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The importance of BET protein BRD4 in gene transcription is well
recognized through the study of chemical modulation of its character-
istic tandem bromodomain (BrD) binding to lysine-acetylated histones
and transcription factors. However, while monovalent inhibition of
BRD4 by BET BrD inhibitors such as JQ1 blocks growth of hematopoietic
cancers, it is much less effective generally in solid tumors. Here, we
report a thienodiazepine-based bivalent BrD inhibitor, MS645, that af-
fords spatially constrained tandem BrD inhibition and consequently
sustained repression of BRD4 transcriptional activity in blocking pro-
liferation of solid-tumor cells including a panel of triple-negative breast
cancer (TNBC) cells. MS645 blocks BRD4 binding to transcription en-
hancer/mediator proteins MED1 and YY1 with potency superior to
monovalent BET inhibitors, resulting in down-regulation of proinflam-
matory cytokines and genes for cell-cycle control and DNA damage
repair that are largely unaffected by monovalent BrD inhibition. Our
study suggests a therapeutic strategy to maximally control BRD4 activ-
ity for rapid growth of solid-tumor TNBC cells.
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Bromodomains (BrDs) in transcription proteins bind acetyl-
lysine in histones and transcription factors to direct gene

transcription in biology and disease conditions (1–3). As argu-
ably the best-known BrD and extraterminal (BET) family pro-
tein, BRD4 contains two characteristic tandem BrDs and is
recognized as a major drug target owing to its implicated func-
tions in oncogenesis and inflammation (4, 5). Specifically, it has
been shown that a BRD4-NUT fusion protein is responsible for
aggressive carcinoma (6), and BRD4 is identified by RNAi
screening as one of the most important oncogenes in acute my-
eloid leukemia (7). BRD4 relies on BrD/acetyl-lysine binding to
recruit transcription factors and mediators to form cis-regulatory
element enhancers for spatial and temporal control of gene
transcription (8, 9) and the p-TEFb (positive transcription
elongation factor) complex to phosphorylate RNA polymerase II
and activate transcriptional elongation (10, 11). Thus, pharma-
cological inhibition of BRD4 BrDs is considered a new thera-
peutic approach to treat cancer and inflammatory disorders.
Potent pan-BET BrD inhibitors have been developed (12),

including JQ1 (13), MS417 (14), and I-BET762 (15), that share
the core diazepine scaffold, initially disclosed in a patent by
Mitsubishi Tanabe Pharma (16). Selective BET inhibitors were
also reported such as diazobenzene MS436 with 10-fold selec-
tivity for the first BrD (BD1) of BRD4 over the second BrD
(BD2) (17) and a quinazolone RVX208 with 20-fold selectivity
for BD2 over BD1 (18). The notion of simultaneous chemical
inhibition of tandem BrDs of BET proteins using bivalent in-
hibitors, suggested by Arnold et al. in a patent filing (19), was
demonstrated with two recently reported bivalent BET BrD inhibi-
tors, triazolopyridazine-based AZD5153 (20–22) and diazepine-based
MT1 (23) that exhibit much higher efficacy than monovalent BrD
inhibitors in growth inhibition of hematopoietic cancer cells. Notably,

while these BET inhibitors validate the therapeutic potential of BRD4
in cancer models, they are mostly effective in hematopoietic cancers,
but much less so for solid tumors such as malignant breast and cervix
cancers (7, 13, 24–29). In this study, we report a class of bivalent BET
BrD inhibitors designed to inhibit the tandem BD1/BD2 of BRD4 in
a spatially constrained manner. We show through structural and
biophysical analysis that chemical composition and rigidity of a linker
of bivalent BET inhibitors play an important role in determining their
cellular efficacy in inhibiting BRD4 activity in gene transcription in
chromatin, as illustrated in triple-negative breast cancer (TNBC) cells.

Results and Discussion
The tandem BrDs in BRD4 interact with multiple lysine-acetylated
proteins in a coordinated fashion at different steps during gene
transcription in chromatin (5). This dynamic functionality is likely
offered by a flexible BD1/BD2 linker sequence of 140–190 residues
with high-degree variations among the BET proteins (Fig. 1A). To
understand the role of conformational dynamics of this linker
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sequence in BET protein functions in gene transcription, we
designed and synthesized a series of bivalent BrD inhibitors by
linking two thienodiazepine-based BET inhibitor MS417 molecules
at the amide moiety with an alkyl, PEG, or aromatic benzene linker
of varied length and rigidity (Fig. 1B and SI Appendix, Table S1; see
the synthesis in SI Appendix).
We evaluated binding of our bivalent inhibitors to the indi-

vidual BD1 and BD2 and the tandem BD1–BD2 of BRD4 using
a fluorescence anisotropy-based competition binding assay (14)
(Fig. 1B and SI Appendix, Fig. S1A). PEG-linker attachment alone
as in MS689 has minimal impact on MS417 binding to the BD1 or
BD2 (Fig. 1B). PEG-linker bivalent inhibitors MS660 and
MS661 have affinities comparable to that of MS417 for binding
to the BD1 or BD2 (Ki of 33.3 nM and 22.4 nM vs. 23.5 nM for
BD1), but exhibit an over 10-fold increase in affinity when tested
for binding to the tandem BD1–BD2 (Ki of 2.8 nM and 2.3 nM),
which are five- to sixfold more potent than MS417 (13.5 nM) (Fig.
1B). The linker length is important, as the shorter linker inhibitor
MS687 (with one PEG unit) shows much smaller gain in affinity for
bivalent binding. A rigid benzene-linker inhibitor, MS688, shows a
striking 120-fold gain in affinity for bivalent binding. Similarly, alkyl-
linker inhibitors MS645 and MS659 show a 12- to 28-fold gain in
affinity for binding to the tandem BD1–BD2 over the single BD1 or
BD2. This synergistic BrD binding of bivalent MS645 and MS659
makes their affinities comparable to that of MS417 to the tandem
BD1–BD2, even though their affinities to the single BD1 and BD2
are much weaker thanMS417 (Ki of 232.8 and 323.1 nM vs. 23.5 nM
for BD1). Notably, the coordinated binding of these bivalent in-
hibitors to the tandem BD1–BD2 is markedly compromised upon
Ala mutation of Asn140 or Asn433, a key conserved residue in the
acetyl-lysine binding pocket that forms a hydrogen bond to the tri-
azole moiety of the thienodiazepine scaffold in MS417 (Fig. 1B)
(14). As expected, two bivalent control compounds of MS645(S/S),

which are composed of one S and one R enantiomer (MS994), or
two inactive R enantiomers (MS993), display a drastic reduction or
complete loss of binding to the BD1 and BD2 of BRD4, respectively.
Finally, these bivalent inhibitors show comparable potency to the
tandem BD1–BD2 of BRD2 and BRD3 as to that of BRD4.
We next assessed cellular activity of these bivalent inhibitors

on transcription of BRD4 target gene IL-6. MDA-MB-231 cells
were treated with individual BET inhibitors of 20, 100, and
500 nM for 2 h and IL-6 mRNA level was measured by qPCR
compared with DMSO control. Notably, the alkyl-linker inhibi-
tors MS645 and MS659 exerted over 70% inhibition of IL-6
expression at 20 nM, much higher than 20–30% inhibition by
JQ1 and MS417 (Fig. 1C). In contrast, the PEG-linker inhibitors
MS660 and MS661 surprisingly showed only effects comparable
to JQ1 and MS417, and the shorter PEG-linker inhibitor MS687
and the rigid benzene-linker inhibitor MS688 have little inhibition
on IL-6 expression even at 100–500 nM. These data strongly suggest
that interdomain conformational dynamics of the BD1–BD2 of
BRD4 in cells plays an important role in BRD4 functions in gene
transcription in chromatin, likely through influencing BRD4 inter-
actions with effector proteins. Accordingly, we extended further
characterization of bivalent BET inhibitor MS645.
We characterized MS645 bivalent binding effects on protein

conformation of the tandem BD1–BD2 module using dynamic
light scattering (DLS) technology. In contrast to the monovalent
inhibitor MS417 that has little effect on apparent molecular
weight (aMW) of the single BD1 of BRD4 compared with DMSO,
the bivalent inhibitor MS645 binding resulted in a major increase of
aMW (27.0 kDa vs. 16.9 kDa), indicating that it likely binds to two
BD1 molecules (Fig. 1D). Strikingly, with BD1–BD2, MS645
binding appears to tighten the tandem module as reflected by a
reduction in aMW (49.3 kDa vs. 53.2 kDa) (Fig. 1D). When Asn140
in BD1 is mutated to Ala, aMW is about the same as when treated

Fig. 1. Biophysical characterization of bivalent BrD inhibition of the BET proteins. (A) Domain organization of BRD4 and depiction of bivalent BET inhibitors.
(B) Binding affinity of BrD inhibitors to BET BrD proteins as determined by an FP assay. The BET BrD proteins used are BRD4-BD1 (amino acids 44–168), BRD4-
BD2 (amino acids 347–460), BRD4-BD1/2 (amino acids 44–477), BRD4-BD1/2_N140A (amino acids 44–477), BRD4-BD1/2_N433A (amino acids 44–477), BRD2-
BD1/2 (amino acids 73–473), and BRD3-BD1/BD2 (amino acids 24–434). The chemical composition and length (depicted by number of atoms) for the linker are
indicated for bivalent BET inhibitors. (C) Dose-dependent effects of BET inhibitors on transcriptional expression of IL-6 in MDA-MB-231 cells treated with the
BrD inhibitors as indicated for 2 h. Results represent at least three independent experiments and error bars denote SEM. (D) Effects of BrD inhibitor binding
on protein conformation of BRD4 BD1 alone or tandem BD1/BD2, as assessed by aMW of the protein determined by DLS. Measurements of UV, scattering
intensity, and refractive index change are color-coded in green, red, and blue, respectively.
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with DMSO or MS417, whereas mutation of Asn433 to Ala in BD2
results in a noticeable increase in aMW (i.e., 63.0 kDa with MS645
vs. 51.3 kDa and 51.1 kDa with DMSO and MS417, respectively)
(Fig. 1D). Similar effects were observed for BD1 and BD1–BD2
binding with JQ1 and the PEG-linker bivalent inhibitor MS660 (SI
Appendix, Fig. S1B). Collectively, these results indicate that MS645
likely forms a 1:1 stoichiometric complex with the tandem BD1–
BD2, and MS645 binding to the BD1 tends to affect domain–
domain orientation of the tandem module. Our NMR spectral
analysis further supported the notion that MS645 binds to the BD1
or the tandem BD1–BD2 in a stoichiometric manner and revealed
that in comparison with MS417, MS645 binding to BRD4 BD1–
BD2 is potent and highly dynamic, as illustrated by severe ligand-
induced line broadening of NMR resonances of indole NH of Trp81
and Trp374 that are located in the inhibitor binding site in BD1 and
BD2, respectively (SI Appendix, Fig. S1C). Further, when the key
Asn140 and Asn433 residues were mutated to Ala, the tandem
BD1–BD2 of BRD4 binding to MS645 was significantly reduced.
We attempted to cocrystalize bivalent inhibitor in complex with

BRD4 BD1–BD2 to understand the structural basis of bivalent
BET inhibition. Despite much effort, we succeeded in obtaining
only cocrystals of bivalent inhibitors MS645 or MS660 bound to
the BD1 resulting from the BD1–BD2 protein in crystallization.
The crystals diffracted to 1.46 Å and 2.96 Å, respectively, and
structures were solved by molecular replacement using coordinates
of the I-BET151/BRD4–BD1 complex (3ZYU) (26) as the search
model (SI Appendix, Tables S2 and S3). The crystal structure of the
MS645/BD1 complex reveals that each unit cell contains two BD1
molecules and MS645 is bound to two symmetry-related BD1
protomers from two unit cells, and the four-helical bundles of two
BD1 protomers arranged in a nearly 100°orientation (Fig. 2A and
SI Appendix, Fig. S2A). In contrast, the MS660/BD1 structure
shows that MS660 bridges two symmetry-related BD1 molecules,

also from two unit cells, in a head-to-head and 180° orientation
(Fig. 2B and SI Appendix, Fig. S2A). Despite the difference in
protein domain orientation, the core thienodiazepine of the two
bivalent inhibitors is bound nearly identically in each BD1 (SI
Appendix, Fig. S2B), and similarly to monovalent inhibitor MS417
bound in the BD1. As revealed in the 1.46-Å resolution structure
of the MS645/BD1 complex, the residues in the BD1 in the acetyl-
lysine binding pocket are projected in the same poses to interact
with the bound ligand such as Asn140 that forms a 3.1-Å hydrogen
bond between its amide nitrogen and the triazole moiety and two
water-mediated hydrogen bonds from its amide oxygen to the in-
hibitor (Fig. 2C and SI Appendix, Fig. S2C).
The MS645/BD1 dimer structure reveals a unique water-

mediated hydrogen-bonding cluster, formed in a triangular fashion
by backbone oxygen of Leu92 of BD1 protomer A, oxygen of the
amide moiety projected from the core thienodiazepine bound in
BD1 protomer A, and chlorine of the chlorophenyl ring of the
thienodiazepine scaffold at the other end of MS645 bound in BD1
protomer B′ (Fig. 2C). Given that the alkyl linker sets the distance
between the amide and chlorophenyl groups from two ends of
MS645, the structure argues that a 10-carbon linker as in MS645
favors optimal bivalent inhibition. MS660 binding by BD1 also has a
water-mediated hydrogen-bond network arranged in a tetrahedral
geometry between a PEG oxygen atom in the linker and backbone
oxygens of Leu92 and Asn93 in the ZA loop (Fig. 2D and SI Ap-
pendix, Fig. S2D). However, unlike MS645, the flexible PEG linker
in MS660 does not offer rigidity to constrain the bivalent inhibitor in
a defined configuration that would in turn spatially define domain–
domain orientation of the BD1 dimer.
We next performed mutagenesis of residues at the inhibitor

binding site including Trp81, Leu92, and Leu94 in the BD1 and
corresponding Trp374, Leu385, and Leu387 in the BD2. As shown
by our fluorescence polarization (FP) assay, single mutation of

Fig. 2. Structural insights into bivalent BET inhibitor binding to BRD4. (A) Crystal structure of MS645 (yellow)/BRD4 BD1 dimer complex, shown in ribbon and
space-filled surface depictions. MS645 is color-coded by atom type and its electron density with Sigma-A-weighted 2mFo-DFc map. (B) Crystal structure of
MS660 (orange)/BRD4 BD1 dimer complex, shown in ribbon and space-filled surface depictions. MS660 is color-coded by atom type and its electron density
with Sigma-A-weighted 2mFo-DFc map. (C and D) Structural insights of MS645 or MS660 linker recognition at the domain–domain interface in the BRD4 BD1
dimer. Note that two symmetry-related protomers in the BD1 dimer are denoted as A and B′ as two molecules in two different crystallographic unit cells. (E)
Structural model of MS645 bound to the BD1–BD2 of BRD4, built based on the crystal structure of the MS645/BRD4 BD1 dimer.
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L92 andW81 to Ala, but not L94, in the BD1 of the tandem BD1–
BD2 of BRD4 resulted in a marked reduction of protein binding
to MS645 (i.e., Ki of 13 nM vs. 404 nM, 808 nM, and 26 nM for
WT vs. L92A, W81A, and L94A of BRD4 BD1/2, respectively) (SI
Appendix, Fig. S2E). Notably, Ala mutation of L92 and W81 in
both BD1 and BD2 of the tandem BD1–BD2 showed even more
profound loss in binding affinity to MS645 than the mutations in
the BD1 alone [i.e., Ki of 267 nM (L92A/L94A) vs. >100,000 nM
(L92A/L94A/L385A/L387A), and 808 nM (W81A) vs. >800,000 nM
(W81A/W387A)]. Further, while important, both L92 and W81
appear to be much less critical to MS660 binding than to MS645.
Finally, mutation effects for MS688, a rigid benzene-linker bivalent
inhibitor, are more similar to MS645 than MS660. Collectively,
these mutagenesis results support our structural insights of two
distinct modes of BRD4 BD1/2 recognition by MS645 vs. MS660.
This spatially constrained bivalent BRD4 BrD inhibition by

MS645 is attributed to a much slower release of IL-6 transcrip-
tion inhibition in a washout experiment than that by the PEG-
linker inhibitor MS660, monovalent inhibitors JQ1 and MS417,
or the reported bivalent inhibitors MT1 and AZD5153 (Fig. 3A).
This result is supported by the observation that MS645/BRD4
binding results in a much higher enhancement in cellular protein
stability of BRD4 than that byMS660, JQ1,MS417, MT1, orMS688,
without affecting stability of nonrelated protein (β-actin) as
shown by a cellular thermal shift study (Fig. 3B and SI Appendix,
Fig. S3A). This mechanism of action likely explains MS645’s
superior potency over JQ1, MS417, and MS660 in growth in-
hibition of a panel of TNBC cell lines (Fig. 3C) and other cancer
cells of ductal breast, prostate, and bladder cancers (SI Appendix,
Fig. S3B). MS645 is also consistently more potent than MT1 and
AZD5153 in a number of TNBC cells including MDA-MB-231
cells (SI Appendix, Fig. S3C). Further, we found that MS645 has
cell growth inhibitory effects similar to MS417 or JQ1 on noncancer
cell lines of mouse macrophage RAW cells and nontumorigenic
breast epithelial MCF10A (Fig. 3C). These results indicate that
MS645’s profound inhibitory activity against fast proliferation of
TNBC cell lines is likely not due to nonspecific cell toxicity.

We further compared MS645 to drugs approved by the Food
and Drug Administration or being evaluated in clinical trials to
treat breast cancer that include ENMD-2076 (kinase inhibitor)
(30), panobinostat (pan-HDAC inhibitor by Novartis) (31),
methotrexate (folate metabolism for purine synthesis) (32), and
erlotinib (EGFR kinase inhibitor) (33) in cell growth inhibition of
MDA-MB-231 and macrophage RAW 264.1 cells. MS645 is much
more potent than ENMD-2076 and erlotinib on MDA-MB-231 cell
growth inhibition and comparable to methotrexate and panobino-
stat (SI Appendix, Fig. S3D). These results highlight that MS645
appears to have a clear advantage over panobinostat, as the latter is
rather toxic as shown with macrophage RAW cells.
We next performed RNA sequencing (RNA-seq) of MDA-

MB-231 cells that were treated with MS645 or JQ1 at 50 nM and
500 nM in an effort to understand how MS645 exerts such a
profound cell growth inhibition on cancer cells. While MS645 or
JQ1 treatment appear to have a similar trend in altering gene
transcription, the former affects many more genes both in cate-
gories of down-regulated and up-regulated genes (Fig. 4A, SI
Appendix, Fig. S4 A and B, and Dataset S1). Specifically, Venn
diagram analyses show that treatment of MS645 at 500 nM or
50 nM resulted in 2,504 and 1,549 genes down-regulated and
2,184 and 1,165 genes up-regulated at least by twofold, re-
spectively, whereas JQ1 at 50 nM shows limited effects, and at
500 nM causes only 562 and 256 genes down- or up-regulated, re-
spectively (Fig. 4B, SI Appendix, Fig. S4 C and D, and Dataset S2).
Gene Ontology analyses further revealed that genes important in
cytokine signaling, IFN signaling, and the immune system (such as
CXCL2, MAPK3, PDGFB, and SOCS2) are among the top
enriched gene groups commonly down-regulated by MS645 and
JQ1 (SI Appendix, Fig. S4E). Notably, genes that function in cell-
cycle control and DNA damage repair as well as mitochondrial
translation (such as CDK6, RAD51, and MRPL19) represent the
top enriched groups uniquely down-regulated by MS645 (Dataset
S3). Examples of RNA-seq tracks showing transcriptional down-
regulation of representative genes in the top enriched groups by
MS645 vs. JQ1 treatment illustrate the profound cellular activity of
this bivalent BET inhibitor over monovalent JQ1 in controlling

Fig. 3. Superior cellular efficacy of MS645 in cancer-cell growth inhibition. (A) Persistent transcriptional repression of IL-6 by MS645 over other BET inhibitors
in a washout study of MDA-MB-231 cells. The cells were treated with a BET inhibitor (1 μM) or DMSO for 2 h then washed with fresh medium twice and
cultured for time periods as indicated. The mRNA level of IL-6 was measured after compound-imposed transcriptional inhibition. The data are plotted from
one representative experiment and error bars represent SD of technical repeats. (B) Effects of the BET inhibitors of MS645, MS660, MS688, and JQ1 on protein
stability assessed in a cellular thermal shift assay and shown by a representative set of Western blot analyses of BRD4. (C) Effects of MS645, MS660, JQ1, and
MS417 on cell growth inhibition of cancer and noncancer cell lines, as assessed in an MTT assay. IC50 values are listed in a table. Results presented in B and C
were all from at least three independent experiments and error bars designate SEM.
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BRD4 function in gene transcriptional activation (Fig. 4C). We
confirmed by qPCR that mRNA transcript levels of CDK6 and
RAD51 exhibit a rapid reduction in HCC1806 TNBC cells, as
early as 4 h after MS645 treatment (Fig. 5A). This is correlated
with an MS645-induced decrease of protein expression levels of

CDK6 and RAD51, and to a lesser extent CDK4, but not CDK2,
CDC2/CDK1, or cyclin B1 in a dose-dependent manner (Fig. 5B).
MS645 treatment also resulted in a dramatic reduction of c-Myc
expression and an increase of p21, a tumor suppressor and cell-
cycle inhibitor (Fig. 5B).

Fig. 4. RNA-seq analysis of modulation of gene transcription by MS645 vs. JQ1. (A) Global changes in gene transcription of MDA-MB-231 cells after MS645 or
JQ1 treatment at 50 or 500 nM, as shown in log twofold change scale. mRNA was collected for RNA-seq analysis from the MDA-MB-231 cells after treatment
with DMSO, MS645, or JQ1 for 18 h. (B) Venn diagram analysis showing genes with over twofold changes after MS645 or JQ1 treatment as indicated. (C)
Representative RNA-seq tracks highlighting the profoundly superior activity of MS645 over JQ1 in down-regulation of transcriptional expression of a select
number of genes that are important for oncogenesis. The BRD4 ChIP-seq tracks shown as reference for BRD4 target genes were generated with MCF7 breast
cancer cells and are available from the Gene Expression Omnibus database (accession no. GSE55921) (35).

Fig. 5. Control of TNBC cell proliferation by bivalent BET inhibitors. (A) Time-course measurements of mRNA levels of CDK6 and RAD51 in HCC1806 cells after
MS645 treatment. (B) Effects of MS645 on expression of proteins important for cell-cycle control in HCC1806 cells, as assessed by Western blot analysis. (C)
ChIP analysis of effects of MS645 vs. JQ treatment on BRD4 dissociation from target genes. Results were from at least three independent experiments and
error bars designate SEM. (D) Coimmunoprecipitation experiment showing that MS645, but not JQ1 or MS417, dissociates BRD4 from its interaction with
MED1 (Upper) or transcription factor YY1 (Lower). (E) Schematic illustration of the mechanism of action of bivalent BET BrD inhibitor MS645 in blocking BRD4
activity in gene transcriptional activation: MS645 binding to the tandem BD1–BD2 of BRD4 exerts spatially constrained inhibition of BRD4, which locks BRD4 in
an inactive state and blocks it from binding to effect proteins, leading to a sustained down-regulation of gene transcription. Note that the study cannot
exclude the possibility of MS645 inhibition of other BET proteins or engaging in a bimolecular target protein inhibition in cells.
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We postulated that spatially constrained BD1/BD2 inhibition
by MS645 may allosterically disrupt BRD4 association with
transcription factors and enhancer/mediator proteins required
for accelerated tumor-cell proliferation (8, 9, 34). It was reported
that a significant gain of superenhancers in JQ1-resistant
SUM159R TNBC cells resulted from strong association of
MED1, a key component in the enhancer/mediator complex,
with hyperphosphorylated BRD4 and BrD-independent BRD4
recruitment to chromatin (34). Indeed, we observed by ChIP
PCR that MS645 not only dissociates BRD4 but also MED1
from CDK6, RAD51, and BRCA1 gene loci, whereas JQ1 only
affects BRD4 but not MED1 (Fig. 5C). Our coimmunoprecipi-
tation study further confirmed that only MS645, but not JQ1 or
MS417, inhibits BRD4 association with MED1 or transcription
factor YY1 (Fig. 5D). Collectively, these results show that
MS645 effectively inhibits TNBC cell growth through its sus-
tained inhibition of BRD4 activity in transcriptional activation
of genes of key cellular pathways including cell-cycle control
and DNA damage repair required to sustain cancer cell
rapid growth.
In this study, we report a class of bivalent BrD inhibitors

designed to simultaneously target the tandem BrDs of BRD4.
We show that spatially constrained binding of BRD4 BD1–BD2
preferentially by our lead bivalent BET BrD inhibitor MS645
affords a sustained inhibition of BRD4 by blocking BRD4 in-
teractions with transcription enhancer/mediator proteins MED1
and YY1 that are required for accelerated proliferation of solid-
tumor TNBC cells (Fig. 5E). We demonstrate that the linker
length, composition, and rigidity of a bivalent BET inhibitor are
determinant factors in dictating its inhibitory capability toward
BRD4 transcriptional activity in the functional context in cells.
The recently reported PEG-linker bivalent inhibitor MT1 imi-
tates cellular efficacy of MS645 to some extent, whereas
AZD5153 is much less effective, or almost ineffective, against
solid-tumor TNBC cells (similar to our rigid, benzene-linker

bivalent inhibitor MS688). Importantly, our study highlights the
notion that the molecular mechanism of BRD4 function in gene
transcription in chromatin is far more complex than the current
simplistic view of its BrD binding to acetylated histones and
transcription proteins and likely varies in a cell-type and context-
dependent manner. The latter is defined and influenced by a
distinct set of transcription factors and chromatin regulatory
proteins that BRD4 is associated with in gene transcription.
It should be noted that our study cannot exclude a possibility
of MS645 inhibition of other BET proteins, or to a lesser
extent engaging in a bimolecular target protein inhibition in
cells. Collectively, our study reported here suggests a thera-
peutic strategy to maximally control BRD4 transcriptional
activity required for rapid solid-tumor cancer-cell pro-
liferation such as the devastating, heterogeneous TNBC that
lacks targeted therapy.

Materials and Methods
Detailed procedures for purification, biochemical and structural analyses of
the BET proteins, cell growth and gene transcription assays, genomic se-
quencing analysis, and chemical synthesis of various BET BrD inhibitors are
described in SI Appendix, SI Materials and Methods.
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