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Abstract

High grade serous ovarian cancers (HGSOC) predominantly arise in the fallopian tube epithelium 

(FTE) and colonize the ovary first before further metastasis to the peritoneum. Ovarian cancer 

risk is directly related to the number of ovulations, suggesting that the ovary may secrete specific 

factors that act as chemoattractants for fallopian tube derived tumor cells during ovulation. We 

found that 3D ovarian organ culture produced a secreted factor that enhanced the migration of FTE 

non-tumorigenic cells as well as cells harboring specific pathway modifications commonly found 

in high grade serous cancers. Through size fractionation and a small molecule inhibitors screen, 

the secreted protein was determined to be 50–100kDa in size and acted through the Epidermal 

Growth Factor Receptor (EGFR). To correlate the candidates with ovulation, the PREDICT 

organ-on-chip system was optimized to support ovulation in a perfused microfluidic platform. 

Versican was found in the correct molecular weight range, contained EGF-like domains, and 

was found to correlate with ovulation in the PREDICT system. Exogenous versican increased 

migration, invasion, and enhanced adhesion of both murine and human FTE cells to the ovary in 

an EGFR-dependent manner. The identification of a protein secreted during ovulation that impacts 

the ability of FTE cells to colonize the ovary provides new insights into the development of 

strategies for limiting primary ovarian metastasis.
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Introduction

High grade serous ovarian cancer (HGSOC) is the most common and deadly histologic 

subtype of ovarian cancer (2) and contributes to approximately 14,000 deaths each year 

in the U.S. (3). Increasing evidence supports that HGSOC originates from malignant 

transformation of the FTE that generate precursors lesions called serous tubal intraepithelial 

carcinoma (STIC)(4, 5). Risk reducing salpingectomy protects against developing ovarian 

cancer (6) and high-risk patients often harbor p53 mutations and lesions in their fallopian 

tubes prior to developing HGSOC. Ovulation is a risk factor for developing ovarian 

cancer (7), and this suggests that the ovary may play an important role potentially in 

the transformation, metastasis, and proliferation of fallopian tube epithelial (FTE) derived 

cancers. Ovulation ends at the time of menopause, which is the period when most ovarian 

cancers are detected, primarily because there are no early detection strategies for ovarian 

cancer. Tumor initiation of high-grade serous cancer has been shown through evolutionary 

analyses to begin as a p53 signature, followed by a STIC lesions with an estimated 

window of 7–20 years before widespread metastases are detected (8). Exposure of the 

FTE to follicular fluid released at the time of ovulation increases DNA damage, recruits 

pro-inflammatory macrophages, and triggers p53 accumulation, a hallmark of precursor 

lesions (9, 10). In this study, we uncovered specific ovarian factors that are produced in 

response to ovulation using organ-on-a-chip technology and we characterized the ovarian 

factors as key mediators of fallopian tube cell migration, invasion, and adhesion to the ovary 

as part of primary metastasis.

High grade serous tumors that arise in the fallopian tube frequently spread to the ovary 

and proliferate into a large tumor mass (11, 12). A few ovarian proteins have been 

reported to impact the FTE by increasing tumorigenic properties and potentially enhancing 

metastasis of FTE cells to the ovary. For example, stromal cell-derived factor 1 (SDF-1), a 

component of follicular fluid, increased metastasis of stem-like ovarian cancer cells to the 

ovary and other peritoneal sites (13). Activin A, an ovarian peptide hormone, induced an 

epithelial-to-mesenchymal transition (EMT) and stimulated migration of murine oviductal 

cells (14). Norepinephrine production in the ovary is specifically enhanced when fallopian 

tube cells become tumorigenic and it stimulates colonization of the ovary (15, 16). Ovarian 

brain-derived neurotropic factor (BDNF) induced mutant p53 expressing fallopian tube cell 

migration (17, 18). Importantly, none of these have been profiled for their abundance and 

relationship to ovulation, which has been made possible through bioengineering strategies 

to mimic ovulation using microfluidic organ-on-a-chip technologies (19). Furthermore, the 

previous studies focus primarily on factors made by the ovarian follicle rather than using an 

organ-based approach.

Versican is a large proteoglycan involved in different aspects of ovarian cancer 

progression, such as migration, invasion, apoptosis, angiogenesis, and morphogenesis (20–

23). Expression of versican in the stromal cells of the ovary is associated with invasive 

carcinoma (24). Versican accelerated ovarian cancer metastasis in vivo (25). Reduction of 

versican expression attenuated epithelial ovarian carcinoma spheroid formation, reduced 

cell adhesion to peritoneal mesothelial cell monolayers, and alleviated peritoneal tumor 

formation (13). Versican interacts with hyaluronan (HA) and binds to CD44 receptors 
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to impact extracellular matrix (ECM) integrity thereby driving cellular adhesion and the 

metastasis of cancer cells, including ovarian cancer (21, 22). Versican’s G3-domain, which 

contain EGF-like motifs, mediates breast tumorigenesis, invasiveness, and metastasis (26).

In the present study, we demonstrated that an ovarian secreted factor increased FTE 

migration in an EGFR-dependent manner. We employed a state-of-the-art microfluidic 

device that allowed ex vivo ovulation of murine ovaries and showed increased versican 

secretion during a periovulatory phase. Versican enhanced MOE and FTE migration, 

invasion, and adhesion to the ovary, which was blocked by EGFR inhibitors. Together, 

these data suggest that versican is an ovarian signal regulated during ovulation that enhances 

fallopian tube cancer cell colonization of the ovary.

RESULTS

Ovarian conditioned media contains secreted proteins that increases fallopian tube cells 
migration.

The ovary is a primary site of metastasis for fallopian tube-derived high grade serous cancer. 

Studies have demonstrated that cancer cells injected intravenously in mice home to the ovary 

(27) and our previous work found that cells allografted inside the murine ovarian bursa, 

near the ovary, developed aggressive cancer that spreads to the peritoneal space, suggesting 

that the ovary exacerbated cancer progression (28). A 3D ovarian alginate culture was used 

to collect secreted ovarian factors in the conditioned medium (10). Ovarian conditioned 

media was added to murine oviductal epithelial cells (MOE, the mouse equivalent of 

human fallopian tube epithelium) and immortalized non-tumorigenic human fallopian tube 

epithelial cells (FT33-TAg). Ovarian conditioned medium generated a significant increase 

in the migration of MOE and FT33-Tag cells as measured using a wound healing assay 

(Fig. 1A, Supp. Fig1A and Supp. Fig. 2A). Conditioned media from the oviduct only 

increased migration in MOE but not in FT33-TAg (Supp. Fig. 2B, 2C). Conditioned media 

from the ovary and the oviduct also increased proliferation of MOE (Supp. Fig. 2D). 

To further characterize the conditioned media components that were responsible for the 

increased migration, the conditioned medium was heated to denature proteins or treated 

with proteinase K to digest proteins. Both treatments reduced the pro-migratory action of 

the conditioned medium suggesting that the secreted factor was a protein (Fig. 1B, C and 

Supp. Fig 1B, C). Size fractionation further confirmed that the factor was a protein, and 

not a small molecule or hormone, since only the fraction with factors that were larger 

than 3kDa increased migration (Fig. 1D and Supp. Fig 1D). Additional size fractionation 

indicated that the protein that increased migration had a size range of 50–100kDa (Fig. 

1E). We performed mass spectrometry-based proteomics on the conditioned media from the 

ovary and the fallopian tube and found that ovarian conditioned media contained about 600 

proteins, while the fallopian tube only secreted only about 90 proteins, which is illustrated 

by the Venn diagram in Fig. 1F. In addition, we mined the data using software to predict 

secreted proteins and focused on proteins that are known to be secreted (Fig. 1G).
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Ovarian conditioned media increased cell migration in oviductal models of early 
tumorigenesis.

We have developed stable cell lines from murine oviductal epithelium that model common 

pathways impacted in high grade serous cancer (29). In these models, loss of PTEN 

or mutation of TP53 in MOE cells increased migration (30, 31) as compared to wild-

type cells. To address how secreted ovarian proteins impact fallopian tube models of 

disease, MOE cells expressing mutant TP53R248W, TP53R273H, KRASG12V, PTENshRNA, 

PTENshRNA+TP53R273H, or PTENshRNA+KRASG12V were exposed to ovarian conditioned 

medium. The MOE cells expressing the TP53R248W only (Fig. 2A) or mutation of 

KRASG12V only (Fig. 2C) did not respond to conditioned media, whereas a significant 

increase in migration was found in oviductal cells expressing TP53R273H (Fig. 2B), 

PTENshRNA (Fig. 2D), PTENshRNA+TP53R273H (Fig. 2E), or PTENshRNA+KRASG12V(Fig. 

2F). These results suggest that specific pathway alterations that occur during tumorigenesis 

impact the response to ovarian secreted factors.

Ovarian conditioned media increased migration of murine and human fallopian tube 
epithelial cells in an EGFR-dependent manner.

To further define which proteins in the ovarian conditioned media were contributing to the 

increased migratory phenotype, we performed a DAVID analysis of protein domains, which 

revealed a high number of proteins with EGF-like domains in the conditioned medium (Fig. 

3A). However, EGF itself was not found in the conditioned medium based on proteomics. 

MOE and FT33-Tag cells express the EGF receptor (EGFR) (Fig. 3B) and responded to 

recombinant EGF by significantly increasing migration (Fig. 3C and Supplemental Fig. 3A). 

Furthermore, MOE cells were treated with a small set of inhibitors involved in regulating 

pro-migratory pathways in including a CXCR4/SDF-1(CXCL12) inhibitor (AMD3100), a 

matrix metalloprotease inhibitor (GM6001), an autocrine motility factor (AMF) inhibitor 

(E4P), a TGF-β receptor inhibitor (SB431542), and an EGFR inhibitor (PD158780) (Supp. 

Fig. 4A–C and F). Only inhibition of CXCR4/SDF-1(CXCL12) and EGFR reduced the 

conditioned media pro-migratory effect (Supp. Fig. 4D-F). However, recombinant SDF-1 did 

not increase migration (Supp. Fig. 2E) suggesting that other factors in the conditioned media 

may be required for CXCR4 activation. In both FT33-TAg and in MOE cells the EGFR 

inhibitor at 1μM and 10μM blocked migration from ovarian conditioned medium (Fig. 3D–G 

and Supplemental Fig. 3B–C).

Proteomic analysis identified the proteoglycan versican as a potential candidate for the 
CM-induced effects

The 50–100kDa fraction of ovarian secreted factors was analyzed by mass spectrometry 

and after proteomic analysis revealed 43 proteins that were known to be secreted. DAVID 

analysis of biological processes and KEGG pathway analysis indicated that the most 

represented pathways in the conditioned media were part of the “ECM-related pathways” 

and “proteoglycans involved in cancer”(Supp. Fig. 5A, B). Of the 43 secreted protein in 

the correct size, only 7 proteins had EGF-like domains (Fig. 4A). Fibulin1 was reported 

to inhibit EGFR activity, which would block migration, and it is predicted that fibulin 3 

would also be an inhibitor (32). Plau, or urokinase-type plasminogen activator, plays a role 
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in TGF-β and MMP signaling, but neither inhibitor blocked the pro-migratory impact of the 

media. Pros1 plays a role in vitamin K mediated clotting. C1sa encodes for complement that 

mediates innate immunity. Lastly members of the the family (1 and 2) have been linked to 

ovarian follicle expansion but have not been linked to ovarian cancer. After investigating this 

list of secreted proteins with the correct molecular weight in the proteomics for both known 

pro-migration phenotype, known correlation with ovulation, and the ability to stimulate 

EGFR signaling, only versican met all the criteria. Versican expression correlated with 

ovarian cancer metastasis, and it was reported to be secreted in the periovulatory stage of 

rodents during ovulation (13, 20, 24, 33). The presence of secreted versican was validated in 

the ovarian conditioned media using Western blot (Fig. 4B).

Versican secretion from the ovary is related to the process of ovulation.

Ovulation is a risk factor for ovarian cancer, but few studies have been able to describe 

the process of ovulation on fallopian tube tumor cell colonization of the ovary. Versican 

was previously shown to be secreted from the ovary and peak right before ovulation 

in vivo (33); however, these studies have the limitation of being unable to provide the 

local concentration of versican at the interface of the ovary and the fallopian tube. Using 

microfluidic technology, we have been able to successfully generate ovulation on platform 

(19), where we can study the secreted ovarian factors in relation to ovulation and gain more 

insight into the concentrations and the timing of secretions (Supplemental Figure 6A, B). 

First, we determined that the ovaries were viable after 8 days in culture on the PREDICT 

microfluidic system based on calcein green and ethidium red staining (Fig. 4C). Mouse 

ovaries (day 16–18) were cultured on PREDICT and maintained in FSH (follicle-stimulating 

hormone) containing media for 6 days. When a group of follicles reached the 400μm 

diameter, the culture was treated with hCG for 48 hours (human chorionic gonadotropin) 

(Fig. 4D, E). Expression of versican in the ovaries is shown in supplemental Figure 6C.

Oocyte extrusion and corpus luteum formation were monitored to confirm ovulation by 

bright field microscopy and hematoxylin/eosin staining respectively (Fig. 4F, G). Media was 

collected every day from the microfluidic device and analyzed by ELISA to detect estradiol 

to further confirm ovulation (Fig. 4H) and versican secretion demonstrating a peak of 

versican in the peri-ovulatory phase (Fig. 4I). Versican was detected by mass spectrometry in 

conditioned media of ovaries not stimulated to ovulate, but the concentration was unknown. 

The use of the microfluidic device allowed us to measure the versican concentration in 

relation to ovulation.

Versican increases migration of fallopian tube cells.

Using purified recombinant versican, we tested increasing concentrations (1–100 ng/ml) 

of versican on the migration of non-tumorigenic murine (MOE) and human fallopian tube 

epithelium cells (FT33-TAg). Even at 1 ng/ml, versican significantly increased migration 

of both cell lines (Fig. 5A, B). Versican also increased migration of MOE cells with TP53 

mutations and with PTEN loss (Supp. Fig. 6D, E). Next, we tested whether versican-induced 

migration was affected by an EGFR inhibitor (PD158780). We found that in both MOE 

and human FT33-TAg cells, an EGFR inhibitor at 1μM blocked migration induced by 

recombinant versican even at 100ng/ml (Fig. 5C, D). We also tested erlotinib, a more 
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selective and clinically used EGFR inhibitor, and demonstrated that erlotinib could inhibit 

versican induced migration in MOE and FT33-Tag (Fig. 5E, F).

Versican increases invasion and adhesion to the ovary of FTE cells.

After demonstrating that versican is produced by the ovary and stimulates migration, we 

wanted to address whether versican was able to increase the invasion of fallopian tube cells, 

which might contribute to ovarian colonization. Boyden chamber assays were performed 

to investigate invasion. Versican significantly increased invasion of MOE and FT33-Tag. 

The EGFR inhibitor was able to block invasion stimulated by versican (Fig. 6A–D). To 

determine if versican could be involved in fallopian tube cells colonizing the ovary, we 

performed an ex vivo adhesion assay where fluorescently labeled MOE or FT33-TAg cells 

were incubated with murine ovaries with exposed stroma. Our results show that exogenous 

versican increased fallopian tube adhesion to the ovary in an EGFR-dependent manner (Fig. 

6 E–H).

Versican increased EGFR signaling in the fallopian tube.

EGFR activation leads to phosphorylation of AKT and ERK1/2 (34). To confirm that 

versican was activating these pathways downstream of EGFR signaling, we first treated 

MOE cells with vehicle, versican or versican plus EGFR inhibitor for 15 and 30 minute 

and measured phosphorylation of AKT and ERK1/2. Versican increased phosphorylation of 

AKT (Fig. 7A and C) and ERK (Fig. 7 B and D), which was blocked by EGFR inhibitor. 

Versican also induced AKT and ERK activation in FT33-Tag (Supplemental Figure 7). The 

microfluidic system can support the growth of primary oviducts and fallopian tissues for up 

to 30 days (19, 35). Therefore, we deployed the PREDICT microfluidic platform to perfuse 

the murine oviductal epithelium and maintained it in a more physiological relevant condition 

to study versican signaling. Murine oviductal epithelium with residual underlying stroma 

was used to perform immunofluorescence, and we were able to morphologically distinguish 

and quantify the fluorescence in the epithelium. Versican stimulated phosphorylation of 

AKT (Fig. 7 E–F) and ERK (Fig. 7 G–H) in the epithelium in an EGFR-dependent manner.

Conclusions

HGSOC can originate from FTE cells (8, 12, 36) and tumors are detected after they have 

spread to the ovary (36). The ovary plays a role in high grade serous cancer progression 

by providing homing factors that can stimulate fallopian tube cells migration (36). Herein, 

we uncovered the role of the ovarian secreted proteoglycan versican in migration, invasion, 

and attachment of fallopian tube cells to the ovary. We also found that versican-induced 

migration, invasion, and ovarian adhesion could be blocked with EGFR inhibitors. Lastly, 

we recapitulated ovulation using the PREDICT microfluidic organ-on-a-chip platform (19) 

and demonstrated that ovaries secrete versican over the course of ovulation at concentrations 

that were sufficient to enhance migration of FTE cells.

This study in consistent with studies showing that versican is important during ovarian 

cancer metastasis and that it signals through EGFR (37). Versican expression was shown 

to increase the formation of spheroids in multiple high grade serous cancer cell lines and 
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shRNA directed against versican significantly reduced peritoneal metastasis indicating that 

versican may play a role once tumors escape the reproductive tissues. Our study suggests 

that versican is also important to establish primary metastasis to the ovary. Inhibition of 

EGFR in ovarian cancer has not been very successful but has only been used after (38) 

or in combination with platinum-based therapy (39). These clinical trials were based on 

stratification by EGFR expression, not EGFR activation, however ERK activation is frequent 

in ovarian cancer without any genetic alterations suggesting that stratification of the patients 

could be improved and that further studies are needed to understand EGFR signaling in 

ovarian cancer.

Versican enhances the ability of ovarian cancer cells to induce peritoneal metastasis (13), 

however, we provide evidence that versican increases pro-migratory and adhesive properties 

of non-tumorigenic fallopian tube cells to the ovary. Importantly, our data suggested that 

both wild-type and cells harboring preneoplastic changes, such as the R273 mutation of 

p53, could respond to versican. Versican exerted a stronger effect on migration in cells 

with the R273H mutation than in cells expressing the R248W mutation in p53. The 

literature supports that the R273H induces stronger migration than R248W and that R248W 

activates different targets (40). Ovarian cancer patients with the R248W mutation show a 

lower survival due possibly to increased chemoresistance (41, 42). Versican also increased 

migration of cells with reduced expression of PTEN but did not affect cells expressing the 

G12V mutation on KRAS. Previous studies have also found that STIC lesions can increase 

the expression of CD105 and that its expression increases ovarian homing and also impacts 

their stem-like properties. The mutations that reside in the fallopian tube cell may also play 

a role in the ability of FTE cells to survive once in the ovarian microenvironment. Data 

suggests that cell models that lack PTEN are able to survive on 3D collagen surfaces better 

than non-transformed oviductal cell lines. Therefore, while the ovarian secreted factors may 

enhance cells with and without preneoplastic changes, the cells may not survive in the 

ovarian environment unless transformed.

Ex vivo organ culture using organ-on-chip technology has emerged as a technology that 

allows for the physiological culture of complex tissue systems with perfusion that allows for 

communication between different organs. Because STIC lesions form only on the fallopian 

tube fimbria and then ultimately colonize the ovary, studying the local microenvironment 

between the ovary and the fallopian tube is critical to developing new strategies for 

prevention and treatment. Further, while other studies have focused on factors in ovarian 

follicular fluid, the process of ovulation is complex and it is possible that secreted 

factors from the stroma, granulosa, and theca cells influence the fallopian tube without 

concentrating in follicular fluid. Tracking the timing and concentration of those factors at 

the local level in a confined perfusable organ-on-a-chip device, we were able to show that 

versican correlated with ovulation and was found in physiologically relevant concentrations. 

These changes were supported by the literature that versican levels are increased in rodents 

periovulatory and ovulatory phases (33). Others have reported that IGF2 in follicular fluid 

is capable of full transformation of the fallopian tube (43), which would be interesting to 

focus on in future investigations to determine if the ovary at ovulation produces specific 

concentrations that may drive this process. The authors of this study also conclude that the 

process of ovulation and the role of follicular fluid in reproductive biology is to enhance 
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migration, invasion and adhesion as part of the ovarian follicle degrading the outer wall 

of the ovary and enhancing cumulus-oocyte complex movement into the oviduct. Lastly, 

ovaries in culture produce many secreted factors, but the air-liquid interface allows for the 

ex vivo cultures to produce estradiol, progesterone, activin A, and activin B in response to 

gonadotropin stimulation. Using whole ovaries to study fallopian tube colonization involves 

technical challenges due to the cell lines growing best in liquid but the ovaries requiring an 

air-liquid interface in a microfluidic. New engineering will be necessary to begin culturing 

cell lines in direct contact with ovulating ovaries, but will offer important advancements in 

the modeling of the fimbria-ovarian environment during ovulation.

The prevention of ovarian metastasis could be important for blocking further peritoneal 

spread. Ovariectomy reduced peritoneal spread and increased survival in two different 

mouse models of fallopian tube derived HGSOC. Further, intravenous injection of HGSOC 

cells demonstrates that these cells specifically colonize the ovary providing evidence that 

secreted factors contribute to this organ-specific homing (27). Allografting cells in the 

bursa resulted in tumor formation and spread, while grafting the same number of cells 

into the peritoneal space did not form tumors. Since most patients are diagnosed after 

widespread peritoneal metastasis the ability to delay or prevent ovarian spread may reduce 

disease severity. Thus, while many of these cancers are diagnosed late stage, they are 

actually developing years earlier, which is the primary rationale for the protective role of 

blocking ovulation on ovarian cancer risk. The entire period of disease progression from p53 

signature into a STIC lesion and ultimately HGSOC is thought to take between 7–20 years. 

Ovulation may play unique roles during each of these processes such as mutation, escape 

from the fallopian tube, survival as a spheroid as cells shed, and growth of tumor cells within 

the ovary itself.

In summary (Fig. 8), we found that versican through EGFR stimulates migration, invasion, 

and adhesion of FTE cells. We also deployed novel organ-on-chip technology to study 

ovulation and ovarian secreted factors, which confirmed the secretion of versican and 

provides novel avenues for the study of real-time ovulatory factors on fallopian tube 

tumorigenesis.

METHODS AND MATERIALS

Cell and tissue culture

Human fallopian tube epithelial cells FT33-TAg were transformed with hTERT and SV40, 

although non tumorigenic and were a gift from Ronny Drapkin at the University of 

Pennsylvania (Philadelphia, PA) and murine ovarian epithelial cells MOE were provided 

by Dr. Barbara Vanderhyden. MOE modified cell lines (p53, PTEN, KRAS) were previously 

generated in our lab (29) . FT33-TAg cells were maintained in DMEM-Ham’s F12 

supplemented with penicillin/streptomycin and 2% Ultroser-G (Gibco). MOE cells were 

grown in the DMEM with 10% FBS (Gibco), L-glutamine (2 mmol/L, Gibco), EGF (0.1 

mg/mL, Roche), ITS (Roche), gentamicin (50 mg/mL, Gibco), estradiol (1 mg/mL in 100% 

EtOH, Sigma Aldrich) and penicillin/streptomycin. Cells were passaged a maximum of 20 

times and cultured in the monolayers in 5% CO2 at 37 °C cell incubator. Oviducts were 

grown in growth media (50% αMEM, 50% DMEM/F12, 0.3% BSA, 5μg/ml ITS, 1% 
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Penicillin/streptomycin, 50mg/L Gentamicin). Ovaries from pre-pubertal mice were grown 

in growth media plus 10mg/ml fetuin and 10mIU/ml FSH for 6–7 days (or until follicles 

were about 400μm, then the media was replaced with maturation media (50% αMEM, 50% 

DMEM/F12, 10% FBS, 10 ng/ml EGF, 1% Penicillin/streptomycin, 50mg/L Gentamicin) 

plus 1.5UI/ml hCG and 10mUI/ml FSH.

Ovary organoid culture and conditioned media collection

All animals were treated in accordance with NIH Guidelines for the Care and Use of 

Laboratory Animals and the established Institutional Animal Use and Care protocol at 

the University of Illinois (Chicago, IL). CD1 mice were housed under normal condition 

environment and provided food and water. Ovaries and fallopian tubes were collected 

after 16 days from new pups born in dissection medium (Leibovitz’s plus 1% penicillin/

Streptomycin). In briefly, the 0.5% (w/v) alginate was diluted in sterile PBS and maintained 

at 37°C beforehand. Dissection and culture media were heated to 37 °C. Ovaries and 

fallopian tubes were collected and transferred to dissection media, where the ovaries were 

cut into 2 halves. The ovaries were then placed into a single alginate droplet onto a sterilized 

mesh fiber with a syringe and inverted to allow gravity to force the alginate into a hanging 

drop. The drop was then released in a 10cm dish containing 10mM CaCl2 solution (37 °C) to 

polymerize the alginate into a gel. After incubation for another 2 minutes, the ovaries were 

transferred to αMEM culture medium and incubated at 37 °C for 48 hours before collecting 

the conditioned media.

Ovulation on PREDICT microfluidic system

Ovaries from pre-pubertal mice of 16 days of age were dissected from the reproductive 

tract and cut in 4 sections. The ovaries were added to the wells of the 35-well tissue plate 

that was prior washed with PBS and growth media containing 10 mUI/ml of FSH is added 

into the donor reservoir and excess/conditioned media is pumped into the acceptor reservoir 

with a flow of 40 μl/hour. Every day the conditioned media is collected for analysis and 

saved at −80 °C. After 7 days, the follicles reached the 400 μm diameter, maturation media 

containing 1.3 IU/ml hCG is added for 2–3 days. After the experiments, the tissue plate is 

detached from the pump plate and washed with distilled water and then with 5% Ethanol for 

30 min. The pump plate is washed with 1% tergazyme solution that is disposed in a reservoir 

at the bottom of the pump plate for 1 hour surge. The solution is removed and washed 3 

times with distilled water following 70% ethanol surge wash using the surge function. The 

plate is dried in the hood overnight (1).

Immunofluorescence of oviducts

Oviduct were dissected from murine reproductive systems; epithelium was isolated and 

inserted into PREDICT well plates. Growth media was added to the donor well with the 

treatments indicated. Media was changed every day. After 72hrs, tissues were collected 

and fixed in 4% PFA, washed with PBS and permeabilized/blocked with PBS +0.1% Triton-

X100 and goat serum for 1hr at R.T. The day after tissues were incubated with primary 

antibodies targeting pAKT or pERK overnight at 4°C.
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Tissues were then washed in PBS 3X, incubated with DAPI for 15 min, washed and 

mounted with anti-fade mounting media. At least 3 oviducts per treatment were stained, 

imaged and fluorescence was quantified using Image J.

Live/Dead staining

The tissues were cultivated on transwell and transferred to 96 well plates for staining. Live 

green (calcein AM/Component A) and Dead red (ethidium homodimer-1/Component B) 

(Invitrogen kit no#) were thawed and Live green was transferred into Dead red to create 

a 2x staining solution as per kit instructions. Medium was removed from tissues and a 

1x solution of live/dead staining solution in PBS was added directly to cells or tissue. 

After incubation for 15 minutes at 20–25°C, the tissue was transferred to a slide, and a 

coverslip was used to further flatten the tissue. The tissue was immediately imaged using a 

fluorescence microscope.

Mass spectrometry proteomic identification

Conditioned media from three biological replicates was isolated and 5 μg protein from 

conditioned medium were denatured by adding 8M urea and incubating at 50°C for 60 

min. Subsequently, proteins were reduced by adding 10mM DTT (final concentration 1mM) 

and incubating at 50° C for 15 min. Alkalinization was then obtained by adding 100 mM 

Iodoacetamide (final concentration 10mM) and incubating in dark at room temperature for 

15 min. The protein sample was then digested by diluting from 8M to 1M urea by adding 

100mM ammonium bicarbonate and trypsin. The sample was digested at 37° C overnight. 

The digested samples were desalted using reverse phase C18 spin columns (Thermo Fisher 

Scientific, Rockford, IL) and peptides were concentrated in vacuum. Dried peptides were 

suspended in 5% acetonitrile and 0.1% formic acid. The samples were loaded directly 

onto a 15 cm long, 75 μM reversed phase capillary column (ProteoPep™ II C18, 300 Å, 

5 μm size, New Objective, Woburn MA) and separated with a 200-minute gradient from 

5% acetonitrile to 100% acetonitrile on a Proxeon Easy n-LC II (Thermo Scientific, San 

Jose, CA). The peptides were directly eluted into an LTQ Orbitrap Velos mass spectrometer 

(Thermo Scientific, San Jose, CA) with electrospray ionization at 350 nl/minute flow rate. 

The mass spectrometer was operated in data dependent mode, and for each MS1 precursor 

ion scan the ten most intense ions were selected from fragmentation by CID (collision 

induced dissociation). The other parameters for mass spectrometry analysis were: resolution 

of MS1 was set at 60,000, normalized collision energy 35%, activation time 10 ms, isolation 

width 1.5, and +4 and higher charge states were rejected.

Immunoblot analysis

Cell lysates were prepared using RIPA lysis buffer (50 mmol/L Tris pH 7.6, 150 

mmol/L NaCl, 1% Triton X-100, 0.1% SDS) supplemented with protease (Roche Applied 

Science #4693159001) and phosphatase (Sigma-Aldrich #P0044) inhibitors. Concentration 

of proteins in lysates was determined by Bradford Assay (Bio-Rad #5000205) normalized 

under standard curve and proteins were resolved on SDS-PAGE gel. After that, proteins 

were transferred to nitrocellulose membrane and blocked in 5% nonfat milk. Primary 

antibodies including of EGFR (4267, CST; AB_2864406), versican (ab19345, Abcam; 

AB_444865) and GAPDH (2118, CST) were incubated with the membrane overnight 
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at 4°C. Membrane was washed and incubated with goat anti-rabbit or goat anti-mouse 

secondary antibody conjugated with horseradish peroxidase (HRP) (anti-rabbit IgG, HRP-

linked antibody 7074 or anti-mouse IgG, HRP-linked Antibody 7076). After incubation, the 

membranes were washed three times, protein bands were detected with SuperSignal West 

Femto Substrate (Thermo Fisher Scientific, 34095) and imaged on a FluorChem E System 

(ProteinSimple).

Wound healing assay for cell migration

Cells were seeded at 50,000 cells per well in 24-well plate. Briefly, scratch was made, 

medium removed and substituted with medium containing vehicle or ovary conditioned 

media, recombinant proteins, or chemical compounds. Pictures were taken right after the 

scratch and 24 hours later using an AmScope MU900 with Toupview software (AmScope, 

Irvine, CA). The percent rate (%) of disclosure was calculated based on the statistics of 

Image J software.

Boyden chamber assay for cell invasion

Matrigel was thawed out on ice and diluted to 300 μg/ml with serum-free medium. 120 μl of 

diluted Matrigel was dropped to the 8 μm inserts of the Boyden chamber and incubated at 

37°C for at least 1hr to solidify. 500μl of complete medium was added to at the bottom of 

each well in 24-well plate. Treated cells were trypsinized and collected in media before PBS 

washing (twice), resuspended in 120 μl serum-free medium and incubated for 24 hours. At 

the end of incubation, cotton swab was applied to remove the cells in top of insert following 

with 4% PFA fixing for 5 min, permeabilization with 70% methanol, and stained with 0.2% 

crystal violet 10% ethanol mixed solution for 10 min. Inserts were then rinsed twice with 

PBS and dried overnight. Images of each insert were taken using AmScope MU900 with 

Toupview software (AmScope, Irvine, CA) and invading cells (at the bottom of the insert) 

were quantified in ImageJ software.

Ex vivo colonization assay

For MOE cells, the assay was performed as described earlier (28, 30). Briefly, MOE cells 

stably expressing RFP were incubated with ovaries from 16–17 days old CD1 mice. The 

ovaries were wounded with a scalpel blade to mimic ovulation and each ovary was incubated 

with 30,000 fluorescently labeled cells. For FT33-TAg, labeling of the cells was done using 

CellTracker (C7025, Invitrogen) at 0.5μM final concentration for 30min on trypsinized cells. 

Cells were incubated with ovaries overnight at 37°C in an orbital shaker (40 rpm). The next 

day ovaries were washed several times, observable cells were counted, and representative 

pictures were taken with an AmScope MU900 with Toupview software (AmScope, Irvine, 

CA). At least three independent experiments were performed, each with 3 replicates and 

statistical analysis was performed using one-way ANOVA.

Immunohistochemistry (IHC)

Tissues were fixed in 4% PFA, embedded in paraffin, processed, and prepared for 

immunohistochemistry as previously reported (10, 44, 45). Primary antibodies were 
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incubated overnight. Images were acquired on a Nikon Eclipse E600 microscope using a 

DS-Ri1 digital camera and NIS Elements software.

ELISA

Conditioned media was collected every day and stored at −80°C until completion of 

the experiment. Standard and samples were prepared as described in the manufacturer’s 

instruction for Estradiol ELISA (Cayman, 501890) and Versican ELISA (Abclonal, 

RK03285).

Proliferation assay

A total of 3,000 cells were plated in triplicates in a clear flat–bottom 96 plate and allowed to 

attach overnight. Control, ovarian or fallopian tube conditioned media was added to the cells 

for zero, 2, 4 and 6 days. Cell viability was determined using 0.04% Sulforhodamine B via 

colorimetric detection of proteins at 505nm as previously described (46).

Statistical analyses

All experiments were performed in were performed in duplicate or triplicate technical 

replicates and subsequently repeated in at least 3 independent biological replicates. For 

the biological replicates, each time cells were seeded at different days and processed 

independently. For tissues, mice from different litters were used.

Data presented are as MEAN±SEM represent three or more independent experiments or 

biological replicates. Statistical analysis was carried out using GraphPad Prism 7 software. 

Statistical significance was determined by Student unpaired t-test or one-way ANOVA 

followed by a Tukey’s post-hoc analysis. NS means no significant difference; *, P < 0.05; 

**, P <0.01; ***, P < 0.001; ****, P < 0.0001 means existing significant difference as 

indicated.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Secreted proteins from the ovary increase the migratory ability of fallopian tube 
epithelial cells.
(A) Wound healing assay analysis for the migration of MOE cells incubated with ovarian 

conditioned media (CM) for 24h. (B) Wound healing assay after heat at 70°C for 10 

min or (C) proteinase K (100μg/mL)-treated conditioned media. (D, E) Migration of 

MOE cells incubated with ovary conditioned media fractioned by different size of filters, 

including of 3–10, 10–30, 30–50, 50–100, >100 kDa. (F) Venn diagram comparing the 

proteins in the ovarian conditioned media to fallopian tube conditioned medium. (G) Venn 

diagrams showing overlap with proteomics and predicted secreted proteins. A minimum of 

three independent experiments, biological replicates were analyzed using one-way ANOVA 

(ns>0.05, p*<0.05, p**<0.01, p***<0.001).
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Figure 2: Secreted factors from the ovary increase the migration in fallopian tube models of 
early tumorigenesis.
(A) Wound healing assay analysis for the migration of MOE cells stably transfected with 

p53 mutant R248, (B) p53 mutant R273H, (C) RAS G12V, (D) shRNA targeting PTEN, 

(E) shRNA targeting PTEN + TP53 mutant R273H and (F) shRNA targeting PTEN + 

RAS G12V in response to ovarian conditioned media stimulation for 24h. A minimum of 

three independent experiments, biological replicates were analyzed using T-test (p*<0.05, 

p**<0.01).

Russo et al. Page 17

Cancer Lett. Author manuscript; available in PMC 2023 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3: Ovarian conditioned media increases fallopian tube cell migration in an EGFR-
dependent manner.
(A) DAVID protein domain analysis shows enriched proteins containing EGF-like domains. 

(B) Western blot analysis detecting EGFR expression in human (FT33-TAg) and murine 

(MOE) fallopian tube epithelial cells. (C) Wound healing assay in MOE cells treated with 

recombinant EGF (concentration) for 24h. (D) Wound healing assay in MOE cells and (E) 

FT33-TAg cells treated with conditioned media −/+ 1 μM of EGFR inhibitor PD158780 for 

24hrs. Wound healing assay in (F) MOE and (G) FT33-TAg treated with conditioned media 

−/+ 10 μM of EGFR inhibitor PD158780. A minimum of three independent experiments, 

biological replicates were analyzed using one-way ANOVA (ns>0.05, p*<0.05, p**<0.01, 

p***<0.001, p****<0.0001).
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Figure 4: The EGF-like domain containing proteoglycan versican is secreted during ovulation in 
a 3D dynamic culture.
(A) Table showing proteins between 50–100 kDa containing EGF-like domains that were 

identified in ovarian conditioned media through mass spectrometry. (B) Western blot 

analysis of versican expression in medium conditioned with ovary and fallopian tube (FT) 

(CM=conditioned media). (C) Live/Dead staining using permeable calcein dye (green) and 

ethidium red (red). (D) Schematic of ovulation induced by FSH/hCG stimulation. (E) Bright 

field images of ovarian follicles growth during the treatment for 6 days treatment with FSH. 

(F) Bright field images of ovulating follicles. Black arrow pointing at oocytes extrusion. (G) 

Hematoxylin & Eosin staining showing follicles maturation. Ov=ovulation; OF= ovulated 

follicle; CL= corpus luteum. (H) ELISA detecting estradiol levels in conditioned media 

collected during the ex vivo dynamic ovulation on PREDICT. (I) ELISA detecting versican 

levels in conditioned media collected during the ex vivo dynamic ovulation on PREDICT. 

A minimum of three independent experiments, biological replicates were analyzed using 

one-way ANOVA (p*<0.05).
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Figure 5: Versican secreted from the ovary drives migration of fallopian tube epithelial cells.
Migration analysis of (A) MOE and (B) FT33-TAg cells treated with human recombinant 

versican (0–100 ng/ml) after 24h. Wound healing assay in (C) MOE and (D) FTE 33Tag 

cells treated with versican and 1 μM EGFR inhibitor after 24h. Migration analysis of 

MOE cells (E) and FT33-Tag (F) incubated with recombinant versican for 24h with and 

without EGFR inhibitors PD158780 10 μM or Erlotinib 10 μM (EUR). A minimum of 

three independent experiments, biological replicates were analyzed using one-way ANOVA 

(ns>0.05, p*<0.05, p**<0.01, ***, ****).
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Figure 6: Versican increases invasion and adhesion to the ovary in an EGFR-dependent manner.
Boyden chamber invasion assay of (A-B) MOE cells and FT33-TAg cells (C-D) incubated 

with versican 100 ng/ml for 24h −/+ EGFR inhibitor (EGFRi) 1 μM. Adhesion to the ovary 

of fluorescently labeled MOE cells (E and G) FT33-TAg cells (F and H) after treatment with 

versican 100 ng/ml for 24h −/+ EGFR inhibitor 1 μM. A minimum of three independent 

experiments, biological replicates were analyzed using one-way ANOVA (ns>0.05, p*<0.05, 

p**<0.01, p***<0.001, P****<0.0001).
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Figure 7: Versican activates EGFR signaling in fallopian tube epithelium cells.
Western blot analysis of phosphorylated AKT and phosphorylated ERK1/2 using specific 

antibodies in MOE cells (A-C) and FTE 33-Tag cells (B-D) incubated with versican 100 

ng/ml for 15 and 30 minutes −/+ EGFR inhibitor 1 μM. Immunofluorescence analysis of 

phosphorylated AKT (E-F) and phosphorylated ERK1/2 (G-H) using specific antibodies 

in murine oviductal organs cultured in the PREDICT microfluidic device. A minimum of 

three independent experiments, biological replicates were analyzed using one-way ANOVA 

(ns>0.05, p*<0.05, p**<0.01, p***<0.001, P****<0.0001).

Russo et al. Page 22

Cancer Lett. Author manuscript; available in PMC 2023 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8. Schematic of versican function.
1) Versican is released during ovulation and 2) binds EGFR on fallopian tube cells leading 

to activation of the receptor and phosphorylation of AKT and ERK1/2. This signaling 

pathways increase the migration, invasion, and adhesion of FTE during ovarian colonization.
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