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BRD4-specific PROTAC inhibits basal-like breast cancer partially
through downregulating KLF5 expression
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Interest in the use of proteolysis-targeting chimeras (PROTACs) in cancer therapy has increased in recent years. Targeting
bromodomain and extra terminal domain (BET) proteins, especially bromodomain-containing protein 4 (BRD4), has shown
inhibitory effects on basal-like breast cancer (BLBC). However, the bioavailability of BRD4 PROTACs is restricted by their non-
selective biodegradability and low tumor-targeting ability. We demonstrated that 6b (BRD4 PROTAC) suppresses BLBC cell growth
by targeting BRD4, but not BRD2 and BRD3, for cereblon (CRBN)-mediated ubiquitination and proteasomal degradation. Compound
6b also inhibited expression of Krüppel-like factor 5 (KLF5) transcription factor, a key oncoprotein in BLBC, controlled by BRD4-
mediated super-enhancers. Moreover, 6b inhibited HCC1806 tumor growth in a xenograft mouse model. The combination of 6b
and KLF5 inhibitors showed additive effects on BLBC. These results suggest that BRD4-specific PROTAC can effectively inhibit BLBC
by downregulating KLF5, and that 6b has potential as a novel therapeutic drug for BLBC.
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Graphical Abstract

INTRODUCTION
In 2020, breast cancer became the most frequently diagnosed
cancer due to its rapid tumor growth. Patients often develop
resistance to the following therapy. Basal-like breast cancer (BLBC)
is associated with an aggressive clinical course, shorter survival,
recurrence, and distant metastasis. It is a common malignancy,

affecting women worldwide. Therefore, new methods for treating
BLBC are urgently needed [1].
Bromodomain-containing protein 4 (BRD4), a member of the

bromodomain and extra terminal domain (BET) family, has been
implicated in the pathogenesis of breast cancer and is a novel
target for cancer therapy [2]. To date, BRD4-targeted BET inhibitors
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(BETis) such as JQ1 and OTX015 are undergoing clinical trials.
c-MYC is a well-known oncogenic transcription factor and a major
driver for a wide variety of cancers. No effective drugs that directly
target c-MYC are currently available. JQ1 was initially developed as
a c-MYC inhibitor because c-MYC is regulated by BRD4 [3, 4].
However, drug resistance and toxic side effects of monotherapy
hamper the development of BETis [5]. Future studies on the
function and specific regulatory mechanism of BRD4 may reveal
new mechanisms for BRD4-targeted therapy [5, 6]. BRD4 is usually
upregulated in BLBC and modulates the malignancy of related
genes, including the Twist/BRD4/Wnt5A axis [7], PP2A [8],
Jagged1/Notch1 signaling [9], and Snail [10]. These studies
indicate that targeted inhibition of BRD4 suppresses BLBC
migration, invasion, and epithelial-mesenchymal transition (EMT)
by downregulating these genes.
In recent years, proteolysis-targeting chimeras (PROTACs) have

provided an alternative approach to modulating protein home-
ostasis for cancer therapy, which might help in selecting sensitive
drugs to overcome small-molecule inhibitor insufficiency and
reduce side effects. Numerous BET PROTACs have been reported
that depend on different E3 ligases, including VHL [11], CRBN
[12–14], IAP [15], MDM2 [16], AHR [17], DCAF16 [18], RNF114 [19],
and RNF4 [20]. PROTAC was first proposed as a therapy in 2001,
but the development of proprietary drugs has been hampered by
the lack of available E3 ligand. Cereblon CRBN-based PROTACs
have a lower molecular weight than VHL, and can readily be
formulated as orally bioavailable PROTACs as novel anticancer
agents. CRBN is the substrate receptor of Cullin4 complex, which
promotes substrate protein ubiquitination and degradation. ARV-
825 is the first CRBN-BRD4 PROTAC, degrading all BET protein [21].
PROTACs that target oncoproteins such as ERα, CDK4/6, PI3K,

BETs, PARP1, and eEF2K, have shown great promise for breast
cancer treatment [22]. The first ERα-targeting PROTAC, ARV-471,
has been approved for use in phase II clinical trials to treat
patients with locally advanced or metastatic ERα-positive/HER2-
negative breast cancer [23]. Bai et al [12]., synthesized the first
CRBN-dependent BET degrader, BETd-246, which efficiently
decreased BET protein levels in BLBC cell lines in both a PDX
model and MDA-MB-231/453/468 xenografts.
Most BRD4 PROTACs simultaneously degrade all three BRD

proteins, thereby increasing drug toxicity [24, 25]. MZ1 and ARV-
825 efficiently downregulate BET protein expression, inducing
MDA-MB-231 and BT549 apoptosis, and promoting MCL1 and
H2AX activation; however, no synergistic activity is observed when
combined it is combined with docetaxel/olaparib/cisplatin [26].
MZ1 has strong cytotoxic effects in the naturally drug-resistant
cell, HCC1954, and MZ1 is widely distributed in tissues, causing
toxic side effects [26, 27]. In the BLBC xenograft model, MZ1 and
ARV-825 improved tumor-targeting ability, leading to enhanced
BET degradation, antitumor potency, and decreased toxicity [27].
MS83, by linking KEAP1 ligand, reduces the levels of BRD4 and
BRD3, but not BRD2, and selectively degrades the BRD4-S isoform
in both MDA-MB-468 and MDA-MB-231 cell lines [28]. Similarly,
PROTAC molecule 24 selectively degrades BRD4-L and BRD3, but
not BRD2 or BRD4-S in MCF7 [29].

Having a few representative BRD4-selective PROTAC may be
preferable to using pan-BET inhibitors for cancer therapy [30, 31].
The first BRD4 BD1 (DC50/5 h= 5 nM)-specific PROTAC (ZXH-3-26)
designed by Ciulli et al [32]., shows activity exclusively on BRD4
and spares degradation of BRD2 or BRD3 in cellular degradation
assays. Off-target degradation can be tuned by the linker
composition, but no cellular anti-proliferative efficacy against
cancer cells was reported [32]. This might be because ZXH-3-26 is
derived from dBET23 and dBET6 which have shown toxicity both
in vivo and in vitro. dBET57, a potent and selective CRBN-based
degrader of BRD4BD1, is one of the marketed drugs for solid
tumors, triggers a rapid, durable, and selective degradation of
BRD4 over BRD2/3, with a DC50/5 h of 500 nM for BRD4BD1 in
neuroblastoma [32, 33], promoting BRD4 ternary complex for
protein degradation [34]. However, dBET57 at a 300 nM concen-
tration dramatically induces BRD2/3 degradation in neuroblas-
toma cell lines, including SK-N-BE (2), IMR32, and SH-SY5Y [33]. At
a concentration of 1200 nM, dBET57 is significantly reduced or
almost completely erased. These studies highlight the need to
identify more specific and safer BRD4 degraders.
Krüppel-like factor 5 (KLF5) transcription factor is a potential

therapeutic target for BLBC [35, 36]. KLF5 promotes cancer cell
proliferation and the cell cycle by inducing transcription of FGF-
BP1 [37] and Cyclin D1 [38], and inhibiting transcription of p27 [39]
and p21 [40]. We have previously reported that BRD4 maintains
high expression levels of KLF5 in HCC1806 and HCC1937 breast
cancer cell lines, and that JQ-1 and compound 870 strongly inhibit
the transcriptional expression of KLF5 and BLBC cell growth [41].
The therapeutic potential of selective BRD4 degraders and their

mechanism of action in BLBC have not previously been reported.
Based on our optimization, we developed compound 6b as a
highly potent BRD4-specific degrader and investigated its
therapeutic potential and mechanisms of action in BLBC in vitro
and in vivo. Our study aims to confirm a new PROTAC as a
selective degrader targeting BRD4 and represents a promising
therapeutic approach for BLBC.

RESULTS
Discovery of 6b as a specific degrader of BRD4 protein
We chose ABBV-075, developed by AbbVie, as a ligand for the BET
protein. It has demonstrated strong efficacy in inhibiting BET
protein both in vivo and in vitro, with excellent safety profiles. This
compound holds great promise as a clinical candidate for oral
treatment of a wide range of cancers.
Based on our previous knowledge, we constructed a degrader

library derived from ABBV-075. After subsequent screening and
optimization, we identified 6b as a selective degrader of BRD4, but
not BRD3 and BRD2 (Fig. 1), making it a valuable tool for BRD4
protein knockdown.

6b potently and selectively depletes BRD4 protein in
BLBC cells
BRD2, BRD3, and BRD4 are expressed in breast tumors, whereas
BRDT is rarely expressed [42]. We selected HCC1937 and HCC1806

Fig. 1 Design and development of 6b. We constructed a degrader library based on ABBV-075, then screened and optimized, identified 6b as
a BET protein degrader based upon the potent and selective BRD4 inhibitor.
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BLBC cell lines for further study because of their high expression
levels of BRD4 (Fig. S1A). We evaluated the ability of 6b and its
analogs 6d, 6e, 6 f, and 6 g, to degrade BET proteins in HCC1806
and HCC1937 BLBC cell lines. Only 6b caused specific degradation
of BRD4 protein (Fig. 2A, B). Compared with other cell lines,
HCC1806 and HCC1937 cell lines were more sensitive to 6b
(Fig. S1B). We then detected dose-dependent BRD4 degradation
by 6b in BLBC cells. A near complete depletion of BRD4 proteins
was observed 48 hours after the addition of 0.01 μM 6b to
HCC1806 cells, and 0.1 μM 6b to HCC1937 cells (Fig. 2C).
Compound 6b (0.1 μM) induced time-dependent BRD4 degrada-
tion and degraded most BRD4 protein within 12 hours (Fig. 2D).
Next, we measured BRD4 protein stability using a cyclohex-

imide (CHX) chase experiment to verify whether 6b promotes
BRD4 protein degradation. The half-life of BRD4 protein was
markedly decreased in the presence of 6b (Fig. 2E). The results
confirmed that 6b selectively accelerated BRD4 protein
degradation.
JQ1, a small-molecule inhibitor for BRD4, is known to effectively

inhibit multiple BLBC cell lines. We used JQ1 as a positive control

to test whether 6b affected the expression of BRD4 downstream
target genes. Treatment of 6b for 48 hours led to a marked decline
in KLF5, c-Myc, SKP2, Bcl-2, and Bcl-XL levels, and increased levels
of Bim, p21, and p27 (Fig. 2F). Besides KLF5, these genes are BRD4
downstream target genes.

6b causes growth inhibition and cell cycle arrest in BLBC
cell lines
When we treated HCC1806 and HCC1937 cells with different
concentrations of 6b and observed cell growth over the course of
4 days using the sulforhodamine B (SRB) assay, we found that 6b
significantly inhibited cell growth in a dose-dependent manner
(Fig. 3A). Besides, 6b also effectively inhibited growth of other
three BLBC cell lines, including Hs578T, MDA-MB-231, and
SUM149PT (Fig. S2A). Interestingly, 6b does not cause significant
apoptosis according to flow cytometry analysis (Fig. S2B) although
6b decreased the Bcl2 and Bcl-XL protein levels (Fig. 2F).
Because 6b inhibits cell growth, it is likely that it causes cell

cycle arrest. To test this, we treated the HCC1806 and HCC1937
cells with 6b at concentrations of 0, 0.05, 0.1 and 0.2 μM for

Fig. 2 6b is a potent and highly selective degrader of BRD4 protein. A, B HCC1806 or HCC1937 cells were treated with 6b, 6d, 6e, 6f, and 6g
at the indicated doses for 48 hours, protein expression was analyzed by WB and GAPDH was included as a loading control. C HCC1806 or
HCC1937 cells were treated with 6b at the indicated doses for 48 hours for WB. D HCC1806 or HCC1937 cells were treated with 0.1 μM 6b for
the indicated time for WB. E HCC1937 and HCC1806 cells were treated with 6b or DMSO (0.1 μM) for 12 h, then treated with cycloheximide
(CHX, 50 μg/mL) for 1, 2, and 4 h. The cell lysates were collected for WB. The quantitative results are plotted below. GAPDH was used as the
loading control. F HCC1937 and HCC1806 cells were treated with JQ1 (3 μM) or 6b (0-0.5-1 μM) for 48 h. The protein expression was
measured by WB.
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48 hours and measured cell cycle progression using flow
cytometry. The proportion of cells in the G1 phase increased
in a dose-dependent manner after the administration of 6b
(Fig. 3B). We then examined the protein levels of cell cycle
regulators. Treatment with 6b decreased cyclinD1 expression
and increased the levels of p21 and p27 but not CDK4/6
(Fig. 3C). These results demonstrate that 6b induces cell cycle
arrest in the G1 phase in BLBC cells.
To further investigate whether 6b inhibits cell proliferation,

we chose HCC1806 and HCC1937 cell lines to measure DNA
synthesis using the EdU incorporation assay. As shown in

Fig. 3D, 6b gradually inhibited DNA synthesis in both cancer
cell lines in a dose-dependent manner. Furthermore, treating
the cells with 0.05 μM 6b almost eliminated colony formation,
as determined by colony formation assays (Fig. 3E). These
results indicate that 6b has a strong anti-proliferative effect on
BLBC cells.

6b promotes BRD4 ubiquitination and degradation
dependent on CRBN
As a PROTAC molecule, 6b recruits CUL4CRBN to ubiquitinate
BRD4 and induces its proteasomal degradation. We treated

Fig. 3 6b displays strong growth inhibition and cell cycle arrest in BLBC cell lines. A HCC1806 or HCC1937 cells were treated with 6b (0-0.2-
0.4-0.8-1.6-3.2 μM) for 4 days for cell viability assay. B HCC1937 and HCC1806 cells were treated with 6b (0-0.05-0.1-0.2 μM) for 48 hours for
Annexin V-PI apoptosis analysis. The quantitative results are plotted below. C HCC1937 and HCC1806 cells were treated with 6b (0-0.05-0.1-
0.2 μM) for 48 hours and cell lysates were collected for WB. D 6b (0-0.05-0.1-0.2 μM) was used to treat HCC1937 and HCC1806 cells for 48 h,
DNA synthesis was measured by the EdU assay, nuclei were stained with Hoechst 33342 (blue channel) and green channel represents EdU. The
total numbers of cells and EdU-incorporated cells in each sample were counted under a fluorescent microscope, percentages of EdU-positive
proliferating cells vs. total cells are shown. E Colony formatting unit assays of BLBC cells were performed on different formulations and
incubated with the freshly prepared medium for another 9 day (n= 3). *p < 0.05, **p < 0.01. *** p < 0.001. t-test.
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HCC1806 and HCC1937 cells with the proteasome inhibitor,
MG132. As expected, the 6b-induced decrease in BRD4
expression was blocked (Fig. 4A). Furthermore, we demon-
strated that 6b increased the ubiquitination of exogenous and
endogenous BRD4 (Fig. 4B, C).
To elucidate the role of CRBN in 6b-induced BRD4 degradation,

we knocked down CRBN in HCC1806 and HCC1937 cells (Fig. 4D).
CRBN knockdown blocked 6b-induced BRD4 degradation (Fig. 4E)
and significantly decreased the cytotoxicity of 6b in BLBC cells
(Fig. 4F). These results suggest that the 6b-mediated BRD4
degradation and BLBC growth inhibition depends on CRBN.

Overexpression of BRD4 rescues 6b-induced BLBC cell growth
inhibition
To confirm the role of 6b in promoting BRD4 degradation, we
tested whether ectopic BRD4 expression could rescue the 6b-
induced changes in BRD4 downstream target genes and
growth inhibition using HCC1806 and HCC1937 cells stably
expressing BRD4 (Fig. 5A). Consistent with the increased
expression levels of BRD4, the downregulation of KLF5, c-
MYC, and KLF5 target genes, including FGF-BP1, and Cyclin D1
proteins, by 6b was partially restored. Consistently, the cell
growth inhibition caused by 6b was significantly rescued by
stable overexpression of BRD4 in both BLBC cell lines (Fig. 5B).
Overexpression of BRD4 in BLBC cells also rescued them from
6b-induced cell cycle arrest, as determined by flow cytometry
(Fig. 5C, D). BRD4 overexpression reduced G1 arrest and p21
protein accumulation. Collectively, these results demonstrated
that 6b induced cell cycle arrest and that BLBC cell growth
inhibition mainly relied on targeting BRD4 for degradation.

6b suppresses BLBC tumor growth in mice
To investigate the functional role of 6b in suppressing BLBC tumor
growth, we inoculated HCC1806 cells into nude mice and treated
them with 5 or 10mg/kg 6b every two days. A 5 mg/kg dose of 6b
inhibited tumor growth (Fig. 6A). The tumor growth curves are
shown in Fig. 6B and C. No apparent changes were observed in
the mouse body weight for any of the treatments (Fig. 6C). We
detected KLF5, BRD4, and Ki-67 protein levels in mouse xenograft
tissues by immunohistochemistry and found that 6b dramatically
decreased the expression of these proteins (Fig. 6D). Finally, we
detected BRD4, Ki67, and KLF5 expression levels in tumors treated
with control or 6b (Fig. 6E). The BRD4 and Ki67 levels in tumors
treated with 10 mg/kg were lower than those in control group.
We determined whether 6b suppresses growth of a BLBC

patient-derived xenograft (PDX). We established UM1 PDX
xenografts and treated the mice with 5 or 10 mg/kg 6b every
two days. As expected, 6b significantly inhibited UM1 tumor
growth (Fig. 6F–I) in nude mice without affecting the body weight
of the mice (Fig. 6J). We detected KLF5, BRD4, and Ki-67 protein
levels in mouse xenograft tissues by immunohistochemistry. 6b
showed a good inhibitory effect on UM1 PDX model in terms of
both tumor growth and degradation of target protein (Fig. 6F, H,
and J).

6b suppressed BLBC cell growth through KLF5 in part
KLF5 is an important transcription factor that maintains BLBC
growth and is a BRD4 downstream target gene [41]. KLF5
regulates the transcription of downstream target genes, such as
FGF-BP1, Cyclin D1, and p21. We studied whether ectopic
expression of KLF5 could rescue 6b induced growth inhibition

Fig. 4 6b promotes BRD4 ubiquitination and degradation dependent on CRBN. A HCC1937 and HCC1806 cells were treated with indicated
6b and at the same time MG132 (3 μM) were added for 8 h. Cell lysates were collected for WB. B HEK293 cells were co-transfected with
plasmids expressing 3×Flag-BRD4 and HA-Ub for 2 days. Flag-BRD4 was immunoprecipitated with anti-Flag M2 beads under denaturing
conditions. Ubiquitinated BRD4 proteins were detected by anti-BRD4 antibody. C HCC1937 and HCC1806 cells were treated with 6b (0-0.01-
0.1 μM) for 48 h and then MG132 (20 μM) were added for the next 8 h. Cell lysates were collected for WB. D CRBN was knocked down by two
different siRNAs in HCC1937 and HCC1806 cells, as analyzed by RT-qPCR. E. CRBN was knocked down by two different siRNAs in HCC1937 and
HCC1806 cells for 48 h. 48 h later, cells were treated with 6b for indicated concentration, and cell lysates were collected for WB. F. CRBN
knockdown by two different siRNAs abrogated the inhibitory effects of 6b in HCC1937 and HCC1806 cells. Cell viability was measured by the
SRB assay. *p < 0.05, **p < 0.01. ***p < 0.001. t-test.
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and whether stable knockdown of KLF5 could sensitize BLBC cells
to 6b. We generated HCC1806 and HCC1937 cells stably
overexpressing KLF5 or stably depleting KLF5. Consistent with
previous results in Fig. 2D, we use 0.01 and 0.1 μM 6b to treat cells
and detect protein expression by Western blotting. However,
these concentrations were not ideal for detecting cell viability
(HCC1937 IC50= 1.7 μM; HCC1806 IC50= 1.3 μM) and higher
concentrations (0.8-1.6 μM) of 6b were more appropriate for this
assay. As expected, KLF5 overexpression dramatically increased
the BLBC cell viability in the presence of 6b (Fig. 7A, E). Stable
knockdown of KLF5 sensitized BLBC cells to 6b (Fig. 7B, E).
Consistent with previous results, KLF5 overexpression and
depletion positively changed the expression of FGF-BP1. We
found that 6b regulated the expression of KLF5 downstream
target genes, including FGF-BP1, p27, and p21 (Fig. 7C).

The combination of 6b with KLF5 inhibitor shows better
antitumor effects in BLBC
We previously reported that FZU-00,04 [43] and the che-
motherapeutic drugs EPI and PTX [44] inhibit KLF5 expression
through different mechanisms. We wondered whether 6b, in
combination with these compounds, would better inhibit BLBC.
To test this hypothesis, the HCC1806 and HCC1937 cells were
treated with these combinations. As shown in Fig. 7D, the
combination of 6b with the three drugs additively inhibited the
expression of KLF5 and its target genes, FGF-BP1 and CyclinD1.
The combination of 6b with the three drugs consistently
decreased the viability of BLBC cells. Based on the above, the
addition of these compounds could enhance 6b anticancer
property, use flow cytometry determine HCC1806 apoptosis
rate (Fig. 7F) made clear results that KLF5 has a major role in

the BLBC growth, 6b can be used as a potential degrader to
inhibit BLBC.
To test whether 6b in combination with KLF5 inhibitors, will

better inhibit BLBC in vivo, we selected implanted HCC1806
cells into the breast fat pad of nude mice and treated them
with 5 mg/kg 6b, 50 mg/kg FZU-00,004, or in combination
every day. Monotherapy with 6b or FZU-00,004 could
moderately reduce tumor growth, compared with monother-
apy, combination slightly decreased tumor volume but was not
statistically significant when measured in vivo (Fig. 8B). After
final treatment, we then sacrificed the mice and weighed the
wet weight of tumor, the combination therapy could modestly
reduce tumor growth (Fig. 8D). No apparent changes were
observed in the mouse body weight for any of the treatments
(Fig. 8C and E). We detected KLF5, BRD4, and Ki-67 protein
levels in xenograft tissues by immunohistochemistry and found
that both monotherapy and combination therapy could
decrease the expression of these proteins (Fig. 8F, G). We
further test whether 6b and FZU-00,004 exhibited synergistic
effects in BLBC. The SRB assay was employed to measure the
cell viability inhibition when treated with 6b PROTAC and FZU-
00,004. The analysis of combination effects was performed
using the SynergyFinder web application 2.0 (https://
synergyfinder.fimm.fi/). As anticipated, synergistic effects were
identified for 6b PROTAC in combination with FZU-00,004 in
HCC1937 and HCC1806 cell lines, with synergy scores of 16.2
and 19.4, respectively (Fig S3). The heatmap illustrated that the
least synergistic concentration of 6b and FZU00,004 was 1.5 μM
and 9 μM in HCC1937, and 0.9 μM and 7.5 μM in HCC1806.
These findings suggest that KLF5 blockade can partially
potentiate the efficacy of 6b in antineoplastic therapy.

Fig. 5 BRD4 overexpression rescue 6b induced BLBC growth. A HCC1937 and HCC1806 cells were infected with expressing an empty vector
pCDH or BRD4 were analyzed for expression of the transduced proteins by WB using antibodies against BRD4. GAPDH was used to show
equal protein loading. Relative growth is shown below. B HCC1937 and HCC1806 wild-type or stable overexpression BRD4 cells were treated
with 6b 0-0.8-1.6 μM for 72 h and cell viability was measured by SRB assay. C HCC1937 and HCC1806 cells stably expressing vector control or
exogenous BRD4 were treated with 0.2 cc of 6b for 48 h and stained with propidium iodide for cell-cycle analysis. The data represent one of
three independent experiments. Statistic analyze were shown below. D BRD4 overexpression suppressed the expression increase of cell cycle
protein p21 by 6b. *p < 0.05, **p < 0.01. ***p < 0.001. t-test.
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DISCUSSION
In this study, we investigated the selective, efficient, and
therapeutic potential of the small-molecule BRD4 degrader 6b in
BLBC, which exhibited excellent growth-inhibitory activity in the
majority of BLBC cell lines evaluated. We demonstrated that 6b

specifically recruits BRD4 to CUL4CRBN E3 ligase for ubiquitination
and degradation in BLBC. Importantly, 6b inhibited BLBC growth
via BRD4 and its downstream target KLF5. Compound 6b
exhibited anti-BLBC activity in vivo without significant toxicity.
The combination of KLF5 inhibitors and 6b showed additive
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effects on BLBC. Therefore, 6b is a leading compound with
potential for use as an anticancer drug.
Therefore, BRD4 is considered a therapeutic target for BLBC.

Previous studies have shown that BRD4 inhibitors, such as JQ-1, and
BRD4 degraders, such as MZ1 and ARV-825, largely induce G2/M
arrest and have profound effects on caspase-dependent apoptosis
[26]. Our data show that a key difference in the actions between the
BET protein degrader and 6b in BLBC cells is the robust induction of
apoptosis by the BET degrader and the minimal to moderate
induction of apoptosis by 6b. 6b induced G1 phase cell cycle arrest
(Fig. 3B) with minimal apoptosis (data not shown). Compared with
another BRD4 selective degrader, ZHX3-26, 6b showed more potent
growth inhibition in xenograft mouse tumor models, effectively
suppressing BLBC tumor growth at well-tolerated dosing schedules.
Compared with dBET57, 6b was more selective in BRD4 degradation.
This study demonstrates that BRD4-selective degrader 6b can
effectively and safely inhibit BLBC growth both in vitro and in vivo.
KLF5, an important oncogenic transcription factor in BLBC, was

downregulated by 6b. We have previously reported that KLF5 is
controlled by a super-enhancer and BRD4 in BLBC. BRD4 inhibitors
such as JQ-1 and compound 870 strongly downregulate KLF5
expression in BLBC cells. 6b consistently inhibited the expression
of KLF5 and its downstream target gene FGF-BP1 in BLBC cells.
More importantly, KLF5 overexpression partially rescued the
inhibitory effect of 6b, and KLF5 knockdown by shRNA enhanced
the cytotoxicity of 6b on BLBC cells (Fig. 7). These data suggest
that KLF5 is a key mediator of BET degrader-induced growth arrest
in BLBC cells. Therefore, it would be worth designing a
polymerized PROTAC to target both KLF5 and BRD4 in BLBC.
ARV-471, the first oral PROTAC targeting ERα to enter clinical

trials, has inspired a greater enthusiasm for breast cancer
treatment. All efforts are now directed toward its bioavailability,
systemic exposure, and stability in clinical testing. In the future, 6b,
which has prolonged efficacy, increased potency, and a higher
selectivity profile, needs to be tested in clinical trials to bring
clinical benefit to patients. We plan to design a peptide based on
the BRD4 protein structure with high binding affinity for accurate
delivery of PROTAC to the tumor site and effective degradation of
BRD4, using (AI)-aided peptide drug design using a hotspot-
centric Rosetta computational approach.
Unlike small molecule drugs, PROTACs could overcome drug

resistance by not directly binding target protein for a long time
and by high strength. For example, targeted degradation of CDK4/
6 overcomes CDK4/6 inhibitors resistance [45], and targeted BTK
C481S mutated protein degradation could overcome the resis-
tance of Ibrutinib caused by the mutation [46]. Recently, Guan
et al [47]. developed a promising nucleic acid-based PROTAC that
blocks transcription and targets the degradation of endogenous c-
MYC/MAX. This PROTAC not only restrains BLBC cell proliferation
but also suppresses BLBC tumor growth when administered in
combination with palbociclib [47]. This new approach guides our
future research direction. We may design a PROTAC that degrades
both KLF5 and BRD4. In addition, the combination of PROTAC with
either chemotherapy or antibody drugs may represent a promis-
ing alternative strategy for cancer therapy.
In summary, our study provides compelling preclinical data that

selectively targeting BRD4 protein for degradation is a promising

therapeutic strategy for BLBC. Compound 6b specifically recruits
BRD4 for CUL4CRBN E3 ligase for ubiquitination and degradation in
BLBC cells. It shows excellent anti-BLBC activity in vitro and in vivo
which is dependent on the degradation of BRD4 and downregulation
of KLF5. The clinical significance of 6b warrants further investigation.

MATERIALS AND METHODS
Chemistry
The synthesis of 6b-1 and 6b-2 was referred to reported synthetic routes,
Fig. S4 [48, 49]. To a solution of 6b-2 (430mg, 1.2 mmol, 1.2 eq.) in N,
N-dimethylformamide (5 mL), N, N-Diisopropylethylamine (0.49 mL,
3 mmol, 3.0 eq.) and HATU (456mg, 1.2 mmol, 1.2 eq.) were added and
the reaction mixture was stirred at room temperature for 1 h. Then, 6b-1
(367mg, 1 mmol, 1.0 eq.) was added, and the reaction and stirred at room
temperature for 4 h. The reaction mixture was poured into water (100mL)
and was extracted with ethyl acetate (3 ×100mL). The combined organic
layers were washed with brine, dried over Na2SO4, and concentrated under
reduced pressure. The crude product was purified via flash chromato-
graphy (PE/EA 1:1 - > 1:0) to yield 396mg (56%) of the desired product 6b.
1H-NMR (CDCl3, 400MHz): δ 10.36 (s, 1H), 9.09 (s, 1H), 8.21 (s, 1H), 7.55-7.52
(m, 2H), 7.41 (t, J= 7.48 Hz, 1H), 7.14-7.11 (m, 2H), 7.02-7.00 (m, 1H), 6.8-
6.79 (m, 4H), 6.69 (t, J= 7.6 Hz, 1H), 6.36 (s, 1H), 6.29 (t, J= 5.36 Hz, 1H),
4.90-4.87 (m, 1H), 3.63 (s, 3H), 3.37-3.35 (m, 2H), 2.84-2.68 (m, 3H), 2.48 (t,
J= 6.84 Hz, 2H), 2.07-2.00 (m, 3H) ppm; 13C-NMR (CDCl3, 100MHz): δ
171.69, 169.77, 169.25, 167.63, 154.95, 150.64, 146.91, 136.37, 134.01,
132.49, 130.56 129.28, 127.72, 126.81, 123.70, 123.27, 120.51, 118.05,
116.89, 112.04, 111.84, 111.21, 111.17, 110.14, 105.16, 103.68, 53.55, 49.04,
41.83, 36.52, 34.14, 31.57, 31.52, 29.81, 29.47, 24.79, 22.87; LC-MS:
calculated for C37H30F2N6O7 [M+ H]+ , 709.22; found 709.65.

Chemicals, reagents, and antibodies
MG132, and cycloheximide (CHX) were purchased from Sigma (St. Louis, MO,
USA). FZU-00,004 was synthesized by Haijun Chen (College of Chemistry,
Fuzhou University, China). Epirubicin, EPI purchased from Sigma-Aldrich
(USA). Paclitaxel, PTX purchased from MedChemExpress (China).
Antibodies for BRD2 (D89B4) (#5848; 1:1000), BRD4 (E2A7X) (#13440;

1:1000), c-Myc (E5Q6W) (#18583; 1:1000), CyclinD1 (#55506; 1:1000)
p21Waf1/Cip1 (12D1) (#2947; 1:2000), p27 (#2552; 1:1000), CDK4(D9G3E)
(#12790; 1:1000), CDK6 (D4S8S) (#13331; 1:1000), SKP2(#4358; 1:1000), Bcl-
2 (D55G8) (#4223; 1:1000), BCLxL(#2762; 1:1000), Bim(#2819; 1:1000),
β-actin (13E5) (#4970; 1:5000), and GAPDH (14C10) (#2118; 1:5000) were
purchased from Cell Signaling Technology. Antibody for BRD3 (#ab264294;
1:2000) were purchased from abcam. Antibodies for KLF5 (#AF3758,
1:1000) and FGF-BP1 (MAB1593; 1:500) were purchased from R&D Systems.

Cell culture
MCF10A, 184B5, HEK293T, HCC1937, HCC1806, MDA-MB-468, MDA-MB-231,
SUM149PT, Hs578T cell lines were purchased from the American Type Culture
Collection (ATCC, Manassas, VA, USA) Cell lines were reauthenticated with short
tandem repeat analysis and tested for mycoplasma contamination every
6 months after thawing in our experiments. HEK293T, Hs578T, MDA-MB-231,
and MDA-MB-468 cell lines were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% (v/v) fetal bovine serum (FBS);
HCC1937 and HCC1806 cells were cultured in Roswell Park Memorial Institute
(RMPI)-1640 medium supplemented with 10% FBS; MCF10A and 184B5 cell
lines were maintained in DMEM/F12 medium supplemented with EGF (10 ng/
mL), insulin (10 μg/mL), cholera toxin (100 ng/mL), hydrocortisone (0.5μg/mL)
with 10% horse serum. SUM149PT cell lines were maintained in Ham’s F-12
medium supplemented with insulin (5 μg/mL), hydrocortisone (1 μg/mL),
10mM HEPES with 10% FBS. All the cells were cultured at 37 °C in a humidified
atmosphere with 5% CO2.

Fig. 6 6b significantly suppressed HCC1806 xenograft and UM1 patient-derived xenograft tumor growth in nude mice. A Gross
morphology of HCC1806 xenografts tumor after intraperitoneal injection with 6b (5mg or 10mg kg−1). DMSO is a negative control for 24 days
(n= 6). B 6b significantly inhibited tumor volumes. C 6b significantly decreased tumor weights. D 6b did not significantly change mouse body
weights. E. The KLF5, BRD4, and Ki-67 levels were quantified by Image J after staining with specific antibodies in paraffin-embedded tissues, scale
bar equals 50 μM. F Gross morphology of UM1 xenografts tumor after mammary fat pad implantation with 6b (5mg or 10mg kg−1). DMSO serves
as a negative control (n= 6). G 6b significantly inhibited UM1 tumor growth. H 6b significantly decreased tumor weights I. 6b did not affect the
mouse bodyweight. J The KLF5, BRD4, and Ki-67 levels were quantified by Image J after staining with specific antibodies in paraffin-embedded
tissues, scale bar equals 50 μM. The data are represented as means ± SD. n ≥ 6 for mice in each group. (*p < 0.05, **p < 0.01. ***p < 0.001. t-test).
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Lentivirus preparation and transfection
All transfections for plasmids and siRNAs were performed using Lipofectamine
2000 (Invitrogen) according to the manufacturer’s instructions. Cells were
cultured at 5 × 105 cells/well in 6-well plates. After incubation for 24 h, the cells
were transfected with CRBN siRNA at 25 nM final concentration, The siRNA

target sequences for the human CRBN gene are siCRBN#1 5’- GCAGGACTTTG-
CACGATGA-3’, siCRBN#2 5’- GTAGCTGCTTGTCTTCCTA-3’. The sequence chosen
for preparing the KLF5 shRNA construct in the pSIH1-H1-Puro shRNA vector
were: shKLF5#5 5’- CGAUUACCCUGGUUGCACA-3’, shKLF5#7 5’- GAUGU-
GAAAUGGAGAAGUA-3’, shKLF5 3’UTR 5’- GCTGTAATGTATATGGCTTTA-3’.
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Lentiviruses prepared from HEK293FT cells. Stable knockdown cells were
selected with puromycin (1μg/mL; Sigma) in cell culture media for 48 h after
transfection. Cell lysates were then collected, and protein expression was
detected by Western blotting (WB). Full-length wild-type human KLF5 or BRD4
were cloned into pCDH vectors. Lentiviruses expressing KLF5 or BRD4 were
packaged and applied to infect target cells.

Ubiquitination assays
Plasmids were transfected into HEK293T cells for 48 h. Cells were harvested
in lysis buffer (50mM Tris-Cl and 1.5% SDS; pH 6.8) using a six-well plate.
Each well contained 150 μL lysis buffer. The cell lysate was boiled for 15min
to denature proteins. BSA buffer (50mM Tris-Cl, 180mM NaCl, 0.5% CA630,
and 0.5% BSA; pH 6.8; 1.2mL cell−1) was added to dilute the samples. Flag-
M2 beads (30 μL per sample; prewashed with BSA buffer 3×) were added to
immunoprecipitate Flag-BRD4 overnight with rotation in a cold room (4 °C).
Beads were washed 5× with 1mL ice-cold BSA buffer, resuspended in 30 μL
of 1× SDS-PAGE sample buffer, boiled for 7 min, and centrifuged for 2min
at 12,000 g. The supernatant was subjected to a Western blot.
Endogenous ubiquitination, performed by HCC1937 or HCC1806 cells

was treated with 6b (0-0.01-0.1 μM). After 2 days, the cells were treated
with 20 μM MG132 for 8 h to enrich polyubiquitinated BRD4 proteins. The
cells were harvested using the same method above. Protein A/G beads
(30 μL per sample; prewashed with BSA buffer three times) were added to
cell lysates were immunoprecipitated with the anti-BRD4 antibody with
rotation in a cold room (4 °C) and analyzed by immunoblotting with anti-
BRD4 to detect ubiquitination.

Colony formation assay
HCC1937 or HCC1806 cells were seeded into 6-well plates (2000 cells/well),
allowed to attach overnight, changed with fresh medium containing with
indicated 6b concentration, compared with DMSO (vehicle), and incubated for
9 days (change fresh medium every three days). Then the colonies were fixed
with methanol for 30min and stained with 0.1% crystal violet for 15min. After
that, the cells were washed with PBS and the colonies (>50 cells) were
photographed.

EdU Assay
HCC1937 or HCC1806 cells incubated with different concentrations of 6b were
inoculated into 6-well plates, and the prepared EdU (Invitrogen, Carlsbad, CA)
working solution was added to label the cells and then incubated for 2 h. Then
cells were fixed with 4% paraformaldehyde in a humidified incubator, and the
prepared solution was added after removing the fixative. Cells were incubated
with the permeabilizer for 10min, then add click reaction solution and Hoechst
33342 to cover the surface of cells and incubated against light.

Apoptosis and cell cycle
HCC1937 or HCC1806 cells treated with different concentrations of 6b.
Apoptosis was detected by using FITC Annexin V Apoptosis Detection Kit I
(BD Biosciences, San Jose, CA, USA). Cells were collected, washed with PBS,
and then re-suspend in 1× binding buffer with 5 μL of PE Annexin V for
5 min and 5 μl of 7-AAD for 15min in the dark at 37 °C in the dark, 400 μL
of 1× binding buffer was added to each sample. The samples were
analyzed via flow cytometry.
Cell cycle analysis cells were collected, centrifuged at 1000 rpm for

5min, washed, and fixed overnight at 4 °C in 75% ethanol. Washed with
cold PBS and stained with the 0.5 mL PI/RNase Buffer (BD Biosciences, San
Jose, CA, USA) at room temperature for 15min, dark area. The percentage
of cells in the G1, S, and G2/M phases of the cell cycle was analyzed by
using a flow cytometer.

Xenograft nude mouse model
All experiments involving animals were handled according to the protocol
(SMKX-20160305-08) approved by the Animal Ethics Committee of the
Kunming Institute of Zoology, CAS. All the mice were maintained in a
temperature-controlled and pathogen-free environment with 12 h light/
dark cycles and access to food and water ad libitum. All the animal
experiments were performed in accordance with relevant guidelines and
local regulations. Each group contains ≥ 6 animals, this study does not
involve the extent of blinding.
HCC1806 cells were resuspended in matrigel (Becton Dickinson, Franklin

Lakes, NJ) with 1640 medium (1:1 volumetric mixture) and injected
subcutaneously into the fat pads (Fig. 6A) or mammary fat pad
implantation (Fig. 6F and Fig. 8: 0.1 mL or 1 × 106 cells per injection site)
of female BALB/c nude mice (4–6 weeks). Tumor sizes were calculated
using the formula (0.5 × L × W). When the tumors grew to ∼20 mm3, the
mice were randomly distributed into three groups and administered either
6b (5 or 10mg kg−1) or DMSO control (5 mg kg−1) by intraperitoneal
injection once every 2 days. we add in order 10% DMSO (containing 6b),
40% PEG300, 5% Tween-80, 45% Saline, the solubility was good. Tumor
volumes were measured with calipers once every 2 days. After 25 days, the
mice were sacrificed and their tumor xenografts were immediately
dissected.
The ERα-PR-HER2- invasive ductal carcinoma UM1 patient-derived

xenograft tissues, which were maintained in fat-pads of BALB/c nude
mice without culture in vitro, were collected and dissociated as
described previously [50]. 1 × 106 UM1 cell implanted into mammary
fat pads of the BALB/c nude mice (4–6 weeks). Tumor sizes were
calculated using the formula (0.5 × L × W). When the tumors grew to
∼20 mm3, the mice were randomly distributed into three groups and
administered either 6b (5 or 10 mg kg−1) or DMSO control (5 mg kg−1)
by intraperitoneal injection once every 2 days. Tumor volumes
were measured with calipers once every 2 days. After 15 days, the
mice were sacrificed and their tumor xenografts were immediately
dissected.

Immunohistochemistry (IHC) assay
For KLF5, BRD4, and Ki67 staining, the slides were deparaffinized,
rehydrated, and the pressure cooker heated for 2.5 min in EDTA for
antigen retrieval. Endogenous peroxidase activity was inactivated by
adding an endogenous peroxidase blocker (Ori-Gene, Beijing, China) for
15min at room temperature. Slides were incubated overnight at 4 °C with
anti-KLF5 (1:1000) or anti-BRD4 (1:1000). After 12 h, the slides were washed
three times with PBS and incubated with secondary antibodies (hyper-
sensitive enzyme-labeled goat anti-mouse/rabbit IgG polymer (Ori-Gene,
Beijing, China) at room temperature for 20min, DAB concentrate
chromogenic solution (1:200 dilution of concentrated DAB chromogenic
solution), counterstained with 0.5% hematoxylin, dehydrated with graded
concentrations of ethanol for 3 min each (70–80%–90–100%), and finally
stained with dimethyl benzene immune stained slides were evaluated by
light microscopy. The IHC signal was scored using the ‘Allred Score’
method.

Statistics
All experiments were repeated three times independently, and GraphPad
Prism 8.0 was used for data analysis. Students’ t-tests were employed
when the variance between two groups was similar, while Welch’s t-tests
were utilized if the variance was not the same. The subcutaneous tumor
growth curves were compared using two-way ANOVA. statistical
significance was indicated in the figures as follows: *p < 0.05, **p < 0.01,
***p < 0.001.

Fig. 7 6b inhibits BLBC growth through KLF5 in part. A HCC1937 and HCC1806 cells were infected with expressing empty vector pCDH or
KLF5 and were analyzed for expression of the transduced proteins by WB using antibodies against KLF5. GAPDH was used to show equal
protein loading. Relative growth is shown below. B HCC1937 and HCC1806 cells were infected with shRNA expressing an empty vector
shControl or shKLF5-3’UTR/#5/#7 were analyzed for expression. GAPDH was used to show equal protein loading. Relative growth is shown
below. C HCC1937 and HCC1806 cells were treated with 0-0.25-0.5-1 μM of 6b for 48 h and protein expression was analyzed by WB using
indicated antibodies. D HCC1937 and HCC1806 cells were treated with 0.1-1 μM of 6b with FZU004, EPI, or PTX for 48 h and protein expression
was analyzed by WB using indicated antibodies. Cell viability shown below is measured by SRB assays, the quantitative data are compared to
negative control. E Cells stably over-expressing or knockdown KLF5 relative growth was detected by SRB assay. F HCC1806 cells were treated
with 6b plus FZU004 or EPI for 48 h, stained with Annexin V/7AAD, and analyzed by flow cytometry, the quantitative data and percentages of
Annexin V-positive cells are shown. *p < 0.05, **p < 0.01. ***p < 0.001. t-test.
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Fig. 8 The combination of 6b with KLF5 inhibitor shows a better antitumor effect in the HCC1806 xenograft model. A Gross morphology
of HCC1806 xenograft tumors after mammary fat pad implantation with 6b (5mg kg−1) or FZU-00,004 (50mg kg−1) or combination (6b:
5 mg kg−1, FZU-00,004: 50mg kg−1). DMSO serves as a negative control (n= 6). B 6b, FZU-00,004 or 6b+FZU inhibited tumor volumes, growth
curves (mean ± SEM). C 6b, FZU-00,004 or 6b+FZU did not significantly change mouse body weights. D 6b, FZU-00,004, or 6b+FZU
significantly decreased tumor weights. E. The mice were weighed at the end of the experiment. F, G The KLF5, BRD4 and Ki-67 levels were
quantified by Image J after staining with specific antibodies in paraffin-embedded tissues, the scale bar equals 50 μM. The data are
represented as means SD. n ≥ 6 for mice in each group. (*p < 0.05, **p < 0.01. ***p < 0.001. t-test).
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