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SUMMARY

Clinical and molecular evidence indicates that high-grade serous ovarian cancer (HGSOC) 

primarily originates from the fallopian tube, not the ovarian surface. However, the reasons for 

this preference remain unclear. Our study highlights significant differences between fallopian 

tube epithelial (FTE) and ovarian surface epithelial (OSE) cells, providing the molecular basis 

for FTEs as site of origin of HGSOC. FTEs, unlike OSEs, exhibit heightened replication stress 

(RS), impaired repair of stalled forks, ineffective G2/M checkpoint, and increased tumorigenicity. 
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BRCA1 heterozygosity exacerbates these defects, resulting in RS suppression haploinsufficiency 

and an aggressive tumor phenotype. Examination of human and mouse sections reveals buildup 

of the RS marker 53BP1 primarily in the fallopian tubes, particularly at the fimbrial ends. 

Furthermore, menopausal status influences RS levels. Our study provides a mechanistic rationale 

for FTE as the site of origin for HGSOC, investigates the impact of BRCA1 heterozygosity, and 

lays the groundwork for targeting early HGSOC drivers.

In brief

Galhenage et al. elucidate why HGSOC originates from the fallopian tube, not the ovarian surface. 

They reveal FTE cells’ vulnerability to replication stress (RS) and checkpoint defects. Human 

fallopian tube sections show RS, primarily in the fimbrial ends. Menopause status influences this 

stress, and Brca1 heterozygosity exacerbates these defects and accelerates tumorigenesis.

Graphical abstract

INTRODUCTION

High-grade serous ovarian carcinoma (HGSOC) is the most common subtype among 

epithelial ovarian cancers (EOC) and accounts for around 60% of all EOCs.1–3 It is also 

the deadliest, with the lowest survival rate among all gynecologic malignancies.3,4 One 

underlying characteristic of HGSOC is a state of high genomic instability, presumably 

arising from the loss of function of genes that are associated with DNA damage repair.5–7 
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BRCA1 and BRCA2 are the most common DNA damage repair genes that are inactivated 

in HGSOC, through either germline or somatic mutations or promoter hypermethylation.8,9 

Together, loss of function of these genes is associated with ~30% of all HGSOCs.

BRCA1 and BRCA2 are key players in homologous recombination-dependent double-strand 

break repair (HR DSBR). It is widely accepted that the loss of HR function is one of 

the driving events in HGSOC.9–11 Genomic studies have consistently shown defective HR 

in approximately 50% of HGSOC tumors, further supporting the correlation between HR 

deficiency and HGSOC.4,9 While the primary focus has traditionally been on the role 

of BRCA1 and BRCA2 in HR, recent research has revealed their critical involvement in 

stalled replication fork repair (SFR) and the suppression of replication stress.12 Chronic 

replication stress is a well-established driver of epithelial cancer.13,14 This raises the 

intriguing possibility that defects in either SFR or HR or both could be early contributors to 

the pathogenesis of HGSOC, especially in the context of BRCA1/2 mutant HGSOC.

Previous understanding associated with the cell of origin of HGSOC suggested that the 

ovarian surface epithelium and/or the ovarian inclusion cysts were the primary precursors 

of HGSOC. It was proposed that the repetitive damage to the ovarian surface epithelium 

during each ovulatory cycle could over time drive neoplastic transformation of the ovarian 

surface epithelial (OSE) cells.1,15 However, multiple studies have now presented evidence 

that the fallopian tube epithelium, more specifically, the secretory cells of the fallopian tube, 

serve as the primary site of origin for HGSOC.16–18 This hypothesis is supported by the 

identification of premalignant lesions called serous tubal intraepithelial carcinoma (STIC) in 

the fallopian tubes of BRCA1/2 mutation carriers who undergo salpingo-oophorectomy.19,20 

STIC lesions, when present, quite often (~90% of the time) carry a P53 mutation identical to 

that of the adjacent HGSOC.21,22 Mouse models and transcriptomic and proteomic profiling 

of STIC and HGSOC also support the hypothesis that fallopian tube epithelial (FTE) cells 

serve as the primary site of origin for HGSOC.23–25 More recently, studies in mouse and 

organoid-based models have also suggested the possibility of a dual origin of HGSOC 

whereby both OSE and FTE cells, with appropriate genetic alterations, have the ability to 

initiate HGSOC.26,27

To gain insights into the underlying mechanisms driving the initial stages of HGSOC and 

determine the susceptibility of fallopian or ovarian cells in its development, we worked with 

isogenic mouse OSE and FTE cells. Given that defects in DNA damage repair pathways, 

especially in BRCA1/2-mutant HGSOC, play a crucial role in disease progression, we 

utilized these matched cell pairs to carry out a comprehensive analysis of DNA damage 

repair defects between OSE and FTE cells. Our study identifies early events that drive 

genomic instability and provides mechanistic understanding into why FTE cells are more 

likely to serve as the cell of origin for HGSOC tumors. We also extended our analysis to 

study the effect of BRCA1 heterozygosity on DNA damage repair in FTE and OSE cells. 

We found that BRCA1 haploinsufficiency for replication stress suppression contributes to 

increased genomic instability and accelerated tumorigenesis.
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Finally, our analysis of human fallopian and ovarian sections sheds light on the varying 

levels of replication stress in different tissues (ovarian and fallopian) and in different regions 

of the fallopian tube and the influence of BRCA1 mutations and menopausal status.

Collectively, these findings provide compelling evidence supporting FTE cells as the 

principal site of origin for HGSOC and highlight replication stress as an early driver of 

HGSOC.

RESULTS

Isolation and characterization of isogenic mouse ovarian and fallopian epithelial cell lines

We worked with paired isogenic mouse fallopian and ovarian cell lines derived from the 

fallopian tissue and ovarian tissue, respectively, of the same mouse to compare DNA damage 

repair efficiency between these two cell types.

We harvested ovarian and oviduct tissue from two mice (M412 and M56; both 14 weeks of 

age) and derived isogenic pairs of mouse OSE (mOSE) and mouse FTE (mFTE) cell lines. 

M412 and M56 are genetically deleted for Trp53 (p53−/−) (Figure 1A). These mice have 

been described previously.14,28 More specifically, in mouse M412, one allele of the Trp53 
gene is deleted in the germline and the other is flanked by loxP sites (Trp53flox/del) and 

deleted through the action of Meox2-Cre, which is expressed early during embryogenesis 

(E5).29 In mouse M56, both alleles of Trp53 are deleted in the germline. Genotypes were 

confirmed by PCR-based genotype analysis (Figures S1A, S1B, and S1C).

The ovarian and fallopian origin of the mOSE and mFTE cell lines, respectively, was 

confirmed by using the epithelial cell marker CK826,30 (Figure 1B) and fallopian markers 

Pax8 and Sox17, which also confirmed their secretory lineage (Figures 1B and S1D).16,31 

Given that DNA damage repair efficiency can be affected by cell-cycle distribution and 

proliferation rates, we also confirmed that the cell-cycle profiles and the proliferation rates 

of mOSE and mFTE lines were similar by using the bromodeoxyuridine (BrdU)-based 

fluorescence-activated cell sorting (FACS) analysis (Figure S1E).

mFTE cells reveal increased sensitivity to replication-stress-inducing agents compared 
with their paired mOSE counterparts

We compared the sensitivity of paired mFTE and mOSE lines to different DNA-damaging 

agents. We evaluated their sensitivity to stalled fork-inducing agents like hydroxyurea (HU) 

and cisplatin14,32 and to etoposide that primarily causes double-strand breaks. mFTE cells 

were more sensitive to the replication-stress-inducing agents (HU and cisplatin) (Figures 1C, 

1D, S2A, and S2B) compared with mOSE cells. Interestingly, no such difference in drug 

sensitivity between mFTE and mOSE was found in response to the double-strand break 

(DSB)-inducing agent etoposide (Figures 1E and S2C). To further confirm that the efficiency 

of DSBR was indeed similar in mOSE and mFTE cells, we examined the recruitment of 

Rad51 to the sites of DSBs induced by ionizing radiation (IR; 10 Gy). The percentages of 

cells that showed Rad51 focus formation after IR were similar in paired mOSE and mFTE 

cells (Figures 1F and 1G). Taken together, these findings suggest that, while both mOSE and 

mFTE cells exhibit a comparable response to DSB-inducing damage, mFTE cells display 
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greater sensitivity than their isogenic mOSE counterparts when it comes to DNA damage 

caused by replication stress.

mFTE cells are innately inefficient in replication-stress response

The marked sensitivity of mFTE cells to replication-stress-inducing agents led us to 

investigate the ability of mFTE and mOSE cells to handle stalled replication forks and 

their respective responses to replication stress.

To assess the ability of mFTE and mOSE cells to repair stalled replication forks, we 

analyzed loading of phosphorylated RPA32 (pRPA) on chromatin in cells undergoing 

replication stress induced by HU. Loading of pRPA on ssDNA at stalled forks serves as 

a signaling step for launching SFR and checkpoint activation.33,34 Defective pRPA loading 

on chromatin after replication stress is one of the indicators of a defective SFR pathway. 

Indeed, we observed that upon HU-induced replication fork stalling, mFTE cell lines 

exhibited a deficiency in the accumulation of pRPA (phosphorylated at S4/S8) on chromatin 

in comparison with mOSE cell lines (Figure 2A). This was true for both the isogenic pairs 

used in this study (M412 and M56, Figure S2D).

pRPA loading on ssDNA stimulates ATR-dependent CHK1 phosphorylation.35 Consistent 

with the reduced accumulation of pRPA at HU-induced stalled forks, we found that Chk1 

phosphorylation was also defective in mFTEs in comparison with mOSEs (Figures 2B 

and S2E). Taken together, these observations provided further evidence in support of a cell-

intrinsic inefficiency of fallopian tube-derived cells to suppress replication stress compared 

with the OSE cells.

We next analyzed the stability of stalled replication forks by performing the DNA fiber 

assay. HU (5 mM) was added for 3 h to stall replication forks, and nascent fork degradation 

was measured post-HU treatment (Figure 2C, top). IdU- and CldU-labeled tracts were 

measured, and any reduction in CldU/IdU ratio served as a measure of fork instability. 

Figure 2C shows representative images of DNA fibers in mOSE and mFTE cells with and 

without HU treatment. This analysis revealed a significantly higher degree of stalled fork 

degradation in mFTE cells compared with their paired isogenic mOSE counterparts. (Figures 

2C, 2D, and S2F).

53BP1 is known to associate with chronically stalled and/or collapsed forks.36,37 In 

keeping with the increased fork degradation and inefficient SFR pathway response, mFTE 

cells displayed significantly higher 53BP1 foci formation, indicating fork stalling/collapse 

compared with mOSE cells (Figures 2E and 2F). This was also confirmed by increased 

γ-H2AX staining in mFTE cells compared with mOSE cells. Exposure to HU and cisplatin, 

and the subsequent recovery of the treated cells, revealed that mFTE cells continue 

accumulating DNA damage (presumably as replication forks continue collapsing) during 

the recovery phase (Figure 2G).

These results support the hypothesis that FTE cells are prone to increased replication stress 

compared with cells from the ovarian surface epithelium.
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Checkpoint activation is impaired in fallopian tube epithelial cells compared with ovarian 
surface epithelial cells

CHK1 phosphorylation upon DNA damage is associated with activating the G2/M 

checkpoint.38,39 Given that our data revealed inefficient CHK1 phosphorylation in mFTE 

lines upon replication stress, we tested if the G2/M checkpoint control was also inefficient in 

the mFTE cells.

To evaluate G2/M checkpoint efficiency, we analyzed the populations of mOSE and mFTE 

cells that accumulate in G2/M upon treatment with the replication-stress-inducing agent HU. 

We used phosphorylated (S28) histone H3 (pH3 S28) to mark mitotic cells.40 mOSE and 

mFTE cells were treated with HU (2 mM for 5 h) and then released into fresh medium 

containing nocodazole (Noc) to trap cells entering mitosis. In control cells (no HU and/or 

Noc), similar percentages of mOSE and mFTE cells pass through mitosis (Figures 3A and 

3B). However, after HU-induced DNA damage and in the presence of Noc, the percentage 

of pH3 (S28)-positive cells was significantly higher in mOSE cells compared with mFTE 

(Figures 3A and 3B). This suggested to us that, although both mOSE and mFTE cells 

have similar percentages of cells moving through mitosis under normal conditions, upon 

replication stress a greater proportion of mFTE cells tend to bypass the G2/M checkpoint.

To further confirm the defect in G2/M checkpoint, we analyzed the percentage of cells 

that exit G2/M and enter the next G1 phase upon replication stress. An effective G2/M 

checkpoint should arrest cells in G2/M and not allow them to enter the next G1 phase. We 

labeled the S-phase cells by pulse labeling with BrdU for 1 h, and then followed them after 

treatment with HU (5 mM for 5 h; Figures 3C, 3D, and 3E). As expected, 7 h post-BrdU 

pulse, the G1 populations in untreated mOSE and mFTE cells showed similar percentages of 

BrdU-positive cells. These cells originated from undamaged cycling cells that were labeled 

with BrdU during the S phase and had subsequently progressed through G2/M into the 

subsequent G1 phase (Figures 3D, 3E, and S2G). Interestingly, following treatment with 

HU and subsequent release for 7 h, a significant proportion of BrdU-positive mFTE cells 

(indicated as fluorescein isothiocyanate [FITC] positive) continued to cycle through G2/M 

and entered the next G1 phase, in contrast to mOSE cells (Figures 3D, 3E, and S2G).

Taken together, these data indicate that FTE cells, but not OSE cells, are inherently 

inefficient in activating the G2/M checkpoint upon replication stress.

Increased micronucleus formation upon replication stress in mFTE cells compared with 
their mOSE counterparts

A defective G2/M checkpoint allows the cells to enter mitosis even in the presence of 

unrepaired DNA breaks, thereby resulting in lagging and/or broken chromosome fragments. 

These broken chromosome fragments often manifest themselves as micronuclei.41 

Therefore, we analyzed the occurrence of micronucleus formation in mFTE and mOSE 

cells upon replication stress. In this set of experiments, cells were treated with 5 mM HU for 

5 h or with 2 μM cisplatin for 5 h. Subsequently, the drugs were removed, and the cells were 

allowed to recover for 48 and 24 h, respectively, and analyzed for micronucleus formation. 

The micronucleus analysis revealed elevated levels of micronucleus-positive mFTE cells, 
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approximately 2-fold higher than those observed in mOSEs (Figures 3F and 3G). This was 

true for both cisplatin- and HU-treated mFTE cells. A similar increase in micronucleus 

formation was also observed for mFTE cells from the second isogenic pair (M56) (Figures 

S2H and S2I).

We also carried out micronucleus analysis for three additional sets of mFTEs vs. mOSEs 

derived from wild-type P53 mice. As mentioned above, M412- and M56-derived mOSEs 

and mFTEs are deleted for p53. Loss of p53 could potentially influence the DNA damage 

repair characteristics of FTEs and OSEs. Hence, we investigated whether mOSEs and 

mFTEs with intact p53 also displayed the same DNA damage repair profiles as cells lacking 

p53. As illustrated in Figures S2J and S2K, similar to the M412 and M56 sets, the p53 

wild-type mFTE cells exhibited a higher propensity for micronucleus formation compared 

with the p53 wild-type mOSE cells. These findings indicate that the inability of FTE cells to 

repair DNA compared with OSE cells is not influenced by the P53 status.

BRCA1 heterozygous mOSEs and mFTEs are haploinsufficient for replication-stress 
suppression

BRCA1 heterozygous skin fibroblasts and mammary epithelial cells have been 

shown previously to be haploinsufficient for stalled fork repair and replication-stress 

suppression.14,32 Such haploinsufficiency for replication-stress suppression is considered 

one of the early steps toward tumorigenesis.14,32 Thus, we wondered whether BRCA1 
heterozygous OSE and FTE cells were similarly compromised in their ability to carry out 

SFR and were, as a direct consequence, at increased risk of replication stress, genomic 

instability, and tumorigenesis.

We generated mOSE and mFTE cell lines from two Brca1 heterozygous (Brca1wt/del) mice 

(M338 and M4). Like the Brca1 WT lines, Brca1wt/del M338 and M4 were also deleted 

homozygously for p53. We confirmed the deletion of the Brca1 and Trp53 alleles by 

carrying out PCR-based genotyping assay (Figures S1A, S1B, and S1C). The proliferation 

profiles of Brca1 heterozygous M338 and M4 mOSE and mFTE cell lines were similar to 

those of Brca1 wild-type (WT) mOSE and mFTE lines (Figure S3A). Like M412 and M56 

FTEs, the M338 and M4 mFTE lines were also confirmed to be derived from FTE tissue 

by Pax8 immunostaining (Figure S3B). In addition, their epithelial origin was confirmed by 

positive CK8 immunostaining (Figure S3B).

To determine whether Brca1 heterozygosity further sensitizes mOSE and mFTE cells 

to replication-stress-inducing agents, we assessed cell survival after HU and cisplatin 

treatments. Our data reveal that both Brca1 heterozygous mOSE and mFTE lines were 

more sensitive to HU and cisplatin compared with the Brca1 WT counterparts (Figures 4A 

and 4B). Given that Brca1 WT mFTE cells are already sensitive to HU and cisplatin, an 

additional increase in sensitivity in Brca1 heterozygous mFTE cells was difficult to detect.

pRPA accumulation on chromatin upon HU-induced replication stress is also affected in 

Brca1 heterozygous mOSE and mFTE cells compared with their WT counterparts (Figures 

4C and 4D). Furthermore, DNA fiber assays revealed increased fork degradation in Brca1 
heterozygous mOSE and mFTE cells compared with Brca1 WT cells (Figure 4E). In 
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keeping with defective SFR in Brca1 heterozygous cells, these cells also showed a higher 

percentage of cells with 53BP1 foci than Brca1 WT cells (Figures 4F and 4G). Similar 

experiments were also carried out with the second pair of Brca1 heterozygous mOSE and 

mFTE lines (M4). Here too, Brca1 heterozygosity resulted in increased sensitivity to the 

replication stalling agent cisplatin, reduced pRPA (S33) loading after HU, and increased 

micronucleus formation after cisplatin and HU (Figures S3C, S3D, and S3E). These data 

further confirm that Brca1 heterozygous mOSE and mFTE cells are haploinsufficient for 

stalled fork repair.

FTE cells are more tumorigenic than OSEs, and BRCA1 heterozygosity accelerates 
tumorigenesis

We compared the tumor-forming ability of fallopian and ovarian epithelial cells. Considering 

haploinsufficiency for replication-stress suppression in BRCA1 heterozygous cells in our 

study, we also addressed the effect of Brca1 heterozygosity on tumor formation. To enable 

tumor formation, the mOSE and mFTE cells were deleted for Pten via CRISPR-Cas9-

mediated gene editing. Pten mutations are commonly present in BRCA1 mutant ovarian 

tumors.42

Cells were either subcutaneously injectedinto immune-compromised NSG mice or injected 

into the ovarian fat pad (OFP) of these mice. Both these approaches revealed that the 

fallopian tube-derived mFTE cells have higher tumorigenic potential than the ovarian 

surface-derived mOSE cells (Figures 5A and 5C). In both tumor models mFTE cells formed 

tumors faster and with significantly higher tumor weight compared with their isogenic 

ovarian counterparts. Furthermore, in the subcutaneous tumor model, Brca1 heterozygosity 

accelerated the tumorigenic potential of both ovarian and fallopian cells (Figures 5A and 

5B). Interestingly, in the OFP tumor model, although Brca1 heterozygosity resulted in 

accelerated tumorigenesis with higher tumor weight in the mOSE arm, in the mFTE 

arm, Brca1 heterozygosity resulted in increased metastasis but not necessarily bigger 

tumors (Figures 5C, 5D, and 5F). The Brca1 heterozygous mFTE-derived tumors mostly 

metastasized to the lungs in this tumor model (Figure 5F). Such lung metastasis has been 

observed previously in other more aggressive ovarian tumor mouse models.43–45

All the tumors showed positive stain for HGSOC-specific markers p16 and Pax8 (Figure 

5E). This was also true for the metastasized Brca1+/− mFTE tumors in the lung (Figure 5F). 

These tumors (BTP mOSE and TP and BTP mFTE) were also positive for the replication 

stress marker 53BP1 (Figure 5G). This finding is consistent with our observation that 

FTE cells are prone to increased replication stress and that Brca1 heterozygosity results 

in haploinsufficiency for replication stress suppression. Collectively, these analyses confirm 

that FTE cells possess a higher tumorigenic potential than the OSE cells and that Brca1 
heterozygosity further amplifies the tumorigenic potential of these cells.

Human fallopian tube epithelial cells are susceptible to increased replication stress 
compared with human ovarian surface epithelial cells

The work described above successfully demonstrated inherent defects in replication-stress 

suppression and impaired activation of cell-cycle checkpoints in mouse fallopian tube-
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derived cells, compared with their isogenic counterparts derived from ovarian surface 

epithelium. In light of these findings, we sought to investigate whether similar DNA damage 

repair disparities exist between human fallopian and ovarian epithelial cells. It is important 

to note that the human fallopian and ovarian epithelial cells we worked with are not isogenic 

and do not share an identical genetic background. Nonetheless, we pursued this inquiry to 

explore potential similarities or differences in DNA damage repair mechanisms in human 

counterparts.

The questions here remained the same: whether FTE cells exhibit compromised DNA 

damage repair capabilities and impaired checkpoint activation compared with OSE cells. 

To address these questions, we worked with two immortalized human OSE (HOSE) lines, 

IHOSE1431 and HOSE, and two human FTE (HFTE) lines, HFTE237 and HFTE194 

(Figure 6A), which have been previously described.30,46–48 These cell lines were isolated 

from healthy human ovaries and fallopian tubes from patients without cancer. We confirmed 

the epithelial cell origin for all the lines by using the epithelial cell marker CK8 and the 

fallopian tube origin for the HFTE cell lines by staining for PAX826,49 (Figure S4A). In 

addition, FACS-based analysis of BrdU incorporation into the cells confirmed that HOSE 

and HFTE lines had similar cell-cycle profiles and proliferation rates (Figure S4B).

Consistent with our findings in the mouse cells, we found that human FTE cells (HFTE237 

and HFTE194) exhibited a significant reduction in accumulation of pRPA (S33) on 

chromatin compared with HOSE lines (IHOSE1431 and HOSE) following treatment 

with HU (Figure 6B). In addition, HFTE cells displayed reduced CHK1 phosphorylation 

compared with HOSE cells upon replication stress (Figure 6C).

We nextanalyzed the efficiency of G2/Mcheckpoint activation in HOSE and HFTE cells. 

Here too, both HFTE lines showed a reduction in the percentage of cells undergoing arrest 

in mitosis after treatment with HU relative to the human ovarian lines (Figures 6D and 6E). 

This agrees with checkpointdata from the mouse cell lines presented above. Together, this 

reveals that FTE cells are indeed inefficient in mounting a robust stalled fork repair response 

and are defective in G2/M cell-cycle checkpoint activation.

To address the potential impact of p53 loss on the replication-stress suppression ability of 

FTE cells, we directly compared P53 WT HOSE and HFTE lines. Specifically, we worked 

with IHOSE1431 and HFTE194, because both these lines are WT for P53 (Figure S4C). 

Specifically, we selected IHOSE1431 and HFTE194 cell lines due to their WT P53 status. 

However, IHOSE1431 lacks htert gene expression, unlike HFTE194. To ensure genetic 

similarity, we introduced htert into IHOSE1431 cells (IHOSE1431ht), thereby creating a 

comparable set of modified cell lines. When we compared these lines, we observed that FTE 

line HFTE194 was defective in RPA loading after HU-induced replication stress, defective 

in activation of G2/M checkpoint, and more prone to micronucleus formation (Figures S4C, 

S4D, S4E, and S4F) upon DNA damage. These findings provide further evidence that FTE 

cells, irrespective of their p53 status, are compromised in their ability to suppress replication 

stress compared with OSE cells.
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Cells in fallopian tube sections reveal increased replication stress compared with the 
ovarian surface sections

Having established that the FTE cells are innately prone to high replication stress compared 

with OSE cells, we next asked whether we could find evidence of this phenomenon in the 

mouse and human tissue sections. Specifically, we sought to examine paired ovarian and 

fallopian sections derived from the same mice and from the same individuals to determine 

whether the FTE sections show evidence of increased replication stress in comparison with 

the OSE sections. We used 53BP1, a known replication stress marker,14,50 to address this 

question. Paired fallopian tube and ovarian surface sections from three mice (1427, 1638, 

and 569) and paired fallopian and ovarian sections from six different individuals were 

stained with 53BP1. Among these individuals, three were WT for BRCA1 (A1, A2, and 

A3) and three were heterozygous for BRCA1 (B1, B4, and B5). Our data consistently 

demonstrate that, for all the cases (three mice and six individuals), the FTE sections 

show evidence of replication stress, while the OSE sections do not (Figures 7A, 7B, 

S5A, and S5B). We also tested whether a certain fallopian cell type, i.e., secretory and/or 

ciliated, is more prone to accumulating 53BP1 signal. Pax8 antibody was used to mark the 

secretory cells. As shown in Figure S5D, in mouse fallopian tube sections, both ciliated and 

secretory cells are similarly susceptible to increased replication stress. This is evident by 

the observation that both Pax8-positive and Pax8-negative cells stain with 53BP1 antibody. 

We used FOXJ1 antibody, which stains ciliated cells, to address the nature of cells that 

stain positive for 53BP1 in human sections. Here, too, we found that both ciliated (FOXJ1 

positive) and secretory (FOXJ1 negative) cells stain with 53BP1 (Figure S5E).

Ki67 staining was used to determine the proliferation status of the ovarian and the fallopian 

sections. Our data indicate that the difference in replication stress signal between these 

two tissue types is not related to their proliferation status (Figure S5F). It remains to 

be determined whether BRCA1 heterozygosity contributes toward additional replication 

stress in the fallopian sections. The evidence presented in this study does suggest an 

increased percentage of 53BP1-positive cells in the fallopian tube from BRCA1 mutation 

carriers (Figure 7B), but due to limited sample size, the data do not reach statistical 

significance. Nevertheless, the analysis of paired mouse and human fallopian and ovarian 

sections provides unequivocal evidence that FTE cells experience increased replication 

stress compared with their ovarian surface counterparts.

Fimbrial ends of the fallopian tube are more prone to replication stress than the proximal 
ends, and the effect of menopausal status on replication stress

Fimbrial ends, which are in close proximity to the ovary, harbor precancerous lesions 

that could potentially give rise to HGSOC. In addition, the fimbrial ends could be 

particularly susceptible to replication stress due to their exposure to reactive oxygen 

species (ROS) through the follicular fluid released during ovulation.51,52 Taking these 

factors into consideration, we wondered whether the fimbrial ends of the fallopian tube 

exhibit heightened replication stress compared with the proximal ends. To address this, we 

conducted a comparative analysis of replication stress levels between the proximal region 

(including the isthmus and ampulla closer to the uterus) and the distal region (fimbrial ends) 

of the same women.
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Despite the limited sample size, we consistently saw that the isthmus/ampulla region of the 

fallopian tube shows significantly lower 53BP1 signal compared with the fimbrial region 

(Figures 7C and 7D). Interestingly, we detected increased 53BP1 levels in the isthmus/

ampulla region of BRCA1 mutant cases compared with BRCA1 WT cases (Figure S5C). 

Together our results suggest that the distal end of the fallopian tube, specifically, the fimbrial 

end, exhibits higher 53BP1 staining than the proximal end.

Given the connection between ovulation and ovarian cancer53–55 and considering the 

previously discussed evidence of increased replication stress in the fimbrial ends (Figures 

7A and 7B), we next focused on exploring the possible correlation between menopausal 

status and 53BP1 staining levels in the fallopian tubes. To conduct this analysis, we 

performed 53BP1 staining on sections of the fimbrial ends obtained from premenopausal 

(pre-M) and post-menopausal (post-M) women, both with and without BRCA1 mutations 

(Figure 7E). For each group, we examined three individual cases. We found significant 

increase in 53BP1 staining in the fimbrial sections from pre-M women compared with 

post-M women without BRCA1 mutation (Figure 7F). However, this difference between 

pre- and post-menopausal tissue sections was not observed in sections from women with the 

BRCA1 mutation, mainly due to persistence of 53BP1 staining in post-menopausal fimbrial 

tissue from BRCA1 mutation carriers (Figure 7F). It is important to note that we were 

unable to gather information on the ovulation cycles of the pre-M women in this study, 

limiting our ability to assess the potential impact of ovulation on these sections.

Together, these findings indicate that fimbrial ends undergo increased replication stress 

compared with the proximal ends of the fallopian tube and that menopausal status can 

potentially affect the extent of replication stress in the fimbrial end based on the BRCA1 
mutation status.

DISCUSSION

Investigating the cell of origin for cancer is a crucial undertaking that not only enhances 

our understanding of disease etiology but also directs our attention toward specific cell 

types to identify early events that promote tumor development. By understanding the 

origins of cancer at the cellular level, we can gain valuable insights into the disease 

and its underlying mechanisms. For HGSOC, the current understanding, based on mouse 

models,30,56 transcriptomic and proteomic profiling,24,57,58 and work with FTE and OSE 

organoids,26,27 is that FTEs are most likely the cells of origin.

In this study we provide the mechanistic basis for why FTEs might be more tumorigenic 

compared with OSEs, establishing their role in driving ovarian cancer. Our findings provide 

evidence that FTE cells are particularly compromised in their ability to repair stalled 

replication forks, suppress replication stress, and activate the G2/M checkpoint. We also 

show that BRCA1 heterozygosity amplifies replication stress in FTEs, rendering them more 

tumorigenic. Furthermore, our work with human fallopian and ovarian sections obtained 

from women with and without BRCA1 mutations reveals a striking accumulation of 53BP1, 

a marker for replication stress and DNA damage, predominantly at the fimbrial ends of the 

fallopian tube. In contrast, the proximal ends of the fallopian tubes display minimal 53BP1 

Galhenage et al. Page 11

Cell Rep. Author manuscript; available in PMC 2024 January 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



staining, and the ovarian surface epithelium even less so. We go on to investigate the effect 

of menopausal status on the accumulation of 53BP1 at the fimbrial ends.

Collectively, based on findings presented in this study, we propose that FTE cells, especially 

those in the fimbrial ends, are at an increased risk of accumulating genomic instability. 

Consequently, these cells emerge as the primary cell of origin for the initiation of ovarian 

tumorigenesis.

Despite the strong linkage between defective HR DSBR and HGSOC,9,59,60 we find no 

apparent defect in HR DSBR in either FTE or OSE. However, in contrast to the normal HR 

DSBR in FTEs and OSEs, SFR and replication-stress suppression are ineffective in FTEs 

compared with the isogenic OSE counterparts. This raises the interesting possibility that, 

despite the historical emphasis on HR defects as a primary driver of HGSOC, it is actually 

the defective stalled fork repair and the accumulation of replication stress that play an 

early role in the development of HGSOC. This hypothesis aligns with the well-established 

association between defective SFR and the onset of epithelial cancers.14,61,62 Increased 

replication stress has also been linked to ovarian cancer, and recent studies have looked 

for ways to target this through new therapeutic strategies for ovarian cancer.63–65 The 

compromised ability of FTEs to effectively handle stalled replication forks and consequently 

accumulate DNA damage upon replication stress renders them acutely vulnerable to 

genomic instability. We propose that this susceptibility positions FTEs as significant 

contributors to the initiation and progression of ovarian cancer.

A key step in suppressing tumorigenesis is effective checkpoint activation after DNA 

damage. In this study we find that FTEs are especially compromised in activating the 

G2/M checkpoint and tend to show a high incidence of micronucleus formation compared 

with their isogenic OSE counterparts. We propose that such checkpoint defects exist early 

in the FTE cells, and its dysregulation, presumably by modulation of checkpoint genes, 

could eventually provide the FTE cells with the survival advantage that could lead to 

tumorigenesis.

Germline heterozygous BRCA1 mutations predispose women to high risk for HGSOC,7,8,25 

and BRCA1 haploinsufficiency, especially for replication-stress suppression, has been 

shown previously.14,32 In our study, OSEs and FTEs derived from Brca1 heterozygous mice 

(Brca1wt/del; Trp53del/del) reveal that these cells undergo increased replication stress and 

genomic instability compared with the OSEs and FTEs from Brca1 WT mice (Brca1wt/wt; 

Trp53del/del). Such innate SFR defect in BRCA1 heterozygous cells could, in principle, 

represent the first in a chain of events that occur in BRCA1 heterozygous fallopian and 

ovarian epithelial cells on their way to ovarian cancer development.

Our tumor study reveals that, although both OSEs and FTEs can induce tumorigenesis when 

injected subcutaneously or into the OFP in immunodeficient mice, it is the FTEs that are 

more prone to tumorigenesis. Furthermore, Brca1 heterozygosity increased the tumorigenic 

potential of both OSEs and FTEs and resulted in faster tumor growth. This suggests 

that, even though BRCA1 haploinsufficiency for replication-stress suppression could drive 

tumorigenesis from ovarian surface epithelium, the BRCA1 heterozygous fallopian tube 
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cells within the same individual remain more defective in DNA damage repair and are more 

predisposed to tumorigenesis than their ovarian counterparts.

In the case where cells were injected into the OFP, it is interesting to note that BRCA1 
heterozygosity in FTE cells induced metastasis. There is not much evidence for increased 

metastasis except for some cases of increased brain metastasis66,67 in ovarian cancer. We 

suspect the increased evidence of lung metastasis that we see in our study reflects the more 

aggressive nature of FTE-derived BRCA1-mutant ovarian cancer.

The data from our mouse and human section analysis suggest several significant findings. 

First, our data demonstrate that the FTE cells are more susceptible to replication stress, as 

evidenced by positive 53BP1 staining, compared with OSE cells. Both ciliated and secretory 

cells of the fallopian tube show 53BP1 staining. How the distribution of 53BP1-positive 

ciliated and secretory cells changes based on the location of these cells within the fallopian 

tube, i.e., distal or proximal ends, and/or other factors, such as menopause, age, parity, 

BRCA1/2 status, etc., remains to be seen.

In our study, examination of different sections of the fallopian tube revealed that the fimbrial 

ends of the fallopian tube experience higher levels of replication stress compared with 

the proximal ends, such as isthmus and ampulla. This finding supports the hypothesis 

that fimbrial ends, located in close proximity to the ovarian surface, may be exposed to 

ROS during ovulation, rendering them more prone to replication stress.51,52,68 Interestingly, 

despite being the site of ovulation, we find that the ovarian surface does not display signs of 

replication stress. Our data suggest that this may be attributed to the superior ability of OSE 

cells to suppress replication stress compared with FTE cells.

When comparing the presence of 53BP1-positive cells in BRCA1 WT vs. BRCA1 mutant 

distal/fimbrial ends, we observed a trend for higher percentage of 53BP1-positive cells in 

BRCA1 mutant fimbrial ends. Although our sample size was small, it does suggest that 

BRCA1 haploinsufficiency may contribute to the accumulation of replication stress in FTEs. 

This is in keeping with our cell-line-based experiments. The higher 53BP1 staining in 

BRCA1 heterozygous cells also supports a previous report that identified elevated 53BP1 

protein expression in BRCA1-mutant ovarian carcinomas.69

Finally, our data indicate a potential correlation between menopausal status and the extent 

of replication stress in the fimbrial end, particularly in relation to the presence of BRCA1 
mutations. Specifically, pre-M women exhibited increased 53BP1 staining in the fimbriae 

sections compared with post-M women without BRCA1 mutations. However, this difference 

was not observed in women with BRCA1 mutations, as post-M fimbriae tissue in these cases 

retained strong 53BP1 staining. It remains to be seen whether BRCA1 mutation in post-M 

women renders their fallopian tissue susceptible to chronic replication stress. It is important 

to note that further investigation is needed to assess the effect of ovulation on the observed 

results, which could not be assessed due to the lack of available information on the ovulation 

cycles of the pre-M women included in the study.

This study has important implications not only for the evolution of HGSOC but also for the 

design of therapeutic strategies for HGSOC. The weaknesses identified in our study in FTE 
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cells, i.e., increased replication stress and defective G2/M checkpoint, provide avenues for 

future therapeutic strategies.

Limitations of the study

One limitation of our study is that the isogenic mouse lines we worked with lack P53. 

We encountered difficulties in deriving stable P53-WT lines from the fallopian and ovarian 

tissue of the p53-WT mice. This limited our ability to conduct comprehensive analysis on 

isogenic fallopian and ovarian cell lines with intact p53. It remains plausible that the loss of 

p53, which is a common occurrence in HGSOC, may have a varying impact on either the 

fallopian or the ovarian cell type. Nevertheless, the micronucleus analysis that we were able 

to carry out on short-term cultures of p53-WT FTEs and OSEs (using three different lines) 

after treatment with cisplatin or HU does suggest that p53 status might not significantly 

influence the increased sensitivity to replication stress observed in FTE cells compared 

with OSE cells. Both p53-WT and p53-deleted FTE cells were more prone to micronucleus 

formation compared with their OSE counterparts. Having said that, it will be important to 

conduct a more extensive analysis with p53-WT lines (if they can be cultured) to investigate 

whether the presence of p53 selectively affects FTEs more than OSEs, or vice versa.

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further inquiries regarding methods, reagents, or results should be directed 

to the lead contact, Shailja Pathania (Shailja.Pathania@umb.edu).

Materials availability—This study did not generate unique materials and reagents.

Data and code availability

• Original data are available from the lead contact upon request.

• This paper does not report original code.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human experimental sections—Human ovarian surface epithelial (OSE) and fallopian 

tube epithelial (FTE) BRCA1 wildtype (n=7) and mutant unstained tissue (n=7) from 

pre-menopausal (Pre-M) and post-menopausal (post-M) women were obtained from the 

Brigham and Women’s Hospital pathology [DF/HCC] core. Menopausal status of each 

case is available through table in Figure 7E. Immunofluorescence based analysis and 

immunohistochemistry was performed using these sections.

Mouse experimental models—Genetically engineered mouse models were generated 

by crossing mice harboring the conditional Brca1flox/flox Trp53flox/flox allele (kindly 

provided by Jos Jonker’s group)71 with Meox2-Cre mice obtained from Jackson Labs (Stock 
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#003755).29 14-weeks old female mice were used in this study to generate mOSE and mFTE 

M412, M56, M338, M4 cell lines.

Animal tumor models were carried out in 6-weeks old NSG (NOD.Cg-Prkdcscid Il2rgtm1Wjl/

SzJ) female mice. All animal experiments in this study were performed according to the 

guidelines established by the IACUC (Institutional Animal Care and Use Committee) 

of University of Massachusetts Boston, Dana Farber Cancer Institute, and Massachusetts 

Institute of Technology.

METHOD DETAILS

Genotyping—The conditional inactivation of Brca1 and Trp53 is driven by Cre-mediated 

recombination of loxp sites flanking Brca1 exons 5–13 and Trp53 exons 2–10 respectively. 

Mouse genotyping was performed on genomic DNA extracted from mouse tail snips 

as described previously.32 14-week-old Brca1wt/wt; Trp53flox/del; Meox2wt/Cre (M412), 

Brca1wt/flox; Trp53del/del; Meox2wt/wt (A56), and Brca1wt/del; Trp53flox/del Meox2wt/Cre 

(M338 and M4) mice were used in this study. Below are PCR primers used to carry out 

genotyping.

Meox2Cre wt: CGCGATTATGCAAGACGAGGAAGATGTGGAGAGTTCGGGGTAG

Meox2Cre KI: CTTCTTCTTGGGTCCTCCCAGATCCTCCTCAGAAATCAGC

Meox2Cre common: CCTGAAAGCAGTTCTCTGGGACCACCTTCTTTTGGCTTC

Brca1-A: GGTACCAGTTATGAGTTAGTCGTGTGCCTGAGTCA

Brca1-B: GCTGAGATTAAAGTGCAGGCCACCACACTCAGTGAT

Brca1-C: GCTGTGACATATTCTTACTTCGTGGCACATCTCTCA

Tp53int1F: 

ACAAAAAACAGGTTAAACCCAGCTTGACCAAGTGCCATTGGTCCATGGAT

Tp53int1R: AGCACATAGGAGGCAGAGACAGTTGGAGGCCAGCCTGGTCTACAGA

Tp53int10R:GGGGAGGGATGAAGTGATGGGAGCTAGCAGTTTGGGCTTTCCTCCTT

GATCA. All animal experiments in this study were performed according to the guidelines 

established by Animal Care and Use Committee of Dana Farber Cancer Institute and 

University of Massachusetts Boston.

Isolation and culture of primary isogenic mouse ovarian surface epithelial 
cells (mOSE) and mouse fallopian tube epithelial (mFTE) cells—The ovaries 

and oviducts from 14-week-old genetically engineered mice were collected and separated 

under microscope. Tissues were triple washed with PBS, dissected with a scalpel and 

then incubated in 0.25% Trypsin in a 15 ml Falcon tube at 37°C for 30 mins as 

described previously.72–74 Trypsin inhibitor was added to terminate digestion. Cells were 

then centrifuged and resuspended in the growing medium75 containing DMEM, 4% 

heat-inactivated fetal bovine serum, 100U/ml penicillin/100μg/ml streptomycin solution 
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(Sigma-Aldrich), 0.1μg/ml gentamicin (Gibco-R01510), 1μg/ml insulin–transferrin–sodium–

selenite supplement (Sigma-Aldrich; 11074547001), and 2 ng/ml recombinant EGF (Gibco; 

PHG0311L). Primary cells were maintained in tissue culture plates in this media and 

passaged upon reaching confluence.

Human ovarian and fallopian tube epithelial cell culture—Immortalized human 

fallopian tube cells (HFTE237 and HFTE194) were provided by Dr. Ronny Drapkin (UPenn, 

Perelman School of Medicine Philadelphia) and Dr. Robert Weinberg (Whitehead Institute 

for Biomedical Research, MIT). HFTE cells were cultured in 10% FBS, 1% Pen-strep, 

and DMEM/Ham’s F-12 50/50 (Corning; 15090-CV). Human ovarian surface epithelia cells 

(HOSE) were provided by Dr. Frances Balkwill (Queen Mary University of London) and 

cells were cultured in Medium199 (Gibco; 11150–059) and MCDB105 (Sigma Aldrich; 

117–500) in 1:1 ratio, and supplemented with 15% FBS, 34μg/ml of Bovine pituitary 

extract (Life Technologies; 13028014), 0.5μg/ml of Hydrocortisone (Sigma; H0888–1G),76 

5μg/ml of Insulin human recombinant zinc solution (Life Technologies; 12585014), and 

10ng/ml of recombinant human EGF (Gibco; PHG0311L). The second ovarian epithelial 

IHOSE1431 cell line was provided by Dr. Jae Hoon Kim at Gangnam Severance Hospital 

Yonsei University of Medicine, Seoul, Republic of Korea. IHOSE1431 cells were cultured in 

10% FBS, 1% Pen-Strep, and DMEM.

Immunofluorescence for cell lines—Cells grown on glass coverslips were washed with 

PBS and fixed with 4% paraformaldehyde/2% sucrose for 10 min at room temperature (RT). 

Cells on coverslips were washed with PBS and permeabilized with 0.5% Triton X-100 for 

4 min at RT. Cells were incubated with respective antibodies for 35 min at 37°C followed 

by incubation with secondary antibodies (FITC and/or Rhodamine conjugated) for 25 min at 

37°C. Finally, coverslips were mounted with 4,6-diamidino-2-phenylindole (DAPI). Primary 

antibodies used were γH2AX (Millipore; 05–636; 1:5,000), PAX8 (Proteintech; 10336; 

1:1000), CK8 (TROMA-I -DSHB; AB_531826; 1:75), 53BP1 (Bethyl Labs; A300–272A; 

1:2,000), and Rad51 (Santa Cruz; SC-8349; 1:150). Images were captured using an Axio 

Imager M2 (Carl Zeiss) equipped with an Axiocam 506 color camera.

Immunoblotting and antibodies—Nuclear extracts were prepared by first lysing the 

cells in pre-extraction buffer (PEB) (0.5% Triton X-100, 20mM HEPES pH 7,100mM 

NaCl, 3mM MgCl2, 300mM sucrose in dH2O). Cells were incubated on ice for 20min 

in PEB buffer and then centrifuged at 5000 rpm for 10 min. The supernatant represented 

the cytoplasmic extract. The nuclear pellet was washed with PBS and lysed in high salt 

buffer NETN400 (400mM NaCl, 20mM Tris-HCL pH 7.8, 0.5% NP-40, 1mM EDTA, 

and dH2O) by constant shaking for 1hr at 4°C. The extract was centrifuged at 15000 

rpm and the supernatant collected after centrifugation represented the nuclear extract. 

All buffers were supplemented with protease and phosphatase inhibitors. Antibodies and 

their dilutions used for western blotting were pRPA32 (S4/S8) (Bethyl Labs; A300–245A; 

1:2500), pRPA32 (S33) (Bethyl Labs; A300–246A; 1:2500), Pax8 (Proteintech; 10336; 

1:2500), γH2AX (Millipore; 05–636; 1:2500), pCHK1 (Cell signaling; 2348S; 1:1000), 

CHK1 (Cell signaling; 2360S; 1:1000), Lamin B1 (Cell Signaling; 12586; 1:3000), GAPDH 

(Santa Cruz; SC-25778; 1:4000), and mouse Brca1 (kindly gifted by Dr. David Livingston).
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Immunofluorescence and immunohistochemistry for tissue sections—For both 

immunofluorescence and immunohistochemistry, FFP embedded tissue sections were 

deparaffinized in xylene and rehydrated by serial dilution in ethanol and water. Antigen 

retrieval was performed by heating the slides in 1X citrate buffer pH 6 (Millipore-Sigma, 

C9999) for 12min under high pressure followed by cooling down for 30 min at RT. Then 

sections were washed once with PBS for 5min. For immunofluorescence, sections were 

blocked with 1% bovine serum albumin [BSA], 10% normal goat serum, and 0.3% Triton 

X-100 for 1.5hr and then incubated with 53BP1 (Bethyl Laboratories; A300–272A; 1:200), 

or FoxJ1 (Millipore Sigma; HPA005714; 1:200), or 53BP1 (BioLegend; 933002; 1:50), or 

Pax8 (Proteintech; 10336; 1:600) primary antibodies diluted in 1% BSA, 1% normal goat 

serum, and 0.3% Triton X-100 for overnight at 4 °C. Finally, sections were incubated with 

secondary antibody (Alexa Fluor 647) for 1hr at room temperature and then counterstained 

with DAPI.

For immunohistochemistry, Endogenous peroxidase was quenched using peroxidase block 

for 35 min and the slides were washed twice with PBS for 5 min, followed by protein block 

for 2hrs in the humidity chamber after antigen retrieval. Sections were washed twice with 

PBS and incubated with primary antibodies overnight at 4°C. Then the slides were washed 

with PBS twice for 5min and Novolink polymer detection kit (Leica; RE71401-CE) was 

used to carry out the following steps. Incubate the slides with Novolink polymer for 30min 

followed by PBS washes. Peroxidase activity was developed by using 1:20 dilution of DAB 

working solution for 7min. Once the slides were rinsed with water, they were counterstained 

with Harris modified hematoxylin (Fisher Scientific, SH26–500D) for 15min. Finally, the 

slides were rinsed with water, dehydrated, and mounted with vectashield antifade mounting 

media (Vector Laboratories; H-1000). Images were acquired with an Axio Imager. M2. 

Pax8 (Proteintech, 10336; 1:2000), P16 (Santa Cruz, sc-1661; 1:500), and Ki67 (Novusbio, 

NB500–170) antibody was used to stain the sections.

Cell viability assay—Cell viability was assessed by plating 1500 cells per well in a 96 

well plate. 24hrs after plating, cells were treated with either HU, cisplatin, or etoposide for 

the indicated doses and time. CellTitter-Glo reagent (Promega; G7572) and DMEM was 

added in a 1:1 ratio to each well, and the assay was carried out based on manufacturer’s 

instructions. Luminescence was quantified using a BMG Lab-tech luminometer.

DNA fiber assay—Cells were first labeled with 25μM IdU analog for 35 min, washed 

three times with PBS followed by incubation with 300μM CldU analog for 35 min. Cells 

were washed and treated with HU (5mM) for 3 hrs. Pre-labeled cells were mixed with 

unlabeled cells at 1:2 ratio, lysed, and spread onto positively coated microscope slides to 

obtain single DNA fiber tracts. Slides were fixed with methanol/acetic acid (3:1) for 20 min. 

After denaturation and blocking (2%BSA/PBS), DNA fibers were stained with rat anti-CldU 

(Abcam; ab6326; 1:400) and mouse anti-IdU (BD Biosciences; 555627; 1:400) for 2 hrs 

followed by secondary antibody Alexa Fluor 555 goat anti-rat (Invitrogen; A21434; 1:400) 

and Alexa Fluor 488 goat anti-mouse (Invitrogen; A10684; 1:400) for 1 hr. DNA fibers were 

visualized through a fluorescent microscope and ImageJ software was used for evaluation of 

the tract lengths.
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Flow cytometry-based cell cycle analysis—Cell cycle analysis was conducted by 

using FACS. Both human and mouse ovarian and fallopian tube cells were incubated with 

bromodeoxyuridine (BrdU) for 1hr and then fixed with 70% ethanol overnight. Fixed cells 

were centrifuged, washed with PBS, and incubated with 1ml of 2M HCL in 0.5% triton 

X-100/PBS for 30min at RT. Cell pellets were resuspended in PBST (0.05% Tween20 in 

PBS) and centrifuged at 1500 rpm for 8 min. Supernatant was discarded and the cells were 

incubated with 0.1M NaBorate (pH 8.5) for 25min. Cells were centrifuged again and labeled 

with FITC conjugated mouse anti-BrdU (1:10 dilution, BD Pharmingen; 556028) in super 

blocking buffer (Invitrogen; 37545) for 1hr in the dark at RT. Cells were washed with 4ml 

of PBST and centrifuged at 1500 rpm for 10 min. Finally, stained cells were resuspended in 

300μl of PI/RNAse solution (BD Pharmingen; 550825) and analyzed by flow cytometry.

Cell cycle checkpoint—pH3 (S28) FACS-based analysis was carried out for cells treated 

with 2mM HU for 5hrs and then 0.1μg/ml of Nocodazole for 18 hrs. Cells were collected 

and fixed with 70% ethanol at 4°C overnight. Cells were washed with PBS and centrifuged 

at 1500 rpm for 8min. The pellet was resuspended in 1ml of 0.25% Triton X-100 in PBS and 

incubated on ice for 15min. After incubation, 2ml of 1% BSA/PBS was added and the cells 

were centrifuged for 8 min at 1500 rpm. Supernatant was discarded, cells were stained with 

Alexa Fluor 647 conjugated anti-pH3(S28) (BD Phosflow; 558217; 1:25 dilution) for 3 hrs. 

Cells were washed with 1% BSA/PBS and resuspended in 300μl of PI for 10 minutes before 

FACS analysis. G2/M checkpoint was evaluated by first incubating the cells with BrdU for 

1hr. After washing off the BrdU, cells were treated with 5mM HU for 5hrs. Cells were 

collected at indicated time points and fixed in 70% ethanol overnight at 4°C. BrdU staining 

was carried out as mentioned in the BrdU FACS- based cell cycle analysis.

Micronuclei analysis—mOSE and mFTE lines were seeded onto coverslips and treated 

with HU (5mM for 5hrs) or cisplatin (2μM for 5hrs). Cells were allowed to recover for 24hrs 

post cisplatin and 48hrs post HU treatment. Cells were fixed with 4% paraformaldehyde/2% 

sucrose for 10 min at RT and washed with PBS. Cells were permeabilized with 0.5% Triton 

X-100 for 4 min at RT and were mounted with DAPI. Percentage of cells with micronuclei 

were examined (3 or more micronuclei per nuclei was considered as muti-micronuclei for 

the analysis).

Animal experiment—Pten was deleted in Brca1 wildtype (M412) and Brca1 
heterozygous (M338) mOSE and mFTE lines. CRISPR/Cas9-GFP expressing plasmid were 

used to knockout Pten (Santa Cruz; Sc-422475) per manufacturer’s protocol. FACS- based 

analysis was used to isolate Cas9-GFP (Pten knockout) expressing cell population and cells 

were seeded as single cells into a 96 well plate. Knockout was confirmed through western 

blot analysis.

The sgRNA sequence—sc-422475 A:

• Sense: ACCGCCAAATTTAACTGCAG

sc-422475 B:

• Sense: GCAGCAATTCACTGTAAAGC
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sc-422475 C:

• Sense: AAAGCTGGAAAGGGACGGAC

For animal tumor study, mOSE and mFTE cells (TP-M412; Brca1+/+ Trp53−/− Pten−/−) 

and (BTP-M338; Brca1+/− Trp53−/− Pten−/−) were injected either subcutaneously (n=4) 

or into the ovarian fat pad (OFP) of 6-weeks old NSG mice (n=6). For ovarian fat 

pad injections, mice were anesthetized with 1.25% Avertin, IP (4mg/10g body weight). 

Meloxicam and SR- buprenorphine analgesics were administered pre-operatively. While the 

mouse is anesthetized, its hair was shaved, and the incision site was cleaned with three 

rounds of a povidine iodine (Betadine scrub) and followed by a 70% alcohol rinse. A 1cm 

incision was made along the abdominal region between the third and fourth mammary gland 

roughly 0.5cm from the spine to expose the peritoneum where the ovary and ovarian fat 

pad are easily visible. A small incision was made in peritoneal wall above the ovary and 

ovarian fat depot. The adipose tissue and ovary were pulled through the peritoneal incision 

far enough to expose 0.5cm of adipose tissue. One million mOSE or mFTE lines in 1:1 ratio 

of PBS and Matrigel (Corning Matrigel; 354234) were injected in the ovarian fat pad with 

a Hamilton syringe. 25ul of cell/matrigel mixture was injected into ovarian fat pad of mice. 

After injection, the adipose depot was carefully pushed back through the peritoneal wall and 

sutured to close the peritoneum. The skin was gathered, and the incision was closed with 

wound clips. Following surgery, mice were kept warm on a heating pad until fully recovered. 

Meloxicam was used perioperatively, injected subcutaneously (5 mg/kg, s.c.), and was again 

followed up 24 hours later with a post-op administration, as per CAC guidelines for post-op 

care for animals undergoing survival surgery. For subcutaneous tumor model, we injected 

four million mOSE or mFTE cell lines into the right and left flanks of the NSG mice. Both 

OFP and subcutaneously injected mice were sacrificed when the biggest tumor reached 2cm 

which was in 1 month and 18 days after the injection. Tumors were collected and weights 

(g) were calculated.

QUANTIFICATION AND STATISTICAL ANALYSIS

Student t-test analysis was performed to calculate P-value for all the experiments using excel 

and/or GraphPad Prism. *, **, ***, and **** represents P ≤ 0.05, P≤ 0.01, P≤ 0.001, and 

P≤ 0.0001 respectively. Additionally, independent t-test and verified by the non-parametric 

Mann-Whitney test was performed due small sample size. We also used mixed linear model 

to take the dependence within the person when comparing two groups to achieve statistical 

analysis of 53BP1 levels in the human OSE and FTE sections.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• FTE cells show higher replication stress, genomic instability, and 

tumorigenicity than OSEs

• Brca1 heterozygous OSE/FTE cells are haploinsufficient for replication stress 

suppression

• Human/mouse FT epithelium has higher 53BP1 signal/replication stress than 

OS epithelium

• Fimbrial ends are replication stress prone and the stress extent is influenced 

by menopause
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Figure 1. Characterization of isogenic pairs of mOSE and mFTE cell lines and their sensitivity to 
different DNA-damaging agents
(A) Summary of genotypes of isogenic pairs of mOSE and mFTE lines generated from two 

genetically modified mice (M412 and M56).

(B) Representative immunofluorescence images for CK8 and Pax8 in mOSE and mFTE 

cells from M412 and M56 mice. Images were taken at 63× magnification, and the scale bar 

represents 20 μm.

(C–E) CellTiter-Glo-based cell survival assays. (C) Cells were treated with HU for 3 days 

and collected 2 days post-HU treatment. (D) Cisplatin was added for 24 h and cells were 
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collected for analysis 4 days post-treatment. (E) Cells were treated with etoposide for 3 days 

at indicated doses and collected for analysis 2 days later. Error bars represent SD between 

triplicates. *p ≤ 0.05 and ****p ≤ 0.0001.

(F and G) mOSE and mFTE cells (M412) were irradiated (10 Gy) and analyzed 4 h later 

for Rad51 and γ-H2AX focus-positive cells. Representative immuno-fluorescence images 

are shown in (F) and quantification is shown in (G). Two hundred cells/experiment were 

counted for this analysis. Error bars indicate the SD between three biological replicates. NS 

indicates not significant. Images were taken at 63×, and the scale represents 20 μm.
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Figure 2. mFTE cells show defective stalled fork repair and increased DNA damage 
accumulation upon replication stress
(A) Nuclear extracts were analyzed for accumulation of pRPA (S4/S8). Cells were treated 

with 5 mM HU for 3 h.

(B) Western blot analysis of cytoplasmic pChk1 (S345) and Chk1 levels in cells treated with 

5 mM HU for 3 h.

(C) Schematic overview of DNA fiber assay (top) and representative tracts (bottom) from 

cells grown in the presence or absence of 5 mM HU for 3 h. Green and red tracts correspond 

to IdU and CldU incorporation, respectively.
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(D) Scatterplots compare the ratios of CldU/IdU tract lengths in the presence and absence of 

HU. Black lines indicate the average. n ≥ 100 tracts were scored for each dataset. ****p ≤ 

0.0001.

(E) Representative immunofluorescence (IF) images of cells scored for 53BP1 foci are 

shown. White arrow points to the 53BP1 foci positive nucleus which is magnified further in 

the side panel. Images were taken at 63× magnification. Scale bar represents 20 μm.

(F) The graph indicates the percentage of cells with 10 or more 53BP1 foci per nucleus. 

Error bars indicate the SD between two technical replicates of two biological experiments. 

NS indicates not significant, ****p ≤ 0.0001.

(G) Western blot analysis of γH2AX levels. Cells were treated with 5 mM HU for 3 h (TR 

= 0) and allowed to recover for 20 h (TR = 20) or treated with 25 μM cisplatin for 1 h and 

allowed to recover for 20 h (TR = 20) or 40 h (TR = 40).
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Figure 3. Defective G2/M checkpoint activation and micronucleus formation in mFTE cells 
compared with isogenic mOSE counterparts (M412)
(A and B) (A) FACS-based analysis of the mitotic populations in mOSE and mFTE lines 

treated with HU and nocodazole. Cells were cultured in the presence or absence of 2 mM 

HU for 5 h. After 5 h, HU was washed off, and the cells were incubated with 0.1 μg/mL 

nocodazole for 18 h. Cells were then fixed and stained with phospho-histone H3 (S28) 

antibody (mitosis-specific marker). (B) Percentage of pH3 (S28)-positive cells in mOSE and 

mFTE lines in the presence or absence of HU and nocodazole is plotted. Error bars indicate 

the SD between two biological replicates. NS indicates not significant and ***p ≤ 0.001
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(C) Experimental schematic of FACS-based G2/M checkpoint analysis of mOSE and mFTE 

cells in the presence or absence of HU.

(D and E) Cells were cultured in the presence of BrdU for 1 h (T0), followed by treatment 

with 5 mM HU for 5 h, and then allowed to recover for 2 h (T7) in fresh medium. The cells 

were harvested, fixed, and stained with BrdU antibody and propidium iodide.

(D) BrdU-positive cells (FITC-A) are plotted against forward scatter (FSC-A) in the top row 

and cell count is shown in the bottom row. (E) Data presented in (D) are plotted. Graph 

indicates the percentage of BrdU-positive cells (FITC-A) in G1 phase of the cell cycle in 

the presence or absence of HU (T7). Error bars indicate the SD between two biological 

replicates. NS indicates not significant and *p ≤ 0.05.

(F) Increased micronucleus formation in mFTE cells compared with isogenic mOSE cells. 

Cells were treated with 2 μM cisplatin for 5 h and allowed to recover for 24 h or treated 

with 5 mM HU for 5 h and allowed to recover for 48 h before being fixed for micronucleus 

analysis. White arrows point out the cells with micronuclei. IF images were taken at 63× and 

scale bars represent 20 μm.

(G) Graph shows the percentage of cells with micro-nuclei post-cisplatin or HU treatment. 

Error bars indicate the SD between two technical replicates of two biological experiments. 

NS indicates not significant, *p ≤ 0.05, **p≤ 0.01.
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Figure 4. Brca1 heterozygous mOSEs and mFTEs (M338) are haploinsufficient for stalled fork 
repair
(A and B) Brca1 WT and heterozygous mOSE and mFTE cells were treated (A) with 

indicated doses of cisplatin for a day and (B) with HU for 3 days, and both treatments were 

allowed to recover for 4 days (cisplatin) and 2 days (HU). Cell viability was measured with 

the CellTiter-Glo-based cell survival assay. *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001.

(C and D) Western blot analysis of nuclear extracts prepared from Brca1 WT and 

heterozygous (C) mOSE and (D) mFTE cells undergoing HU-induced replication stress. 

Cells were treated with 5 mM HU for 3 h and collected thereafter to prepare nuclear 
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extracts. Western blots were probed with pRPA (S4/S8), Brca1, and Lamin B1 (loading 

control).

(E) Fiber-based assay to analyze fork degradation in Brca1 WT (M412) and Brca1 
heterozygous (M338) mOSE and mFTE cells after HU treatment. Cells were sequentially 

labeled with IdU followed by CldU and then treated with 5 mM HU for 3 h. Ratio of 

CldU/IdU tract length is plotted. NS indicates not significant and ****p ≤ 0.0001.

(F and G) Brca1 heterozygous mOSE and mFTE cells are more prone to fork collapse 

than the Brca1 WT cells. (F) Representative IF images and (G) graph of the percentage of 

53BP1-positive Brca1 heterozygous mOSE and mFTE cells. Cells were treated with 6 mM 

HU for 4 h and then allowed to recover for 18 h. Images were taken at 63× magnification. 

Scale bar in white represent 20 μm. Graph shows the percentage of cells with 10 or more 

53BP1 foci per nucleus. Error bars indicate the SD between two technical replicates of 

two biological experiments. White arrows point to 53BP1 positive nuclei. IF images were 

taken at 63X and scale bars represent 20 μm. NS indicates not significant, **p ≤ 0.01, ***p 

≤0.001.
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Figure 5. Fallopian tube epithelial cells are more prone to tumorigenesis than ovarian surface 
epithelial cells
(A and B) Four million cells each from four cell lines (2× mOSE and 2× mFTE) with the 

genotypes TP (Brca1+/+; Trp53−/−; Pten−/−) and BTP (Brca1+/−; Trp53−/−; Pten−/−) were 

subcutaneously injected into both flanks of 6-week-old NSG (NOD scid gamma; Prkdcscid 

II2rgtm1Wji) mice. n = 4 mice (eight injection sites) per group were injected with the cells. 

(A) Tumors were harvested from all mice 48 days post-subcutaneous injections and (B) 

tumor weight was measured.
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(C and D) One million TP and BTP cells (mOSE and mFTE lines) were injected into the 

ovarian fat pad of 6-week-old NSG mice (n = 6 mice per group). (C) Tumors were harvested 

48 days post-ovarian fat pad injections and (D) weight of the tumors was measured. *p ≤ 

0.05 and **p ≤ 0.01.

(E) Representative immunohistochemistry (IHC) sections assessing Pax8 and P16 

expression in mFTE tumors harvested from both subcutaneous and ovarian fat pad 

injections. Images were taken at 20× magnification. Scale bar in black represents 50 μm.

(F) Lung metastasis of ovarian fat pad-injected Brca1 heterozygous (BTP) mFTE lines. 

Representative lung H&E and IHC images of fallopian tube BTP mice. Black arrows point 

to tumor metastasis in lung tissue. Metastasized tumors stained positive for HGSOC markers 

Pax8 and P16. H&E and IHC images were taken at 20× magnification and scale bar 

represents 50 μm.

(G) Representative images of 53BP1-positive cells in mOSE (BTP) and mFTE (TP and 

BTP) tumor sections from ovarian fat pad-injected mice. IF images were taken at 63× 

magnification and scale bar represents 20 μm.
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Figure 6. Human fallopian tube epithelial (HFTE) cells are defective in replication-stress 
suppression and checkpoint activation
(A) List of HOSE and HFTE cell lines used in this study and the genetic modifications each 

line carries.

(B) pRPA (S33) accumulation in the nuclear extracts of HOSE and HFTE cells. Cells were 

treated with 5 mM HU for 3 h and the nuclear extract was analyzed by western blot for 

pRPA (S33), PAX8, and Lamin B1 (loading control).
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(C) CHK1 phosphorylation (pCHK1) was analyzed in the cytoplasmic extracts prepared 

from cells treated with 5 mM HU for 3 h. Western blot was probed for pCHK1 (S345) and 

CHK1.

(D and E) HOSE and HFTE cells were treated with 2 mM HU for 5 h, and the cells 

were cultured in medium containing 0.1 μg/mL nocodazole for 18 h. Following 18 h of 

nocodazole treatment, the cells were collected for FACS-based analysis. (D) Cells were 

stained with the mitotic marker pH3 (S28) and with propidium iodide (PI). (E) Graph 

indicates the percentage of pH3 (S28)-positive cells with and without HU and nocodazole 

treatment. Error bars indicate the SD between two biological replicates. NS indicates not 

significant; **p ≤ 0.01.
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Figure 7. Increased accumulation of replication stress marker 53BP1 in the fallopian tubes and 
not in the paired ovarian surface epithelium
(A and B) 53BP1 staining in paired fallopian tube and ovarian tissue sections from women 

with and without BRCA1 mutation. (A) Representative images of 53BP1 staining in 

paired ovarian surface epithelium and fallopian tubes of women with and without BRCA1 
mutation. Images were taken at 63× magnification and scale bar represents 20 μm. (B) 

Percentage of 53BP1-positive nuclei was determined by counting approximately 300 nuclei 

per section and two sections per case. *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001.
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(C and D) (C) Representative images of H&E staining of fimbriae and isthmus/ampulla 

region of the fallopian tube. H&E images were taken at 5× magnification. Scale bars 

represent 200 μm. (D) Graph represents a comparison between 53BP1 staining in the 

isthmus/ampulla and fimbrial ends of the fallopian tubes. The samples were obtained from 

both BRCA1 wild-type and BRCA1 mutant cases, with each pair of samples (isthmus and 

fimbrial sections) coming from the same woman. *p ≤ 0.05 and **p ≤ 0.01

(E) Table summarizing the menopausal status of BRCA1 wild-type and BRCA1 mutation-

carrying women whose fallopian tube sections were used for this analysis.

(F) Immunofluorescence analysis of 53BP1 staining in the fimbrial ends of the 

premenopausal (pre-M) and post-menopausal (post-M) BRCA1 wild-type and BRCA1 
mutant cases. Approximately 300 nuclei per section were counted from two sections per 

case (two technical replicates). *p ≤ 0.05.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

γH2AX Millipore Cat# 05-636; RRID: 
AB_309864

PAX8 Proteintech Cat# 10336; RRID: 
AB_2918972

CK8 TROMA-I 
-DSHB

Cat# AB_531826; 
RRID: AB_531826

53BP1 Bethyl Labs Cat# A300-272A; 
RRID:AB_185520

53BP1 BioLegend Cat# 933002; 
RRID:AB_2820202

Foxj1 Millipore 
Sigma

Cat# HPA005714; 
RRID:AB_1078902

Rad51 Santa Cruz Cat# SC-8349; 
RRID:AB_2253533

pRPA32 (S4/S8) Bethyl Labs Cat# A300-245A; 
RRID:AB_210547

pRPA32 (S33) Bethyl Labs Cat# A300-246A; 
RRID:AB_2180847

pCHK1 Cell signaling Cat# 2348S; 
RRID:AB_331212

CHK1 Cell signaling Cat# 2360S; 
RRID:AB_2080320

Lamin B1 Cell Signaling Cat# 12586; 
RRID:AB_2650517

GAPDH Santa Cruz Cat# SC-25778; 
RRID:AB_10167668

Mouse Brca1 Dr. David 
Livingston

In this paper

P16 Santa Cruz Cat# SC-1661; 
RRID:AB_628067

Ki67 Novusbio Cat# NB500-170; 
RRID:AB_10001977

pH3(S28) BD 
Biosciences

Cat# 558217; 
RRID:AB_397065

Anti-BrdU BD 
Pharmingen

Cat# 556028; 
RRID:AB_396304

Rat anti-CldU Abcam Cat# Ab6326; 
RRID:AB_305426

Mouse anti-IdU BD 
Biosciences

Cat# 555627; 
RRID:AB_395993

Alexa Fluor 555 goat anti-rat Invitrogen Cat# A21434; 
RRID:AB_2535855

Alexa Fluor 488 goat anti-mouse Invitrogen Cat# A10684; 
RRID:AB_2534064

Biological samples

Human Ovarian surface epithelial and Fallopian tube epithelial tissue This Paper Brigham and 
Women’s Hospital 
(BWH)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Citrate buffer pH 6 Millipore-
Sigma

Cat# C9999

Cisplatin Millipore-
Sigma

Cat# 232120

Hydroxyurea Millipore-
Sigma

Cat# H8627-1G

Corning Matrigel Fisher 
scientific

Cat# CB-40234A

Propidium Iodide BD 
Pharmingen

Cat# 550825

Critical commercial assays

Novolink polymer detection kit Leica Cat# RE71401-CE

CellTitter-Glo reagent Promega Cat# G7572

Experimental models: Cell lines

M412, M56, M338, M4 In this paper N/A

CD-1 (Endsley et 
al. , 2015)71

Dr. Joanna Burdette’s 
Lab

IHOSE1431 (Shin et al. , 
2018)47

Dr. Jae-hoon Kim’s 
Lab

HOSE (F et al. , 
2007)46

Dr. Frances 
Balkwill’s Lab

FTE237 (Karst and 
Drapkin, 
2012)48

Dr. Ronny Drapkin’s 
Lab

FTE194 (Perets et al. , 
2013)30

Dr. Ronny Drapkin’s 
Lab

IHOSE1431ht In this paper 
(hTERT 
immortalized)

N/A

Experimental models: Organisms/strains

NSG (NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ)- 6weeks old The Jackson 
Labs

Cat# 005557

Meox2-Cre mice (Meox2tm1(cre)Sor/J)- 14 weeks old The Jackson 
Labs

Cat# 003755

Oligonucleotides

Meox2Crewt: CGCGATTATGCAAGACGAGGAAGATGTGGAGAGTTCGGGGTAG (Pathania et 
al. , 2014)32

Dr. Pathania’s Lab

Meox2CreKI: CTTCTTCTTGGGTCCTCCCAGATCCTCCTCAGAAATCAGC (Pathania et 
al. , 2014)32

Dr. Pathania’s Lab

Meox2Crecommon: CCTGAAAGCAGTTCTCTGGGACCACCTTCTTTTGGCTTC (Pathania et 
al. , 2014)32

Dr. Pathania’s Lab

Brca1-A: GGTACCAGTTATGAGTTAGTCGTGTGCCTGAGTCA (Pathania et 
al. , 2014)32

Dr. Pathania’s Lab
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REAGENT or RESOURCE SOURCE IDENTIFIER

Brca1-B: GCTGAGATTAAAGTGCAGGCCACCACACTCAGTGAT (Pathnaia et 
al. , 2014)32

Dr. Pathania’s Lab

Brca1-C: GCTGTGACATATTCTTACTTCGTGGCACATCTCTCA (Pathania et 
al. , 2014)32

Dr. Pathania’s Lab

Tp53int1F:ACAAAAAACAGGTTAAACCCAGCTTGACCAAGTGCCATTGGTCCATGGAT In this paper N/A

Tp53int1R:AGCACATAGGAGGCAGAGACAGTTGGAGGCCAGCCTGGTCTACAGA In this paper N/A

Tp53int10R:GGGGAGGGATGAAGTGATGGGAGCTAGCAGTTTGGGCTTTCCTCCTTGATCA In this paper N/A

Recombinant DNA

PTEN CRISPR/ Cas9 KO plasmid (m) Santa Cruz 
Biotechnology

Cat# sc-422475

Software and algorithms

Graphpad Prism 9.4.1 GraphPad 
software

https://
www.graphpad.com/
features

QuPath v0.4.3 QuPath 
software

https://
qupath.github.io/

FlowJo 10.8.1 FlowJo 
software

www.flowjo.com
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