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BACKGROUND: Epithelial ovarian cancer (EOC) risk correlates strongly with the number of ovulations that a woman experiences. The
primary source of EOC in women is the ovarian surface epithelium (OSE). Mechanistic studies on the etiology of OSE transformation to EOC
cannot be realistically performed in women. Selecting a suitable animal model to investigate the normal OSE in the context of ovulation
should be guided by the model’s reproductive similarities to women in natural features that are thought to contribute to EOC risk.

METHODS: We selected the non-human primate, rhesus macaque, as a surrogate to study the normal OSE during the natural menstrual
cycle. We investigated OSE morphology and marker expression, plus cell proliferation and death in relation to menstrual cycle stage and
ovulation.

RESULTS: OSE cells displayed a morphological range from squamous to columnar. Cycle-independent parameters and cycle-dependent
changes were observed for OSE histology, steroid receptor expression, cell death, DNA repair and cell adhesion. Contrary to findings in non-
primates, primate OSE cells were not manifestly cleared from the site of ovulation, nor were proliferation rates affected by ovulation or stage
of the menstrual cycle. DNA repair proteins were more highly expressed in OSE than in other ovarian cells.

CONCLUSIONS: This study identifies significant differences between primate and non-primate OSE. In contrast to established views, ovu-
lation-induced death and proliferation are not indicated as prominent contributors to EOC risk, but disruption of OSE cadherin-mediated

adhesion may be, as could the loss of ovary-mediated chronic suppression of proliferation and elevation of DNA repair potential.
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Introduction

The ovarian surface epithelium (OSE) is a discreet layer of cells sur-
rounding the ovary and is the primary source of ovarian cancer in
women (Wong and Auersperg, 2003; Auersperg et al., 2008). The life-
time risk for epithelial ovarian cancer (EOC) is | -2%, despite the fact
that the entire population of OSE cells is only about 107 cells per
ovary. The molecular basis for why the OSE is so highly prone to
transformation is not understood, but because the major risk factors
for the disease are age, menopause, ovarian function and genetics
(Sueblinvong and Carney, 2009), it would appear that a woman'’s
natural biology places these cells at risk. A considerable body of
data from human tissues, cell culture experiments and animal
studies provides rationale for how these factors may promote EOC:
(i) the frequency of premalignant inclusion cysts correlates positively
with age and the total number of ovulations a woman experiences
(Westhoff et al,, 1993; Heller et al, 2005; Tan et al., 2005);

(i) progestins can induce OSE apoptosis in vivo (Rodriguez et al.,
2002); (iii) cultured OSE and ovarian cancer cells respond to high con-
centrations of estradiol and progesterone (E and P) by growth arrest
and up-regulation of apoptotic indicators (Keith Bechtel and Bonavida,
2001; Wright et al., 2005), or by increased proliferation in vivo (Bai
et al., 2000); (iv) gonadotrophins that regulate ovarian function can
promote proliferation in cultured OSE cells and in vivo (Davies et dl.,
1999; Ivarsson et al., 2001; Parrott et al., 2001); (v) ovulation is
accompanied by wound/inflammatory processes that are genotoxic
(Gubbay et al., 2005; Rae and Hillier, 2005; Fegan et al., 2008);
(vi) prior to ovulation, ovarian factors inflict genetic damage and
death on the OSE (Colgin and Murdoch, 1997; Murdoch et dl.,
2001; Murdoch and Martinchick, 2004), whereas after ovulation,
increased proliferation in the OSE has been detected (Osterholzer
et al, 1985; Bai et al., 2000); and (vii) models of superovulation
show increased OSE proliferation and inclusion cyst formation
(Burdette et al., 2006, 2007).
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Determining how and to what extent ovarian function affects EOC
risk and drives OSE transformation in women is important for under-
standing disease origins and progression, and to assess risk of clinical
treatments, particularly fertility and hormone therapies. It is not feas-
ible to study the OSE of women during the natural menstrual cycle or
under controlled experimental conditions. Most species, including
mice, sheep and rabbits in studies cited above, do not develop EOC
spontaneously, possibly owing to basic reproductive differences that
affect the OSE, and thus may not be well-suited to study how
natural risk factors contribute to its transformation. The rhesus
macaque, a non-human primate, may offer a suitable alternative
model. Rhesus monkey females have genetic and physiological charac-
teristics similar to women, including a 28-day menstrual cycle, compar-
able sex steroid and gonadotrophin regulation of the ovary, a
reproductive life spanning decades and menopause; in addition, spon-
taneous EOC has been detected in the non-human primate, including
the rhesus monkey [reported in (Moore et al., 2003)].

On the basis of available data, it may be hypothesized that the
human OSE undergoes dynamic regulation during the natural men-
strual cycle, as seen in non-primates. This could include up- and down-
regulation of E and P receptors in response to cyclic patterns of E and
P production (Chaffin et al., 1999; Mukherijee et al., 2005; Giles et al.,
2006); low basal levels of proliferation (Werness et al., 1999; Heller
et al., 2003; Piek et al., 2003; Slot et al., 2006; Pothuri et al., 2010),
punctuated by higher levels following ovulation (Osterholzer et al.,
1985; Bai et al., 2000; Doyle and Donadeu, 2009), and; increased
cell death prior to ovulation and in the presence of high levels of P pro-
duced by the corpus luteum (CL) (Murdoch et al., 2001; Rodriguez
et al., 2002). Changes in cellular morphology may also occur as the
ovarian surface expands and contracts in response to follicle growth,
ovulation and luteal regression. Studying the rhesus macaque OSE
may, or may not, confirm findings from other species and help
define how the menstrual cycle contributes to EOC in women.

Therefore, experiments were designed to investigate the rhesus
macaque OSE during the menstrual cycle, and in relation to the domi-
nant follicle selected to ovulate and the CL. We observed cyclic
changes in cell morphology and adhesion, E and P receptor
expression, cell cycle arrest and death and DNA repair protein
expression. In contrast to reports detailing the non-primate OSE,
we did not observe cell death or proliferation localized to the follicle
rupture site. Expression levels of two DNA repair proteins, FANCD?2
and Oggl, were chronically higher in OSE than other ovarian cell
types.

It should be noted that an accumulation of convincing data indicate
an alternative source of high grade pelvic tumors diagnosed as EOC, in
the fimbrial epithelium (FE). Genetic similarity between OSE, FE and
these tumors has been reported (Marquez et al., 2005), and putative
early lesions have been identified in the distal fallopian tube and fimbria
of women, primarily those with BRCA| mutations, after undergoing
prophylactic salpingo-oophorectomy (Medeiros et al., 2006; Folkins
et al., 2009). Challenges that exist for studying the OSE of women
also apply to investigations of the FE, and the non-human primate
may be well-suited for such investigations; however, the current
study is focused on the primate OSE.

Our findings indicate that some hypotheses on the early etiology of
EOC are not well supported and that the primate OSE may be unique
in some regards, most notably by a lack of destruction and

proliferation within the OSE in response to ovulation. As a conse-
quence, despite the power of some animal model systems that spon-
taneously develop EOC [the hen; (Fredrickson, 1987; Johnson, 2009)]
or else are accessible to genetic manipulation to simulate OSE malig-
nancy [the mouse; (Fong and Kakar, 2009)], the non-human primate
may be best suited as a surrogate for women to investigate precancer-
ous OSE and early EOC etiology, and for the development of novel
strategies for prevention and early detection.

Materials and Methods

Animal care and menstrual cycle staging

Rhesus monkeys (Macaca mulatta) were housed and cared for at the
Oregon National Primate Research Center (ONPRC) on the West
Campus of the Oregon Health & Science University (OHSU), as described
previously (Wolf et al, 1990). Protocols were approved by the
ONPRC/OHSU Animal Care and Use Committee, in accordance with
the National Institute of Health guidelines (NRC), 1996). Adult female
monkeys (n=17) 6—16 years of age were selected for the current
study. The reproductive age for rhesus monkey females begins at ~3
years of age (menarche) and lasts until menopause, in the early-to-mid
20s (Bellino and Wise, 2003; Nichols et al., 2005; Walker and Herndon,
2008). The median age at which ovarian carcinomas occur in rhesus
monkeys has not been accurately recorded, but is generally in ‘adult’,
‘mature’ and ‘old’ females, though has been reported as early as 2 years
of age [reported in (Moore et al., 2003)]. Menstrual cycles were staged
using at least two of the following three methods: visual evidence of
menses, serum assays of E (|7-B-estradiol) and P, and ovarian histology.
Serum levels of E and P were determined by fluorescent assay using an
IMMULITE 2000 (Seimens Medical Solutions, Malvern, PA, USA) in the
ONPRC Endocrine Technology and Support Core (Young et al., 2002).

Tissue collection

Cycling rhesus macaques have a 24—31-day (mean 28) menstrual cycle
(Resko et al., 1982; Lane et al., 2001). Day | was defined as the first
day of menses. Ovaries were collected during the perimenstrual (PM)
stage between Day 25 and Day 3 (n = 4 ovaries), the time of dominant
follicle development (DF) from Day 4 to 10 (n = 5), during the periovula-
tory stage (PO) from Day || to |7 (n=6), or during the subsequent
interval of CL steroidogenesis, between Days 18 and 24 (n = 4). Contral-
ateral ovaries with no dominant follicle or CL (ND; n = 8) were also col-
lected. Additional ovaries were collected from three monkeys that were
not cycling, due to season, to obtain OSE RNA representing a baseline
of in vivo gene expression. These were selected as controls rather than
prepubescent or post-menopausal females, which would have either
never experienced hormonal cycles or experienced depletion of E and P
and sustained elevation of FSH and LH. The hormonal milieu of non-
cycling adults is considered the most appropriate baseline control.
Ovaries were collected laparoscopically by veterinary staff in the
ONPRC Division of Animal Resources from anesthetized animals and
placed in sterile saline or saline with 18% formaldehyde and 0.19% Triton.

OSE histology, immunohistochemical
labeling and analysis

Fixed ovaries were paraffin embedded and cut into 5 um sections as
described previously (Wright et al., 2010) for hematoxylin and eosin
(H&E) or immunohistochemical (IHC) staining. H&E labeled sections
were used to examine OSE morphological characteristics: height, lateral
density and presence or absence of an apical projection. Cells were
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defined as Type |, 2 or 3, on the basis of height, with Type | <2.5 um,
Type 2 between 2.5 and 7.5 pum and Type 3 >7.5 pm. Apical projections
were excluded from height measurements. Fields of view (FOV) of
500 um in OSE length were scored for predominant morphological
type, and percentage of cells bearing an apical projection. Cell density
was quantified as the number of OSE cells per 250 um of ovarian
surface length, from 30 FOV selected randomly among all ovaries at all
stages, or from 5 FOV that represented each individual morphological
Type.

IHC was conducted as described (Wright et al., 2008, 2010), with
modified antigen retrieval by pressure cooking for 30 min in Citra Solution
(BioGenex; San Ramon, CA, USA). A minimum of three sections from
each ovary for each antibody was examined. Primary antibodies against
the following antigens were used: keratin, estrogen receptor-alpha
(ER-at) and progesterone receptor (PR; DAKO Corp.; Carpinteria, CA,
USA), ER-B (Affinity Bioreagents; Golden, CO, USA), progesterone
receptor membrane component-1 (PGRMCI; Abcam; Cambridge, MA,
USA), E- and N-Cadherin (BD Transduction Laboratories; San Jose, CA,
USA), P-Cadherin (Sigma-Aldrich; St Louis, MO, USA), OB-Cadherin
(Invitrogen; Carlsbad, CA, USA), PCNA and phospho-histone 3 (pH3;
Chemicon International; Temecula, CA, USA), phospho-Retinoblastoma
(pRb), p2l and cleaved caspase-3 (Cell Signaling Technology, Inc.;
Danvars, MA, USA), p53 (Calbiochem; Gibbstown, NJ, USA), and
Fanconi anemia D2 (FANCD2) and oxoguanine glycosylase (Oggl;
Novus Biologicals; Littleton, CO, USA). Phosphatase-conjugated second-
ary antibodies and colorimetric reagents were from Kirkegaard & Perry
Laboratories (Gaithersburg, MD, USA).

Visual examination of each section at 100—960x magnification was
conducted using an Olympus [IX71 inverted microscope (Olympus;
Center Valley, PA, USA), and photo imaging was performed using an
Olympus Microfire camera connected to an Apple iMac G5 (Apple;
Cupertino, CA, USA) operating PictureFrame 2.0 (Optronics; Goleta,
CA, USA). Antigen expression was quantified as the percentage of OSE
cells expressing signal, as indicated by colorimetric precipitate greater
than in negative controls; i.e. sections exposed to secondary antibody
alone. Quantification of staining intensity was not performed.

RNA purification and analysis

The ovarian surfaces of six ovaries from three females were brushed to
collect OSE cells, as described (Wright et al., 2008), except that the
ovaries were removed from the females and the entire epithelium was col-
lected. Total RNA was purified using an RNeasy kit (Qiagen; Valencia, CA,
USA) per manufacturer’s instructions. OSE RNA from both ovaries from
each female was pooled, so three separate OSE RNA samples were sent
to the OHSU Gene Microarray Shared Resource Affymetrix Microarray
Core for quality control, labeling, hybridization to GeneChip Rhesus
Macaque Genome Arrays (Affymetric, Inc.; Santa Clara, CA, USA) and
data management (Bogan et al., 2008). For the current study, only prop-
erly annotated probe sets (National Center for Biotechnology Information
and University of Nebraska Non-Human Primate Genomics Center) cor-
responding to cadherin isoforms were included.

Statistical analysis

Differences in OSE histology and antigen expression between stages in the
natural menstrual cycle and in relation to the dominant follicle or corpus
lutem were analyzed by analysis of variance, followed by Student’s t-test
where appropriate. Statistical software used was SigmaStat 2.0 (Systat
Software; San Jose, CA, USA), Microsoft Excel 2008 (Microsoft;
Redmond, WA, USA) and iWork Numbers '09 (Apple; Cupertino, CA,
USA).

Results

OSE histology

Primate OSE cells exhibited a range of sizes (Fig. |A), distinguishable
on the basis of height (Fig. |B), lateral density (Fig. 1C) and the pres-
ence of an apical projection (Fig. 1D). The frequency of Types varied
during the menstrual cycle (Fig. IB), with Type | cells showing a trend
(P=0.1) to rise between the DF and CL stages, Type 2 cells signifi-
cantly (P < 0.05) increasing from PM to DF and tending (P = 0.1) to
decline between DF and CL and a trend (P = 0.09) for in Type 3
cells to decline from PM to DF. Generally, 13.5 + [4.2% of cells
were Type |, 79.4 + 20.1% were Type 2 and 6.8 + 2% were Type
3. The lateral density of these Types differed from each other
(Fig. 1C), with Type | cells being significantly (P < 0.01) less dense
and Type 3 (P < 0.05) being more dense than Type 2 cells. Apical
projections were observed in 45 + 12% of Type 2 cells and 65 +
21% of Type 3 cells, but not in Type | cells. No significant relationship
was seen between cell type and proximity to the dominant follicle or
CL, except that Type 3 cells were not seen over the pre-ovulatory
follicle.

Cadherin isoform expression in the primate
OSE

Microarray data provided a cadherin gene expression profile (Fig. 2)
more detailed than previously reported for non-human primates
(Wright et al., 2008), and in agreement with recently available
human OSE gene expression data [http://www.ncbi.nlm.nih.gov/
gds; reference series GSEI14407 (Bowen et al., 2009)]. In non-cycling
females (n = 3), robust levels of CDHI, 2, 3 and Il (E-, N-, P- and
OB-cadherin, respectively) mRNAs were observed in the OSE.
These were selected for further study using IHC. Nine other isoforms
were reported as present, whereas |0 isoforms were absent. Note
that the gene symbol numbering omits CDH14, 2| and 25.

E-cadherin in a Day 8 OSE: an illustration
of intraovarian variation

Analysis of individual FOV ~2 mm in length in 14 tissue sections, col-
lected at 150 wm intervals from a Day 8 ovary (Fig. 3A and B),
revealed intraovarian variation in the percentage of OSE cells staining
positive for E-cadherin. Values ranged from 0 to 100% of cells within
FOVs in the two panels shown (Fig. 3B). Segregating FOV on the basis
of proximity to the dominant follicle did not reveal consistent signifi-
cant differences in expression levels on the basis of this proximity.
Note that the sections shown (Fig. 3B; #9 and 12, corresponding to
sections 373 and 463) were spaced ~0.45 mm apart and the domi-
nant follicle was of similar size (5.6 and 5.1 mm in diameter, respect-
ively) and proximity to the surface (0.35 and 0.46 mm, respectively) in
both sections, yet the percentage of E-cadherin-positive cells in the
vicinity of the dominant follicle varied widely between these two
sections.

When data from all 14 sections spanning this ovary were compiled,
a more comprehensive profile of expression was generated (Fig. 3C),
revealing an overall expression of E-cadherin by 21.6 + 12.3% of all
OSE cells associated with this ovary. The percentage of OSE cells
close to the dominant follicle that were positive for E-cadherin was


http://www.ncbi.nlm.nih.gov/gds
http://www.ncbi.nlm.nih.gov/gds
http://www.ncbi.nlm.nih.gov/gds
http://www.ncbi.nlm.nih.gov/gds
http://www.ncbi.nlm.nih.gov/gds
http://www.ncbi.nlm.nih.gov/gds
http://www.ncbi.nlm.nih.gov/gds
http://www.ncbi.nlm.nih.gov/gds

Regulation of the primate OSE

1411

50

Frequency (%)

25

il

-

-

PM DF PO CL ND
Type 1

E
=
22
3
[Cl *%
ogd
T
o
D
=
L

mean

PM DF PO CL ND
Type 2

PM DF PO CL ND

Type 3
D_ 100,
&
n 75
f:
E‘ 50 '
5
5 25 '
(]
= | *% _ _ _
1 2 3 mean

Type

Figure | Frequency and density of OSE morphological types and cells with apical projections. (A) Images display representative examples of Type |,
2 or 3 OSE cells. Scale bracket is 10 wm. (B) Histograms summarize the frequency of each type in relation to the stage of the natural menstrual cycle
(PM, perimenstrual; DF, dominant follicle developing; PO, periovulatory; CL, corpus luteum active; ND, no dominant structure apparent). # denotes
trend differences (P < 0.1) between indicated groups; * denotes P < 0.01 between PM and DF. (C) Density of OSE cell Types, expressed as the
number of cells per 250 wm of ovarian surface. * and ** denote P < 0.05 and P < 0.01, respectively, from Type 2. (D) Percentage of cells bearing
an apical projection by type. ** denotes P < 0.01, compared with others. Error bars are the standard error of measurements from sampled FOV.

.58 times higher than the percentage of positive cells farther from the
dominant follicle. This was a statistical trend (P = 0.07) toward higher
expression; however, this trend was not supported in all ovaries from
this stage (P = 0.43).

Cadherin protein isoform expression during
the primate menstrual cycle

The mean percentage of OSE cells on all ovaries that stained positive
for E-, N-, P- and OB-cadherin were 48.7 + 12.1, 3.3 + 0.6, 53.1 +
[4.6 and 25.6 + 10.3%, respectively. Each cadherin was detected in
ovaries from all cycle stages, at variable levels. The source of this varia-
bility was not related to proximity to the dominant follicle or CL, or to
morphological type of OSE. Furthermore, cadherin isoforms were not
exclusive to regions of the ovarian surface, but commonly overlapped.
E-cadherin decreased significantly (P < 0.05) from PM to DF (Fig. 4A),
and other cadherins tended to decrease between PM and DF or PO
(Fig. 4B—D). P-cadherin rose significantly (P < 0.05) from PO to CL
(Fig. 4C). Representative staining is shown (right, each panel). As

negative controls, tissue sections were exposed to secondary antibody
alone, which did not show appreciable non-specific reactivity (Fig. 4C
and D, lower right panels). When cadherin isoform expression data
were normalized to values at menstruation (PM) and pooled for all
cadherins, a significant (P < 0.05) decrease was seen between PM
and both DF and PO stages; meanwhile a trend (P = 0.07) increase
from PO to CL was observed (Fig. 4E).

Estrogen and progesterone receptors in the
primate OSE

Nuclear receptors for E and P, ER-a and PR, were detected in the
primate OSE, as was the cytoplasmic membrane-associated progester-
one receptor PGRMCI (Fig. 5A). ER-B was not detected (negative
data not shown). Overall, ER-a, PR and PGRMCI staining was
detected in 22.0 £ 8.1, 56.9 + 18.2 and 68.0 + 5.8% of all OSE
cells, respectively. The percentage of positive-staining cells did not
correlate with proximity to the dominant follicle or CL, or to morpho-
logical type of OSE; however, ER-a-positive cells declined significantly
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Figure 2 Transcriptional profile of mRNA levels for different cadherin isoforms in the primate OSE in vivo. Histogram shows the mean global-scaled,
RMA-normalized fluorescent signal obtained from each chip (n = 3) hybridized with labeled OSE cDNA. Error bars are the standard error of measure-
ments from RNA samples from three monkeys. Open bars indicate transcripts defined as ‘present’ while filled bars represent ‘absent’ transcripts.

Table lists each Affymetrix probe set ID and description.

(P < 0.05) between PO and CL stages (Fig. 5B), and the percentage of
PR-positive cells showed a significant (P < 0.05) decline between PM
and DF (Fig. 5C). The percentage of PGRMCI-positive cells did not
change significantly during the menstrual cycle (Fig. 5D).

Proliferation in the primate OSE

Antibodies to detect proliferative potential or mitosis revealed only
low levels of activity within the OSE (Fig. 6A—C). PCNA, pH3 and
pRb staining was found in only 022+ 0.11, 0.08 + 0.14 and
0.02 + 0.01% of OSE cells, respectively. No significant changes were
observed in relation to the dominant follicle, CL or phase of the men-
strual cycle (Fig. 6A—C). Evidence of proliferation could be detected in
all morphological types of OSE cells, consistent with previous findings
in which proliferation was induced by physical disruption of the OSE; in
this prior study, markers of proliferation were detected at a frequency
~ 10-fold higher than seen here (Wright et al., 2008). By way of com-
parison, the percentage of PCNA, pH3 and pRb-positive cells in pre-

antral follicles was significantly (P << 0.01) higher than in the OSE. In
many instances, several OSE cells in a single section were positive
for these antigens. However, these cells were usually not clustered
within 500 wm of each other.

Cell cycle arrest and apoptotic indicators
in the primate OSE

p21, a mediator of cell cycle arrest, was detected in the OSE (Fig. 7A).
Although no correlation was apparent in relation to the dominant fol-
licle or CL, a significantly (P < 0.05) higher percentage of OSE-positive
cells was seen during PM when compared with all other stages. Stain-
ing for the apoptotic mediator p53 was detected in the OSE, with a
non-significant increase (P = 0.08) seen during DF versus other
stages of the cycle; no significant changes were seen in relation to
the dominant follicle or CL (Fig. 7B). The cleaved (active) form of
caspase-3 mediates cell death, and was detected in the OSE
(Fig. 7C). Cleaved caspase-3 may (P = 0.07) be higher during PM,



Regulation of the primate OSE

1413

B  section # 373 mean Section # 463 mean
100 (9) 433314 100 (12) 31.7432.9
T
% & 75
O £
®
So s 50
.g §
o 5 25 I 25 I I
N | [
1] I 0 | l . |
-120 -60 0 60 120 180 -120 -60 0 60 120 180
Degrees Degrees
C,..., 100 ¢
c
o mean=21.6+12.3
= § 7% .
O _5 I T i b, c
< 50 b,c bec e
:‘E g a,b'cabca'b'c ] [ "l' abec
0 = i
o c
D. g e a a B_|:b H] ]
g il 1AL
1 2 3 4 5 6 7 8 9 10 11 12 13 14

Section

Figure 3 E-cadherin protein expression in the OSE of a single ovary at the DF stage. (A) Diagram showing a tissue section with a dominant follicle
(DF), typically about 5 mm in diameter, and radial intervals around the section, approximating the FOV. Lighter intervals correspond to areas where
the surface is defined as near the DF; darker intervals are considered to contain surface away from the DF. Unlabeled circles represent the pool of
follicles in the ovarian cortex that will give rise to future ovulatory follicles. (B) Percentage of OSE cells expressing E-cadherin in each FOV in sections
373 and 463, numbered 9 and 12 in (C), below. These were selected from 14 sections spanning the entire ovary for illustrative purposes. Lighter bars
are near the DF, darker bars are away from the DF. (C) Percentage of E-cadherin-positive cells in each of the |4 sections spanning the entire ovary.
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relative to DF and PO (Fig. 7C). When PM and CL results were
pooled and compared with DF and PO pooled data, cleaved
caspase-3 was found in a significantly (P << 0.05) greater percentage
of OSE cells during PM and CL stages, versus DF and PO stages.
No significant association with proximity to the dominant follicle or
CL was observed. The mean overall expression of p2l, p53 and
cleaved caspase-3 was 0.06 + 0.07, 0.88 + |.] and 0.08 + 0.1 1% of
all OSE cells, respectively. Each of these antigens was readily detected

in luteal tissue, in significantly (P << 0.01) greater percentages of cells,
compared with the OSE.

Mediators of DNA repair in the primate OSE

Immunostaining for FANCD2, a member of the Fanconi anemia and
BRCAI/2 DNA repair families, and Oggl, a mediator of DNA
base repair, was detected in the primate OSE (Fig. 8). The
general expression levels of FANCD2 and Oggl were 13.8 + 3.9
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and 48.4 +3.3% of OSE cells, respectively. No significant
changes were seen in relation to the dominant follicle or CL, or
to morphological type of OSE. FANCD2 was seen in significantly
(P<0.05) more cells in DF than CL. These proteins were
expressed at significantly (P << 0.01) lower levels in luteal tissue
versus OSE.

The OSE at the follicle apex and after
ovulation

A detailed visual inspection of PO ovaries was conducted to more
stringently assess the OSE at the apex of the pre-ovulatory follicle
(Fig. 9A), within 150 pm of the site of ovulation (Fig. 9B), and at
the ovulatory stigma (Fig. 9C). Over the apex of the unruptured fol-
licle, where the distance between the ovarian surface and follicle
wall was only 60 wm, OSE cells of Type 2 morphology were most
common. Type | cells were also detected, but not Type 3. Elevated
levels of proliferation or cell death were not observed. After follicle
rupture, the tunica albuginea between the OSE and luteinizing follicle
wall decreased in thickness near the site of rupture, to <20 pm.
Immediately at the rupture site, the tunic was displaced by debris,
cells and fluid released from the follicle. Markers for the OSE were
detected within 20 wm of the rupture site. H&E staining of putative
OSE cells within this region showed some amount of disorder, mani-
festing as gaps between surface cells and a rounded morphology. OSE
cells beyond this narrow range (>20 pwm) showed no comparable
alterations. The presence of a small number of OSE—marker-
expressing cells atop the ovulatory stigma provided evidence that
OSE cells may be displaced by ovulation; however, the fate of these
cells could not be definitively established: due to the high level of
expression of markers for proliferation, cell cycle arrest and death
within the luteinizing tissue, detection of these markers at the
stigma surface could not be assigned with confidence to displaced
OSE cells.

Figure 4 Cadherin isoform expression in the OSE during the men-
strual cycle. Histograms (A—D, left panels; E) show mean expression
levels in the OSE during each defined stage. Data are mean +
standard error for n > 3 sections per ovary. Images (right panels)
show labeling for each isoform antibody, or negative control, as indi-
cated. Arrows highlight regions of cell—cell contact; brackets highlight
the OSE; scale bar = |0 wm. (A) E-cadherin: upper panel presents
Type | cells, lower panel shows Type 3 cells. (B) N-cadherin:
upper panel shows OSE, lower panel demonstrates expression in
granulosa cells surrounding the oocyte (O) of a pre-antral follicle.
(©) P-cadherin: upper panel shows OSE cells; lower panel represents
a negative control: tissue labeled only with secondary anti-rabbit anti-
body. (D) OB-cadherin: upper panel shows OSE; lower panel shows
tissue labeled only with secondary anti-mouse antibody. (E) Pooled
expression of all cadherins, normalized to PM stage values. *
denotes P < 0.05 relative to PM expression, or as indicated; #
denotes trending differences (P < 0.1) relative to PM, or as indicated.
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Discussion

The primate OSE displays cycle-independent and cycle-dependent
properties that distinguish it from other ovarian cell types and
suggest diverse influences from the menstrual cycle; however, proxi-
mity to the dominant follicle selected to ovulate or the CL did not
clearly affect the OSE. Cycle-independent properties of the OSE
include low basal rates of proliferation, with no evidence of fixed
loci or beds of OSE progenitor (stem) cells, and a higher percentage
of cells expressing DNA repair proteins, relative to granulosa and
luteal cells. It is possible that the ovary suppresses basal proliferation
(PCNA, pH3 and pRb), or at least the expression of markers of pro-
liferation, within the OSE and induces higher levels of DNA repair
potential (FANCD2 and Oggl). Alternatively, these may be
ovary-independent properties of the OSE that minimize proliferation
of cells that are routinely damaged. Future studies to manipulate the
OSE and its local ovarian environment in vivo may more effectively
evaluate these possibilities. Notably, luteal cells die as the CL function-
ally and structurally regresses, typically within days, and it could be
argued that they express less DNA repair potential based on the
absence of a need for survival; likewise, a survey of antral follicles
(>0.2mm in diameter) revealed FANCD2 or Oggl in generally
fewer than 5% of granulosa or thecal cells (data not shown), and
some antral follicles survive for weeks.

Cycle-dependent changes seen in the OSE were generally modest,
but significant: (i) the distribution of morphological types shifted
between PM and DF stages, with a gain of Type 2 and possible loss
of Type 3 cells; (i) the percentage of cadherin-expressing cells was

generally lower during DF and PO than in CL and PM stages;
(iii) the frequency of ER-a-positive cells declined between PO and
CL, coinciding with a transition between an estrogen- versus
progesterone-dominated milieu; (iv) PR expression declined signifi-
cantly after PM; (v) p2l, a mediator of cell cycle arrest, was signifi-
cantly higher during PM than all other stages of the cycle;
(vi) cleaved caspase-3, an effector of cell death, was significantly
higher during PO and CL, and; (vii) FANCD2 was highest during
DF and lowest during CL. These findings suggest the ovary influences
OSE adhesion, steroid responsiveness, cell cycle, death and DNA
damage repair during the menstrual cycle, albeit to a limited extent
and not uniformly throughout the OSE.

A deeper level of analysis is warranted in future studies. While we
were able to demonstrate that, for example, cadherin isoform
expression did not clearly determine morphological type or prolifera-
tive activity, and that morphological type did not define which cells
expressed markers of proliferation, other correlations could not be
confidently investigated, given the sample size of the current study,
and the low frequencies of some of the antigens detected here. In
order to unravel mechanisms controlling the OSE during the natural
cycle, it will be important to identify in vivo functional interactions
between the pathways represented by proteins studied here, as well
as other molecules, such as matrix remodeling enzymes, mediators
of inflammation and growth factor receptors.

Investigating the OSE overlying the emerging pre-ovulatory follicle
and surrounding the site of ovulation reinforced the conclusion that
possibly  resistant to
owvulation-associated DNA damage, and less influenced by proximity

the primate OSE is generally stable,
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Images (right panels) show the OSE (upper) or a pre-antral follicle (lower). O = oocyte; brackets highlight the OSE; arrows indicate positive OSE

cells; scale bar = 15 pum.

to the dominant structures than was expected. At the pre-ovulatory
stage, the follicle apex displayed OSE that was statistically indistinguish-
able from OSE distant from the apex. However, after follicle rupture,
the OSE within 20 wm of the ovulatory site showed signs of disorder,
but not apoptosis or proliferation. This study may not have the tem-
poral resolution necessary to detect brief, narrowly localized changes
in the OSE. Cellular events prior to follicle rupture may occur within a

span of hours—perhaps <% of the entire cycle (Colgin and
Murdoch, 1997). Staging ovaries precisely in the PO interval is difficult
within the natural cycle, but is possible using a controlled ovulation
protocol that permits tissue collection at precise time increments
after administering an ovulatory bolus of hCG (Young et al., 2003).
It will be important to conduct precisely timed studies to resolve
the fate of the primate OSE at ovulation: dissolution of the tunica
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albuginea underlying the OSE at the rupture site, and/or subsequent stigma in rhesus macaques can span several millimeters (Wright

exposure to follicle contents could trigger OSE death, while leaving
OSE attached to the tunic intact; alternatively, OSE cells separated
from the tunic could escape death and be transported away from
the ovary, along with follicular contents, and be deposited within
the reproductive tract or peritoneal cavity. The diameter of the

et al., 2010), so the potential exists for a large number of cells to
be shed from the ovary during each ovulation. Those surviving depo-
sition could face an environment that fails to suppress proliferation and
promote DNA repair, thus increasing malignant potential. Future
studies detailing follicle rupture may reveal rapid loss of OSE where
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the ovarian tunic is obliterated during ovulation. This would indicate
greater agreement with findings from other model systems, especially
the well-studied ovine model (Murdoch and McDonnel, 2002), than
reported here.

The presence of FANCD?2 at higher levels in the OSE than in other
ovarian cell types supports the concept of a pathway to transform-
ation beginning with defective DNA repair. The Fanconi anemia/
BRCA pathway is strongly associated with familial breast and ovarian
cancer due to mutations in BRCAI or 2 (Lynch et al., 2009), but
loss of FANCD2 could also disrupt this pathway and result in EOC.
Interestingly, FANCD2 expression is decreased in OSE, but not
other cell types, from many women with a family history of the
disease (Pejovic et al., 2006). Novel strategies for early detection or
prevention of EOC may include screening for epigenetic defects in
this pathway or developing methods to preserve DNA repair mechan-
isms in the OSE. Other DNA repair mechanisms appear to act on the
ovine OSE at the site of ovulation, including polymerase-beta and
poly(ADP-ribose) polymerase (Murdoch, 2005), and this encourages
a more extensive study of additional repair mechanisms in the
primate OSE.

The current findings are consistent with prevailing perspectives on
EOC etiology to greater or lesser degrees. The underlying basis for
the ‘Incessant Ovulation’ hypothesis (Fathalla, 1971) is not well sup-
ported here, owing to the lack of proliferation at the site of ovulation.

It has yet to be determined whether the diameter of the ovulatory site
correlates to the amount of tunica albuginea (and OSE) that must be
replaced. The damage to the tunic may hypothetically be repaired in
large part by contraction of the ovarian surface as the CL regresses;
if so, the need for proliferative repair of the OSE may be minimal.
Other aspects of ovulation may contribute to cancer risk, including
the displacement of OSE cells. The role of sex steroids is supported
by the expression of ER-a, PR and PGRMCI and OSE death rates
that rise, modestly but significantly, during periods of P production.
The importance of inflammation is also supported, by the expression
of glucocorticoid receptors and metabolic enzymes, not reported
here, that may mediate proliferation, attenuate local inflammatory
damage and protect the genome [e.g. | IbHSDI and 2, and IL-IR;
(Syed et al., 2001; Gubbay et al., 2004; Rae et al, 2004; Fegan
et al., 2008) and unpublished microarray and IHC observations].
The primate OSE appears to differ from that of non-primates
including mouse, rat, guinea pig, sheep and hen, particularly in terms
of proliferation and cell death, steroid receptor expression patterns
and the lack of roles in ovulation or preventing adhesions (Osterholzer
etal., 1985; Isola et al., 1987; Gillett et al., 1994; Colgin and Murdoch,
[997; Murdoch et al., 2001; Murdoch and McDonnel, 2002; Symonds
et al., 2003; Murdoch and Martinchick, 2004; Tan and Fleming, 2004;
Gaytan et al., 2005). Many of these differences may be only a matter of
degree, and factors that predispose the primate OSE to malignant
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inset shows PCNA labeling; white arrow indicates a PCNA-positive cell at the stigma surface. Scale bar = 0.5 mm and |0 um in top and bottom

panels, respectively.

transformation may not be inherent to the OSE, but to its broader
biological context. It is unknown whether a comprehensive study of
ovaries from healthy, cycling women would reveal an OSE more
similar to rhesus macaque OSE than to non-primate OSE. Such a

study has ethical and practical limitations, but would help to establish
the relative value of future non-human primate studies. While chemi-
cally and genetically engineered rodent models of EOC [reviewed in
(Garson et al., 2005; Fong and Kakar, 2009)] and spontaneously
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occurring cancer in the hen (Fredrickson, 1987; Johnson, 2009) are
powerful and valuable resources, the results of this study suggest a
non-human primate model may be uniquely suited for representing
the normal OSE of women and investigating the preceding and early
stages of EOC. Likewise, due to the likelihood that a significant
number of pelvic tumors diagnosed as EOC may originate within
the fallopian tube or fimbria, primarily in BRCAI| mutation carriers,
but also in the general population (Medeiros et al., 2006; Folkins
et al., 2009; Shaw et al., 2009), a model to investigate the FE during
the menstrual cycle, and in relation to age, could help resolve the
origins of EOC. The rhesus macaque is similarly well-suited to inves-
tigate the normal fallopian tube and fimbria as it is to study the
normal OSE. Thus, the non-human primate may allow more effective
development of strategies to improve EOC outcomes prior to disease
onset or during early stages of progression.
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