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Abstract

The Bromodomain and ExtraTerminal (BET) proteins are epigenetic ‘readers’ of acetylated
histones in chromatin and have been identified as promising therapeutic targets in diverse cancers.
However, it remains unclear how individual family members participate in cancer progression, and
small molecule inhibitors such as JQ1 can target functionally independent BET proteins. Here we
report a signaling pathway involving BRD4 and the ligand/receptor pair Jagged1/Notchl that
sustains triple-negative breast cancer migration and invasion. BRD4, but not BRD2 or BRD3,
regulated Jagged1 expression and Notchl signaling. BRD4-selective knockdown suppressed
Notchl activity and impeded breast cancer migration and invasion. BRD4 was required for
interleukin-6-stimulated, Notch1-induced migration and invasion, coupling microenvironment
inflammation with cancer propagation. Moreover, in patients, BRD4 and Jagged1 expression
positively correlated with the presence of distant metastases. These results identify a BRD4/
Jagged1/Notch1 signaling pathway that is critical for dissemination of triple-negative breast
cancer.
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Introduction

The bromodomain and extra-terminal (BET) proteins form a family of chromatin-associated
proteins that recognize epigenetic marks, such as A-e-acetylated lysine residues in
nucleosomal histones. BET proteins interact with chromatin and recruit to target promoters
members of the transcription machinery to regulate gene expression (1,2). In mammals, the
BET family is comprised of three ubiquitously expressed proteins: BRD2, BRD3, BRD4,
and a testis-specific form, BRDT (3). We were the first to establish a link between
expression and function of a BET protein and human cancer (3). A consistent literature has
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since reported essential roles of BRD2 and BRD4 in cell cycle control and cell proliferation,
notably through their crucial role in regulating gene transcription (4-7). Like numerous other
chromatin-regulatory proteins, the cancers in which BET proteins have been implicated are
diverse. Small molecule BET-specific bromodomain inhibitors, e.g., (S)-JQ1 (8), highlight
the therapeutic impact of targeting BET proteins in important malignancies, including acute
myeloid leukemia (9,10), B cell lymphoma (11), lung (12), prostate (13), breast (14),
pancreatic (15) and colorectal cancer (16). Several studies have reported that BET inhibition
down-regulates the proto-oncogene MYC and its associated transcription (9,10,17,18).
Moreover, BRD2 has been shown to associate with chromatin remodeling complexes to
regulate transcription programs associated with cell proliferation (19). Interestingly, a recent
study reported that BRD4 interacts with the transcription factor Twist to regulate Twist-
dependent transcription programs and elicit breast cancer tumorigenesis (20). However, the
molecular mechanisms by which BET proteins participate in cancer progression are not fully
established. We build on these insights to develop a hypothesis that BET proteins play a role
in the regulation of breast cancer aggressiveness.

Triple-negative breast cancer is an aggressive subtype that lacks estrogen receptor,
progesterone receptor and epidermal growth factor receptor 2. These tumors are extremely
challenging for therapy. Patients with triple-negative breast cancer cannot be treated by
hormone therapy and present a worse outcome after conventional chemotherapy (21).
Moreover, the lack of identified ‘druggable’ molecular targets severely limits the
development of targeted therapeutic strategies. Triple-negative breast cancer cells activate
multiple transcription programs, such as the epithelial-mesenchymal transition (EMT),
which confers high plasticity, increased migration and invasion capabilities that can promote
tumor dissemination (22). The breast tumor microenvironment is composed of various cell
types including adipocytes; fibroblasts; infiltrating immune cells, such as macrophages and
lymphocytes; and stem cells (23). Numerous factors secreted within this microenvironment
have been reported to sustain tumor progression, including growth factors, hormones,
cytokines and chemokines. Amid this complexity, inflammatory signaling molecules have
focused investigators’ attention, because a direct association exists between chronic
inflammation and cancer development (24). Notably, multiple pro-inflammatory mediators
sustain the acquisition of an aggressive phenotype by tumor cells that can lead to resistance
and dissemination. Significantly, BET protein inhibitors like (S)-JQ1 have anti-inflammatory
properties (25,26), suggesting that BET protein targeting may disrupt inflammation-induced
cancer aggressiveness. Here, we identify a role for BRD4 function in invasive properties of
triple-negative breast cancer and reveal the underlying molecular mechanisms.

Materials and Methods

Cell Culture

Human breast cancer cell lines maintained at the NCI Office of Physical Sciences-Oncology
Centers (PS-OC) Network Bioresource Core Facility (PBCF) were contractually obtained
through the American Type Culture Collection, under a Material Transfer Agreement. The
cell lines have been authenticated by the NIH Physical Sciences Oncology Consortium.
MDA-MB-231 and MCF-7 were cultured in Dulbecco's modified Eagle's medium (DMEM).
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SUM149PT cells were cultured in DMEM/F12 + 5 pg/ul insulin and 0.5 pg/ul
hydrocortisone (Sigma). All culture media were supplemented with 10% fetal bovine serum
(FBS) or human serum (Millipore) where specified and 1% antibiotics (penicillin/
streptomycin, Thermo Fischer Scientific). Cells were cultured at 37°C in a 5% CO,
atmosphere.

Antibodies and Reagents

The following antibodies were used: anti-BRD2, BRD3 and BRD4 (Bethyl Laboratories),
anti-Jagged1 and anti-a-tubulin (Santa Cruz Biotechnology), anti-phosphoY705-STAT3,
total STAT3 and anti-Notchl Val1744 (Cell Signaling Technology). HRP-conjugated
secondary antibodies were purchased from Bio-Rad. Fluorochrome-conjugated secondary
antibodies were obtained from Jackson Laboratories. (R)- and (S)-JQ1 were purchased from
Cayman Chemicals. Recombinant human IL-6 and DAPT were purchased from Sigma.

Plasmids, siRNAs and Transfection

Plasmids coding for His-tagged BET proteins, His-Jagged1l or control vector pReceiver-MO01
were purchased from GeneCopoeia. ON-TARGETplus BET proteins siRNAs were obtained
from Dharmacon and Jaggedl1 siRNA (sc-3702) from Santa Cruz Biotechnology. Cells were
transfected with plasmids and siRNAs by Lipofectamine 2000 reagent (Thermo Fischer
Scientific).

Migration and Invasion Assays

For scratch assays, 100,000 cells were plated in 6-well plates. When confluence was
reached, cell monolayers were scraped using a P200 pipet tip and washed to remove cell
debris. Photos were taken during the subsequent 12 h to monitor scratch closure. For
Transwell migration assay, cells were maintained in serum-free media for 3 h prior to the
beginning of the assay to suppress any basal migratory/invasion signal. 150,000 cells were
plated in Transwell inserts (pore size: 8 um, Corning) and challenged for migration toward
human serum for 6h in culture conditions. Cells that did not migrate were removed by
scratching the upper side of the membrane with a cotton swab before fixation in absolute
methanol for 5 min at —20°C. Cells were then stained with 1% crystal violet (Sigma) in 2%
ethanol for 10 min. The percentage of migration was determined by calculating the sum of
the area of total migrated cells on the entire membrane by using ImageJ software (National
Institutes of Health, Bethesda, Maryland, USA). For invasion assay, Matrigel (Corning) was
added onto the upper membranes prior to cell plating. Invasion was conducted for 16 h, then
the protocol described above was used. Invaded cells were counted by using ImageJ
software.

Immunoblotting

Cell pellets were lysed in RIPA buffer (50 mM Tris/HCI pH 7.5, 1 mM EDTA, 0.5 mM
EGTA, 150 mM NacCl, 0.1% sodium deoxycholate, 0.1% SDS, 1% Triton X-100). Samples
containing 25 pg of protein were resolved by SDS-PAGE and transferred onto nitrocellulose
membranes. After saturation of non-specific binding sites in TBS-BSA 5%, membranes
were probed with primary antibodies, then visualized with HRP-conjugated secondary
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antibodies. After incubation in ECL, membrane-associated light emission was quantified
with a gel imager.

Total RNA was extracted using the RNEasy kit (Qiagen). Reverse transcription reactions
were performed on 1 ug of RNA with the QuantiTect Reverse Transcription kit (Qiagen).
The primers sequences used for this study are listed in Supplemental Table 1. PCR
amplifications were performed with the MESA GREEN gPCR MasterMix (Eurogentec) on
an ABI Prism 7500 thermal cycler.

The gene screening was conducted with the RT2 Profiler PCR EMT Array (Qiagen).

Immunocytochemistry Staining and Confocal Imaging

Cells were fixed in absolute methanol for 5 min at —20°C then permeabilized with 0.2%
Triton X-100 in PBS buffer for 10 min. After saturation in blocking buffer (0.02% Triton
X-100, 2% BSA in PBS) for 30 min, cells were incubated with primary antibodies then
fluorochrome-conjugated secondary antibodies, both diluted in blocking buffer for 1 h.
Finally, coverslips were mounted with ProLong Gold with DAPI (Thermo Fischer
Scientific). Image acquisition was conducted using a Leica SP5 confocal microscope. For z-
stack acquisition, a step of 0.3 um was set. For calculation of NICD1 nuclear score, cells
stained for NICD1 were entirely imaged in 3D then z-stacks were projected into a single
image by sum projection using ImageJ software (NIH). A mask based on DAPI staining was
created to isolate the nucleus of each cell. Based on that mask, nuclear background-corrected
NICDL1 intensity was measured. The cytoplasm area was determined by subtracting the
nuclear mask from the entire cell area and cytoplasmic background-corrected NICD1
intensity was measured. The NICD1 nuclear score was then calculated for each cell as the
ratio of nuclear and cytoplasmic NICD1 intensities.

Chromatin immunoprecipitation

MDA-MB-231 cells were treated for 24h with 400 nM (R)- or (S)-JQL1, then fixed in 1%
formaldehyde at 37°C for 10 min, quenched 10 min with 125 mM glycine and lysed for
chromatin immunoprecipitation (ChlP) as previously reported (26). Chromatin was
precipitated with 2 pg anti-rabbit 19G (Cell Signaling Technology) or anti-BRD4 (Bethyl
Laboratories) with Dynabead magnetic beads (Thermo Fischer Scientific). 5 ng of each
sample was analyzed in triplicate by gPCR. The fold difference was calculated as
27N[Ct(input) - 2 Ct(ChlIP)], and fold enrichment over anti-1gG was assessed. ChIP primers
sequences used are listed in Supplemental Table 2.

MTT and Viability Assays

Cells were incubated with MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) for 3 h. The light absorbance was measured at 570 nm and corrected with
background absorbance determined at 690 nm with a multiwell spectrophotometer. For
viability assays, cells were co-stained for annexin V/propidium iodide (PI) using Dead Cell
Apoptosis Kit for Flow Cytometry (Invitrogen) according to the manufacturer's instructions.
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Meta-analysis of the association of BRD4 and JAG1 expression with distant metastasis-

free survival

A meta-analysis of BRD4and JAGI expression among 664 breast cancer patients was
performed using the Kaplan-Meier plotter online survival analysis software
(www.kmplot.com) (27). Kaplan-Meier curves were generated using the optimal BRD4
(226054 _at) and JAGI (216268_s_at) probes. Two patient groups were obtained from the
splitting of the entire dataset at the median of gene expression. The two groups were
compared for distant metastasis-free survival and hazard ratio with 95% confidence interval
(CI) and log-rank pvalue were calculated by the software.

Statistical Analyses

Results

BET protein

Statistical analyses were performed with Student's t test or ANOVA as indicated by using
GraphPad Prism software. The following symbols were used to indicate significant
differences: ns, p> 0.05; *, p< 0.05; **, p< 0.01; ***, p< 0.001.

inhibition reduces breast cancer cell migration and invasion

Triple-negative breast cancer is usually aggressive, with high histological grade. Based on
published and preliminary data, we hypothesized that BET proteins regulate breast cancer
cell migration and invasion. Our strategy was first to use (S)-JQ1, a pan-BET-bromodomain
inhibitor that targets BRD2, BRD3 and BRD4 (8) and investigate its effects on cell
migration and invasion, with the inactive enantiomer (R)-JQ1 as the negative control. We
pre-treated human breast cancer cell lines for 3 h with either (S) or (R)-JQ1, then assayed
migration with a Transwell system. Pan-BET inhibition significantly reduced migration of
aggressive cancer cells (Figure 1A). (S)-JQ1 reduced migration of MDA-MB-231 and
SUM149PT cells by 60% and 75%, respectively. We also tested MCF-7 cells, which are not
highly migratory, consistent with their luminal-A phenotype. As expected, neither MCF-7
cells treated with (S)-JQ1 nor negative controls migrated. We assessed whether differences
in migration were due to cell death or cell cycle perturbation. Viability of control and (S)-
JQ1-treated cells determined by either MTT assay or annexin V/propidium iodide co-
staining was comparable in all cases (Figures S1A-B). (S)-JQ1 increased the fraction of cells
in G1 phase by about 10% and reduced the proportion in G2/M (Figure S1C) as previously
reported (13). We also conducted scratch assays to assess cell motility and 2D migration
(Figure 1B). Control MDA-MB-231 cells fully recovered the scratched area within 12 h.
However, (S)-JQ1-treated cells were 20-25% slower and unable to close the wound by the
endpoint. We then measured cell invasion through Matrigel upon BET protein inhibition
(Figure 1C). (S)-JQ1 reduced the number of invaded MDA-MB-231 and SUM14PT cells by
80% and 70%, respectively. No difference was observed for the poorly invasive MCF-7
cells. Taken together, our results show that pan-BET protein inhibition reduces breast cancer
cell migration and invasion.
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BRD4 regulates breast cancer cell migration and invasion

In order to explore the pathway and BET proteins more deeply, we undertook a specific
siRNA-knockdown strategy to investigate the requirement for each BET protein separately,
because (S)-JQ1 is not selective and inhibits all BET family members (8). All of the breast
cancer cell lines used in this study express BRD2, BRD3 and BRD4 (Figure 2A). We
measured mRNA expression of each BET gene to validate knockdown specificity and
efficiency for each siRNA. We confirmed that each siRNA only ablates its targeted sequence
and does not reduce mRNA of other BET family members (Figures S2A-C). Transfection
for 72h with 50 nM siRNA achieved selective depletion of each BET protein (Figure 2B).
We next challenged BET protein-depleted MDA-MB-231 cells with migration and invasion
stimuli in the Transwell system (Figures 2C-D). Neither BRD2 nor BRD3 depletion
impacted migration and invasion. Significantly, however, BRD4 depletion reduced migration
by 50% and invasion by 40%. Similar results were obtained with SUM149PT cells (Figures
2C-D). These differences were not indirect consequences of cell cycle perturbation,
proliferation or apoptosis, because no knockdown significantly altered viability (Figures
S2D and S2F). Interestingly, BRD2 or BRD4 depletion led to a small increase (5-11%) of
the G1 fraction (Figure S2E). Taken together, these results newly identify BRD4 as a
regulator of breast cancer cell migration and invasion.

Identification of JAG1 as a BRD4 target gene

In order to unravel cellular pathways involved in BRD4-mediated migration and invasion,
we performed gene expression analysis in control and BRD4-depleted breast cancer cell
lines (Figure 3A). We selected a panel of 46 genes involved in regulation of migration and
invasion. Knockdown of BRD4 in MDA-MB-231 cells resulted in significantly altered
expression of 7 genes (4 up-regulated, 3 down-regulated, Z score = 2 or < -2, p-value <
0.05) (Figure 3B). The most down-regulated gene was JAG1, which encodes Jaggedl
protein, one of the canonical ligands for the Notch receptor family (28,29). Similar results
were found in SUM149PT cells (Figure S3A). As a transmembrane protein, Jaggedl binds
Notchl and Notch3 receptors and triggers their activation, inducing receptor proteolysis by
y-secretase and release of Notch intracellular domain (NICD), which translocates to the
nucleus and associates with a transcription complex to regulate downstream target genes.
Jagged1 regulates multiple cancer-associated processes including proliferation, survival,
EMT, metastasis and angiogenesis (29). Interestingly, triple-negative cancers generally have
higher levels of Jagged1 expression, which is associated with reduced disease-free survival
(30).

We confirmed that BRD4 knockdown down-regulated both Jaggedl mRNA and protein
(Figures 3C-D; Figures S3B-C). Notably, Jaggedl expression was stable in BRD2- or
BRD3-depleted cells, suggesting that JAGI is a BRD4-specific target gene. Jagged1/Notch
signaling modulates cancer cell migration and invasion (31,32). We therefore evaluated
migration and invasion of MDA-MB-231 and SUM149PT cells upon Jagged1 depletion
(Figures 3E-F; Figures S3D). Jaggedl knockdown reduced both migration and invasion by
65%. These results identify JAGI as a BRD4 target gene that regulates breast cancer cell
migration and invasion.
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BRD4 regulates migration and invasion through Jagged1/Notchl signaling

BRD4 regulation of Jagged1l expression led us to hypothesize that BRD4 regulates the
Jaggedl/Notch pathway. To test this hypothesis, we measured Notchl activation by
immunostaining. NICD1 translocates to the nucleus after the Jagged1/Notch1 interaction to
induce target gene transcription (28). Thus, we expect to detect increased nuclear NICD1
upon Notchl activation; calculation of nuclear:cytoplasmic ratio is described in Methods.
We measured NICD1 nuclear enrichment in MDA-MB-231 cells upon BET protein
depletion (Figures 4A-B). In control scramble cells, NICD1 was preferentially localized
within nuclei, reflecting basal Notchl activity. NICD1 distribution was unchanged in BRD2-
or BRD3-depleted cells; calculated nuclear scores were similar for control (1.69 + 0.04),
BRD2- (1.64 + 0.03) and BRD3-depleted cells (1.58 = 0.02). However, BRD4-depleted cells
exhibited more homogenous NICD. distribution within cytoplasm and nuclei. Some cells
even showed nuclear exclusion of NICD1. Thus, the NICD1 nuclear score of BRD4-
depleted cells was significantly reduced compared to control (1.2 £ 0.02). These results
indicate that BRD4 depletion diminished Notchl activation, thus BRD4 regulates the
Jagged1/Notchl pathway.

We then hypothesized that BRD4 regulates breast cancer cell migration and invasion through
Jagged1/Notchl signaling. BRD4 and Jagged1/Notchl may act in a single signaling
pathway. If BRD4 acts upstream of Jagged1, we would expect that ablation of BRD4 or
Jagged1 individually impairs migration and invasion to a similar degree, compared to co-
depletion. We conducted migration and invasion assays under these conditions (Figures 4C-
D). As shown above, individual ablation of BRD4 or Jagged1 significantly reduced
migration and invasion. In support of the hypothesis, co-depletion of BRD4 and Jagged1 did
not cause additive inhibition. Furthermore, if BRD4 acts upstream of Jagged1l, Jaggedl
overexpression in BRD4-depleted cells should restore cell migration and invasion. Similarly,
BRD4 overexpression in Jagged1-depleted cells should fail to rescue. We found that
overexpression of either BRD4 or Jagged1 increased migration and invasion by about 20%
in siRNA control cells (Figures 4E-F). Critically, Jagged1 overexpression rescued migration
(Figure 4E) and invasion (Figure 4F) in BRD4-depleted cells. BRD4 overexpression in
Jagged1-depleted cells failed to restore migration and invasion, confirming that Jaggedl acts
downstream of BRDA4. Taken together, our results indicate that BRD4 regulates migration
and invasion through Jagged1/Notch1 signaling.

BRD4 and JAGL1 expression correlate with disseminated human breast cancer in vivo

To test the hypothesis that BRD4/Jagged1/Notchl signaling is crucial for cancer
propagation, we determined whether BRD4 and JAGI expression correlate /7 vivo with
breast cancer dissemination. We performed a meta-analysis among 664 breast cancer
patients using the Kaplan-Meier plotter database (27). We analyzed distant metastasis-free
survival, defined by the interval between initial diagnosis and time when metastases are
detected: a good indicator of tumor dissemination. The dataset was equally divided, based
on median expression of both genes, to obtain ‘high expression’ (BRD49", JAG 1high
(n=332)) and ‘low expression’ groups (BRD4%, JAG1°W (n=332)). Higher expression of
BRD4and JAG was significantly associated with shorter distant metastasis-free survival in
breast cancer patients (Figure S4; hazard ratio = 1.505, 95% CI = 1.084 - 2.069, log-rank p
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value = 0.0147). Thus, we conclude that differential expression of BRD4/Jagged1/Notchl
signaling significantly influences metastasis-free survival in breast cancer patients.

Interleukin-6 induces BRD4-dependent Notch1l signaling to regulate breast cancer
aggressiveness

Numerous pro-inflammatory cytokines, such as interleukin (I1L)-6 or tumor necrosis factor
(TNF)-a and their signaling pathways, have been implicated in the acquisition of migratory
and invasive properties and cancer dissemination (23,24). BET proteins regulate pro-
inflammatory cytokine signaling and BET protein inhibitors exhibit anti-inflammatory
properties (25,26). Jagged1 expression is regulated by pro-inflammatory cytokines,
including I1L-6, TNF-a and NF-xB signaling (33,34). Thus, we developed a hypothesis that
IL-6 induces BRD4-dependent Notch1l activation to regulate migration and invasion.

We depleted BET proteins in MDA-MB-231 cells with siRNA as above, treated them with
recombinant human IL-6 for 24h, then conducted migration assays (Figure 5A). IL-6
treatment increased MDA-MB-231 cell migration by 35% in scramble control cells
compared to untreated controls. Crucially, BRD4 depletion ablates IL-6-dependent
migration. Similar results were obtained for invasion assays (Figure 5B). We observed
comparable results in SUM149PT cells (data not shown). No differences in MCF-7 cells
migration or invasion were observed upon BRD4 overexpression or IL-6 treatment (Figures
S5A-B). These results suggest that BRD4 is required as an effector of IL-6-dependent
migration and invasion in triple-negative breast cancer cells. As shown in Figures 5C-D, we
observed that DAPT, a -y-secretase inhibitor, reverted the pro-migratory and pro-invasive
effects of IL-6, confirming that Notch signaling is required to mediate these IL-6 functions.
We did not observe cumulative effects on migration and invasion using DAPT in BRD4-
depleted cells. Finally, DAPT treatment reverted the increase of migration and invasion
induced by BRD4 overexpression (Figure S5C), reinforcing the idea that BRD4 and Notchl
act through the same signaling pathway.

We measured Notchl activation as above after treatment with human recombinant IL-6 in
scramble- or BRD4-depleted MDA-MB-231 cells (Figures 5E-F). As shown above,
untreated scramble cells exhibited high nuclear NICD1 staining (nuclear score = 1.47

+ 0.03), indicating basal activation of Notchl signaling. Consistent with previous results,
untreated BRD4-depleted cells showed homogeneous NICD1 staining through cytoplasm
and nuclei (nuclear score = 0.99 + 0.04), reflecting reduced Notchl activation. After IL-6
treatment, nuclear translocated NICD1 was increased in scramble cells (nuclear score = 2.07
+ 0.04). This Notch1 activation was not observed in BRD4-depleted cells, where the NICD1
distribution remained homogeneous after IL-6 treatment (nuclear score = 0.95 + 0.04).
Taken together, these results indicate that IL-6 induces a BRD4-dependent Notch1 activation
to regulate breast cancer migration and invasion.

BRD4 associates with the Jagged1 promoter

To precise the molecular relationship between I1L-6, BRD4 and Jagged1, we examined
Jagged1 expression in control or BRD4-depleted MDA-MB-231 upon IL-6 stimulation
(Figure 6A). As shown above, BRD4 depletion leads to Jagged1 down-regulation. We found
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that IL-6 treatment increased Jaggedl expression in control cells but not in BRD4-depleted
cells, where IL-6 signaling is impaired, as we detected no phosphorylation of STAT3
compared to the control condition. We confirmed that BRD4 plays a central role in the
regulation of Jaggedl expression by overexpressing BRD4 in our cells lines. We showed that
BRD4 overexpression leads to an up-regulation of Jagged1 mRNA (Figure S5D) and protein
(Figure 6B) in MDA-MB-231 and in SUM149PT (data not shown) but not in MCF-7 cells.
To precise the molecular mechanisms of this regulation, we assessed if BRD4 associates
with the Jagged1 promoter by ChIP. We investigated the binding of BRD4 at two different
sites described as proximal and distal regions of the Jagged1 promoter (35). We found that
BRD4 modestly interacts with the proximal region of the Jaggedl promoter where no
interaction was detected at the distal site (Figure 6C). (S)-JQ1 disrupts BET protein/
chromatin interactions by competing with the acetylated histones binding sites (8). As
expected, (S)-JQ1 treatment prevents association of BRD4 with the Jaggedl promoter.
Interestingly, we detected a significant enrichment of BRD4 at the proximal site upon IL-6
treatment (Figure 6D). These results provide a mechanistic explanation for the control of
Jagged1 expression by BRD4. Altogether, our results show that BRD4 plays a pivotal role to
couple IL-6 signaling and Jagged1 expression to regulate breast cancer cell migration and
invasion.

Discussion

The BET family is comprised in mammals of three ubiquitously expressed members: BRD2,
BRD3 and BRD4. These proteins share two tandem bromodomains in their N terminus,
which contain anchoring motifs for binding to nucleosomal histones. In their carboxyl-
terminus, they also possess different domains involved in interactions with chromatin-
modifying enzymes and transcription factors (2). Despite their close homology, BET
proteins do not share identical biological functions. Several processes are differentially
regulated by BRD2, BRD3 and BRD4, including insulin production and sensitivity
(26,36,37). BET bromodomain-specific inhibitors are available, but it is important to note
that these compounds, including (S)-JQ1, do not discriminate between the different BET
proteins (8). Thus, new small molecules that are selective for each BET family member are
urgently needed.

Here we report a new BRD4-Jagged1/Notch1 signaling axis in breast cancer cells (Figure 7).
We show that BRD4 regulates Jaggedl expression and Notchl signaling to regulate triple-
negative breast cancer migration and invasion. Interestingly, JAGI is a BRD4-specific gene,
because BRD2 or BRD3 knockdown does not affect Jagged1 expression (Figures 3C-D). No
association between BRD4 and Jagged1 expression was observed in luminal-A cells. Thus,
it is possible that the BRD4-Jagged1 relationship we unraveled here is limited to triple-
negative breast cancers which undergo deep chromatin remodeling, notably through EMT, to
acquire invasive properties. The acquisition of new epigenetics marks, including acetylated
histones, provides new docking sites for chromatin ‘readers’ like BET proteins at the newly
activated promoters. Recently, it has been reported that BRD4-Twist interaction is crucial for
the regulation of Twist-dependent transcription programs (20). We showed that BRD4
associates with the proximal region of Jaggedl promoter (Figures 6C-D). Twist is recruited
to the JAGI promoter and is a direct activator of Jagged1 transcription (35). Thus, it is likely

Cancer Res. Author manuscript; available in PMC 2017 November 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Andrieu et al.

Page 10

that BRD4 and Twist are part of a transcription complex that positively regulates Jagged1
expression. Disruption of Twist-BRD4 interactions impairs WNT5A expression and tumor
progression of basal-like breast cancer (20). Twist is a master transcription factor involved in
EMT and its association with BRD4 strongly suggests a role for BET proteins in regulation
of this essential process. A growing body of evidence supports this hypothesis, especially
arising from developmental research. For example, BRD4 controls self-renewal and
pluripotent functions of embryonic stem cells, and BRD4 inhibition promotes expression of
EMT markers and differentiation (38).

Interestingly, we also found that BRD4 depletion alters expression of multiple genes
involved in extracellular matrix (ECM) regulation such as COL1AZ, COL3A1, COL5A2 or
KRT19 (Figures 3 and S3). These findings are consistent with previous results showing that
BRD4 ectopic expression in a mouse mammary tumor cell line also alters ECM regulatory
genes (39). As an important component of the breast cancer microenvironment, the ECM
participates in several steps of cancer progression, but also is involved in trafficking of
stromal and immune cells in the vicinity of the tumor (23). Deciphering the roles of BET
proteins in ECM modulation is crucial to better understand their exact roles within the tumor
microenvironment.

The Notch signaling pathway is commonly activated and altered in cancer. Jagged1 has been
implicated in regulation of multiple processes in cancer, including proliferation, survival,
EMT, angiogenesis, metastasis, cancer cell ‘stemness’ and therapy resistance in several
cancer types (29). More importantly, Jagged1 is not solely expressed by cancer cells; its
expression and roles have been reported in diverse cell types present in the tumor
microenvironment, including endothelial cells and pericytes, where it plays crucial roles in
angiogenesis (40,41); dendritic cells (42,43), and regulatory T (Treg) cells (42,44,45). In
many cancer types, regulatory T cell expansion inhibits tumor-specific immune responses
and helps tumor cells evade immunosurveillance (46,47). Altogether, Jaggedl represents an
attractive target in cancer therapy because of its important roles in cancer cells, but also in
vasculature and immune cells. A classical therapeutic strategy to block Jagged1/Notch
signaling is to use -y-secretase inhibitors (GSlIs). GSls are extensively investigated in Phase
I/11 clinical trials for solid tumors including breast cancer and show promising results (48).
Whereas single-drug strategies are ineffective for long-term treatment, combination
therapies are often necessary. Here, we offer evidence that BRD4 targeting may be useful to
down-regulate the Jagged1/Notch1 pathway and block triple-negative breast cancer
dissemination.

Triple-negative breast tumors are characterized by aggressive behavior and reduced
sensitivity to classical chemotherapy. Within the breast tumor microenvironment, multiple
cell types promote tumor progression through the production of messengers, including
growth factors, hormones, cytokines and chemokines. These messengers activate diverse
signaling cascades and transcription programs in cancer cells to increase migration and
invasion, facilitating tumor progression and dissemination. Inflammatory mediators are well-
known contributors to these processes. A recent study published by Boelens et a/. presented
the concept that, within the inflammatory breast tumor microenvironment, stromal cells can
up-regulate Notch signaling in cancer cells (49). Our results are an important contribution to
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this study as we report strong interconnections between IL-6 signaling and BRD4 to control
Jagged1 expression, Notchl activation and breast cancer cell migration and invasion. We
provide evidence that BRDA4 targeting in cancer cells uncouples pro-migratory/invasive
signals, including IL-6, from their biological effects. Significantly, we have also previously
reported that either BRD2 deletion or BET protein inhibition reduces IL-6 and TNF-a
production in lipopolysaccharide-challenged macrophages (26). Other studies have reported
that BET targeting leads to diminished production of pro-inflammatory cytokines in models
of various pathologies (25,50). Therefore, BET proteins constitute a promising therapeutic
target within the breast tumor microenvironment to resolve inflammation and disrupt de
facto its effects on tumor progression and dissemination.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. BET protein inhibition reduces breast cancer cell migration and invasion
(A) MDA-MB-231, SUM149PT and MCF-7 cells were pre-treated with either 400 nM (R)-

JQ1 or (S)-JQ1 for 3 h then challenged for migration for 6 h with 10% FBS, using a
Transwell system. Results are presented as percentage of migrated area in comparison to
total membrane area. Left panel: representative photographs of the total membrane area
showing migrated cells stained with crystal violet. Right panel: bars show means + SEM of
four independent experiments. Statistical analyses were performed by using Student's t test.
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(B) MDA-MB-231 confluent monolayer cell cultures were pre-treated with either 400 nM
(R)-JQ1 or (S)-JQ1 for 3 h, then scratched with a pipet tip. Photographs were taken every
two hours and the percentage of the scratch closure was determined. Left panel:
representative photographs of scratched monolayer cultures of MDA-MB-231 cells treated
with either (R)-JQ1 or (S)-JQ1 at different times. Right panel: means £ SEM of two
independent experiments were plotted. Statistical analyses were performed by using two-
way ANOVA.

(C) MDA-MB-231, SUM149PT and MCF-7 cells were pre-treated with either 400 nM (R)-
JQ1 or (S)-JQ1 for 3 h under conditions of serum deprivation, then plated onto Matrigel in
Transwell inserts and challenged for invasion for 16 h with 10% FBS. Results are presented
as the total number of invading cells. Bars show means + SEM of four independent
experiments. Statistical analyses were performed by using Student's t test.

The following symbols were used to indicate significant differences: ns, p> 0.05; *, p<
0.05; **, p<0.01; ***, p<0.001.
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Figure 2. BRD4 regulates breast cancer cell migration and invasion
(A) Endogenous expression of BET proteins in several breast cancer cell lines was detected

by immunoblotting. Molecular weights (MW) in kDa corresponding to the immunoblotted
proteins are indicated.

(B) siRNA-mediated BET protein depletion was validated by immunoblotting. Cells were
transfected for 72h with the indicated siRNAs (50 nM). Blots shown are representative of
three independent experiments.

(C-D) MDA-MB-231 (left panel) and SUM149PT (right panel) cells were transfected with
either control siRNA (scramble) or BET-targeted siRNAs for 72h prior to migration (C) or
invasion (D) assays. Bars show means + SEM of three independent experiments. Statistical
analyses were performed by using two-way ANOVA.

The following symbols were used to indicate significant differences: ns, p> 0.05; ***, p<
0.001.
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Figure 3. I dentification of JAG1 as a BRD4-dependent gene

(A) Screening strategy.

(B) Heatmap representing relative expression of 46 genes involved in regulation of migration
and invasion in response to BRD4 depletion in MDA-MB-231 cells. Z scores are represented
using a color code. Results for separate knockdown experiments are shown (n = 3).

(C-D) Jaggedl mRNA (C) and protein (D) expression were measured in MDA-MB-231 cells
72h after transfection with the indicated siRNAs (50 nM).

(E) Immunoblot validates Jaggedl depletion in MDA-MB-231 48h after transfection with
the indicated siRNAs (20 nM) (left panel). Migration assay was conducted with scramble or
siJaggedl-depleted MDA-MB-231 cells (right panel). Bars show means + SEM of three
independent experiments. Statistical analyses were performed by using Student's t test.

(F) Invasion assay was conducted with scrambled siRNA- or siJagged1-depleted MDA-
MB-231 cells. Bars show means + SEM of three independent experiments. Statistical
analyses were performed by using Student's t test.
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The following symbols were used to indicate significant differences: ns, p> 0.05; **, p<
0.01; ***, p<0.001
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Figure 4. Jagged1/Notch1l signaling pathway acts downstream of BRDA4 to regulate breast cancer
cell migration and invasion

(A) Representative images from immunofluorescence experiments showing the cellular
NICD1 distribution. NICD1 is stained in green and nuclei in blue, with DAPI in merged
images (lower panels). Scale bar: 50 um.

(B) NICD1 nuclear score (for calculation details, see Experimental Procedures section). One
dot represents a measurement of one cell. Bars show means + SEM of three independent
experiments. Statistical analyses were performed by using one-way ANOVA.

(C-D) MDA-MB-231 were transfected with the indicated siRNAs (scramble, siBRD4: 50
nM; siJaggedl: 20 nM) for 72h prior to conduct migration (C) and invasion (D) assays. Bars
show means + SEM of three independent experiments. Statistical analyses were performed
by using one-way ANOVA.

(E-F) MDA-MB-231 were transfected with the indicated siRNAs (scramble, siBRD4: 50
nM; siJaggedl: 20 nM) for 72h and plasmids for 24h prior to conduct migration (E) and
invasion (F) assays. Bars show means + SEM of three independent experiments. Statistical
analyses were performed by using one-way ANOVA.

The following symbols were used to indicate significant differences: ns, p> 0.05; *, p<
0.05; **, p< 0.01; ***, p< 0.001.
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Figure 5 IL-6 induces BRD4-dependent Notchl signaling to regulate breast cancer aggressive
properties

(A-B) MDA-MB-231 cells were treated with recombinant human 1L-6 (50 ng/ml) for 24h
under either siBRD4 or siRNA scramble control conditions, to conduct migration (A) and
invasion (B) assays. Bars show means + SEM of three independent experiments. Statistical
analyses were performed with one-way ANOVA.

(C-D) MDA-MB-231 cells were treated with recombinant human I1L-6 (50 ng/ml, 24h)
and/or with DAPT (10 uM, 16h) under either siBRD4 or siRNA scramble control conditions,
to conduct migration (C) and invasion (D) assays. Bars show means = SEM of three
independent experiments. Statistical analyses were performed with one-way ANOVA.

(E) Representative images from immunofluorescence experiments showing cellular NICD1
distribution. NICD1 is stained in green and nuclei in blue with DAPI in merged images
(lower panels). Scale bar: 50 pm.

(F) NICD1 nuclear score. One dot represents a measurement of one cell. Statistical analyses
of three independent experiments were performed with one-way ANOVA.

The following symbols were used to indicate significant differences: ns, p> 0.05; *, p<
0.05; **, p<0.01; ***, p<0.001.
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Figure 6. BRD4 interactswith the JAG1 promoter
(A) Immunoblots of BRD4, Jaggedl, phospho-STAT3 (p-STAT3) and STAT3 in MDA-

MB-231 cells treated or not with IL-6 (50 pg/ml, 24h) under either siBRD4 or sSiRNA
scramble control conditions. Quantifications relative to control with normalization using a-
tubulin levels as a loading control are indicated. The ration p-STAT3/STAT3 is also indicated
to illustrate STAT3 activation.

(B) Immunoblots of BRD4 and Jaggedl in MDA-MB-231 or MCF-7 cells under
overexpression of the BET proteins for 48h. Quantifications relative to control with
normalization using a-tubulin levels as a loading control are indicated.

(C-D) MDA-MB-231 cells were treated with either 400 nM (R)- or (S)-JQ1 for 24h as
indicated then harvested for ChIP. (C) BRD4 interacts with the proximal JAGI promoter but
is absent from its distal promoter. (D) BRD4 is enriched at the proximal JAGZ promoter
under IL-6 treatment (50 ng/ml for 24h).

The following symbols were used to indicate significant differences: ns, p> 0.05; **, p<
0.01; ***, p<0.001.
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Figure 7. Proposed model: a BRD4/Jagged1/Notchl signaling pathway to regulate breast cancer

dissemination
Breast cancer microenvironment is composed of diverse cell types including notably

adipocytes, fibroblasts or immune cells, secreting numerous chemoattractant factors such as
growth factors, chemokines or cytokines, including IL-6, that sustain cell migration or
invasion. We identified BRD4 as a regulator of JaggedZl, a Notch1l ligand, which regulates
Notchl signaling activity in breast cancer cells to modulate their migration and invasion.
The pro-inflammatory cytokine IL-6 enriches BRD4 at the Jagged 1 promoter to stimulate

its expression and promote breast cancer cell migration and invasion through Notchl

signaling. A combined elevated expression of BRD4 and Jagged1l in breast cancer associates

in vivo with the presence of distant metastases.
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