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background: The fifth leading cause of cancer deaths among women is ovarian cancer (OC), which originates primarily in the ovarian
surface epithelium (OSE) that surrounds the ovary. Permanent removal of the OSE could provide a novel strategy to substantially reduce OC
risk, while retaining the benefits of ovarian function, including gameto- and steroidogenesis. It must be determined whether ovarian surface
epitheliectomy (OSEx) carries deleterious side effects, including loss of menstrual cyclicity, infertility or scarring (e.g. adhesions), prior to any
clinical application of this strategy. To achieve this, we selected the non-human primate, rhesus macaque, for long-term (12 month) studies
on the effects of OSEx.

methods: Rhesus macaque females underwent OSEx by detergent treatment and were then monitored for menstrual cyclicity (men-
struation, steroidogenesis and follicle development) and adverse side effects (tissue scarring or adhesions). Ovaries were collected at
6 or 12 months and examined for evidence of tissue damage, follicle rupture and regression of the corpus luteum. The ovarian surface
was examined immunohistologically for signs of epithelial replacement, using markers for OSE and fimbrial epithelium (FE), a possible alterna-
tive source of pelvic tumors diagnosed as OC.

results: After OSEx, menstrual cycle length, estrogen and progesterone production, follicle rupture and luteal regression appeared
normal. No evidence of adhesions was seen. At 6 and 12 months post-OSEx, the ovarian surface was sparsely populated by cells expressing
OSE and FE markers. Proliferative activity in this population was notably low.

conclusions: OSEx may provide a novel method to reduce the risk of OC, without sacrificing ovarian function, although the effects on
fertility remain to be tested. The absence of epithelial replacement via enhanced proliferation suggests OSEx does not increase malignant
potential. Complete and permanent OSEx may be feasible.
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Introduction
The ovarian surface epithelium (OSE) is a monolayer of cells surround-
ing the ovary that has no established role in women, yet has a well-
defined pathology. Ovarian cancer (OC) originates primarily in the
OSE and is the most lethal gynecological cancer and fifth leading
cause of cancer deaths among women in the USA and Europe
(Jemal et al., 2009). The OSE is continuous with the peritoneal
mesothelium and closely related to adjacent epithelia of the reproduc-
tive tract (Auersperg et al., 2001, 2008), including the fimbrial

epithelium (FE). This is significant from the perspective of the OSE,
since it is extraovarian in origin (Barber, 1988; Auersperg et al.,
2001) and not known to be replenished by stroma of the ovary.

In non-primates, roles have been attributed to the OSE that include
protecting the ovary from adhesions and permitting ovulation (Gillett
et al., 1994; Colgin and Murdoch, 1997). Non-primate OSE cells
undergo apoptotic clearance prior to ovulation (Murdoch and
McDonnel, 2002; Murdoch and Martinchick, 2004), followed by pro-
liferative repair in a ‘scar-free’ healing process after ovulation
(Osterholzer et al., 1985; Fegan et al., 2008). Primate and non-primate
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OSE cells may be steroidogenic and steroid responsive (Brandenber-
ger et al., 1998; Bai et al., 2000; Okamura et al., 2003; Wright
et al., 2005), anti-inflammatory (Gubbay et al., 2004; Rae et al.,
2009) and may include cancer-initiating stem-like cells (Bowen et al.,
2009). In addition, they have the potential for epithelial/mesenchymal
transition that can be regulated by matrix, stromal or soluble factors
(Auersperg et al., 2001; Ahmed et al., 2007; Zhu et al., 2010).
Whether each of these in vitro attributes describes the human OSE
in vivo is difficult to determine, for practical and ethical reasons;
however, non-human primates such as the female rhesus macaque,
may be an effective model to identify unique properties of the
primate OSE, owing to genetic and reproductive similarities with
women (not shared among non-primates), as well as reports of
benign and malignant ovarian adenocarcinomas in non-human pri-
mates, including the rhesus macaque (Moore et al., 2003).

We have reported differences between the primate and non-
primate OSE, particularly that the primate OSE is not required for
ovulation, and short-term (6 weeks) elimination of the OSE does
not cause adhesions (Wright et al., 2010). The absence of a defined
role for the primate OSE and the lack of deleterious short-term
side effects from its removal raise the possibility that ovarian surface
epitheliectomy (OSEx) is a novel strategy to reduce the risk of OC
substantially, by eliminating its primary source, without sacrificing
reproductive potential or the benefits of ovarian steroidogenesis.
But OSEx could have significant long-term risks, most notably loss
of menstrual cyclicity, infertility, scarring (adhesions) and elevated
cancer risk, if incomplete OSEx were to leave behind highly prolifera-
tive stem-like OSE cells.

An additional consideration of the clinical value of OSEx is defining the
most appropriate candidates for this preventive strategy. In the current
form, OSEx as a surgical intervention is impractical as a routine procedure
for the general population. Post-menopausal women would likely benefit
more from bilateral salpingo-oophorectomy, to eliminate all sources of
OC, including inclusion cysts and regions of the FE that may be inaccess-
ible to detergent treatment. However, women with a family history of
breast and/or OC, particularly with BRCA1 defects, may have a 40–
67% lifetime risk of developing OC (Metcalfe et al., 2010). For these
women, OSEx during reproductive years may be promising.

Here we extend our investigation to the long-term effects of com-
plete OSEx, by removing the OSE from rhesus macaque ovaries,
monitoring menstrual cyclicity and ovarian function, and collecting
ovaries for histological examination at 6 and 12 months. No interrup-
tion of menstrual cyclicity, steroidogenesis or follicle development was
observed, nor were adhesions present on or around the ovaries.
Upon tissue collection no clear ovarian defect was seen, aside from
the presence of an incomplete replacement epithelium (rOSE). The
density of rOSE was only 33% of normal OSE by 12 months, and
rOSE did not display proliferation rates above that of normal, intact
OSE. We propose the source of rOSE was either residual OSE that
escaped detergent treatment, near the site of fimbria attachment to
the ovary, or FE cells migrating onto the ovarian surface from the
fimbria/ovary junction. The latter possibility is supported by our
observations of similarities in gene expression between OSE and FE
and transitional cell types at the fimbria/ovary junction, which
suggest that FE-to-OSE conversion is possible. The absence of a pro-
liferative response greater than that of normal OSE suggests ovarian
cues suppress proliferation, although it is clear that proliferation can

be induced by mechanical abrasion of the ovarian surface for at
least several days (Wright et al., 2008); likewise, we observed elevated
DNA repair proteins in rOSE, compared with FE, suggesting that
additional ovarian cues promote DNA repair potential within the
OSE. The lack of disruption of ovarian function indicates OSEx
could provide risk reduction for OC.

Materials and Methods

Animal care, monitoring and procedures
Female rhesus macaques (Macaca mulatta) were under the care of the
Division of Animal Resources (DAR) at the Oregon National Primate
Research Center (ONPRC), on the West Campus of the Oregon
Health & Science University (OHSU). Protocols were approved by the
ONPRC/OHSU Institutional Animal Care and Use Committee. Surgical
procedures and post-operative care and monitoring were conducted by
DAR veterinary and support staff.

Female monkeys (n ¼ 3) were selected after establishing that they
exhibited normal menstrual cyclicity, by daily inspection for menses and
daily-to-weekly serum assays for estradiol and progesterone (E and P).
Steroid hormone assays were conducted using an IMMULITE 2000
(Seimens Medical Solutions, Malvern, PA, USA) in the ONPRC Endocrine
Technology and Support Core (Young et al., 2003). Anesthetized females
underwent bilateral OSEx using mild detergent and gentle abrasion as
described previously (Wright et al., 2010); briefly, ovaries were bathed
in 1% SDS in sterile saline for 5 min with gentle abrasion, during laparot-
omy and ovaries were rinsed liberally to remove residual detergent.
Females continued to be monitored for menstrual cyclicity and periodic
ultrasounds were performed as described (Bishop et al., 2009), to visualize
follicle development and detect potential scarring or adhesions.

One ovary and 1 cm of associated fimbria and ligament were collected
as a single piece of tissue from each anesthetized female via laparoscopy at
6 and 12 months following OSEx. At 6 months, tissue was collected within
3 days of menses; at 12 months, each sample was collected on different
days of the cycle: during the pre-ovulatory estrogen surge, just after ovu-
lation and during the midluteal phase. Samples were placed in fixative for
subsequent paraffin embedding, sectioning and analysis, as described pre-
viously (Wright et al., 2010).

Histology, immunohistochemistry and
analysis
Prior to sectioning, whole ovaries were examined grossly for evidence of
defects, including scarring, adhesions, cyst formation and abnormal follicle
rupture or luteal regression. Tissue sections were stained with Hematox-
ylin and Eosin (H&E) or labeled with one of several antibodies (IHC) using
protocols previously reported (Wright et al., 2008, 2010). Tissue sections
previously prepared from untreated ovaries (Wright et al., 2011) were
used as control tissue.

OSE and FE cells were investigated for the following parameters: mor-
phology, lateral density, distribution around the ovarian surface and
expression of defined immunomarkers. Cells were termed Type 1, 2, 3 or
4 on the basis of height, with Type 1 ,2.5 mm, Type 2 from 2.5 to
7.5 mm, Type 3 over 7.5–12.5 mm and Type 4 .12.5 mm. Antibodies
used were against keratin, estrogen receptor-alpha (ER-a) and progesterone
receptor (PR; DAKO Corp.; Carpinteria, CA, 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 (Chemicon International; Temecula, CA, USA),
phospho-Retinoblastoma, p21 (Cell Signaling Technology, Inc; Danvars,
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MA, USA), Ki-67 (BioGenex; San Ramon, CA, USA), oviduct-specific glyco-
protein (OVGP1; Abcam; Cambridge, MA, USA) and FANCD2 (Novus Bio-
logicals; Littleton, CO, USA). Phosphatase-conjugated secondary antibodies
and colorimetric reagents were from Kirkegaard & Perry Laboratories
(Gaithersburg, MD, USA).

Tissue sections (n ≥ 3 for each ovary for each antigen) were examined
at 100–960× magnification using an Olympus IX71 inverted microscope
(Olympus; Center Valley, PA, USA). Each section was scored either with a
single value (e.g. percentage of ovarian surface positive for antigen), or
using multiple values compiled from fields of view (FOV) 250–2000 mm
in length, to evaluate spatial distributions within each sample (e.g. in
relation to the fimbria/ovary junction).

Statistical analysis
Differences between OSE, rOSE and FE were analyzed by Student’s
t-tests, using Microsoft Excel 2008 (Microsoft; Redmond, WA, USA)
and iWork Numbers ’09 (Apple; Cupertino, CA, USA).

Results

Maintenance of ovarian cyclicity after OSEx
Throughout the 12-month interval following OSEx, no adverse side
effects from surgery or OSEx were observed, and normal menstrual
cyclicity was maintained. The mean interval between menses was
27.5+1.8 days for all females throughout the 12-month interval.
E and P levels were comparable to reported values in spontaneous
menstrual cycles (Zelinski-Wooten et al., 1998; Hazzard et al.,
2002); ultrasound detected normal follicle growth and corpus
luteum development, and no evidence of adhesions; and ovaries
appeared grossly normal during laparoscopic inspection at 6 and 12
months. During the 29 days leading to the second ovariectomy for
each female, menses reports and serum levels of E and P (Fig. 1), as
well as ovarian histology, demonstrated follicular and luteal phase
intervals within normal ranges for rhesus females. Gross ovarian his-
tology showed characteristic hallmarks of a dominant follicle,
rupture site or corpus luteum typical for the menstrual phase at
which they were collected.

Density and type of normal OSE,
replacement OSE and FE
We previously demonstrated that OSEx using mild detergent success-
fully eliminated the OSE for 6 weeks, the longest interval examined
(Wright et al., 2010). In the current study, cell repopulation of the
ovarian surface was evident in the 6–12 months following OSEx,
with �15 and 33% of the surface being occupied by surface cells
resembling OSE, albeit much more sparsely distributed than normal
OSE. Analysis of cell density (Fig. 2A) revealed that the lateral
density of normal OSE and FE were not significantly different;
however, each of these was significantly (P , 0.01) higher than repla-
cement OSE (rOSE) density at 6 and 12 months after OSEx, and rOSE
density at 6 months was significantly (P , 0.03) lower than at 12
months. Cell morphology differed among OSE, rOSE and FE
(Fig. 2B), with a significant shift from populations dominated by
Type 2 in OSE, toward Types 1 and 2 in rOSE while Types 3 and 4
were predominant in FE. The differences were most evident in com-
paring rOSE and FE, while OSE appeared somewhat intermediate

between the two groups. Overall, rOSE at 6 and 12 months were stat-
istically indistinguishable on the basis of morphological Type.

Marker expression in OSE, rOSE and FE
Selected markers that label the OSE were used to compare these
epithelial populations (Fig. 3). The percentage of cells staining positive
for keratin, E-cadherin and N-cadherin were similar in OSE and rOSE.
P-cadherin-positive cells were significantly (P , 0.01) fewer in rOSE
compared with OSE. In contrast, more OB-cadherin-positive cells
were detected in 12-month rOSE as compared with 6-month rOSE
or OSE (P , 0.01). FE cells expressed keratin and E-cadherin in a sig-
nificantly (P , 0.01) higher percentage of cells than did OSE or rOSE,
and N-cadherin was seen in a significantly (P , 0.05) higher percen-
tage of FE cells than OSE cells. OB-cadherin was also expressed in a
higher (P , 0.05) percentage of FE cells than 6-month rOSE cells,
but not 12-month rOSE cells.

Figure 1 Estrogen and progesterone cyclicity in the non-human
primate after OSEx. Data show E and P levels for each female
during the 29 days preceding the final ovariectomy at 12 months.
Bar indicates the first day of menses.
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Ovarian surface cell density 6 and 12 months
after OSEx in relation to the fimbria
rOSE cells were not uniformly distributed over the ovarian surface.
Keratin (Fig. 4A) and other markers showed a gradient in cell
density, highest within the FE, intermediate at the site of fimbria
attachment to the ovary, and lowest on the ovarian surface. In all
regions of the ovary, rOSE cells were significantly less dense than FE
and normal OSE, except near the fimbria/ovary junction, where the
density of rOSE was comparable to normal OSE (Fig. 4B). Within
1 mm of the fimbria/ovary junction, the density of 6-month rOSE
was significantly (P , 0.05) lower than normal OSE, while 12-month
rOSE was not (P ¼ 0.12). Beyond 1 mm, 6- and 12-month rOSE
were consistently less dense than normal OSE, but were similar to
each other at each sampled distance. Considering all sampled dis-
tances together, rOSE density was significantly (P , 0.01) higher
nearest the fimbria, at 6- and 12-months. Near the fimbria, no differ-
ence (P ¼ 0.14) was seen between 6- and 12-months; however,
beyond 1 mm from the fimbria, 6-month rOSE density was signifi-
cantly (P , 0.01) lower than 12-month rOSE. Despite the presence
of at least some rOSE cells around the entire ovarian surface, in
areas farther than 1 mm from the fimbria an ovarian surface devoid
of cells was frequently seen (shown in Fig. 5B). No gradient was
observed in relation to the site of follicle rupture.

Morphological types of rOSE and FE in
relation to the fimbria/ovary junction
Examining the distribution of rOSE morphological types on the basis of
proximity to the fimbria/ovary junction (near; within 250 mm, versus
distant; ≥1 mm from the junction), showed significant differences
(Fig. 5A and B). Within 250 mm, rOSE cells were predominantly
(91.6+6.7%) Type 2, but at a distance of ≥1 mm, only 52.0+
19.8% were Type 2, with the remainder being Type 1. FE cells also
showed a transition in morphological frequencies, being predominantly
Type 2–3 within 250 mm of the fimbria/ovary junction, but Type 3–4
at ≥1 mm from the junction.

The oviduct-specific marker OVGP1, ER-a
and PR are expressed by OSE, rOSE and FE
In order to selectively compare rOSE to OSE or FE, we labeled
sections with an antibody against OVGP1 (Fig. 6A). Unexpectedly,
this antigen was detected in the Fallopian tube (FT), FE, rOSE and
OSE. Although the percentage of labeled cells in each group was com-
parable, the intensity of staining suggested higher levels of expression
in the FT and in FE closer to the FT versus ovary. Near the fimbria/
ovary junction, staining intensities between rOSE, OSE and FE were
qualitatively similar; consequently, OVGP1 was unable to distinguish
among these populations. Labeling sections with antibodies against
ER-a or PR was similarly not effective at distinguishing between
rOSE, OSE and FE (Fig. 6B).

Proliferation, cell cycle arrest and DNA
repair potential in OSE, rOSE and FE
Sections probed and analyzed with antibodies against PCNA, pRb, p21
and FANCD2 showed differences in staining between OSE and FE
populations, but not OSE and rOSE (Fig. 7). Markers of proliferative
potential and mitosis revealed no significant differences in frequency
between OSE and rOSE; however, PCNA and pRb were significantly

Figure 2 Analysis of cell types seen in normal ovarian surface epi-
thelium (OSE), replacement OSE (rOSE) and fimbrial epithelium (FE).
(A) Mean cell density of each population, expressed as cells per
250 mm. (B) Frequency of each type in each population. Differences
between OSE and rOSE or FE are denoted by * and **, indicating
P , 0.05 and P , 0.01, respectively; △ and △△ denote differences
(P , 0.05 and P , 0.01, respectively) between rOSE and FE.
‡ denotes P , 0.03 between 6- and 12-month rOSE. Error bars
are the standard error of the mean.

Figure 3 Frequency of immuno-positive cells stained for keratin or
cadherin isoforms. Estimated percentage of cells that express each
marker. * and ** denote P , 0.05 and P , 0.01 in relation to OSE;
△ denotes P , 0.05 in relation to FE; ‡‡ denotes P , 0.01 in relation
to rOSE from 6- versus 12-month OSEx ovaries. Errors bars are the
standard error of the mean.
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(P , 0.05 and P , 0.01, respectively) more frequently detected in FE
versus OSE and rOSE. A fourth indicator of proliferation, Ki-67 (not
shown), which is expressed during all phases of the cell cycle, but
not G0, was detected in OSE, rOSE and FE (0.19+0.21, 0.87+
0.41 and 1.30+ 0.67%, respectively). This was significantly (P ,

0.05) lower in OSE, but not significantly different (P ¼ 0.25)
between rOSE and FE. As with PCNA and pRb, p21 was similar in
rOSE and OSE, but was significantly (P , 0.01) more frequent in FE.
In contrast, a significantly (P , 0.01) lower percentage of FE cells
were positive for FANCD2, compared with OSE and rOSE.

Discussion
By 6 and 12 months after OSEx in the non-human primate, the ovarian
surface was only sparsely populated by epithelial-like cells. The density

of the replacement epithelium was only 15 and 33% of normal OSE
density at 6 and 12 months, respectively. The absence of a prolifera-
tive response by the surface cells generally no greater than that seen in
normal, intact OSE appears to account for the slow rate of repopula-
tion. The observed rate of repopulation, which loosely suggests a
6-month doubling time, based on the 6- and 12-month data, indicates
complete restoration of the surface epithelium could require several
years. Nevertheless, the absence of typical OSE characteristic of the
naive ovary did not affect cyclic ovarian function, including the patterns
and levels of circulating E and P in the follicular and luteal phase, nor
timely follicle rupture and luteal regression. Furthermore, OSEx did
not result in the formation of adhesions on the ovarian surface.

The identity of rOSE cells was not definitively established. They may
have origins in one or more of the following locations. (i) OSE near the
fimbria/ovary junction may have escaped OSEx, despite the

Figure 4 Distribution of surface epithelial cells on the ovary in relation to the fimbria/ovary junction. (A) Photomontage of a section from one tissue
sample, containing Fallopian tube (FT), fimbria (F) and the ovary (O), labeled with an anti-keratin antibody. Inset shows the tissue sample prior to
sectioning. Arrow indicates a recent site of ovulation, resembling a typical post-ovulatory corpus luteum; scale bar ¼ 2.5 and 10 mm for the
montage and inset, respectively; asterisk marks the fimbria/ovary junction. (B) Mean cell density as a function of distance from the fimbria/ovary
junction for OSE and rOSE. Shaded region highlights results nearest the fimbria/ovary junction; dashed line marks the distance of 1 mm from the
junction. Error bars represent the standard error; * and ** denote P , 0.05 and P , 0.01, respectively, between OSE and rOSE; ‡ denotes
P , 0.05 between 6- and 12-month rOSE.
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thoroughness of treatment. It is unlikely that residual OSE persisted else-
where, based on our previous study demonstrating complete absence of
OSE markers on the ovarian surface 6 weeks after OSEx [the fimbria/

ovary junction was not examined (Wright et al., 2010)]; in addition,
no cortical invaginations were seen that retained OSE after treatment.
(ii) Alternatively, rOSE may represent FE migrating onto the ovarian
surface. Distinguishing between rOSE and FE at the fimbria/ovary junc-
tion was not possible with the markers employed in this study, including
OVGP1 that was expected to be FE-specific (Buhi, 2002; Woo et al.,
2004), nor on the basis of morphology, due to the transitional nature
of epithelial cells at the junction. (iii) rOSE could originate from other
ovarian cell types (such as stroma or luteal cells released during follicle
rupture), or from extraovarian sources (including the peritoneal
mesothelium and/or abdominal fluid).

Defining the origin of rOSE is important for evaluating OSEx as a
viable strategy to eliminate the source of most OCs in women. For
example, if rOSE cells are derived from residual OSE, then modifi-
cations to OSEx to more effectively include the fimbria/ovary junction
would eliminate repopulation of the ovarian surface. However, even
the current strategy of OSEx could reduce OC risk by the simple
act of reducing the number of potentially tumorigenic cells, at least
temporarily. Estimating the effectiveness of transient OSEx must
take into account the rate of rOSE return and the tumorigenicity of
these cells. The rate of return may be reduced if alternative
approaches more effectively eliminate OSE cells; however, the tumor-
igenicity of rOSE cells is difficult to predict. rOSE cells derived from
OSE may have tumorigenicity shaped by the quality of the founder
population, and chance could dictate whether they have a higher or
lower predilection for transformation. The effectiveness of protection
will probably be greatest if OSEx can be permanent.

If rOSE cells originate from the FE, this raises questions about the basic
identity of FE and OSE. We identified a number of differences between
them, but their common features; i.e. developmental origins and simi-
larities in gene expression, including OVGP1, suggest these could be
labile differences. This is supported by the transitional characteristics
of rOSE and FE at the fimbria/ovary junction. FE-to-OSE conversion
may be a natural consequence of differences in local cues between fim-
brial and ovarian surfaces, and could reflect a related but opposite
capacity of the OSE: mesenchymal-to-epithelial transition (Okamoto
et al., 2009). This conversion to a Müllerian morphology resembling
FE is a stereotypic early, preneoplastic event seen in inclusion cysts
and cortical invaginations (Ahmed et al., 2007). A complementary
epithelial-to-mesenchymal transitional potential in the adjacent FE may
exist, and would be consistent with the transitional morphology seen
at the fimbria/ovary junction. OSE–FE interconversion may have tre-
mendous significance to our understanding of OC and its etiology.
Even though some tumors diagnosed as ovarian likely originate in the
FE (Medeiros et al., 2006; Dubeau, 2008; Levanon et al., 2008; Shaw
et al., 2009), the OSE appears to have a far higher rate of transformation,
presumably due to its proximity to the ovary and ovulatory environment;
thus, it may be only a matter of location that distinguishes these cells and
drives their transformation. Localized mechanisms that affect OSE
protein expression, differentiation, proliferation and/or death in vivo
might be present in the ovarian environment, matrix and stromal cells
(Kruk et al., 1994; Lawrenson et al., 2009; Zhu et al., 2010). rOSE
cells derived from a source other than OSE could have inherently less
tumorigenic potential but, on the other hand, be more susceptible to
ovary-derived damage. In either case, OSEx would be transient.

The peritoneal mesothelium is an additional potential source for
rOSE that was not investigated rigorously here. Although it is

Figure 5 Distribution of rOSE and FE morphological types in
relation to the fimbria/ovary junction. (A) Frequency distribution of
rOSE (upper) and FE (lower) morphological types, segregated on
the basis of distance from the junction. ‘rOSE’ and ‘FE’ refer to the
frequency distribution of types among the rOSE or FE in general;
‘distant’ represents the distribution of types ≥1 mm from the junc-
tion, ‘near’ represents types within 250 mm of the junction. * and
** denote P , 0.05 and p , 0.01 between the indicated column
and the general population of rOSE or FE. △ and △△ denote
P , 0.05 and P , 0.01 between the indicated column and ‘distant’
rOSE or FE. Errors bars are the standard error of the mean.
(B) H&E (upper) and keratin (lower) staining of a tissue section
that contains the fimbria/ovary junction. Left panels show the
ovarian surface ≥1 mm from the junction; inset is a higher magnifi-
cation of the indicated region. Center panels show the fimbria/
ovary junction, marked with an asterisk; the ovary (Ov) is to the
left, the fimbria (Fim) are to the right. Right panels show the
fimbria ≥1 mm from the fimbria/ovary junction. Scale bar ¼ 50
and 10 mm in the main panels and inset, respectively.
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reportedly contiguous with the OSE, we observed no evidence of an
epithelial layer surrounding the ovarian ligament, nor did the density
distribution of rOSE indicate that ligament cells migrated onto the
ovarian surface. In contrast, the outer surface of the FT was populated
by cells that expressed some markers for the OSE and FE, but these

cells did not comprise a well-formed epithelium (data not shown). Fur-
thermore, there was no indication that the outer surface of the FT was
in direct contact with the ovary. It is possible that the outer surface of
the FT and FE are both in contact with the OSE, and the fimbrial/
ovarian junction may contain cells from all three populations. As is

Figure 6 OVGP1, ER-a and PR expression in rOSE and FE. (A) Photomontage of a section labeled for OVGP1 protein, showing the Fallopian tube
(FT), fimbria (F) and ovary (O). Insets are higher magnification images of the indicated regions, except the normal OSE panel which is from an
untreated ovary. Scale bar ¼ 500 and 100 mm in the montage and insets, respectively. Arrows highlight OVGP1-positive cells near the fimbria/
ovary junction. (B) Immunohistochemistry showing ER-a and PR expression in the fimbria and OSE. Scale bar ¼ 50 mm.

Figure 7 Proliferation, cell cycle arrest and DNA repair potential in the OSE, rOSE and FE. Graph shows the estimated percentage of each popu-
lation expressing each antigen. ** denotes P , 0.01 in comparing FE to OSE or rOSE. Error bars are the standard error of the mean.
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the case for FE, if rOSE originate from adjacent peritoneal mesothe-
lium, OSEx would be transient, and the tumorigenic potential of
rOSE would depend on its susceptibility to ovarian influences. Aside
from this, it would be clinically significant if peritoneal mesothelium-
derived rOSE prevents ovarian adhesions. If scar-free healing is a prop-
erty of normal OSE that can be acquired by peritoneal mesothelium,
clinical induction of this capacity could attenuate the risk of adhesions
following pelvic surgeries, as suggested by others (Fegan et al., 2008).

A surprising aspect of rOSE repopulation of the ovary, and a noted
distinction between OSE and FE, is the low frequency of proliferative
markers detected in cells on the ovarian surface, even during repopu-
lation. In addition, ovarian surface cells express higher levels of
FANCD2, as well as the base repair protein Ogg1 (Wright et al.,
2011). It must be considered that the ovary, while placing the OSE
at risk of transformation by repeated cycles of damage, simultaneously
promotes recovery from this damage and suppresses proliferation.
Loss of responsiveness to these cues when the OSE succumbs to
ovary-derived damage, or loss of the cues themselves by ovarian
defect or perhaps menopause (Vanderhyden, 2005; Smith and Xu,
2008), could be a critical early event in OC. The rise in frequency
of OC after menopause is consistent with this, if the transition to
menopause causes a decrease in DNA repair potential prior to the
cessation of ovulation, or if the OSE continues to be damaged by
unknown factors after menopause. In either case the observation
that FANCD2 is absent or decreased in the OSE of women with a
family history of OC (Pejovic et al., 2006) emphasizes the potential
need for elevated DNA repair activity in healthy OSE. Detecting
altered FANCD2 expression in aging OSE would provide additional
support for this concept, although it seems likely that DNA repair
plays a more significant role prior to menopause.

If the OSE has a low capacity for proliferation, the question arises
whether the number of cells lost during each ovulation exceeds the
number the OSE generates in each menstrual cycle. Basal proliferation
rates within the OSE may account for cyclic loss, but if not, one would
expect either that the OSE is depleted with age or is replaced by
non-OSE cells, such as FE or peritoneal mesothelium. The former
has not been reported, nor have preliminary observations detected
age-related depletion of OSE in the rhesus monkey. In contrast, repo-
pulation of the ovarian surface following OSEx may be an illustration of
replacement by neighboring cells that occurs naturally. It can only be
speculated whether the degree of replacement alters the functional
and tumorigenic profile of ovarian surface populations, and whether
an increase in OSE loss by increased ovulation number correlates
with tumorigenic potential due to an altered population profile.

In summary, OSEx may offer a novel strategy for OC prevention.
Importantly, this strategy may reduce risk without sacrificing the ben-
eficial effects of ovarian function, including E and P production and
reproductive potential. Even though this protocol resulted in a repla-
cement epithelium, the rOSE was not conspicuously proliferative and
the process was very gradual. If rOSE originates from normal OSE that
escaped treatment, improvements in OSEx could result in permanent
elimination of the OSE and the primary source of OC. This study also
raises questions about potential interconversion between FE and OSE.
Although these populations appear distinct, recent evidence of prema-
lignant lesions within the fimbria (Kindelberger et al., 2007; Folkins
et al., 2009; Semmel et al., 2009) and ovarian cysts (Pothuri et al.,
2010) of BRCA mutant carriers, genetic evidence highlighting the

similarity of high-grade serous tumors to FE and OSE (Marquez
et al., 2005), developmental similarities (Auersperg et al., 2008) and
data presented here suggest the commonalities among FE and OSE
are more significant than differences. If FE-to-OSE conversion
occurs, permanent OSEx may not be feasible, but could still reduce
risk without sacrificing ovarian function. The possibility exists that
FE-to-OSE, or peritoneal mesothelium-to-OSE, conversion is a
natural process. Additional studies will be necessary to identify the
source, functionality and tumorigenic potential of rOSE, to determine
whether OSEx can result in more effective elimination of surface cells,
and establish whether rhesus monkeys undergoing OSEx remain
fertile.
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