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ABSTRACT

Estrogen and estrogen receptor alpha (ERa)-
induced gene transcription is tightly associated with
ERa-positive breast carcinogenesis. ERa-occupied
enhancers, particularly super-enhancers, have been
suggested to play a vital role in regulating such tran-
scriptional events. However, the landscape of ERa-
occupied super-enhancers (ERSEs) as well as key
ERa-induced target genes associated with ERSEs
remain to be fully characterized. Here, we defined
the landscape of ERSEs in ERa-positive breast can-
cer cell lines, and demonstrated that bromodomain
protein BRD4 is a master regulator of the transcrip-
tional activation of ERSEs and cognate ERa target
genes. RET, a member of the tyrosine protein kinase
family of proteins, was identified to be a key ER« tar-
get gene of BRD4-regulated ERSEs, which, in turn,
is vital for ERa-induced gene transcriptional activa-
tion and malignant phenotypes through activating
the RAS/RAF/MEK2/ERK/p90RSK/ERa phospho-
rylation cascade. Combination therapy with BRD4
and RET inhibitors exhibited additive effects on sup-
pressing ERa-positive breast cancer both in vitro
and in vivo, comparable with that of standard en-
docrine therapy tamoxifen. Furthermore, combina-
tion therapy re-sensitized a tamoxifen-resistant ER«-
positive breast cancer cell line to tamoxifen treat-

ment. Taken together, our data uncovered the crit-
ical role of a super-enhancer-associated positive
feedback loop constituting BRD4/ERa—RET-ERa in
ERa-positive breast cancer, and suggested that tar-
geting components in this loop would provide a new
therapeutic avenue for treating ERa-positive breast
cancer in the clinic.

INTRODUCTION

Breast cancer has surpassed lung cancer as the most com-
monly diagnosed cancer, with an estimated 2.3 million
new cases in 2020 (1). Breast cancer is classified into five
subtypes, namely luminal A, luminal B, HER2-positive,
basal-like and normal-like. Luminal A and B subtypes
together belong to the so-called estrogen receptor (ER)-
positive group, which has the most heterogeneous copy
number changes, gene expression patterns, mutation spec-
tra and patient outcomes (2). First-line treatment for ER-
positive breast cancer is endocrine therapy, including selec-
tive ER modulators (SERMs) (e.g. tamoxifen), aromatase
inhibitors (e.g. letrozole) and selective ER down-regulators
(SERDs) (e.g. fulvestrant) (3). However, there are myriad
and prevalent side effects associated with endocrine thera-
pies, such as hot flushes, arthralgias, night sweats and ef-
fects on bone and sexual health (3). Resistance towards en-
docrine therapy inevitably occurs in ER* metastatic breast
cancer (4). Searching for more effective treatments to over-
come endocrine therapy resistance remains a challenging
topic in the breast cancer field. ERa-dependent transcrip-
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tion plays a pivotal role in ER-positive breast tumorigen-
esis, which requires highly coordinated and complex inter-
play between various transcription factors, epigenetic en-
zymes, epigenetic readers and chromatin remodelers. These
ERa cofactors represent a class of promising therapeutic
targets in ERa-positive breast cancer.

Super-enhancers (SEs) are large clusters of enhancers
that drive the expression of genes with implications in cell
identity and diseases (5,6). SEs and SE-associated genes
have been shown to be essential for cancer development (5).
BRD4, a member of the bromodomain and extra-terminal
(BET) family of proteins, has been shown to play critical
roles in human diseases, such as cancer (7,8), cardiovas-
cular disease (9,10), inflammatory disease (11) and central
neural system (CNS) disorders (12). As part of the general
transcription machinery, BRD4 is enriched at transcription
start sites (TSSs), typical enhancer and SE regions, where
it acts as an epigenetic reader to recognize acetylated ly-
sine on histone tails and regulate transcription by recruit-
ing the positive transcription elongation factor b (P-TEFD).
BRD4-occupied SEs have been characterized in different
types of cancers, which drive the expression of a large co-
hort of oncogenic genes to promote cancer development
(13-15). A large number of small-molecule inhibitors tar-
geting BRD4 have since been developed. JQI is the first
reported and the most studied BET family inhibitor that
can bind competitively to acetyl-lysine recognition motifs
or bromodomains (16). Other BRD4 inhibitors including
CPI1203, MS417 (17) and OTXO015 (18) were also reported.
Dual BET-kinase inhibitors are efficacious against JAK2-
driven cell lines and the neoplastic growth of hematopoietic
progenitor cells from myeloproliferative neoplasm (MPN)
patients (19). A phase I study of the phosphatidylinositol
3-kinase/BRD4 inhibitor SF1126 for the treatment of hep-
atocellular carcinoma and neuroblastoma was approved by
the FDA. Despite the fact that BET inhibitors are promis-
ing therapeutic agents for the treatment of cancers, the rapid
emergence of side effects and acquired resistance necessi-
tates the investigation of combination therapies. For ex-
ample, BRD4 inhibitors were combined with HDAC in-
hibitors to inhibit growth and induce apoptosis in a num-
ber of tumor models, including breast cancer (20), acute
myeloid leukemia (21,22), pancreatic ductal adenocarci-
noma (23), neuroblastoma (24) and cutaneous T-cell lym-
phoma (25). THe BET inhibitor OTX015 and the protea-
some inhibitor carfilzomib synergistically induced apopto-
sis in TERT-rearranged neuroblastoma (26). Strong syn-
ergy was observed in small cell lung cancer (SCLC) when
co-treated with the BET inhibitor ABBV-075 and BCL2
inhibitors (27). Co-treatment with JQ1 and the CDK?7
inhibitor THZ1 impaired cell proliferation, and induced
apoptosis and senescence in head and neck squamous cell
carcinoma (28). We demonstrated that JQ1 overcame CAR-
T cell therapy-induced immune resistance in glioblastoma
(GBM) (29). Similarly, combination therapy with inhibitors
targeting BRD4 and BRD4 downstream target genes would
also represent an effective way for treating cancers.

RET is a transmembrane receptor and a member of the
tyrosine protein kinase family of proteins. In general, a RET
complex contains a dimerized RET receptor, a glial cell-
derived neurotrophic factor (GDNF) family ligand and two
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GDNEF family receptor alpha (GFRa) co-receptors (30).
When ligands bind to GFRa, RET undergoes dimeriza-
tion and subsequent phosphorylation, leading to the ac-
tivation of different intracellular signaling cascades (31).
RET plays critical roles in renal organogenesis and enteric
neurogenesis (32). RET overexpression, fusion and muta-
tions have been characterized as oncogenic drivers in var-
ious cancer types, showing great potential as a therapeu-
tic target (33-42). RET expression was induced by estro-
gens, and RET signaling enhanced estrogen-driven prolif-
eration in breast cancer (33,43-47). Recently, two RET-
specific, mutant-effective inhibitors, BLU-667 (Pralsetinib)
and LOXO-292 (Selpercatinib), were approved by the FDA
for treating non-small cell lung cancer (NSCLC) and thy-
roid cancers.

In the current study, we defined the landscape of ER«-
occupied SEs (ERSEs) in multiple ERa-positive breast can-
cer cell lines, and demonstrated that BRD4 is critical for
the transcriptional activation of ERSEs and cognate ER«
target genes. Furthermore, RET was identified to be a key
downstream target gene of BRD4, promoting the malignant
phenotypes of ERa-positive breast cancer cells. Combina-
tion therapy with BRD4 and RET inhibitors was effective
in suppressing ERa-positive breast cancer cell growth both
in vitro and in vivo.

MATERIALS AND METHODS
Cell culture

MCF7, T47D and HEK293T cells were obtained from
the American Type Culture Collection (ATCC). MCF7,
tamoxifen-resistant MCF7 and HEK293T cells were cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM; 01-
052-1ACS, Biological Industries) supplemented with 10%
fetal bovine serum (FBS; 04-001-1ACS, Biological Indus-
tries), and T47D cells were cultured in RPMI 1640 medium
(01-100-1ACS, Biological Industries) supplemented with
10% FBS. Tamoxifen-resistant MCF7 cells were developed
by culturing MCF7 cells in the presence of 2 uM ta-
moxifen (HY-13757A, MedChemExpress) for >12 months.
Tamoxifen-resistant MCF7 cells were then maintained in
the presence of 1 wM tamoxifen. All cells were cultured in a
humidified incubator with 5% CO; at 37°C. If estrogen (E,,
E8875, Sigma) was added, cells were maintained in strip-
ping medium (phenol red free) plus 5% charcoal-depleted
FBS for 72 h before treatment.

Cloning procedures

Full-length human RET (NM_001355216.1) cDNA was
cloned into the lentiviral vector pPCDH-CMV-MCS-EF1-
Puro (VT1480, Youbio). Short hairpin RNAs (shRNAs)
targeting RET (shRET#1, CCTGTTTGTGAATGACAC-
CAA; shRET#2, GCTGCATGAGAACAAC TGGAT) or
BRD4 (shBRD4#1, AAGCTGAGAAAGTTGATGTGA;
shBRD4#2, AAGACACTATGGAAACACCAG) were
cloned into the lentiviral vector pLKO.1.

Lentivirus packaging and infection

HEK293T cells were transfected with the mixture of the
lentiviral and packaging vectors, psPAX2 (12260, Addgene)
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and pMD2.G (12259, Addgene), using polyethylenimine
(PEI, 24765-2, Polysciences) following the manufacturer’s
instructions. Lentivirus-containing supernatants were har-
vested 60 h post-transfection. Viruses were collected, fil-
tered and added in the presence of 10 pg/ml polybrene
(Sigma, H9268), followed by centrifugation for 30 min at
1500 g at 37°C. The medium was replaced 24 h later.

SiRNA transfection, RNA isolation and RT-qPCR

Small interfering RNA (siRNA) transfections were per-
formed using Lipofectamine™ 2000 Transfection Reagent
(11668500, Invitrogen) according to the manufacturer’s
protocol. MCF7 cells were transfected with siRNAs tar-
geting RET (siRET#1, GCATCAACGTCCAGTACAA;
siRET#2, GGACGGTTGTCACTTATGAAG) or BRD4
(siBRD4#1, GCGTTTCCACGGTACCAAA; siBRD4#2,
GGAAACCTCAAG CTGAGAA). Total RNA was iso-
lated using the Eastep Super Total RNA Extraction Kit
(LS1040, Promega) following the manufacturer’s protocol.
First-strand ¢cDNA synthesis from total RNA was per-
formed using the GoScript Reverse Transcription System
(A5001, Promega), followed by quantitative polymerase
chain reaction (qPCR) using an AriaMx Real-Time PCR
machine (Agilent Technologies). Sequence information for
all primers used to check gene expression is presented in
Supplementary Table S3.

Cell proliferation assay

Cell viability was measured by using a CellTiter 96 AQue-
ous one solution cell proliferation assay kit (G3582,
Promega) following the manufacturer’s protocol. Briefly,
MCF7 cells were maintained in stripping medium (phe-
nol red free) for 2 days before treating or not with es-
trogen (E,, 1077 M) for different times followed by cell
proliferation assay. When BRD4 or RET knockdown cells
were subjected to cell proliferation assay, cells were main-
tained in stripping medium for 2 days and then re-seeded
at the same density before treating or not with estrogen
(E3, 1077 M) for different time followed by cell prolifera-
tion assay. To measure cell viability, 20 pl of CellTiter 96
AQueous one solution reagent was added per 100 pl of cul-
ture medium, and the culture plates were incubated for 1
h at 37°C in a humidified, 5% CO, atmosphere incubator.
The reaction was stopped by adding 25 ul of 10% sodium
dodecylsulfate (SDS). Data were recorded at a wavelength
of 490 nm using a Thermo Multiskan MK3 Microplate
Reader.

Colony formation assay

BRD4 or RET knockdown cells were maintained in strip-
ping medium for 2 days and re-seeded at the same density in
a 6-well plate before treating or not with estrogen (E,, 10~/
M). Colonies were examined 20 days later. Briefly, colonies
were fixed with methanol/acid solution (3:1) for 5 min and
stained with 0.1% crystal violet for 15 min. For quantifica-
tion, the crystal violet dye was released into 10% acetic acid
and data were recorded at a wavelength of 590 nm.

Wound healing assay

BRD4 or RET knockdown cells were re-seeded and grown
to 90% confluence in 6-well culture plates, and linear scratch
wounds were created by a sterile 200 1 pipet tip in the cell
monolayer. The wells were washed by phosphate-buffered
saline (PBS) three times to remove detached cells. An in-
verted microscope (Carl Zeiss) was used to capture the im-
ages to calculate the rate of wound closure at 0 and 48 h
after wounding.

Transwell assay

Cell invasion was investigated by a transwell chamber con-
taining 50 ng/ml Matrigel (Corning) according to the man-
ufacturer’s instructions. Briefly, BRD4 or RET knockdown
cells were re-seeded on the top compartment of trans-well
Boyden chambers (8 pm, Corning) in serum-free medium,
and then allowed to migrate to the lower compartment
containing complete medium with 10% FBS in a humid-
ified, 5% CO, atmosphere incubator at 37°C for 36 h.
Cells that did not migrate into the lower compartment were
wiped away with a cotton swab. The inserts were fixed with
methanol/acid solution (3:1) for 5 min and stained with
0.1% crystal violet for 20 min. After washing with PBS ex-
tensively, invaded cells were photographed and quantified
using Image J.

Fluorescence-activated cell sorting (FACS) analysis

MCEF7 cells were maintained in stripping medium for 2
days before treating or not with estrogen (E,, 10~7 M) fol-
lowed by FACS analysis. Specifically, cells were trypsinized,
washed with cold PBS and fixed with cold 75% ethanol
at —20°C overnight. Cells were then washed with PBS and
stained with propidium iodide (PI)/Triton X-100 staining
solution [0.1% (v/v) Triton X-100, 0.2 mg/ml DNase-free
RNase A (Sigma) and 0.02 mg/ml PI (Roche)] at 37°C for
15 min. DNA content was then measured and ~10° events
were analyzed for each sample. Data were analyzed using
ModFit LT (Verity Software House).

Animal experiments

To examine the effects of RET knockdown on tumor
growth, four groups (five mice per group) of female
nude mice (BALB/C, 20-25 g, 4-6 weeks old) (Shanghai
SLAC Laboratory Animal Center) were subcutaneously
implanted with 5 x 10° control or RET knockdown MCF7
cells suspended in 100 wl of PBS. Each nude mouse was
brushed with estrogen (E,, 1072 M) on the neck every 3
days for the duration of the experiments to induce tumor
formation. Mice were sacrificed before the tumor burden
exceeded the limit (~1500 mm?). Tumors were then excised,
photographed and weighed.

To examine the effects of combination treatment with
JQ1 and BLU-667, MCF7 cells stably expressing firefly lu-
ciferase (MCF7-fluc) were suspended in PBS (5.0 x 10°
cells/mouse) and inoculated subcutaneously into female
nude mice. Each nude mouse was brushed with estro-
gen (E,, 1072 M) on the neck every 3 days for the dura-
tion of the experiments to induce tumor formation. Tu-
mors were allowed to grow for 14 days until the mean



flux reached ~1 x 10® p/s/cm?/sr before treatment (day
0). Mice were then randomly assigned to four groups (five
mice/group): CTL (PBS, intraperitoneal injection), JQ1 (50
mg/kg, intraperitoneal injection, every other day), BLU-
667 (20 mg/kg, gavage injection, every other day) or JQ1
(25 mg/kg, intraperitoneal injection) combined with BLU-
667 (10 mg/kg, gavage injection). Tumor progression was
monitored by bioluminescence using the Xenogen IVIS Lu-
mina imaging system (Caliper Life Sciences). Each mouse
was injected intraperitoneally with beetle luciferin (1.5 mg,
E1605, Promega) and then imaged 6-8 min later with an ex-
posure time of 3 min. Luminescence images were analyzed
using the Living Image software (Caliper Life Sciences). Tu-
mor volume (V) was calculated using the formula: V. =1/2
(length x width?). The survival of mice was monitored daily.
Mice were treated for 32 days and observed for 120 days.

To compare the effects of combination treatment with
the standard therapy tamoxifen, five groups (five mice per
group) of female nude mice were subcutaneously implanted
with 5 x 10° MCF7 cells suspended in PBS. Estrogen
was brushed on the neck every 3 days for the duration of
the experiments. After 2 weeks, mice were randomized for
treatment with tamoxifen (5 mg/kg, gavage injection, ev-
ery other day), JQ1 (50 mg/kg, intraperitoneal injection,
every other day), BLU-667 (20 mg/kg, gavage injection, ev-
ery other day) or JQ1 (25 mg/kg, intraperitoneal injection)
combined with BLU-667 (10 mg/kg, gavage injection) for
another 32 days. Mice were sacrificed before the tumor bur-
den exceeded the limit (~1500 mm?). Tumors were then ex-
cised, photographed and weighed.

To assess the effects of combination treatment in
tamoxifen-resistant breast tumor model, five groups (five
mice per group) of female nude mice were subcutaneously
implanted with 5 x 10° tamoxifen-resistant MCF7 cells sus-
pended in PBS. After 2 weeks, mice were randomized for
treatment with tamoxifen (5 mg/kg, gavage injection, ev-
ery other day), JQI1 (25 mg/kg, intraperitoneal injection)
combined with BLU-667 (10 mg/kg, gavage injection) or
JQ1 (25 mg/kg, intraperitoneal injection) and BLU-667
(10 mg/kg, gavage injection) combined with tamoxifen (5
mg/kg, gavage injection, every other day) for another 32
days. Mice were sacrificed before the tumor burden ex-
ceeded the limit (~1500 mm?). Tumors were then excised,
photographed and weighed.

All animals were maintained in an animal room with 12
h light/12 h dark cycles and cared for with free access to
standard rodent chow and water in accordance with insti-
tutional guidelines. All animal experiments were conducted
in accordance with a protocol approved by the Animal Care
and Use Committee of Xiamen University.

RNA sequencing (RNA-seq)

The Eastep Super Total RNA Extraction Kit (LS1040,
Promega) was used for RNA isolation. DNase I was in-
cluded in the column digestion to ensure RNA qual-
ity. RNA library preparation was performed using the
NEBNext®) Ultra™ Directional RNA Library Prep Kit
for Ilumina (E7420L, Illumina). Paired-end sequenc-
ing was performed using an Illumina HiSeq 3000 sys-
tem. Sequencing reads were aligned to the hgl9 RefSeq
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database using Tophat (http://ccb.jhu.edu/software/tophat/
index.shtml). Cuffdiff was used to quantify the expres-
sion of RefSeq annotated genes with the option -M (reads
aligned to repetitive regions were masked) and -u (multi-
ple aligned reads were corrected using the ‘rescue method’).
Coding genes with FPKM (fragments per kilobase per mil-
lion mapped reads) >0.5 in at least one condition were in-
cluded in our analysis. Up- or down-regulated genes were
determined by the fold change (FC) of the gene’s FPKM.
The FPKM of a gene was calculated as mapped reads on
exons divided by exonic length and the total number of
mapped reads. Box plots and heat maps were generated us-
ing R software, and statistical significance was determined
using Student’s ¢-test.

Chromatin immunoprecipitation coupled with high-

throughput sequencing (ChIP-seq)

MCFT7 cells were maintained in stripping medium for 3 days
before treating or not with estrogen (E,, 107 M) for 1 h.
Cells were then fixed with disuccinimidyl glutarate (DSG) (2
mM) (20593, Thermo Fisher Scientific) for 45 min at room
temperature, washed twice with PBS and double-fixed with
1% formaldehyde (689316, Sigma) for another 10 min at
room temperature. Fixation was stopped by adding glycine
(1610718, Bio-Rad; 0.125 M) for 5 min at room tempera-
ture, followed by washing with PBS twice. Chromatin DNA
was sheared to an average size of 300-500 bp by sonication.
The resultant protein was immunoprecipitated with anti-
BRD4 antibody (2 g, A301-985A100, Bethyl Laborato-
ries) overnight at 4°C, followed by incubation with protein
G magnetic beads (0.4 mg/ml, 1614023, Bio-Rad) for an ad-
ditional 4 h. After washing, the protein—-DNA complex was
reversed by heating at 65°C overnight. Immunoprecipitated
DNA was purified using the QIAquick PCR Purification
Kit (28104, Qiagen) and subjected to high-throughput se-
quencing.

Super-enhancer definition

ERa ChIP-Seq was aligned using Bowtie2 (http://bowtie-
bio.sourceforge.net/bowtie2/index.shtml) with default pa-
rameters to the human reference genome hgl9. Both
uniquely aligned reads and reads that align to repetitive re-
gions were kept for downstream analysis (if a read aligned to
multiple genomic locations, only one location with the best
score was chosen). Clonal amplification was circumvented
by allowing a maximum of one tag for each unique genomic
position.

The identification of ChIP-seq peaks was performed
using HOMER (http://homer.ucsd.edu/homer/). ChIP-Seq
reads aligning to the region were extended by 200 bp. The
threshold for the number of tags that determined a valid
peak was selected at a false discovery rate (FDR) of 0.001.
Four-fold more tags relative to the local background re-
gion (10 kb) were also required to avoid identifying regions
with genomic duplications or non-localized binding. Ge-
nomic distribution was done by using the default parame-
ters from HOMER with minor modifications, in which pro-
moter peaks were defined as those with their peak center
falling between 200 bp downstream and 5000 bp upstream
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of a TSS. Enhancers were defined as peaks which locate at
non-promoter regions. In order to accurately identify dense
clusters of enhancers, we stitched enhancers within 15 kb
together. The tag density of clusters of enhancers was the
sum of tag density at each enhancer involved.

To identify SEs, we first ranked all enhancer clusters by
ERa ChIP-seq tag density, and then plotted them in order.
The x-axis point at which a line with a slope of 1 was tan-
gent to the curve was then identified. SEs were defined as
enhancers above this point, and typical enhancers as en-
hancers below this point.

To define ERSE-associated genes, we first looked for
genes inside an SE or the closest (both upstream and down-
stream) to an SE; if these genes are induced by estrogen,
we continued to look for genes right next to them in both
directions until we found genes that are not induced by es-
trogen. We counted these estrogen-induced genes as genes
in the vicinity, nearby or associated with ERSE.

Global run-on sequencing (Gro-seq)

MCF7 cells were washed three times with cold PBS buffer
and then incubated in swelling buffer [10 mM Tris—HCI
(pH 7.5), 2 mM MgCl,, 3 mM CacCl,] for 5 min on ice
and harvested. Cells were first re-suspended and lysed in
lysis buffer (swelling buffer with 0.5% IGEPAL and 10%
glycerol). The resultant nuclei were washed once again
with 10 ml of lysis buffer and then re-suspended in 100
wl of freezing buffer [SO mM Tris—HCIl (pH 8.3), 40%
glycerol, S mM MgCl,, 0.1 mM EDTA]. For run-on assay,
re-suspended nuclei were mixed with an equal volume
of reaction buffer [10 mM Tris—HCI (pH 8.0), 5 mM
MgCl,, 1 mM dithiothreitol (DTT), 300 mM KCI, 20 U
of SUPERase In, 1% sarkosyl, 500 puM ATP, GTP and
Br-UTP, and 2 pM CTP) and incubated for 5 min at
30°C. The nuclear run-on RNA (NRO-RNA) was then
extracted with TRIzol LS reagent (Invitrogen) following
the manufacturer’s instructions. NRO-RNA was then
subjected to base hydrolysis on ice for 40 min followed by
treatment with DNase I and antarctic phosphatase. To pu-
rify the Br-UTP-labeled nascent RNA, the NRO-RNA was
immunoprecipitated with anti-bromodeoxyuridine (BrdU)
agarose beads (Santa Cruz Biotech) in binding buffer (0.5x
SSPE, 1 mM EDTA, 0.05% Tween-20) for 1 h at 4°C while
rotating. To repair the end, the immunoprecipitated BrU-
RNA was re-suspended in a 50 wl reaction [43 wl of DEPC
water, 5.2 pl of T4 PNK buffer, 1 pl of SUPERase In and
1 pl of T4 PNK (New England BioLabs)] and incubated
at 37°C for 1 h. RNA was then extracted, precipitated
using acidic phenol-chloroform (Ambion) and subjected
to poly(A) tailing reaction by using poly(A) polymerase
(New England BioLabs) for 30 min at 37°C. Subsequently,
reverse transcription was performed using oNTI223
primers (5pGATCGTCGGACTGTAGAACTCT;
CAAGCAGAAGACGGCATACGATTTTTTTTTTT

TTTTTTTTTVN-3') where the p indicates 5 phosphoryla-
tion, ‘;” indicates the abasic dSpacer furan and VN indicates
degenerate nucleotides. Specifically, tailed RNA (8.0 wl)
was subjected to reverse transcription using Superscript
IIT (Invitrogen), after which the cDNA products were
separated on a 10% polyacrylamide TBE—urea gel. The

extended first-strand product (100-500 bp) was excised
and recovered by gel extraction. After that, the first-strand
cDNA was circularized by CircLigase (Epicenter) and
relinearized by Apel (New England BioLabs). Relinearized
single-stranded cDNA (sscDNA) was separated in a
10% polyacrylamide TBE gel as described above and
the product of the needed size was excised (~170-400
bp) for gel extraction. Finally, sscDNA template was
amplified by PCR using the Phusion High-Fidelity en-
zyme (NEB) according to the manufacturer’s instructions.
Primers oNTI200 (5-CAAGCAGAAGACGGCATA-
3) and oNTI201 (5-AATGATACGGCGACCACC
GACAGGTTCAGAGTTCTACAGTCCGACG-3))
were used to generate DNAs for deep sequencing.
Sequencing was performed on the Illumina Genome
Analyzer II (GA 1II) according to the manufacturer’s
instructions with small RNA sequencing primer 5'-
CGACAGGTTCAGAGTTCTACAGTCCGACGATC-
3.

Traveling ratio calculation

The traveling ratio (TR) was defined as the relative ratio of
Gro-seq tag density in the promoter-proximal region and
the gene body. The TR was defined as the ratio of Gro-seq
read density at the promoter-proximal bin (from 50 bp up-
stream to 300 bp downstream of the TSS) and that at the
gene body bin [from 300 bp downstream of the TSS to the
transcription termination site (TTS) or 30 kb downstream
of the TSS if the distance from 300 bp downstream of the
TSS to the TTS is >30 kb]. The significance of the change
of the TR between control and knockdown samples was
displayed using a box plot and determined using Student’s
t-test.

Immunoblotting analysis

Immunoblotting was performed as described previ-
ously (48). The following primary antibodies were
used: anti-BRD4 antibody (A301-985A100, Bethyl
Laboratories), anti-RET antibody (ab134100, Ab-
cam), anti-RET (phospho Y1015) antibody (ab74154,
Abcam), anti-Rafl antibody (A19638, Abclonal), anti-
phospho-Raf1-S259  antibody (AP1012, Abclonal),
anti-MEK1/MEK?2 antibody (A4868, Abclonal), anti-
phospho-MAP2K1-S217/MAP2K2-S221 antibody
(AP0209, Abclonal), anti-ERK1/2 antibody (A4782,
Abclonal), anti-phospho-ERK1-T202/Y204 + ERK2-
T185/Y187 antibody (AP0472, Abclonal), anti-p90Rsk
antibody (A4695, Abclonal), anti-phospho-P90RSK-
S380 antibody (AP0562, Abclonal), anti-ER« antibody
(ab32063, Abcam), anti-phospho-ERa (Ser167) antibody
(64508s, Cell Signaling Technology), anti-phospho-ERa
(Ser118) antibody (ab32396, Abcam), anti-CCNDI anti-
body (ab40754, Abcam), anti-c-MYC antibody (SC-40,
Santa Cruz Biotech) and anti-ACTIN antibody (8432, Cell
Signaling Technology).

Statistical analysis

Comparison of two groups or data points was performed
using two-tailed z-test. Statistical analyses of tumor growth



data between multiple groups were performed using one-
way analysis of variance (ANOVA) with Holm-Sidak’s mul-
tiple comparisons test or two-way ANOVA with Dunnett’s
multiple comparisons test as needed. Survival curves were
constructed according to the Kaplan—Meier method and
compared using the log-rank (Mantel-Cox) test. Statistical
significance was set at P <0.05.

RESULTS
ERSE:s are highly active in ERa-positive breast cancer cells

To better understand the molecular mechanisms underly-
ing transcriptional activation of ERa-induced genes, we
sought to define the landscape of ERSEs in MCF7 cells,
a model cell line of ERa-positive breast cancer. ERa
ChIP-seq analysis in MCF7 cells treated or not with es-
trogen revealed that, upon estrogen treatment, a large
number of ERa-binding sites (n = 28 386) were found
to be significantly induced (Figure 1A). Nearly 93% of
these estrogen-induced ERa-binding sites were localized
at distal regions (non-promoter regions) (Figure 1A). SE
analysis results revealed that 1160 SEs could be defined
based on these estrogen-induced ERa-binding sites (Fig-
ure 1B; Supplementary Figure S1A; Supplementary Table
S1). Many of the well-known estrogen target genes, such
as GREBI, MYC, NRIPI, XBPIl, CCNDI, BCL2, TFFI,
PGR, P2RY2, FOS and M YB, were found to be in the vicin-
ity of SEs (Figure 1B). These 1160 SEs differed greatly from
typical enhancers in metagene representation of ERa occu-
pancy (Figure 1C), number of constituent enhancers, me-
dian size, total ERa signals, ERa signals on constituent en-
hancers and number of total reads (Figure 1D). Specifically,
there were ~3 constituent enhancers on average for each
SE (Figure 1D). The SEs had a median size of 10.58 kb,
whereas that for typical enhancers was 1.0 kb (Figure 1D).
We also defined the SEs based on ER« intensity without ag-
gregation. If we compared the top 1160 enhancers defined
based on intensity with those 1160 ERSEs defined above,
there are 1003 in common, indicating that strong enhancers
are often part of SEs (Supplementary Figure S1B). The
ERSEs in two other ERa-positive breast cancer cell lines,
T47D and ZR-75-1, were also analyzed. The results showed
that there were 636 and 1344 ERSEs in T47D and ZR-
75-1, respectively (Supplementary Figure SIC-F; Supple-
mentary Table S1). Similar to what was observed in MCF7
cells, these SE differed greatly from typical enhancers in
metagene representation of ERa occupancy (Supplemen-
tary Figure S1G, H), number of constituent enhancers, me-
dian size, total ER« signals, ER« signals on constituent en-
hancers and number of total reads (Supplementary Figure
S11, J). There were 214 ERSEs shared by all three cell lines,
MCEF7, T47D and ZR-75-1 (Supplementary Figure S1K;
Supplementary Table S1). In particular, ERSEs were found
in the vicinity of oncogenic estrogen target genes, such as
MYC, CCNDI, FOS and M YB (Supplementary Table S1).

We then characterized the ERSEs in MCF7 cells in de-
tail. Characteristics of enhancers, namely highly enriched
H3K4mel /2, but low levels of H3K4me3, were evident
from tag density distribution and a heat map for both
ERa-occupied typical enhancers and SEs, supporting that
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they are bona fide enhancers (Figure 1E; Supplementary
Figure S1L). Furthermore, these enhancer sites were en-
riched with activation markers including H3K27Ac, P300
and MEDI, but devoid of repressive markers including
H3K9me3 and H3K27me3, indicating that they are active
enhancers (Figure 1E; Supplementary Figure SIL). SEs dif-
fered greatly from typical enhancers in metagene represen-
tation of H3K4mel/2, H3K27Ac, P300 and MED1 (Figure
1E; Supplementary Figure SIL). Representative ERSEs are
shown, such as those in the vicinity of estrogen target genes
XBPI, BCL2 and ITPKI (Figure 1 F; Supplementary Fig-
ure SIM, N). To examine whether ERSEs themselves and
genes in the vicinity are transcriptionally active, Gro-seq
was performed in MCF7 cells treated or not with estrogen.
Enhancer RNAs (eRNAs), the sign of enhancer activation,
were strongly induced on ERSEs upon estrogen treatment
(see below). Furthermore, 1044 genes were induced by es-
trogen, out of which 417 were found to be right near to
ERSE:s [reads per kilobase of transcript per million mapped
reads (RPKM) >0.5, FC >1.5] (Figure 1G). Taken together,
ERSEs are associated with active chromatin signatures and
estrogen-induced transcriptional activation.

BRD4 is a master regulator of the transcriptional activation
of ERSE:s as well as estrogen target genes in their vicinity

BRD4 has been shown to be associated with SEs in multi-
ple cancer types (49-51). We directly tested whether BRD4
binds to ERSEs in ERa-positive breast cancer cells. To this
end, BRD4 ChIP-seq was performed in MCF7 cells treated
or not with estrogen. Upon estrogen treatment, BRD4 was
highly and significantly induced on ERSEs (Figure 2A,
B). The metagene representation of BRD4 occupancy, to-
tal BRD4 signals, BRD4 signals on constituent enhancers
and number of total reads were much higher for BRD4-
occupied ERSEs than typical enhancers (Figure 2A, B). We
next asked whether BRD4 is required for the transcriptional
activation of ERSEs as well as estrogen-induced genes in
the vicinity. Gro-seq analysis results revealed that the activa-
tion of 94% of ERSEs, represented by eRNA levels on both
the sense and antisense strand, was dependent on BRD4, as
shown by the bar graph, tag density plot and heat map (Fig-
ure 2C-F). Accordingly, nearly all estrogen-induced genes
(98%) in the vicinity of ERSEs were dependent on BRD4
for expression, as shown by the bar graph (Figure 2G),
heat map (Figure 2H) and box plot (Figure 2I). The ef-
fects of BRD4 on the activation of estrogen-induced genes
in the vicinity of ERSEs including PGR, GREBI, TFF1I,
SMAD7, SIAH2, CCNDI and MYC were demonstrated
by RT-qPCR analysis (Supplementary Figure S2A, B; Sup-
plementary Table S2), which were further validated by JQ1
treatment (Supplementary Figure S2C; Supplementary Ta-
ble S2). The requirement of BRD4 for the activation of
estrogen-induced genes was independently confirmed in an-
other ERa-positive breast cancer cell line, T47D, through
RT-qPCR analysis (Supplementary Figure S2D; Supple-
mentary Table S2).

One of the major functions of BRD4 is to recruit the
P-TEFb complex to induce transcriptional pausing release
and subsequent transcriptional elongation (52,53). Close
examination of the Gro-seq tag distribution surrounding
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Figure 1. ERSEs are highly active in ERa-positive breast cancer. (A) MCF7 cells treated with estrogen (E», 10=7 M, 1 h) were subjected to ChIP-seq with
anti-ERa-specific antibody. Genomic distribution of ERa-binding sites is shown by a pie chart. (B) Normalized ERa ChIP-seq tag density in enhancer
regions after clustering is shown. Estrogen-induced genes in the vicinity of representative ERSEs are shown. The number in parentheses indicates the rank
of ChIP-seq tag density. (C) Metagene representation of ERa occupancy at typical enhancers (TEs) and super-enhancers (SEs) is shown. The x-axis shows
the start and end of the TE (left) or SE (right) regions flanked by a 3 kb sequence. The y-axis shows the normalized tag density. (D) The characteristics
of TEs and SEs defined by ER« are shown. (E) Metagene representation of H3K4mel, H3K4me2, H3K4me3, MED1, H3K27Ac, P300, H3K9me3 and
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y-axis shows the normalized tag density. (F) UCSC Genome browser views of ERa, BRD4, H3K4mel, H3K4me2, H3K4me3, H3K27Ac, P300, MEDI,
H3K9me3 and H3K27me3 ChIP-seq in the presence or absence of estrogen on the SE region in the vicinity of the estrogen-induced gene, XBP!. The boxed
region indicates SEs. (G) MCF7 cells treated or not with estrogen (E», 10=7 M, 1 h) were subjected to Gro-seq. Genes positively and negatively regulated

by estrogen based on Gro-seq, and those with an SE nearby are shown.
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Figure 2. BRD4 is a master regulator of the transcriptional activation of ERSEs as well as of estrogen target genes in the vicinity. (A) MCF7 cells treated or
not with estrogen (Ey, 10~7 M, 1 h) were subjected to ChIP-seq with anti-BR D4-specific antibody. Metagene representation of BRD4 occupancy at typical
enhancers (TEs) and ERSEs is shown. The x-axis shows the start and end of the TE (left) or SE (right) regions flanked by + 3 kb sequence. The y-axis
shows the normalized tag density. (B) Statistics of BRD4 ChIP-seq on TEs and ERSEs. (C) MCF7 cells transfected with control siRNA (siCTL) or siRNAs
specifically targeting BRD4 (siBRD4) were treated or not with estrogen (Ez, 10=7 M, 1 h), followed by immunoblotting (IB) analysis using antibodies as
indicated. Molecular weight is indicated on the right (in kDa). (D) MCF7 cells as described in (C) were subjected to Gro-seq analysis. The levels of eRNA
were calculated, and the percentage of BRD4-dependent SEs is shown. (E, F) eRNA levels on both sense and antisense strands on ERSEs as detected by
Gro-seq as described in (D) are shown by tag density plot (E) and heat map (F). (G) The percentage of ERSE-associated and estrogen-induced genes that
are BRD4 dependent is shown. (H, I) The expression of ERSE-associated and estrogen-induced genes that are BRD4 dependent is shown by heat map
(H) and box plot (I) (unpaired Student’s ¢-test, two-tailed). (J) Gro-seq tag density, both sense (+) and antisense (—), centered on the TSSs (& 6000 bp)
of ERSE-associated and estrogen-induced genes that are BRD4 dependent is shown. (K) Traveling ratio (TR) distribution calculated based on Gro-seq
tag density for ERSE-associated and estrogen-induced genes that are BRD4 dependent. (L) The change of the TR as shown in (K) is shown by box plot
(unpaired Student’s z-test, two-tailed).
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TSSs (6 kb upstream and downstream of TSSs) revealed
that there was a decrease in tag density at the promoter-
proximal region, but an increase along the gene body upon
estrogen treatment for estrogen-induced genes in the vicin-
ity of ERSEs, resembling a typical pause release (Figure
2]J). Knockdown of BRD4 attenuated the estrogen effects
on pausing release (Figure 2J). We then calculated the TR
based on the Gro-seq tag density in the promoter-proximal
region and the gene body. Indeed, the vast majority of
estrogen-induced genes in the vicinity of ERSEs experience
promoter-proximal pausing, which was released upon es-
trogen treatment (i.e. the TR was decreased upon estro-
gen treatment) (Figure 2K). Importantly, knockdown of
BRD4 abolished estrogen-induced pausing release (Figure
2K). The change of the TR caused by estrogen treatment
and the impact of BRD4 on such a change was visualized
by box plot analysis (Figure 2L). It should be noted that
there are also a large number of BRD4-occupied enhancers
that are not responsive to estrogen treatment. For instance,
BRD4 binding on the enhancers of RTELI and GAPDH
genes is not responsive to estrogen treatment (Supplemen-
tary Figure S2E, G). Knockdown of BRD4 exhibits no sig-
nificant impact on the expression of these genes (Supple-
mentary Figure S2F, H). Taken together, our data suggest
that BRD4 is a master regulator of the transcriptional ac-
tivation of ERSEs as well as estrogen-induced genes in the
vicinity.

BRD4 promotes the malignant behaviors of ERa-positive
breast cancer cells

We next tested whether BRD4 promotes the malignant be-
haviors of ERa-positive breast cancer cells due to the criti-
cal role of estrogen-induced transcriptional events in ER«-
positive breast cancer development. Knockdown of BRD4
significantly inhibited the growth of MCF7 cells (Figure
3A). FACS analysis results revealed that cells were arrested
in Gy phase upon BRD4 knockdown (Figure 3B). BRD4’s
effects on MCF7 cell growth were further demonstrated
by colony formation assay (Figure 3C, D). Furthermore,
the migration and invasion of MCF?7 cells were inhibited
when BRD4 was knocked down (Figure 3E-H). The ef-
fects of BRD4 on cell proliferation, cell cycle progression,
colony formation, migration and invasion were indepen-
dently confirmed by siRNA-mediated BRD4 knockdown
(Supplementary Figure S3A—-H). Furthermore, the BET in-
hibitor JQ1 exhibited similar effects (Supplementary Fig-
ure S3I-P). The requirement for BRD4 in cell proliferation
and cell cycle progression was independently confirmed in
T47D cells (Supplementary Figure S3Q, R). To strengthen
the importance of BRD4, it is expressed at a significantly
higher level in ER-positive breast tumor tissues compared
with normal tissues (Supplementary Figure S3S). Taken to-
gether, our data suggest that BRD4 promotes the malignant
phenotypes of ERa-positive breast cancer cells.

RET is associated with BRD4-regulated ERSE, and pro-
motes the malignant behaviors of ERa -positive breast cancer
cells

SEs are believed to control the expression of key oncogenes
to drive tumorigenesis (5). To identify the key estrogen-

induced genes in the vicinity of BRD4-regulated ERSEs, we
first searched for genes that are clinically relevant. This led
to the identification of 39 genes that are highly and signif-
icantly expressed in ER-positive breast tumor tissues com-
pared with normal tissues in the clinic (FC >2, P <0.01).
RET, a member of the tyrosine protein kinase family of
proteins, was associated with ERSE and among the top
genes most induced by estrogen (Figure 4A, B). Two of the
constituent enhancers inside the ERSE we defined for the
RET gene were previously reported to be critical for the
transcriptional activation of RET (46) (Supplementary Fig-
ure S4A) (29). We first confirmed that RET could be sig-
nificantly induced by estrogen, which was attenuated when
BRD4 was knocked down (Figure 4C). JQ1 also attenuated
estrogen-induced RET expression (Figure 4D). To exam-
ine whether ERSE-associated RET promotes the malignant
phenotypes of ERa-positive breast cancer cells, we infected
MCEF7 cells with lentiviruses expressing RET shRNAs. Cell
proliferation, cell cycle progression, colony formation, mi-
gration and invasion of MCF7 cells were significantly af-
fected when RET was knocked down, which was similar
to what was observed for BRD4 (Figure 4F-J; Supplemen-
tary Figure S4B-D). The effects of RET were independently
confirmed by siRNA-mediated RET knockdown (Supple-
mentary Figure S4E-M). Similar results were obtained with
RET inhibitors including BLU-667, LOXO-292 and AST-
487 (Supplementary Figure S4N-U). The requirement of
RET for cell proliferation and cell cycle progression was in-
dependently confirmed in T47D cells (Supplementary Fig-
ure S4V, W). To test whether RET affects tumor growth
in vivo, we injected nude mice subcutaneously with control
MCEF7 cells or MCF7 cells with RET knockdown. It was
found that RET knockdown led to a significant reduction
of tumor growth rate, tumor volume and tumor weight (Fig-
ure 4K-M).

To further strengthen the critical role of RET in promot-
ing the malignant phenotypes of ERa-positive breast can-
cer cells, we overexpressed RET in MCF7 cells followed
by cell proliferation assay, FACS analysis, colony forma-
tion assay, wound healing assay and transwell assay. Over-
expression of RET was found to promote cell growth, G
to S progression, colony formation, migration and invasion
of MCF7 cells (Figure 4N-S; Supplementary Figure S4X-
Z). Furthermore, RET knockdown re-sensitized tamoxifen-
resistant MCF7 cells to tamoxifen treatment (Figure 4T).
Taken together, our data suggest that RET, a gene in the
vicinity of BRD4-regulated ERSEs, is essential for the ma-
lignant phenotypes of ERa-positive breast cancer cells.

RET is a downstream target of BRD4-regulated ERSEs

To further demonstrate that RET is a key target gene
of BRD4-regulated ERSEs, we performed rescue exper-
iments in which RET was introduced when BRD4 was
knocked down (Figure 5A). The expression of BRD4-
regulated, ERSE-associated estrogen target genes, such
as PGR, GREBI, TFFI, SMAD7, SIAH2, CCNDI and
MYC, was significantly down-regulated when BRD4 was
knocked down, which was largely rescued by introduction
of RET (Figure 5B; Supplementary Table S2). Accordingly,
RET partially rescued the defects of cell proliferation, cell
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Representative images are shown.

cycle progression, colony formation, migration and inva-
sion caused by BRD4 knockdown (Figure 5C-J). Our data
therefore suggest that RET is a key downstream target gene
of BRD4-regulated ERSEs.

RET activates the RAS/RAF/MEK/ERK/p90RSK/ER«
phosphorylation cascade to promote the expression of estro-
gen target genes

To understand the molecular mechanisms through which
RET regulates the malignant behaviors of ERa-positive
breast cancer cells, we knocked down RET and then per-
formed RNA-seq analysis in MCF7 cells. RNA-seq anal-
ysis results revealed that RET regulated the expression of
a large cohort of genes, with 2008 and 1983 genes be-
ing positively and negatively regulated by RET, respec-
tively (Figure 6A-C). In particular, estrogen-responsive
genes are the most enriched hallmarks for genes positively
regulated by RET (Figure 6D). Indeed, nearly 35% of
estrogen-induced genes were dependent on RET for ex-
pression (Figure 6E). RNA-seq views for estrogen-induced
genes from the UCSC genome browser track, such as
CCNDI and MYC, are shown (Figure 6F, G). The de-
pendency on RET for estrogen target genes, such as PGR,
GREBI, TFFl, SMAD7, SIAH2, CCNDI and MYC, was
confirmed by RT-qPCR analysis in both MCF7 and T47D
cells (Figure 6H; Supplementary Figure S5A; Supplemen-

tary Table S2). Furthermore, the expression of these genes
was similarly inhibited by the RET inhibitors BLU-667,
LOX0-292 and AST-487 (Figure 61; Supplementary Ta-
ble S2). Overexpression of RET was shown to activate
the RET/RAS/RAF/MEK/ERK/p90RSK signaling cas-
cade, and ERK and p90RSK can both phosphorylate ER«
at Ser118 and Ser167, respectively, to promote the expres-
sion of ER« target genes (54-56). Indeed, the phosphory-
lation of RAF, MEK, ERK, p90RSK and ER« was signif-
icantly attenuated when RET was knocked down (Figure
6J) or inhibited (Figure 6K). As expected, similar observa-
tions were made when BRD4 was knocked down (Supple-
mentary Figure S5B). RET knockdown also led to a signifi-
cant decrease of ER phosphorylation in tamoxifen-resistant
MCF7 cells (Supplementary Figure S5C). Taken together,
our data suggest that RET promotes the phosphorylation
of ERaviathe RAS/RAF/MEK/ERK /p90RSK signaling
pathway to activate estrogen target genes and promote the
malignant phenotypes of ERa-positive breast cancer cells.

Combination treatment with BRD4 and RET inhibitors sup-
presses ERa -positive breast cancer both in vitro and in vivo

Our data above suggest that BRD4 is a master regulator
of ERSEs and estrogen-induced genes in the vicinity of
ERSEs as well as ERa-positive breast cancer cell growth.
RET serves as a critical downstream target of BRD4.
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Figure 4. RET is associated with BRD4-regulated ERSEs, and promotes the malignant behaviors of ERa-positive breast cancer cells. (A) Flowchart of
identifying ER SE-associated estrogen target genes that are clinically relevant. (B) The expression of RET in normal, breast cancer (BC), ER-positive (ER™)
breast cancer and ER-negative (ER™) breast cancer samples from the TCGA database is shown by box plot (unpaired Student’s 7-test, two-tailed). (C)
MCEF7 cells infected with lentiviral control sSiRNA (shCTL) or two independent shRNAs specifically targeting BRD4 (shBRD4#1 and shBRD4#2) were
maintained in the presence or absence of estrogen (E, 10~ M, 6 h) followed by immunoblotting (IB) analysis using antibodies as indicated. Molecular
weight is indicated on the right (in kDa). (D) MCF7 cells pre-treated or not with JQ1 (250 nM, 30 min) were then treated or not with estrogen (Es, 10~7 M,
6 h) followed by IB analysis using antibodies as indicated. Molecular weight is indicated on the right (in kDa). (E-J) MCF7 cells infected with lentiviral
control shRNA (shCTL) or two independent shRNAs specifically targeting RET (shRET#1 and shRET#2) were maintained in the presence of estrogen
(E3, 10~7 M) followed by IB analysis (E), cell proliferation assay (F), FACS analysis (G), colony formation assay (H), wound healing assay (I) and transwell
assay (J). (K) Xenograft experiments were performed by injecting sShRNA or shRET lentivirus-infected MCF7 cells into female BALB/C nude mice (five
mice per group). Tumor growth was monitored daily, and tumors were then excised, photographed and weighed at the end of the experiment. (L) The growth
curve of tumors as in (K) is shown (£ SD, ***P <0.001). (M) The weight of tumors as in (K) is shown (£ SD, ***P <0.001). (N-S) MCF7 cells infected
with lentiviral control vector (CTL) or vector expressing RET were maintained in the presence of estrogen (E», 10~7 M) followed by IB analysis (N), cell
proliferation assay (O), FACS analysis (P), colony formation assay (Q), wound healing assay (R) and transwell assay (S). (T) Tamoxifen-resistant MCF7
cells infected with shCTL or shRET were treated or not with tamoxifen (2 wM), followed by cell proliferation assay (&= SEM, **P <0.01; ***P <0.001;
ns, non-significant).
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Figure 5. RET is a downstream target of BRD4-regulated ERSEs. (A-E, G, I) MCF7 cells infected with control lentiviral vector or lentiviral vector
expressing shBRD4 in the presence or absence of lentiviral vector expressing RET were subjected to immunoblotting (IB) analysis (A), RT-qPCR analysis
to examine the expression of selected estrogen target genes (B), cell proliferation assay (C), FACS analysis (D), colony formation assay (E), wound healing
assay (G) and transwell assay (I). Molecular weight is indicated on the right. Statistical significance for (B) is shown in Supplementary Table S2 (+ SEM,
*P <0.05; **P <0.01; ***P <0.001). (F, H, J) Quantification of the crystal violet dye as shown in (E) (F), wound closure in (G) (H) and the number of
invaded cells in (I) (J) (= SEM, n = 3, ¥***P <0.001). Representative images are shown.

This prompted us to propose that simultaneously block-
ing BRD4 and RET might be an effective way to suppress
ERa-positive breast cancer. To this end, MCF7 cells were
treated with JQ1 or BLU-667 alone or in combination fol-
lowed by cell proliferation assay. Co-treatment with both
JQ1 and BLU-667 exhibited additive effects on cell prolifer-
ation compared with treatment with either JQ1 or BLU-667
alone (Figure 7A). The additive effects of BRD4 and RET
inhibitor were also seen in cell cycle progression, colony
formation, cell migration and cell invasion (Figure 7B-H).
Similar observations were made in T47D cells (Supplemen-
tary Figure S6A, B).

The combination treatment was further tested in an
MCF7 cell-derived xenograft model. Nude mice were sub-

cutancously implanted with MCF7 cells stably expressing
a luciferase gene, and treated with JQ1 and/or BLU-667
as indicated (Figure 7I). Tumor growth was monitored via
bioluminescence imaging and caliper-based sizing. Consis-
tent with what was observed in cultured cells, co-treatment
with both JQI and BLU-667 exhibited additive effects on
both bioluminescence intensity and tumor volume com-
pared with treatment with either JQ1 or BLU-667 alone
(Figure 7J-N). All mice in the control group died within 80
days (Figure 70). In the JQI1- or BLU-667-treated group,
only two-fifths of the mice survived and they were with tu-
mors (Figure 70). All mice were alive at the end of obser-
vation (120 days) in the co-treated group, and two-fifths
were tumor-free (Figure 70). All treatments exhibited no
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Figure 6. RET activates the RAS/RAF/MEK/ERK/p90RSK/ERa phosphorylation cascades to promote the expression of estrogen target genes. (A)
MCEFT7 cells were infected with lentiviral control shRNA (shCTL) or shRNA specifically targeting RET (shRET) followed by RNA-seq analysis. Genes
positively and negatively regulated by RET are shown by a pie chart. (B, C) Heat map (B) and box blot (C) representation of the expression (FPKM,
logy) for genes regulated by RET (unpaired Student’s #-test, two-tailed). (D) Hallmark gene set enrichment analysis for genes positively regulated by RET.
(E) The overlap of genes induced by E; and genes positively regulated by RET is shown by a Venn diagram. (F, G) UCSC Genome browser views of the
expression of CCND1 and MYC from RNA-seq are shown. Blue, shCTL; red, shRET. (H) MCF7 cells infected with control shRNA (shCTL) or two
independent shRNAs specifically targeting RET (shRET#1 and shRET#2) were maintained in the presence of estrogen (E», 10=7 M, 6 h) followed by
RT-qPCR analysis to examine selected estrogen-induced genes. Statistical significance is shown in Supplementary Table S2 (& SEM, *P <0.05; **P <0.01;
##%P ~0.001). (I) MCF7 cells pre-treated with LOX0-292 (1 wM), BLU-667 (1 wM) or AST487 (1 wM) were then treated with estrogen (E», 1077 M,
6 h) followed by RT-qPCR analysis to examine selected estrogen-induced genes. Statistical significance is shown in Supplementary Table S2 (+ SEM,
*P <0.05; **P <0.01; ***P <0.001). (J, K) MCF7 cells as described in (H) or (I) were subjected to immunoblotting (IB) analysis using antibodies as
indicated. Molecular weight is indicated on the right (in kDa).
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Figure 7. Combination treatment with BRD4 and RET inhibitors suppresses ERa-positive breast cancer cell growth both in vitro and in vivo. (A-C, E,
G) MCFT7 cells treated or not with JQ1 (250 nM) in the presence or absence of BLU-667 (1 wM) were subjected to cell proliferation assay (A), FACS
analysis (B), colony formation assay (C), wound healing assay (E) and transwell assay (G). (D, F, H) Quantification of the crystal violet dye as shown
in (C) (D), wound closure in (E) (F) and the number of invaded cells in (G) (H) (& SEM, n = 3, **P <0.01; ***P <0.001). Representative images are
shown. (I) Six-week-old female nude mice were injected subcutaneously (s.c.) with MCF7 cells stably expressing a luciferase reporter (MCF7-luc, 5.0 x 10°
cells/mouse), and randomized for treatment 15 days later (day 1, five mice/group). Mice were treated with CTL [PBS, intraperitoneal (i.p.) injection], JQ1
(50 mg/kg, i.p. injection), BLU-667 [20 mg/kg, gavage (i.g.) injection] or JQI (25 mg/kg) combined with BLU-667 (10 mg/kg) following the protocol as
depicted. Mice were brushed with estrogen (Ez, 107> M) on the neck every 3 days for the duration of the experiments to induce tumor formation. (J)
Tumor growth was monitored by bioluminescence imaging. (K, M) The tumor growth curves based on bioluminescence (K) and tumor volumes (M) are
shown (+ SEM, n =5, *P <0.05; **P <0.01; ***P <0.001, two-way ANOVA). (L, N) The average of bioluminescence (L) and tumor volume (N) based
on (K) and (M), respectively, is shown (£ SEM, *P <0.05; **P <0.01; ***P <0.001). (O) The survival curves of mice as shown in (J). (P) The average of
mice weight as shown in (J). (Q) Tumors as shown in (J) were excised and subjected to RNA extraction followed by RT-qPCR analysis to examine the
expression of genes as indicated. Statistical significance is shown in Supplementary Table S2 (+ SEM, *P <0.05; **P <0.01; ***P <0.001).
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apparent side effects on body weight (Figure 7P). JQ1 and
BLU-667 co-treatment exhibited additive effects on the ex-
pression of estrogen target genes including PGR, GREBI,
TFFI, SMAD7, SIAH2, CCNDI and MYC in the tumor
tissues isolated (Figure 7Q; Supplementary Table S2).

In order to explore the clinical application potential, we
compared the therapeutic effects of combination therapy
with JQ1 and BLU-667 with that of one of the standard
therapies for ER-positive breast cancer, tamoxifen. Nude
mice were subcutaneously implanted with MCF7 cells,
and treated with tamoxifen, JQ1 and/or BLU-667 (Figure
8A). Tumor growth was monitored via caliper-based siz-
ing. The tumor-suppressive effect of JQ1 or BLU-667 treat-
ment alone was less effective than tamoxifen. However, co-
treatment with JQ1 and BLU-667 was as effective as ta-
moxifen treatment (Figure 8B-D). All treatments exhibited
no apparent side effects on body weight (Figure 8E). Fur-
thermore, we tested whether combination treatment with
JQI1 and BLU-667 could re-sensitize tamoxifen-resistant
MCF7 cells to tamoxifen treatment in a xenograft mouse
model. Nude mice were subcutaneously implanted with
tamoxifen-resistant MCF7 cells, and treated with tamox-
ifen, JQ1 and/or BLU-667 (Figure 8F). Tumor growth was
monitored via caliper-based sizing. As expected, tamoxifen-
resistant MCF7 cell-derived tumors exhibited no responses
to tamoxifen treatment. However, treatment with JQ1 and
BLU-667 re-sensitized tamoxifen-resistant tumors to ta-
moxifen treatment, as co-treatment with JQ1, BLU-66, and
tamoxifen exhibited the most dramatic effects on tumor
suppression (Figure 8G-I). All treatments exhibited no
apparent side effects on body weight (Figure 8J). Taken
together, our data suggest that simultaneously blocking
BRD4 and RET function by JQ1 and BLU-667, respec-
tively, is an effective way to suppress ERa-positive breast
cancer as well as those that have developed resistance to en-
docrine therapy.

DISCUSSION

It is well recognized that cancer cells rely on aberrant tran-
scription propelled by SEs, and such dependence offers
valuable targets for cancer therapy (57-59). For instance,
proteins governing the activation of SEs as well as protein
products of genes downstream of SEs are appealing drug
targets. In our study, we defined ERSEs in ERa-positive
breast cancer cells, and demonstrated that BRD4 is a mas-
ter regulator of the transcriptional activation of ERSEs
and estrogen target genes in their vicinity. One of these
ERSE-associated genes, RET, was found to enhance ER«
phosphorylation to promote estrogen-induced gene tran-
scription, forming a positive feedback loop to drive ERa-
positive breast cancer development. Targeting BRD4 and
RET in this loop was effective in suppressing breast cancer
cell and tumor growth (Figure 8§K).

We set out to define the landscape of ERSEs based on
ERa-binding sites in multiple ERa-positive breast cancer
cells, and a large cohort of ERSEs were shared. There was
67.35% overlap between the SEs identified by Bojcsuk et al.
and those defined by us here in MCF7 cells (60). It has been
well documented that chromatin loops are formed among
ERSEs, promoters and/or gene bodies of estrogen-induced

target genes such as TFFI, GREBI, SIAH2, PGR, MYC,
CCNDI, BCL2, ITPKI and RET, providing the molecu-
lar basis for transcriptional activation induced by estro-
gen (61-64). Importantly, well-known oncogenes, such as
MYC,CCNDI,FOS and MYB, were found to be associated
with ERSEs, supporting the functionality of ERSEs. SEs
are particularly sensitive to drug intervention and there-
fore proteins that govern the activation of SEs show great
promise as therapeutic targets (57). Due to the critical role
of BRD4 in SE regulation and disease development (49—
51,65), we tested directly whether BRD4 similarly regu-
lates the activation of ERSEs and estrogen target genes in
the vicinity as well as ERa-positive breast cancer. Strik-
ingly, nearly all ERSEs and ERSE-associated, estrogen tar-
get genes are dependent on BRD4 for activation, strength-
ening the therapeutic potential of BRD4 inhibitors in treat-
ing ERa-positive breast cancer.

To date, many small-molecule inhibitors targeting BRD4
have been discovered, and a number of them are in clini-
cal trials for treating diseases including cancer, inflamma-
tory diseases (11), cardiovascular diseases (9) and CNS dis-
orders (12). However, limited potency and acquired resis-
tance from BRD4 inhibitors represent the main challenges
for clinical use. Therefore, combination therapy is urgently
needed to improve the use of these inhibitors. We focus
on searching for key downstream target genes of BRD4-
occupied ERSEs, and propose that combination therapy
with BRD4 inhibitors and inhibitors targeting the protein
products of these key genes would be effective in treat-
ing ERa-positive breast cancer. There are several criteria
to be a key target gene for BRD4-occupied ERSEs: this
gene is associated with ERSEs; this gene is regulated by
BRD4; this gene is highly expressed in ER-positive breast
cancer samples; and this gene can rescue the defects in
ERSE-induced gene transcription and ER-positive breast
cancer cell growth when BRD4 is knocked down. This led
to the discovery of 39 genes, of which we focused on RET
due to its importance in breast cancer reported previously
as well as its therapeutic value. It should be emphasized
that, though they are not highly expressed in ER-positive
breast cancer, oncogenes such as CCND1 and c-Myc should
also, at least partially, be responsible for BRD4’s oncogenic
role. Two RET-specific inhibitors, BLU-667 and LOXO-
292, were recently approved for treating NSCLC and thy-
roid cancer (MTC) by the FDA. As we proposed, co-
treatment with the BRD4 inhibitor JQI1 and the RET in-
hibitor BLU-667 was much more effective than treatment
with either inhibitor alone. The tumor-suppressive effects
of combination treatment are comparable with that of ta-
moxifen, a standard therapy for ERa-positive breast can-
cer in the clinic, in MCF7 cell-derived xenografts. In addi-
tion, combination therapy re-sensitized tamoxifen-resistant
cells to tamoxifen treatment. Despite additive effects on tu-
mor suppression seen from combination treatment, poten-
tial cumulative side effects should also be taken into con-
sideration in the clinic. It should be noted that there are
many other downstream target genes of BRD4-occupied
ERSEs, such as KDM4B and TOP2A, and testing the ef-
fects of combination therapy with BRD4 inhibitors and
inhibitors targeting these proteins is worthy of future
investigation.
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Figure 8. Combination treatment with BRD4 and RET inhibitors is comparable with tamoxifen treatment, and can re-sensitize tamoxifen-resistant cells.
(A) Six-week-old female nude mice were injected subcutaneously (s.c.) with MCF7 cells (5.0 x 10° cells/mouse), and randomized for treatment 15 days later
(day 1, five mice/group). Mice were treated with CTL [corn oil, intraperitoneal (i.p.) injection], JQ1 (25 mg/kg, i.p. injection), BLU-667 [10 mg/kg, gavage
(i.g.) injection], tamoxifen (5 mg/kg, i.g. injection) or JQ1 (25 mg/kg) combined with BLU-667 (10 mg/kg) following the protocol as depicted. Mice were
brushed with estrogen (E», 1072 M) on the neck every 3 days for the duration of the experiments to induce tumor formation. Tumor growth was monitored
daily, and tumors were then excised, photographed and weighed. (B) Tumors as described in (A) were excised and photographed. (C) The tumor growth
curve for tumors as described in (A) is shown (& SEM, n =5, *P <0.05; **P <0.01; ***P <0.001, two-way ANOVA). (D) The weight of tumors as described
in (A) is shown (£ SD, ***P <0.001). (E) The body weight of mice as described in (A) is shown (£ SD). (F) Six-week-old female nude mice were injected s.c.
with tamoxifen-resistant MCF7 cells (5.0 x 10° cells/mouse), and randomized for treatment 15 days later (day 1, five mice/group). Mice were treated with
CTL (corn oil), tamoxifen (5 mg/kg), JQI (25 mg/kg) combined with BLU-667 (10 mg/kg) or tamoxifen (5 mg/kg) combined with JQ1 (25 mg/kg) and
BLU-667 (10 mg/kg) following the protocol as depicted. (G) Tumors as described in (F) were excised and photographed. (H) The tumor growth curve for
tumors as described in (F) is shown (+ SEM, n =5, **P <0.01; *** P <0.001; ns, non-significant, two-way ANOVA). (I) The weight of tumors as described
in (G) is shown (& SD, **P <0.01; ns, non-significant). (J) The body weight of mice as described in (F) is shown (& SD). (K) A proposed working model for
an SE-controlled positive feedback loop constituting BRD4/ERa~RET-ERa in promoting ERa-positive breast cancer. Estrogen-induced BRD4 binding
on ERSE:s triggers the expression of a large cohort of oncogenic estrogen targets including RET, which activates the RAS/RAF/MEK/ERK /p90RSK
signaling cascades to induce ERa phosphorylation and the expression of estrogen target genes. The amplification of oncogenic signaling from this positive
feedback loop constituting BRD4/ERa-~RET-ERa contributes to ERa-positive breast carcinogenesis. Simultaneously targeting two critical components
in this loop, BRD4 and RET, is effective in suppressing ERa-positive breast cancer both in vitro and in vivo.
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As a member of the tyrosine protein kinase family,
RET can be activated upon GDNF binding with its co-
receptor GFRa, undergoing dimerization and subsequent
phosphorylation. Alternatively, RET overexpression can
lead to self-activation. RET can activate several down-
stream pathways, including RAS/MAPK, PI3K/AKT,
JAK/STAT, PKA and PKC pathways (54-56,66-71).
Based on our RNA-seq and immunoblotting analysis,
RET was found to regulate the estrogen-induced program
through RAS/RAF/MEK/ERK/p90RSK-mediated ERa
phosphorylation. Therefore, a positive feedback loop in
estrogen-induced gene activation was revealed, such that
BRD4/ERa-occupied ERSE drives the expression of RET,
which in turn activates ERa to stimulate the expression of
itself as well as other estrogen target genes, leading to un-
controlled cell growth.

In summary, we found that targeting SE and SE-driven
transcriptional events is an effective way to suppress ERa-
positive breast cancer. This strategy may also be effective
in treating other cancers. Future investigation is required to
determine whether this therapeutic strategy can be trans-
lated into clinical settings.
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