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Abstract

The transcription factor KLF5 (Kriipple-like factor 5) is highly expressed in basal-like breast cancer
(BLBC), which promotes cell proliferation, survival, migration and stemness, serving as a potential
therapeutic target. In the current study, a super-enhancer (SE) was identified to be located
downstream of the KLF5 gene in BLBC cell lines, HCC1806 and HCC1937. JQ-1, a BRD4 inhibitor,
inhibits the expression and activity of KLF5 in both HCC1806 and HCC1937 cells in a time- and
dose-dependent manner. Compound 870, an in-house BRD4 inhibitor, exhibited higher potency
than JQ-1 to inhibit KLF5 and BLBC growth by arresting cells in GI phase. Additionally, THZ1, a
CDK?7 inhibitor, also inhibits KLF5 and BLBC growth in a similar manner. Our findings suggested
that KLF5 is regulated by SE, and modulation of SE could be an effective therapeutic strategy for

treating BLBC.
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Introduction

Breast cancer is the most prevalent type of cancer
among women worldwide [1]. According to
molecular profiling, breast cancer can be divided into
five subtypes, including luminal A, luminal B, HER-2
(Human Epidermal Growth Factor Receptor
2)-positive, basal-like breast tumors (BLBC) and
normal-like [2]. BLBC is characterized by the lack of
expression of the estrogen receptor (ER)a,
progesterone receptor (PR) and HER2 and the positive
expression of basal markers (cytokeratin 5/6, 14 and
17) [3]. As one of the main features of BLBC, basal
cytokeratin expression is associated with poor clinical
outcome, according to the study of a large pool of
random patients with breast cancer [4, 5].

The transcription factor KLF5 (Kriipple-like
factor 5) is highly expressed in BLBC and has been
reported to promote breast cancer cell proliferation,
survival, migration and stemness [6-9]. Our previous
studies have shown that progesterone induces KLF5
transcription through PR in breast cancer cell lines
[10], dexamethasone upregulates KLF5 transcription
through the glucocorticoid receptor [11], and
mithramycin A downregulates KLF5 expression by
blocking the recruitment of Spl to the KLF5 gene
promoter in BLBC [12]. A high expression level of
KLF5 is a prognostic factor for poor clinical outcome
in breast cancer [13]. Knockdown of KLF5
significantly attenuated BLBC tumor growth [14, 15].
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However, the mechanism by which KLF5 is
specifically highly expressed in BLBC is unclear.

Previous analysis of The Cancer Genome Atlas
(TCGA) data showed that the amplification of SE
activated the expression of KLF5 in seven types of
tumors, including head and neck squamous cell
carcinomas, esophageal carcinomas, cervical
squamous cell carcinomas, lung squamous cell
carcinomas, bladder carcinomas, stomach
adenocarcinomas and colorectal adenocarcinomas [16,
17]. SE is composed of clusters of transcriptional
enhancers, which are strongly enriched for the
binding of MED1, BRD4, H3K27ac and other
transcriptional coactivators [18, 19]. The first reported
oncogenic SE was discovered in multiple myeloma in
2013[20]. Subsequently, oncogenic SEs were identified
in various types of cancers, including small-cell lung
cancer, breast cancer, neuroblastoma, head and neck
squamous cell carcinoma, melanoma, gastric cancer,
and esophageal carcinomal21]. In general, SEs are
located in proximity of master regulators and
oncogenes, such as OCT4 and SOX2 in embryonic
stem cells and ¢-MYC in cancer cells [20, 22].
Disrupting SE complexes is a new strategy for cancer
treatment. For example, the expression of c-MYC can
be selectively inhibited by JQ-1 (ICso = 77/33 nM for
BRD4 1/2 bromodomain) [23] by reducing BRD4
binding to the SEs that drives c-MYC expression [20,
24, 25]. In addition to BRD4, cyclin-dependent kinases
(CDKs) are components of SE complexes [26]. A
CDK?7 covalent inhibitor THZ1 (ICsp = 3.2 nM) [27]
was shown to inhibit SEs in triple-negative breast
cancer [28] and esophageal squamous cell carcinoma
[29].

The bromodomain (BRD) recognizes the
acetyl-lysine residues of proteins [30]. There are eight
families of  BRD-containing  proteins.  The
bromodomain and extra terminal domain (BET)
family includes BRD2, BRD3, BRD4 and BRDT. BRD4
contains two BRDs, which endow BRD4 function in
diverse biological processes. BRD4 can bind
acetylated histones through the first BRD[31], and the
binding can be blocked by JQ-1 by forming hydrogen
bonds with asparagine (Asn) 140 in the acetyl-lysine
binding cavity of BRD4 [23]. Since the anticancer
effects of JQ-1 have been reported, a large number of
novel molecules derived from JQ-1 have been
developed. More than a dozen BET inhibitors are
currently in clinical trials [32]. The Phase I clinical trial
of OTX015, an analog of JQ-1, in triple negative breast
cancer was completed in 2017.

In this study, we identified an SE located
downstream of the KLF5 gene in BLBC. Both BRD4
and CDK? inhibitors can inhibit KLF5 transcription in
BLBC. Furthermore, a new BRD4 inhibitor,

compound 870, was shown to inhibit KLF5 much
more efficiently than JQ-1. Our discoveries thus
provide new potential agents for BLBC treatment.

Materials and Methods

Cell lines, plasmids and inhibitors

All cell lines were purchased from the American
Type Culture Collection. HCC1806 and HCC1937
were cultured in RPMI-1640 medium (Gibco, Grand
Island, USA) supplemented with 10 % FBS (Gibco).
All cell lines were cultured at 37 °C in a humidified
atmosphere containing 5 % CO,. Plasmids
lenti-KRAB-dCas9-blast and lentiGuide-Puro were
gifts from professor Matthew Meyerson at Harvard
University. JQ-1 (HY-13030) and THZ1 (HY-80013A)
were purchased from MedChem Express (MCE,
Monmouth Junction, USA).

Chromatin immunoprecipitation (ChlIP)
sequencing

ChIP-seq assays were performed as previously
described [33]. Briefly, HCC1806 and HCC1937 cells
were cross-linked with 1 % formaldehyde (for
H3K27ac), or cross-linked with disuccinimidyl
glutarate, followed by double cross-linked with 1 %
formaldehyde (for BRD4). 125 mM glycine was used
to quench the cross-linking. Chromatin DNA was
sonicated wusing a Bioruptor Pico (Diagenode,
Belgium), and immunoprecipitated with H3K27ac
(Abcam, ab4729) or BRD4 (Bethyl, A301-985A50)
antibodies. Purified DNA was subjected to high
throughput sequencing (RiboBio, Guangzhou, China).

CRISPR/Cas9-mediated enhancer repression

First, HCC1806 cells were infected with
lenti-KRAB-dCas9-blast and screened by 6 pg/mL
blasticidin to obtain KRAB-expressing HCC1806 cells
(HCC1806-KRAB). The sgRNAs were cloned into
lentiGuide-Puro. Then, HCC1806-KRAB cells were
infected with lentiGuide-sgRNAs and screened using
2 pg/mL puromycin. For sg-Mix, three sgRNA
plasmids were equally used to package lentivirus,
which was then used for cell infection. The sequences
of sgRNA were as follows: sgCON: ATCGTTTCCGC
TTAACGGCG, sgRNA1: TCGCACGAGAGTTCCAA
AAC, sgRNA2: AGAAGCTTGTAGATACCCIG,
sgRNA3: CTGCCCTCACATAAACACGT.

Quantitative PCR (qPCR)

The total mRNA was isolated using the reagent
of TRIzol® (15596-026, Invitrogen) following the
manufacturer’'s protocol. Complementary DNA
synthesis was performed using the iScript™ cDNA
synthesis kit (1708891, Bio-Rad, USA). Quantitative
PCR was carried out using the SYBR Green Select
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Master Mix system (4472908, Applied Biosystems,
USA) with the ABI-7900HT system (Applied
Biosystems). The sequences of the primers used for
qPCR were as follows: GAPDH-F: 5-GGTGAAGGT
CGGAGTCAACG-3', GAPDH-R: 5-TGGGTGGAAT
CATATTGGAACA-3. KLF5-F: 5-ACACCAGACCG
CAGCTCCA-3, KLF5-R: 5TCCATTGCTGCTGTCTG
ATTTGTAG-3'.

Western Blotting (WB)

Cell pellets were collected at the indicated time
points, and their proteins were extracted in lysis
buffer with a protease inhibitor cocktail (P8340,
Sigma). The concentrations of the total protein were
measured using DC™ Protein Assays (Bio-Rad).
Equal amounts of protein extracts were analyzed by
SDS-PAGE electrophoresis and blotted onto PVDF
membranes. Membranes were blocked with 5 %
nonfat dairy milk in PBS with 0.2 % Tween-20 and
incubated with the following primary antibodies:
KLF5, ¢-MYC (abcam, 32072), FGFBP (R&D, 1593),
p21 (Cell Signaling Technology, 2947S), and GAPDH
(Proteintech, 10494-1-AP). Following wash with
PBS-T, the blots were incubated with HRP-conjugated
secondary antibody (Jackson Immuno Research, USA)
and developed using the ECL reagent (Thermo Fisher
Scientific, CA, USA) on an ImageQuant LAS4000
Biomolecular Imager (GE Healthcare).

Cell proliferation inhibition assays

HCC1806 and HCC1937 cells were exposed to
gradient concentrations of JQ-1, compound 870, or
THZ1 for 72 h. The cell viability was assessed using
sulforhodamine B (SRB) [9] with a microplate reader
(Epoch, Bio-Tek) at a wavelength of 560 nm.

Cell cycle analysis

Cells were seeded in 6-well plates, cultured
overnight and treated with JQ-1 or 870 for 24 h.
Following treatment, the cells were fixed with 70 %
ethanol, treated with 40 pg/ml RNase A, stained with
10 pg/ml propidium iodide and analyzed by flow
cytometry (BD LSR Fortessa) for DNA synthesis and
cell cycle status. The percentages of cells in the G1, S
and G2/M cell cycle phases were analyzed using the
Flow]Jo software.

DNA synthesis-based cell proliferation assay

DNA synthesis was detected with Click-iT®
EdU Imaging Kits (Invitrogen) following the
manufacturer’s protocol. The cells were treated with
different concentrations of JQ-1 or 870 and then
labeled with EdU, which was followed by fixation and
DNA staining. The cell images were collected using
fluorescence microscopy. For each sample, five
random fields were counted. The percentage of

EdU-positive cells (%) was calculated as the
EdU-positive cell number/the total cell number.

Stable overexpression of KLF5

The KLF5 cDNA was amplified and cloned into
the pCDH-puro-3xFlag-3xHA lentiviral vector using
the forward primer 5-ATTCGGATCCATGGCTACA
AGGGTGCTGAG-3 and the reverse primer
5-ATGGCTCGAGTCAGTTCTGGTGCCTCTITCA-3".
Lentiviruses were packaged according to published
protocols [34]. The cell lines were infected with
lentiviruses, followed by selection with 1 pg/ml
puromycin.

Statistical analysis

All data in this study were analyzed using the
GraphPad Prism software (version 6.0) and SPSS
software (version 20.0). The differences between two
samples were analyzed using the unpaired two-tailed
Student’s t test. P values less than 0.05 were
considered statistically significant.

Results

Super-enhancer drives KLF5 transcription in
BLBC

It has been reported that amplified SEs activate
KLF5 expression and three individual enhancers
within the SEs played dominant roles [17]. Although
the KLF5 SE is not amplified in breast cancer, whether
it controls KLF5 transcription in BLBC is unknown. To
test this, H3K27ac and BRD4 ChIP-seq was performed
in two BLBC cell lines, as both are markers of SEs [17,
20]. A cluster of peaks was identified downstream of
the KLF5 gene, indicating the existence of SEs (Figure
1A). We used the CRISPR-mediated repression
system to inhibit these enhancers. This system can
recruit KRAB-dCas9 (the Kriipple-associated box
(KRAB) transcriptional repressor domain fused to
inactivated Cas9 (dCas9)) using a short guide RNA
(sgRNA). We designed three sgRNAs to target three
individual enhancers. Compared with sg-CON and
sg-empty, sg-Mix (combine three sgRNAs) repressed
59 % of KLF5 mRNA expression (Figure 1B).
Additionally, sg-Mix reduced the KLF5 protein level
to a similar extent (Figure 1C). These results indicate
that KLF5 transcription may be regulated by SEs in
BLBC.

The BRD4 inhibitor JQ-1 and Compound 870
inhibit KLF5 transcription in BLBC

To further test whether SEs regulate KLF5
transcription in BLBC, we used the BRD4 inhibitor
JQ-1 to treat BLBC cell lines (HCC1806 and HCC1937)
and examined the KLF5 and ¢-MYC expression. As
expected, JQ-1 reduced the c-MYC and KLF5 protein
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Figure 1. A super-enhancer located downstream of the KLF5 gene positively regulates KLF5 gene transcription in BLBC cell lines. A. The genome browser
view of H3K27ac- and BRD4-binding profile around the KLF5 gene in HCC1937 and HCCI806 cell lines. B. The KLF5 mRNA level was downregulated by the
KRAB-dCas9-mediated repression of the enhancers in the HCC1806 cell line guided by sgRNAs. The sg-Mix stands for the mixture of three sgRNAs target the enhancers as the
arrow is directed in panel A. The error bars represent the SD of experimental triplicates. **, P<0.01, t-test. C. The KLF5 protein level was downregulated by the
KRAB-dCas9-mediated repression of the enhancers in the HCC1806 cell line guided by sgRNAs. GAPDH was used as a loading control.

levels at 1-3 uM, and the inhibition was
dose-dependent (Figure 2A). FGFBP is a positive
target gene of KLF5 [8], while p21 is a negative target
of KLF5 [35]. In agreement with the KLF5 expression
change, JQ-1 inhibited FGFBP protein expression and
induced p21 protein accumulation. Moreover, we
traced the KLF5 protein expression changes after the
cells were treated with 1 uM JQ-1. Immunoblotting
analysis showed that JQ-1 reduced the KLF5 protein
levels in a time-dependent manner in both the
HCC1806 and HCC1937 cells (Figure 2B).
Accordingly, the levels of KLF5 mRNA decreased
after the cells were treated with 1 uM JQ-1 for 12 h or
24 h (Figure 2C). Due to its short half-life, JQ-1 failed
to enter clinical trials [36]. However, many BET
inhibitors have been reported [21, 37]. Compound 870
is a novel and highly potent BRD4 inhibitor
developed in house recently. Its ICs value is about 1
nM determined by a FRET (Fluorescence resonance
energy transfer) assay [38]. Compound 870 was
designed based on the structure of effective reported
BET inhibitor (Figure 3A). We tested the growth
inhibition rate of compound 870 in two BLBC cell
lines. Compared with JQ-1, compound 870 showed
more potent cytotoxicity. Importantly, compound 870
reduced the levels of KLF5 and c-MYC with
approximately 10-fold higher efficiency compared
with JQ-1 (Figure 3C). Taken together, these data

suggested that JQ-1 and Compound 870, presumably
through targeting BRD4 on SE of KLF5, could inhibit
the expression of KLF5.

JQ1 and Compound 870 induce G1 arrest in
BLBC

KLF5 is known to promote G1/S transition of
cell cycle [39]. To test whether JQ-1 and compound
870 inhibit BLBC cell growth through regulating cell
cycle progression, we treated BLBC cells with JQ-1
and found that the number of cells in the G1 phase
increased and the number of cells in the S phase
decreased. Consistently, compound 870 induced G1
arrest with more potent activity. Compared with JQ-1,
compound 870 at similar concentration (0.3 uM)
induced more cells in the G1 phase (Figure 4A-B).
Furthermore, compound 870 inhibited DNA synthesis
more potently than JQ-1, as measured by the Edu
incorporation assay (Figure 4C-D).

The CDK7 inhibitor THZ1 suppresses KLF5
transcription

As introduced earlier, THZ1 can inhibit SEs [28,
29]. We therefore tested whether THZ1 can also
reduce the expression of KLF5. As expected, THZ1
inhibited the expression of KLF5, FGFBP and ¢-MYC
(Fig 5A-B). THZ1 also strongly inhibited BLBC cell
growth, as measured by the SRB assay (Fig 5C).
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Figure 2. Q-1 inhibits KLF5 expression in a dose- and time-dependent manner. A. HCC1806 and HCC1937 cells were treated with Q-1 for 24 h. The protein level
was detected by immunoblotting. c-MYC was used as a positive control. FGFBP and p21 are KLF5 target genes. B. The KLF5 protein levels were gradually decreased after
HCC1806 and HCC1937 cells were exposed to JQ-1 for indicated time. GAPDH was used as a loading control. C. JQ-1 decreased the KLF5 mRNA levels in HCC1806 and
HCC1937 cells. The mRNA levels of KLF5 were examined by qPCR. The error bars represent the SD of experimental triplicates. *, P<0.05, **, P<0.01, *** P<0.001, t-test.
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Figure 3. Compound 870 is more effective than JQ-1 in terms of its ability to inhibit KLF5 expression and BLBC growth. A. The structures of compound 870
and JQ-1. B. Compound 870 and JQ-1 decreased the cell viability of BLBC cells, as measured by the SRB assay. HCC1806 and HCC1937 cells were treated with the indicated
compound 870 and JQ-1 for 72 h. The error bars represent the SD of experimental triplicates. C. Compound 870 and JQ-1 regulate KLF5 and its target gene expression in BLBC
cells. HCC1806 and HCC1937 cells were exposed to the indicated compound 870 and JQ-1 for 24 h. The protein levels were detected by immunoblotting. c-MYC was used as
a positive control.
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Figure 4. Compound 870 shows more potent activity than JQ-1 in terms of its ability to induce G1 cell cycle arrest and inhibit DNA synthesis. A.HCC1806
and HCC1937 cells were treated with the indicated JQ-1 and compound 870 for 24 h. The number of cells in each phase of the cell cycle was analyzed by flow cytometry. B.
Quantification of panel A. The error bars represent the SD of experimental triplicates. C. JQ-1 and compound 870 inhibited DNA synthesis as evaluated by an Edu incorporation
assay. HCC1806 and HCC1937 cells were treated with JQ-1 or compound 870 for 24 h. The value of bar is 100 um. D. Quantification of panel C. The error bars represent the

SD of experimental triplicates. **, P<0.01, ***, P<0.001, t-test.
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Figure 5. THZI inhibits KLF5 expression and BLBC growth. A. HCC1806 and HCC1937 cells were treated with THZ1 for 24 h. The KLF5, FGFBP and c-MYC protein
levels were detected by immunoblotting. THZ1 is a CDK7 inhibitor. B. THZ1 inhibited the KLF5 mRNA levels in HCC1806 and HCC1937 cells. The mRNA level of KLF5 was
examined by qPCR after the cells were treated with 100 nM and 200 nM THZ1 for 12 h. The error bars represent the SD of experimental triplicates. *, P<0.05, *¥, P<0.01, ***,
P<0.001, t-test. C. THZI inhibited HCC1806 and HCC1937 cell growth, as measured by the SRB assay. The cells were treated with THZI for 72 h.

Ectopic KLF5 expression sensitizes HCC1806
and HCC1937 cells to JQ-1 and compound 870

It is well known that SEs regulates hundreds of
target genes. Both KLF5 and cMYC were
downregulated by BRD4 and CDK7 inhibitors in
BLBC. We wondered whether KLF5 overexpression
could rescue the growth inhibition induced by BRD4
inhibitors. To our surprise, ectopic KLF5 expression in
HCC1806 and HCC1937 cell lines did not abrogate the
effects of JQ-1 or compound 870, but rather sensitized

the BLBC cells to these BRD4 inhibitors (Fig 6). This
phenomenon was not detected in other cell lines we
tested, including MDA-MB-231, MDA-MB-468,
Hs578T, and MCF10A (Data not shown).

Discussion

Recently, we reported that mithramycin A [12]
and mifepristone [9] could inhibit KLF5 expression in
triple-negative breast cancer cells. Gao Y et al
reported that curcumin [40] also promotes KLF5
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degradation in bladder cancer cells. Metformin [41]
was reported to increase the degradation of KLF5 in
triple-negative breast cancer cells. However, the
pharmacological efficacy of these compounds is weak.
Here, we showed that KLF5 is regulated by SEs
located downstream of the KLF5 gene based on BRD4-
and H3K27ac-ChIP-seq analysis. The combinatorial
effects of three sgRNAs targeting this SE inhibited the
transcription of KLF5. Although BRD4 is a chromatin
regulator expressed broadly in various cells and
contributes widely to gene expression, the BRD4
inhibitor JQ-1 predominately inhibits SE-associated
genes, such as c-MYC [20]. As expected, JQ-1 strongly
inhibited KLF5 expression, both at the transcriptional
and protein levels, in a more potent fashion than
mithramycin A and mifepristone.

Since the first BRD inhibitor NP1 was reported in
2005 [42], the development of BRD inhibitors has
thrived over the past decade. As the anti-cancer
effects of the BRD4 inhibitor JQ-1 disrupting the SEs,
the development of small-molecule inhibitors against
SE complexes is a promising strategy to treat cancers.
Inhibitors targeted the BET bromodomain are the
most extensively studied small-molecules against the
component of SEs. More than a dozen of BET

inhibitors are in phase I/II clinical trials, including
iBET762, OTX015 and CPI10610 [21]. However, no BRD
inhibitor has been approved by the FDA yet [43].
There is an urgent need for more potent BET
inhibitors. In this study, we investigated a new BRD4
inhibitor compound 870, which showed stronger
activity than JQ-1 in terms of KLF5 and c¢-MYC
inhibition. In addition, compound 870 was more
potent than JQ-1 in G1 phase arrest, DNA synthesis,
and cell growth inhibition.

Although KLF5 is dramatically downregulated
by BRD4 inhibitors in BLBC, ectopic KLF5
overexpression did not abrogate the effects of JQ-1 but
rather sensitized the BLBC cells to JQ-1 or compound
870 (Fig 6). This phenomenon is cell line specific
because similar results were not detected in
MDA-MB-231, MDA-MB-468, Hs578T, and MCF10A.
A possible explanation for this is that the
overexpressed KLF5 may interrupt the SE complexes
through binding to components of SE, which makes
the cells more sensitive to JQ-1. A previous work
showed that ectopic MYC-N expression could not
rescue the effects of the BRD4 inhibitor OTX015 in
neuroblastoma [44]. The detailed mechanism requires
further investigation in the future.
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Fig 6. Ectopic KLF5 expression sensitizes HCC1806 and HCC1937 cells to JQ-1 and compound 870. A. KLF5 was overexpressed in HCC1806 and HCC1937. The
breast cell lines were infected with pCDH-3%Flag-KLF5 or pCDH vector control. The expression of KLF5 was detected by immunoblotting. The upper bands indicate the
exogenous 3%Flag-KLF5. The lower bands indicate the endogenous KLF5 protein expression. B. KLF5 overexpression sensitized HCC1806 and HCC1937 cells to JQ-1 and
compound 870. pCDH-3xFlag-KLF5 or pCDH vector control lentivirus-infected cells were plated in 96-well plates and treated with JQ-1 for 72 h. The cell inhibition rate was
analyzed using the SRB assay. The error bars represent the SD of experimental triplicates.
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We previously demonstrated that knockdown of
KLF5 inhibited HCC1806 and HCC1937 xenograft
growth in immune-deficient mice [14, 15]. The in vivo
anti-tumor effects of JQ-1 were evaluated thoroughly.
In the HCC1806 xenograft model, JQ-1 inhibits tumor
growth, has an anti-angiogenic effect, and decreases
the expression of the hypoxia-regulated genes CA9
(carbonic anhydrase) and VEGF-A (vascular
endothelial growth factor A) [45]. In addition, JQ-1
inhibits tumor growth of MDA-MB-231 and IDC50X
xenografts [46]. For these reasons, we did not further
assess the anti-tumor growth effects of JQ-1 in this
study. Additionally, OTX015 suppresses tumor mass
in MDA-MB-231 murine xenografts, and OTX015
decreases NANOG and OCT4 expression at the
mRNA level in the MDA-MB-231, MDA-MB-468 and
HCC1937 cell lines [47].

In summary, we showed that SEs regulate KLF5
in BLBC. Furthermore, the SE inhibitors JQ-1 and
THZ1 inhibit KLF5 expression and BLBC growth.
Finally, we demonstrated that a new BRD4 inhibitor
compound 870 was more potent than JQ-1 in terms of
its ability to inhibit KLF5 and BLBC.
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