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Abstract

Bromodomain-containing protein 4 (BRD4), as the most studied member of the bromodomain
and extra-terminal (BET) family, is a chromatin reader protein interpreting epigenetic codes
through binding to acetylated histones and non-histone proteins, thereby regulating diverse cellular
processes including cell cycle, cell differentiation, and cell proliferation. As a promising drug
target, BRD4 function is closely related to cancer, inflammation, cardiovascular disease, and

liver fibrosis. Currently, clinical resistance to BET inhibitors has limited their applications but
synergistic antitumor effects have been observed when used in combination with other tumor
inhibitors targeting additional cellular components such as PLK1, HDAC, CDK, and PARP1.
Therefore, designing dual-target inhibitors of BET bromodomains is a rational strategy in cancer
treatment to increase potency and reduce drug resistance. This review summarizes the protein
structures and biological functions of BRD4 and discusses recent advances of dual BET inhibitors
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from a medicinal chemistry perspective. We also discuss the current design and discovery
strategies for dual BET inhibitors, providing insight into potential discovery of additional dual-
target BET inhibitors.
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1| INTRODUCTION

Bromodomain (BRD) proteins are epigenetic regulators with highly conserved functional
domains.1=5 They specifically recognize acetylated lysine (Kac), participate in gene
regulation, and are closely associated with tumor formation, inflammation, cardiovascular
disease, and liver fibrosis.5~11 According to their structural differences, BRD proteins

can be divided into eight families, among which the bromodomain and extra-terminal
(BET) family has been widely studied. The BET family has four members, including
bromodomain-containing protein 2 (BRD2), 3 (BRD3), 4 (BRD4), and a testis-specific
protein (BRDT).12-14 BRD4 is widely expressed in humans as an important functional
protein of the BET family and has become one of the most investigated epigenetic targets in
recent years.

As a scaffolding protein and a mitotic “bookmarking” factor, BRD4 plays an important

role in cellular functions. It can interpret the epigenetic code, recognize acetylated histones
including H3 lysine 9 (K9), H3K14, H4K5/8/12 or nonhistone proteins, control DNA
replication and regulate gene transcription.1>-21 However, abnormal acetylation levels and
dysfunction of the BET proteins result in transcription disorders, which is associated with
the development of many diseases, especially cancers, where the BET proteins regulate the
expression of key oncogenes and antiapoptotic proteins.1922.23 Zuber et al.?4 found that
BRD4 is a key factor required to maintain acute myeloid leukemia. Inactivation of BRD4
abolishes the expression of MYC in leukemia and limits its self-renewal, leading to myeloid
differentiation and elimination of leukemia stem cells. Inhibiting BRD4 downregulates the
expression of Kirsten rat sarcoma viral oncogene homolog (KRAS), fos-like 1 (FOSL1), and
B-cell lymphoma 2 (BCL2), which play an important role respectively in glioblastoma, non-
small cell lung cancer, and hematological malignancy.2> Therefore, targeting BET proteins
is a promising strategy that helps promote the development of BET inhibitors in cancer
therapy.

Currently, many pan-BET inhibitors with positive antitumor effects have entered clinical
trials (Table 1). However, as a monotherapy, pan-BET inhibitors show moderate efficacy
in preclinical models due to potential toxicity and side effects.#2-44 Moreover, as the
effectiveness of targeted therapies is often limited by the development of drug resistance,
it is essential to explore resistance mechanisms for optimizing the clinical efficacy of
these inhibitors. Restoring MY C transcription is one of the mechanisms of resistance

to BET inhibitors. The increase of WNT/B-catenin signaling is a key driving factor for
drug resistance in leukemia models, and it can maintain MYC expression independently
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of BRD4.® Inhibiting the PRC2 complex can restore the transcriptional regulation of
MY C.%8 In castration-resistant prostate cancer (CRPC), maintaining MYC expression
promotes resistance to BET inhibition.#” In addition, GLI2-dependent upregulation of c-
MYC can mediate the resistance of pancreatic cancer cells.*8 Kinome reprogramming is
also related to resistance to BET inhibitors. For example, activation of receptor tyrosine
kinase (RTK) overcomes BET inhibition and leads to resistance. The RTK network can
promote downstream PI3K/ERK signaling to prevent JQ1-mediated apoptosis.#® Hyper-
phosphorylation of BRD4 also has an impact on drug resistance. In the resistant triple-
negative breast cancer cells, BRD4 is hyperphosphorylated (caused by decreased PP2A
activity), and binds to MED1 more strongly, which promotes the BRD-independent
chromatin recruitment mechanism.5% AMPK/ULK1-mediated autophagy is also one of
the resistance mechanisms in AML leukemia stem cells.?! In prostate cancer cells with
SPOP mutation, the molecular mechanism of drug resistance to BET inhibitors may be
that mutation leads to stabilization of BET proteins. However, some WT SPOP samples
also show high BRD4 protein levels, indicating that other mechanisms remain to be
further investigated.>2 Stabilization of BRD4 correlates with activation of AKT-mTORC1
signaling.>3 In addition, targeting DUB3 can overcome drug resistance to BET inhibitors
in tumors with NCOR2-HDAC10-DUB3-BRD4 signaling imbalance or SPOP mutation.>*
Notably, the drug resistance problem involves multiple mechanisms and limits treatment
potential with BET inhibitors. Thus, overcoming BET inhibitor resistance is indeed a
significant challenge.

Multitarget drugs can produce synergistic effects on individual targets and ensure the
effectiveness and durability of antitumor effects, providing a new scope for clinical research
on BET inhibitors. Based on the latest progress of epigenetic drugs, BET and other
antitumor inhibitors can enhance the antitumor effect by synergistically targeting abnormal
signaling pathways. The combination of BET and other antitumor inhibitors can reduce

the possibility of acquired resistance. Considering the obvious advantages and feasibility

of combining BET and other antitumor inhibitors, considerable research is devoted to the
development of dual-target BET inhibitors, as illustrated by the recent development of
dual-target drugs targeting BET proteins (Table 1).

In this review, we will discuss the domain structures and biological functions of BRD4 and
highlight the strategies for drug design/discovery and structure—activity relationships (SARs)
of dual-target inhibitors from the medicinal chemistry perspective, in hopes of providing
insight into clinical drug research of BET proteins and leading to discovery of new dual BET
inhibitors.

DOMAIN FEATURES AND BIOLOGICAL FUNCTIONS OF BRD4 AND

DUAL-TARGET DESIGN/DISCOVERY OF BET BRD INHIBITORS

2.1

Domain features of BRD4

Due to alternative 3" mRNA splicing, BRD4 exists in three major protein isoforms differing
at their C-terminal amino acid residues: BRD4-L (long form), BRD4-S(a) (short form a),
and BRD4-S(b) (short form b; Figure 1A).5° All three BRD4 protein isoforms contain
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two tandem BRDs, namely bromodomain 1 (BD1) and bromodomain 2 (BD2), as well

as the N-terminal cluster of phosphorylation sites (NPS) and the basic residue-enriched
interaction domain (BID) and an extra-terminal (ET) domain (Figure 1A).%6:57 BRD4-L
has a C-terminal motif interacting with positive transcription elongation factor b (P-TEFDb),
whereas BRD4-S(b) contains a specific C-terminus associated with condensation protein
complex 11 to regulate DNA damage response.>® BRD4-S(a) has three unique C-terminal
residues (GPA) not present in BRD4-L and BRD4-S(b). Intramolecular interaction between
NPS and BD2 is disrupted by casein kinase Il (CK2)-mediated NPS phosphorylation that
switches NPS contact with upstream BD2 to downstream BID, thereby allowing BD2
binding to acetylated chromatin.> Importantly, the Chiang lab®® recently demonstrated
that BRD4-S(a) has oncogenic activity and BRD4-L has tumor-inhibitory effects on breast
cancer initiation and progression. Therefore, targeted therapy for oncogenic rather than
tumor-suppressive activity of BRD4 is of vital importance.

BD1 and BD2 of BRD4, abbreviated as BRD4(1) and BRD4(2), are highly conserved and
consist of ~110 amino acids with four antiparallel a helices (aZ, aA, aB, and a.C), and
two hydrophobic (ZA and BC) loops (Figure 1B,C).5% Co-crystal structures show that the
ZA loop and BC loop form a hydrophobic cavity contacting specifically Kac, which is
the key feature for BRD4 inhibitor development. In addition to the Kac-binding pocket,
the WPF shelf and the ZA channel also contribute to the structural feature of the BET
BRD. WPF, a hydrophobic region illustrated by Trp81, Pro82 and Phe83 of BRD4(1),
forms a shelf to improve the binding affinity of BRD4 (Figure 1B).69.61 The ZA channel,
a hydrophobic pocket formed by a portion of the ZA loop, is also an effective site for
achieving small molecule inhibitor selectivity.5263 Furthermore, the ET domain can regulate
protein-protein interactions and also recruit chromatin regulators (such as NSD3, ATADS5,
CHD4, GLTSCR1, and JMJD6) to mediate transcriptional activation (Figure 1D).64

Although BD1 and BD2 both bind to Kac, they are not functionally equivalent. Recently,
researchers from GlaxoSmithKline have developed selective BD1 and BD2 inhibitors to
explore respective functions of BD1 and BD2 in cancer and immunoinflammation.8® They
found BD1 inhibitors have effects similar to pan-BET inhibitors in cancer and inflammation,
whereas BD2 inhibitors are effective mainly in inflammatory and autoimmune disease
models. However, ABBV-744 (a pan-BD2 inhibitor) is also active in prostate cancer and
acute myeloid leukemia cell lines and has now entered the clinical trial of acute myeloid
leukemia (NCT03360006).31:66 These findings will help optimize the strategies of targeted
BET inhibition in different diseases in the future. In addition, differences in the loop regions
of BD1 and BD2 have been selectively targeted for anticancer drug development.8”

Biological functions of BRD4

BRDA4 is a pivotal factor in gene-regulatory networks and plays a significant role in
malignant tumor progression (Figure 2A). As a general coactivator, BRD4 can interact with
P-TEFb, a complex formed by cyclin T1 (CCNTZ1) and cyclin-dependent kinase 9 (CDKJ9),
and promote serine 2 phosphorylation of the C-terminal domain (CTD) of RNA polymerase
1, thereby enhancing transcription elongation.68-70 BRD4 also upregulates the expression of
oncogenic transcription factors such as myelocytomatosis viral oncogene cellular homolog
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(C-MYC), myelocytomatosis viral oncogene neuroblastoma-derived homolog (MYCN),
FOSL1 and BCL2.56:71-73 |n DNA synthesis, BRD4 promotes cell cycle progression in
part by regulating the expression of Aurora B kinase and association with early 2 factor
(E2F).”75 In inflammatory response, BRD4 promotes the expression of interleukin-2
(IL-2), IL-8, and C-C motif chemokine ligand 2 (CCL2).76.77 BRD4 also associates

with estrogen receptor (ER) and androgen receptor (AR) to regulate their target genes
including growth regulating estrogen receptor binding 1 (GREBL1), trefoil factor 1 (TFF1),
puromycin-sensitive aminopeptidase, and calcium/calmodulin-dependent protein kinase
kinase 2 (CAMKK?2).78.79 BRD4 interacts with nucleophosminl (NPM1) to inhibit some
transcription programs in acute myeloid leukemia.&0 In addition, BRD4 phosphorylation
is very important and represents the active form of BRD4 in binding to acetylated
chromatin.®”:81 Upon CK2 phosphorylation, BRD4 can recruit p53 and mediate p53 target
gene transcription.5” In DNA damage response, BRD4 can recruit Condensin 11, reshape
chromatin structure, and inhibit DNA damage.58 BRD4 is a signal transducer of cellular
response to oxidative stress. Downregulation of BRD4 can cause imbalance of the Kelch-
like ECH-associated protein 1 (KEAP1) pathway, leading to disorder of heme oxygenase 1
(HMOX1) and reactive oxygen species.82

At the cellular level, BRD4 activity can be disrupted by inhibiting BRD4-interacting
complexes.83 Through systematic proteomics-based BRD4-interacting network analysis,
Kim et al.84 identified chromatin remodelers, DNA-associated proteins, transcription-related
factors, and BRD proteins that interact with BRD4 with crucial roles in gene transcription,
genomic maintenance, and DNA repair (Figure 2B).

Synergistic effects of BET inhibitors and other co-targeted inhibitors

BET proteins are the most distinctive epigenetic readers and have become attractive
therapeutic targets for cancer treatment. However, in early clinical trials, BET inhibitors
exhibit toxic effects including severe thrombocytopenia, fatigue, nausea, and gastrointestinal
side effects.8% Research shows that BET and other antitumor inhibitors have synergistic
cancer-suppressing effects. JQ1, when combined with rapamycin, a mammalian target of
rapamycin (mTOR) inhibitor, can synergistically inhibit the growth and survival of human
osteosarcoma cells in vitro and in vivo.86 Combination of JQ1 and THZ1 (a CDK?7 inhibitor)
has a synergistic effect on inhibiting pancreatic ductal adenocarcinoma.8” Furthermore, BET
inhibitors also show synergy with inhibitors of other cancer-related proteins such as BCL2
and Aurora A.73.88.89

Epigenetic synergy is one of the most promising areas of cancer research. BET

and histone deacetylase (HDAC) inhibitors can induce similar genes with comparable
biological effects, synergistically suppressing MY C-driven mouse lymphoma cell growth
and inducing apoptosis.?0 Moreover, combined SP-2509 and JQ1, as respective histone
lysine demethylase 1 (LSD1) and BET-regulatory agents, alter the growth and invasion of
prostate cancer.9!

Undoubtedly, synthetic lethal interaction is also a promising new strategy for cancer
treatment.92 Synthetic lethality means that a defect in one of the two genes or proteins
in a cell or organism has little effect, but combined defects in both genes/proteins
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can cause significant impairment.93 Inhibiting BRD4 downregulates the expression of C-
terminal binding protein-interacting protein (CtIP) and induces homologous recombination
deficiency, making cells with homologous recombination deficiency sensitive to poly ADP-
ribose polymerase (PARP) inhibitors.%* Therefore, BET inhibitors and PARP inhibitors
show synthetic lethality in inducing homologous recombination defects. Although synthetic
lethal interactions are promising, identifying such interaction pairs is challenging. Methods
for identifying synthetic lethal pairs include: (1) high-throughput screening by chemical
library screening, genome-wide RNAI analysis and CRISPR-Cas9 mutagenesis; (2) analysis
of conservative connections using genetically engineered lower eukaryotes, such as yeast
models; and (3) bioinformatics prediction strategy.%3:9

BET inhibitors together with immune checkpoint inhibitors also enhance anticancer effects.
BRD4 binds directly to the promoter of the programmed death ligand 1 (PD-L1) gene and
activates PD-L1 transcription.®® In MY C-induced lymphoma, JQ1 and programmed death 1
(PD-1) monoclonal antibodies can significantly reduce tumor burden and extend the overall
survival time.%7

Discovery and design of dual-target inhibitors of BET BRDs

Considering the synergistic effect and synthetic lethality of BET inhibitors and various
target inhibitors, developing multitarget drugs that concurrently inhibit BET and other
targets is a promising strategy to overcome tumor drug resistance and prolong clinical
treatment outcome. Drug discovery and design strategies for dual inhibitors of BET

and other targets are reviewed here, including medicinal chemistry and computational
approaches.98 Medicinal chemistry design strategies primarily include drug repurposing,
skeleton modification of lead compounds, and pharmacophore fusion.

Drugs approved or under investigation may involve more than one pathology and trigger
unpredictable targets. Drug repurposing can explore new therapeutic options. It is worth
mentioning that screening compound libraries can also discover other potential and
unpredictable targets for small-molecule inhibitors. In 2014, Schénbrunn and Knapp’s
groups32:35 used kinase inhibitor libraries to identify that BET could be a potential target
for multiple kinase inhibitors through robotic co-crystallization screening and AlphaScreen
analysis. Additionally, Urick et al. established protein-observed fluorine NMR to screen
the Kinase inhibitor library and discover dual kinase-BRD inhibitors. It is worth noting
that some dual kinase-BRD inhibitors have entered clinical trials. Since BET proteins

are potential targets for many kinase inhibitors, it is feasible to design dual kinase-BRD
inhibitors by expanding the repertoire of these kinase inhibitors.

Skeleton modification of lead compounds is also an effective and commonly used strategy
to obtain dual-target inhibitors. By modifying the structure of BI-2536 (a dual kinase-BRD
inhibitor), dual-target inhibitors with balanced selectivity can be obtained.100.101 Skeleton
modification can also improve drug absorption/solubility, reduce toxic and side effects,
improve metabolic stability, and thus improve drug specificity. But it is only suitable for
certain scaffold types of small-molecule compounds.
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Pharmacophore fusion combines different pharmacophores in different target inhibitors,
which is conducive to the rational design of dual-target or even multitarget drugs with good
inhibitory activity. The pharmacophore of HDAC inhibitors consists of a cap, a linker and a
zinc-binding group (ZBG), in which the cap can be replaced by a BET inhibitor. In addition,
the linker is usually located in a solvent-exposed region or the ZA channel of the BET
proteins, providing more possibilities for the development of dual BET/HDAC inhibitors
with improved drug properties.

At present, more and more evidence show that multipharmacological methods based on
BET targeting are promising, so ligand- and structure-based computational methods would
be helpful to identify dual-target BET inhibitors. Allen et al.192 developed a computational
screen to identify dual BRD/kinase inhibitors. Their virtual screening method combines
highly predicted ligands and structure-based models constructed from small molecule
kinase inhibition datasets, BRD4 protein structures, and predictors of physical and chemical
properties to successfully identify novel BRD4 inhibitors and dual EGFR/BRD4 inhibitors
from more than 6 million commercial compounds. In 2016, Carlino et al.193 also introduced
computational methods that can be used to identify dual kinase/BRD inhibitors, and generate
ad hoc pharmacophores and docking models. This computational method is applicable to
identify dual BET and other target inhibitors with potential to treat multiple cancers.

These strategies, as mentioned above, will provide new perspectives for future design of dual
BET inhibitors to facilitate the discovery of new cancer therapeutics.

DUAL-TARGET INHIBITORS OF BET BRDS AND OTHER CANCER-

RELATED TARGETS

3.1

Dual inhibitors of BET BRDs and kinases

3.1.1| Dual inhibitors of BET BRDs and CDKs—In 2012, Devaiah et al.104 reported
that in addition to recognizing Kac, BRD4 is an atypical kinase that phosphorylates serine
2 of the RNA polymerase 1l CTD. However, the potential of BRD4 BRDs to interact

with kinase inhibitors is still unclear. In 2013, Martin et al.33 found that dinaciclib (1,
SCH-727965; Figure 3A), a potent CDK inhibitor, interacts with the Kac recognition
pocket of BRDT, providing evidence for possible interaction of kinase inhibitors with a
BET BRD. In 2014, the Schénbrunn group3? identified the binding mode of Dinaciclib in
BRDA4(1) with cocrystal structures showing the pyrazolo-pyrimidine moiety of Dinaciclib
forms two hydrogen bonds with Asn 140 of BD1. Additional hydrogen bonds are formed
by pyridine oxide with Asp 145 and lle 146. Simultaneously, hydroxyl and the ZA
channel form additional hydrogen bonds through water molecules (Figure 3B). Structural
analysis of dinaciclib binding to CDK2 is shown in Figure 3C. Dinaciclib inhibits CDK1,
CDKZ2, CDKS5, CDK9, and BRD4 with ICgq values of 3, 1, 1, 4 nM, and 18.7 uM,
respectively.32:105 |t has entered Phase 111 clinical trials for treating chronic lymphocytic
leukemia (NCT01580228).

Flavopiridol (2, HMR-1275; Figure 3A) is a broad-spectrum CDK inhibitor and the first
CDK inhibitor used in clinical trials with 1Csq values of 30, 170, and 100 nM for CDK1,
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CDK2, and CDK4, respectively.1%6 In 2013, Flavopiridol completed Phase 11 clinical trials
for treating endometrial cancer, chronic lymphocytic leukemia, and recurrent prostate cancer
(NCT00023894, NCT00464633, and NCT00003256). Flavopiridol is also a ligand for the
Kac-binding pocket, with an 1Csq value of 18 uM for BRD4(1). Flavopiridol forms hydrogen
bonds with Asn140 of BD1 through chromenone hydroxyl, while carbonyl oxygen interacts
with the ZA channel (Figure 3D).32 Flavopiridol forms two hydrogen bonds with Cys106
and Asp167 of CDKO9 (Figure 3E).

In 2020, through pharmacophore fusion, Lv et al.207 found that compound 3 (Figure 3A) has
balanced activities of BRD4(1) (IC5¢ = 12.7 nM) and CDK9 (IC5q = 22.4 nM). Moreover,
compound 3 shows good antiproliferative activity on a small cancer cell panel, indicating

a synergistic effect in the cellular context. In HCT116 cell line, compound 3 demonstrates
good inhibitory activity in vitro and large doses could block the activities of CDK9 and
BRD4 in a short time.

Collectively, these results provide strong evidence for the potential of kinase inhibitors to
inhibit BET proteins, and provide a conceptual framework for the design of new BET
inhibitors and dual kinase and BET inhibitors.

3.1.2| Dual inhibitors of BET BRDs and polo-like kinase 1 (PLK1)—PLK1, a
crucial cell cycle regulator, is important in DNA damage response, cell proliferation, and
cell cycle control.108.109 |t s closely linked to the development of malignant tumors.110
Importantly, PLK1 is related to the expression of C-MYC.111 PLK1 inhibitors not only
significantly inhibit PLK1, but also reduce downstream C-MYC phosphorylation, and
weaken the binding of BRD4 to C-MYC, thereby inhibiting C-MY C function. Therefore,
dual-target inhibitors of BET and PLK1 have the potential to increase the efficacy of both
targets and reduce toxicity.

The Schénbrunn group32 found the PLK1 inhibitor BI-2536 (4) was the most effective BET
inhibitor in the Selleck library by co-crystallization screening of the kinase libraries, with
an ICgq value of 25 nM for BRD4(1). BI-2536 interacts with the Kac site of BRD4(1)
through a complex network of hydrogen bonding and hydrophobic interaction (Figure 4A).
The carbonyl group of BI-2536 forms a hydrogen bond with Asn140 of BD1. Meanwhile,
the aminopyrimidine moiety binds to Pro82 and water molecules of the ZA channel. Key
hydrogen bonds between BI-2536 and PLKZ1 are shown in Figure 4B, with the hinge-binding
region of BI-2536 pointing to the ZA channel and Pro82 of BRD4(1). Significantly, the
Knapp group3® also found that BI-2536 is an effective dual BET/kinase inhibitor, which
displaces BRD4 from chromatin and inhibits the expression of C-MY C. Kinome-wide
profiling confirmed the interaction of BI-2536 in the whole BRD proteins is mainly limited
to BET BRDs, while its activity against non-BET BRDs such as BRD7, BRPF1B, and
BRWD3(2) was weak. Most noteworthy is the methoxy group in BI-2536 pointing to the
solvent region of BRDA4(1) is very important for PLK selectivity. Thus, it is possible to
modify this position to keep the BRD activity unchanged while regulating the ability to
recognize different kinases.
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To obtain balanced dual-target inhibitors of PLK1 and BET BRDs, Liu et al.1% conducted
a pharmacochemical study with BI-2536 as the core skeleton (Figure 4C). The results
showed the cyclopentyl group at the R4 position and methylated amides at the R, position
are very important to inhibit BRDA4. After the cyclopentyl group was replaced, compound
4-1 was less effective against BRD4 than BI-2536. The affinity of compound 4-2 to
BRD4 decreased more than 1000 times. Compound 4-3 with methyl substituents on the
asymmetric dihydropteridinone carbon atom showed good inhibitory activity against BRD4
and PLK1. Substitution of terminal cyclic amines with different aromatic amines at the

R4 position did not seriously affect the performance and selectivity of compounds to
BRD4, such as compound 4-4. Upon replacement of methoxy with cyclopentanoxy! at

the Ry position, the effect of compound 4-5 on BRD4 was increased and the effect on
PLK1 was decreased. In 2020, Timme et al.}12 found that compound 4-5 (UMB160) had
synergistic antitumor effects, induced apoptosis of pediatric tumor cells at low nanomolar
concentrations, and had strong antitumor activity against neuroblastoma, medulloblastoma,
and rhabdomyosarcoma cells.

Cyclopentyl modification can adjust the BRD activity, which for BI-6727 (5, Volasertib;
Figure 5) leads to a decrease in the affinity for BRD4(1).3% BI-6727 has good
pharmacokinetic properties and tolerability. The main toxicity in clinical studies is reversible
myelosuppression.113 Due to its limited non-hematological toxicity, BI-6727 is also an
attractive drug for combination therapy. Additionally, Kolosenko et al.114 reported that
BI-6727 affects normal cells in PBMCs stimulated by CD3.

Chen et al.101 reported that modifying the 3-methoxy group on the benzene ring is essential
to increase BRD4(1) binding and maintain dual-target inhibition. But at the same time,
pyrimidine NH, cyclopentyl, and R-stereochemistry of the ethyl group should be retained.
Among them, compound 6 is most effective with a K; value of 8.7 nM for BRD4(1), which
is equivalent to that of PLK1 (Figure 5). The high affinity of compound 6 for BRD4 may be
due to increased interaction with the WPF shelf. Besides, the pyrimidine NH was replaced
by an oxygen atom, and the cyclopentyl group and the 3-methoxy group on the benzene ring
were modified to obtain a selective sub-nanomolar BRD4 inhibitor.

In 2020, Wang et al.11° found that WNY0824 (7) had strong antiproliferative activity against
cancer cells, with I1Cgq values of 109 and 22 nM for BRD4 and PLKZ1, respectively (Figure
5). WNY0824 exhibited antitumor activity in vivo at a dose of 60 mg/kg and the antitumor
rate was 66% with no obvious toxicity in an MVV4-11 mouse xenograft model. WNY0824
also inhibited the expression of C-MYC, MYCN, and BCL2. Moreover, WNY 0824 could
alter the AR-dependent transcription program and inhibit the ETS pathway, with excellent
antiproliferative activity on AR-positive CRPC cells.116 Oral administration of WNY0824
inhibited the growth of CRPC xenograft tumors resistant to enzalutamide.

Qi et al.117 found that the inhibition rates of compound 8 (Figure 5) for BRD4(1) and PLK1
at 1 uM were 59.1% and 96.6%, respectively. Compound 8 exhibited cytotoxic activity
against A549, HCT116, PC-3 and MCF-7 cell lines, with ICsq values of 1.27, 1.36, 3.85,
and 4.06 pM, respectively. But its activity was slightly weaker than that of BI1-2536. In
HCT116 cell line, compound 8 significantly inhibited cell proliferation, induced apoptosis,
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and blocked the S phase. As a potential anticancer agent for further study, compound 8 can
be modified to improve BRD4 inhibitory activity. These results provide the rationale for
design of PLK1-BET inhibitors.

3.1.3| Dual inhibitors of BET BRDs and anaplastic lymphoma kinase (ALK)
—ALK is a RTK belonging to the insulin receptor subfamily and is important in

various cancers including neuroblastoma,18-120 jn which ALK kinase is often mutated

to ALKF1174L \with concurrent MYCN gene amplification.121 Suppressing BRD4 causes
downregulation of MYCN expression, providing an effective strategy for treating MY CN-
dysregulated neuroblastoma.122 Therefore, dual-target inhibitors that synergistically inhibit
two targets may provide an effective cancer therapy.

Starting with BI-2536, Watts et al.123 adopted a structure-based design to develop dual-
target inhibitors of BET BRDs and ALK by regulating kinase selectivity (Figure 6A).
They found the 1Cs values of BI-2536 for ALK and ALKF1174L were 390 and 190 nM,
respectively. As an analog of Kac, methyl amide plays an important role in binding BRD4.
Aminopyrimidine interacts strongly with the hinge region of PLK1 kinase. The interaction
between aminopyrimidine of BI1-2536 and the hinge region of ALK is similar to that of
PLK1. By maintaining the key groups on the core of dihydropteridinone that interact with
ALK and BRD4, Watts et al. optimized BI-2536 to reduce the activity of PLK1, improve
the activity of ALK, and maintain the activity of BRD4 (Figure 6B). After the methoxy
group at the Rq position was substituted with an ethoxy group, the effect of compound
9-1 on ALKFI174L \was decreased, while the effect on PLK1 was greater. For BRD4, the
R4 position had tolerance for larger groups. The R-ethyl group at the R, position was
critical for the effectiveness of ALKF1174L PLK1, and BRD4. After it was changed to a
hydrogen atom, the activity of compound 9-2 decreased significantly. After removing the
amide group at the R3 position, compound 9-3 showed a four-fold decrease in potency
against PLK1. Hence, the amide group was very important to maintain the activity of PLK1,
and had little effect on the activity of ALK and BRD4. Because the cyclopentyl group of
BI-2536 had a great influence on the activity of PLK1, it was converted into benzyl at

the R4 position in compound 9-4, whose activity for PLK1 was reduced by 30-40 fold.
Compound 9-5 changed it to a thiophene ring. Although compound 9-5 improved 1Cgg
and Ky values for ALKF1174L and BRD4, the selectivity for ALKF1174L and PLK1 were
decreased. When the methyl group of the thiophene ring of compound 9-5 was changed to
the 4-position, the ICsg and Ky values of compound 9-6 were further increased, and the
selectivity for ALKF1174L and PLK1 was increased by seven times. The methyl amide part
of compound 9-6 forms a key hydrogen bond with Asn 140 (Figure 6C). It is gratifying
that 9-6 shows excellent BET family selectivity and extensive kinome selectivity. Both
nanoBRET and ALK autophosphorylation assay proved that 9-6 simultaneously inhibited
BRD4 and ALKF1174L in cells. In addition, 9-6 induced mitotic arrest.123

Currently, compound 9-6 is the first dual BRD4-ALK inhibitor reported. It is worth
mentioning that the authors changed PLK1 kinase activity to ALK, taking an important step
towards the design and discovery of new dual kinase/BRD inhibitors. Their work combines
two different pharmacophores into a drug-like compound, which not only effectively inhibits
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two targets, but also has selectivity in two protein families. For the design of dual-target
inhibitors, the starting point is very important, because the choice of chemical optimization
tends to be more limited. Importantly, when both targets are tolerant to a range of different
chemical inhibitors, the discovery of dual-target inhibitors will increase the chance of
success.

3.1.4| Dual inhibitors of BET BRDs and JAK2—Janus kinase 2 (JAK?2) inhibitors,
TG101348 (10; Figure 7A) and TG101209 (11; Figure 7A), bind BET BRDs and can be
classified as dual kinase-BRD inhibitors.3® The ICs values of TG101348 and TG101209 for
BRDA4(1), measured by AlphaScreen assay, are 290 and 130 nM, respectively. Importantly,
TG101348 also effectively inhibits C-MYC expression in MM.1S multiple myeloma cells.
It is worth mentioning that the secondary amine nitrogen and 5-methyl-pyrimidine ring

of TG101348 form two hydrogen bonds with Asn140 of BD1 and also interact with the
kinase hinge region. Additional hydrogen bonds are simultaneously formed by sulfonamide
oxygen and pyrrolidine nitrogen with Leu92 through water molecules (Figure 7B). In 2020,
TG101348 and decitabine entered a Phase 1 clinical trial in treating myeloproliferative
tumors (NCT04282187).

In 2017, Ember et al.124 designed effective dual BET/kinase inhibitors using the
dianilinopyrimidine framework of TG101348 and TG101209. Upon reversal of the
sulfonamide group at the 3" position of the A ring, the binding potential of compound
12-1to BRD4, JAK2, and FLT3 was similar to that of TG101209. Introducing a chlorine
atom at the 4" position of the A ring increased the activity of compound 12-2 for BRD4
by four times, but decreased the activities for JAK2 and FLT3. After introducing a fluorine
atom at the 3” position of the B ring, the binding activity of compound 12-3 to BRD4
increased, likely due to formation of hydrogen bonds between the NH group and Asn140
and Pro82 promoted by the fluorine atom as an electron absorber. Compound 12-3 has low
activity against kinases, and compounds 12-2 and 12-3 show little difference in inhibition of
BET, JAK2, and FLT3 (Figure 7C).

3.1.5| Dual inhibitors of BET BRDs and phosphoinositide 3-kinases (PI3Ks)
—PI3Ks are a specific type of phosphatidylinositol kinases. They regulate malignant
progression of tumors and are one of the research focuses in tumor targeting.125-127
Research shows that downregulation of BRD4 inhibits PI3K/AKT pathway, proliferation,
and metastasis of gallbladder cancer cells, and induces apoptosis.}28 LY294002 (13; Figure
8A), a small-molecule probe commonly used in cell-signaling research, belongs to the
PI13K inhibitors (Figure 8A). In 2014, Dittmann et al.,129 through chemoproteomic target
profiling, found that LY294002 inhibited Kac binding of BD1 but not BD2 of BET proteins.
Therefore, LY294002 is a dual inhibitor of PI3K and BET proteins and its chromen-4-one
scaffold can be used as a new BET pharmacophore.

However, LY294002 has poor solubility and a short half-life. SF1126 (14) is an
Arg-Gly-Asp-Ser (RGDS)-conjugated LY294002 prodrug with favorable solubility and
pharmacokinetics (Figure 8A).130 In 2016, Singh et al.131 confirmed that SF1126 is a
potent BRD4/PI3K inhibitor with ICsq values of 5.05, 6.89, 3.14, and 2.14 uM in Hep3B,
HepG2, SK-Hepl, and Huh7 cells, respectively. SF1126 can inhibit tumor angiogenesis
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and down-regulate the expression of proangiogenic factors, such as VEGF, secreted by
macrophages. Moreover, SF1126 can inhibit the growth of colorectal cancer cells in vivo
and in vitro, primarily through PI3K-AKT-mTOR, BRD4, and p38 signaling pathways.132
Obviously, the selectivity of LY294002 (the active ingredients of SF1126) for PI3K is better
than BET proteins.

In 2019, Joshi et al.133 found that SF2523 (15; Figure 8A) is an effective BRD4 and PI3K
inhibitor, which downregulates MY C expression, inhibits tumor growth and metastasis,
restores CD8* T cell activity, and stimulates antitumor immune responses. Cocrystal
structures show a key hydrogen bond is formed by the carbonyl oxygen in the thienopyrano
group of SF2523 and Asn140 of BRD4(1). Simultaneously, the carbonyl oxygen forms a
water-mediated hydrogen bond with Tyr97 (Figure 8B).38 SF2558HA (16; Figure 8A) can
inhibit PI3K/BRD4 signaling both in vivo and in vitro, and significantly down-regulate
MY C to inhibit the growth and metastasis of cancer cells.38 Importantly, SF2558HA has a
stronger inhibitory activity for BRD4 than SF2523, with 1C5q values of 193 and 235 nM

for BRD4(1) and BRD4(2), respectively. The morpholino oxygen of SF2558HA forms a
hydrogen bond with His437 of BRD4(2) (Figure 8C). In addition, SF2535 (17) is also a dual
inhibitor of BRD4 and PI3K, inhibiting BRD4, PI3Ka, PI3K$§, and PI13K+y with ICsq values
of 277, 714, 27, and 1170 nM, respectively.38.103 Notably, the morpholinothienopyrano
skeleton is important for binding BRDA4.

3.1.6 | Dual inhibitors of BET BRDs and p38 kinase—p38 kinase inhibitors

have low micromolar inhibitory activity against BET BRDs, and can also be used

as dual kinase/BRD inhibitors, such as SB610251B (18), SB614067R (19), SB202190
(20), SB203580 (21), SB251527 (22), SB284847BT (23), and SB284851BT (24) (Figure
9).32:36.99 This provides a good starting point for designing representative ligands,
researching multipharmacology, and exploring potential synergy between p38 and BET
proteins. In 2018, Divakaran et al.134 synthesized a series of SB284851BT analogs as dual
kinase-BRD inhibitors and evaluated their selectivity for the BET BRD family. The ICsx
value of compound 25 against BRD4(1) is 1.8 uM (Figure 9). The selectivity of compound
25to BD1 exceeds BD2. Besides, the selectivity of compound 25 to BRD4 is 6- and
16-fold better than that of BRD2 and BRD3, respectively. These results provide a valuable
scaffold for the development of BD1-selective inhibitors of the BET BRDs. Importantly,
the authors found that the observed selectivity was due to displacement of ordered water
and conformational flexibility of Lys141 in BRD4(1). Compound 25 inhibits the expression
of C-MYC oncoprotein in MM.1S cells and reduces the phosphorylation level of MSK1,

a downstream phosphorylation target of p38a. kinase. Such 1,4,5-trisubstituted imidazoles
may be valuable starting points for dual kinase-BRD inhibition.

3.1.7| Dual inhibitors of BET BRDs and other kinases—Extracellular signal-
regulated kinase 5 (ERKS5) inhibitors also have potent BRD4-dependent pharmacology.3?
structure—activity studies revealed that compounds JWG-069 (26; Figure 10) and XMD17-
26 (27; Figure 10) with cyclobutyl and cyclopentyl substitutions not only show good binding
to BRD4, but are also well tolerated by ERK5 and LRRK2, indicating that they are rational
designs of BET/kinase multipharmacology. Compound JWG-047 (28; Figure 10) slightly
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enhances the binding to BRD4, while reduces the inhibition of ERK5 and LRRK2. These
molecules with the benzo [e]pyrimido-[5,4-b]diazepine-6(11H)-one framework represent a
new class of dual kinase and BRD inhibitors.

In 2015, Allen et al.192 jdentified a dual epidermal growth factor receptor (EGFR) and
BRD4 inhibitor, namely 2870 (29), through computational screening, with I1Csq values of
0.044 and 9.02 uM for EGFR and BRD4(1), respectively (Figure 10). Simulation analysis
shows pyrimidine nitrogen at the 6 position of 2870 forms a conserved interaction with
Asn140, Pro82, Leu 92, and 1le146 of BRD4. The 4-amino-quinazoline group interacts
with the EGFR hinge region. GW612286X (30), as a VEGFR inhibitor, is also a moderate
inhibitor of BET proteins with an 1Csq value of 4.6 uM for BRD4(1) (Figure 10).

In addition, Schénbrunn’s and Knapp’s groups also identified other dual inhibitors of BET/
kinase, such as NU7441 (31, DNA-PK inhibitor), Fostamatinib (32, SYK inhibitor), PP-242
(33, mTOR inhibitors), SB409514 (34, GSK inhibitor), AZ-3146 (35, MPS1 inhibitor),
PF-431396 (36, FAK inhibitor), and BI-D1870 (37, RSK inhibitor) (Figure 10).

Dual inhibitors of BET BRDs and non-kinases

3.2.1| Dual inhibitors of BET BRDs and HDACs—HDACS are epigenetic erasers
that deacetylate histones and regulate physiological processes such as cell differentiation,
proliferation, and apoptosis.13> HDACs are frequently overexpressed in cancer cells,
leading to abnormal acetylation of histones and perturbed gene expression and malignant
tumor development.136.137 Therefore, HDACs are promising targets in the research and
development of antitumor drugs. HDAC inhibitors (HDACI), such as SAHA (38), C1994
(39), and MS275 (40), usually consist of a cap group, a linker, and a ZBG group

(Figure 11A). Importantly, BET and HDAC inhibitors work synergistically in MY C-induced
mouse lymphoma, and they have similar target genes and biological phenotypes.90.138.139
Therefore, designing dual-target inhibitors of BET and HDAC, as a new treatment strategy,
has great potential in cancer therapy.

In 2020, He et al.140 reported a high-efficiency pan-BET/HDAC dual inhibitor, compound
41, with balanced activity against BRD4 BD1 (ICsg = 11 nM) and HDACL1 (ICsg = 21

nM) (Figure 11B). It was found that JQ1 had a complementary shape with the binding
cavity of Kac and formed a key hydrogen bond with Asn140. The #butyloxycarboryl

group, exposed to the solvent, provides a feasible site for multitarget design. The ZBG

is a crucial group for inhibiting HDAC activity. Inspired by these findings, He et al.
designed a dual inhibitor of BET and HDAC through a pharmacophore fusion strategy.

The structure—activity study showed that when the ZBG group was hydroxamic acid instead
of o-aminoanilide, the activity against HDAC1 was improved, along with enhanced anti-
tumor ability. Para-substituted derivatives are more effective than the corresponding meta
derivatives. Compound 41 is a potent pan-BET and pan-HDAC inhibitor with excellent
antitumor effect in vitro. In Capan-1 cells, it significantly inhibits the expression of C-MYC
and CDC25B, and induces apoptosis at a concentration of 0.5 uM. It also has good
metabolic stability, with a 71, value of 44.29 min. The antitumor effect of compound

41 in vivo is significantly better than BET inhibitors and HDAC inhibitors used alone or
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combined, and the toxicity is lower. These findings indicate that this novel BET/HDAC dual
inhibitor has the potential to treat pancreatic cancer and is expected to help treat pancreatic
cancer in the future.

Based on JQ1 and C1994, Zhang et al.#! designed a new dual inhibitor of BET and HDAC,
TWQ (42; Figure 11B). The binding mode of TW9 and BRD4 (1) is the same as that of

JQ1, and its triazole moiety forms a key hydrogen bond with Asn140. Crucially, the HDAC-
inhibiting group of TW9 is solvent-exposed, indicating that TW9 could interact with HDAC
even in the BET-bound state. TW9 is more effective than C1994 (an HDAC inhibitor) and
has the best BRD4-inhibitory activity among all the dual HDAC/BET inhibitors reviewed

in this article. TW9 downregulates C-MY C but upregulates histone H3 acetylation. It also
inhibits the growth of pancreatic cancer cells better than its parent molecules. In 2020,
Laszig et al.1*! reported that TW9 induces mitochondrial apoptosis and has strong antitumor
activity in rhabdomyosarcoma cells.

ABBV-744 (43) has an ethyl amide group extending toward the solvent region to connect
the pharmacophore of HDAC inhibitors.31 To maintain the pyrrolopyridone core in BET
pharmacophore, Chen et al.142 used a pharmacophore fusion strategy to identify three

new HDAC/BRD4 dual inhibitors: compounds 44 (HDAC1 and BRD4), 45 (BRD4 and
pan-HDAC) and 46 (BRD4-BD2 and HDACS) (Figure 11C). The structure—activity study
showed the pyrrolopyridone 2-site in the solvent region is suitable for connecting the ZBG
without interfering with key binding interactions with BRD4. In MV4-11 cells, compound
44, as an HDAC1-selective inhibitor, mainly increases H3 acetylation and strongly induces
GO/G1 cell cycle arrest and apoptosis. As a pan-HDAC inhibitor, compound 45 upregulates
the acetylation levels of histone H3 and tubulin. Compound 46 is the first dual inhibitor

of HDAC6/BRDA4(2), which increases the level of acetylated tubulin but reduces C-MYC
expression in a dose-dependent manner.

In 2014, Atkinson et al.1*3 designed a series of BET/HDAC inhibitors with the
tetrahydroquinoline skeleton through pharmacophore fusion. I-BET295 (47) is highly
complementary to BRD4 BRDs in shape (Figure 12A). The carbonyl group of I-BET295
forms a hydrogen bond with Asn140 and a water-mediated hydrogen bond with Tyr97.
Importantly, the para-position of a 6-aryl substituent of I-BET295 provides a vector
protruding toward the solvent and is at a suitable location for modification. DUAL946

(48), as a representive compound, inhibits BRD4 (ICsg = 50 nM) and downregulates

the expression of C-MYC. In NUT midline carcinoma and acute myeloid leukemia cells,
DUAL946 inhibits cell growth but does not significantly improve its efficacy compared with
[-BET295 and SAHA.

In 2017, Shao et al.144 found the hydroxy-ethylether part of RVX-208 (49) is located outside
the Kac-binding pocket and rarely contacts the surface of the BRD, providing a site for the
design of dual BET and HDAC inhibitors. They used various types of linkers to connect the
free hydroxyl group of RV X208 with the ZBG group, and obtained a dual inhibitor with

a quinolinone skeleton (Figure 12B). Compound 50 is an effective BRD4/HDAC inhibitor
with inhibitory activity against BRD4(2), and its quinazolinone and Asn433 of BRD4(2)
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form a hydrogen bond. In vitro, compound 50 decreases the expression of MYC and inhibits
the proliferation of human acute myeloid leukemia cell lines.

Compound 51 with an N6-benzoyladenine skeleton has inhibitory activity against BRD4
with an unoccupied space at the 2-position of the benzoyl group (Figure 12C).145.146 |
2017, Amemiya et al.147 synthesized compound 52 based on the idea of multitarget drugs by
fusing N6-benzoyladenine and SAHA. Compound 52 suppresses the growth of HL-60 cells,
inhibits the production of C-MYC, induces apoptosis, and intriguingly resensitizes BRD4
inhibitor-resistant cells to growth inhibition.

Compound 53, with the skeleton of dimethylisoxazole, is an effective inhibitor of BET
BRDs (Figure 13A).148 The 3,5-dimethylisoxazole moiety of compound 53 occupies the
Kac-binding pocket. The hydroxyl group of compound 53 does not completely occupy the
ZA channel, and the flexible chain group may be more advantageous in the ZA channel.
Considering the considerable similarity between the ZA channel of BRD4 and the tubular
channel of HDAC, Zhang et al.14? introduced the SAHA linker and the ZBG group into
hydroxyl position of compound 53 to design a series of 3,5-dimethylisoxazole-based BET/
HDAC inhibitors (Figure 13A). Representative compound 54 has antiproliferative activity
in K562 and MV4-11 cells (IC5q = 1.86 and 0.91 uM). The cocrystal structures show a
hydrogen bond formed by the oxygen atom of isoxazole in compound 54 and Asn140 of
BRD4(1). Another hydrogen bond is formed by the nitrogen atom and Tyr97 of BRD4(1)
through a water molecule. Moreover, the hydroxamate of compound 54 forms hydrogen
bonds with His131, His132, and Tyr297 of HDAC1.

The binding mode of P-0014 (a BET inhibitor, 55) and BRD4 indicates that the ZA channel
is not fully occupied. Cheng et al.159 speculated that the HDACI linker may be more
beneficial to the ZA channel. P-0014 is structurally similar to compound 56 with an indole
skeleton present in an HDAC inhibitor, thus allowing the use of pharmacophore fusion to
design and synthesize BET/HDAC inhibitors (Figure 13B). Compound 57 inhibits HDAC3
(ICs5¢ = 5 nM) with an 88% inhibition rate of BRD4 at 10 uM and decreases the expression
of C-MYC while upregulates the expression of acetylated H3.

In 2020, Pan et al.151 synthesized a series of BET/HDAC inhibitors based on hydroxamic
acid and thieno[2,3-d] pyrimidine (Figure 14). They first designed a novel BRD4 inhibitor
skeleton based on fragment design using the ZINC database. The 2-position phenyl
substituents of thieno[2,3-b] pyrimidin-4-one of compound 58 are crucial in inhibiting

the activity of BRDA4. The activity of compound 59 on BRD4 was comparable to that of
compound 58. They took compounds 58 and 59 as the cap group and connected various
ZBG groups to design a novel dual-target inhibitor of BRD4 and HDAC (Figure 14). SAR
analysis suggests that the HDAC-inhibitory activity of the ZBG based on hydroxamic acid
is better than that of o-phenylenediamine. Importantly, the inhibitory activity of BRD4 was
completely lost due to the linkage of the ZBG group on the piperidine ring. The ZBG and
the linker had little effect on the inhibition of BRD4. Representative compound 60 inhibits
the expression of C-MYC and increases the acetylation level of histone H3. It also inhibits
IL6-JAK-STAT pathway, induces cell cycle arrest and apoptosis, and effectively suppresses
tumor growth.
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3.2.2| Dual inhibitors of BET BRDs and other BRD inhibitors—Cyclic
adenosine monophosphate response element-binding protein (CBP) and p300 histone
acetyltransferase (HAT) play important roles in lysine acetylation of histones and nonhistone
proteins, and both are BRD-containing transcriptional coactivators.152 With the homology
of BRDs present in CBP/p300 and BET proteins, small molecules with dual inhibition

of CBP/p300 and BET proteins can be designed. In 2020, Morrison-Smith et al.153

found that inhibiting p300/CBP and BET BRDs synergistically depletes MYC and inhibits
NUT-midline carcinoma (NMC) growth. NEO2734 (61; Figure 15) and NEO1132 (62;
Figure 15), as dual inhibitors of BET and CBP/p300, can induce differentiation and cell
cycle arrest in G1-phase. In preclinical xenograft mouse models, NEO2734 is capable of
inhibiting NMC cell growth and prolonging survival significantly better than BET BRD
inhibition or “standard” chemotherapy. Prostate cancer (PCa) carrying speckle-type POZ
protein (SPOP) hotspot mutation, such as F133V, is typically resistant to BET inhibitors.
Unlike F133V hotspot mutant tumors, patient-derived xenografts (PDXs) and organoids with
Q165P mutation are modestly sensitive to BET inhibitor JQ1.154 Importantly, NEO2734

is active in PCa cells containing either F133V or Q165P SPOP mutation in vivo and in

vitro, which provides the basis for clinical research on the anticancer effect of NEO2734

in SPOP-mutated PCa patients. In 2020, Spriano et al.1%> demonstrated that NEO2734 has
preclinical antitumor activity, especially in lymphoma and leukemia. Both NEO2734 and
NEO1132 have strong antitumor activity against multiple myeloma.156

In 2020, Hiigle et al.1>7 reported a group of dual BET-BRD7/9 BRD inhibitors with a 4-acyl
pyrrole scaffold had strong antiproliferative effects on diverse cancer cell lines, such as
MCF-7 breast cancer cells and SK-MEL-5 melanoma cells. The activity of representative
compound 63 (Figure 15) against MCF-7 and SK-MEL-5 cells is synergized by BET-
BRD7/9 dual inhibition. This indicates that BRD7/9 inhibitors have the potential to enhance
the effect of BET inhibitors on cancer cell lines that are less sensitive to BET inhibition.

TBP-associated factor 1 (TAF1) is a component of the TFIID core promoter-binding factor
with an important role in transcription initiation and cell cycle progression.1®® Through
epigenetic compound library screening performed in a human haploid reporter cell line,

a small compound inhibitor with high affinity to the second BRD of TAF1 showed a
comparable relief of heterochromatin silencing and MYC transcription inhibition as seen
with JQ1 treatment or knockdown of BRD4 but not other BET proteins, 159 indicating

a functional association between TAF1 and BRD4 in transcriptional regulation1®® and
providing a proof-of-concept for developing dual-target inhibitors against TAF1 and BRD4.
With the BI-2536 chemical scaffold, Remillard et al.160 used a structure-guided design and
identified compound 64 as a highly effective dual inhibitor of TAF1(2) and BRD4(1), with
ICsq values of 16 and 37 nM for TAF1(2) and BRD4(1), respectively (Figure 15).

3.2.3| Dual inhibitors of BET BRDs and PARP1—In 2020, Chang et al.161
rationally designed the first dual-target inhibitor of BET and PARP, compound 65, based on
fragment combinatorial screening, with 1Cgq values of 0.44, 0.379, and 4.6 uM for BRD4(1),
BRD4(2), and PARP1, respectively (Figure 15). The quinazoline ring of compound 65 forms
key hydrogen bonds with Asn140 of BD1 and Asn433 of BD2. In PARPL1, the benzamide
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of compound 65 forms pivotal hydrogen bonds with Ser904 and Gly863. Also, quinazoline
substituted by dimethoxy forms a hydrogen bond with Arg878.

Conceivably, dual-target BET inhibitors have synergistic effects to inhibit BET and other
biological targets, potentially increasing cell-killing capacity and reducing the risk of
developing drug resistance. Although the design and development of dual-target inhibitors
are challenging, especially with structurally distinct targets that do not belong to the same
protein family, dual-target inhibitors are an attractive therapeutic approach expected to
provide new chemical probes for cancer treatment.

Dual proteolysis targeting chimera of BET proteins and PLK1

In 2001, Crews and colleagues!®2 proposed the concept of proteolysis-targeting chimera
(PROTAC) as a new strategy for drug discovery. PROTAC is widely used to induce the
degradation of BRD4 and has become one of the research hotspots in cancer treatment.163
Theoretically, depleting key oncogenic proteins in cancer cells is usually better than simply
inhibiting the activity or binding of the same protein.

In 2020, Mu et al.184 reported a dual BRD4 and PLK1 degrader HBL-4 (66; Figure 15)
created by linking a small molecule recruiting the E3 ubiquitin ligase Cereblon (CRBN) to
the dual BET/PLKZ1 inhibitor BI-2536. Based on the design of dual BET/PLK1 inhibitor
and PROTAC technology, HBL-4 quickly and effectively degrades BRD4 and PLK1 proteins
in MV4-11 cells. It also significantly inhibits C-MYC expression, induces apoptosis, and
inhibits cell proliferation more effectively and lastingly compared to BI-2536, thus reducing
the dosage and time of administration and side effects. At well-tolerated dosage, HBL-4
achieved complete and sustained tumor regression in MVV4-11 acute leukemia xenograft
mouse models with excellent pharmacokinetics in vivo. HBL-4 is the first reported dual
degrader of kinase and BRDs, representing an important advance in PROTAC-based cancer
treatment.

In general, BRD4 PROTACS can selectively degrade target protein BRD4, showing better
preclinical antitumor activity and therapeutic effects than their corresponding inhibitors. The
development of dual-target protein degraders such as HBL-4 provides a proof-of-concept for
future design of PROTACS targeting BRD4 and other kinases. Although BRD4 PROTACs
have not yet entered clinical trials, they have great potential as powerful biological and
pharmacological agents to significantly improve clinical efficacy and drug resistance of
BRD4- and BET-targeting small-molecule inhibitors.

CONCLUSIONS AND PERSPECTIVES

The development and progression of malignant tumors are complex, involving perturbation
of multiple related targets. Target-selective inhibitors frequently affect only one dominant
oncogene in the tumor, which may lead to rapid drug resistance in responsive patients.
Dysfunctioning of BET proteins is closely related to cancer development. Unfortunately,
BET inhibitors are less successful in recent clinical trials, not only because of the toxicity
and side effects but also due to drug resistance-altered signaling and transcription pathways.
Encouragingly, multitarget drugs have been increasingly recognized in emerging cancer
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therapy. The synergy between BET and multiple tumor-related target inhibitors provides a
conceptual framework for development of powerful dual-target BET inhibitors.

At present, commonly used strategies for dual BET inhibitor development focus mainly

on drug repurposing, skeleton modification of lead compounds, pharmacophore fusion, and
computational approaches. In this review, we summarize the research progress on dual
inhibitors of BET proteins with kinase and non-kinase targets, paving the road for future
design of dual BET inhibitors. Likewise, dual-target protein degraders, such as HBL-4, also
provide a new strategy to design PROTACS targeting BET and other targets. Dual BET
inhibitors have not been widely applied to new targets, such as BCL2 and Aurora A that
show functional synergy with BET, and direct BET-interacting proteins. Although research
on dual-target inhibitors of BET proteins has brought great expectations for tumor treatment,
few dual-target inhibitors have successfully entered clinical trials. Given the increase in
relative molecular mass and structural complexity, the physicochemical properties and
pharmacokinetics of dual-target drugs may not be ideal and require significant optimization
considering the involvement of multiple targets with sometimes unforeseeable functions and
synergy in the cell. The current challenge is to balance the activities of dual targets and
obtain inhibitors with desirable pharmacological properties and safety.

In summary, dual-target inhibitors of BET proteins are encouraging, but still have room

for improvement. With more understanding of the mechanisms underlying tumor initiation/
progression and applications of pharmacophore fusion and 3D spatial structure similarity of
binding sites, multiple-targeting remains one of the most promising directions in medicinal
chemistry to design and develop dual-target inhibitors based on key targets that can produce
synergistic, antagonistic, or compensatory mechanisms with BET proteins. We believe dual-
target BET inhibitors will show great promise in future antitumor drug development.
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FIGURE 1.
Schematic diagram of BRD4 domain features and crystal structures. (A) Domain

architecture of three BRD4 protein isoforms. (B) Crystal structure of BRD4(1) (PDB ID:
3MXF). (C) Crystal structure of BRD4(2) (PDB ID: 5U2C). (D) NMR structure of the
BRD4 ET domain (PDB ID: 6BNH). Protein is represented by blue ribbons with WPF shelf
residues indicated by yellow sticks
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FIGURE 2.
Schematic diagram of gene regulation and protein interactome networks of BRD4. (A)

Schematic diagram of BRD4 gene-regulatory networks. (B) Schematic diagram of BRD4
interactome. BCL2, B-cell lymphoma 2; BD2, bromodomain 2; BID, basic residue-enriched
interaction domain; BRD2, bromodomain-containing protein 2; BRD3, bromodomain-
containing protein 3; BRD4, bromodomain-containing protein 4; BRD8, bromodomain-
containing protein 8; BRDT, bromodomain testis-specific protein; BRPF3, bromodomain
and PHD finger-containing protein 3; CAMKK?2, calcium/calmodulin-dependent protein
kinase kinase 2; CCL2, C-C motif chemokine ligand 2; CCNT1, cyclin T1; CDH15,
cadherin 15; C-MY C, myelocytomatosis viral oncogene cellular homolog; CDK9, cyclin-
dependent kinase 9; CK2, casein kinase 1I; DDX18, DEAD-box helicase 18; E2F,
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early 2 factor; FOSL1, fos like 1; GAS7, growth arrest specific 7; GREBL1, growth
regulating estrogen receptor binding 1; HMOXZ1, heme oxygenase 1; HTRAL, HtrA serine
peptidase 1; IGFBP1, insulin-like growth factor-binding protein 1; IL-2, interleukin-2;
IL-8, interleukin-8; INO80B, INO80 complex subunit B; KDM1B, lysine demethylase
1B; KEAP1, Kelch-like ECH-associated protein 1; KMT5B, lysine methyltransferase
5B; MYCN, myelocytomatosis viral oncogene neuroblastoma-derived homolog; NAA35,
N-alpha-acetyltransferase 35; NPM1, nucleophosminl; NPS, N-terminal cluster of CK2
phosphorylation sites; NRF2, nuclear factor erythroid 2-related factor 2; NSD2, nuclear
receptor binding SET domain protein 2; NSD3, nuclear receptor binding SET domain
protein 3; PSA, puromycin-sensitive aminopeptidase; P-TEFb, positive transcription
elongation factor b; RFC3, replication factor C subunit 3; ROS, reactive oxygen species;
SP110, SP110 nuclear body protein; TEX43, testis-expressed 43; TFF1, trefoil factor 1;
ZNF740, zinc finger protein 740
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FIGURE 3.

Dual-target inhibitors of BET bromodomains and CDKSs. (A) Chemical structures of
dinaciclib, flavopiridol and compound 3. (B) X ray cocrystal structure of Dinaciclib bound
to BRD4(1) (PDB ID: 4070). (C) X ray cocrystal structure of dinaciclib bound to CDK2
(PDB ID: 4KD1). (D) X ray cocrystal structure of Flavopiridol bound to BRD4 (PDB ID:
4071). (E) X ray cocrystal structure of flavopiridol bound to CDK9/cyclin T1 (PDB ID:
3BLR). Protein is represented by gray ribbons, with key compound-contacting residues
indicated by yellow sticks. The compound is shown in sticks and colored according to the
atom type (C, light blue; N, blue; O, red; Cl, green). Black dashed line = hydrogen bond;
orange sphere = water molecule
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FIGURE 4.

Development of dual-target inhibitors of BET bromodomains and PLK1. (A) X ray cocrystal
structure of BI-2536 bound to BRD4(1) (PDB ID: 4074). (B) X ray cocrystal structure of
BI-2536 bound to PLK1 (PDB ID: 2RKU). (C) SARs of BI-2536. Protein is represented

by gray ribbons with key compound-contacting residues highlighted in yellow sticks. The
compound is shown in sticks and colored according to the atom type (C, light blue; N, blue;

O, red). Black dashed line = hydrogen bond; orange sphere = water molecule
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Other dual-target inhibitors of BET bromodomains and PLK1
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FIGURE 6.

Design and SARs of dual-target inhibitors of BET bromodomains and ALK. (A) BI-2536
forms key interaction with BRD4 (blue) and PLK1 (green). (B) SARs of dual-target
inhibitors of BET bromodomains and ALK. (C) X ray cocrystal structure of compound
9-6 bound to BRD4(1) (PDB ID: 6Q3Z). Protein is represented by gray ribbons with key
compound-contacting residues highlighted in yellow sticks. The compound is shown in
sticks and colored according to the atom type (C, light blue; N, blue; O, red; S, yellow).
Black dashed line = hydrogen bond; orange sphere = water molecule
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FIGURE 7.

Development of dual inhibitors of BET bromodomains and JAK2. (A) Chemical structures
of TG101348 and TG101209. (B) X ray cocrystal structure of TG101348 bound to BRD4(1)
(PDB ID: 40GJ). (C) SARs of dual inhibitors of BET bromodomains and JAK2. Protein

is represented by gray ribbons, with key compound-contacting residues indicated by yellow
sticks. The compound is shown in sticks and colored according to the atom type (C, light
blue; N, blue; O, red; S, yellow). Black dashed line = hydrogen bond; orange sphere = water
molecule
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Dual-target inhibitors of BET bromodomains and PI13K. (A) Chemical structures of dual
inhibitors of BET bromodomains and PI3K. (B) X ray cocrystal structure of SF2523

bound to BRD4(1) (PDB ID: 5U28). (C) X ray cocrystal structure of SF2558HA bound

to BRD4(2) (PDB ID: 5U2C). Protein is represented by gray ribbons, with compound-
contacting residues indicated by yellow sticks. The compound is shown in sticks and colored
according to the atom type (C, light blue; N, blue; O, red; S, yellow). Black dashed line =
hydrogen bond; orange sphere = water molecule
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Dual-target inhibitors of BET bromodomains and p38 kinase
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FIGURE 11.
Design of dual-target inhibitors of BET and HDAC based on a pharmacophore fusion

strategy. (A) The pharmacophore model of HDACI. (B) Design of compounds 41 and 42.

X ray cocrystal structure of JQ1 bound to BRD4(1) (PDB ID: 3MXF). (C) Design of
compounds 44, 45, and 46. X ray cocrystal structure of ABBV-744 bound to BRD2(2) (PDB
ID: 6E6J). Protein is represented by light blue surface, with compound-contacting residues
indicated by yellow sticks. The compound is shown in sticks and colored according to the
atom type (C, light blue; N, blue; O, red; Cl, green; F, light cyan). Black dashed line =
hydrogen bond
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Design and SARs of dual-target inhibitors of BET and HDAC based on a pharmacophore
fusion strategy (tetrahydroquinoline skeleton, quinolinone skeleton, and N6-benzoyladenine

skeleton)
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Design and SARs of dual-target inhibitors of BET and HDAC based on the pharmacophore
fusion strategy (3,5-dimethylisoxazole skeleton and indole skeleton). Protein is represented
by light blue surface, with compound-contacting residues indicated by yellow sticks. The

compound is shown in sticks and colored according to the atom type (C, light blue; N, blue;
O, red). Black dashed line = hydrogen bond
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FIGURE 14.
Design and SARs of dual-target inhibitors of BET/HDAC based on pharmacophore fusion of
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