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A B S T R A C T   

Ovarian cancer (OC) is deadly, and likely arises from the fallopian tube epithelium (FTE). Despite 
the association of OC with ovulation, OC typically presents in post-menopausal women who are 
no longer ovulating. The goal of this study was to understand how ovulation and aging interact to 
impact OC progression from the FTE. Follicular fluid released during ovulation induces DNA 
damage in the FTE, however, the role of aging on FTE exposure to follicular fluid is unexplored. 
Follicular fluid samples were collected from 14 women and its effects on FTE cells was assessed. 
Follicular fluid caused DNA damage and lipid oxidation in an age-dependent manner, but instead 
induced cell proliferation in a dose-dependent manner, independent of age in FTE cells. Follicular 
fluid regardless of age disrupted FTE spheroid formation and stimulated attachment and growth 
on ultra-low attachment plates. Proteomics analysis of the adhesion proteins in the follicular fluid 
samples identified vitronectin, a glycoprotein responsible for FTE cell attachment and spreading.   

1. Introduction 

High grade serous ovarian cancer (HGSOC) is the most lethal gynecological malignancy [1]. The identification of the fallopian tube 
epithelium (FTE) as a source of HGSOC has allowed researchers to study the stepwise progression of tumorigenesis, improve early 
detection, increase opportunistic salpingectomy procedures, and provide opportunities to impede tumor growth at the primary 
metastatic site [2–5]. There is a correlation between HGSOC and ovulation based on data from patients taking birth control pills or 
pregnant women that indicates that ovulation suppression reduces the risk of ovarian cancer [6]. Despite the association of ovarian 
cancer with ovulation, this disease typically presents as late stage metastatic cancer in post-menopausal women who are no longer 
ovulating [7–9]. Data derived from models suggests around a seven-year period between tumor initiation and clinical detection [10, 
11]. Therefore, a major question in the field is how ovulation and aging contribute to HGSOC initiation in the FTE and its progression. 

The FTE is regularly exposed to follicular fluid (FF) during ovulation, and recent literature has demonstrated that exposure to FF 
increases tumorigenic properties in the FTE cells. Exposure of FTE to FF upregulates expression of inflammatory cytokines such as 
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Interleukin-8 and DNA repair pathways, along with an increase in cell proliferation and accumulation of the tumor suppressor protein 
53 (TP53) [12]. Expression of mutant p53 is common in fallopian tube precursor lesions and is considered a hallmark of HGSOC [13, 
14]. Additional reports demonstrated that FF caused increased DNA damage in FTE cells [15]. FF induced intracellular reactive oxygen 
species (ROS) and DNA double strand breaks in the secretory cells of fimbriae epithelium [16]. Ovarian brain-derived neurotrophic 
factor in the FF was also shown to contribute to the progression of FTE lesions into widespread HGSOC [17]. FF promotes FTE cell 
migration, anchorage independent growth, cell invasion, peritoneum attachment, and cell proliferation via the Akt pathway [18]. 

In the ovary, FF contributes to the growth and quality of the oocyte, which is surrounded by this fluid. In terms of composition, FF is 
rich in lipids, hormones, large polysaccharides, growth factors and inflammatory cytokines [19]. Previously, it was demonstrated that 
FF becomes fibro-inflammatory with reproductive age. This study identified a unique cytokine profile (IL-3, IL-7, IL-15, TGFβ1, TGFβ3 
and MIP-1) which showed direct correlation with chronologic age. Interestingly, this cytokine signature was independent of body mass 
index and showed inverse correlation with anti-Mullerian hormone levels [20]. Furthermore, the antioxidant capacity of FF is 
impaired with increased reproductive age leading to reduction in ROS scavenging efficiency [21]. 

In this study, we characterized the effect of human FF samples from reproductively young and old women on FTE cells. We found 
that FF induced DNA damage and lipid oxidation in an age-dependent manner in FTE cells. Further, FF increased cell proliferation in a 
dose-dependent manner, but not in an age dependent one. Interestingly, we found that FF abrogated FTE spheroid formation, stim-
ulating disaggregation and promoting adhesion and spreading of FTE cells on ultra-low attachment (ULA) surfaces. Proteomic analysis 
identified vitronectin in FF responsible for mediating cell attachment and spreading on low attachment surfaces. 

2. Results 

2.1. Aged FF samples induce more DNA damage and lipid peroxidation compared to younger samples 

Ovulation and aging are both risk factors for ovarian cancer, so we sought to determine if exposure to FF released during ovulation 
enhanced DNA damage and lipid peroxidation in FTE cells using samples taken from women of different ages. To test this hypothesis, 
we used FF samples from 14 women (7 reproductively young (29–35 years) and 7 reproductively aged (40–42 years)) undergoing 
assisted reproductive technology. Fig. 1A contains a summary of the FF samples used in this study. To determine if there was an age 
dependent effect on DNA damage induction in FTE cells, we treated FTE cells: FT190 (SV40 immortalized) and FT282 (premalignant 
model with p53R175H mutant) with FF samples (diluted 1:1 with serum-free culture media) from young (Y1–Y7) and aged (A1-A7) 
women and analyzed expression of the DNA damage marker γH2.Ax by immunoblotting. Fig. 1B shows higher expression of γH2.AX in 
FTE cells treated with aged FF samples compared to young FF samples in both cell lines tested. Fig. 1C displays the densitometric 
analysis, where each participant sample is a biological replicate, and we found a significant age-dependent difference of FF exposure in 
both cell lines tested. 

To further determine how FF leads to DNA damage, we performed a lipid peroxidation assay which measures the degradation of 
lipids as a marker for oxidative stress. We observed significantly higher lipid degradation in FTE cells treated with aged FF samples 

Fig. 1. Aged FF samples induce more DNA damage and lipid peroxidation compared to younger samples 
A. Table summarizing young (Y1–Y7) and aged (A1-A7) FF samples with the age and cause of infertility used in this study. B. Representative 
immunoblot for γH2.AX expression in FT190 and FT282 cells treated with FF samples (diluted 1:1 with serum-free culture media. Total volume = 2 
ml) for 24 h. GAPDH was used as a loading control. C. Densitometry analysis for γH2.AX expression in FT190 and FT282 cells treated with FF 
samples for 24 h. Normalization was performed relative to loading control GAPDH. D. Lipid peroxidation results of FT190 cells treated with young 
and aged FF samples for 24 h. Graph represents absorbance of MDA product measured colorimetrically at 532 nm. 
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relative to young FF samples (Fig. 1D). 

2.2. Cell proliferation is increased in a dose dependent pattern by FF treatment in FTE cells 

Several studies have shown that FF enhances cell proliferation in FTE cells as well as cancer cells [12,15,16,18]. To determine if 
there is an age dependent effect on cell proliferation, we treated FT190 and FT282 cells with FF samples and measured cell prolif-
eration after 72 h by SRB assay. Although, FF significantly enhanced proliferation of FTE cells, we did not observe an age-dependent 
pattern in terms of cell proliferation. As shown in Fig. 2 A-B, FF treatment increased proliferation of FTE cells in a dose-dependent 
pattern with changes observed from the addition of 25 and 50% FF relative to serum free and serum containing media. Patient 
variability was observed based on the change of proliferation between the FF samples. Cyclin E1 expression drives proliferation and is 
frequently amplified in HGSOC [22]. Therefore, we investigated the effect of FF treatment on cyclin E1 expression. We found that FF 
increased cyclin E1 expression in a dose dependent pattern in FTE cells. (Fig. 2C–D). 

2.3. FF abrogated FTE spheroid formation and enhanced adhesion to low attachment surfaces 

FF has been shown to promote anchorage independent growth, anoikis resistance, cell invasion and peritoneum attachment [18]. 
Anoikis resistance is a unique property acquired by cancer cells to survive in the absence of attachment to the extracellular matrix 
(ECM) and is critical for primary metastasis of fallopian tube lesions [23]. Generating 3D spheroids is a simple, in vitro model system to 
study anoikis resistance and the early stages of tumorigenesis [24]. To determine if there was a difference in FTE cell spheroid for-
mation when exposed to either young or aged FF samples, we seeded FT190 cells in a round bottom ULA plate to form 3D spheroids and 
treated the cells with FF samples for 3 days. Interestingly, FF treatment caused FT190 cells to migrate out of 3D spheroids, attach, and 
proliferate on ULA plates as a monolayer. FTE spheroid did not disintegrate completely after FF treatment. Untreated cells formed 3D 
spheroids (Fig. 3A) indicating that FBS did not allow for the cells to attach. This phenotype was specific for FT190 cells. FT194 and 
FT282 cells did not form spheroids. For OVCAR8 cells, we observed an increase in the spheroid size in presence of FF (Supplemental 
Fig. S1). FF mediated FTE cell adhesion was quantified by performing an SRB assay which showed higher absorbance due to enhanced 
cell attachment onto the ULA surface (Fig. 3B). We validated this finding with multiple FF samples and observed similar findings at an 
earlier and later timepoint (Day 5 and Day 15) of FF treatment. This effect was independent of age as both young and aged FF treatment 
caused attachment and proliferation of FT190 cells on the ULA surface (Fig. 3C). 

We were interested in determining if FT190 cell attachment and proliferation on ULA plate was due to specific components in FF or 
if treatment with FF caused FTE cells to alter their signaling to encourage growth on the ULA surface. Therefore, we coated ULA plates 
with FF samples for different timepoints (4 h, 16 h, 24 h), washed away the non-adhered material, and then seeded FT190 cells. As 
shown in Fig. 3D–E, 4 hrs of FF coating is sufficient for FT190 cells to attach and proliferate on the FF coated ULA plates. We validated 
and quantified this finding by performing the SRB assay using 3 young and 3 aged FF samples. We coated ULA plates with FF samples 

Fig. 2. Cell proliferation is increased in a dose dependent pattern by FF treatment in FTE cells 
A. FT190 cells were treated with serum free media (SFM), serum containing media (serum) and FF samples diluted to 25% or 50% with SFM for 72 
h. Cell proliferation was analyzed using an SRB assay. B. FT282 cells were treated with serum free media (SFM), serum containing media (serum) 
and FF samples diluted to 25% or 50% with SFM for 72 h. Cell proliferation was analyzed using an SRB assay. C. Representative immunoblot for 
cyclin E1 expression in FT190 cells treated with FF samples diluted to 25% or 50% with SFM for 48 h. GAPDH was used as a loading control. Bar 
graph represents densitometry analysis for cyclin E1 expression in FT190 cells treated with 25% and 50% FF samples for 24 h. Normalization was 
performed relative to loading control GAPDH. D. Representative immunoblot for cyclin E1 expression in FT282 cells treated with FF samples diluted 
to 25% or 50% with SFM for 48 h. GAPDH was used as a loading control. Bar graph represents densitometry analysis for cyclin E1 expression in 
FT282 cells treated with 25% and 50% FF samples for 24 h. Normalization was performed relative to loading control GAPDH. 

A. Salvi et al.                                                                                                                                                                                                           



Heliyon 10 (2024) e27336

4

Fig. 3. FF abrogated FTE spheroid formation and enhanced adhesion to low attachment surfaces 
A. Representative brightfield images of FT190 spheroids in a ULA plate treated with and without FF samples. 14 FF samples were tested. Images 
were captured at Day 3. Scale bar = 200 μm. B. Cell proliferation was measured using an SRB assay at Day 3 of treating cells with and without FF 
samples. n = 14. Media refers to serum containing media and diluted media refers to media diluted 1:1 with serum-free media. C. Cell proliferation 
was measured using an SRB assay at Day 5 and Day 15 of treating cells with and without FF samples (Y1, Y2, A1, A2). Two random young (Y1, Y2) 
and two random aged (A1, A2) samples were used for treatment. FF samples were diluted 1:1 with serum-free media (i.e. 50% follicular fluid). n =
4. D. Representative brightfield and fluorescent images of FT190 cells seeded on a 6-well ULA plate coated with and without FF sample for 4 h. Wells 
were washed with 1X PBS and labelled FT190 cells (10, 000 cells/well) were seeded on the coated plates. Images were acquired after 24 h using a 
10× objective of fluorescent microscope. Scale bar = 50 μm. E. Cell proliferation was measured using an SRB assay to measure cell viability of 
FT190 cells on FF (young (Y1, Y2, Y3) and aged (A1, A2, A3) samples, n = 3) coated ULA plates. 

Fig. 4. FF contributes to FTE spheroid disaggregation and spreading onto ovarian fibroblasts 
A. Representative images acquired by fluorescence microscopy of FT190 spheroids (labelled with Cell tracker 594) on NOF151 cells (labelled with 
Cell tracker 488) with and without FF (24 h). Scale bar = 100 μm. B. Representative Z stack images (maximum intensity projection) acquired by 
confocal microscopy of FT190 spheroids (labelled with Cell tracker 594) on NOF151 cells (labelled with Cell tracker 488) with and without young 
and aged FF samples (24 h). Scale bar = 200 μm. C. A maximum intensity projection re-construction of a three-dimensional FTE spheroid (labelled 
with Cell tracker 594) optical data stack over the surface of NOF151 cells (labelled with Cell tracker 488) treated with young (Y1) and aged (A1) FF 
samples. Spheroids were imaged with a 10× objective and re-constructed using the Imaris software. D. Spheroid area (with and without FF) was 
determined by quantification of red fluorescent intensity using a polygon area measurement tool of the Imaris software. 
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for 4 h before seeding the cells and found increased viability of the cells (Fig. 3E). This suggested that FF contains factors that can coat 
the ULA surface and promote FTE cells attachment. Interestingly, coating low attachment surface with FF allowed attachment and 
proliferation of FTE cells (FT190, FT194, FT282) as well as ovarian cancer cells (OVCAR4 and OVCAR8) independent of age (Sup-
plemental Fig. S2). 

2.4. FF contributes to FTE spheroid disaggregation and spreading onto ovarian fibroblasts 

In recent years, several hypotheses regarding the steps involved between ovarian cancer initiation in the FTE and dissemination to 
the ovary and peritoneal cavity have been presented. One of the most popular hypotheses, which is the ‘seeding hypothesis,’ suggests 
that precursor FTE cells acquire oncogenic properties and are able to attach and invade through the ovarian stroma [9]. Hence, to 
determine if FF aids FTE cells in attachment and/or invasion through the ovarian stroma, we performed a co-culture experiment. Here, 
we used ovarian fibroblast cells NOF151 to mimic the ovarian stroma. We generated FT190 spheroids using ULA plates and added the 
spheroids onto a monolayer of NOF151 cells with and without FF. NOF151 cells and FT190 spheroids were labelled with fluorescent 
cell tracker dyes to distinguish the two cell types under the microscope. In the absence of FF, the spheroids are brightly fluorescent, and 
images depicted a more compact arrangement. However, in the presence of the FF, FT190 spheroids showed significantly reduced 
fluorescence relative to the untreated control (Fig. 4A). Imaging of spheroids via confocal microscopy to obtain a three-dimensional 
picture revealed reduced red fluorescence and enhanced FTE cell spreading in the FF treated samples (Fig. 4B–C). FTE cell spreading 
was quantified by measuring the red fluorescence after drawing a polygon around the spheroids using the Imaris software. As shown in 
Fig. 4D, FF enhanced FTE cell spreading on the surface of NOF151 cells independent of age. 

2.5. Proteomic analysis of FF samples revealed extracellular matrix (ECM) protein - vitronectin as the component responsible for FTE 
adhesion and spreading 

Since our data suggests that FF promotes attachment and proliferation of the FTE cells to ULA surface and ovarian fibroblasts, we 
sought to identify FF factors responsible for this phenotype using proteomics. Several studies have characterized the proteins in FF. 
However, we were interested in identifying the crucial components required for attachment and proliferation of FTE on a ULA surface. 
Hence, we coated ULA plates with 3 young and 3 aged FF samples for 4 h, washed off the excess FF and added lysis buffer to the plate 
for proteomic identification (workflow shown in Fig. 5A). Mass spectrometry analysis revealed 31 and 19 proteins in young and aged 
FF samples respectively. Interestingly, vitronectin was the only protein present in all 6 FF samples (3 young and 3 aged) belonging to 
the ECM pathway (Fig. 5B). We confirmed this finding by performing immunoblotting of FF samples (Fig. 5C). Different concentrations 
of recombinant vitronectin protein were utilized to determine the concentration of FF vitronectin via quantitative Western blot. As 
shown in Fig. 5C, the vitronectin content in FF samples was found to be ~0.1 μg/μl. 

We wanted to validate whether purified vitronectin caused a similar phenotype as FF in terms of cell adhesion, spreading and 
proliferation on ULA surface. Hence, we performed a cell adhesion assay by coating ULA plates for 4 h with FF and recombinant 
vitronectin (1 μg) and seeded FT190 cells. As shown in Fig. 6A, vitronectin promotes cell adhesion and proliferation similar to FF. Cells 
seeded on uncoated ULA surfaces formed cellular aggregates. We validated this finding by performing the SRB assay at 48 h to 
demonstrate that the cells are viable and proliferating (Fig. 6B). Coating low attachment surface with vitronectin (1 μg) for 4 h allowed 
attachment and proliferation of FTE cells (FT190, FT194, FT282) as well as ovarian cancer cells (OVCAR4 and OVCAR8) 

Fig. 5. Proteomic analysis of FF samples revealed extracellular matrix (ECM) protein - vitronectin as the component responsible for FTE adhesion 
and spreading 
A. Experimental workflow of proteomics experiment. B. Venn diagram showing 14 common proteins identified between young and aged FF samples 
from proteomics analysis. Common proteins are listed with vitronectin (highlighted in red). C. Representative immunoblot for vitronectin expression 
in 3 young (Y1–Y3) and 3 aged (A1-A3) FF samples. FF samples (5 μg) and recombinant vitronectin protein (0.01 μg, 0.1 μg, 1 μg) diluted with lysis 
buffer were used for immunoblotting. Arrow represents the band analyzed for vitronectin. Ponceau staining was used for loading control. 
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(Supplemental Fig. S3). 
Further, we performed a co-culture assay to determine if vitronectin facilitates cell migration and proliferation on ovarian fibro-

blasts. We generated FT190 spheroids and seeded them on a monolayer of NOF151 cells. Then, the cells were treated with media, FF 
(100%) and vitronectin (1 μg/well). Images were acquired after 24 h using a confocal microscope. Both vitronectin and FF enhanced 
FT190 cell spreading over NOF151 cells (Fig. 6C–D). Spheroid thickness, depth of spheroid attachment and, spreading was visualized 
by constructing FT190 spheroid optical data showing a side projection of the FTE spheroids (Fig. 6D–E). Area of spheroids (red 
fluorescence) was quantified as shown in Fig. 6F. 

Fig. 6. Vitronectin in FF aids in FTE adhesion and spreading 
A. Representative brightfield images of FT190 cells seeded on ULA plates coated with FF sample (400 μl) and recombinant vitronectin protein (1 μg/ 
well) for 4 h. Wells were washed with 1X PBS and FT190 cells were seeded on the coated plates. Images were acquired after 24 h. Scale bar = 200 
μm. B. Cell proliferation was measured using an SRB assay to measure cell viability of FT190 cells on FF and vitronectin coated ULA plates. C. 
Representative Z stack images acquired by confocal microscopy of FT190 spheroids (labelled with Cell tracker 594) on NOF151 cells (labelled with 
Cell tracker 488) with FF samples and recombinant vitronectin protein (1 μg) (24 h). Scale bar = 200 μm. D. A maximum intensity projection re- 
construction of a three-dimensional FTE spheroid (labelled with Cell tracker 594) optical data stack over the surface of NOF151 cells (labelled with 
Cell tracker 488) treated with FF samples (Y1, A1) and vitronectin (1 μg). Spheroids were imaged with a 10× objective and re-constructed using the 
Imaris software. E. Representative images acquired by confocal microscopy showing a side and top projection of the FT190 spheroids on NOF151 
cells with FF samples and recombinant vitronectin protein (1 μg) (24 h). Scale bar = 100 μm. F. Spheroid area (with and without FF/vitronectin) was 
determined by quantification of red fluorescent intensity using a polygon area measurement tool of the Imaris software. 
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3. Discussion 

Despite ovarian cancer typically being detected in post-menopausal women, ovulation is a major risk factor for HGSOC [7–9]. Thus, 
our study attempts to determine whether age-dependent changes in FF enhance progression of FTE derived HGSOC. The FTE is 
regularly exposed to FF during ovulation and the cytokine composition of FF becomes more fibro-inflammatory with age [20]. 
Although it is well-established that aging reduces the quality of the oocyte which is surrounded by FF, the role of FF on FTE and its 
ability to drive carcinogenesis with age is under-studied. 

FF increased proliferation, migration, and anchorage independent growth in FTE cells [12,15,16]. Our data showed that FF 
augments γH2.AX expression in non-transformed immortal FTE as well as premalignant cell models. Further, the DNA damage 
response pathway activation occurs in an age-dependent manner, as we show a significant difference between FTE cells treated with 
the young and aged FF samples. Lipid peroxidation is an indicator of oxidative stress, and our data showed that aged FF samples caused 
higher lipid peroxidation relative to young samples. This finding is supported by recent studies demonstrating that FF becomes more 
inflammatory with age [20]. Interestingly, the antioxidant capacity of FF is impaired in older women, and there is age-dependent 
difference in the metabolomics profiles of FF in terms of hormones, lipid oxidation enzymes, microRNAs etc [21]. Consistent with 
recent studies, our study reveals that FF increases the proliferation of FTE cells; however, we do not find an age-dependent effect in 
enhancing cell proliferation. Proliferation was increased in a dose-dependent pattern which was validated by enhanced expression of 
cyclin E1, a protein important for cell cycle G1/S transition. Importantly, in terms of ovarian cancer, cyclin E1 amplification occurs in 
about 40% of tumors and is reported in the early stages of tumorigenesis [22]. 

FF promoted attachment of FT190 cells on a ULA surface and allowed the cells to disassociate from the 3D spheroids onto the ULA 
surface. We collected proteins deposited on the ULA surface to determine the molecular mechanism by which FF led to FTE cell 
adhesion. These data suggested that FF has a potential role in attachment of premalignant FTE cells to ovarian stroma and ECM during 
metastasis. We identified vitronectin, an adhesive glycoprotein in all the 6 FF samples subjected to proteomics as a potential driver in 
this process. The presence and amount of vitronectin was the same regardless of the age of the FF samples, which was consistent with 
our in vitro findings that all the FF samples tested caused FTE adhesion on ULA surfaces. Vitronectin is a secreted glycoprotein with a 
well-established role in cell adhesion and migration by linking cells to the ECM via integrins, urokinase plasminogen activator receptor 
and plasminogen activator inhibitor-1 [25]. Studies in bovine model have shown that vitronectin in FF contributes to follicle devel-
opment [26]. Additionally, vitronectin promotes sperm-oocyte linking and fertilization [27–29]. 

Vitronectin was the only ECM protein identified in our proteomics experiment across all FF samples which would indicate a role in 
ULA surface attachment further suggesting a role in FTE cell adhesion. Both FF and vitronectin allowed FTE cells to disassociate from 
the spheroids and colonize a monolayer of ovarian fibroblasts. However, vitronectin mediated FTE and HGSOC cell attachment and 
spreading was not equivalent to FF indicating additional factor/s in FF which along with vitronectin facilitate cell spreading and 
possibly invasion through ovarian stromal cells based on the use of NOF cells as a model system. In ovarian cancer, vitronectin is 
crucial for MMP-2 mediated attachment of tumor cells to the peritoneum and omentum [30,31]. This is the first study to identify 
vitronectin in FF and its ability to modify FTE cells thereby encouraging their adhesion and survival on ultralow surfaces and ovarian 
stromal cells. To the best of our knowledge, there are no commercially available inhibitors against vitronectin, hence we confirmed our 
findings using recombinant vitronectin protein. 

Although exposure to FF increases cell proliferation, oxidative stress and DNA damage, an age-dependence has never been 
examined. Aging is associated with ovarian fibrosis and ovarian cancer cells favor a collagen-rich matrix for adhesion and expansion 
[32,33]. Since vitronectin was not associated with age-dependent changes in stromal adhesion and spreading, it is likely that the aging 
ovarian microenvironment and aspects of fibrosis contribute to age associated HGSOC spread. Overall, our data show that age-related 
changes in FF contributes to increased DNA damage and lipid peroxidation in the FTE. Further, we identified vitronectin in FF to 
promote attachment and growth of FTE cells indicating a potential role in attachment of precursor cells to ovarian stroma during 
metastasis. 

4. Limitations of the study 

Despite these findings, the current study has certain limitations. Future studies will focus on prolonged or repeated exposure of FF 
to FTE cells or from a wider range of biological ages. The underlying reason that a patient seeks IVF could impact the follicular fluid 
composition and thus could impact the changes in the fallopian tube in an age-independent manner. Since we observed enhanced lipid 
peroxidation and DNA damage in aged FF samples, it will be interesting to determine if there is an age-dependent change in DNA 
damage repair pathways. Future studies treating primary fallopian tube tissue would also complement the cell model system. 
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the protocol. 

STAR methods 

Compounds 

Recombinant human vitronectin (R&D systems#2308-VN-050) was resuspended in dimethyl sulfoxide (DMSO) with final DMSO 
concentration <0.1% (v/v). 

FF samples 

FF samples were collected as described [20]. Briefly, de-identified FF samples were collected from 14 women (7 reproductively 
young and 7 reproductively aged) undergoing assisted reproductive technology through the Northwestern University Reproductive 
Tissue Library under an IRB approved protocol, following written informed consent. Information regarding the FF samples is sum-
marized in Fig. 1A. Samples were aliquoted and stored at − 80 ◦C until further use. Each aliquot was thawed for a maximum of two 
times before experiments. Bradford was used to determine protein concentration of FF samples. 

Cell culture 

Immortalized fallopian tube secretory cells (FT190, FT194, FT282) were a gift from Ronny Drapkin (University of Pennsylvania) 
and were cultured using α-MEM-Cellgro media (Corning #10-022-CV) as described [34]. OVCAR-8 cells were obtained from NCI Cell 
Bank. and grown in DMEM with 10% FBS (Fetal Bovine Serum GeminiBio#100–106) and 1% P/S (Penicillin-Streptomycin 
Fisher#15070063). Ovarian fibroblast cell line (NOF) immortalized with p53 siRNA and hTERT called NOF151 was a gift from Jinsong 
Liu [35]. These cells were maintained in Medium 199 and MCDB105 medium (1:1) supplemented with 10% FBS, 1% P/S and 5 μg EGF. 
Cells were passaged <20 times and maintained in a humidified incubator at 37 ◦C in 5% CO2 environment. Experiments were per-
formed with mycoplasma free cells and all cell lines have been authenticated using STR profiling <3 years. 

Liquid chromatography-mass spectrometry (LC-MS) sample preparation and data analysis 

ULA plates were coated with FF samples (400 μL/well) for 4 h at 37 ◦C in a 5% CO2 environment. Excess samples were washed off 
with 1X PBS. Samples were collected in 100 μL of RIPA buffer [50 mM Tris pH 7.6, 150 mM NaCl, 1% Triton X-100, 0.1% SDS with 
protease and phosphatase inhibitors] then freeze thaw at − 80 ◦C. In solution digestion of proteins was performed with 4 M urea and 
100 mM TEAB. Proteins were reduced by 10 mM of dithiothreitol for 30 min at room temperature, followed by alkylation with 30 mM 
iodoacetamide at room temperature in the dark for 30 min. Samples were digested overnight with trypsin (37 ◦C). Strong cation 
exchange was carried out, and the eluate was desalted using C18 Zip-Tip. The peptides were dried in a Speed-vac and resuspended in 
15 μL of 0.1 % formic acid. 

Each sample was injected onto the Agilent 1260 Infinity nanoLC system and analyzed with the Thermo Q-Exactive mass spec-
trometer. Peptides were loaded onto an Acclaim PepMap 100 trap column (75 μm × 2 cm nanoViper, C18, 3 μm 100 Å) with 0.1 % 
formic acid (flowrate = 2 μL/min). The peptides were separated with flowing rate at 0.25 μL/min on an Agilent Zorbax 300SB-C18 
column (0.075 × 150 mm, 3.5 μm 300 Å) using a 60-min gradient, from 5% of 0.1% formic acid in acetonitrile to 30% over 60 
min. Spraying voltage on the mass spectrometer was set to 1.6 kV and the capillary temperature at 250 ◦C. Data was collected in the 
data-dependent analysis mode at a mass resolution of 70,000 and scan range 375–2000 m/z. Automatic gain control target was 1 × 106 

for a maximum injection time 100 ms. For MS/MS analysis, the top 10 most abundant precursors within a charge state range of 2–5 
were selected. MS/MS spectra were acquired at a resolution of 17,500, AGC target at 1 × 105, and maximum IT of 50 ms. All raw mass 
spectrometry data is publicly available on MassIVE (project ID MSV000092269). 

The raw MS data was imported to the Thermo Proteome Discoverer Software for protein identification against the curated Swis-
sProt Homo Sapiens database. The precursor mass tolerance was set to 10 ppm. Database searching was employed with Sequest HT 
search engine, and peptides mass range was set from 350 to 6500 Da, containing 6 to 144 amino acids, with ≤2 missed cleavages. 
Fragment masses were searched with a tolerance of ±0.02 Da. Dynamic modifications included were oxidation (+15.995 Da; M) and 
acetylation (+42.011 Da; N-terminus). The static modification included was carbamidomethylation (+57.021 Da; C). Minimum of one 
unique peptide were used for identification. Venn diagram to depict common proteins across samples was generated using Venny [36]. 

Lipid peroxidation assay 

Oxidative damage was determined using Lipid peroxidation assay kit (Sigma MAK085) as per manufacturer’s instructions. Briefly, 
FT190 cells (10,000 cells/well) were seeded in a 6-well plate and treated with FF samples for 24 h (diluted 1:1 with serum-free culture 
media. Total volume = 2 ml). FF-induced lipid oxidation was measured by colorimetric quantification (532 nm) of end-product 
malondialdehyde using Synergy BioTek plate reader. 
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Immunoblot analysis 

Cells were lysed in RIPA buffer and immunoblot analysis was performed as described [37]. Membranes were incubated with 
primary antibody (Table 1) overnight at 4 ◦C following incubation with secondary antibody (Table 2) prior to visualization of signal 
with SuperSignalTM West Femto substrate (Thermo Fisher) and imaging on a FluorChem E system (ProteinSimple). 

Cell proliferation assay 

Cell proliferation was measured by a sulforhodamine B (SRB) assay as described [38]. Cells were seeded in 96-well, clear, 
flat-bottomed plate at 3000 cells/well and allowed to attach overnight. Cells were treated with FF samples (100 μL/well) and pro-
liferation rate was quantified by measuring absorbance (505 nm) after 72 h of treatment on a Synergy BioTek plate reader. Complete 
media and serum free media were used as control treatment and absorbance values were normalized to blank wells. 

Generation of 3D spheroids 

5000 cells (FT190, FT194, FT282, OVCAR8) were resuspended in 100 μL of their respective media/well in 96-well round bottom 
ULA plate (Corning 07-201-680) and allowed to form spheroids for 14 days. For treatment with FF, spheroids were generated by 
suspending 5000 cells in 50 μL of media/well in the ULA Plate and treated with 50 μL of FF after 24 h of seeding. For proliferation 
assay, cells were allowed to form spheroids for 3, 5 or 15 days as described in the figure legends. 

Cell spreading assay 

24-well ULA plates were coated with FF or vitronectin for 4 h. FT190 cells were labelled with CellTracker™Red CMTPX dye as per 
manufacturer’s instructions. Wells were washed with 1X PBS and cells were seeded at 3000 cells/well. Images were acquired after 24 h 
using 4X/10× objective (594 nm) on a Nikon Eclipse E600 microscope using DS-Ri1 digital camera and NIS Elements Software (Nikon 
Instruments). 

Confocal microscopy 

FT190 spheroids were generated using ULA plates (Corning 07-201-680) over a period of 2 weeks. Spheroids were labelled with 
CellTracker™Red CMTPX dye and NOF151 cells were labelled with CellTracker™Green CMFDA Dye as per manufacturer’s in-
structions. NOF151 cells (3000 cells/well) were seeded in glass bottom chamber slides (Ibidi #80427) to reach 100% confluence 
overnight. Labelled FT190 spheroids were added on the NOF151 monolayer such that every well contains 10 spheroids. Media/FF/ 
vitronectin (total volume 300 μL/well) were added to the cells as per the treatment condition and incubated for 24 h. Cells were fixed 
using 4% paraformaldehyde and images were acquired using 10× objective on a Zeiss LSM 710 confocal microscope. Image analysis 
was performed using Imaris 7.7 software. 

Statistical analysis 

Data presented are the mean ± standard error of the mean and represent at least 3 independent experiments. Statistical analysis 
was carried out using GraphPad Prism software. For the in vitro cell line experiments, two-sample t-tests were used for two groups and 
One-way ANOVA was used to compare significance to the control. Adjusted p < 0.05 is considered significant with stars denoting 
significance as follows: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. 
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