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Estrogen (E2) is crucial for the development of breast cancer caused by BRCAT mutation, and can increase
the DNA damage in BRCA1-deficient cells. However, the mechanisms through which BRCA1 deficiency
and E2 synergistically induce DNA damage remains unclear. In this study, we analyzed the distribution of
DNA damage in E2-treated BRCA1-deficient cells. We detected DNA lesions in the vicinity of genes that
are transcriptionally activated by estrogen receptor-a (ER). Loss of BRCA1 altered chromatin binding by
ER, which significantly affected the distribution of DNA damage. Moreover, these changes were associ-
ated with the established mutations in BRCA1-mutant breast cancer. Taken together, our findings reveal a
new mechanism underlying the DNA damage in breast cancer cells that is synergistically induced by

© 2022 Elsevier Inc. All rights reserved.

1. Introduction

BRCA1 is a core DNA damage repair gene in homologous
recombination repair (HR) pathway [1,2], and mutation of this gene
leads to genomic instability and tumorigenesis. In addition, germ-
line BRCA1 mutations are associated with a higher risk of breast and
ovarian cancers [2]. However, the mechanism underlying the highly
tissue-specific oncogenic transformation induced by BRCA1 muta-
tions. One possible explanation is that breast and ovarian epithelial
cells are responsive to estrogen (E2) signaling during the normal
menstrual cycle [2], and there is evidence that E2 promotes
mammary tumor initiation and progression in BRCA1-deficient
animal and PDX models [3].

Studies show that the genome instability caused by E2 may have
a carcinogenic effect in case of a defective BRCA1-mediated HR
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repair pathway [4]. E2 induces DNA damage through various
mechanisms, such as triggering oxidative stress through its me-
tabolites [5], mediating R-loop formation [6], and inhibiting the
DNA damage repair process [7,8]. In addition, BRCA1 can directly
interact with estrogen receptor-o (ER) and inhibit its transcriptional
activation in response to E2 [9]. Nevertheless, the mechanistic of
DNA damage caused by the synergy of BRCA1 deficiency and E2 is
poorly understood. Moreover, the distribution of these DNA lesions,
and their association with clinical mutations in breast cancer are
largely unclear.

In this study, we identified the chromatin distribution of E2-
induced DNA damage in BRCA1-deficient breast cancer cells. We
found that loss of BRCAT1 altered chromatin binding of ER, which led
to the redistribution of DNA lesions as well as the emergence of
new lesions. Our findings also showed that E2 induces DNA damage
through ER-activated transcription. Finally, there was significant
correlation between the DNA lesions in the E2-stimulated BRCA1-
deficient cells and the clinically relevant mutations in BRCA1-
mutant breast cancer. These genes may serve as potential bio-
markers and therapeutic targets for the treatment of BRCAT1-
mutant breast cancer.
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2. Materials and methods
2.1. Cell culture

Breast cancer cell line MCF7 was from Professor Hai Hu'lab at
Sun Yat-sen university. MCF7 were cultured in RPMI 1640 medium
supplemented with 10% fetal bovine serum (FBS) (VISTECH) and 1%
penicillin-streptomycin (Hyclone). The MCF7 were infected by the
lentivirus containing PLKO vector for knockdown of ER and BRCA1.
The infected MCF7 were screened by 2 pg/ml puromycin for 5 days.
All cells were cultured in 5% CO, 37 °C incubator.

2.2. RNA isolation and RNA-seq

Total RNA was extracted from cell pellets using RNAzol reagent
(MRC). Two replicates were used for RNA-seq experiments. RNA
was quantified by Nanodrop 2000 (Thermo Fisher Scientific). Total
RNA (5 pg) was supplied to Novogene, and sequencing was per-
formed by NovaSeq 6000.

2.3. qRT-PCR analysis

mRNA was reverse-transcribed using a PrimeScript™ RT Master
Mix (Takara) according to the manufacturer's protocol. Quantitative
Real-time PCR was performed with the Roche 480 Lightcycler with
SYBR qPCR Master Mix (Vazyme). Triplicate reactions were carried
out for each sample. Individual gene expression was normalized to
GAPDH. Primers sequences are listed in Supplement Table S1.

2.4. Immunofluorescence

Cells were plated on the 96-well cell culture plates (PerkinElmer
#6055302). The cells were fixed using 4% paraformaldehyde for
15 min. Then cells were permeabilized by 0.5% Triton X-100 for
5 min. Cells were blocked with 100 pul blocking buffer (5% BSA, 0.5%
Triton X-100, 94.5% PBS) for 60 min at room temperature. Primary
antibody was added in blocking buffer at 4 °C overnight. Cells were
washed with PBS followed by incubation with labeled secondary
antibody 1:1000 in blocking buffer for 1 h at room temperature.
Finally, images were acquired at Operetta CLS High Content Anal-
ysis System (PerkinElmer HH16000000).

2.5. ChiP-seq and data analysis

ChIP-seq was performed as previously described [10] in MCF7
with or without E2(10 nM) or DRB(5 uM) treatment for 12 h.

We aligned the ChIP-Seq data to the hg19 reference genome by
bowtie2 with default parameter, followed by removing the multi-
ple aligned reads, PCR duplications with samtools. We used macs2
to calling peaks with control, setting a q value cutoff of 0.05. The
HOMER tool (http://homer.salk.edu/homer/motif/) was used to
detect the motifs. The BEDtools is used to analyze .bed files (https://
bedtools.readthedocs.io/en/latest/content/bedtools-suite.html).

2.6. RNA-seq data analysis

We aligned the RNA-seq data to the hg19 reference genome
using STAR. Using HTSeq-count, we counted the uniquely mapped
reads and transformed to TPM (Transcripts Per Kilobase Million) for
further analyses. We detected the differentially expressed genes
using edgeR. Genes were considered differentially expressed when
the overall false discovery rate (FDR) < 0.05 and fold changeis
above 2.0.
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2.7. GSEA analysis

GSEA (Gene Set Enrichment Analysis) are performed by GSEA
software Windows version.

2.8. Circos plots

Circos plots are created by Circos following the tutorial. CNV
profile was retrieved from UCSC Xena TCGA data portal (https://
xenabrowser.net/datapages/?dataset=TCGA-BRCA.cnv.
tsv&host=https%3A%2F%2Fgdc.xenahubs.net&removeHub=https%
3A%2F%2Fxena.treehouse.gi.ucsc.edu%3A443), which containing
genes with CNV in 44 Brcal-m breast cancer samples. Each chro-
mosome was divided into 10 bins with equal length and count how
many samples in which these bins containing CNVs. Each bin with a
number of samples exceeding the average of all bins were defined
as CNV hotspot regions. SNV and small InDel profile was also
retrieved from UCSC Xena TCGA data portal which containing SNV
and small InDel features in 40 Brcal-m breast cancer samples. Each
bin with a density of SNVs and InDels exceeding the average of all
bins were defined as SNV and InDel hotspot regions. CrossMap was
used to convert genome build to hg19.

2.9. Standard statistical analysis

P values were determined using unpaired Student's t-test unless
otherwise stated. Differences were considered statistically signifi-
cant when p < 0.05 (*p < 0.05, **p < 0.01, ***p < 0.001). Data are
shown as mean + SD or SEM.

3. Results

3.1. E2-induced DNA damage in BRCA1-deficient cells is associated
with ER

E2 is known to induce DNA damage in breast epithelial cells [4].
In line with previous reports, we found that the number of YH2AX
foci increased significantly in the MCF7 cells upon E2 treatment
(Fig. 1A and B). Furthermore, E2-induced accumulation of YH2AX
foci was more pronounced in the BRCA1-knockdown cells (Fig. 1A
and B; Supplementary Fig. 1A). Consistent with the IF results, ChIP-
seq of YH2AX showed that the number of global YH2AX peaks were
significantly higher in the E2-treated versus the untreated BRCA1-
deficient breast cancer cells (Fig. 1C; Supplementary Figs. 1C—E).
These results indicate that the loss of BRCA1 exacerbates E2-
induced DNA damage. In addition, knocking down ER in the
breast cancer cells (Supplementary Fig. 1B) significantly decreased
the number of YH2AX foci in response to E2 (Fig. 1D and E), indi-
cating that E2-induced DNA damage is dependent on ER. The ChIP-
seq data further showed that DNA damage was more likely to occur
at sites with strong ER binding (Fig. 1F). We further verified this
result by ChIP-qPCR at the loci of PTPFR and ZFHX3 (Supplementary
Fig. 1F). These results suggest that the ER binding is correlated with
the occurrence of DNA damage induced by BRCA1 deficiency and
E2. Taken together, E2-induced DNA damage in BRCA1-knockdown
breast cancer cells preferentially occurs in the ER-occupied genome
regions.

3.2. DNA damage occurs at specific ER-binding sites in BRCA1-
deficient cells

Previous studies have shown that BRCA1 inhibits ER-a. signaling
in mammary cell lines by directly interacting with ER [9,11]. To
ascertain whether BRCAT1 loss induces DNA damage by altering the
ER transcriptional targets, we analyzed the ER binding sites in the
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Fig. 1. DNA damage induced by E2 in BRCA1-deficient cell is associated with ER. (A) Representative immunostaining images of YH2AX in MCF7 cells infected with lentivirus-
mediated empty vector (shEV) or BRCA1 short hairpin RNA (shBRCAT) with or without 10 nM estrogen (E2) treatment for 12 h (Red, YH2AX; blue, DAPI). Scale bars, 20 pm (B)
Number of YH2AX foci per cell in the shEV or shBRCA1 MCF7 cells with or without E2 (10 nM) treatment for 12 h (Red, YH2AX; blue, DAPI). (C) Number of YH2AX peaks in shEV or
shBRCA1 MCF7 cells with or without E2 (10 nM) treatment for 12 h. (D) Representative immunostaining images of YH2AX in shEV or shER MCF7 cells with or without E2 (10 nM)
treatment for 12 h (Red, YH2AX; blue, DAPI). Scale bars, 20 um (E) Number of YH2AX foci per cell in shEV or shER MCF7 cells with or without E2 (10 nM) treatment for 12 h (F)
Average reads density plots for ER chromatin binding proximal to YH2AX peaks divided into high, mid and low peak strength in E2-treated (10 nM) shBRCA1 MCF7 cells. The total
number of YH2AX peaks was 3597. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. DNA damage occurs at specific ER binding sites in BRCA1-deficient cells. (A) Venn diagram showing the ER peaks in the E2-treated (10 nM) shBRCA1 (green) and shEV
(orange) MCF7 cells. (B) Average read density plots for YH2AX chromatin binding proximal to specific ER binding sites (ERBs) in E2-treated (10 nM) shBRCA1 MCF7 cells (green), shEV
MCF?7 cells (orange) or common to both (purple). (C) Venn diagram showing the YH2AX peaks in E2-treated (10 nM) shBRCA1 (green) and shEV (orange) MCF7 cells. (D) Average read
density plots for ER chromatin binding on shBRCA1-specific YH2AX peaks in E2-treated (10 nM) shBRCA1 MCF7 cells (green) or shEV (orange) MCF7 cells. (E) Representative example
is given near the NEAT locus which shows the profile of YH2AX and ER binding in MCF7 cells treated with E2 (10 nM) or not. (F) ChIP-qPCR assay showing the enrichment of ER and
YH2AX near the NEAT locus in MCF7 cells treated with E2 (10 nM) or ETOH. (G) Top-enriched transcription factor motifs identified by HOMER at the 3446 YH2AX peaks in E2-treated
(10 nM) shBRCA1 MCF7 cells. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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BRCA1-knockdown MCF7 cells following E2 treatment. As shown in
Fig. 2A, knocking down BRCA1 altered the ER binding profile, and
led to an increase in 10.6% of the peaks. Interestingly, the signal of
DNA damages on the shBRCA1-specific ER binding sites are higher
than that on the shEV-specific sites (Fig. 2B). The YH2AX peaks in
control and BRCA1-deficient MCF7 cells were also screened, which
revealed that ER binding is enriched in shBRCA1-specific YH2AX
peaks, but not shEV-specific YH2AX peaks (Fig. 2C and D). Examples
at the NEAT and TAC4 loci by ChIP-qPCR further evidenced this result
(Fig. 2E, F; Supplementary Fig. 2C, D). These findings suggest that
YH2AX is correlated with high ER binding after BRCA1 knockdown
and E2 treatment. Furthermore, HOMER scanning of the YH2AX
peaks in BRCA1-deficient cells showed that the ER motif was
enriched in the regions of damaged DNA (Fig. 2G). Taken together,
loss of BRCAT1 alters the ER binding sites, and increases the fre-
quency DNA damage in the ER-occupied regions.

3.3. DNA damages are associated with ER-mediated transcriptional
activation

ER is a transcription factor that recruits the co-regulators or
other transcription factors to the target gene promoters [12].
Therefore, we hypothesized that the DNA damage induced by
strong ER binding is associated with transcriptional activation.
Consistent with this, the ER co-activators and active histone
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markers (H3K27ac and H3K4me1) were enriched in YH2AX peaks
in the BRCA1-deficient MCF7 cells after E2 treatment (Fig. 3A).
Moreover, the DNA lesions in these cells were highly correlated
with the genes expression (Fig. 3B). Knocking down BRCA1 altered
the expression levels of E2-responsive genes (Supplementary
Figs. 2A and B), and GSEA further showed that genes occupied
with YH2AX were enriched in the BRCA1-knockdown as opposed to
the control MCF7 cells (Fig. 3C). Furthermore, we observed that the
genes with increased expression levels and ER binding after BRCA1
knockdown were more likely to exhibit DNA damage (Fig. 3D).
Taken together, BRCA1 deficiency induces genes activation by
increasing ER binding, which results in DNA damage.

To confirm the role of ER-dependent transcription in DNA
damage induced by E2 stimulation and BRCA1 deficiency, we
blocked transcription using the POL Il inhibitor 5,6-dichloro-1-8-D-
ribofuranosylbenzimidazole (DRB) [13]. The number of YH2AX foci
decreased significantly in the E2-treated BRCA1-knockdown cells
in response to DRB (Fig. 3E). The POL II inhibitor a-amanitin (aA)
[14] also resulted in a similar inhibitory effect on YH2AX foci
(Supplementary Fig. 3A). Consistent with the IF results, ChIP-seq
showed that DRB treatment significantly decreased the number
of YH2AX peaks (Fig. 3F). As confirmed at the NEAT and TA(4 loci,
DNA damages were reduced by DRB treatment (Fig. 3G, H;
Supplementary Figs. 3B and C). Taken together, E2-induced DNA
damage that is augmented by the loss of BRCA1 is dependent on ER-
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Fig. 3. DNA damage is associated with ER-mediated transcriptional activation. (A) Average read density plots for ER, GATA3, P300, FOXA1, H3K4me1l and H3K27ac chromatin
binding on YH2AX peaks in E2-treated (10 nM) shBRCA1 MCF7 cells. (B) Average read density plots for YH2AX chromatin binding on genes with high, mid and low expression levels
in the E2-treated (10 nM) shBRCA1 MCF7 cells. The total number of genes was 35520. (C) Gene set enrichment analysis (GSEA) of RNA-seq data on genes occupied by total YH2AX
peaks in the E2-treated shEV or shBRCA1 MCF7 cells. (D) Number of YH2AX peaks in genes classified on the basis of ER binding and expression levels in the shEV and shBRCA1 MCF7

cells.

(E) Number of YH2AX foci in shBRCA1 MCF7 cells treated with 5,6-dichloro-1-p-D-ribofuranosylbenzimidazole (DRB, 5 uM), E2 (10 nM) or ETOH. (F) Number of YH2AX peaks in
control and shBRCA1 MCF7 cells treated with DRB (5 pM) and E2 (10 nM). (G) Representative example is given near the NEAT loci which shows the profile of YH2AX in MCF7 cells
treated with DRB (5 uM), E2 (10 nM) or ETOH. (H) ChIP-qPCR assay showing the enrichment of YH2AX near the NEAT loci in MCF7 cells treated with DRB (5 uM), E2 (10 nM) or ETOH.
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peaks and ER peaks in the regions with mutations of BRCAT-mutant breast tumors in E2-treated (10 nM) shBRCA1 MCF7 cells. Green and blue bars represent the peak density of
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version of this article.)

mediated transcription, and inhibiting the transcriptional pathway
can attenuate DNA damage.

3.4. DNA damage induced by BRCA1 deficiency and E2 is associated
with breast cancer-related mutations

To assess the clinical relevance of E2-indcued DNA damage, we
analyzed the distance between the motifs of breast cancer-
associated transcription factors and the clinical mutations in
BRCA1-mutant breast tumors [15]. The motifs of P53 and ER were
closest to these mutations (Fig. 4A). Studies show that the high
degree of genomic instability in BRCA1-deficient breast cancer re-
sults in frequent mutations in the driver genes of breast cancer
[16—18]. We next analyzed the distribution of these mutations, and
found that these mutations were significantly enriched in the ER
and YH2AX binding sites (Fig. 4B). Moreover, we calculated the
mutation hotspots regions in the breast cancer genome using TCGA
data, and observed a significant enrichment of yH2AX and ER peaks
in hotspots regions of SNPs/Indels and CNVs (Fig. 4C, D, E). As
shown in Fig. 4E, the YH2AX peaks were predominantly enriched in
the CNVs hotspots compared to the non-hotspot regions (2630 vs
959), which suggests that these DNA damage may be more corre-
lated with CNVs. Taken together, the DNA lesions induced by BRCA1
deficiency and E2 are strongly correlated with the clinical muta-
tions in breast cancer.

4. Discussion

Although it has been widely reported that DNA damage can be

induced by E2 treatment, the mechanism of how E2 induces DNA
damage in BRCA1-deficient cells, and the relationship between
DNA damage and clinical mutations in BRCAT-mutant breast tumor
are still unclear. In this study, we found that BRCA1 loss altered
chromatin binding of ER, which exacerbated DNA damage by acti-
vating E2-mediated transcription. Furthermore, these lesions
correlated significantly with the clinical mutations in BRCAI-
mutated tumors.

Studies show that germline BRCA1 mutations principally
develop into breast and ovarian cancers. One possible explanation
is that the E2-induced DNA damage cannot be repaired due to
BRCA1 deficiency, leading to increased genomic instability and
accumulation of mutations [2]. E2 initiates DNA damage by medi-
ating R-loop formation [6] and inducing TOP2B-mediated double
strand breaks [4]. However, no study so far has emphasized that the
inhibitory effect of BRCA1 on the transcriptional activation of ER
contributes to genomic stability induced by E2 [11,19]. In this study,
we found that BRCA1 deficiency altered the ER binding regions, and
DNA damage was mainly localized to these sites. These findings
provide new insights into the mechanism through which BRCA1
deficiency and E2 synergistically induce DNA damage in breast
tissues, and also provides a possible explanation for malignant
transformation being restricted to estrogen-regulated tissues in
BRCA1 mutation carriers.

We performed ChIP-seq for YH2AX in the E2-treated (12 h)
control and BRCA1-deficient MCF7 cells, and identified 3597
YH2AX peaks in the BRCA1-deficent group compared to only 540 in
the control group. However, a recent study identified more than
10,000 y-H2AX peaks in wild-type MCF7 cells following transient
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E2 stimulation (10 min) [20]. Therefore, we hypothesize that E2-
induced DNA damage occurs in ER-activated genes within a small
time window, and most of them are repaired within 12 h in the
presence of wild type BRCA1. Therefore, the lesions we identified in
this study represent the persistent DNA damage that might arise
from continuously ER-dependent transcriptional activation, which
are repaired by BRCA1 in normal breast epithelium but exacerbated
in following loss of BRCA1. Thus, our data may better reflect the
accumulation of lesions that likely transform to clinically relevant
mutations. Indeed, we found these lesions were correlated to the
mutations in BRCA1-mutant tumors. The accumulation of these ER-
specific and E2-induced mutations may eventually lead to breast
and ovarian carcinogenesis.
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