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ARTICLE INFO ABSTRACT

Selective estrogen receptor modulators (SERMs) are a class of structurally diverse compounds, which have been
extensively used to treat hormone-responsive cancers due to their unique partially agonistic and antagonistic
properties toward estrogen receptors. Our previous studies have identified a three-dimensional SERM, ox-
abicycloheptene sulfonate (OBHS), as an estrogen receptor a (ERa) ligand, which is effective for the prevention
and treatment of estrogen-dependent endometriosis in vivo. Here, using genome-wide ChIP-seq and RNA-seq
analysis, we report that OBHS rapidly induces genome-wide ERa occupancy and acts as a partial agonist and
antagonist for ERa. Interestingly, OBHS downregulates the homologous recombination and repair (HRR)
modules, resulting in increased DNA damage, apoptosis and cell cycle arrest, inducing synthetic lethality with
poly (ADP-ribose) polymerase (PARP) inhibitor olaparib through ERa antagonism. Mechanistically, OBHS im-
pairs the RNA polymerase II (Pol II) loading at the promoters of estrogen-responsive HRR genes. Furthermore,
combination therapy of OBHS with olaparib significantly reduces the tumour burden and delays the progression
of breast cancer in vivo. Together, our studies not only characterise a novel SERM which uniquely targets the
homologous recombination and repair programmes through ERa antagonism but also propose a synthetic lethal
strategy by combining OBHS with PARP inhibitor olaparib for ERa-responsive cancers.
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1. Introduction

Selective estrogen receptor modulators (SERMs) are a class of
compounds which interact with estrogen receptor a or 3 (ERa or ERP)
and behave differently from the pure agonist 17f3-estradiol through
their unique ability to inhibit or stimulate estrogen-like action in var-
ious tissues [1,2]. SERMs have been widely used in multiple estrogen-
related diseases, including infertility, postmenopausal osteoporosis,
endometriosis, Alzheimer's disease and breast cancer. Breast cancer is
the most common malignancy among women, and approximately 70%

of breast cancer patients are characterised as ERa-positive. The pro-
liferation of ERa-positive breast cancer cells depends on the signals
from estrogen, thereby rendering them sensitive to ERa antagonists,
such as tamoxifen [3]. However, long-term administration of tamoxifen
results in drug resistance [4,5] and increased risk of endometrial car-
cinoma caused by tamoxifen's agonistic effects on endometrial cells [6].
Therefore, there is an urgent demand for developing new SERMs for
breast cancer and other estrogen-related cancers.

Genetic analysis of breast cancer has identified the mutation of
homologous recombination and repair genes, such as the well-known
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BRCA1 and BRCA2 genes, as vulnerable factors for the development of
estrogen-related breast cancer and ovarian cancer, suggesting that the
defect in DNA damage repair (DDR) contributes to the malignancy of
tumours [7-9]. There are multiple DDR pathways to respond and re-
store different DNA damages, such as direct reversal repair, mismatch
repair, base excision repair, nucleotide excision repair, homologous
recombination and non-homologous end-joining [10]. Interestingly, the
functional loss of one DDR pathway may be compensated by another
compensatory DDR pathway, which results in an associated DDR de-
pendency and offers the potential for a greater therapeutic window by
tailoring treatment according to the lacking specific DDR functions
[11]. For example, BRCA-mutated breast cancer cells have deficient
homologous recombination repair pathways termed “BRCAness” [12],
which depend on poly (ADP-ribose) polymerase (PARP)-mediated base
excision repair for survival. Thus, inhibition of PARP is a promising
strategy to selectively target BRCAness cancer cells by inactivating
complementary DNA repair pathways, representing a synthetic lethal
strategy. The PARP inhibitor olaparib represents the first medicine for
BRCA-mutated breast cancer and ovarian cancer based on the synthetic
lethality between PARP and BRCA1/2 [13]. However, the somatic
BRCA mutation rate in breast cancer is low, and the non-BRCA-mutated
breast cancer is generally not sensitive to PARP inhibitors, which much
limit its application as a general therapeutic agent in breast cancer
treatment.

Previously, we identified a novel SERM compound, ox-
abicycloheptene sulfonate (OBHS) (exo-5,6-Bis-(4-hydroxyphenyl)-7-
oxabicyclo[2.2.1]hept-5-ene-2-sulfonic acid phenyl ester), with bridged
oxabicyclic cores containing a diarylethylene motif [14]. OBHS has a
unique three-dimensional structure compared to the two-dimensional
estrogen, and it functions as a partial agonist and antagonist for ERa
[14]. During the interaction of SERM to ERa, the change of helix 12
position in ERa is the critical event to determine the interaction of ERa
with coactivators or corepressors, thereby, resulting in the partial
agonism or antagonism of SERMs. Interestingly, different from the di-
rect communication between tamoxifen and helix 12, OBHS interacts
with the helix 11 of ERa and thereby modulates helix 12 indirectly
through the distortion of helix 11 [15]. Due to the particular con-
formation of OBHS-ERa complex, OBHS has been reported to exert ERa
antagonism in endometrial cells in contrast to the agonistic effects by
tamoxifen and has shown anti-inflammatory effects in the occurrence
and progression of endometriosis in vivo [16], suggesting that OBHS is a
promising SERM for ERa antagonism in clinical application.

Here, with chromatin immunoprecipitations sequencing (ChIP-seq)
and RNA sequencing (RNA-seq) analysis, we report that OBHS acts as a
partial agonist and antagonist for ERa on the whole genome scale and
induces a unique gene expression profile which is distinct from the full
agonist 17f-estradiol. We found that OBHS induces BRCAness by
downregulation of the homologous recombination and repair (HRR)
modules, rendering its synergistic effects with PARP inhibitors and
genotoxic doxorubicin. Furthermore, the combination of OBHS and
PARP inhibitors reduces the tumour burden of breast cancer in vivo.
Together, our studies have demonstrated that OBHS induces BRCAness
through ERa antagonism and impairment of HRR modules and pro-
posed a synthetic lethal strategy by combining OBHS with PARP in-
hibitors for ERa-responsive cancers.

2. Materials and methods
2.1. Chemicals and reagents

The compound OBHS was designed and synthesised as described
previously [14]. 17fB-estradiol was purchased from Sigma-Aldrich.
PARP inhibitor olaparib and topoisomerase II inhibitor doxorubicin
were obtained from Selleck Chemicals. Dimethyl sulfoxide (DMSO,
Sigma-Aldrich) was used to dissolve all the chemicals. Mouse mono-
clonal anti-B-Actin antibody was purchased from Sigma-Aldrich.
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Purified anti-H2A.X Phospho (Ser139) antibody (clone 2F3) was ob-
tained from BioLegend. Pol II RPB1 NTD antibody (D8L4Y), BCL-2
(50E3, #2870), BAX (#2772), Estrogen Receptor a (D8HS8, #8644),
and MCL-1 (D5VSL, #39224) were purchased from Cell Signaling
Technology. ERa depletion was performed with three independent
pSuper.retro.puro shRNAs. The targeting sequences are: 5-ACAGGAG
GAAGAGCTGCCA-3’ (shERa-1), 5-TTGTGTTTCAACATTCTCC-3’
(shERa-2) and 5-ATGCTGTACAGATGCTCCA-3’ (shERa-3). The
scrambled shRNA (shScr) 5’-GCACTACTGTCGATGACGA-3’ was used as
a negative control.

2.2. Cell culture

MCF-7, SK-OV-3, MDA-MB-231, HEK293T, T47D and Vero cells
were purchased from the China Center for Type Culture Collection and
were confirmed with short tandem repeat DNA profiling. These cell
lines were maintained in Dulbecco's modified Eagle's medium supple-
mented with 10% fetal bovine serum and 1% penicillin/streptomycin.
At least three days before use, cells were switched to phenol red-free
Dulbecco's modified Eagle's medium containing 10% charcoal-stripped
fetal bovine serum (Biowest by Rue de la Caille, France) and 1% pe-
nicillin/streptomycin. All cells were cultured at 37°C in a 5% CO,
humidified incubator.

2.3. Colony formation assay

Cells were seeded in 6-well culture plates with a density of 100 cells
per well and treated with compounds at the indicated doses for two
weeks. The medium was changed every two or three days with fresh
compounds. Subsequently, the plates were gently washed with the
phosphate-buffered solution (PBS) and were stained with the 3-(4,5-
dimethylthiazol-2-y1)-2,5-diphenyl tetrazolium bromide at a final con-
centration of 1 mg/mL for 4 h. The stained colonies were dissolved with
DMSO, and the absorption of 570 nm was measured using a BioTek
microplate reader. Combination index (CI) of each combined drug
group (such as drug A and drug B) was calculated using this formula:
CI=(Ea+ (1-EA)*Eg)/Ea +, Where ‘E’ stands for the drug efficacy and
E = 1-ODgrug/ODyehicte- A CI of less than, equal to, and more than 1
(Log,CI less than, equal to, and more than 0) indicates synergy, ad-
ditivity and antagonism, respectively [17].

2.4. Flow cytometric analysis

For cell cycle analysis, MCF-7 cells were harvested and fixed gently
with 75% pre-cooled ethanol overnight at 4 °C. The fixed cells were
then washed with ice-cold PBS and then stained with propidium iodide
in the presence of RNase A. The cells were measured by FACSCalibur
flow cytometer, and the data were analysed by FlowJo 7.6. To measure
the apoptosis in MCF-7 after compound treatments, MCF-7 cells were
stained with the BD Annexin V-FITC apoptosis detection kit according
to the manufacture's protocol. The apoptotic cells were measured by a
FACSCalibur flow cytometer and analysed by the Beckman Summit 4.3
software.

2.5. Dual-luciferase reporter assay

Cells were seeded into a 48-well plate and were co-transfected with
300 ng of pGL3-TK-3ERE and 2 ng of pRL-CMV using EndoFectin™-Max
transfection reagents according to the manufacturer's instruction.
Twenty-four hours later, the cells were treated with compounds at the
indicated concentrations for 24h. The reporter gene activity was
measured by the Promega Dual-Luciferase Reporter Assay System ac-
cording to the manufacturer's protocol.
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2.6. Chromatin immunoprecipitation sequencing (ChIP-seq)

Chromatin immunoprecipitation sequencing (ChIP-seq) was per-
formed according to a previously published protocol [18]. Briefly, MCF-
7 cells were fixed with 1% paraformaldehyde for 10 min and then
quenched with glycine for 5minat room temperature. Cross-linked
chromatin was sonicated for 6 min and immunoprecipitated with the
anti-ERa or Pol II NTD antibody and Dynabeads Protein G. Libraries
were prepared with the HTP Library Preparation Kit for Illumina (KAPA
Biosystems) and sequenced on a NextSeq 500. ChIP-seq reads were
aligned to the human genome (UCSC hg19) with Bowtie version 1.1.2,
allowing only uniquely mapping reads with up to two mismatches
within the 50 bp read. The resulting reads were extended to 150 bp
toward the interior of the sequenced fragment and normalised to total
reads aligned (reads per million, r.p.m.). ERa and Pol II peaks were
called using MACS (model-based analysis of ChIP-Seq) [19] version
1.4.2 using default parameters and were annotated with ChIPseeker.
The ERa motif analysis was performed with MEME-ChIP. Heatmap and
metagene plots were made for the indicated windows around the
transcription start site (TSS) using the average coverage (r.p.m.).

2.7. Total RNA sequencing (RNA-seq)

After vehicle, OBHS and 17p-estradiol treatment for 12h, MCF-
7 cells were used for total RNA extraction. The extracted RNA was
applied for DNase I digestion to remove the genomic DNA before RNA
clean-up. The ribosomal RNA was depleted with Ribo-Zero rRNA re-
moval kit and used for RNA-seq library preparation. The RNA-seq reads
were aligned to human genome hgl9 with TopHat with the default
setting. The read counts across each gene were counted with HT-seq,
and Deseq2 were used to analyse the differentially expressed genes. The
heatmap was generated by R package 3.4.3 with normalised counts
from Deseq2. Gene ontology (GO) analysis was performed using the
Metascape online tool (http://metascape.org) [20].

2.8. Real-time quantitative PCR (RT-qPCR)

Total RNA was extracted as described above, and 1 ug of total RNA
was used for reverse transcription with M-MLV reverse transcriptase
and random hexamer primers. The synthesised cDNA was used for
qPCR reaction performed on a CFX Connect™ Real-Time System with
the SuperReal PreMix Plus (SYBR Green). The amplification primers for
target genes were described as follows: B-actin: 5-GATCATTGCTCCTC
CTGAGC -3’ (Forward) and 5-GTCATAGTCCGCCTAGAAGCAT-3’
(Reverse); BRCA1: 5-CTCGCTGAGACTTCCTGGAC-3’ (Forward) and
5’-TCAACTCCAGACAGATGGGAC-3’ (Reverse); BRCA2: 5-TCGTGCTT
TGCAAGATGGTG-3’ (Forward) and 5-TGTTCAGCAGATTCCATGGC-3’
(Reverse).

2.9. Laser scanning confocal microscopy

MCF-7 cells were fixed in 3.7% formaldehyde for 20 min at room
temperature. After washing four times with ice-cold PBS, cells were
permeabilized with PBS with 1% BSA and 0.1% v/v Triton-100 for
10 min at room temperature. Then cells were incubated with the pri-
mary antibodies diluted in PBS with 1% BSA and 0.1% v/v Triton-100
at 4 °C. After washing four times with PBS, cells were further incubated
with Dylight 488 goat anti-mouse immunoglobulin G (1gG) and sealed
on the glass slide using sealer containing 1 ug/mL of 4’,6-diamidino-2-
phenylindole (DAPI, Sigma-Aldrich). Cell images were captured with a
Leica TCS SP8 confocal microscope.

2.10. MCF-7 xenograft mouse model

MCF-7 xenograft mouse model was established as previously re-
ported. Briefly, four-week-old female athymic mice (nu/nu genotype,
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BALB/c background) were purchased from Charles River (Beijing,
China) and housed under aseptic conditions. All operations described
below were performed following the laboratory animal guidelines of
Wuhan University and were approved by the Animal Experimentations
Ethics Committee of Wuhan University. To establish the MCF-7 xeno-
graft, 1 x 107, 5 x 105, 2.5 x 10° MCF-7 cells, in 0.1 mL of cell culture
media with Matrigel (BD Bioscience) were injected in the mammary
pad of mice under anaesthetisation by isoflurane. Next, 2 mg/kg es-
tradiol valerate was administered intramuscularly every week to
maintain the hormone levels and stimulate the MCF-7 tumour growth.
Immunohistochemistry and H&E staining were performed to confirm
the tumour. For the in vivo therapy-response study, mice were randomly
assigned to the vehicle (DMSO), OBHS, olaparib and OBHS-olaparib
combination groups (n = 6 for each group) when the size of the tumour
reached 100 mm?®. Mice were treated with drug administration by in-
traperitoneal injection at 25mg/kg of olaparib and 100 mg/kg of
OBHS, with once-daily administration for seven consecutive days. The
tumour sizes were measured every day during treatment with calliper
measurement. The tumour volume was calculated using the formula
volume = (length x width X width)/2, and the mice were euthanised
when the tumour size reached 1000 mm?.

2.11. Statistical analysis

Data were represented as mean + S.D.or mean *+ S.E.M as stated.
Statistical analysis was performed using one-way analysis of variance
(ANOVA) followed by Bonferroni's ad post-hoc tests or two-way
ANOVA with Tukey's test as indicated in the figure legends using Prism
7.0 software. Differences were considered statistically significant at
p < 0.05(),p < 0.01 (*)andp < 0.001 (***).

3. Results

3.1. OBHS is a selective estrogen receptor modulator inducing genome-wide
occupancy of ERa

Previously, we identified an ERa ligand, OBHS (7-oxabicyclo[2.2.1]
hept-5-ene sulfonate), possessing a unique three-dimensional structure
based on a bridged oxabicyclic core (Fig. 1A) [14]. OBHS indirectly
modulates the helix 12 of ERa to induce a conformational change al-
lowing the agonism and antagonism properties of ERa [15]. Im-
portantly, compared to tamoxifen-mediated ERa agonism in en-
dometrial cells, OBHS has been demonstrated to be effective in the
treatment of endometriosis in vivo through ERa antagonism [16]. To
better characterise OBHS, we first confirmed that OBHS could induce
the ERa-ERE (estrogen-responsive element) [21] reporter gene ex-
pression in both MCF-7 and SK-OV-3 cells with ectopic expression of
ERa (Fig. 1B-C, Figs. S1A and S1B), which is consistent with the pre-
vious studies that reported that OBHS acts as a partial agonist in a
simple ERE reporter gene system [14]. Furthermore, we treated ERa-
positive MCF-7 cells with OBHS and 17p-estradiol shortly for 1 h and
performed the ERa ChIP-seq. We have found that stimulation of MCF-
7 cells with OBHS or 17f-estradiol rapidly induces the chromatin re-
cruitment of ERa as shown in the well-known estrogen-responsive
genes, such as GREBI, TFF1, IGFBP4 and TKSU (Fig. 1D and Fig. S1C)
[22]. Genome-wide analysis of ERa peaks identified 1355, 15006 and
12612 peaks in the vehicle-, 173-estradiol- and OBHS-treated condi-
tions, respectively (Fig. 1E).

Annotation of these OBHS-induced peaks shows that the majority of
them are intronic and distal intronic, which is consistent with the en-
hancer propriety of ERa binding sites (Fig. 1F and Fig. S1D). OBHS is
generally weaker than 17f-estradiol in the induction of ERa binding
genome-widely (Fig. 1G). The majority of OBHS-induced ERa peaks are
overlapped with 17f-estradiol-stimulated ERa peaks, suggesting that
OBHS is potentially competitive with 17f-estradiol in the induction of
ERa binding to chromatin (Fig. 1H-I). We also noticed that OBHS and
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Consistent with previous reports [23], we have found that the ERa
peaks are highly enriched in the motifs of ERa (ERE) and Forkhead Box
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Al (FOXA1), which is a critical determinant of estrogen receptor
function and endocrine response (Fig. 1J). Additionally, compared to
17B-estradiol-ERa, we have noticed that OBHS-ERa prefers a full ERE
than a half ERE, and prefers to have a thymine nucleotide before
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Fig. 1. Selective estrogen receptor modulator OBHS induces genome-wide occupancy of ERa. (A) Chemical structure of 173-estradiol and three-dimensional selective
estrogen receptor modulator OBHS. OBHS is a partial agonist and antagonist for ERa. (B) Illustration of ERa-ERE reporter gene assay in MCF-7 cells. pGL3-TK-3ERE
and pRL-CMV plasmids were co-transfected into MCF-7 cells and then treated with different ER ligands. The firefly luciferase activity was measured with Promega
Dual-Luciferase Reporter Gene Assay, while renilla luciferase activity served as a normalisation control. (C) ERa partial agonist OBHS dose-dependently activates
ERa-ERE-mediated reporter gene expression. OBHS and 17f-estradiol induce ERa-ERE reporter gene expression with an EC50 of 1.205nM and 1.068 pM, in-
dividually. (D) UCSC genome browser tracks of ERa ChIP-seq coverage in MCF-7 after OBHS and 17f-estradiol treatment. MCF-7 cells were treated with vehicle,
10 nM 17p-estradiol or 10 uM OBHS for 1 h before ERa ChIP-seq. The coverage (y-axis) was calculated as reads per million (r.p.m). (E-F) ERa peaks in MCF-7 cells
after OBHS and 17f-estradiol treatment. ERa peaks were called by MACS2 and the number of peaks in each group was shown (E). Annotation of ERa peaks induced
by OBHS, showing that most of the ERa peaks are intronic and distal intergenic (F). (G) OBHS is weaker than 17f-estradiol in the stimulation of genome-wide ERa
occupancy in MCF-7 cells. ERa peaks from all three groups were merged, and the coverage of ERa was calculated with an extension of 1000 bp around the peak
regions. (H) Proportional Venn diagram of ERa peaks in the vehicle-, OBHS- and 17f-estradiol-treated MCF-7 cells. (I) Heatmap of ERa occupancy at the ERa peaks
in MCF-7 cells after vehicle, OBHS and 17-estradiol treatment. Based on the overlapping of ERa peaks in the Venn diagram, the heatmap was divided into four
different groups. (J) Motif analysis of ERa binding sites in OBHS- and 173-estradiol-treated MCF-7 cells. ERa peak summits were extended to 50 bases and were used
for MEME-ChIP to identify the ERa binding motifs. All three groups could identify the ERa and FOXA1 consensus motifs.

FOXA1 motif (Fig. 1J), which may explain the difference of ERa BRCAZ2 genes in MCF-7 cells (Fig. 3C).

binding profiles between OBHS and 17f3-estradiol. To study whether OBHS treatment results in the deficiency of DNA
repair, we used Ser139 phosphorylated H2A.X (yH2A.X), which is a

3.2. Transcriptome analysis reveals that OBHS regulates a different gene recognised fast-responding signal to double-strand breaks [25,26], and
expression profile than 17p-estradiol confocal microscopy to detect the deficiency of DNA repair after OBHS
treatment. OBHS induces HRR deficiency as revealed by the yH2A.X

We further tested OBHS in a panel of cells including the ERa-posi- Ser139 staining and confocal microscopy images (Fig. 3D). Analysis of
tive human breast cancer MCF-7 cells, ERpB-positive human ovarian SK- the bulk level of YH2A.X Ser139 with increasing doses of OBHS con-

OV-3 cells, human triple-negative breast cancer MDA-MB-231 cells and firmed that OBHS increases the YH2A.X Ser139 levels dose-dependently
control cell lines, African green monkey kidney Vero cells and human (Fig. 3E). Together, these data demonstrate that OBHS reduces HRR
embryonic kidney HEK293T cells. We found that OBHS specifically related genes expression and increases DNA damage in MCF-7 cells.
inhibits the cell proliferation and colony formation in ERa-positive

MCF-7 cells (Fig. S2A and Fig. 2A), which is consistent with the ERa 3.4. OBHS exerts synthetic lethality with PARP inhibitor olaparib through
preference and antagonism of OBHS [14] and suggests that OBHS is an ERa antagonism

antitumour compound for ERa-positive cancer cells. To obtain the gene

expression profiles of OBHS in ERa-positive MCF-7 cells, we performed Given the paradigm of synthetic lethality between BRCA1/2 defi-
RNA-seq analysis with MCF-7 cells after OBHS or 17(-estradiol treat- ciency and PARP inhibition [13], we asked if OBHS could induce syn-
ment for 12h and identified the differentially expressed genes with thetic lethality in ERa-positive cancer cells, and whether this effect is

Deseq2 (Fig. 2B-C). Analysis of these differentially expressed genes mediated through ERa. Firstly, we confirmed the knockdown of ERa in
reveals that OBHS induces a different gene expression profile from 17§3- MCF-7 cells by shRNAs, as shown in the Western blot analysis (Fig.
estradiol (Fig. 2D and Fig. S2B). Interestingly, OBHS exhibits opposite  54A). Next, we studied the combined effects of OBHS with PARP in-

effects of 17f-estradiol at the majority of target gene clusters as high- hibitor olaparib in MCF-7 cells after mock (shScr) or ERa knockdown
lighted in Fig. 2D, suggesting that OBHS function as an ERa antagonist (shERa). Because topoisomerase II inhibitor doxorubicin could gen-
compared to the pure agonism of 17f-estradiol. erate the DNA double strand breaks, which requires BRCA1/2 for re-

Gene ontology analysis [20] of the OBHS downregulated genes pair, we also tested the combined effects of OBHS with doxorubicin. As
demonstrates that the cell cycle, chromosome segregation and main- shown in Fig. 4A-B, OBHS exhibits synthetic lethality with olaparib

tenance, DNA replication and DNA damage repair related pathways are (Fig. 4C-D) and doxorubsicin (Fig. 4E-F) in the mock group (shScr), and
significantly enriched (Fig. 2E-F), while the upregulated genes by the synthetic lethality is mediated through ERa since ERa knockdown

OBHS are emiiched in cell stress Tesponses, including response to en- itself sensitises the MCF-7 cells to olaparib and doxorubicin, and OBHS
doplasmic reticulum stress, external stimulus, regulation of proteolysis, barely exerts additional inhibitory effects after ERa depletion (shERa).
and stress-mediated transcriptional regulation (Figs. S2C and S2D). Interestingly, we also found that OBHS could decrease the mRNA level

Furthermore, OBHS could arrest the cell cycle of MCF-7 cells at S phase of ERa (Fig. S4B), suggesting that OBHS induces positive feedback to
(Fig. 2G-H) and induce the apoptosis in MCF-7 (Figs. S3A-D) along suppress ERa function. We also confirmed the downregulation of ERa,

with the decreased protein expression of anti-apoptotic proteins BCL-2 BRCA1 and BRCA2 in another ERa-positive breast cancer cell line T47D
and MCL-1 (Figs. S3E and S3F). These data are consistent with the RNA- (Fig. S4C).

seq analysis of OBHS, as well as the inhibitory effects of OBHS in cell To measure the effects of OBHS with olaparib or doxorubicin, we
proliferation and colony formation (Fig. S2A and Fig. 2A). calculated the combination index (CI) to distinguish the additive effect
(LogzCLl =0 or CI =1) and synergism (Log,CI < 0 or CI < 1). As

3.3. OBHS downregulates the homologous recombination repair and shown in Fig. 4G, OBHS synergised with various concentrations of
fanconi anemia pathway modules olaparib in inhibition of colony formation with the Log,CI less than 0.
After ERa knockdown, the drug-drug interaction of OBHS and olaparib

Since the DNA damage repair pathways, such as the Fanconi anemia switched to addictive effect confirming that ERa mediates the syner-
related genes [24], are downregulated in the gene ontology analysis, gism of OBHS and olaparib. We also obtained similar synergistic effects
and OBHS induces cell stress and DNA replicating S phase arrest of OBHS and olaparib in ERa-positive T47D cells (Fig. S4D). We also
(Fig. 2), we used protein-protein interaction analysis [20] to further observed a similar but even stronger synergy between OBHS and dox-
investigate the deregulated genes and found that OBHS significantly orubicin, which is mediated by ERa blockage as well (Fig. 4H). Fur-
downregulates the homologous recombination repair (HRR) and Fan- thermore, we tested the effects of OBHS with olaparib (Figs. S4E and
coni anemia pathway modules (Fig. 3A-B). These modules contain the S4F) or doxorubicin (Figs. S4G and S4H) in ERa-negative Vero cells and
well-known DNA damage repair genes BRCA1 and BRCA2, as well as found that there is no synergism in the ERa-negative Vero cells. To-
other HRR related genes. We performed RT-qPCR analysis and con- gether, these results suggest that OBHS could inhibit ERa to synergise

firmed that OBHS decreases the mRNA expression levels of BRCA1 and with PARP inhibitors or DNA topoisomerase II inhibitors.
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Fig. 2. Transcriptome analysis reveals that OBHS regulates a different gene expression profile than 17f-estradiol. (A) OBHS inhibits the colony formation of ERa
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analysis was used to calculate the significance with **p < 0.01, ***p < 0.001. (B-C) Volcano plots of differentially expressed genes after 17f-estradiol or OBHS
treatment for 12 h. The differentially expressed genes (fold change > 1.5, FDR < 0.01, and Log2CPM > 3) were highlighted with red dots. (D) Heatmap of
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3.5. OBHS impairs the Pol II loading at the homologous recombination we performed the RNA polymerase II (Pol IT) ChIP-seq to investigate the
repair genes mechanism for the inhibition of OBHS on HRR related genes. As shown
in the UCSC genome browser tracks (Fig. 5A-C, Figs. S5A and S5B), ER

The structural analysis of OBHS with ERa suggested that OBHS agonist 17B-estradiol induces the increase of Pol II loading at these HRR
operates it antagonism by shifting ERa helix 11 and thereby indirectly genes, while OBHS reduces the Pol II loading at these genes, suggesting
altering the stability of ERa helix 12 into an antagonistic conformation that the antagonist OBHS impairs the Pol II loading at the HRR genes.
[15]. To check the effects of OBHS-ERa in transcriptional regulation, We also checked the genome-wide Pol II occupancy at all expressing
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genes and found that OBHS globally inhibits the Pol II occupancy
around the TSS (Fig. S5C), suggesting that OBHS-ERa is compromised
in loading Pol II to the promoters compared to 17f-estradiol-ERa.
Furthermore, we analysed the reduced Pol II occupancy by OBHS
genome-widely and identified 3075 genes with impaired Pol II loading,
as shown in the heatmap (Fig. 5D).

Metaplot and boxplot analysis at the TSS of these 3075 genes
showed that 17f-estradiol increases the Pol II loading, while OBHS
impairs the Pol II loading at these genes (Fig. SE-F), demonstrating that
OBHS is an antagonist for ERa. We also noticed that the ERa agonist
17B-estradiol shows opposite effects of OBHS in Pol II loading at these
3075 genes (Fig. 5E), and 17[3-estradiol increases the Pol II loading at
the majority of the 3075 genes, of which the Pol II coverage is reduced
by OBHS (Fig. S5D). Together, these results are consistent with the
antagonism of OBHS and provide mechanistic insights of OBHS-medi-
ated downregulation of HRR genes through impairment of Pol II
loading at their promoter regions.

3.6. Combinational therapy of OBHS and olaparib delays breast cancer
progression in vivo

To determine if OBHS and olaparib could be used in vivo as possible
cancer therapeutics for ER, we established a murine MCF-7 tumour
model (Figs. S6A and S6B) with the injection of MCF-7 cells into the
mammary pad of four-week-old female athymic mice. Mice inoculated
with increased amounts of MCF-7 cells developed larger tumours,
which were further confirmed with Hematoxylin & Eosin staining and
immunohistochemistry (Fig. S6C). In the following in vivo therapy-re-
sponse study, we used 1 x 10”7 MCF-7 cells for the mammary pad in-
jection to establish the MCF-7 breast xenograft tumour model.

To measure the potential of OBHS and olaparib in the MCF-7 tu-
mour model, we initiated the injection of the animals with OBHS and
olaparib on day 11 after inoculation, when the average tumour size
reached 100 mm>. The mice were administered once daily with OBHS
and olaparib for seven days, and the tumour weights were monitored
with caliper measurements (Fig. 6A and B). The mice were euthanised
when the tumour size reached 1000 mm?®. One-week injection of OBHS
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Fig. 4. OBHS exerts synthetic lethal effects with PARP inhibitor olaparib and genotoxic doxorubicin through ERa. (A-B) OBHS exerts synthetic lethal effects with
olaparib and doxorubicin. After scramble or ERa shRNA knockdown, MCF-7 cells were seeded into 6-well plates and treated with OBHS in combination with PARP
inhibitor olaparib (A) or genotoxic doxorubicin (B) at the indicated concentrations. One representative out of 3 biological replicates is shown. (C-D) ERa knockdown
decreases the synthetic lethal effects of OBHS and olaparib. (E-F) ERa depletion impairs the synthetic lethal effects of OBHS and doxorubicin. (G-H) Combination
index analysis of OBHS and olaparib (G), OBHS and doxorubicin (H) show that OBHS exhibits synergistic effects with olaparib and doxorubicin, and the synergistic

effects are impaired after ERa depletion.

alone at the dosage of 100 mg/kg, which has no observed toxicity and
does not result in significant effects on tumour growth compared to
vehicle control (Fig. 6C and D). Olaparib has a minimal effect on tu-
mour growth. However, the difference between olaparib and vehicle
groups was not significant (p = 0.102). Interestingly, combination of
olaparib and OBHS significantly delays tumour progression as mon-
itored by tumour sizes (p = 0.001) (Fig. 6C and D). Together, these data
suggest that combinational therapy of OBHS and olaparib delays breast
cancer progression in vivo.

4. Discussion

In this study, we firstly reported the selective estrogen receptor
module activity of a novel three-dimensional ligand, OBHS, which
could rapidly induce genome-wide ERa occupancy (Fig. 1) and regulate
a different gene expression profile compared to the full agonist 17f3-
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estradiol (Fig. 2). Mechanistically, we revealed that OBHS impairs the
Pol II loading at homologous recombination repair genes (Fig. 5) re-
sulting in decreased expression of the homologous recombination repair
pathway (Fig. 3). Furthermore, OBHS exerts synthetic lethal effects
with olaparib and doxorubicin and delays the tumour progression in
vivo (Figs. 4 and 6). OBHS produces two complementary results that
together enhance the sensitivity to olaparib and doxorubicin: (1) OBHS
reduces the well-known homologous recombination repair pathways,
such as BRCA1 and BRCA2, which confer synthetic lethality with PARP
inhibitors and genotoxic drugs; (2) OBHS decreases the expression of
ERa, and knockdown of ERa sensitises breast cancer cells to olaparib
and doxorubicin (Fig. 4).

PARP is crucially involved in the repair of single-strand breaks
(SSBs), which can be blocked by PARP inhibitors. Unrepaired SSBs
during DNA replication can be converted to more deleterious DNA
double-strand breaks, which requires BRCA1/2 for DNA damage repair
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Fig. 5. OBHS impairs the Pol II loading at the homologous recombination repair genes. (A-C) UCSC genome browser tracks of Pol II ChIP-seq at homologous
recombination repair genes after ligand treatments for 1 h. The Pol II coverage around the TSS of BRCA1, BRIP1, and RADS51 is shown as reads per million. The Pol II
loading at those loci is decreased by OBHS in 1h, suggesting that OBHS rapidly impairs the Pol II initiation at the homologous recombination repair genes. (D)
Identification of 3075 protein-coding genes with impaired Pol II loading in MCF-7 cells by OBHS. Coverage around the 1 kb window of TSS was calculated and plotted
as long as the log2 fold changes versus the vehicle control. (E-F) Metaplot and boxplot of Pol II at the TSS sites of the 3075 genes in Fig. 5D show that 173-estradiol

increases the Pol II loading, while OBHS impairs the Pol II loading at these genes.

[27]. PARP inhibitors initially were found to cause synthetic lethality in
cancer cells with BRCA1 or BRCA2 deficiencies [13] and have been
approved by the Federal Drug Administration for various cancers with
either germline or somatic mutations in BRCA1l and BRCA2. Ad-
ditionally, PARP inhibitors trap the PARP1 and PARP2 enzymes at
damaged DNA, leading to the formation of trapped PARP-DNA com-
plexes [28]. Advances in the understanding of PARP inhibitors show
that homologous recombination deficiency resulting from alterations of
components other than BRCA1 or BRCA2 in the pathway also lead to
increased sensitivity of cancer cells to PARP inhibitors. For example,
PARP inhibitors induce significant killing of ataxia telangiectasia mu-
tated (ATM)-deficient and phosphatase and tensin homolog (PTEN)-
mutant cancer cells [29-31].

Here, we found that OBHS increases the double-strand breaks as
revealed by YH2A.X staining and decreases the mRNA expression of
BRCA1, BRCA2 and other HRR related genes through repression of Pol
II loading at those genes, suggesting that OBHS induces homologous
recombination deficiency, which explains the synergistic effects of
OBHS with olaparib and doxorubicin and agrees with the observed cell
cycle arrest at S phase and increased apoptosis by OBHS. Interestingly,
recently, Liu's group showed that tamoxifen-resistant breast cancer cells
are resistant to DNA-damaging chemotherapy because of upregulated
BRCA1 and BARDI1, and inhibition of BARD1 and BRCA1 resensitize
breast cancer cells to DNA-damaging chemotherapy both in vitro and in
vivo [32]. Because OBHS could directly impair the expression of BRCA1
and BARD1 (Fig. 3A), we anticipate that OBHS has the potential to re-
sensitise tamoxifen-resistant breast cancer cells to chemotherapy.

We characterised OBHS as a selective estrogen receptor module
with partial agonistic and antagonistic properties of ERa. Although
OBHS induces genome-wide ERa occupancy, which has almost the
same binding motifs as 17fB-estradiol-ERa, transcriptome analysis
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revealed that OBHS has different transcriptional profiles compared to
17B-estradiol. OBHS regulates a small subset of genes similar to 17f-
estradiol; however, OBHS shows opposite effects on the majority of
deregulated genes by 17p-estradiol (Fig. 2D). These data are consistent
with the ERa partial agonistic and antagonistic properties, and also
agree with the crystal structural analysis of OBHS-ERa, showing that
OBHS utilises its antagonism by shifting ERa helix H11 in different
directions and altering the stability of ERa helix 12 into the antag-
onistic conformer indirectly [15]. The structural insights also explain
why OBHS and 17f-estradiol have opposite effects on Pol II loading at
the homologous recombination repair genes. The synergistic effects of
OBHS with olaparib and doxorubicin are likely to be caused by ERa
antagonism because ERa-negative Vero cells show no synergistic effects
of OBHS with olaparib and doxorubicin, and ERa knockdown in MCF-
7 cells could sensitise MCF-7 cells to olaparib and doxorubicin. To-
gether, inhibition of ERa by OBHS plays a crucial role in the synergistic
effects of OBHS with olaparib and doxorubicin. Interestingly, we also
found that OBHS could directly reduce the mRNA expression of ERa,
which further enhances the synergy between OBHS and olaparib or
doxorubicin.

In vivo application of OBHS in an endometriosis mouse model has
shown that OBHS exerted suppression of estrogenic and inflammatory
activities in the progression of endometriosis [16]. Here, we also
showed that combination therapy of OBHS and olaparib significantly
delays the tumour progression in ERa-positive breast cancer mouse
model, which expanded the application of olaparib to breast cancer.
Additionally, the three-dimensional structure of OBHS makes it elastic
and variable in structure, thus, it could be further modified with other
functional groups. For example, OBHS was chemically bonded with the
pan-histone deacetylase inhibitor SAHA with some modifications, and a
series of more potent antitumour dual-target conjugates were
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week (A). The tumour sizes were measured every day during treatment with calliper measurement and were calculated using the formula volume

(length x width x width)/2 (B). (C) Representative tumour sizes after seven rounds of drug treatment. (D) Combination of OBHS and olaparib delays the tumour
growth in the MCF-7 tumour mouse model. The average tumour sizes of the vehicle- (n = 6), OBHS- (n = 6), olaparib- (n = 6) and combination therapy (n = 6)-

treated groups were plotted from day 11 to day 18 after inoculation. Data were represented as Mean

+ S.E.M, and the statistical analysis between vehicle- and drug-

treated groups were performed by a two-way ANOVA analysis with Tukey's test. p values were indicated.

synthesised and tested in cancers [33,34]. Given the profound effects of
OBHS with olaparib in ERa-positive breast cancer and the chemical
property of OBHS, we are optimistic that OBHS and its derivatives
could be potential antitumour candidates for breast cancers in combi-
nation with other DNA damaging agents through an alternative syn-
thetic lethal strategy.
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