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Abstract
Aims: Breast and ovarian cancers are frequently associated with mutations in genes involved in DNA double-strand 
break (DSB) repair by homologous recombination (HR). Risk factors for breast cancer are often linked to estrogen-
related pathways. Here, we studied the crosslink between estrogen and the HR pathway.

Methods: We analyzed, using online annotation tolls, the enrichment of candidate estrogen-upregulated genes
among DNA repair pathways. We analyzed how estrogen modulates mRNA levels of HR repair (HRR) genes in
estrogen-receptor (ER)-positive cells. The cells were deprived of estrogen, and the mRNA levels of HRR genes were
determined using real-time polymerase chain reaction, following estrogen addition as well as DNA damage
induction. In addition, we examined the effect of estrogen on DNA repair, by immuno-fluorescence analysis, using
the DSB marker phospho-histone H2AX, as an indicator for DSB repair. Finally, we performed a clonogenic
survival assay to determine the effect of estrogen on cell survival.

Results: We discovered that genes whose mRNA levels are upregulated by estrogen are strongly associated with 
the HR pathway. We validated that estrogen upregulates mRNA levels of the HRR genes MRE11, RAD50, and 
PALB2, which have not been previously shown to be regulated by estrogen. Additionally, we revealed that DNA 
damage induces an upsurge in mRNAs encoding BRCA1, MRE11, RAD50, PALB2, and CtIP, in ER-positive cells 
deprived of estrogen. Notably, DSB repair was impaired in ER-positive cells deprived of estrogen, compared to cells 
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exposed to the hormone. We also established that ER-positive cells deprived of estrogen are hypersensitive to 
DSBs.

Conclusion: These results suggest that exposure of ER-positive cells to estrogen triggers the expression of HRR 
genes, which is required to meet the increased repair demands due to the proliferating effect induced by estrogen. 
This may explain the higher chances of developing estrogen-dependent cancers due to mutations in HRR genes.

Keywords: DNA double-strand breaks (DSBs), DSB repair, homologous recombination repair, estrogen, MRE11, 
RAD50, CtIP

INTRODUCTION
Genomic instability is a hallmark of cancerous cells, playing a crucial role in cancer initiation and 
progression. A main cause for genomic instability is DNA damage[1-5]. Of the various forms of DNA lesions, 
DNA double-strand breaks (DSBs) are considered highly toxic lesions which can trigger genomic 
instability[6]. DSBs occur constantly in cells by both endogenous and exogenous means[7,8]. The presence of 
DSBs in cells activates the DNA damage response (DDR), which senses and responds to the damage via 
extensive signaling networks. The DDR includes DNA repair, cell cycle checkpoint activation, cellular 
senescence, and apoptosis[8-12].

DSB repair occurs by two main mechanisms, the non-homologous end joining (NHEJ) and homologous 
recombination repair (HRR) pathways[7,8]. NHEJ involves direct ligation of broken ends, and it is considered 
error-prone since it often requires processing of the broken ends prior to ligation[13,14]. HRR uses a 
homologous sequence, most often the sister chromatid, as a template for DSB repair. Hence, HRR is 
restricted to the S and G2 phases of the cell cycle[13,15]. HRR is initiated by the resection of the 5' end, a 
process involving various proteins, including CtIP, the DSB sensor MRE11-RAD50-NBS1 (MRN) complex, 
BRCA1, BARD1, EXO1, DNA2, and BLM. The generated 3′ single-stranded DNA (ssDNA) tails are bound 
by RPA, which is later replaced by RAD51, a DNA-dependent ATPase that forms filaments on the DNA. 
The replacement of RPA with RAD51 requires BRCA2 and PALB2. RAD51 filaments function in searching 
for and invading to the homologous sequence, a process facilitated by RAD54. Next, RAD51 dissociates 
from the ssDNA, allowing base-pairing between the invading and complementary donor strands. This is 
followed by a strand extension, executed by DNA polymerase. The extended strand dissociates and anneals 
with the processed end of the non-invading strand on the opposite side of the DSB and invades to produce a 
double-Holliday junction that is resolved by BLM and additional helicases to yield crossover or non-
crossover recombinants[13,15,16].

DNA repair pathways are frequently compromised in cancer cells. Particularly, faults in numerous HRR 
genes are associated with breast and ovarian cancers. Central to this are the hereditary breast cancer 
suppressors BRCA1 and BRCA2, which play a key role in HRR and are frequently mutated in familial breast 
and ovarian cancers. Other HR proteins, including PALB2, BLM, and the MRN complex, have also been 
associated with these cancers[17-20].

Estrogen is a group of sex steroid hormones that function in many physiological processes, including sexual 
and reproductive development in women. The predominant estrogen during a woman’s reproductive years 
is 17β-estradiol (E2)[21]. Estrogen executes its biological effects mainly by binding and activating two 
intracellular receptors, estrogen receptor (ER)α and ERβ, which are transcription factors. ERα activates pro-
proliferative signals, targeting genes that promote cell proliferation or inhibit apoptosis. ERβ has anti-
proliferative effects and thus antagonizes ERα[21-23]. Estrogen regulates the transcription of several HRR 



Page 268Zach et al. J Transl Genet Genom 2022;6:266-80 https://dx.doi.org/10.20517/jtgg.2021.58

factors, such as BRCA1, BRCA2[24,25], and BLM[26]. There is a complex feedback system between BRCA1 and 
estrogen since BRCA1 also induces ERα mRNA expression as well as interacts with ERα and inhibits its 
mediated signaling[27-29].

The presence of estrogen in cells induces DNA damage[30-32]. Stimulation of estrogen results in a rapid 
increase in the formation of R-loops, which are co-transcriptional RNA-DNA products that are a source of 
DSBs[30]. Moreover, estrogen induces DSBs at the promotors of estrogen-inducible genes. These DSBs are 
specifically repaired by the HRR mechanism. Estrogen-induced DSB formation is dependent on ERα and 
the catalytic activity of topoisomerase IIβ[31]. Furthermore, estrogen metabolism leads to the accumulation of 
reactive oxygen species and nitric oxide moieties, resulting in oxidative DNA damage in the cells[32].

Previously, we conducted a bioinformatic screening aiming to find DDR genes that are upregulated by 
estrogen. This screening retrieved 1280 genes (a list of genes appears as Supplementary Table 1 in Ref.[33]). 
Here, we further analyzed these genes and determined that a high proportion of HRR genes are candidate 
estrogen-upregulated genes. We experimentally tested estrogen-dependent regulation of three HRR genes, 
MRE11, RAD50, and PALB2, which were indicated in the screening as candidate estrogen-upregulated 
genes but were not previously shown to be regulated by estrogen. We found that estrogen augments mRNA 
levels of these HRR genes in ER-positive breast cancer cells. Remarkably, the induction of DSBs in ER-
positive cells deprived of estrogen results in increased levels of mRNA encoding BRCA1, MRE11, RAD50, 
PALB2, and CtIP. Moreover, we established that DSB repair is impaired in ER-positive cells deprived of 
estrogen and that these cells are hypersensitive to DNA damage. Collectively, our results indicate that 
estrogen triggers the expression of HRR genes simultaneously with its proliferative signal, in order to 
maintain genomic stability in the rapidly proliferating cells.

METHODS
Cell culture
MCF7 were cultured in Dulbecco’s modified Eagle’s medium (DMEM; MilliporeSigma, Massachusetts, 
USA) supplemented with 10% fetal bovine serum, 20 mM L-glutamine, 500 units/mL penicillin, and 0.5 
mg/mL streptomycin (Biological Industries, Beit Haemek, Israel). E2 deprivation of MCF7 cells was 
preformed via culturing in DMEM lacking Phenol Red supplemented with 10% charcoal stripped fetal 
bovine serum, 20 mM L-glutamine, 500 units/mL penicillin, and 0.5 mg/mL streptomycin (Biological 
Industries, Beit Haemek, Israel). MCF10A cells were cultured in DMEM/F12 containing 5% horse serum, 20 
ng/mL hEGF, 0.5mg/mL hydrocortisone, 10 ng/mL cholera toxin, 10 µg/mL human insulin (Millipore 
Sigma, Massachusetts, USA), 500 units/mL penicillin, and 0.5 mg/mL streptomycin (Biological Industries, 
Beit Haemek, Israel). E2 deprivation of MCF10A cells was performed by replacing horse serum with 
charcoal stripped fetal bovine serum. Cells were maintained in a humidified incubator at 37 °C with 5% 
CO2.

Quantitative real time PCR
Total RNA was extracted using EZ-RNA Isolation Kit reagent (Biological Industries, Beit HaEmek, Israel) 
from cells after a 72 h deprivation of E2, followed by reintroduction of 10 µM E2 for 3, 6, or 24 h, or the 
equivalent volume of EtOH for control. Additionally, cells were incubated with or without neocarzinostatin 
(NCS; 62.5 µg/mL final concentration in all cases, unless stated otherwise; MilliporeSigma, Massachusetts, 
USA) for 10 min; the NCS was then inactivated through a 10 min exposure to ambient light, and cells were 
left to recover in the incubator for 0, 1, or 6 h. The extracted RNA was reverse transcribed according to the 
manufacturer’s instructions of the High-Capacity cDNA Reverse Transcription Kits (Applied Biosystems, 
CA, USA). Quantitative real-time PCR was done using the StepOnePlus™ real-time PCR Systems (Applied 
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Biosystems™, Thermofisher). The mRNA levels of each gene were normalized first to GAPDH mRNA levels 
under the same condition and then to the normalized value of the mRNA levels in E2-deprived cells for an 
estimation of expected fold change level. Primers were designed using the ROCHE Universal ProbeLibrary 
Assay Design Center software [Diagnostics GmbH Roche, Roche Life Science | Probes and The Universal 
ProbeLibrary, Roche Diagnostics GmbH (2009)]: BLM forward primer, TGTTCTGGCTGAGTGACGTT; 
B L M  r e v e r s e  p r i m e r ,  A G T T T G G A T C C T G G T T C C G T ;  B R C A 1  f o r w a r d  p r i m e r ,  
ATCATTCACCCTTGGCACA; BRCA1 reverse primer, CATGGAAGCCATTGTCCTCT; MRE11 forward 
p r i m e r ,  A A G A T G A T G A A G T C C G T G A G G ;  M R E 1 1  r e v e r s e  p r i m e r ,  
GAAGCAGACTCCTCTGACTGAGAT; PALB2 forward primer, CTTTCACGGCTCCATTTCAT; PALB2 
r e v e r s e  p r i m e r ,  A A A G G G C T C C A C T G G T T T T T ;  R A D 5 0  f o r w a r d  p r i m e r ,  
AAACTGCGACTTGCTCCAGA; RAD50 reverse primer, GGCACAAGTCCCAGCATTTC; RAD51 
f o r w a r d  p r i m e r ,  T C T C T G G C A G T G A T G T C C T G G A ;  R A D 5 1  r e v e r s e  p r i m e r ,  
TAAAGGGCGGTGGCACTGTCTA; GAPDH forward primer, TGCACCACCAACTGCTTAGC; and 
GAPDH reverse primer, GGCATGGACTGTGGTCATGAG.

Immunofluorescence
MCF7 cells were grown on coverslips. The cells were exposed to 10 µM E2, with the equivalent volume of 
EtOH for control, 62.5 µM NCS, or both and harvested after 0, 1, 4, 8, and 24 h of recovery. The cells were 
fixed with 4% paraformaldehyde and permeabilized with 0.5% Triton X-100, then incubated for 2 h with 
mouse anti-phospho-histone H2A.X, Ser139 (γH2AX) antibody (MilliporeSigma, Massachusetts, USA), and 
washed three times in PBS and incubated for 1 h with Dylight 488 (Jackson Immunoresearch Laboratories, 
Pennsylvania, USA). After three washes, the nuclei were stained with 4′,6 diamidino-2-phenylindole (DAPI; 
MP Biomedicals, California, USA) and mounted on glass slides (DakoCytomation, Denmark). γH2AX foci 
were imaged by an Olympus IX81 fluorescence microscope with a 60  oil objective.

Clonogenic survival assay 
MCF7 cells were seeded at densities of 4000 cells per 6 cm tissue culture dish along with 10 µM E2 or the 
equivalent volume of ethanol for control. The next day, cells were treated with varying doses of NCS (1, 2.5, 
5, 7.5, and 10 ng/mL) and incubated for 12-14 days in Ham’s F-10 nutrient mixture medium supplemented 
with 20% fetal bovine serum (Biological Industries, Beit Haemek, Israel), 20 mM L-glutamine, 500 units/mL 
penicillin, and 0.5 mg/mL streptomycin (Biological Industries, Beit Haemek, Israel). Cell colonies were fixed 
and stained with 2% (w/v) crystal violet in 50% ethanol, as in Ref.[34]. Colonies of at least 50 cells were scored. 
The surviving fraction for each NCS dose was calculated and survival curves were constructed.

Statistical analysis
Statistical analyses were conducted using the Kruskal-Wallis one-way analysis of variance test, using the 
Prism software package (8th edition, GraphPad, California, United States).

RESULTS
Many estrogen-upregulated genes are linked to the HR pathway
Hereditary breast and ovarian cancers are often associated with mutations in DNA repair genes, most of 
which play a direct role in HRR[35]. Since these tissues are estrogen-responsive, it implies a link between 
estrogen and the HRR pathway. Previously, we conducted a bioinformatic screening aimed at identifying 
genes that are upregulated by estrogen[33]. Kyoto Encyclopedia of Genes and Genomes pathway enrichment 
analysis of the predicted 1280 estrogen-upregulated genes retrieved from the screening indicated an 
enrichment for the HR pathway [Figure 1A]. We further examined the connection between the HR pathway 
and estrogen by determining the percentage of the predicted estrogen-upregulated genes among the genes 
that play a role in the pathway. The list of genes that play a role in the HR pathway was obtained using the 



Page 270Zach et al. J Transl Genet Genom 2022;6:266-80 https://dx.doi.org/10.20517/jtgg.2021.58

Figure 1. The HR pathway is enriched for candidate estrogen-upregulated genes. (A) The top ten significantly enriched pathways 
among candidate estrogen-upregulated genes. (B) Summary of the proportion of candidate estrogen-upregulated genes among the 
genes that play a role in numerous DNA repair pathways, according to AmiGO. FDR: False discovery rate; HRR: homologous 
recombination repair; NHEJ: non-homologous end joining; BER: base excision repair; MMR: mismatch repair; NER: nucleotide excision 
repair.

AmiGO annotation tool[36]. Overall, 31% of the established HRR genes were retrieved as candidate estrogen-
upregulated genes in the screening [Figure 1B]. When analyzing proportions of the candidate estrogen-
upregulated genes among other repair pathways, we found that lower percentages of candidate estrogen-
upregulated genes (24.7%, 20.9%, 20.5%, and 10.4%) are annotated in NHEJ, base excision repair (BER), 
mismatch repair (MMR), and nucleotide excision repair (NER), respectively [Figure 1B]. Taken together, 
these results confirm that a large fraction of DNA repair genes, and of the HR pathway genes in particular, 
are regulated by estrogen.

We studied the extent of estrogen involvement in the HR pathway by examining whether 13 genes which 
play central roles in HRR were retrieved in the screening as candidate estrogen-upregulation genes (
BARD1, BLM, BRCA1, BRCA2, CtIP, DNA2, EXO1, MRE11, NBN, PALB2, RAD50, RAD51, a n d  RAD54).  
All of these HRR genes, apart from CtIP, were retrieved from the bioinformatic screening as genes 
upregulated by estrogen[33]. Seven out of these genes, namely BARD1[37], BLM[26], BRCA1, BRCA2[24,25], 
DNA2[33], RAD51[38], and RAD54[33], are known to be regulated by estrogen. Of note, DNA2 and RAD54 were 
previously validated in our lab as upregulated by estrogen[33]. CtIP was not identified in the screening, but its 
connection to estrogen was published elsewhere[39]. Five of the 13 key HRR genes, namely EXO1, NBN, 
MRE11, RAD50, and PALB2, were identified only in the bioinformatic screening as candidate estrogen-
upregulated genes.

Estrogen augments mRNA levels of MRE11, RAD50, and PALB2 genes
To determine whether estrogen regulation is a hallmark of HRR genes, we examined estrogen regulation of 
three genes, MRE11, RAD50, and PALB2, which were identified in the bioinformatic screening as candidate 
estrogen-upregulated genes. Since CtIP appeared as an estrogen-upregulated gene in the literature[39], but 
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not in the bioinformatic screening[33], we also analyzed CtIP regulation by estrogen. As a positive control, we 
tested BLM, whose regulation by estrogen is well documented[26]. We studied changes in mRNA levels of 
those HRR genes between ER-positive MCF7 breast carcinoma cells that were deprived of E2 for 72 h and 
then resupplied with the hormone, and cells that were resupplied with EtOH, as a control. The real-time 
PCR results indicate that mRNA levels of MRE11, RAD50, PALB2, and CtIP, as well as of the positive 
control, BLM, were significantly elevated following reintroduction of E2 to the cells [Figure 2A]. The 
augmentation, due to re-supplementation of E2, was observed from the first time point analyzed (3 h after 
E2 addition), peaked at the 6 h time point, and remained significantly higher 24 h after the cells were re-
supplemented with E2 [Figure 2A].

Following the finding that estrogen resubmission augments mRNA levels of HRR genes, we confirmed that 
this effect is unique to cells that express ERs. E2 was reintroduced to ER-negative MCF10A epithelial breast 
cells[40] that were deprived of estrogen for 72 h. As a positive control, we tested BRCA1 that is an established 
estrogen-upregulated gene[24,25]. There was no significant change in mRNA levels of MRE11 as well of the 
control BRCA1, due to E2 addition in MCF10A cells [Figure 2B].

mRNAs encoding HRR proteins are augmented upon DNA damage induction in ER-positive cells 
deprived of estrogen
We discovered that mRNA levels of MRE11, RAD50, and PALB2 increase upon introduction of estrogen to 
ER-positive cells [Figure 2A]. This is similar to addition HRR genes[24-26,33,37-39]. Furthermore, estrogen 
induces DSBs in these cells[30-32]. We next determined the crosstalk between estrogen regulation of HRR 
genes and DNA damage induction. When we cultured MCF7 cells in growth media containing E2 and 
induced DNA damage, with the radiomimetic drug NCS, none of the tested HRR genes showed a significant 
change in mRNA levels at all-time points analyzed after DNA damage induction [Figure 1A]. This is in line 
with the regulation of DSB repair by post-translational modifications[11,41-44]. Next, we analyzed mRNA levels 
of BRCA1, MRE11, RAD50. PALB2, and CtIP in E2-deprived MCF7 cells that were exposed to NCS and 
were either harvested immediately after inactivation of the DNA damaging agent (0 h time point) or left to 
recover for 1 or 6 h after DNA damage induction. Notably, induction of DSBs in E2-deprived MCF7 cells 
resulted in an augmentation of mRNA levels of all analyzed HRR genes at all examined time points 
[Figure 3A]. The rise in mRNAs encoding HRR proteins occurred immediately after NCS inactivation (0 h 
time point; [Figure 3A]). The maximum augmentation was obtained 1 h after damage induction for BLM, 
MRE11, RAD50, and PALB2, while CtIP mRNA levels peaked after 6 h [Figure 3A]. Moreover, the extent of 
the augmentations of mRNA levels of most analyzed HRR genes that was obtained when either E2 or NCS 
were added to E2-deprived MCF7 cells was at similar magnitudes. For RAD50 and CtIP, mRNA 
augmentation was higher due to DNA damage induction (compare [Figures 2A and 3A]).

Next, we verified that the increase in mRNA levels of HRR genes due to the induction of DNA damage in 
E2-deprived MCF7 cells is due to lack of E2. MCF7 cells were grown without E2 for 72 h, after which E2 was 
reintroduced for 24 h. Next, DSBs were induced in the cells with NCS. mRNA levels of HRR genes were 
determined at the indicated time points. mRNA levels of BRCA1, MRE11, RAD50, PALB2 and CtIP were 
not augmented following DSB induction [Figure 3B], indicating that the augmentation in mRNA levels of 
mRNA due to DSB formation occurs only in E2-depleted cells.

Next, to validate that the elevation in mRNA levels of HRR genes due to the induction of DNA damage is 
specific to cells that respond to estrogen, we analyzed the effect of DSB formation on MCF10A ER-negative 
cells. E2-deprived MCF10A cells were grown for 72 h followed by exposure to NCS for DSB induction. The 
cells were collected immediately (0h) or left to recover for 1 or 6 h. Notably, mRNA levels of BRCA1 and 
MRE11 showed no significant rise, but rather a decrease in quantity immediately after (0 h) and following 1 
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Figure 2. mRNA levels of HRR genes augments in the presence of E2 in ER-positive cells. MCF7 (A) or MCF10A (B) cells were deprived 
of E2 for 72 h. Next, E2 was added to the media for the indicated time points. mRNA was extracted, and quantitative real-time PCR was 
performed. mRNA levels of HRR genes were normalized to GAPDH and compared to the control. Notice changes in y-axis scale 
between (A) and (B). Data of four experiments, for each cell line, are shown. *A significant change compared to control; P-value < 0.05. 
HRR: Homologous recombination repair.

h of NCS treatment [Figure 1B]. Of note, the reduction of mRNA levels of the analyzed HRR genes in ER-
negative cells is an order of magnitude lower compared to the increase in the mRNA levels of the analyzed 
genes in ER-positive cells (compare [Figure 1B] and [Figure 3A]). Further experiments should be done to 
reveal the effect of estrogen on ER-negative cells. Collectively, our results show that ER-positive cells 
deprived of estrogen react rapidly to the presence of DNA damage and augment mRNA levels of HRR 
genes. This effect is unique to cells grown in an environment lacking estrogen, as cells that were constantly 
grown with E2 did not show changes in HRR gene mRNA levels due to damage induction.

DSB repair is impaired in ER-positive cells deprived of estrogen
We found that estrogen, as well as DNA damage induction, increases the amount of mRNAs encoding HRR 
proteins in ER-positive cells that were grown without estrogen [Figures 2 and 3]. This suggests that estrogen 
affects DSB repair in ER-positive cells. To study the effect of estrogen on DSB repair, we initially analyzed 
DSB repair in E2-deprived MCF7 cells. MCF7 cells were deprived of E2 for 72 h and then DSBs were 
induced with NCS. The cells were harvested immediately following NCS inactivation (0 h) or left to recover 
for 1, 4, 8, or 24 h before fixation. The fixated cells were subjected to Immunofluorescence (IF) analysis, 
with antibodies directed against the phosphorylated form of histone H2AX (γH2AX). γH2AX level reflects 
the amount of DSBs in cells. The formation of γH2AX foci is an indication for DSB appearance and 
signaling (seen at early time points after DSB induction), and their disappearance indicates DNA repair 
(seen at later time points)[45,46]. As expected, NCS induced γH2AX focus formation [Figure 4A] (DNA 
damage panels) and [Figure 4B]. Augmentation in the amount of γH2AX foci in the cells was observed from 
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Figure 3. mRNA levels of HRR genes augmented after the induction of DNA damage in ER-positive cells deprived of estrogen. MCF7 
cells were grown in the absence of E2 for 72 h. Next, DSBs were induced with NCS for 10 min following by NCS inactivation (A) or E2 
was supplemented for 24 h followed by DSB induction (B). Cells were allowed to recover from DSB induction for the indicated time 
points, mRNA was extracted, and quantitative real-time PCR was performed. mRNA levels of HRR genes were normalized to GAPDH 
and compared to the control. Notice changes in Y-axis scale between (A) and (B). The results from four experiments are shown. *A 
significant change compared to control; P-value < 0.05. DSB: Double-strand break.

the time of DNA damage induction (0 h) until 8 h after DNA damage induction. The amount of DSBs, as 
reflected by γH2AX focus formation, was highest immediately and 1 h after DNA damage induction, and 
from the 4 h time point there was a reduction in γH2AX focus formation, indicating that the DSB repair 
process had begun. Then, 24 h after DNA damage induction, the amount of γH2AX foci was similar to the 
control, untreated cells, indicating that the repair process was successfully completed [Figure 4B]. Next, we 
studied whether estrogen modulated DSB repair in these cells. E2-deprived MCF7 cells were supplemented 
with E2. Twenty minutes after E2 addition, DSBs were induced with NCS. γH2AX focus formation was 
examined at different time points after DSB induction. γH2AX foci appeared rapidly after DNA damage 
induction and stayed 1 h post damage induction ([Figure 4A] (E2 + DNA damage panels) and [Figure 4C]. 
DSB repair occurred 4 h after DNA damage induction, as reflected by the return of the amount of γH2AX 
foci to that of the control, untreated cells, at this time point [Figure 4C]. Markedly, DSB repair took longer 
in cells deprived of estrogen compared to cells that were re-exposed to the hormone (24 h compared to 4 h; 
compare in [Figures 4B and 4C]). Taken together, our results indicate that DSB repair is impaired in ER-
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Figure 4. DSB repair is impaired in ER-positive cells-deprived from estrogen. MCF7 cells were deprived of E2 for 72 h and either 
exposed to NCS for 10 min (DNA damage) (A,B) or resupplied with E2 and after 20 min were exposed to NCS for 10 min (E2 + DNA 
damage) (A,C). NCS was inactivated and cells were left to recover for the indicated time points and IF analyses, with anti γH2AX-
antibody and DAPI, were performed. (A) Representative images. (B,C) Quantification of the average number of foci per cell at each 
time point following DSB induction. - E2 - DNA damage without E2 addition; + E2 - DNA damage and E2 addition. At least 50 cells were 
analyzed for each time point. The results from four experiments are shown. *A significant change compared to control (C); P-value < 
0.05. DSB: Double-strand break; NCS: Neocarzinostatin.

positive cells that were deprived of estrogen at time of DNA damage induction and suggest that estrogen 
facilitates the repair process.

ER-positive cells deprived of estrogen are hypersensitive to DNA damage
We discovered that ER-positive cells deprived of E2 possess a lower capacity for DNA repair [Figure 4]. 
Next, we determined the effect of E2 deprivation on cell survival. We performed a clonogenic survival assay 
on MCF7 cells that were deprived of estrogen for 72 h and then supplemented with either E2 or EtOH 
(control) for 24 h. Then, DNA damage was induced by exposing the cells to growing amounts of NCS. After 
10 days in culture, cell colonies were fixed and stained, and colonies consisting of more than 50 cells were 
counted. As expected, the number of colonies obtained from cells that were grown in the presence of E2 was 
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1.71-fold higher compared to the number of colonies obtained from cells grown without E2 [Figure 5A]. 
This supports the proliferating effect of estrogen. Next, we normalized the amount of colonies obtained at 
each DNA damage dose to that of its control condition (E2-deprived or -supplemented cells without DNA 
damage). The comparison of the ratio obtained for cells deprived of E2 and that of cells exposed to the 
hormone revealed that, in the presence of DNA damage, more cells survive when supplemented with E2 
[Figure 5B]. These results are in line with impairment of DSB repair in cells starved for estrogen compared 
with cells supplemented with the hormone [Figure 4].

DISCUSSION
We showed that estrogen is a master regulator of HRR. Estrogen has previously been shown to be a 
regulator of several HRR genes, such as BRCA1, BRCA2, and BLM[24-26]. Here, we demonstrated that 
estrogen also regulates the expression of MRE11, RAD50, and PALB2. We also showed that genes that were 
identified as upregulated by estrogen in a bioinformatic screening[33] are enriched for the HRR pathway. 
Furthermore, we found a high proportion of estrogen-upregulated genes among genes that play a role in the 
HRR pathway. Our results support the following model [Figure 5C]: In ER-positive cells deprived of 
estrogen, there is a basal level of mRNAs encoding HRR proteins. Supplementing estrogen, as well as 
introducing DNA damage to these cells, results in an upsurge of mRNAs of HRR genes. Estrogen increases 
the mRNA levels of HRR genes, probably to facilitate DNA damage repair. DNA damage is a byproduct of 
estrogen metabolism as well as of proliferation, which is triggered by estrogen[21-23,30-32]. Furthermore, DSB 
formation in ER-positive cells deprived of estrogen results in an increment of mRNAs encoding HRR 
proteins [Figure 5C]. This is probably because these cells are more sensitive to DNA damage and 
augmentation of repair factors may compensate this sensitivity. However, the rise in the levels of mRNAs 
encoding HRR proteins will not provide an immediate protection from DNA lesions induced by estrogen, 
as it takes time for a translation to take place[47-49]. This is in correlation to our finding that DSB repair in E2-
deficient cells is less efficient than in E2-supplemented cells [Figure 5C]. In correlation with impaired DSB 
repair in ER-positive cells deprived of estrogen, these cells are hypersensitive to DSB formation. Breast 
cancer is the most common cancer among women in the western world, with a one in eight chance for 
women to develop breast cancer during their lifetime. Risk factors for breast cancer are mainly associated 
with estrogen-related pathways. An increased exposure to estrogen due to early menarche, late menopause, 
and absence of childbearing amplify the risk of breast cancer. Furthermore, aberrant hormone exposure, 
whether induced naturally or via clinical administration, increase the risk of breast cancer[50-53]. Here, we 
disclosed a crosstalk between estrogen and DNA repair. We found that ER-positive cells are sensitive to 
both estrogen and DNA damage and that cells deprived of estrogen have impaired DSB repair. The addition 
of estrogen induces DNA damage in these cells and triggers genomic instability[30-32], which is a hallmark of 
cancer cells[1-5]. Consequently, changes in estrogen levels in the female body will have an impact on ER-
positive cells, which may trigger genomic instability. Early menarche, late menopause, and menopausal 
hormone therapy prolong estrogen presence in the female body and may induce genomic instability to ER-
positive cells, as indicated by our results that demonstrate a crucial role of estrogen in DNA repair. This 
may explain, at least in part, the etiology of estrogen-related cancers. Women with hereditary breast and 
ovarian cancer syndrome have an increased lifetime risk for developing breast and ovarian cancers as well as 
other cancer types. They are diagnosed at a younger age, compared to women with sporadic breast or 
ovarian cancers. While mutations in BRCA1 and BRCA2 genes are responsible for the majority of these 
cancers, other cancer susceptibility genes exist. Among these are numerous genes that play a role in HRR, 
such as PALB2, RAD51C/D, XRCC2, MRE11, RAD50, and NBN[54,55]. Estrogen regulates transcription of 
several of these susceptibility genes, such as BRCA1 and BRCA2[24,25]. Here, we found that all susceptibility 
genes listed above were retrieved in a bioinformatic screening for genes upregulated by estrogen[33]. 
Furthermore, we validated that estrogen regulates the expression of the susceptibility breast and ovarian 
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Figure 5. Deprivation of estrogen sensitizes ER-positive cells to DNA damage. (A, B) MCF7 cells were deprived of E2 for 72 h. E2 (+ E2) 
or EtOH (- E2) was added to cells for 24 h, and then the indicated amounts of the DNA-damaging agent Neocarzinostatin (NCS) were 
added. Ten days after seeding, the cells were stained with crystal violet and colonies of ≥ 50 cells were counted. (A) Average number of 
colonies obtained from cells not treated with NCS. (B) Clonogenic survival assay, analyzing the ratio of colonies compared with 
treatment control. The results from three experiments are shown. *A significant change compared to control; P-value < 0.05. (C) A 
model depicting the interplay among estrogen, HRR factors, and DNA damage in ER-positive cells. In E2-deprived cells, there is a basal 
level of mRNA encoding HRR factors. Upon supplementation of E2, the level of these mRNAs is elevated. Induction of DNA damage in 
E2-cells deprived cells also results in augmentation of mRNA levels of HRR genes. On the contrary, induction of DNA damage in cells 
that were grown in the presence of E2 did not result in increased levels of HRR genes mRNAs. HRR: Homologous recombination repair.

cancer genes PALB2, MRE11, and RAD50. Thus, regulation by estrogen is a general feature of HRR genes. 
Moreover, we validated that two members of the MRN complex (MRE11 and RAD50) are upregulated by 
estrogen. Since NBN was retrieved in the bioinformatic screening as a candidate estrogen-upregulated gene, 
we speculate that estrogen modulates the levels, and thus the activity, of the MRN complex, which plays key 
roles not only in HRR but also in DNA damage recognition and signaling[56]. We further propose that the 
HRR pathway is specifically essential for estrogen-dependent cells. In these cells, the quantity of mRNAs 
encoding HRR proteins is tightly regulated. Cases of estrogen deprivation, exposure to the hormone or 
DNA damage induction, result in augmentation of mRNA levels of HRR genes. In cases of hereditary 
mutation in a HRR gene, fine-tuning of the amounts of HRR mRNAs is impaired, resulting in the 
misregulation of the HRR pathway. Defects in HRR, as in other DNA repair pathways, result in 
accumulation of mutations and chromosomal defects, leading to genomic instability, which drives cancer 
development[5]. Interestingly, we found that genes that take part in DNA repair pathways, such as NHEJ, 
BER, MMR, and NER, are enriched for estrogen-upregulated HRR genes. This enrichment was less 
profound compared to HRR. ER regulates all these repair pathways. For example, ER directly binds 
members of BER (e.g., FEN1 and APE1), NHEJ (Ku70 and Ku86), and MMR (MSH2). These interactions 
either enhance repair activity or modulate ER activity. In addition, estrogen addition affects NER 
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efficiency[22]. However, predisposition to breast and ovarian cancers results mainly from mutations in HRR 
genes, suggesting that HRR pathway crosstalk with estrogen is unique.

We demonstrated that DNA damage induction in ER-positive cells grown in the presence of estrogen does 
not result in augmentation of mRNAs encoding HRR proteins, while in estrogen-deprived cells it results in 
such augmentation. In correlation, we found that estrogen-supplemented cells cope better with DNA 
damage induction, compared to cells deprived of estrogen. Gene expression includes four steps: 
transcription, mRNA degradation, translation, and protein degradation. Each step is a highly controlled 
process that takes some time. For example, the rate of ribosome translocation on a single mRNA molecule is 
3–5 codons per second[47-49]. Therefore, the increased mRNA levels of HRR factors due to DNA damage 
induction is not expected to result in an immediate impact on DNA repair. Notably, Li et al. demonstrated a 
higher HRR frequency in MCF7 cells deprived of E2 compared to cells re-supplemented with E2[38]. This is 
despite the addition of E2 to MCF7 cells resulting in proliferation and cell accumulation in the G2/M 
phase[21-23,57], and HRR is known to occur during S and G2 phases of the cell cycle[13,15]. In their study, Li et al. 
used the highly studied DR-GFP reporter cassette for evaluating HRR[38]. Since the nuclease is present in 
cells for a prolonged time, and NHEJ can be accurate in this restriction enzyme system, there may be several 
cycles of DSB formation and repair by precise NHEJ. Moreover, there is a delay between transfection of the 
I-SceI-expressing plasmid and the time at which the endonuclease enters the nucleus and starts to induce 
DSBs[58-60]. Our results may explain the higher HRR efficiency obtained in cells deprived of estrogen, when 
using the DR-GFP system[38]; DSB induction in cells deprived of estrogens results in an immediate rise in 
mRNAs encoding HRR factors. These transcripts are translated to HRR factors throughout the process of 
cycles of DSB formation by I-SceI and repair by precise NHEJ, eventually resulting in more efficient HRR 
repair. It would be interesting to compare the adaptation to DNA damage induction in cells deprived of 
estrogen and cells resupplied with the hormone.

Estrogen mediates its physiological functions mainly via ERα and ERβ. The binding of estrogen to these 
receptors triggers their dimerization and translocation into the nucleus. This results in a direct regulation of 
gene expression[61,62]. Apart from this ER-dependent genomic regulation, estrogen also mediates cellular 
activities by a non-genomic pathway through binding to G protein-coupled ER (GPER). It was 
demonstrated that estrogen induces, via GPER, proliferation in MCF10A cells[63]. GPER is highly expressed 
in most breast cancer cells and high GPER expression is strongly correlated with a poor prognosis in both 
breast and ovarian cancers. In ER-positive cells, estrogen, apart from binding to the ERs, may activate GPER 
as a parallel or alternative pathway. In ER-negative cells, estrogen effect via GPER will be the dominant 
pathway. This suggests that estrogen deprivation will be sensed not only by ER-positive cells but also by ER-
negative cells, through the GPER pathway[64]. Indeed, we showed here that induction of DNA damage to 
ER-negative MCF10A cells deprived of estrogen results in a slight reduction in mRNA levels of HRR genes. 
Further studies aim at elucidating the roles of ERs and GPER in HRR genes regulation will determine the 
interplay among DNA repair, these receptors, and estrogen.

In conclusions, this study revealed a strong correlation between estrogen and DSB repair. We showed that 
estrogen is a master regulator of the levels of mRNAs of HRR genes. We also found that DSB formation in 
ER-positive cells deprived of estrogen results in augmentation of mRNAs encoding proteins involved in 
HRR. Estrogen is required for proper DSB repair, and cells deprived of estrogen are hypersensitive to DNA 
damage. The effect of estrogen on DSB repair clarifies the connection between the hormone and estrogen-
related cancers.
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