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Abstract

Extracellular matrix metalloproteinase inducer (EMMPRIN; BSG) regulates tissue remodeling
through matrix metalloproteinases (MMPSs). In human and non-human primates, endometrial
remodeling is important for menstruation and the pathogenesis of endometriosis. We hypothesized
that as in humans, BSG and MMPs are expressed in the endometrium of cycling baboons, and
their expression is hormonally regulated by ovarian hormones, but endometriosis disrupts this
regulation. BSG expression was evaluated in the baboon endometrium by g-PCR and
immunohistochemistry. In the endometrium of control cycling animals, BSG mRNA levels were
highest in late secretory stage tissue. BSG protein localized to glandular epithelial cells during the
proliferative phase; whereas, secretory stage tissues expressed BSG in glandular and luminal
epithelia with weak stromal staining. Several MMPs were differentially expressed throughout the
menstrual cycle with the highest levels found during menstruation. In ovariectomized animals,
BSG endometrial mRNA levels were highest with treatment of both estrogen and progesterone
than that with only estrogen. Estrogen alone resulted in BSG protein localization primarily in the
endometrial glandular epithelia, while estrogen and progesterone treatment displayed BSG protein
localization in both the glandular and stromal cells. Exogenous hormone treatment resulted in
differential expression patterns of all MMPs compared with the control cycling animals. In the
eutopic endometrium of endometriotic animals, BSG mRNA levels and protein were elevated
early but decreased later in disease progression. Endometriosis elevated the expression of all
MMPs except MMP7 compared with the control animals. In baboons, BSG and MMP endometrial
expression is regulated by both ovarian hormones, and their expression patterns are dysregulated
in endometriotic animals.

Introduction

Extracellular matrix metalloproteinase inducer (EMMPRIN, BSG) is a member of the
immunoglobulin superfamily, which includes T cell receptors, neural cell adhesion
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molecules, and major histocompatibility complex antigens. This glycoprotein was first
identified as tumor cell collagenase stimulatory factor (TCSF), a tumor cell surface molecule
that stimulates nearby fibroblasts to produce matrix metalloproteinases (MMPS). Since its
discovery in tumor cells, BSG has also been shown to play a role in several normal
physiological functions such as inflammation and reproduction (Igakura et al. 1998,
Muramatsu & Miyauchi 2003). The ability of BSG to stimulate MMP production is highly
dependent on its state of glycosylation, as deglycosylation reduces MMP stimulation (Sun &
Hemler 2001).

We, along with others, have previously shown that BSG was expressed in human
endometrium and might regulate the expression of MMPs throughout the menstrual cycle to
control the breakdown and regeneration of the endometrium (Noguchi et a/. 2003,
Braundmeier et al. 2006). Numerous reports have shown the importance of MMPs for
normal ovarian and uterine function and their involvement in reproductive diseases
(reviewed in Curry & Osteen (2003)).

Recently, we have evaluated BSG expression in the eutopic and ectopic endometria of
women with the gynecological disease endometriosis (Braundmeier et al. 2006).
Endometriosis is a benign gynecological disease in which uterine endometrial fragments
grow in areas of the body other than the uterus such as the peritoneal cavity. It is generally
accepted that these endometrial fragments, consisting of uterine luminal and glandular
epithelial cells and underlying endometrial stromal cells, exfoliate during menstruation, flow
out by retrograde menstruation into the peritoneal cavity via the oviducts, and implant into
the peritoneal mesothelium (Sampson 1940).

Several investigators have reported the dysregulation of MMPs in the eutopic and ectopic
endometria in both women and animal models of endometriosis (Bruner-Tran ef al. 2002,
Osteen et al. 2002, Gaetje et al. 2007, Monckedieck et al. 2009). We believe that the
expression of BSG by the ectopic endometrial lesions may be involved in the invasion of
ectopic endometrium into the peritoneal mesothelium due to stimulation of MMP production
by uterine stromal fibroblasts (Braundmeier et al. 2006). We found that BSG expression was
elevated in the eutopic endometrium of women with endometriosis, and this could explain
why although the majority of women experience retrograde menstruation only some women
develop clinical endometriosis. These data indicate that the eutopic expression of BSG may
be important for normal fertility, but the overexpression of BSG by the eutopic and ectopic
endometria may be advantageous for the establishment of endometriosis.

The baboon (Papio anubis) is an excellent model for the study of biological and pathological
gynecological conditions. Unlike rodents and mice, baboons have a menstrual cycle similar
to humans both in duration and in endometrial remodeling. In addition, baboons also
develop spontaneous endometriosis with ectopic lesions resembling those of women (Merrill
1968, Folse & Stout 1978), but disease can also be induced by the injection of menstrual
effluent into the pelvic cavity (D’Hooghe 1997, Fazleabas ef a/. 2002) allowing investigators
to study disease progression from the initial onset of the disease.
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To date, there has been little evidence on the expression profile of MMPs and their
regulators of non-human primates for reproductive function (Brenner et al. 1996, Cox et al.
2000). For these reasons, we have used the baboon as a model to study changes in the
expression of BSG and several MMPs throughout the menstrual cycle in disease-free
animals and also in an induced model of endometriosis. In addition, we have used this model
to test the ovarian hormonal regulation of BSG gene expression and protein localization as
well as of MMP expression. We hypothesized that as in humans, endometrial BSG and
MMP expression will be regulated by ovarian hormones, and this regulation will be altered
in diseased animals.

BSG gene expression in cycling eutopic endometrium

To examine the changes in BSG gene expression throughout the menstrual cycle in normal
disease-free animals, endometrial biopsies were collected during the proliferative and
secretory stages of the cycle and were compared to menstrual tissue (/7=4). RNA samples
were analyzed by real-time PCR to quantify differences in the mRNA levels at each cycle
stage. We found that BSG mRNA levels were similar between the menstrual and
proliferative stage tissues (Fig. 1; top panel). We also found that as the cycle progressed into
the secretory phase, BSG mRNA levels were highest during the late secretory phase than
during the late proliferative phase of the cycle (Fig. 1; top panel).

BSG protein localization in cycling eutopic endometrium

To determine the pattern of BSG protein localization during different stages of the menstrual
cycle in the control animals, endometrial tissues were fixed and analyzed by
immunohistochemistry. Endometrial tissues were collected from three animals during the
late proliferative, mid-secretory, and late secretory stages of the cycle and were compared to
tissue fragments in the menstrual effluent. We found that BSG protein was present in the
endometrium during all the stages of the menstrual cycle (Fig. 1; bottom panel). BSG
protein was expressed in the menstrual tissue, but determining cellular localization was
difficult because of the fragmentation of the tissues in the menstrual effluent (Fig. 1A and E;
bottom panel). BSG protein was localized primarily to the glandular epithelial cells of the
endometrium during the late proliferative stage (Fig. 1B and F; bottom panel). In the early
and late secretory phases of the cycle, BSG expression did not change in the glandular
epithelial cells (Fig. 1C, D, G, and H; bottom panel). BSG protein expression in the
underlying stromal tissue was weak throughout both the proliferative and the mid-secretory
stage tissues but was greater in the late secretory stage tissues (Fig. 1D and H; bottom
panel). The glandular epithelium of menstrual tissue had relatively weak BSG expression
compared with the robust expression in the stroma (Fig. 1A and E; bottom panel).

MMP expression in cycling baboon endometrium

The expression pattern of several MMPs (MMP1, -2, -3, and -7) was compared with BSG
expression in the control cycling animals. MMP1 and -3 levels were highly expressed during
menstruation but then decreased during the proliferative and secretory stages of the
menstrual cycle (Fig. 2A and C; and top panel). The expression of MMP2 was elevated
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during menstruation but was decreased in the proliferative and mid-secretory stage
endometrium (Fig. 2B; and top panel). In contrast, MMP7 expression was elevated during
menstruation and the proliferative stage but decreased during the secretory stage (Fig. 2D;
and top panel). The expression of each gene was normalized to the background signal and
calibrated against H3.3 (H3F3) as a loading control.

BSG gene expression in eutopic endometrium of ovariectomized animals

To investigate the potential regulation of BSG expression by ovarian steroid hormones, we
utilized an ovariectomized baboon model where exogenous hormones were administered s.c.
to replicate the late proliferative (7=4), mid-secretory (r7=4), and late secretory (/7=4) phases
of the menstrual cycle. Oophorectomy caused complete regression of the endometrial lining
in animals given sham implants, therefore we could not obtain control endometrial tissue
from ovariectomized animals for the gene expression analysis. As a consequence, we
compared the endometrium from exogenous hormone-treated baboons to that obtained at
menstruation. Chronic estrogen alone did not stimulate BSG gene expression above that of
normal menstrual endometrium. However, the endometrium obtained from animals that were
estrogen primed and then treated with either estrogen+progesterone for 7 days or
progesterone alone for 14 days showed enhanced BSG gene expression (£<0.05; Fig. 3 top
panel). We did not detect a significant difference between estrogen+progesterone treatment
for 7 days or progesterone for 14 days. These data indicate that in the baboon endometrium,
estrogen alone does not stimulate BSG expression, but rather estrogen works in combination
with progesterone to drive BSG expression.

BSG protein localization in eutopic endometrium of ovariectomized animals

After determining that estrogen and progesterone drove BSG gene expression, we analyzed
BSG protein localization in the same endometrial tissues. In the presence of estrogen alone,
BSG protein localized primarily to the glandular epithelial cells in the endometrium (Fig. 3A
and D; bottom panel). However, in the presence of estrogen and progesterone after 7 days of
treatment (mid-secretory phase), BSG protein localization was enhanced in the glandular
epithelial cells in comparison with the presence of estrogen alone (Fig. 3A and B; bottom
panel). In animals treated with estrogen and progesterone for 14 days (late secretory phase),
BSG protein localized to both the glandular epithelial cells and endometrial stromal cells
(Fig. 3C and F; bottom panel). This increased localization of BSG protein to both the
epithelial and stromal cell types reflects the increased gene expression levels found in the
late secretory phase of normal cycling and ovariectomized animals.

MMP expression in ovariectomized animals

To examine ovarian hormonal regulation of MMPs in the baboon endometrium, we again
utilized ovariectomized animals given exogenous hormone replacement. Hormonal
supplementation changed the expression profile of each MMP and was different from those
observed in the cycling animals. Chronic estrogen alone resulted in reduction of MMP3 and
-7 but enhanced MMP?2 levels while having no effect on MMP1 (Fig. 4; top and bottom
panels). Estrogen priming followed by the combined treatment of estrogen and progesterone
resulted in decreased MMP1, -3, and -7 levels while increasing MMP2 levels (Fig. 4; top
and bottom panels). Estrogen priming followed by progesterone alone elevated MMP1 and
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-2 expression, decreased MMP3 expression but had no effect on MMP7 expression (Fig. 4;
top and bottom panels).

BSG gene expression in eutopic endometrium during disease progression

BSG protein

To examine the effects of the presence of ectopic endometriotic lesions on BSG gene
expression in the eutopic endometrium, eutopic endometrial biopsies were collected on day
10 post ovulation (PO) at 1 (r=4), 3 (r=4), and 8-10 months of disease (/77=5). In the eutopic
endometrium, BSG mRNA levels were quantified by real-time PCR and normalized to day
10 PO disease-free controls (7=3). BSG mRNA levels in the eutopic endometrium increased
significantly at 1 and 3 months of disease but then decreased by 8-10 months of disease to
levels observed in the control animals (Fig. 5; top panel). Owing to the small number of
lesions harvested at the time of surgery, we were not able to analyze the mRNA levels from
the ectopic endometrium. We then evaluated whether the increase in BSG mRNA during the
early stages of disease development corresponded with an increase in BSG protein
expression during these same timepoints in the disease.

expression in eutopic and ectopic endometria of diseased animals

BSG protein expression was compared in matched eutopic and ectopic tissues collected at
different timepoints during the disease progression from animals with induced
endometriosis. The eutopic and ectopic endometria were collected at 1, 3, 6, and 15 months
after establishment of endometriosis at day 10 PO for the same three animals at each
timepoint. Tissues were analyzed by immunohistochemistry to examine the expression and
localization of BSG protein.

We found that the eutopic endometrium from diseased animals showed increased stromal
BSG protein expression compared with day 10 PO disease-free controls at all timepoints of
the disease (Fig. 5A—E compared with Fig. 5N; bottom panel). Eutopic BSG protein
expression was increased at 6 and 9 months of disease compared with that at 3 months but
then decreased at 15 months (Fig. 5A-D and F-I; bottom panel). In spontaneous disease,
BSG expression was elevated above that of the control animals (Fig. 5E and J compared to
N; bottom panel). BSG protein expression in the ectopic endometrium closely resembled
that of matched eutopic endometrial samples, in that both the glandular and stromal cells
showed increased BSG immunoreactivity at 6 months and decreased expression at 15
months (Fig. 5K-M; bottom panel). This expression pattern was evident in all the three
animals analyzed.

MMP expression in eutopic endometrium during disease progression

To determine if the presence of ectopic endometrial lesions and the duration of disease
altered the expression of MMPs, we evaluated their expression in the eutopic endometrium
of diseased animals during different stages of disease progression. The presence of ectopic
lesions enhanced the expression of MMP1,-2, -3 but not of MMP7 (Fig. 6; top and bottom
panels). At the early stages of disease, MMP3 levels were elevated above that of control
mid-secretory stage endometrium and continued to rise through disease progression (Fig. 6;
top and bottom panels). At 6 months post induction of disease, MMP1 levels were elevated
and remained high until 12 months post induction (Fig. 6; top and bottom panels). In
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contrast, MMP2 levels were elevated at 6 months post induction but then declined at 12
months post induction (Fig. 6; top and bottom panels). We analyzed four animals from each
treatment group, and all the animals were compared to the control mid-secretory stage
endometrium.

Discussion

The primate endometrium undergoes extensive remodeling throughout the menstrual cycle,
which requires the activation of several extracellular matrix proteins and MMPs. The
expression profiles of several MMPs (reviewed in Curry & Osteen (2003)) and BSG (a
potent MMP inducer (Braundmeier et al. 2006)) have been reported throughout the human
menstrual cycle. In addition, it has been shown that progesterone along with cytokines has
an inhibitory effect on BSG and MMP expression (Salamonsen et al. 1997, Bruner et al.
1999, Salamonsen & Woolley 1999, Braundmeier & Nowak 2006, Braundmeier et al. 2006).
Given the previous data, we wanted to examine whether BSG expression was similar in the
non-human primate endometrium during the menstrual cycle, if BSG expression was
regulated by ovarian hormones and whether BSG and MMP expression were altered with the
establishment and progression of endometriosis.

Our results showed that the pattern of BSG expression in the baboon endometrium differed
somewhat from what we have reported previously in normal human cycling endometrium
(Braundmeier et al. 2006). In cycling human endometrium, BSG mRNA levels were highest
in the proliferative stage endometrium and lower in the late secretory stage endometrium.
Examination of BSG mRNA levels in the baboon showed that BSG gene expression
increased as the cycle progressed with the highest levels reported at d14PO (late secretory
phase). Similar to the human endometrium, BSG protein localized primarily to the glandular
and luminal epithelial cells in the baboon proliferative and secretory stage tissues. However,
unlike the human endometrium, the baboon endometrium displayed relatively weak BSG
localization in the stromal cells. In addition, baboon menstrual tissue, like human menstrual
tissue, showed little if any BSG immunoreactivity in the glandular epithelial cells,
suggesting that there is a loss of BSG expression in these cells at menstruation. In contrast to
BSG expression, MMP expression levels were highest at menstruation and, other than
MMP2, decreased during the secretory stage of the menstrual cycle, which is in agreement
with the data published in the human cycling endometrium (Rodgers et al. 1994, Kokorine et
al. 1997).

The increase in BSG gene and protein expression throughout the baboon menstrual cycle
indicates that BSG may not be regulated by estrogen and progesterone in the same manner
as in the human endometrium, but hormonal regulation of endometrial MMP expression is
conserved among species. Proliferative human endometrium had the highest levels of BSG
expression suggesting that BSG is positively regulated by estrogen and inhibited by high
levels of progesterone in the secretory stage endometrium. However, in the baboon
endometrium, it appeared that progesterone and estrogen worked together to stimulate BSG
expression levels in the secretory stage endometrium. Meanwhile, MMP expression was
suppressed during the secretory stage of the menstrual cycle compared with the menstrual
tissue, indicating that BSG may not directly regulate MMP expression as it does in the
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human endometrium. In agreement with the data for the human uterus, we found that BSG
expression in both the epithelial and stromal cells increased during the mid-secretory phase
of the menstrual cycle and also in response to exogenous estrogen and progesterone
treatment for 7 days. We were unable to effectively recapitulate the expression profile of
MMPs with our ovariectomized animal model. This may be due to the chronic levels of
exogenous hormones in peripheral blood instead of the gradual increase of hormones in
intact cycling animals.

The expression of BSG during the mid-secretory phase of the baboon menstrual cycle
supports previous data that BSG is important for proper embryonic implantation and
endometrial stromal cell decidualization (Chen et a/. 2007). Characterization of BSG mRNA
and protein during murine implantation and pregnancy indicates that BSG may be important
for decidualization of the endometrial stromal cells (Igakura et al. 1998, Xiao et al. 2002).
This was supported by the observation that BSG knockout embryos have decreased
implantation rates, although they develop normally during preimplantation stages (days 0—4;
Igakura et al. 1998).

Although several endometrial proteins are conserved among humans and non-human
primates (Giudice 2004, Talbi et al. 2006), the differential hormonal regulation of
endometrial proteins in the non-human primate compared with that in the human is
consistent for several proteins. For example, a.,f3 and glycodelin that are normally
expressed during the receptive window in women are only evident in the baboon
endometrium in response to hCG stimulation and in early pregnancy (Fazleabas et al. 1997a,
1997h, 1999, Hausermann et a/. 1998). This difference may be due to the progesterone
threshold levels in the endometrium of the non-human primate compared with that of the
human.

The expression of BSG and MMPs during the primate menstrual cycle and their previously
reported importance for successful implantation lead us to investigate BSG and MMP
expression in the endometrium of animals with experimentally induced endometriosis. In
diseased animals, BSG protein was not only localized to the glandular epithelial cells but
was much more evident in the stromal cells than that in non-diseased animals. This altered
BSG expression suggests that the presence of ectopic lesions can alter the behavior of the
eutopic endometrium, in agreement with studies that reported that the stromal fibroblasts
from baboons with endometriosis are more responsive to a decidualization stimulus (Kim et
al. 2007).

Furthermore, it was interesting to observe that the BSG gene and protein expression in the
eutopic endometrium increased as the disease progressed but then declined at 8-10 months
post induction. In contrast, MMP expression was elevated at the early onset of disease and
remained elevated throughout the disease progression. Microarray expression analyses have
found that estrogen-regulated genes (including Cry61 and c-fos) that are usually
downregulated in the eutopic endometrium during the secretory phase are upregulated until
6 months of the disease progression following which they decrease to control levels. In
contrast, progesterone-regulated genes implicated in the eutopic endometrial development
are downregulated after the 6-month timepoint (Hastings et a/. 2006, Jackson et al. 2007,
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Kim et al. 2007). The high expression of MMPs late in the disease process supports the
development of progesterone resistance that has been reported in women and baboons
(Tranguch et al. 2007, Hirota et al. 2008, Aghajanova et al. 2009, Attar et al. 2009, Jones et
al. 2009, Fazleabas 2010).

Ectopic endometrial BSG expression closely resembled that of the eutopic endometrium.
Ectopic BSG expression may be critical for the establishment and progression of
endometriosis. The stimulation of MMPs in the endometriotic stromal cells by BSG may aid
in remodeling the mesothelium and in the establishment of angiogenesis at the site of lesion
attachment, both events are critical for lesion development. These studies have shown that
while endometrial expression of BSG was different in humans compared with that in
baboons during the menstrual cycle, BSG expression in the endometrium of endometriotic
animals was similar to that reported in human patients (Braundmeier et a/. 2006). This
suggests that although the hormonal regulation of BSG may be different between the human
and the baboon, the expression of MMPs was not altered from that reported in women. The
conserved endometrial expression of BSG validates the use of the baboon as a powerful
model to investigate gynecological conditions in humans, and understanding the regulation
of BSG may lead to therapeutic targets for treating endometriosis.

Materials and Methods

Animal procedures and induction of endometriosis

Endometriosis was experimentally induced in olive baboons (2. anubis) by i.p. inoculation of
menstrual endometrium on day 2 of two consecutive menstrual cycles, where day 1 was the
first day of menses. Details of the inoculation procedure and tissue collection have been
described previously in D’Hooghe et al. (1995) and Fazleabas et a/. (2002, 2003). Animals
were of reproductive age and ranged in weight from 15 to 20 kg. Animals were housed in
the animal care facility at the University of Illinois at Chicago, and all studies were approved
by the University of Illinois Institutional Animal Care and Use Committee.

Removal of ectopic and eutopic endometria

Blood samples were collected daily from day 7 through 16 post menstruation (day 1 was the
first day of menses) of menstrual cycles during which surgery was to be performed. Serum
estradiol (E) levels were measured by RIA (DSLabs, Webster, TX, USA). The serum E,
peak was taken as day K1 of ovulation, and the day of ovulation was designated as day C1.
All laparoscopies and laparotomies were performed, and tissues were harvested between
days 8 and 11 PO, which corresponds to the time of embryo implantation in the baboon. The
eutopic and ectopic endometria were collected at 1, 3, 6, and 8-10 months of disease
progression following the second inoculation to induce endometriosis. The control
endometrial tissues were similarly harvested from animals without disease during menses
and the proliferative and secretory phases of the cycle. The eutopic endometria were either
snap frozen in liquid nitrogen (LN,) for western blot analysis or fixed in 10% buffered
formalin for 24 h at room temperature for immunohistochemical and morphological
analysis. As the ectopic endometriotic lesions were small in size, samples were only
collected for immunohistochemistry.
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Ovariectomized animal model

Treatment of ovariectomized females was reported in detail in Fazleabas et a/. (1988).
Briefly, fifteen mature cycling baboons (£ anubis) were ovariectomized by mid-ventral
laparotomy. Two months following the ovariectomy, the animals were divided into four
groups. The groups were designated as the following: ovariectomized control (/7=3),
estrogen only for 14 days (estrogen primed) (/7=4), estrogen primed then 7 days of estrogen
+progesterone (17=4), and estrogen primed then 14 days of progesterone (/7=4). Ovarian
hormones were administered by the placement of 6 cm Silastic capsules (cat #601-335;
Dow-Corning, Midland, MI, USA) s.c., and RIA indicated physiological steady-state levels
of exogenous hormones in peripheral blood during the treatment period (Fazleabas et a/.
1988). Animals treated with estrogen only received one E, implant for 7 days and then an
additional E, implant for 7 days, replicating the late proliferative phase of the menstrual
cycle. Animals treated with estrogen and progesterone were estrogen primed for 14 days,
and then the E, implants were replaced with one E, implant+three P implants for either 7 or
14 days, replicating the mid-secretory and late secretory phases of the menstrual cycle.
Endometrial tissue was collected by hysterectomy from ovariectomized baboons with no
hormonal treatment, after estrogen priming-late proliferative (day 14), 7 days of
estrogenCprogesterone-mid-secretory (day 21), and 14 days of estrogenCprogesterone-late
secretory (day 28) stages.

Immunohistochemistry

Baboon uterine tissues were fixed in 10% neutral buffered formalin for 24 h. Tissues were
then processed and embedded into paraffin blocks. Tissue blocks were sectioned at 5 pm and
mounted on poly-L-lysine-coated slides. Antigen retrieval was performed by boiling sections
in 10 mM citrate buffer (pH 6.0) for 10 min, and endogenous peroxidase activity was
quenched with methanol containing 0.3% hydrogen peroxide for 15 min. Non-specific
binding was blocked with 5% normal rabbit serum in PBS containing 1% BSA for 20 min.
Slides were then incubated with a 1:25 dilution of goat polyclonal antibody against the
intracellular domain of recombinant human BSG (Cat# sc-9754; Santa Cruz Biotechnology,
Santa Cruz, CA, USA) in 1% BSA in PBS at 4 °C overnight. Non-specific goat 1gG (2
mg/ml) in 1% BSA in PBS was used as a negative control. Slides were washed three times
for 5 min each in PBS then incubated with biotinylated rabbit anti-goat IgG (Vector Labs,
Burlingame, CA, USA) diluted 1:100 with 1% BSA in PBS for 60 min at room temperature.
Indirect detection of BSG protein was performed by incubating the sections for 45 min with
avidin-biotinylated peroxidase complex reacted with 0.2 mg/ml Metal-3,3’-
diaminobenzidine (Sigma) in Tris—HCI buffer pH 7.6 for 3 min and finally counterstained
with hematoxylin.

RNA isolation and semi-quantitative RT-PCR

Total RNA was extracted from tissue using TRIzol (Invitrogen) according to the
manufacturer’s instructions. One microgram total RNA was used in 20 ul volume RT
reactions using the iScript kit for RT-PCR following the manufacturer’s instructions (Bio-
Rad). Synthesized cDNA was then used for real-time PCR analysis.
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Semi-quantitative PCR analyses were performed in 50 ul volumes containing Platinum Taq
PCR master mix (Cat#11306-016; Invitrogen) and 200 nM specific primers for MMP1, -2,
-3, -7, and H3F3. Amplification was performed for 35 cycles under standard hot-start PCR
cycle parameters. Products were separated on 5% agarose gels to identify the 100 bp
fragment for each gene. Gene Snap software (Ver 7.01, SynGene, Cambridge, UK) was used
for the analysis of products, and densitometry was performed using Image J software (NIH,
Bethesda, MD, USA). Fold induction was expressed relative to H3F3endogenous control
gene after normalization for background signal.

Real-time PCR analyses were performed in 10 pl volumes containing 1x TagMan Universal
PCR Master Mix No AmpErase UNG (Cat # 4324018, Applied Biosystems, Atlanta, GA,
USA), diluted cDNA, and Rnase-free water. The primer probe set used for BSG
amplification was designed by the 20x Assays-by-Design Gene Expression Assays from
Applied Biosystems. Histone 3.3 primers and probe were designed for the use as an internal
endogenous control (see Table 1 for sequence information). Minor groove binding probes
were labeled with fluorescent reporter dye FAM to directly detect PCR products. Real-time
PCR amplification and detection were performed in MicroAmp optical 384-well reaction
plates using the ABI Prism 7000 sequence detection system. Amplification conditions
included hold 10 min at 95 °C, 40 thermal cycles of denaturing for 15 s at 95 °C, and
annealing/extension for 1 min at 60 °C. Relative fold induction levels were calculated using
the comparative G method for separate tube amplification.

Statistical analysis

An ANOVA model to evaluate experimental variability between the three individual
experiments was used to determine differences in the disease progression. The difference
between the threshold cycle of BSG and H3F3 (AG) was analyzed using post hoc
orthogonal comparisons to determine statistical significance for each sample. Orthogonal
contrasts statements were written that measured for differences in the stage of cycle for the
control animals, in ovariectomized steroid treatment groups, and the stage of disease for the
disease progression. Significance was measured against controls as well as against other
timepoints of disease. Threshold cycle was defined as the cycle number where all transcripts
are in the linear phase of amplification. The difference between BSG and H3F3was then
normalized to menstrual tissue for cycling and ovariectomized animals or control animal
expression for diseased animals and expressed as a relative fold difference.
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Figure 1.
Top panel: quantitative PCR of BSG mRNA levels in the eutopic endometrium of normal

cycling baboons. Relative fold levels of BSG mRNA at each stage of the cycle were
normalized to BSG mRNA levels at the time of menses. H3F3 mRNA levels served as an
endogenous control (statistical significance from controls is indicated by different letters
£<0.05). d10PO=day 10 post ovulation and d14PO=day 14 post ovulation. Bottom panel:
immunohistochemical analysis of BSG protein localization in the eutopic endometrium of
normal cycling baboons. (A and E) Menses, (B and F) proliferative, (C and G) d10 PO (day
10 post ovulation), (D and H) d14 PO (day 14 post ovulation). D inset = isotype control IgG.
A-D bar=100 um, E-H bar=50 um (/=3 for all the stages).

Reproduction. Author manuscript; available in PMC 2016 October 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Braundmeier et al.

Page 15
Menses Proliferative Mid-secretory Late secretory H,O-RT
A 35 B 4
3 35
2 £ 3
A £ 25 I i
s 2 s
3 15 I 3?2 a
g ] I 2 s ‘ a
2 1 ]
IS S 1 ; .
05 05 : ‘
0 01— —l .
Menses  Proliferative Mid-secretory Late secretory Menses  Proliferative Mid-secretory Late secretory

O
=)
IS

0.9 1 35
)
2 & 3
2 z
2 c 25
5 2 a
? ic
° a
2 £ 5
2 5
° I
0.5
9 |
Menses Proliferative Mid-secretory Late secretory Menses  Proliferative Mid-secretory Late secretory

Figure 2.
Top panel: semi-quantitative PCR of MMP gene expression in the cycling endometrium.

Bottom panel: densitometric analysis of MMPL1, -2, -3, and -7 for each cycle stage was
normalized to background and calibrated to H3F3endogenous control gene expression;
A=MMP1, B=MMP2, C=MMP3, and D=MMP?7 (statistical difference from controls is
indicated by different letters, A<0.05).
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Figure 3.
Top panel: quantitative PCR of BSGMRNA levels in the eutopic endometrium of

ovariectomized baboons. Relative fold levels of BSG mRNA for each treatment were
normalized to BSG mRNA levels at the time of menses. H3F3mRNA levels served as an
endogenous control (statistical significance from controls is indicated by different letters
P<0.05). 14dE2=14 days of estrogen treatment, E’7dE+P=estrogen priming for 14 days
followed by 7 days of estrogen and progesterone, E’ 14dE+P=estrogen priming for 14 days
followed by 14 days of estrogen and progesterone. Bottom panel: immunohistochemical
analysis of BSG protein localization in the eutopic endometrium of ovariectomized
hormone-treated baboons. A and D=14 days of estrogen treatment (proliferative), B and
E=estrogen priming for 14 days followed by 7 days of estrogen and progesterone, and C and
F=estrogen priming for 14 days followed by 14 days of estrogen and progesterone. Inset in
D is isotype control IgG. Scale bar equals 50 um. A—C images are at the same magnification,
and D-F images are at the same magnification (/=4 for all the treatments).

Reproduction. Author manuscript; available in PMC 2016 October 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Braundmeier et al.

Menses 14dE2

E'7dE+P

E’14dP

MMP1
MMP2
MMP3
MMP7

M w i
NOwo s oo

Fold induction/H3F3

-

0.5

Menses 14dE2 E7dE+P

O

Fold induction/H3F3
o
o

o ND ND

E‘14dP

ND

@

Fold induction/H3F3
O 4N E OO N ®©

o
»
o

Fold induction/H3F3

B

|
. O
1]

—RT H,0

= N
- o on oo w
P S

0.5

Menses 14dE2

E'7dE+P

E’14dP

T T T
Menses 14dE2 E7dE+P

Figure 4.

Top panel: semi-quantitative PCR of MMP gene expression in the endometrium from
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ovariectomized animals. Bottom panel: densitometric analysis of MMP1, -2, -3, and -7 for
each cycle stage was normalized to background and calibrated to H3F3endogenous control
gene expression; A=MMP1, B=MMP2, C=MMP3, and D=MMP?7.
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Figureb.
Top panel: quantitative PCR of BSG mRNA levels in the baboon eutopic endometrium

throughout the development of endometriosis. Relative fold levels of BSG mRNA at each
timepoint were normalized to BSG mRNA levels of d10PO disease-free controls. H3F3
MRNA levels served as an endogenous control (statistical significance from controls
indicated for each sample by different letters A<0.05; mo=month). Bottom panel:
immunohistochemical analysis of BSG protein localization in the matched eutopic and
ectopic baboon endometrium at various stages of disease development. (A, F, and K) 3
months of disease, (B, G, and L) 6 months of disease, (C and H) 9 months of disease, (D, I,
and M) 15 months of disease, (E and J) spontaneous disease (A and K inset) isotype control
1gG, and (N) control d10PO endometrium. A-J and N=eutopic endometrium and K-
M=ectopic endometrium. A-E bar=50 um, F-N bar=50 um (/=3 for each disease stage).
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Figure 6.
Top panel: semi-quantitative PCR of MMP gene expression in the endometrium from

diseased animals. Bottom panel: densitometric analysis of MMP1, -2, -3, and -7 for each
cycle stage was normalized to background and calibrated to H3F3endogenous control gene
expression; A=MMP1, B=MMP2, C=MMP3, and D=MMP7 (significance is indicated by
different letters, £<0.05).
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Table 1

Sequences of primer sets and probes used for TagMan PCR.

Gene Forward primer Reverse primer Probe

H3F3 GGCGCTCCGTGAAATTAGAC CGCTGGAAGGGAAGTTTGC TTATCAGAAGTCCACTGAACTTCTGATT
BSG  CCGGCCAGAAAACGGACTT  AGGAAGACGCAGGAGTACTCT TCGTCGGAGTCCACCTCG
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