 uM. Its oral
bioavailability (F = 32% in rats) is relatively low, likely owing to the
suboptimal compound solubility in the gut.'>> Compound 91
was discovered and developed through structure-based virtual
screening, and it had a temperature shift of 9.9 °C at a final
concentration of 10 uM of proteins and 200 M of compounds in
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Figure 21. Chemical structures of compounds 92—94.

BRD4 BD1 K; = 15 nM
BRD4 BD2 K; = 43 nM
MX-1 ECso = 160 nM

TGI = 80%@100 mg/Kg

BRD4 BD1 Kp = 237 nM

the thermal stability shift assay. It exhibits high binding affinity for
BRD4 BD1 with a K value of 137 nM and good PK property (F = 77%,
t1/» = 4 h, and cellular permeability = 10 X 10~° cm s71).1%6
3.1.6. 4-Acyl Pyrroles. Compounds shown in Figure 21 are
representatives of 4-acyl pyrrole-derived BET BRD4 inhibitors.
Compound 92, discovered by AbbVie, exhibits an ICs, value of
38 nM against BRD4 BD1 and good antiproliferative activity
(ICso = 433 nM) against the MX-1 cell line."”” With an ECy,
value of 160 nM against the MX-1 cell line, compound 93 was
evaluated in the MX-1 human breast cancer xeno§raft model, and
80% TGI was achieved at a dose of 100 mg/kg.">* Compound 94
was obtained through high-throughput virtual screening using a
library containing more than 7 million small molecules."> It is
the most potent binder in this compound library against BRD4
BD1 with a Kp, value of 237 nM. Among 56 cell lines (from nine
different cancer tyopes) , it potently and selectively inhibits
leukemia cells."*"
3.1.7. 2-Thiazolidinones. Shen et al. took fragment 95
(Figure 22), which bears a 2-thiazolidinone core, as the starting

s—/(o
. NH

ST
X N N

o) s 97
S _NH BRD4 BD1 ICs0 = 230 M
o NH ﬁ Clint (uL/min/mg) = 52
ST o)
F Q
N’\\S\\ = S%
N % S NH
95 96
BRD4 BD1 IC5p = 4.1 uM 0 D
Clin (uL/min/mg) = 120 HoN SN s
O H
98

BRD4 BD1 ICso = 140 M
HT-29 ICso = 860 nM
MV4-11 ICsg = 180 nM

Figure 22. Discovery and development of 2-thiazolidinones as BRD4
inhibitors.

point for integrated lead optimization.'®" The 2-thiazolidinone
motif of 95 can mimic the 3,5-dimethylisoxazole fragment that is
mentioned above to occupy the KAc binding pocket. Similar
modifications were performed at the meta or para position of the
phenyl ring of 95. Compound 96, bearing only one thiophene
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sulfonamide at the meta position of the phenyl ring, displayed
BRD4 inhibition with an ICg; value of 4.1 M in a fluorescence
anisotropy assay.'®" Introducing an additional substituent at the
meta position gave compound 97, which is 17-fold more potent
than that of 96 and more stable in liver microsomes.'®' However,
none of them showed acceptable proliferation inhibitory activity
in human colon cancer HT-29 cell line (GI;, of the best one is
37 uM). In the follow-up study, the sulfonamide group was
reversed, and further modifications on the phenyl ring were
explored. Compound 98 is the most potent one in this series
using the cellular antiproliferation assay with ICg, values of
860 nM in HT-29 cells and 180 nM in the MV4-11 cell line.'*

3.1.8. Proteolysis Targeting Chimera (PROTAC). Different
from traditional small molecule drugs, proteolysis targeting
chimera (PROTAC) is an emerging novel technology that takes
advantage of a small molecule to control intracellular protein levels
through recruiting target proteins to the ubiquitin/proteasome
system for selective degradation.'™™'% It is a combination of
small molecule and genetic knockdown techniques, and recently,
this method was applied to BRD4. DBET1 (99, Figure 23) was
designed by conjugating compound 7 with thalidomide whose
target is cereblon (CRBN), a component of a cullin-RING
ubiquitin ligase.'®” Significant loss of BRD4 (>80% ) was observed
for the treatment of 99 at a concentration of 100 nM in MV4-11,
whereas 7 or thalidomide alone was not sufficient to induce BRD4
degradation. Treatment of CRBN-deficient human MM cell
line (MM1.S-CRBN ") with 99 was ineffectual, suggesting that
proteasomal degradation of BRD4 by 99 is CRBN dependent.
In a human leukemia xenograft mouse model, 99 also displayed
improved antitumor efficacy compared with the effects of 7.
ARV-825 (100)'** and MZ1 (101)"'* were designed based on a
similar hypothesis. Compound 100 suppressed ¢-MYC levels,
inhibited cell proliferation, and induced apoptosis in Burkitt’s
lymphoma more effectively than using BRD4 inhibitors alone."®®
Compound 101, by tethering 7 to a ligand for the E3 ubiquitin
ligase VHL, induced selective removal of BRD4 over BRD3 and
BRD2.'” Given that compound 7 has no preference for binding
BRD4 over BRD2/3, the observed selectivity was attributed to the
more efficient polyubiquitination of lysine residues on the BRD4
surface or more productive formation of the VHL:101:BRD4
complex due to preferential direct interaction or reduced steric
constraints between VHL and BRD4.'®

3.1.9. Bivalent Inhibitors. Recently, bivalent BET BRD4
inhibitors have emerged. Compound 102 (MT1, Figure 24) is
the first one reported given that all previously reported BET
BRD4 inhibitors bind in a monovalent fashion.'”” A homodimer
of compound 7 with a long PEG linker led to 102, which has an
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Figure 24. Chemical structures of compounds 102 and 103.

ICs, value of 3.1 nM against BRD4 BDI. Size-exclusion
chromatography results indicate that it binds to tandem
bromodomains in an intramolecular fashion and that both
BRD4 bromodomains are directly involved. In cellular assays, it
displayed a 100-fold higher potency over compound 7 (0.17 vs
72 nM in the MV4-11 cell line). Compound 102 significantly
reduced leukemia burden in the aggressive disseminated
leukemia mouse model at a dose of 25 mg/kg compared to
vehicle and compound 7. Compound 103 is a bivalent and
potent BRD4 inhibitor with ICs, values of S nM against full
length BRD4 and 1.6 M against BRD4 BD1. ""n a xenograft
model of MV4-11, a dose-dependent TGI was observed for
1 (TGI=72%), 2.5, and 5 mg/kg (regression) daily oral doses of
compound 103.

3.2. Dual BRD4 and Kinase Inhibitors. Because the
nonspecific CDK inhibitor Dinaciclib was reported to interact
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with the acetyl-lysine binding site of BRDT,"”” the vast chemical

space of kinase inhibitors as bromodomain modulators is
attracting more and more attention. Schonbrunn et al. evaluated
the binding potential of 581 diverse kinase inhibitors toward
BETs (taking BRD4 BDI as a representative) via a robotic
cocrystallization screening campaign.'”> Among the 14 identified
kinase inhibitors, BI2536 (104), which was developed as a potent
and selective PLK1 inhibitor (ICs, = 0.83 nM) and is currently in
clinical trials,'”* showed the most potent BRD4 inhibition with
an ICs, value of 25 nM. Cocrystal structure of 104 with BRD4
BD1 reveals that the dihydropteridine oxygen of 104 interacts
with Asn140, and the aminopyrimidine moiety forms a network
of hydrogen bonds with residues Glu85, Pro82, and water
molecules of the ZA loop (Figure 25, left panel).'”” In the
cocrystal structure of 104 with PLK1, it binds to the hinge region
through the aminopyrimidine moiety while the carbonyl oxygen
of the 2-amino-6-oxo-dihydropteridine moiety is involved in
H,0-mediated interactions around the gatekeeper residue
Leul30. TG-101209 (105), a JAK2 inhibitor, has an ICg, value
of 130 nM against BRD4.'”* It was reported to form the critical
hydrogen bonds with both BRD4 and JAK2 by the same
fragment.

Compound 105 utilizes the aminopyrimidine moiety to
interact with Asn140 of BRD4 directly, whereas it forms hydrogen
bonds with the hinge region residue Leu932 in JAK2 (Figure 25,
center panel). SB202190 (106),'”* a p38a// inhibitor, takes two
different binding modes with BRD4 and p38a/p. Its cocrystal
structure with BRD4 displays that imidazole nitrogen interacts
with Asn140 and that it forms hydrogen bonds via the hydroxyl
group with Tyr97 and Met132. It is suggested to interact with the
hinge region through the pyridine ring (Figure 25, right panel).
Compounds 104 and 105 were also reported to be able to
displace BRD4 from chromatin and suppress c-MYC expression in
MML.IS cells."”® These dual inhibitors remind us of potential
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Figure 25. Chemical structure of dual kinase-bromodomain inhibitors 104—106 and their cocrystal structures with BRD4 BD1 as well as their target
kinases. (left panel) Cocomplex of 104 with BRD4 (PDB ID: 40GI) and PLK1 (PDB ID: 2RKU). (center panel) Crystal structures of 105 with BRD4
(PDB ID: 4076) and JAK2 (PDB ID: 4J19). (right panel) Cocomplex of 106 with BRD4 (PDB ID: 4077) and SB2 (4-(4-(4-fluorophenyl)-2-(4-
(methylsulfinyl)phenyl)-1H-imidazol-S-yl)pyridine) with p38a (PDB ID: 3ZSS).
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Figure 26. Chemical structures of compounds 107—109.

off-target concerns but also provide us the opportunity to seek
an efficient therapy by developing one single drug molecule to
disrupt both transcriptional and cell signaling events. Meanwhile,
with the binding modes in hand, re-exploring the SAR on these
dual inhibitors is attractive for tuning the selectivity and achieving
BRD4-selective inhibitors.'”

Other dual BRD4/kinase inhibitors such as dual PI3K/BET
BD1 inhibitor LY294002 (107),"”” dual EGFR/BRD4 inhibitor
7118332870 (108),"”® and dual HDAC/BRD4 inhibitor
109'7’ (Figure 26) are also explored and provide good starting
points for developing cancer therapeutics via an approach of
polypharmacology.

3.3. Relatively Selective BRD4 Inhibitors. 3.3.1. BD
Domain Selective Inhibitors. Compound 1 (Figure 27), a
derivative of the plant polyphenol resveratrol, was originally
developed by Resverlogix Corporation for the treatment of
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cardiovascular disease associated with atherosclerosis given
that it can increase the plasma level of the high-density lipid
protein ApoAL1.** After entering clinical trials, the function of 1
as a bromodomain inhibitor was explored.”* Temperature-shift
assays show that 1 selectively targets BD2s of the BET subfamily.
The Kj, values of 1 by isothermal titration calorimetry (ITC)
are 135 nM against BRD4 BD2 and 1142 nM against BRD4 BD1
with almost 10-fold selectivity. However, the selectivity of
individual BET family members was not achieved. Cocrystal
structures of 1 with the first and second domain of BET proteins
display that the phenyl ring of 1 packs against the BD2 unique
residue His433 (Asp in BD1 domain) to form a 7—r interaction,
which may explain its higher affinity for BD2 domains. Currently,
a phase III clinical study of 1 is recruiting participants to explore
whether this treatment in high-risk type 2 diabetes mellitus
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Figure 28. (a) Development of compound 111. (b) Development of compound 113. (c) Cocrystal structure of 113 with BRD4 BD1 (PDB ID: 4QB3).

patients with coronary artery disease can increase the time to
major adverse cardiovascular events.

Starting from CREBBP inhibitor MS120 (110, Figure 28) with
amodest inhibitory activity against BRD4 BD1 (K, = 11 yM) and
BRD4 BD2 (K; = 20 uM) in a fluorescent polarization assay,
diazobenzene compound MS436 (111) was developed with a
potent affinity (K; = 30—50 nM) for BRD4 BD], i.e., 10-fold
selectivity over that for BRD4 BD2.'** However, this selectivity is
limited only for BRD4, it has similar affinity with BRD3 BD1
(K;= 0.1 uM) and BRD3 BD2 (K; = 0.14 uM). Compound 111
blocks LPS-induced proinflammatory cytokine IL-6 expression
in macrophage cells and NF-kB-directed NO production in
RAW264.7 cells with ICs, values of 4.9 and 3.8 M, respectively.
Little cytotoxicity on cell growth or proliferation was observed in
an MTT assay at concentrations up to 100 gM."*

Inspired by the structural insights of tetrahydropyrido indole
MS7972 (112, Figure 28) bound to the CREBBP BD domain,
Olinone (113) was developed.*® Compound 113 displays
preferred BD1 binding over BD2 for all three BET proteins
BRD4, BRD3, and BRD2, while exhibiting nearly no detectable
binding to other BCPs. Cocrystal structure of 113 with BRD4
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BD1 (Figure 28c) reveals that, besides the critical hydrogen bond
with Asn140, compound 113 interacts with Asp144, which is one
of a few residues that is distinct between BRD4 BD1 and BD2 in
the acetyl-lysine binding site.

3.3.2. BRD4 Selective Inhibitors. BAY1238097 (structure not
disclosed), developed by Bayer, displays potent inhibition against
BRD4 with an IC, value of 63 nM, i.e., 10-fold selectivity over
BRD3 and 39-fold selectivity over BRD2."*" It was enrolled into
human clinical trials (NCT02369029), but the development is
currently terminated due to unknown reasons.

3.3.3. BRD4 BD1 Selective Inhibitors. Compound 114
(Figure 29, left panel), an acetyl-lysine xanthine derivative
inhibitor, was identified via an MTS follow-up program targeting
BRD4 BD1.'" It displays inhibitory activity against BRD4
BD1 with an ICyy value of S uM in a homogeneous time-
resolved fluorescence assay, i.e., 10-fold selectivity of BD1 over
its relatives, and no detectable inhibition against BD2 counter-
parts. From the superimposition of BRD4 with and without 114
(Figure 29, right panel), it is suggested that the ZA loop shift,
which was not observed with the pan-BET inhibitors, is critical
for selectivity.
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Figure 29. (left panel) Structure of compound 114 and ICg, values for
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(yellow; PDB ID: SEGU). The ZA loop shift is highlighted by the
magenta box.

4. CONCLUDING REMARKS: CHALLENGES AND
OPPORTUNITIES

As epigenetic readers of the histone code, BET family members
play a critical role in a number of human diseases. Among them,
BRD4 is the most extensively studied member. BRD4 recruits
transcriptional regulatory complexes to acetylated chromatin via
recognition of acetylated lysine. In this regard, BRD4 plays an
important role as a serine kinase of RNA Pol II and an atypical
histone acetyltransferase controlling gene expression through
chromatin relaxation, transcriptional elongation, and ejection
of histones from coding regions.'”'*> These activities make
BRD4 an integral component of many disease-associated gene
regulatory networks. BRD4 is thus considered as a promising
therapeutic target for a variety of human diseases including
cancer, inflammation, HIV infection, CNS disorders, and
cardiovascular diseases. BET inhibition displays efficacy against
various different pathologies especially cancer and inflammation.
These effects have been attributed to the specific set of down-
stream target genes whose expression is disproportionately
sensitive to pharmacological targeting of BET proteins. Over the
past decade, the biological elucidation of BRD4 functions and
the development of BRD4 inhibitors have made great
progress along with the emergence of new technologies, such
as PROTAC and the bump-and-hole approach."** Various series
of BRD4 inhibitors have emerged such as azepines, 3,5-dimethyl
isoxazoles, pyridones, triazolopyrazines, THQs, 4-acyl pyrroles,
2-thizalidinones, and so forth,"®® and some of them exhibit
potent BRD4 inhibition in vitro and effective therapeutic activity
in vivo with no obvious toxicity. The common feature of these
molecules is that they all have a unique head moiety that can form
critical hydrogen bonds with residues of the BRD4 binding
pocket (e.g., Asn140 and Tyr 97). In addition, almost all of them
contain a small hydrophobic group around the hydrogen bond,
mostly a methyl group. Currently, more than a dozen diverse
BET BRD4 inhibitors have been advanced into human clinical
trials for the treatment of cancer, inflammation, and other
diseases. Notably, compound 1, a relatively selective inhibitor of
BET BD2, is now in Phase III human clinical trials.

Both challenges and opportunities remain regarding the drug
development of BRD4 inhibitors. Primarily, more potent and
specific BRD4 inhibitors are in urgent need including BRD4
BD1- and BRD4 BD2-selective compounds over other BET
family members along with further exploration of the specific
transcriptional effects and therapeutic end points. Although a
number of BET BRD4 inhibitors described above are highly
potent with single-digit nanomolar BRD4 inhibitory activity,
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very few of them exhibit excellent selectivity among BET family
members or sub-bromodomains. For example, compound 80 has
an ICy; value of 12 nM against BRD4 as well as ICs; values of
14 nM against BRD3 and 14 nM against BRD2. In contrast,
compounds 60 and 61 are BRD4 selective, but the potency is
only in the micromolar range. Several different approaches may
contribute to developing inhibitors that are more BRD4 specific.
The first is to take advantage of the crystallography and the
subtle amino acid differences of BET members to design new
inhibitors with improved BRD4 selectivity.'*® The second is to
develop inhibitors of BRD4 interacting proteins. Inhibiting
the PPI interface can be achieved by targeting either of the
proteins involved in the interaction. Inhibition of BRD4
interacting partners may be specific to one signaling pathway
and affect only the desired genes’ expression. The third is to
screen and repurpose known kinase inhibitors to target BRD4,
which may accelerate the drug approval process. Chemical
optimizations on dual kinase/BRD4 inhibitors to obtain kinase
selective or BRD4 selective appear to be feasible.'’® Given that
a number of kinase inhibitors were found effective on BET
inhibition, using them to target BRD4 by selectivity tuning is thus
less time-consuming because their physicochemical pro-
perties and metabolism profiles have been extensively explored.
Moreover, evaluation of BRD4 selectivity and specificity
should include the panel assays on kinases as well as BCPs and
BET proteins. Although different chemical scaffolds are being
explored, the privileged scaffold diazepine appears to dominate
the BET BRD4 inhibitors in clinical trials. Many novel fragments
have been discovered by fragment screening, rational design,
bioisosterism, and cocrystal analyses and may be worth further
exploration.'®”~"?" Clearly, there exists a large chemical space to
develop structurally diverse BRD4 inhibitors. With the assistance
of traditional drug discovery methods (HTS, VS, crystallography,
SBDD, FBDD, etc.),192 it is the opinion of the authors that more
potent and specific BRD4 inhibitors with different chemotypes
will enter human clinical trials in the near future.

Along with the promising results of early clinical trials
using BET inhibitors in hematologic malignancies,193 resistance
mechanisms were evaluated to optimize the clinical efficacy of
these drugs. In human and mouse leukemia cells, increased
WNT/f-catenin signaling is considered to be an alternative
mechanism that regulates transcription and promotes resistance
to the BET inhibitor 27."”* Negative modulation of this signaling
can restore sensitivity to 27 in vitro and in vivo. Other studies
identified WNT signaling as a driver and candidate biomarker
of primary and acquired BET resistance in leukemia.'”> In BET
inhibition of resistant triple-negative breast cancer cells, a
bromodomain-independent recruitment mechanism was facili-
tated by decreased protein phosphatase 2 activity and sub-
sequent hyperphosphorylated BRD4, which binds more strongi!,ly
to MED1, a mediator of RNA Pol II transcription subunit 1. %
Resistance to BET inhibitors reported to be mediated by kinome
reprogramming and cotargeting BET protein and RTK or PI3K
signaling enhance growth inhibition in ovarian cancer cells."”” In
this situation, combination of BET inhibitors and corresponding
signaling ne%ative modulator may overcome the BET inhibition
resistance.’”® In addition, the aforementioned one drug with
polypharmacology holds great promise for mitigating resistance
in cancer therapy and may guide the next generation of efficacious
BRD4 inhibitors as anticancer agents.

Given that BRD4 is involved in a variety of gene regulatory
networks, signaling pathways, and disease-associated function
explorations, more detailed molecular and mechanistic studies
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as well as establishment of novel in vivo animal models of disease
are requisite for investigating the unique characteristics/partners
of BRD4. Although targeting BET inhibition to combat cancer/
inflammation with no obvious toxicity has been demonstrated as
a proof-of-concept, attention should be paid to the major dose-
limiting toxicity (e.g, thrombocytopenia observed in clinical
trials of compound 3).'”” Whether the side effects are induced
by global BET inhibition remains to be extensively explored and
evaluated for drug development. The downstream target genes
have different levels of sensitivity toward BET inhibition, and it is
still challenging to block some of them while leaving others
intact. Utilizing proper administration strategies, taking advant-
age of physicochemical properties of compounds and identifying
different pharmacological mechanisms via divergent biological
pathways may be of value for facilitating therapeutic develop-
ment. Drug properties including physicochemical parameters
should be considered in the early drug discovery of BRD4
inhibitors depending on the intended therapeutic applications.
For example, compound 7 can cause memory deficits in mice,
indicating its potential neurological side effects for patients with
cancer. Thus, developing compounds that do not cross the BBB
may benefit cancer patients with fewer side effects, whereas
BRD#4 inhibitors designed for the treatment of CNS disorders
are required to be capable of penetrating the BBB. Thus,
it is important to understand the tissue distribution of drug
candidates. To this end, developing properly radiolabeled
positron emission tomography imaging ligands of BRD4
inhibitors may be very powerful for this research field. Limited
distribution to target cells, tissues, and organs may contribute
to mitigating unwanted side effects. Different administration
approaches may also be used to produce the desired distribution,
elimination rate, and efficacy. For example, targeted delivery
of drug candidates to specific tissues and organ systems can be
achieved by encapsulating them into polymeric nanoparticles.*”’
Currently, the majority of drug development efforts have been
focused on disrupting protein interaction networks between BET
and KAc-modified proteins. However, BRD4 is a multi-
functional protein that controls transcriptional elongation and
also maintains intrinsic serine kinase activity directed toward the
RNA Pol II CTD and CDK9.*'** Additionally, more recent work
has shown that BRD4 is a previously unrecognized atypical histone
acetyl-transferase whose activity is directed toward Lys residues on
the periphery of the nucleosome, enabling RNA Pol II to more
easily displace nucleosomes during the process of transcription.'’
Small molecule therapeutics developed to target these activities may
also have very interesting actions and distinct toxicity profiles.
Taken together, targeting BRD4 with small molecules holds
promise as a viable therapeutic strategy for various human diseases,
as aforementioned. There remains a long road ahead toward market
approval, and this effort will require interdisciplinary collaborations.
Discovery of potent and specific acetyl-lysine competitive BRD4
inhibitors with high isoform or bromodomain selectivity will fill
roles in multiple applications as useful pharmacological probes for
elucidating BRD4 biological functions and in the development of
potential medications to benefit patients in the near future.
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