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Abstract

Objective—Ovarian carcinomas that originate from fallopian epithelial cells are suggested to
arise due to repeated exposure to ovulatory follicular fluid (FF). Mechanistic explanation(s) for
how this occurs are unknown. Here, we sought to understand if FF exposure to fallopian epithelial
cells could induce DNA damage and expression of a known family of DNA mutators,
apolipoprotein B mRNA editing enzyme, catalytic polypeptide (APOBEC) cytidine deaminases.

Methods—~Follicular fluid and matched patient plasma samples were obtained from donors.
Fallopian epithelial cells (FT33-TAg, FT189, FT190, and FT194) were cultured with FF or plasma
for 24 hr, and cell proliferation and DNA damage were assessed. Effects of FF on Apobec gene
expression was determined by gRT-PCR and western blot analyses. Fallopian epithelial cells were
transfected with an APOBEC3A expression vector and DNA damage was assessed.

Results—Follicular fluid exposure increased epithelial cell proliferation as measured by three
independent methods, and DNA damage accumulation as assessed using three independent
measures. This effect was specific to FF, as matched patient plasma did not have the same effects.
Increased expression of Apobec3awas observed in fallopian epithelial cells following exposure to
5 of 8 patient FF samples, and transient overexpression of APOBEC3A was sufficient to induce
double strand DNA breaks.

Conclusions—Follicular fluid can induce cell proliferation and DNA damage accumulation in
cultured fallopian epithelial cells. Increased expression of APOBEC3A, a known DNA mutator,
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may explain the high incidence of DNA damage after FF exposure. The role of Apobec3ain
ovulation-induced inflammation warrants further investigation.
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Introduction

High-grade serous carcinomas make up the greatest proportion of ovarian neoplasms and
have the worst prognosis, with long-term survival rates of < 30% [1]. Non-invasive precursor
lesions have been identified at the distal ends of the fallopian tube fimbria, leading to the
hypothesis that the fallopian tube serves as the origin of a majority of high-grade serous
carcinomas, rather than the ovarian surface epithelium [2-4]. Additionally, precursor lesions
in fallopian fimbria frequently contain mutations in the tumor suppressor gene 7P53
identical to the 7253 mutations occurring in the carcinoma, supporting a clonal relationship
[5-7]. The non-genetic risk factor most positively associated with ovarian cancer is
ovulation, although the causative factors of this association are unknown [8, 9]. During
ovulation, rupture of the preovulatory ovarian follicle releases the cumulus-oocyte-complex
and the follicular fluid (FF). These materials are immediately juxtaposed to the fimbria of
the fallopian tube and are actively funneled into the infundibulum in order to facilitate
fertilization of the egg. It is hypothesized that the continual repetitive exposure to certain
factors within FF may have detrimental effects on adjacent epithelial cells [10].

The physiological process of ovulation is inflammatory, and coincides with dramatic
fluctuations in steroidal estrogen and progesterone secretion from the maturing ovulatory
follicle following the surge of LH [11]. Inflammation is known to drive carcinogenesis
processes [12], whereas hormonal signaling has been implicated in tumor progression [13].
Inflammatory factors increase in FF as ovulation approaches [14]. Previous studies have
shown that human FF can induce an inflammatory signature in bovine oviductal epithelial
cells [15]. This has led to the idea that FF may be tumorigenic, and that repetitive exposure
of fallopian epithelial cells to this complex fluid may cause mutations and alterations leading
to neoplastic transformation [10]. Three studies support the hypothesis that FF can cause
DNA damage marks and cell proliferation in cultured fallopian epithelial cells [16-18]. In a
mouse model, ovulation induced yH2A.X foci in oviductal epithelial cells /n vivo after
gonadotropin stimulation in a proliferation independent manner [16]. In another study,
incubation of fallopian epithelial cells with FF for 24 hr significantly increased yH2A.X foci
compared with culture medium alone [17]. The third study used human FF and immortalized
human fallopian epithelial cells to show that individual FF stratified into two groups: one
with high reactive oxygen species (ROS) that increased the number of cells positive for
YH2A.X, and one with low ROS that did not increase yH2A.X [18]. Although these studies
suggest FF is responsible for inducing DNA damage, studies designed to control for the
plasma constituents in FF, and a hypothesis driving the DNA-damaging properties of FF are
essential to understand early molecular changes that occur during fallopian carcinogenesis
related to ovulation.
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In our study, we compared the effects of exposure of FF and matched patient plasma on the
induction DNA damage, and investigated a group of apolipoprotein B mRNA editing
enzyme, catalytic polypeptide (APOBEC) cytidine deaminases as a possible mechanism for
DNA damage accumulation. Activity of APOBEC enzymes can deaminate single stranded
DNA during DNA replication, and ultimately induce double strand breaks via repair of the
deoxyuridine by base excision repair [19, 20]. One family member called activation-induced
cytidine deaminase (AID) has been identified as increased following exposure to FF,
however a comprehensive study of the APOBEC family has not yet been performed [21].

Materials and Methods

Cell lines and cell cultures

Immortalized fallopian epithelial cell lines (FT33-TAg, FT189, FT190, and FT194) were
cultured as previously described [22] and were generously provided by Dr. Ronny Drapkin
(University of Pennsylvania, Philadelphia, PA). The FT33-TAg cell line was authenticated
by short tandem repeat profiling (www.ddcmedical.com) and exhibited no evidence of cross-
contamination with any known ATCC cell lines nor mycoplasma. Fallopian epithelial cells
were cultured with 2.5% Ultraser G (2X serum, USG, Pall Corporation, Port Washington,
NY). All media conditions were supplemented with 10 units/mL penicillin and 10 pg/ml
streptomycin and cells were maintained in a humidified incubator with 5% CO2 at 37 °C.

Follicular fluid and plasma patient material

Follicular fluid samples were obtained from eight patients undergoing in vitro fertilization
(IVF) at the University of lowa Hospitals and Clinics as previously described [23]. Patient
material was obtained from women < 38 years old, with male factor or tubal infertility.
Patients demonstrated normal ovulatory function clinically and the etiology of infertility was
not ovarian in nature. Data was collected on body mass index (BMI) in kg/m2 and parity.
Patients were stratified into a “Low BMI” group (n=4; BMI<25) and a “High BMI” group
(n=4; BMI>25), however we did not observe significant differences between these groups in
our results, therefore all patients were combined into one group. These two groups had the
same numbers of live births.

All IVF cycles were preceded by one month of oral contraceptive pills and patients received
the same gonadotropin formulations (follitropin beta, Follistim AQ: Merck & Co., Inc.;
human menopausal gonadotropin/hMG, Menopur: Ferring Pharmaceuticals Inc., USA).
Ovulation was triggered with 10,000 IU of chorionic gonadotropin (APP Pharmaceuticals,
LLC, USA) when at least 2 follicles of 218 mm in diameter were achieved. Fluid was
aspirated from the first follicle into a single sterile tube without culture medium and
centrifuged at 3,000 rpm for 15 min at 4 °C to eliminate potential cell contaminations. The
FF sample was flash-frozen in liquid nitrogen prior to storage at =80 °C. The remaining FF
collected during the retrieval was pooled, centrifuged at 3,000 rpm for 15 min at 4 °C, and
stored at —80 °C. Plasma was collected from seven of the eight patients at the time of FF
aspiration according to standard procedure into Acid Citrate Dextrose (ACD) tubes.
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Protein analysis

Cells (20 pg protein) were lysed in SDS sample buffer with 5% p-mercaptoethanol, boiled
for 5 min at 95 °C, and subjected to electrophoresis using 10% SDS-PAGE in running buffer
at constant 120 V for 1 hr. Proteins were electro-transferred onto nitrocellulose membranes,
and blocked with 5% (w/v) skim milk in Tris-buffered saline with 0.05% (v/v) Tween-20
(TBST) for 1 hr at room temperature. Membranes were then probed with primary anti-
APOBEC3A (1:250; HPA043237, Sigma, St. Louis, MO) or anti-Actin (1:500; sc-1616
Santa Cruz, Dallas, TX) antibody overnight at 4 °C TBST/BSA (50 mM Tris, 150 mM
NaCl, 0.05% Tween20, 1.5% BSA) followed by incubation with the secondary rabbit IgG
HRP linked antibodies (GENA934, Sigma) for 2 hr at room temperature in blocking buffer.
Membranes were washed three times in TBST and detected by enhanced
chemiluminescence (Thermo Fisher Scientific, Waltham, MA).

The Genotype-Tissue Expression (GTEX) Project database was utilized to identify Apobec
and A/D expression in normal fallopian tube epithelium (obtained from the GTEx Portal on
11/03/16). GTEx was supported by the Common Fund of the Office of the Director of the
National Institutes of Health, and by NCI, NHGRI, NHLBI, NIDA, NIMH, and NINDS.
RNA-Seq data from 6 fallopian tube epithelial cells are reported as average RPKM (reads
per kilobase per million mapped reads).

RNA isolation and quantitative RT-PCR analysis

RNA was isolated using TRI Reagent Solution (Thermo Fisher Scientific), with a DNase |
digestion step. Concentration and purity of RNA was evaluated using a Nanodrop
spectrophotometer ND-1000 (Thermo Fisher Scientific), and absorbance ratios of A260/230
ratios of 2.0 — 2.2 and A260/280 ratios of 1.8 — 2.0 were considered pure. Total RNA was
reverse-transcribed using SuperScript Il Reverse Transcriptase (Life Technologies, Carlsbad,
CA) with random hexamer primers. Quantitative PCR (qPCR) was performed with 1:5
dilution of cDNA on an Applied Biosystems HT7900 sequence detector. Primer sets used to
detect Cyclin D1 (Ccndl), APOBECs, tubulin binding protein (78P) and 18S rRNA are
shown is Supplemental Table 1. Samples were run in triplicate, and the AACt method was
used to calculate the relative fold change between the samples after normalization with 18S
rRNA or TBP [24]. The presence of a single dissociation curve confirmed the amplification
of a single transcript and lack of primer dimers.

Proliferation assay

Cellular DNA synthesis was determined using a BrdU colorimetric ELISA assay (Roche
Diagnostics, Indianapolis, IN) as a measure of cellular proliferation. Briefly, cells were
cultured in a 96-well plate at 37°C for 24 hr in the presence of individual FF samples,
matched patient plasma, USG, or in the absence of USG. After 24 hr, BrdU was added and
incubated for 3 hr at 37 °C. DNA was denatured and cells were incubated with anti-BrdU
antibody followed by addition of substrate. The reaction product was quantified at 450 nm
wavelength using a scanning multi-well spectrophotometer (FlexStation 3 Multi-Mode
Microplate Reader, Sunnyvale, CA).
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DNA damage foci analysis

All reagents were purchased form Thermo Fisher Scientific unless otherwise stated.
Fallopian epithelial cells were grown on glass coverslips (25 x 75 x 1.0 mm) in the presence
of individual FF samples, matched patient plasma, USG, or carboplatin (1uM). Cells were
fixed with 4% paraformaldehyde, permeabilized with 0.1% Triton/PBS, and blocked with
2.5% bovine serum albumin. Cells were treated with primary antibody to detect y-H2AX
(1:1000 Abcam ab2893), 53BP1 (1:500 Abcam ab36823), washed, treated with secondary
antibody conjugated with Alexa Fluor 488, and mounted in a 1:1 mixture of glycerol and
PBS. Immunofluorescence preparations were imaged on an upright Nikon Eclipse 80i
fluorescence microscope at x20. The number of foci per nucleus were counted using an
automated counter in Mathematica (Wolfram, Champaign, IL).

Comet Assay

The neutral comet assay was performed using the Trevigen Comet Assay kit (Trevigen,
Gaithersburg, MD). Fallopian epithelial cells (FT33-TAg) were grown in the presence of
individual FF samples, matched patient plasma, USG, no USG, or carboplatin (1 uM). After
24 hr incubation, the cells were suspended in cold PBS, and an aliquot (1000 cells/10 pl)
was added to 100 pl of LMA agarose maintained at 39 °C and spread onto a comet slide.
The slide was incubated at 4 °C for 10 min and transferred to cold lysis solution for 60 min
at 4 °C. A denaturation step was performed in 50 mM Tris base, 150 mM pH 9, for 30 min
at 4 °C. The slides were then subjected to electrophoresis with cold TAE buffer, pH 8.2 at 25
V for 30 min at 4 °C, and immersed in DNA precipitation solution (100 mM NH4Ac in 95%
ethanol) and then in 100% ethanol for 30 min and air dried. DNA was stained with 100 pl
SYBR Gold (Trevigen, 1:30,000) for 20 min and immediately rinsed with dH20 and air
dried. The slides were imaged using an upright Nikon Eclipse 80i fluorescence microscope
at x20, and analyzed using Casplab software (Casplab.com) [25].

Micronuclei and mitotic figure quantification

Fallopian epithelial cells were grown on glass coverslips (25 x 75 x 1.0 mm) in the presence
of pooled or individual FF and plasma samples, or USG for 24 hr. The cells were fixed for
10 min with 4% paraformaldehyde, stained with Hoechst dye (Thermo Fisher Scientific),
and analyzed using an upright Nikon Eclipse 80i fluorescence microscope. Micronuclei
were scored as having a diameter that was less than one-third of the main nuclei. The
number of micronuclei in at least 1000 cells was determined in five randomly chosen fields
of view.

Transfection

Fallopian epithelial cells (FT194) were transiently transfected with plasmids containing
human Apobec3a[26] and expressed using the pcDNA3.1(+) vector using lipofectamine
2000 (Thermo Fisher Scientific) according to the manufacturer’s protocol.

Statistics

Results of multiple repeats were presented as means + SEM. One-way analysis of variance
(ANQVA) followed by Tukey’s multiple comparison tests were used to determine statistical
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differences between groups. Bartlett’s tests were done to ensure equal variance among
treatment groups and none exhibited a significant difference, indicating that the data was
normally distributed. In cases where only two treatment groups existed, differences were
determined by a non-parametric, un-paired T-Test (Mann Whitney). Values of P<0.05 were
considered significant.

Proliferative effects of follicular fluid and plasma on fallopian epithelial cells

Follicular fluid contains a number of growth factors and hormones, so we tested if exposure
of fallopian epithelial cells to periovulatory FF causes cellular proliferation. Previous studies
indicate that inclusion of FF into culture medium is proliferative using an XTT assay that
measures relative cell metabolism [17]. Whether this “proliferative” activity was specific to
FF was not tested, and whether it could be due to the prevalent plasma constituents of FF is
unknown [27]. In our study, all four fallopian epithelial cells exposed to individual patient
FF exhibited an increase in DNA synthesis at least at an equivalent level to the USG growth
supplement (Figure 1A; n=8, p<0.05 ANOVA). Exposure to matched patient plasma samples
did not have a significant effect on DNA synthesis (Figure 1A). Increased mitotic figures in
all four cell lines after treatment with FF for 24 hr provided independent confirmation of cell
proliferation (Figure 1B; p<0.05). Cyclin D1 (Ccndl) expression, representing a
proliferative index [28], was induced in the three fallopian epithelial cell lines tested (FT33-
TAg, FT190, and FT194) after 24 hr of exposure to pooled FF and plasma (Figure 1C;
p<0.05 ANOVA). Our results indicate that both FF and plasma contain factors that increase
Ccndl, however, only FF had the ability to increase DNA synthesis, mitotic cell counts, and
overall cell number. Lastly, examination of increased cellular confluence for the cells
exposed to FF also supported the increased cell proliferation results (data not shown).

Follicular fluid exposure induces DNA damage accumulation

Increased proliferation from FF exposure may lead to DNA replication errors and DNA
damage, or FF may have intrinsic DNA damaging factors such as ROS, so we explored
whether FF induces DNA damage accumulation. Immunofluorescence staining of yH2A.X
(a histone variant and marker of DNA damage) was performed after 24 hr exposure to
individual FF or plasma samples (Figure 2A, 2B). FT33-TAg cells were exposed to FF from
all 8 donors, and foci were counted from at least 100 cells. The chemotherapy drug
carboplatin (1 uM) was used as a positive control to activate the DNA damage response. An
average of 10 foci per cell were detected after exposure to FF, whereas cells grown in
matched patient plasma only contained an average of 2 foci per cell (Figure 2B). Figure 2A
shows representative images of yH2A.X foci in FT33-TAg cells. Foci formation of yH2A.X
may be independent of DNA damage [29], so we also assessed the foci formation of 53BP1,
a marker specific to double strand breaks [30]. FF exposure to the FT33-TAg cell line
increased 53BP1 foci formation, while exposure to plasma did not have the same effect
(Figure 2C, 2D).

As a confirmation of the consistency of cells to acquire DNA damage following FF
exposure, we examined 53BP1 foci formation in FT189, FT190, and FT194 cells following
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exposure to pooled FF or plasma (Supplemental Figure 1A). Only the FT194 cells displayed
increased mean 53BP1 foci per cell; however, upon examination of cells with at least 2 foci
per cell, FT189 cells also displayed significant increase in mean 53BP1 foci per cell.
Conversely, in the FT190 cell line, exposure to FF did not induce the formation of 53BP1
foci (Supplemental Figure 1B).

To assess if cells accumulate overall DNA damage after FF exposure, we performed comet
assays. Exposure to FF significantly increased total DNA damage in FT33-TAg cell line
(Figure 2E, 2F). Interestingly, exposure of FT33-TAg cells to matched patient plasma
slightly increased total DNA damage accumulation, although the overall increase was
intermediate to that of FF-induced DNA damage and basal levels in USG-supplemented
media (Figure 2F). Lastly, in our microscopy analyses, we noticed an abundance of
micronuclei in each of the cell lines treated with FF. Exposure of the FT33-TAg cells to
individual patient FF and plasma (Figure 2G, 2H), and exposure of the FT189, FT190 and
FT194 cell lines to a pool of all 8 patient FF samples (Supplemental Figure 2C) resulted in
significantly increased micronuclei formation in all cell lines except for FT190, which did
not show a significant difference compared to cells grown in USG culture media or plasma
(Supplemental Figure 1).

Follicular fluid treatment of fallopian epithelial cells induces APOBEC gene expression

Given the mutation signatures of early stage ovarian carcinomas and the inflammatory
environment of the ovulatory follicle [11], we examined whether FF exposure could change
expression of the family of APOBEC/AID cytidine deaminases, which are activated in
response to interferon and by inflammation [31]. We first examined basal expression of
APOBEC and AID genes in normal fallopian epithelial tissue using publically available
RNA sequencing data (Figure 3A, GTEX consortium). In normal fallopian epithelium,
Apobec3c was expressed the highest, followed by Apobec3G, F, D, and A, and Apobec4.
The transcripts for Apobecl, ApobecZ, Apobec3H, and A/D were not detected. In the
current cell lines (FT33-TAg, FT190, and FT194), we were able to detect all of the
APOBEC family members, with exception of Apobec3fand A/D, which were not present in
two cell lines (Supplemental Figure 2). To analyze APOBEC/AID proteins present in
fallopian epithelium, we surveyed the Human Protein Atlas to examine protein abundance in
the nuclei of fallopian epithelium of pre-menopausal women [32, 33]. Out of the seven
APOBEC family proteins for which data existed, only APOBEC3A was abundant in the
nuclei of fallopian epithelium in 3 different normal patient samples (Figure 3B).
Furthermore, only APOBEC3A demonstrated nuclear staining, consistent with possible
functional influences on cellular DNA (Figure 3B).

To examine if Apobec AID genes are altered after exposure to FF, we exposed FT33-TAg,
FT190, and FT194 cells to pools of FF and plasma and performed gPCR. The expression of
Apobec3A was the only Apobec/AID family gene to be consistently induced following
exposure to FF (Supplemental Figure 3). Next, we examined how individual patient FF
influence Apobec3A gene expression. Apobec3A was induced by at least two-fold in FT194
cells following exposure of 5 out of 8 FF samples. The increase in gene expression also
resulted in an increase of protein abundance in all fallopian epithelial cell lines following
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exposure to pooled FF, and to a lesser extent following exposure to pooled patient plasma
(Figure 4B). Finally, we transiently overexpressed APOBEC3A in FT194 cells, and
examined the formation of 53BP1 foci. APOBEC3A overexpression significantly increased
the mean number of 53BP1 foci in these fallopian epithelial cells (Figure 4D),
demonstrating that APOBEC3A expression is sufficient to induce DNA damage in fallopian
epithelial cells (p<0.05; T-test).

Discussion

The “incessant ovulation” hypothesis of ovarian cancer links repeated ovulatory cycles with
the occurrence of ovarian cancer. The microenvironment of ovulation is highly pro-
inflammatory and factors within FF, such as inflammatory cytokines, ROS, and steroids are
exposed to the distal ends of the fallopian tubes. The main hindrance to improving the
survival of ovarian cancer patients is a lack of early detection. Studying the /n vitro
properties of FF, and the effect FF has on fallopian epithelium is a unique model for
understanding changes that occur after ovulation in the fallopian tube. Studies such as these
are essential to advance our understanding of the incessant ovulation hypothesis of ovarian
cancer.

Previous work studying the effect of human FF on fallopian epithelium used fetal bovine
serum or USG supplemented cell culture medium for comparison (i.e., control) for
understanding the effects of FF [15-17, 21]. This experimental design does not take into
consideration that an individual’s FF (which is a plasma derivative [27]) may be influenced
by plasma factors specific to the patient. To rectify these shortcomings and to determine the
specificity of the effects of FF, we compared FF exposure to matched patient plasma. We
demonstrated that only FF was capable of significantly increasing cell proliferation, mitotic
figures, and increased cellular confluence. The increased expression of Ccndl by both FF
and matched patient plasma however, did not support the unique cellular proliferation
attribute of FF. This discrepancy may be explained by the role of estradiol in Ccnadl
activation [34], and the insensitivity of fallopian epithelium to proliferation after estradiol
treatment [16]. Thus, the high levels of estradiol in both plasma and FF [35] of I\VF patients
could increase expression of Ccndl, while allowing them to have independent effects on
proliferation.

Next, we assessed the ability of FF to induce DNA damage through the formation of
YH2A.X and 53BP1 foci formation. Exposure of fallopian epithelial cells to FF increased
YH2A.X foci, confirming previous studies [17, 18]. However, yH2A.X increase could be
independent of DNA damage, such as following activation of DNA-PKC/CHK2 in the
absence of DNA damage [29]. Therefore we analyzed formation of 53BP1 DNA damage
foci to specifically assess double strand breaks. Both yH2A.X and 53BP1 foci were
significantly induced by FF exposure, and not by patient plasma. A global view of the DNA-
damaging effects of FF on the fallopian epithelium was demonstrated using comet assays
after exposure to FF. This comprehensive analysis of DNA damage indicated that FF
exposure increases overall DNA damage accumulation and specifically, double strand
breaks. Lastly, we examined the consistency of the DNA damage effect in 3 other cell lines.
In total, three out of four fallopian epithelial cells showed an increase in 53BP1 foci
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formation after exposure to FF. Further analysis will need to elucidate the cause of these
differences.

Given the observations of DNA damage, double strand beaks, and the known links of
ovulation and inflammation, we hypothesized that APOBEC cytidine deaminases might be
playing a role in FF-induced alterations in fallopian epithelium. The family of cytidine
deaminase enzymes includes 10 APOBECs and AID, which are powerful DNA editors that
convert cytidine to uracil (C-to-U). APOBECS can be activated in response to interferon or
inflammation, and FF has been reported to contain interferon like cytokines [36]. The
exchange of a C with a U triggers DNA base-excision repair enzyme uracil-DNA-
glycosylase (UNG) to form apurinic/apyrimidinic (AP) sites. During replication, the base
pairing of a T:A will replace what was previously a C:G [37]. Importantly, if a trans-lesion
DNA polymerase is not used for repair, a stalled replication fork collapse may cause a
double strand break and potentially chromosomal rearrangements. Low stage high-grade
serous carcinomas exhibit significant C>T substitutions at CpG sites, suggestive of a pattern
of deamination [38]. High-grade serous carcinomas exhibit clustered hypermutations,
termed kataegis [38, 39]. Both the C>T substitution and kataegis mutation patterns are
suggestive of a mutagenic mechanism explained by cytidine deaminase activity.

A recent study showed that AID is increased in fallopian epithelial cells after exposure to FF
[21]. Activation of AID resulted in a decrease of overall DNA methylation, presumably
caused by the deamination of 5mC to T. However, the activity of the other APOBEC family
members was not examined. Here, we assessed changes in all APOBEC family genes after
FF exposure, and identified significant elevation of Apobec3A mRNA and protein
expression. When individual FF samples were examined, fluids from 5 of 8 patients induced
Apobec3A gene expression, indicating a possible genetic component to the variation in the
composition of each patient’s FF. Additional studies will identify the cause of Apobec3a
induction and establish the causative agents within FF that lead to these changes. Lastly, we
determined that Apobec3A transient overexpression was sufficient to induce double strand
breaks in fallopian epithelial cells, however further experiments are necessary to determine
if transient Apobec3A induction results in mutations of fallopian epithelial cells after
exposure to FF.

Altogether, our data reveal a novel mechanism by which FF exposure to fallopian epithelium
results in double strand breaks, adding to a body of work investigating the effect of FF on
fallopian epithelium. We show a specific proliferative and DNA damaging effect of FF,
compared to matched patient plasma samples. It is imperative to include patient controls in
order to discern between effects of FF or the plasma constituent within FF. Limitations of
our research include the use of immortalized cell lines and single exposures to FF. Future
studies should consider multiple exposures of FF to fallopian epithelium, replicating the /n
vivo situation of repeated ovulations and replication in primary fallopian epithelial cells to
account for immortalization. Our work helps to establish an understanding of molecular
events occurring in the fallopian tube following ovulation, and posits a potential mechanism
of action for FF induction of DNA damage within the fallopian tube.
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Figure 1. Fallopian epithelial cell proliferation following follicular fluid or plasma exposure
A) Cell lines were cultured in basal medium (No USG), USG supplement (USG Suppl.), 5%

individual follicular fluid, or corresponding patient plasma (5%) for 24 hr and BrdU
incorporation was measured. B) Microscopy image analysis of mitotic figures performed on
FT33-TAg cells exposed to individual patient FF and matched plasma samples. C)
Percentage of mitotic cells in the FT189, FT190 and FT194 cells grown in USG Suppl.,
pooled FF, or pooled plasma from all 8 patients (three independent assays). Mitotic figures
were counted based on chromosome Hoescht staining. D) Proliferative index as assessed by
Cyclin D1 (Ccndl) expression following growth of FT33-TAg, FT190 and FT194 cells for
24 hr in basal medium (No USG), USG Suppl., FF pool, or matching patient plasma

pool. P.C Means + SEM within a panel that have different superscripts were different
(p<0.05).
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Figure 2. Follicular fluid exposure induces DNA damage accumulation in fallopian epithelial
cells
A) Representative images of FT33-TAg cells grown in USG Suppl., individual patient FF,

individual patient plasma, or carboplatin with Hoescht (Blue) staining demarcating the
nuclear area, and green staining showing the yH2A.X (A) and 53BP1 foci (C). Quantitative
results for yH2A.X (B) and 53BP1 (D) foci in the FT33-TAg cells exposed to treatments.
Representative comet assay images of nuclei E) from FT33-TAg cells following staining
with SYBR Gold and quantitation of percent DNA F) in comet tail after exposure to
individual patient FF, individual patient plasma, or carboplatin. Representative images of
micronuclei formation (G) in FT33-TAg cells and quantitation H) of micronuclei formation
in FT33-TAg cells after exposure to USG Suppl., individual patient FF and matching
individual patient plasma. 2P:CMeans + SEM within a different superscripts were different
(p<0.05).
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Figure 3. Apobec genes are expressed in primary fallopian epithelial tissues and fallopian

epithelial cell lines

(A) The Genotype-Tissue Expression (GTEX) Project database was utilized to identify
Apobec and AlD expression in normal fallopian tube epithelium (n = patient samples).
RNA-Seq data from XX tissues are reported as average RPKM (reads per kilobase per

Page 15

million mapped reads). Normal distribution across the dataset is visualized with box plots,

shown as median and 25th and 75th percentiles. (B) Representative images showing

abundance of APOBEC family proteins in fallopian epithelium in premenopausal women

from the Human Protein Atlas.
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Figure 4. Apobec3A is induced following exposure to human FF
A) Apobec3A gene expression changes following exposure to individual FF from all 8

patients in FT33-TAg fallopian epithelial cell lines. B) Analysis of the effect of pooled FF
and pooled plasma samples on the induction of APOBEC3A protein in all four cell lines. C)
Representative image of 53BP1 foci formation in FT194 cells following transient
overexpression of Apobec3A or control pPCDNA3.1 plasmid DNA. Western blot
demonstrating overexpression of APOBEC3A, and quantification of 53BP1 foci. & Means
+ SEM within panel B were different (p<0.05). Means + SEM within panels A and C were
different (p<0.05) from the USG control or pcDNAS3.1 control, respectively.
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