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Statement of Translational Relevance 

A subset of patients with endocrine-resistant estrogen receptor alpha (ER)-positive breast cancer benefit from 

treatment with estrogens.  However, the molecular effects and anti-cancer mechanism of action of estrogen 

therapy are unclear, which has limited the clinical use of this seemingly paradoxical treatment. We show that 

therapeutic response to the estrogen 17b-estradiol is dependent upon re-engagement of ER, and that 17b-

estradiol treatment induces ER-dependent DNA damage in cells adapted to growth without estrogens. 

Pharmacological inhibition of poly(ADP-ribose) polymerase (PARP) synergizes with 17b-estradiol to enhance 

DNA-damage and therapeutic response. Importantly, this synergistic effect was observed regardless of 

BRCA1/2 mutation status. These findings collectively offer 17b-estradiol and PARP inhibitor combination 

treatment as a novel therapeutic strategy for patients with advanced ER+ breast cancer. Moreover, these data 

indicate that PARP inhibitors may have applications beyond homologous recombination-deficient tumors.  
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Abstract  

Purpose: Clinical evidence indicates that treatment with estrogens elicits anti-cancer effects in ~30% of 

patients with advanced endocrine-resistant estrogen receptor alpha (ER)-positive breast cancer. Despite the 

proven efficacy of estrogen therapy, its mechanism of action is unclear and this treatment remains under-

utilized. Mechanistic understanding may offer strategies to enhance therapeutic efficacy.  

 

Experimental Design: We performed genome-wide CRISPR/Cas9 screening and transcriptomic profiling in 

long-term estrogen-deprived (LTED) ER+ breast cancer cells to identify pathways required for therapeutic 

response to the estrogen 17b-estradiol (E2). We validated findings in cell lines, patient-derived xenografts 

(PDXs), and patient samples, and developed a novel combination treatment through testing in cell lines and 

PDX models.  

 

Results: Cells treated with E2 exhibited replication-dependent markers of DNA damage and the DNA damage 

response prior to apoptosis. Such DNA damage was partially driven by the formation of DNA:RNA hybrids (R-

loops). Pharmacological suppression of the DNA damage response via poly(ADP-ribose) polymerase (PARP) 

inhibition with olaparib enhanced E2-induced DNA damage. PARP inhibition synergized with E2 to suppress 

growth and prevent tumor recurrence in BRCA1/2-mutant and BRCA1/2-wild-type cell line and PDX models.  

 

Conclusions: E2-induced ER activity drives DNA damage and growth inhibition in endocrine-resistant breast 

cancer cells. Inhibition of the DNA damage response using drugs such as PARP inhibitors can enhance 

therapeutic response to E2. These findings warrant clinical exploration of the combination of E2 with DNA 

damage response inhibitors in advanced ER+ breast cancer, and suggest that PARP inhibitors may synergize 

with therapeutics that exacerbate transcriptional stress. 
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Introduction 

The majority of breast tumors express estrogen receptor a (ER), which typically reflects a degree of 

dependence upon estrogens for tumor growth. ER+/HER2- breast cancer is commonly treated with anti-

estrogens that antagonize ER (e.g., tamoxifen, fulvestrant) or aromatase inhibitors that suppress estrogen 

biosynthesis. Although such endocrine therapies have improved outcomes for patients overall, endocrine 

resistance remains a clinical problem: approximately 20-30% of early-stage ER+ breast cancer patients 

experience disease recurrence. Despite the acquisition of resistance to anti-estrogens, loss of ER expression 

is rare in recurrent ER+ breast cancer and occurs in <10% of cases (1). Within the past 15 years, advances 

have been made in developing tumor-targeted therapies for endocrine-resistant disease (e.g., inhibitors of 

mTOR, CDK4/6, and PI3K). Since recurrent ER+ breast tumors remain at least partially dependent upon ER 

activity (2), approved tumor-targeted therapies are often administered in combination with an endocrine agent. 

Although these therapies have increased progression-free survival in patients, metastatic disease is typically 

fatal, and there remains a pressing need for new treatment options. 

Decades of clinical evidence have demonstrated therapeutic efficacy of estrogen treatments in a subset 

of breast cancer patients (3-6). In the setting of endocrine-resistant advanced/metastatic ER+ disease, 

estrogens elicit anti-cancer effects in ~30% of patients, translating into thousands of patients worldwide who 

could benefit from these treatments (7-11). Despite robust clinical evidence of efficacy, estrogen treatments 

remain under-utilized due in part to their unknown and seemingly paradoxical anti-cancer mechanism(s) of 

action. We previously demonstrated that therapeutic response to the natural estrogen 17b-estradiol (E2) 

requires ER, and hyperactivation of ER transcriptional activity through high levels of receptor expression and 

acute stimulation with ligand elicits anti-cancer effects (12). Herein, we demonstrate that estrogen therapy-

induced apoptosis is dependent upon cell cycle progression. E2 induces ER-dependent DNA damage requiring 

R-loop formation and S-phase DNA replication, which can be exploited therapeutically through poly (ADP-

ribose) polymerase (PARP) inhibition to enhance efficacy.  

 

Materials and Methods 

Cell Culture 
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Parental cell lines (ATCC) were cultured in DMEM with 10% FBS. For hormone deprivation (HD) experiments, 

cells were cultured in phenol red–free DMEM containing 10% dextran/charcoal-stripped FBS. Cells were stably 

transfected with lentiviral vectors encoding luciferase, FLAG-tagged ER (FLAG-ESR1), doxycycline (dox)-

inducible ER (pInducer20-ESR1), dox-inducible shRNA targeting ER (ESR1), or non-targeting shControl (12). 

Cells were transiently transfected with plasmids encoding RNase H1 or vector control. 

 

Tumor growth studies 

Animal studies were approved by the Dartmouth College IACUC. Female NOD-scid/IL2Rγ−/− (NSG) mice (4-6 

wk) were ovariectomized and orthotopically implanted with fragments of WHIM16 or CTG-3346 patient-derived 

xenografts (PDX); WHIM16 was obtained from Washington University HAMLET Core (13). Tumor dimensions 

were measured twice weekly with calipers, and volumes were calculated as [length × width2/2]. When tumor 

volume reached ~200 mm3, mice were randomized to treatments as indicated. For molecular analysis, tumors 

were harvested at the indicated time points and either snap frozen, or formalin-fixed and paraffin-embedded. 

 

Statistical analysis 

Cell growth data and IHC scores were analyzed by t-test (for 2-group experiments) or ANOVA followed by 

Bonferroni multiple comparison-adjusted post hoc testing between groups (for experiments with ≥3 groups). 

Pairwise comparisons of immunofluorescence scores used the Cramer-von Mises nonparametric test. Tumor 

volumes were analyzed by nonlinear mixed modelling. 

 

Additional details are provided in Supplemental Methods. 

 

Results 

Functional genomic screening suggests roles for cell cycle progression and DNA damage response in 

anti-cancer effects of 17b-estradiol 

Parental ER+/HER2- HCC-1428 breast cancer cells are dependent upon E2 for growth (14). In contrast, their 

long-term estrogen-deprived (LTED) derivatives exhibit acquired resistance to hormone deprivation (HD) and 

growth is inhibited by re-treatment with 1 nM E2 [Fig. 1A and ref. (12)].  This concentration of E2 is within the 
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pre-menopausal range in humans, and can be achieved pharmacologically in patients treated with E2 therapy 

(7).  

To identify candidate mechanisms underlying therapeutic response to E2, we performed a genome-

wide CRISPR/Cas9 knockout screen using 1428/LTED cells. Beta-scores were calculated as a measure of 

gene essentiality in the presence and absence of E2. We then calculated the difference in beta-scores 

between E2-treated and HD conditions to identify genes that were required for the growth-inhibitory effect of 

E2 (i.e., genes that, when lost, rescued from E2; differential beta-score ≥0.5, Fig. 1B). Pathways analysis of 

this subset of genes revealed enrichment for pathways involved in DNA repair and cell cycle progression (i.e., 

E2F and Myc targets). Additionally, we observed that knockout of multiple CDKs (CDK4, CDK9, CDK7, CDK2) 

each rescued 1428/LTED cells from the growth inhibitory effects of E2 (Suppl. Table S1). Gene set enrichment 

analysis of transcriptomic profiles of 1428/LTED cells showed E2-induced engagement of pathways involved in 

cell cycle (E2F and Myc targets) and DNA damage response (G2/M checkpoint, p53 pathway, UV response, 

DNA repair), some of which were not detected in parental HCC-1428 cells (Fig. 1C and Suppl. Table S2). In 

addition, the magnitude of gene expression changes induced by E2 was often greater in 1428/LTED cells than 

HCC-1428 cells (Suppl. Fig. S1). Consistent with these results, 1428/LTED cells exhibited an accumulation of 

cells in S-phase following 1 d of E2 treatment, which preceded the onset of apoptosis (Fig. 1D/E). Based on 

these collective data, we hypothesized that estrogen therapy induces DNA damage during replication.  

 

17b-estradiol treatment induces ER- and cell cycle-dependent DNA damage 

Cellular response to DNA damage was assessed in HCC-1428 and 1428/LTED cells by immunofluorescent 

staining for phospho-histone H2AXSer139 (gH2AX), a marker of cellular response to double-strand DNA breaks. 

1428/LTED cells exhibited significant increases in gH2AX foci following both 1 and 24 h of E2 treatment, while 

parental HCC-1428 cells did not (Fig. 2A/B). As another marker of response to DNA breaks, 1428/LTED cells 

also exhibited an increase in p53 binding protein (53BP1) foci upon treatment with E2 (Suppl. Fig. S2A). BrdU 

pulse labeling revealed that the majority of cells incurring E2-induced DNA damage (gH2AX+) were in S-phase 

(BrdU+), and blocking G1-to-S cell cycle progression through treatment with the CDK4/6-selective inhibitor 

abemaciclib prevented DNA damage induced by E2 (Fig. 2C/D and Suppl. Fig. 3A).  
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1428/LTED cells express increased ER levels compared to parental cells, which we previously 

demonstrated drives therapeutic response to E2. Forced overexpression of ER (ESR1) in HCC-1428 or MDA-

MB-415 ER+/HER2- breast cancer cells, and doxycycline (dox)-inducible overexpression of ER in T47D cells 

drive hormone-independent growth and convert E2 from a growth promoter to a growth suppressor [Suppl. Fig. 

S4A/B and ref. (12)]. Similar to 1428/LTED cells, exogenous ER overexpression increased E2-induced DNA 

damage as measured by gH2AX and 53BP1 foci (Fig. 2E/F and Suppl. Fig. S2B/C). Conversely, doxycycline-

induced RNAi-mediated knock-down of ER blocked the ability of E2 to induce DNA damage in 1428/LTED cells 

(Fig. 2G and Suppl. Fig. S4C). ER-negative BT-20 cells did not exhibit an increase in DNA damage following 

E2 treatment (Suppl. Fig. S5). These data show that ER drives estrogen-inducible DNA damage in ER+ breast 

cancer cells. Similar to 1428/LTED cells, E2 induced DNA damage in ER-overexpressing cells mainly during S-

phase, and treatment with abemaciclib prevents DNA damage upon E2 treatment (Suppl. Fig. S3).  Although 

MCF-7/LTED cells are also growth-inhibited by E2 (15), a DNA damage response was not consistently 

observed (data not shown), suggesting that this model responds to E2 via a different mechanism. Together, 

these results indicate that E2 treatment induces DNA damage during replication in ER-overexpressing models 

that are growth-inhibited by E2.  

  

Estrogen therapy induces a DNA damage response in human tumors and PDX models 

Paired baseline and on-treatment metastatic tumor biopsy specimens were obtained from 2 subjects in clinical 

trial NCT02188745, which evaluated the therapeutic effects of E2 in patients with endocrine-resistant breast 

cancer. Both tumors were ER+/PR+ by IHC (Suppl. Fig. S6), and HER2- by FISH (data not shown). Following 

2 wk of treatment with E2 (2 mg p.o. TID), gH2AX staining significantly increased (Fig. 3A and Suppl. Fig. S7). 

ER levels decreased during E2 treatment (Fig. 3A), consistent with ER protein turnover following estrogen-

induced ER activation (16). These data suggest that estrogen therapy induces DNA damage in human 

ER+/HER2- breast tumors.  

The ability of E2 to induce a DNA damage response was evaluated in 2 estrogen-independent PDX 

models that are growth-inhibited by E2. The ER+/PR+/HER2- WHIM16 PDX model grows in ovariectomized 

(ovx) mice, modeling resistance to aromatase inhibitor-induced estrogen deprivation in patients, and regresses 
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upon treatment with E2 [Fig. 3B, Suppl. Fig. S8, and refs. (12,13,15)]. CTG-3346 is a novel PDX model that 

grows in ovx mice and is growth-inhibited by treatment with E2 (Fig. 3B and Suppl. Fig. S8). CTG-3346 was 

derived from a patient treated as described as in Suppl. Fig. S9A, and this model retains the ER+/PR+/HER2- 

status of the patient’s recurrent tumor (Suppl. Fig. S9B and data not shown). CTG-3346 tumors exhibit 

mutation and copy number loss of RB1, and consequent loss of Rb protein as a major tumor suppressor and 

effector of CDK4/6 (Suppl. Fig. S9C and data not shown), which is consistent with the patient’s tumor 

resistance to the CDK4/6 inhibitor palbociclib [Suppl. Fig. S9A and ref. (17)]. Despite prior treatment of the 

patient with multiple lines of endocrine therapies, CTG-3346 retains functional ER, as measured by an 

increase in mRNA expression of the ER target gene TFF1 upon treatment of mice with E2 (Suppl. Fig. S9D).  

 E2 treatment for 24 h significantly increased gH2AX in both PDX models growing in ovx mice (Fig. 3C 

and Suppl. Fig. S10). However, E2 did not alter cleaved caspase-3 positivity, indicating that the DNA damage 

reflected by gH2AX is not related to apoptosis. E2 treatment also significantly increased proportions of cells 

expressing phospho-ATMS1981 and phospho-CHK2T68, which are markers of an activated DNA damage 

response (Fig. 3C and Suppl. Fig. S10).  

 

Estrogen therapy induces transcriptional stress leading to DNA damage 

Since E2 induced an increase in S-phase cells, E2-induced DNA damage was dependent upon G1-to-S 

progression (Figs. 1D and 2D, and Suppl. Fig. S3), and LTED and ER-overexpressing cells exhibit E2-induced 

hyperactivation of ER transcriptional activity (12,15), we hypothesized that estrogen-induced DNA damage 

results from ER transcription-driven replication stress via R-loops. While E2 increased replication stress in 

1428/LTED and ER-overexpressing cells as shown by proliferating cell nuclear antigen (PCNA) focus 

formation (18) (Suppl. Fig. S11), cells stimulated to enter S-phase may be expected to undergo replication 

stress. We there evaluated the contribution of E2-induced transcription to DNA damage. 

R-loops are 3-stranded DNA:RNA hybrid structures that form when nascent mRNA re-anneals to the 

template strand of DNA, impairing re-annealing of complementary DNA strands. While R-loops play roles in 

transcriptional regulation (19-21), these structures can induce genome instability and DNA breaks, potentially 

through collision with replication forks (22). Furthermore, ER transcriptional activation has been linked to R-
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loop formation in MCF-7 cells (23). Using the R-loop structure-specific S9.6 antibody, we observed E2-induced 

increases in nuclear R-loop formation in 1428/LTED cells that were significantly higher than those detected in 

parental HCC-1428 cells (Fig. 4A/B). Similarly, 1428/FLAG-ESR1 and T47D/pInd20-ESR1 cells showed E2-

induced R-loop formation, which was significantly higher upon dox-induced ER overexpression in the T47D 

model (Suppl. Fig. S12A/B). In addition, IHC analysis of PDX models showed increased R-loops after 24 h of 

E2 treatment in vivo (Fig. 4C). RNase H1 can degrade the RNA specifically within RNA-DNA hybrids. Transient 

ectopic expression of RNase H1 suppressed E2-induced R-loop formation and prevented DNA damage (Fig. 

4D/E and Suppl. Fig. S12C), supporting a causative role for R-loops in DNA damage incurred from E2. 

 

PARP inhibition enhances 17b-estradiol/ER-induced DNA damage and synergistically inhibits growth 

We next sought to determine whether inhibiting repair of DNA damage could enhance the therapeutic effects of 

E2. PARP1/2 are involved in DNA damage repair, and PARP1 play a role in the repair of R-loops and R-loop-

associated DNA damage (24,25). We thus hypothesized that inhibition of PARP would enhance E2/ER-

induced DNA damage. Treatment with the PARP1/2 inhibitor olaparib synergized with E2 to suppress the 

growth of 1428/LTED and dox-induced T47/pInd20-ESR1 cells (Fig. 5A). Accordingly, olaparib potentiated the 

DNA damage induced by E2 (Fig. 5B/C). These effects were observed in both the BRCA1/2-wild-type T47D 

model and the BRCA2-altered HCC-1428 models. Olaparib also enhanced R-loop formation when combined 

with E2 in 1428/LTED and 1428/FLAG-ESR1 cells (Suppl. Fig. S13). 

Currently, PARP inhibitors are FDA-approved for the treatment of breast cancer patients with germline 

genetic alterations in BRCA1 or BRCA2. BRCA1/2 encode proteins involved in homologous recombination 

repair of DNA (26,27) and are postulated to be synthetically lethal with PARP inhibition (28,29). In accordance 

with the BRCA1/2 mutation status of these cell lines, HCC-1428 derivatives responded to olaparib treatment as 

a monotherapy, while T47D derivatives did not (Fig. 5A). However, the synergistic effect of olaparib and E2 in 

both models indicates that this drug combination is effective regardless of BRCA1/2 status.  

 

PARP inhibition synergizes with 17b-estradiol to inhibit to tumor growth and prevent recurrence 
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Ovx mice bearing WHIM16 or CTG-3346 tumors were randomized to treatment with vehicle, olaparib, E2, or 

the combination of E2 and olaparib. E2 was administered continuously, and olaparib was administered for 28 d 

(gray shading in Fig. 6A/B). Neither PDX model responded to olaparib monotherapy (Fig. 6A/B and Suppl. Fig. 

S14). However, olaparib synergized with E2 to delay recurrence of WHIM16 tumors (Fig. 6A/C) and prevent 

growth of CTG-3346 tumors (Fig. 6B).  

 We previously demonstrated that WHIM16 tumors that acquire resistance to E2 treatment are sensitive 

to estrogen deprivation, and such tumors ultimately regain estrogen-independent growth and re-sensitization to 

E2 therapy (12). Following recurrence on E2 monotherapy, mice bearing WHIM16 tumors were estrogen-

deprived until tumors resumed growth (Fig. 6D). These tumor-bearing mice were then randomized to a second 

round of treatment with E2 ± olaparib. The addition of olaparib significantly improved the anti-tumor effects of 

E2 (Fig. 6E and Suppl. Fig. S15). These data collectively suggest that PARP inhibition enhanced the 

therapeutic effects of E2 by increasing R-loops and DNA damage, and that this synergistic effect can occur in 

the absence of BRCA1/2 alterations. 

 

Discussion 

Prior work supported a link between overexpression/amplification of ER, hyperactivation of ER-driven 

transcription, and therapeutic response to E2 (12,13,15,30). However, the molecular mechanism underlying 

these effects remained unclear. Herein, we demonstrate that E2 induces ER-dependent S-phase-specific DNA 

damage and R-loop accumulation that is exacerbated by ER overexpression and adaptation to growth in 

hormone-depleted conditions. While estrogens have been shown to induce DNA damage and genotoxic stress 

through several mechanisms, we present evidence of E2-induced DNA damage specifically associated with 

ER activation and a downstream growth-inhibitory response. This mechanism led us to develop a novel 

combination therapy with PARP inhibitors and E2, which synergize to enhance therapeutic response in models 

of endocrine-resistant ER+ breast cancer.   

 Estrogens can induce DNA damage through both ER-dependent and -independent mechanisms. 

Estrogens and metabolites have been shown to directly induce genotoxic stress in the absence of ER, 

including through the formation of DNA adducts (31-33).  In our models, E2 induced DNA damage most 

prominently in LTED and ER-overexpressing models, suggesting an ER-dependent mechanism of DNA 
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damage (Figs. 1B/F/G and 3C/D, and Suppl. Figs. S2 and S5). ER-initiated transcription can engage 

topoisomerase IIb to induce transient double-stranded DNA breaks (34), which are postulated to relieve 

topological constraints to improve accessibility of DNA for transcription. E2-activated ER can also induce the 

formation of R-loops leading to DNA breaks at ER-responsive genes (23), but this effect had not previously 

been associated with a growth-inhibitory response. While previous work suggested a role for R-loops in E2-

induced DNA damage, such effects were observed primarily with supraphysiological E2 concentrations of 10-

100 nM (23). We utilized 1 nM E2, which is within the pre-menopausal serum physiological range in humans 

and achievable pharmacologically in serum through oral E2 treatment in post-menopausal patients (7,35). 

Using the clinically relevant dose of 1 nM E2, we observed accumulation of R-loops that were significantly 

more abundant in ER-overexpressing cells that are growth-inhibited by E2 (Fig. 4B and Suppl. Fig. S12A/B).  

 Similar to estrogen therapy for endocrine-resistant breast cancer, a subset of patients with castration-

resistant prostate cancer benefit from treatment with androgens, and this effect may be dependent upon 

androgen receptor overexpression or amplification. Androgen treatment induces DNA damage, which is 

exacerbated in BRCA2-deficient cells (36,37). A recent clinical study showed that 16/36 (44%) patients with 

metastatic castration-resistant prostate cancer experienced a PSA50 response (i.e., a decline ≥50% from 

baseline in plasma prostate-specific antigen levels) upon treatment with bipolar androgen therapy (BAT; 

testosterone cypionate/enanthate administered every 28 d) in combination with olaparib regardless of tumor 

BRCA1/2 status (38). Our results do not indicate that BRCA1/2 mutations are a requirement for therapeutic 

response to E2; however, BRCA1/2 mutations or other defects in homologous recombination-mediated DNA 

repair may increase the likelihood that tumors therapeutically respond to estrogen by preventing repair of 

estrogen/ER-induced DNA damage. In this study, we leveraged combination treatment with a PARP inhibitor 

due to the roles of PARP1/2 in repair of R-loops and DNA damage. However, other inhibitors of the DNA 

damage response may also synergize with estrogen therapy; as new inhibitors enter clinic development (e.g., 

agents targeting WEE1, ATR, etc.), this concept will warrant further investigation. 

 This work raises several points surrounding clinical implementation of estrogen therapy. Firstly, these 

findings offer the possibility of expanding the use of PARP inhibitors to a larger patient population. Currently, 

PARP inhibitors are FDA-approved for breast cancer only in the setting of germline BRCA1/2 genetic 
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alterations, which constitute ~5% of breast cancer cases (39). In our studies, olaparib synergized with E2 in 

both BRCA1/2-mutant and -wild-type models, and synergy was seen even in models that were non-responsive 

to olaparib monotherapy (Figs. 5A and 6A/B). A clinical indication for E2/PARP inhibitor combination therapy in 

advanced ER+/HER2- disease regardless of BRCA1/2 status would substantially increase the number of 

patients who could benefit from a repurposed PARP inhibitor. 

 Another point raised by this work is the efficacy of E2 therapy in the landscape of CDK4/6 inhibitors. 

Treatment with CDK4/6 inhibitors has become a standard of care in advanced ER+ breast cancer, and 

acquired resistance to CDK4/6 inhibitors is an emerging clinical problem. Since CDK4/6 inhibitors are a 

relatively recent development in the field, strategies for the treatment of ER+ breast cancer following 

progression on CDK4/6 inhibitors remain underexplored. We developed the CTG-3346 PDX tumor from a 

patient with acquired resistance to the CDK4/6 inhibitor palbociclib. CTG-3346 exhibits loss/mutation of Rb 

(Suppl. Fig. S9A/C), consistent with acquired resistance to CDK4/6 inhibition (17). The growth-inhibitory effects 

of E2 in this model (Fig. 3B) indicate that E2 therapy remains an effective treatment option in the post-CDK4/6 

inhibitor setting. 

 Although E2 therapy may remain effective despite resistance to CDK4/6 inhibitors, this work cautions 

against combining E2 with CDK4/6 inhibitors. Our data indicate that cell cycle progression and DNA replication 

are required for E2-induced DNA damage, and CDK4/6 inhibition antagonized the DNA-damaging effects of E2 

(Fig. 2D and Suppl. Fig. S3C). A similar antagonistic effect has been reported with CDK4/6 inhibitors co-

administered with cytotoxic chemotherapies that target S-phase and mitotic cells (40,41). However, the 

antagonistic effects of these drug combinations may be dependent upon the order and timing with which they 

are administered. Several studies have suggested that pre-treatment with cytotoxic chemotherapies followed 

by treatment with CDK4/6 inhibitors elicits synergistic effects. Such synergy may be due to the repressed 

transcription of DNA repair genes by CDK4/6 inhibitors, which could impede DNA repair following treatment 

with cytotoxic chemotherapy (42,43). If E2 is considered a DNA-damaging agent in endocrine-resistant ER+ 

breast cancer, then strategically timed CDK4/6 inhibition following E2 treatment may convert these seemingly 

antagonistic drugs to synergistic; this concept warrants further study.   
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FIGURE LEGENDS 

 

Figure 1. 17b-estradiol induces DNA damage in long-term estrogen-deprived cells that therapeutically 

respond to E2. (A) Parental cells were HD for 3 d prior to seeding. Cells were treated as indicated for 4 wk 

and relative growth was measured. (B) 1428/LTED cells stably expressing Cas9 were transduced with a 

sgRNA library. Cells were treated ± 1 nM E2 for 3 wk, and beta-scores were calculated (44). Each point 

represents one gene. Genes with a differential beta-score ≥0.5 (n=1194, gray box) were analyzed for 

enrichment with Hallmarks gene sets (right). Cell cycle and DNA repair pathways are highlighted in red font. 

(C) HCC-1428 (HD for 3 d) and 1428/LTED cells were treated ± 1 nM E2 for 24 h, and RNA was harvested for 

sequencing. Single-sample gene set enrichment analysis (ssGSEA) for Hallmarks pathways was performed for 

each replicate sample, and normalized gene set enrichment scores (NES) were compared between treatment 

groups. Gene sets significantly (p<0.05) altered in 1428/LTED cells by E2 treatment are shown, and p-values 

and differences in mean NES induced by E2 treatment are indicated for each cell line. (D) Cells treated ± 1 nM 

E2 x 24 h were fixed and stained with propidium iodide (PI). DNA content was measured by flow cytometry. 

Sub-G1 cells were excluded from plots. Proportions of cells in each phase were compared. (E) Cells were 

treated ± 1 nM E2 as indicated. Three days after last medium change, cells were harvested, stained with FITC-

tagged Annexin V (AnnV), and analyzed by flow cytometry. In (A/D/E), data are shown as mean of triplicates ± 

SD. *p<0.05, **p<0.005, ***p<0.0005, n.s. = not significant compared to control unless otherwise indicated. 

 

 

Figure 2. 17b-estradiol-induced DNA damage is dependent upon overexpression of ER. (A/B) HCC-1428 

(HD x 3 d) and 1428/LTED cells were treated ± 1 nM E2. Cells were fixed and stained for gH2AX (green) and 

DAPI (blue). gH2AX foci were counted in ≥100 nuclei/group. (C) HCC-1428 (HD x 3 d) and 1428/LTED cells 

were treated ± E2 for 21 h, and labeled with BrdU for another 3 h. Cells were stained for gH2AX, BrdU, and 

cleaved PARP for flow cytometry analysis. Cleaved PARP-positive cells were excluded from analysis. 

Proportions of cells with DNA breaks (gH2AX-positive) that were or were not in S-phase (i.e., did or did not 

incorporate BrdU) were plotted. Proportions of gH2AX+/BrdU+ cells were statistically compared. Data are 
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shown as mean of triplicates + SD. (D) Cells were treated ± E2 ± abemaciclib x 24 h and analyzed as in (B). 

(E/F) T47D/pInd20-ESR1 cells were pretreated with HD x 7 d, and then treated with HD ± dox x 14 d prior to 

seeding. All cells were then treated as indicated x 24 h and analyzed as in (B). (G) 1428/LTED cell lines 

expressing dox-inducible shRNA targeting ESR1 (two independent constructs) or non-silencing control were 

treated ± dox for 2 d, and then treated ± E2 x 24 h and analyzed as in (B). In (A/E), representative images are 

shown. *p<0.05, **p<0.005, ***p<0.0005, ****p<0.0001, n.s. = not significant. 

 

Figure 3. 17b-estradiol therapy induces DNA damage in endocrine-resistant tumors. (A) Biopsy samples 

of advanced ER+ breast tumors were obtained from 2 patients before and 2 wk after treatment with E2. FFPE 

tumor sections were stained for ER (red), gH2AX (green), and DAPI (blue). gH2AX intensity was quantified in 

≥100 nuclei/specimen. Representative exposure-matched image pairs are shown. (B) Ovx mice bearing 

tumors ~200 mm3 were randomized to treatment ± E2. Tumor volumes were serially measured. Data are 

shown as mean + SEM, and were analyzed by nonlinear mixed modeling. (C) Tumors (n=3/group) were 

harvested from ovx mice treated ± E2 for 24 h. FFPE sections were analyzed by IHC. Data are shown as mean 

± SD. *p<0.05, ****p<0.0001, n.s. = not significant. 

 

Figure 4. 17b-estradiol-induced R-loop formation drives DNA damage. (A/B) Cells were treated ± 1 nM E2 

x 24 h, fixed, and stained for DNA/RNA hybrids (S9.6 antibody) and with DAPI. Fluorescence intensity was 

quantified in ≥100 nuclei/group. (C) Tumors were harvested from ovx mice treated ± E2 (n=3/group). FFPE 

sections were stained for DNA/RNA hybrids. Proportions of positively staining nuclei were calculated. Data are 

shown as mean + SD. (D/E) Cells were transiently transfected with plasmids encoding RNase H1 or vector 

control. Two days later, cells were treated ± 1 nM E2 x 24 h, then fixed and stained for γH2AX and DAPI. 

γH2AX foci were counted in ≥100 nuclei/group. In (A/D), representative images are shown. *p<0.05, **p<0.005, 

***p<0.0005, ****p<0.0001, n.s. = not significant.  
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Figure 5. PARP inhibition synergizes with 17b-estradiol to induce DNA damage and inhibit growth in 

vitro. (A) T47D/pInd20-ESR1 cells were HD x 7 d, and pretreated with HD + dox x 14 d prior to seeding. Both 

lines were then treated ± olaparib for 2 d, followed by treatment ± olaparib ± E2 for 4 wk, and relative growth 

was measured. Data are shown as mean of triplicates + SD. (B/C) T47D/pInd20-ESR1 cells were pretreated 

as in (A) before seeding. All lines were then treated ± olaparib for 2 d, followed by treatment ± E2 ± olaparib for 

24 h. Cells were fixed and stained for γH2AX and DAPI. Representative images are shown. γH2AX foci were 

counted in ≥100 nuclei/group. *p<0.05, **p<0.005, ***p<0.0005, ****p<0.0001, n.s. = not significant.  

 

Figure 6. PARP inhibition synergizes with 17b-estradiol against tumors in vivo and prevents 

recurrence. (A/B) Ovx mice bearing tumors ~200 mm3 were randomized to treatment as indicated. E2 was 

delivered continuously, and olaparib was administered daily for 28 d (gray shading). Data are shown as mean 

+ SEM. (C) After 10 wk of treatment in (A), mice without palpable tumors were monitored for recurrence. Time 

to recurrence was calculated as time from treatment start until tumors re-grew to baseline volume. Proportions 

of mice that were recurrence-free over time are shown. (D) Mice bearing tumors that recurred during E2 

monotherapy in (C) were treated with estrogen deprivation starting on Day 0, which stunted tumor growth. 

Each line represents one mouse. Tumors eventually resumed growth, which was defined as two consecutive 

biweekly volume measurements above baseline. (E) Mice with tumors that resumed estrogen-independent 

growth in (D) were randomized to treatment with a second cycle of E2 ± olaparib. Data are shown as mean + 

SEM. ***p<0.0005, n.s. = not significant.  
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