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Abstract 

Deficiency in homologous recombination repair (HRR) is frequently associated with hormone-responsive 
cancers, especially the epithelial ovarian cancer (EOC) which shows defects of HRR in up to half of cases. 
However, whether there are molecular connections between estrogen signaling and HRR deficiency in 
EOC remains unknown.  
Methods: We analyzed the estrogen receptor α (ERα) binding profile in EOC cell lines and investigated 
its association with genome instability, HRR deficiency and sensitivity to chemotherapy using extensive 
public datasets and in vitro/in vivo experiments.  
Results: We found an inverse correlation between estrogen signaling and HRR activity in EOC, and the 
genome-wide collaboration between ERα and the co-repressor CtBP. Though the non-classical 
AP-1-mediated ERα signaling, their targets were highly enriched by HRR genes. We found that depleting 
ERα in EOC cells up-regulates HRR activity and HRR gene expression. Consequently, estrogen signaling 
enhances the sensitivity of ovarian cancer cells to chemotherapy agents in vitro and in vivo. Large-scale 
analyses further indicate that estrogen replacement and ESR1 expression are associated with 
chemo-sensitivity and the favorable survival of EOC patients.  
Conclusion: These findings characterize a novel role of ERα in mediating the molecular connection 
between hormone and HRR in EOC and encourage hormone replacement therapy for EOC patients. 

Key words: Ovarian cancer; Estrogen signaling; Deficiency of homologous-recombination; Chemotherapy; 
Hormone replacement 

Introduction 
Epithelial ovarian cancer (EOC), especially the 

high-grade serous EOC (HGSOC), is characterized by 
positive ERα status in the vast majority of tumors, 
regardless of tumor subtypes [1, 2], which is 
consistent with its estrogen etiology as shown by 
large-scale epidemiological studies [3]. ERα has been 
well studied for its transcriptional regulation in 
response to estrogen in breast cancer [4]. The ligand 
bound ERα enters nucleus and can be either an 
activator or a repressor, depending on its interacting 

co-factors. Previous studies have demonstrated the 
activating function of ERα by collaborating with 
co-activators such as SRC-1 family, p300/CBP, 
SWI/SNF complex, TRAP complex and other histone 
modifiers [5], and the repressive function via 
interacting with CtBP, LCoR, Rip140, ZNF366 and 
HDACs [6-8]. 

ERα regulates target genes through either 
classical model or non-classical model. In the classical 
model that accounts for the majority of ERα bindings 
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on DNA in breast cancer cells, such as MCF7, ERα 
recognizes the estrogen response elements (EREs) to 
regulate gene transcription with the assistance of two 
pioneering factors, GATA3 and FOXA1 [4, 9]. In the 
non-classical model, ERα forms transcriptional 
complex with other DNA binding factors such as 
AP-1 and SP1, and is recruited to the binding sites of 
these factors [10]. While the majority of ERα bindings 
in breast cancer cells rely on GATA3 and FOXA1, 
these two pioneering factors are likely to be breast 
cancer specific markers [11]. Consequently, how ERα 
behaves in EOC is elusive. 

In breast cancer, patients with ERα+ tumor have 
much better survival than patients with ERα- tumor 
owing to the success of adjuvant hormone therapy 
using agents that block the mitogenic effect of 
estrogen, such as tamoxifen, fulvestrant and 
aromatase inhibitors [12, 13]. However, the 
anti-estrogen therapies have been disappointing in 
the treatment of EOC [14]. On the contrary, hormone 
replacement therapy (HRT), as an optional choice to 
alleviate the symptoms associated with 
oophorectomy, shows a beneficial effect on the 
survival of EOC patients, as demonstrated by clinical 
trial [15] and retrospective study [16], although 
inconsistent data may also exist [17-19]. 

EOC is characterized by DNA repair defects [20], 
especially the deficiency in homologous 
recombination repair (HRR) [21]. The core HRR genes 
including RAD51, ATM/ATR, CHEK1/CHEK2, 
BRCA1/BRCA2, MRN complex and Faconia anemia 
(FA) genes, are frequently altered in EOC and other 
hormone-related cancers [22, 23]. Since cells deficient 
in these genes are vulnerable to replicative stress and 
double-strand breaks, platinum-based chemotherapy 
is still the primary choice for the treatment of EOC 
[24]. Previous studies have suggest that hormone 
therapy has no significant effect on chemotherapy in 
breast cancer [25, 26]. However, the observation that 
HRR deficient tumors frequently originate from 
hormone enriched tissues points to a possibility that 
HRR may have a molecular connection with 
hormones [27]. It has been found that estrogen 
increases the genome instability in ERα+ EOC cells 
[28]. Here, we explore the ERα transcriptional 
programme on a global scale in EOC cells. We show 
that ERα represses HRR activity by direct bindings on 
HRR genes via interacting with CtBP in EOC cells, 
and suggest that estrogen replacement has the 
potential to benefit EOC patients from chemotherapy.  

Materials and Methods 
Cell lines, chemicals and antibodies 

SKOV3 and HO8910 cells were used as 
representative ovarian cancer cell lines (see 

Supplementary materials for discussion of ovarian 
cancer cell lines). They were originally obtained from 
NICLR (National infrastructure of cell line resource) 
with certificates. SKOV3 and HO8910 were cultured 
in regular DMEM supplemented with 10% (v/v) FBS, 
penicillin-streptomycin (Thermo Fisher). Cisplatin, 
β-Estradiol (estrogen), fulvestrant, doxycycline (Dox), 
olaparib were all purchased from Sigma Aldrich. The 
anti-CtBP, anti-ERα, anti-Rad51, anti-GAPDH, 
anti-β-actin and anti-c-JUN antibodies were 
purchased from Santa Cruz (USA). The anti-caspase3, 
anti-PARP and the anti-γH2AX antibody was from 
Millipore (USA). Anti-CtBP recognizes both CtBP1 
and CtBP2 unless otherwise indicated. Unless 
specified in the manuscript, cells were cultured by 
normal media with physiological level of estrogen.  

Expression vectors and gene knockdown 
vectors 

The CtBP1 and CtBP2 coding sequence were 
cloned into pCMV-script expression vector with or 
without HA tag and FLAG tag respectively. The 
pLVX-tight-puro lentivirus vector (Clontech) was also 
used for cloning of CtBP1 and CtBP2 as lentivirus 
expression vector. ERα coding sequence was 
amplified from the pCI-nGL1-HEGO and further 
cloned into pLVX-Tight-Puro. For lentivirus 
production, PLVX-Tight-Puro-CtBP (or ERα)-GFP 
and pLVXTet-On-Advanced (Clontech) plasmids 
were co-transfected into 293FT cells for lentivirus 
package. The lentivirus containing supernatant was 
harvested post transfection for 72 hours, and spun 
down, filtered with 0.45μM syringe filter, then 
infected the target cells and selected with Puromycin 
and G418. Dox was added to the cell culture medium 
to induce inserting gene expression. All the gene 
knockdown experiments were through the lentivirus 
vector pLKO1. The shRNAs targeting CtBP (Sense 
5’-CCGGAGGGAGGACCTGGAGAAGTTCCTCGAGGAA
CTTCTCCAGGTCCTC-3’ and anti-sense 5’-AATTCAA 
AAAAGGGAGGACCTGGAGAAGTTCCTCGAGGA
ACTTCTCCAGGTCCTCCCT-3’) were cloned into 
pLKO1 for virus packaging in 293T cells and the 
supernatant were used for transduction directly or 
further concentration. ERα knockdown is through 
siRNA according to Liang et al. [29]. All the luciferase 
assay was performed using the pGL3 series of vectors 
from Promega. 

ChIP and ChIPseq 
After treatments, cells were cross-linked with 1% 

(w/v) formaldehyde for 5 min at room temperature. 
Ice cold glycine (125mM) was applied to quench 
formaldehyde. Then the cells were washed twice with 
ice cold PBS and collected. Cross-linked cells were 



 Theranostics 2019, Vol. 9, Issue 13 
 

 
http://www.thno.org 

3954 

resuspended in 1 ml immunoprecipitation (IP) buffer 
(150mMNaCl, 50mM Tris-HCl (pH 7.5), 5mM EDTA, 
NP-40(0.5%), Triton X-100 (1%), and added cocktail 
proteinase inhibitor (Sigma). Cell lysate were 
sonicated for 10 x 30 s with 30 s break using Qsonica 
Q700 sonicator. Then the sonicated cells were 
centrifuged and the supernatant was performed for 
immunoprecipitation. Each antibody was incubated 
with lysate overnight with rotation at 4 °C. And then 
the lysate was incubated with pre-blocked protein G 
beads with rotation for 10h at 4 °C. Then the beads 
were rinsed with high salt IP buffer supplemented 
with 500mM NaCl, IP buffer and finally resuspended 
in TE buffer (pH 8.0). Then Proteinase K (Qiagen 
#1018832) was added in DNA-protein complex for 
digestion overnight at 65 °C. Finally the DNA was 
purified by phenol-chloroform extraction and ethanol 
precipitation with the presence of glycogen (Ambion 
#AM9510). The purified DNA was used for real-time 
PCR. 

Bioinformatics analysis 
Sequences generated by the Illumina genome 

analyzer were aligned against genome version hg19. 
Binding sites of transcriptional factors were enriched 
by comparing the ChIP samples to input. Prognostic 
value was determined by Cox proportional hazards 
model in each datasets individually and integrated 
using fixed-effects meta-analysis. Expression data 
were downloaded from GEO, processed using RMA 
method and were quantile normalized. All the 
statistical analyses were performed in R software 
version 3.31. For more details, please refer to 
supplemental materials and methods. 

Western Blot 
The cells were lysed on ice using RIPA Buffer 

(Thermo # 89901) with the presence cocktail protease 
inhibitor (Sigma #SRE0055). Total protein (20 μg) 
from each sample was separated by SDS-PAGE in 
SDS running buffer (TAKARA #T9101) at 150 V for 1h 
at room temperature, and transferred to PVDF 
membranes at 300mA for 3h at 4°C. Blots were then 
probed with primary antibody at 1:1000 overnight at 
4°C. Then the membrane was washed and incubated 
with HRP-conjugated secondary antibody (Santa 
Cruz) at 1:5000 dilution. After being washed for 5 
times in PBST, the membrane was incubated with 
ECL detection reagent (#RPN2235) and then 
visualized with ChemiDoc Touch Imaging system 
(Bio-Rad).  

γH2AX and RAD51 foci assay 
Cells were grown on cover-slips. Wash cells 

twice with PBS and fix in 3.5% paraformaldehyde. 
Wash cells with PBS for 3 times. Cells are 

permeablized in PBS supplemented with 10% goat 
serum and 0.3% Triton X-100 for 15mins. Wash cells 
twice by PBS. Then cells were treated with 3% H2O2 
for 10mins and wash for twice. Block cells with 
blocking buffer(10% goat serum in 1xPBS) for 1hr. 
Incubate cells with primary antibody(1:50) in blocking 
buffer for 1.5hr. Wash cells for 3 times by PBS. For 
γH2AX staining, the cells were incubated with Alexa 
Fluor® 488 Goat Anti-Mouse IgG for 1hr. After 
washing for 3 times, mount cover slips using 
VECTASHIELD with DAPI. For CtBP1 and CtBP2 
staining, the Cells were incubated with EnVision+ 
System- HRP Labelled Polymer Anti-mouse (Dako, 
Carpinteria, CA, K4000) for 1 hr. After washing for 3 
times, cells were incubated with Liquid DAB+ (Dako) 
for 3 minutes, and wash twice again. Then the cells 
were counterstained in Hematoxylin (Vector) for 30 
sec, twice. Sequentially wash cells with water(twice, 
5mins), 95% ethanol(2min) and 100% ethanol(2min). 
Finally, dip cells in xylene and mount with Permount 
onto a slide for microscopy imaging. 

MTT assay 
Cells were seeded in 96-well flat-bottom culture 

plates. After incubation with indicated treatment, the 
medium was aspirated and cells were treated with 
MTT (M5655, Sigma) containing medium for 4h. 
Then, the unreduced MTT solution was discarded, 
and DMSO (0.130 ml) was added into each well of the 
reduced MTT solution to dissolve the purple 
formazan precipitate, then OD values were detected 
with 550 nm filter of Victor X5 (Perkin Elmer, US). 

HRR efficiency assay 
ISceI-GR and pDRGFP plasmids [30] were 

co-transfected into cells, then treated cells with 
indicated conditions. HRR efficiency was measured 
with the ratio of GFP-positive cells out of all cells. 

Engrafted tumor assay 
HO8910 was used as the cell model over SKOV3 

because of its high capacity of forming engrafted 
tumors and the fact that SKOV3 is Cisplatin resistant. 
Female ovariectomized NOD-SCID mice (6–8 weeks 
old) were subcutaneously injected 5×106 HO8910 cells 
[31] in each hind limb and randomly divided into 
three groups 5 weeks after cancer cells injection. Mice 
in control group were administrated with 3mg/kg 
cisplatin (S1552, Beyotime, China) only by 
intraperitoneal injection every 3 days; Mice in 
Estrogen combined with Cisplatin group were 
planted [32] with 17β-estradiol tablets (SE121, 
Innovative Research American), and also 
administrated with 3mg/kg cisplatin by 
intraperitoneal injection every 3 days; Mice in 
Fulvestrant group were administrated with 
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Fulvestrant 30mg/kg by local injection [33] and 
3mg/kg cisplatin by intraperitoneal injection every 3 
days.  

In another set of female NOD-SCID mice (6–8 
weeks old), 5×106 HO8910 cells with empty lentiviral 
construct transduced or inducible ER or CtBP 
overexpression lentiviral construct transduced, were 
subcutaneously injected [31] in each hind limb and 
randomly divided into three groups 5 weeks after 
cancer cells injection. Mice in control group were 
administrated with 3mg/kg cisplatin (S1552, 
Beyotime, China) only by intraperitoneal injection 
every 3 days; Mice in CtBP and ERα overexpression 
group were given Dox (1.5 mg/ml plus 50 mg/ml 
sucrose) containing drinking water [34] and replaced 
every 3 days to make sure the water fresh, as well as 
3mg/kg cisplatin by intraperitoneal injection every 3 
days; Tumors were surgically removed after various 
administrations lasted for 15 days.  

Data access 
The RNA-seq data and ChIP-seq data from this 

study have been uploaded to the Gene Expression 
Omnibus (GEO) database (GSE116018). 

Results  
Genome-wide mapping of ERα binding reveals 
RAD51 as a direct target in EOC cell lines 

ERα in EOCs shows a strong expression 
compared to other cancers (Figure S1A) and a mild 
overexpression compared to ovary surface epithelium 
(Figure S1B), whereas its expression is decreased in 
most other cancers (Figure S1C). This is consistent 
with the previous finding that ERα is strongly 
expressed in EOC [35]. The availability of genomic 
data has led to the dispute over the representative 
EOC cell lines [36]. We used the most updated 
genomic data and confirmed that SKOV3 is a 
representative cell line by having the characterized 
TP53 mutation and a wildtype and strong expressing 
ERα (Figure S1D). ChIP-seq analysis identified 44,770 
ERα binding sites in SKOV3 cells, of which only 7.6% 
are overlapped with the binding sites in MCF7 cells 
(Figure 1A), which might imply a tissue-specific ERα 
bindings. As expected, motif analysis of ERα bindings 
in MCF7 indicated a classical model characterized by 
the enrichment of classical ERE and GATA3 motif 
(Figure 1A and Figure S2A). However, in SKOV3 
AP-1 motif is highly enriched in ERα bindings, 
implying the predominant non-classical regulatory 
mechanism of ERα. De novo motif discovery further 
confirmed this difference (Figure 1B). To confirm this 
in tumor samples, we analyzed the corresponding 
gene expressions and found that the pioneer factors of 

classical model [37], GATA3 and FOXA1, are silenced 
in EOCs, whereas AP-1 coding genes are 
overexpressed in EOCs in comparison to ERα+ breast 
cancer (Figure 1C and Figure S2B). To understand the 
biological meaning underlying this difference, we 
performed the genomic region enrichment analysis, 
which showed a highly distinct functional enrichment 
of ERα bindings in SKOV3 (Figure S2E). Interestingly, 
AP-1 mediated transcriptional regulation and DNA 
damage response were significantly enriched. Given 
the clinical importance of HRR in EOC, we specifically 
examined the core HRR genes, and surprisingly found 
that most of them have the ERα binding on the 
promoter region, including RAD51, ATR, BRCA1, 
PALB2, and FA genes. Figure 1D shows an example 
of estrogen-inducible ERα binding at the 
transcriptional start site (TSS) of RAD51, which has 
been confirmed by ChIP-qPCR in SKOV3 and another 
high-grade serous ovarian cancer (HGSC) cell line 
HO8910 (Figure S2C-D). However, no such ERα 
binding was observed in MCF7 cells (Figure 1D and 
Figure S2C).  

ERα is involved in DNA damage response and 
represses HRR activity  

The treatment of irradiation (IR) and cisplatin 
led to a significant down-regulation of ERα and an 
up-regulation of RAD51 in SKOV3 and HO8910 cells 
(Figure 2A and Figure S3A-B). In stable cell lines with 
inducible ERα overexpression, RAD51 expression was 
remarkably decreased (Figure 2B). Also, Rad51 
showed dose-dependent repression by estrogen 
(Figure 2C), including the condition of 10nM of 
estrogen, the closest dosage to endogenous estrogen 
level. Knocking down of ERα also resulted in the 
abolishment of estrogen induction of RAD51 
expression in SKOV3 cells (Figure S3C). Furthermore, 
a significant inverse correlation of the protein 
abundance between ERα and RAD51 was observed in 
TCGA datasets (Spearman rho = -0.25, p < 10-6; Figure 
S3D). We then assessed the effect of ERα on global 
gene expression by RNA-seq of SKOV3 cells with or 
without ERα overexpression. The RNA-seq data 
revealed that many HRR genes including RAD51, 
ATR, BRCA1/2 and FA genes were down regulated by 
ERα overexpression (Figure 2D). Interestingly, we 
found that ERα was more likely to be a repressor, as 
indicated by the 769 downregulated genes versus 326 
upregulated genes (fold-change > 2 and FDR < 0.05). 
We further confirmed some of the downregulated 
genes by qPCR in SKOV3 and HO8910 cells (Figure 
S3E). Overexpression of ERα increased the cellular 
level of γΗ2ΑΧ and decreased RAD51 (Figure 2E), no 
matter whether the cells were treated by IR or 
cisplatin, demonstrating a substantial role of ERα in 
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governing the genome stability of EOC cells. 
Consistently, overexpression of ERα resulted in the 
increased formation of γΗ2ΑΧ foci and decreased 

RAD51 foci after the treatment of cisplatin or IR, 
whereas knockdown of ERα resulted in less γΗ2ΑΧ 
foci and more RAD51 foci (Figure 2F-G).  

 

 
Figure 1. Enrichment of the non-classical mode of ERα signaling in EOC by the binding profiles. A. The venn diagram showing the fraction of MCF7-specific bindings, shared 
bindings and SKOV3-specific bindings. The bars on the left indicate the fraction of each category of bindings that are matched with an ERE. B. The motifs identified by de novo 
motif analysis (MEME). C. Heatmap showing the expression of AP-1 members, FOXA1 and GATA3 in EOCs and ER+ breast cancers. Agilent microarray data of TCGA are used. 
D. ERα binding at the RAD51 locus in unstimulated and E2-treated SKOV3 cells, and in E2-treated MCF7 cells. 

 
Figure 2. ERα represses HRR activity. A. Expression of ERα and RAD51 under the treatment of cisplatin (30 μM) or irradiation (IR, 10Gy) in SKOV3 cells detected by RT-PCR. 
B. Western blot showing the expression of ERα and RAD51 with or without the DOX-induced ERα expression in SKOV3 and HO8910 cells. The numbers indicate the average 
quantitation and the SD from three independent experiments. C. The expression of RAD51 in SKOV3 treated with different dosages of E2. D. M-A plot for the transcriptome 
expression changes comparing ER α overexpressing SKOV3 cells (DOX+) with control cells (DOX-). X-axis corresponds to the average expression of genes across all the 
samples, and Y-axis indicates the fold change of gene expression. Several significantly altered DNA damage repair genes are also shown. E. Western blot showing the expression 
of RAD51, ERα and γH2AX with or without the DOX-induced ERα expression in SKOV3 cells with or without treatment by cisplatin (5 μM) or IR (10 Gy). F. Quantification of 
γH2AX foci and RAD51 foci in SKOV3 cells transfected with exogenous ERα or siRNA of ERα, with or without treatment of cisplatin or IR. SKOV3 cells are fixed for 
immunofluorescence staining after treated with Cisplatin 5uM for 24h or 2 hours later after 10Gy irradiation. Cells are divided into four groups according to the number of foci 
and the percentage of each group is indicated. G. Examples of γH2AX foci and RAD51 foci in SKOV3 cells. 
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Figure 3. Recruitment of CtBP by ERα in EOC. A. Results from co-IP experiments in SKOV3 cells. ERα-containing protein complex is immunoprecipitated from E2- and 
EtOH-treated SKOV3 cells using anti-ERα or IgG, followed by western blot using antibodies against ERα and CtBP. B. ChIP-qPCR results testing the binding of ERα at the TSS 
of CtBP in SKOV3 cells. The enrichment of ERα is shown as percentage to input. C. Luciferase assay of ERα regulation of CTBP1 promoter activity. Top panel shows ERα 
expression with different dosages of ERα vector for transfection, and bottom panel shows the promoter activity relative to vehicle. Significance is determined by comparing to 
the group with 0 vector using T test. D. Western blot showing the expression of CtBP in SKOV3 cells treated with different dosages of E2. E. qPCR results for the expression 
of CTBP1 and TFF1 in SKOV3 cells treated with different dosages of fulvestrant. F. Western blot showing the expression of CtBP and ERα in SKOV3 and HO8910 cells 
transduced with DOX inducible ERα expression lentiviral vector. G. Coexpression between CtBP and ERα across serous ovarian cancer tissues (n = 74). The array images were 
acquired using Leica Microsystems at 40X. Three representative areas of each spot were analyzed for the staining signal by MIPAR. The average intensity of the three areas was 
calculated for each spot for both CtBP and ERα staining. H. Frequency of amplification of CtBP genes (GISTIC) across TCGA cancer types. Uterine cancers are divided into 
serous-like (HRR deficient) tumors and other tumors. Significance is determined by hypergeometric distribution test using pan-cancer amplification as background. I. 
Kaplan-Meier overall survival curves. Patients are separated into EOCs with (red) and without CtBP amplification (green). Right panel shows the relative fraction of sensitive and 
resistant EOCs to chemotherapy for EOCs with CtBP amplification and EOCs without CtBP amplification (p < 0.05, Fisher exact test). 

 

CtBP is recruited by ERα and is correlated 
with clinical outcome  

We found that ERα bindings in SKOV3 are 
highly overlapped with the targets of a transcriptional 
corepressor, C-terminal binding protein (CtBP) that 
have been reported in a previous study [38]. 
Moreover, we found many common interacting 
proteins of CtBP and ERα according to STRING 
database [39], such as NRIP1, CREBBP, HDAC1/2, 

BRCA1, ZNF217 and SP1, implying a high probability 
of functional collaboration. 

Therefore, we performed an in vivo Co-IP 
experiment and observed an estrogen-dependent 
interaction between CtBP and ERα in SKOV3 cells 
after 24 hours treatment of estrogen (Figure 3A and 
Figure S4A). Immunofluorescence staining of ERα 
and CtBP also supported the colocalization of these 
two proteins in nucleus (Figure S4B). We also found 
an ERα binding site at the promoter of CtBP (Figure 
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S4C). To test that if CtBP could be regulated by ERα, 
we validated the recruitment of ERα at CtBP promoter 
by ChIP-qPCR and observed the regulatory activity of 
ER on CtBP promoter by luciferase assay (Figure 
3B-C). Moreover, the expression of CtBP was 
upregulated by estrogen dose dependently (Figure 
3D). Fulvestrant, however, repressed the expression 
of CtBP and TFF1, a known target gene of ERα ( 
Figure 3E). Ectopic overexpression of ERα also 
increased CtBP expression (Figure 3F). However, the 
regulation effect is relatively modest in cell lines. To 
further explore the association between CtBP and 
ERα, we quantified their expression in serous ovarian 
cancer tissue arrays, and found a significant 
coexpression between CtBP and ERα (Pearson’s r = 
0.54, p < 10-6; Figure 3G). The coexpression was 
further supported by public resources (Figure S4D). 
In addition, we found significantly higher expression 
of CtBP in estrogen-responsive tissues and tumors 
(Figure S4E-H).  

It has been found that CtBP could target multiple 
HRR genes including BRCA1, ATR, PALB2, FANCD2, 
FANCM, and RAD51C [38]. A mild but significant 
inverse correlation between the expression of CtBP 
and HRR genes was observed across EOCs (Figure 
S5A-B). Given the overexpression of CtBP in EOC 
tumors compared to normal ovary tissues (Figure 
S4H), we next tested whether CtBP plays a functional 
role in EOC. By analyzing 80 whole-genome 
sequenced EOCs [20], we found that high CtBP 
expression is correlated with more somatic mutations 
and structural variants (Figure S5C-D). In accordance 
with this, we found that CtBP genes (CTBP1 and 
CTBP2) are selectively amplified in HRR deficient 
tumors including EOC and serous-like uterine cancer 
(Figure 3H), and the amplification is associated with 
more somatic mutations (Figure S5E-F). Importantly, 
the amplification of CtBP is associated with improved 
survival (log-rank test, p < 0.02) and less 
chemoresistance (Fisher exact test, p < 0.05) (Figure 
3I). Although there are many chemo-resistant 
mechanisms, the expression of CtBP, in some cases, 
could be reduced while its targeting HRR genes were 
upregulated during the acquirement of 
chemo-resistance, as shown in EOC cells (Figure 
S5G). This suggests that CtBP could be involved in 
the process of chemo-resistance. We also found that in 
a whole-genome sequenced EOC cohort, CtBP is 
among the top genes associated with the response to 
chemotherapy (Figure S5H).  

ERα represses gene expression via 
genome-wide collaboration with CtBP 

ChIP-seq data between CtBP and ERα revealed 
that about two-third of ERα bindings are overlapped 

with CtBP in SKOV3 cells (Figure 4A). These 
overlapping sites are significantly enriched for the 
promoter bindings of DNA repair genes (FDR < 0.01, 
Table S1). To investigate whether ERα mediates CtBP 
recruitment, we mapped CtBP bindings globally to 
identify the significant changes induced by ERα 
inhibition via 24 hours treatment of fulvestrant. This 
demonstrated a globally redistributed CtBP binding 
profile at the ERα-CtBP-shared binding events (Figure 
4B-C). Overall, 62% of ERα-CtBP-shared bindings had 
decreased binding affinity (Weaker sites, FDR < 0.05 
and fold change > 2), and 38% did not change (No 
change sites). 

To unravel the genome-wide regulation on gene 
expression by CtBP and ERα, we also measured the 
transcriptome changes by RNA-seq. We used the 
software BETA to estimate the regulatory potential by 
considering the bindings within 100kb of the TSS, and 
then generated a cumulative distribution to determine 
the activating or repressive function of the 
transcription factor [40]. From the analysis (Figure 
4D), we had the following observations at the 
genome-wide level: i) CtBP is repressive at all the 
categories having CtBP binding events including the 
ERα-CtBP-shared binding; ii) ERα is a potential 
activator in the ERα-specific sites and No change sites; 
and iii) ERα only has repressive function at the 
Weaker sites, where CtBP recruitment is likely to be 
modulated by ERα. De novo motif analysis of the 50bp 
flanking sequence by the center of Weaker sites, 
demonstrated a centrally distributed AP-1 motif. 
However, we did not find any centrally enriched 
motif for the No change sites. This further highlights 
the difference between the Weaker and the No change 
sites, and suggests that the non-classical 
estrogen-signaling is required to recruit CtBP for gene 
repression. 

Of note, overexpression of CtBP and ERα 
resulted in a significant overlap of differentially 
expressed genes (DEGs) that were downregulated 
(hypergeometric test, p <10-100). We focused on the 
DEGs of ERα and correlated them with the four 
categories of binding events using a 10kb window of 
the TSS of genes in a visual map presented in Figure 
4E. The DEGs were divided into three clusters, 
including the DEGs repressed strongly by ERα but 
not or only modestly by CtBP (cluster I, n = 803), the 
DEGs repressed strongly by both ERα and CtBP 
(cluster II, n = 132) and the DEGs activated by ERα 
(cluster III, n = 526). Cluster III is enriched with 
ERα-specific bindings but short of CtBP-specific 
bindings, whereas cluster II is enriched with the 
Weaker bindings but short of ERα-specific bindings (p 
< 0.05 at all cases, χ2-square test). These observations 
suggest that in cluster I and II, both ERα and CtBP are 
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required for gene regulation, whereas in cluster III, 
ERα binding is dominant to activate gene expression. 
Taken together, our results indicate a genome-wide 
transcriptional collaboration between CtBP and ERα.  

ERα and CtBP improve the response to 
chemotherapy agents 

CtBP also binds at the promoter of RAD51 in 
EOC cells, which we further validated using 

ChIP-qPCR (Figure 5A). EOC cells with CtBP 
overexpression exhibited reduced RAD51 expression 
(Figure 5B). Using HRR efficiency reporter assay, we 
confirmed that both ERα and CtBP displayed the 
ability of repressing HRR, whereas the knockdown of 
CtBP attenuates the inhibition of ERα on HRR 
efficiency (Figure 5C). Given that an AP-1 motif was 
found within the CtBP-ERα-shared binding site at 
RAD51 promoter, we specifically silenced c-Jun (a 

 

 
Figure 4. Genome-wide collaboration between ERα and CtBP. A. Venn diagrams showing the overlapping between CtBP and ERα binding sites (top) and binding genes (middle). 
Bottom panel shows the enriched functions of promoter-binding genes for each category. B. M-A plot of differential binding affinity (DBA) analysis (EdgeR) of CtBP-ERα-shared 
bindings in Fulvestrant treated vs. untreated cells. Two-third of CtBP-ERα-shared bindings showed significant decreases in affinity at a FDR < 0.05. The red dots below 0 
represent Weaker bindings under treatment of fulvestrant, whereas the black dots around x-axis represent No change bindings under treatment of fulvestrant. C. 
Representative examples of the redistributed CtBP bindings in fulvestrant treated cells. D. Genome-wide bindings of CtBP and ERα in SKOV3 cells and their influence on gene 
expression. (Left) Heatmaps of ChIP-seq data for ERα bindings and CtBP bindings, and (right) activating/repressive regulation predictions using BETA algorithm. E. Integrated 
view of DEGs and the four categories of CtBP or ERα bindings. DEGs are divided into three clusters according to hierarchical clustering of gene expression (left). Also indicated 
is the information about whether each gene has an binding event within the 10kb window centered at TSS (right panel, the color of bars corresponds to the colors of the four 
categories of binding sites in D). 
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subunit of AP-1) in EOC cells using RNAi and 
observed that silencing of AP-1 caused the loss of 
CtBP and ERα recruitment at the binding site (Figure 
5D and Figure S6A-B), suggesting the non-classical 
model of ERα in the regulation of RAD51.  

HRR deficiency predicts sensitivity to 
chemotherapy, as shown by the favorable outcome of 
patients carrying BRCA1/2 mutations [41]. We found 
that estrogen, ERα and CtBP had the ability to 
increase the sensitivity to cisplatin (Figure 5E and 

Figure S6C). Knockdown of CtBP or ERα significantly 
enhanced the cell viability under treatment of 
cisplatin in SKOV3 (Figure 5F and Figure S6D). 
Moreover, the estrogen treatment improved the 
response of SKOV3 cells to Cisplatin, Olaparib and 
their combination (Figure 5G and Figure S6G-H). 
Given that SKOV3 is a Cisplatin resistant cell line, 
more profound results have been observed for other 
EOC cell lines (Figure S6D-G).  

 

 
Figure 5. Sensitivity to chemotherapy agents through CtBP- and ERα-mediated repression of HRR. A. CtBP binding at the gene locus of RAD51 (left) and the validation by 
ChIP-qPCR in SKOV3 cells (right). B. Western blot showing the expression of RAD51 in SKOV3 and HO8910 cells upon induced CtBP overexpression by DOX. 
Over-expression of CtBP is DOX-induced and cells untreated with DOX are used as control. C. pDR-GFP vector based HRR efficiency reporter assay in SKOV3 cells with the 
conditions of ERα overexpression, CtBP overexpression or ERα overexpression plus CtBP knockdown. D. ChIP-qPCR validation for AP-1-mediated CtBP and ERα binding at the 
TSS of RAD51 in SKOV3 cells. Unspecified asterisks indicate the significance comparing with corresponding IgG. E. Dosage-dependent SKOV3 cell viability on cisplatin upon 
treatment by ERα overexpression or knockdown. Values are normalized to concentration 0 of each group. F. Cell viability assay for SKOV3 cells transfected with indicated 
vector or siRNA, after the treatment of cisplatin (3μM) for 72h. G. Cell viability assay for SKOV3 cells after different treatments as indicated for 24h (Cisplatin: 3μM; Olaparib: 
10μM). Error bars in the figure indicate standard deviation of 3 replicates. 
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Figure 6. Effect of HRT on xenografts and EOC patients. A. Measurement of HO8910 engrafted tumors subjected to cisplatin treatment (3mg/kg, 3 days interval) in combination 
with ER or CtBP overexpression or E2 (subcutaneously implanted estrogen pellet) or fulvestrant treatment (30mg/kg, 3 days interval). Tumor weights are compared between 
different groups using Wilcoxon rank-sum test. B, C. Forest plots for meta-analysis of OS (B) and DFS (C). The analysis was performed using software RevMan 5.3. CIs are set 
at 95% and shown as horizontal lines. Solid vertical lines indicate the no-difference point between HRT and control group. Pooled HRs are determined by the Fixed effect model. 

 

Effects of hormone replacement in xenografts 
and in EOC patients 

EOC xenografts using HO8910 cells were 
established and used to test the effect of ERα on tumor 
growth inhibition in vivo. We found that 
co-administration of estrogen increased the tumor 
inhibition effect of cisplatin whereas 
co-administration of fulvestrant blocked the growth 
inhibition effect of cisplatin (Figure 6A). As expected, 
overexpressing ERα or CtBP greatly improved the 
response to cisplatin of xenografts. IHC analysis of 
PARP also revealed significant increased DNA 
damages associated with ERa and CtBP 

overexpression (Figure S7A), indicating that the 
tumor cells may start to count on the alternative PARP 
dependent DNA repair pathway for survival. The 
cellular apoptosis of tumors was evaluated by 
detecting the cleaved PARP and cleaved caspase 3. 
Consistently, we observed the increased apoptosis in 
tumors treated with estrogen (Figure S7A).  

EOC patients suffered from menopausal 
syndromes may occasionally be administrated by 
hormone replacement therapy (HRT). Since most of 
the EOC patients receive chemotherapy, this provides 
a unique chance to test our model. By searching the 
Medline database using designed MeSH terms, 1,911 
articles were retrieved. After manual screening, 9 



 Theranostics 2019, Vol. 9, Issue 13 
 

 
http://www.thno.org 

3962 

studies were included in our analysis [15-18, 42-46], 
involving in total 837 patients who received HRT 
post-diagnosis of EOC or were users of HRT at the 
time of investigation, and 1,900 patients who didn’t 
receive HRT (Table S2 and Figure S7B). The endpoint 
data for meta-analysis include overall survival (OS), 
disease-free survival (DFS), death events and 
recurrence events. Meta-analysis of these studies 
revealed a significant lower hazard ratio (HR) of OS 
and a significant lower odds ratio (OR) of 
disease-associated deaths among patients who 
received HRT than the patients who didn’t receive 
HRT (Figure 6B and Figure S7C; HR of OS: 0.67 [95% 
CI, 0.57-0.80], p<0.0001 and OR of death: 0.58 [95% CI, 
0.48-0.70], p<0.0001). We also noticed that HRT was 
significantly associated with a lower HR of disease 
free survival (DFS) and a lower OR of recurrences 
(Figure 6C and Figure S7D; HR = 0.76 [95% CI, 
0.62-0.94], p<0.01 and OR = 0.57 [95% CI, 0.38-0.86], 
p<0.01). These results suggest that, whereas 
pre-diagnosis hormone use has been found to increase 
the risk of EOC, post-diagnosis HRT improves the 
outcome of EOC and reduces disease recurrences. 

ESR1 is a favorable prognostic factor in EOC 
and associated with chemo-sensitivity 

Compared to breast cancer, EOC tumors express 
quite similar levels of ESR1 (Figure S8A), which 
presents a challenge for the prognostic evaluation of 
ERα in individual cohorts, and led to inconsistent 
conclusions in previous studies [1, 47]. We therefore 
collected 19 public gene expression datasets, 
including 2,652 primary EOC tumors in total (Table 
S3). Our inclusion criterion requires at least 40 
samples with continuous overall survival (OS) time 
accurate to days and censoring status. These datasets, 
when evaluated individually, show that ERα 
expression is associated with favorable outcome, 
though nonsignificant in most datasets. To get a 
consistent result, we leveraged the 19 datasets using 
meta-analysis and revealed a significant association 
between ESR1 expression and improved overall 
survival of EOC patients after controlling for stage, 
grade, age and histological subtypes (HR = 0.83 [95% 
CI, 0.75-0.93], p < 0.01, Figure S8B), indicating that 
ERα is an independent prognostic factor of EOC. 

To further overcome the challenge by the similar 
expression levels of ESR1, we developed an ERα 
signature by combining the expression of ESR1 and 
genes consistently co-expressed with ESR1 across 
EOC cohorts and human tissues, to reflect ERα 
activity more robustly against expression noise (see 
Supplementary Methods and Figure S8C). The 
signature exhibits a lower HR than ESR1 expression in 
most datasets, including the TCGA dataset. By 

meta-analysis, the ERα signature exhibits a stronger 
association with favorable survival in univariable 
model (HR = 0.77 [95% CI, 0.69-0.85], p < 0.01), and in 
multivariable model controlling for age, stage, grade 
and histological subtypes (HR = 0.78 [95% CI, 
0.70-0.87], p < 0.01, Figure 7A). We also repeated the 
analysis by limiting to HGSOCs, and observed a 
similar result (HR = 0.76 [95% CI, 0.68-0.85], p < 0.01). 
The dataset of Dressman et.al. shows a significant HR 
for both ESR1 expression and the ERα signature and is 
one of the few datasets providing response 
information to chemotherapy. To further investigate 
this dataset, we correlated the response to 
chemotherapy to the ERα signature, and found that 
ERα activity is independent of residual tumor size but 
significantly associated with the response to 
chemotherapy (High vs. low ERα activity group, p < 
0.01 by Fisher exact test, Figure 7B). Consequently, 
ESR1 expression is a significant prognostic factor of 
ovarian cancer patients (Figure 7C). In TCGA dataset, 
high expression of ESR1 or ERα is also significantly 
associated with improved response to chemotherapy 
(Figure S8D). 

Discussion 
EOC is the most lethal gynecologic malignancy 

[48], largely due to the developed resistance to 
neoadjuvant chemotherapies [49]. Oophorectomy, 
which is the general operation during the first line 
treatment of ovarian cancer, significantly reduces the 
estrogen synthesis after removal of ovary. However, 
due to the estrogen etiology of ovarian cancer [3], 
estrogen replacement is not comprehensively 
recommended for most patients. Chemotherapy 
performed afterward is mostly on a lack-of-estrogen 
background. Due to the data limitation, it is almost 
impossible for a strict evaluation to what extent might 
the lack of estrogen affect the response to on-going 
chemotherapy. Nevertheless, the observation that 
patients receiving HRT have a better outcome 
deserves a deeper clinical investigation. Previous 
studies have suggested that HRT may improve the 
outcome by the relief of symptoms from 
oophorectomy [15, 16]. Our results provide an 
alternative explanation by establishing a molecular 
connection between estrogen signaling and HRR. 
Notably, we also observed a significantly lower risk of 
disease recurrence for patients taking HRT, which is 
more likely due to the improved response to 
chemotherapy. In addition, we observed that the 
expression of ERα in pre-treatment primary tumors is 
associated with improved response to chemotherapy, 
further confirming that the beneficial effect of HRT 
could come from improved response to 
chemotherapy. Of note, the prognostic significance of 



 Theranostics 2019, Vol. 9, Issue 13 
 

 
http://www.thno.org 

3963 

ERα expression is highly underestimated due to the 
lack of estrogen in EOC patients. Nevertheless, it 
indicates a great potential of using HRT to improve 
the response to chemotherapy and the quality of life 
for EOC patients.  

Previous knowledge indicated that DNA 
damage repair (DDR) pathways are not direct targets 
of ERα in breast cancer models [50]. To our surprise, 
our results actually identified the DDR pathway as 
one of the top targeted functions of ERα in ovarian 
cancer cells. Further characterization also validated 
the regulation of ERα on these DDR genes, in 
particular the central player RAD51. ERα has quite 
different binding profiles in EOC cells compared to 
breast cancer cell line MCF7, probably due to the 
non-classical versus classical regulatory mechanism. 
Usually, ERα recruitment to ERE requires GATA3 and 
FOXA1 as pioneer factors to create the accessible 
chromatin domain [4, 9], and ERα+ breast cancer is 
characterized by the high expression of GATA3 and 

FOXA1. However, in EOC, these two critical factors 
are actually absent, indicating that our understanding 
of ERα function, mainly acquired from breast cancer 
studies, does not fit to ovarian cancer. 

AP-1 is a heterodimer formed by Fos and Jun 
proteins [51], and is required for estrogen-responsive 
cellular functions [52]. Notably, although AP-1 
promotes cell proliferation, high expression of c-Fos 
was found to be associated with favorable outcomes 
in EOC patients received platinum-based 
chemotherapy [53], which is in consistent with what 
we have observed for ERα. These results are in 
contrast to the mainstream concept of the oncogenic 
function of AP-1 and ERα, but could be explained by 
their interplay with the response to chemotherapy. 

We have previously shown that CtBP globally 
repress DNA repair genes in breast cancer cells [38]. 
Interestingly, AP-1 motif was enriched in the CtBP 
binding sites, suggesting that CtBP recruitment to its 
target genes relies on AP-1 in breast cancer too. In fact, 

 
Figure 7. The prognostic value of ERα in EOC. A. Forest plot visualing the hazard ratios (HRs) of ERα activity in each dataset evaluated by the multivariate Cox 
proportional hazards model. Squares show HR estimates of gene expression. The sizes of square are determined by the weights in meta-analysis summaries. Segments show 95% 
CIs, and the red diamonds show the fixed-effects meta-analysis summaries of HRs over all the datasets. B. Heatmap of the 157 signature genes of ERα activity in the Dressman 
et.al dataset. Bins above the heatmap indicate the clinical information of corresponding patients in the heatmap. Samples are ordered by the value of the signiture of ERα activity. 
C. Kaplan-Meier overall survival curves. Patients are divided into two groups by the expression of ESR1. D. A proposed model for the collaboration between ERα and CtBP on 
inhibiting core genes of HRR pathway. 
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many DDR genes have one or more AP-1 binding 
motifs in their promoters, including RAD51 [54]. In 
ovarian cancer cells, we speculate that ERα represses 
DNA repair by forming complex with AP-1 and CtBP. 
The genome-wide co-binding between ERα and CtBP, 
and the enrichment of AP-1 motif in the co-binding 
sites further supports this hypothesis. Therefore, our 
results suggest a model in which ERα recruits CtBP 
for inhibition of HRR genes through an 
AP-1-mediated nonclassical model in EOC (Figure 
7D). Our results together with previous studies have 
revealed that the expression of ERα, CtBP and AP-1 
are all associated with a survival benefit in EOC [20, 
53], which is consistent with the previous finding that 
the regulation of DNA repair activity is strongly 
associated with outcomes and response to 
chemotherapy in EOC [55]. Although our results are 
only preliminary to fully delineate ERα function and 
the proposed model in ovarian cancer, they have 
revealed the potential of a combinational therapy 
using platinum drugs and hormone replacement for 
the treatment of ovarian cancer patients. 

Supplementary Material  
Supplementary methods and figures. 
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