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Abstract

Endometriosis is a chronic inflammatory and estrogen-dependent disease that causes pain and infertility in reproductive-aged
women. Due to the delay in diagnosis, there is a pressing need for accurate biomarkers. Detection of serum noncoding RNA
molecules such as microRNAs (miRNAs) shows promise as a noninvasive diagnostic strategy; we previously identified miRNAs
that are highly sensitive and specific biomarkers for the disease. In this study, we investigate the expression of these miRNAs in
a nonhuman primate model of endometriosis. As part of a pilot study evaluating simvastatin for the treatment of endometriosis,
the disease was induced in |6 baboons by induction laparoscopy and the animals were divided into 2 groups. One group was
treated with simvastatin for 90 days, while the second group received vehicle only. Endometriosis was evaluated after 3 months
by laparoscopy. Serum samples were analyzed for 9 circulating miRNAs using quantitative real time-polymerase chain reaction,
focusing on the miRNAs we found to be dysregulated in human endometriosis. In the simvastatin-treated endometriosis group,
levels of miR-150-5p and miR-451a were decreased, while miR-3613-5p levels were increased compared to the untreated
endometriosis group. The changes in circulating miRNA expression patterns parallel our previous results in human patients and
show that specific miRNAs correlate with endometriosis severity and reverted toward control expression levels after sim-
vastatin treatment. This is the first report showing serum miRNA expression normalized in response to endometriosis
treatment, supporting the potential for this class of biomarkers to be used both to diagnose endometriosis and to monitor its
progression and response to therapy.
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Introduction baboons to determine whether the microRNA (miRNA) biomar-
kers that we reported as altered in human endometriosis would
respond to treatment in parallel with the disease.

The baboon model of induced endometriosis is well suited
for use in research to better understand the development of the
disease and is considered an ideal preclinical model to for
evaluating effects of medical treatments.'? Like human
females, female baboons also menstruate and can develop
spontaneous as well as induced endometriosis. The model

Endometriosis is a chronic, estrogen-dependent inflammatory
disease that adversely affects life quality and productivity.'~
It is characterized by the presence and growth of endometrial
glands and stroma outside the uterus and affects between 6%
and 10% of all women of reproductive age."* The etiology
and pathogenesis of the disease are not fully defined. Various
theories such as retrograde menstruation, lymph vascular
metastasis, ectopic differentiation of stem cells, dysregulated
inflammatory responses, and exposure to environmental fac-
tors have been proposed.’® Clarifying the mechanisms of |
endometriosis pathogenesis may result in new therapies, by S laeP?rt;“;"Z."‘f o’zﬂe"ﬁsv Gyge_lf°L'J°3 and Reproductive Sciences, Yale
identifying new molecular targets for pharmacological media- 3 oo o o e TEW Taven. =1 "
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steroids, and ongoing research is focused on developing new
drugs that target the molecular mechanisms involved in the patho- ~ Corresponding Author: .
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system allows researchers to control many experimental vari-
ables that could not be manipulated in human studies and
makes it possible to observe the progression of lesions by
repeated laparoscopic evaluation over short time intervals.
In humans, serial laparoscopies are not practical or ethical,
with surgery performed only when medically necessary. In
animals, the timing of induction of the disease is controlled,
and endometrial lesion development and the posttreatment
reduction in lesions can all be observed laparoscopically.'?
Measuring markers of the disease in control groups of animals
before and after induced endometriosis is also feasible in
baboon studies, which would be difficult in human subjects.
As such, the baboon model may well be the best animal model
of endometriosis; it closely approximates the human condi-
tion and can be used for elucidation of endometriosis
pathophysiology.'*'*

In a recent pilot study, our group assessed the efficacy of
the statin, simvastatin, on endometriosis in baboons.” Statins
represent a potential alternative approach for treating endo-
metriosis in women for whom hormonal treatments are inef-
fective or cause undesirable side effects. These drugs inhibit
synthesis of both cholesterol and isoprenoid intermediates,
causing a multitude of downstream effects on cells including
a reduction in inflammatory activity and oxidative stress.®
Independent of their effect on cholesterol, statins inhibit cell
proliferation and concomitantly increase cell apoptosis in
human endometrial cell cultures.'>!” Statins inhibit endome-
triotic stromal cell proliferation by inhibiting Rho activation
and suppress the attachment of these cells to collagen fibers
preventing fibrosis.'"® In vitro and in rodent, statins arrest
neoangiogenesis in endometriotic cells through reduction in
VEGF gene transcription'®?! and reduce endometrial cell
adhesiveness and invasiveness due to a decrease in cluster
of differentiation (CD44) metalloproteinase (MMP)s and
expression in association with an increase in tissue inhibitor
of metalloproteinases 2 (TIMP-2) activity.'%?*-*? Statins also
inhibit the gene expression of pro-inflammatory markers
such as cyclooxygenase-2 (COX2), vascular endothelial
growth factor (VEGF), receptor for advanced glycation end-
products (RAGE), and extracellular RAGE-binding
protein (EN-RAGE), monocyte chemoattractant protein-1
(MCP-1), while increasing anti-inflammatory gene transcrip-
tion markers like peroxisome proliferator-activated receptor
gamma (PPAR-y), liver X receptor alpha (LXR-o), and
superoxide dismutase (SOD).'"'*** Because of these prop-
erties, statins have been used in the treatment of pelvic pain
in patients affected by endometriosis.>® Our recent study
tested the effects of simvastatin treatment for the first time
in a primate model of induced endometriosis, and reported a
decrease in the volume of active endometriotic lesions, along
with decreased expression of key markers of cell prolifera-
tion, inflammation, and oxidative stress.’ Building on that
pilot investigation, here we expand our analysis to investi-
gate changes in expression levels of a class of regulatory
biomarkers in serum: circulating miRNAs.”**

MicroRNAs are a class of small (21-24 nucleotides), non-
protein coding conserved RNAs in the cell that regulate gene
expression by controlling translation of target mRNAs.>* Cells
secrete miRNAs either actively or passively through cell lysis.
They can enter the circulation where they are stable without
significant degradation, due to their small size and encapsula-
tion in microvesicles or association with protein complexes.
The spectrum of miRNAs in circulation reflects cell state as
well as physiological and pathological state of the organ-
ism.***° Circulating miRNAs exhibit specific characteristics
that make them strong biomarker candidates for the diagnosis
of various diseases.>’ > Cell-free miRNAs are stably present in
several body fluids, including blood serum and plasma, urine,
and saliva.?’ The expression of pathologic miRNAs has been
shown in gynecological diseases including endometriosis and
related infertility.?’*%32

Several reports, including those from our laboratory,
demonstrated differentially expressed miRNA levels in serum
of patients with endometriosis; levels of several miRNAs
yielded biomarkers with high diagnostic power.?”?*!-33 In
a previous study,”® we compared miRNA expression in the
serum of women with and without endometriosis using micro-
array analysis and confirmed our results with quantitative real
time-PCR (qRT-PCR). In that study, miR-125b-5p, miR-150-
5p, miR-342-3p, miR-143-3p, miR-500a-3p, miR-451a, and
miR-18-5p were significantly increased while miR-6755-3p
and miR-3613-5p were significantly decreased.>' A recent
study by Nothnick and colleagues also reported elevated lev-
els of serum miR-451a in patients with endometriosis and
found similar upregulation of miR-451a in baboon serum.>*
In the current study, we investigate the expression of these
endometriosis-associated circulating miRNAs in a baboon
endometriosis model and their response to treatment with
simvastatin.

Materials and Methods

Animals

All animal procedures were approved by the Institutional Sci-
entific Evaluation and Review Committee and Animal Care
and Use Committee of both Yale University and the Institute
of Primate Research. Healthy adult female baboons (n = 16),
Papio anubis, were taken from the wild and kept in quarantine
for 3 months. Animals were screened for tuberculosis, simian
immunodeficiency virus, and simian T-lymphotropic virus-1,
and all tested negative for these diseases. During the initial
laparoscopy, the pelvis of each animal was examined, and
those lacking any evidence of preexisting spontaneous endo-
metriosis were selected. All procedures in the study were
carried out according to the Institute of Primate Research
standard operating procedures and described protocols.'?
Complete details of the experimental procedures were as
described in Taylor et al.’

Briefly, endometriosis was induced by laparoscopy, by
seeding in the peritoneal cavity of female baboons with
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menstrual endometrium (n = 16).'*'* Menstrual endome-
trium was obtained using a Unimar Pipelle (CooperSurgical
Inc, Shelton, Connecticut) before laparoscopy. Under laparo-
scopic guidance, approximately 1 g of menstrual tissue and
fluid was delivered from the Pipelle at 4 sites: the pouch of
Douglas, the uterine fundus, the cul-de-sac, and the ovaries.
During the induction laparoscopy, the pelvic cavity of each
animal was examined for the presence of spontaneous endome-
triosis, and one animal in the simvastatin group had a single
black lesion (1.5 x 1.5 x 0.5 mm). All 16 baboons with seed-
ing of endometrial tissue were randomized into 2 groups, by a
laboratory technician opening a sealed envelope specifying the
assignment into control or treatment group. Beginning the day
after induction, the treatment group (n = 8) was treated daily
with simvastatin (20 mg/d) added to the banana meal diet for
90 days, and the control group (n = 8) received vehicle diet
alone. At 3 months, a laparoscopy was performed to evaluate
the extent of the disease in both groups. The peritoneal cavity
of each animal was inspected thoroughly for the presence of
lesions, and the observations were documented by videotaping.
Endometriotic lesions and adhesions were counted, and each
lesion was measured in 3 dimensions. Types of lesions
included blue-black, white, red, orange-red; adhesions included
filmy and dense. Further detail on each type of lesion and a
breakdown of volume analysis by lesion type can be found in
Taylor et al.” To calculate lesion volume, length x width x
depth was calculated (mm?).

Sample Collection and RNA Extraction

Blood was collected in sterile tubes from each baboon just
before performing the 3-month laparoscopy (day 91), and cen-
trifuged immediately to collect serum, which was frozen at
—80°C for the analysis of miRNAs. Total RNA was extracted
from 200 pL of serum using the Qiagen RNA Isolation Kit
(Qiagen, Valencia, California) according to the manufacturer’s
specifications and was eluted with 50 pL of nuclease-free
water. The yield of RNA was determined using a NanoDrop
ND-2000 spectrophotometer (Nanodrop Technologies,
Wilmington, Delaware).

Quantitative Real-time Polymerase Chain Reaction
for miRNAs

Total RNA (25 ng) from each sample was reverse tran-
scribed using an Invitrogen NCode miRNA First-Strand
cDNA Synthesis MIRC-50 kit (Life Technologies, Carlsbad,
California) following the manufacturer’s instructions. Levels
of 9 miRNAs, based on the miRNAs previously identified in
patients with human endometriosis,’! were quantified by qRT-
PCR using the iQ SYBR Green supermix kit (Bio-Rad Labora-
tories, Hercules, California), with the specific forward primers
(Table 1) for different miRNAs and the universal reverse pri-
mer complementary to the anchor primer. The thermal cycling
conditions were initiated by uracil-N-glycosylase activation at
50°C for 2 minutes and initial denaturation at 95°C for 15

Table I. Primer Sequences Used for qRT-PCR of miRNAs.

miRNA Primer Sequence

miR-125b-5p  Forward UCCCUGAGACCCUAACUUGUGA
miR-150-5p Forward UCUCCCAACCCUUGUACCAGUG
miR-342-3p Forward UCUCACACAGAAAUCGCACCCGU
miR-145-5p Forward GUCCAGUUUUCCCAGGAAUCCCU
miR-143-3p Forward UGAGAUGAAGCACUGUAGCUC
miR-500a-3p  Forward AUGCACCUGGGCAAGGAUUCUG
miR-451a Forward AAACCGUUACCAUUACUGAGUU
miR-6755-3p  Forward UGUUGUCAUGUUUUUUCCCUAG
miR-3613-5p  Forward UGUUGUACUUUUUUUUUUGUUC
ué Forward CTCGCTTCGGCAGCACA

Abbreviations: miRNA, microRNA; qRT-PCR, quantitative real time-
polymerase chain reaction.

minutes, followed by 50 cycles at 95°C for 15 seconds and
annealing at 59°C for 50 seconds. Threshold cycle and melting
curves were acquired by using the quantitation and melting
curve program of the Bio-Rad iCycler iQsystem (Bio-Rad
Laboratories). Anchor reverse-transcription primer was used
as the template for negative control, and U6 small nuclear
RNA was used as an endogenous control to determine relative
miRNA expression.>' The relative miRNA levels were deter-
mined using the comparative cycle threshold (Ct) method
74T, Al experiments were carried out 3 times, each in
triplicate and nuclease-free water was used as a negative con-
trol replacing the cDNA template. Primers for miRNAs and
the U6 genes were obtained from the W.M. Keck Oligonucleo-
tide Synthesis Facility (Yale University, New Haven,
Connecticut).

Statistical Analysis

Mean total disease volume (including lesions and adhesions)
between the groups (simvastatin-treated vs untreated) was
compared using an unpaired ¢ test with Welch correction for
unequal variances. The expression levels of serum miRNAs
between the groups were also compared using an unpaired ¢
test with Welch correction. Statistical analysis was per-
formed using SPSS 16.0 (SPSS Inc, Chicago, Illinois) or
Graphpad Prism, Version 7. P < .05 was considered statis-
tically significant, and the data were expressed as mean +
SEM.

Results

Endometriosis was induced in 16 baboons, which were subse-
quently randomized into 2 groups, one group (n = 8) which
received simvastatin as an endometriosis therapy, and a control
group (n = 8) to which no active treatment was administered.’
As reported previously, simvastatin treatment caused a signif-
icant decrease in the combined volume of red, orange-red, and
white lesions.” In this subset of active lesions, the average
lesion volume in baboons the simvastatin-treated group was
26.4 + 6.9 mm® (average + SD), approximately 78% lower
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Figure |. Average total volume of disease (combined volume of
lesions and adhesions) per baboon in simvastatin-treated baboons
(n = 8) versus controls (n = 8). Includes all types of lesions and
adhesions (see methods). Data are expressed as mean + SEM.
*P < .05, using an unpaired t test with Welch correction. Endometrio-
sis indicates endometriosis.

than 117.4 + 64.6 mm’ in untreated animals.” We performed
our own independent analysis of the total disease volume per
baboon and report the combined volume of all colors and types
of lesions as well as pelvic adhesions. Our analysis of total
disease volume indicated a decrease in average volume of
roughly 65%, from 896 + 667 mm® in untreated animals to
301 + 178 mm® in simvastatin-treated baboons (Figure 1). The
total number of lesions per baboon (analyzed previously and
independently confirmed here) was not significantly different
between groups.’

Differential expression of miRNAs has been reported in
endometriosis, and these expression level changes may be
used as biomarkers of endometriosis. We previously identi-
fied circulating miRNAs that were significantly changed in
the serum of patients with endometriosis, and here we mea-
sured expression of 9 of these miRNAs (miR-125b-5p,
miR-150-5p, miR-342-3p, miR-143-3p, miR-145-5p, miR-
500a-3p, miR-451a, miR-6755-3p, and miR-3613-5p) to
compare levels in the serum of baboons with untreated endo-
metriosis versus endometriotic baboons treated with simvas-
tatin (endometriosis + simvastatin). Data presented in
Figure 2 summarize the expression levels of the 9 miRNAs
we tested, normalized to U6 small nuclear RNA levels.
Serum levels of miR-150-5p and miR-451a were decreased
significantly in the simvastatin-treated endometriosis group
of baboons compared to the untreated endometriosis group.
The decrease in circulating miRNA level was 93% (P = .04)
for miR-150-5p, and 90% (P = .04) for miR-451a. In con-
trast, miR-3613-5p levels were increased by roughly 7.5-fold
(P = .01) in the simvastatin-treated group relative to endo-
metriosis group without treatment. No statistically significant
changes were measured in the levels of other miRNAs.

Discussion

We analyzed the expression levels of circulating miRNAs in
the serum of baboons with experimental endometriosis after
treatment with either simvastatin or control. As outlined in

our previous report,” simvastatin treatment partially reduced
manifestations of endometriosis, including the combined vol-
ume of red, orange-red, and white lesions, decreased cell pro-
liferation Proliferating cell nuclear antigen (PCNA
expression), as well as decreased the levels of circulating
indicators of inflammation (serum neopterin).” Although the
endometriosis in these baboons was not completely eradicated
by this short course of simvastatin treatment, significant
improvements were found, including reduced disease volume
(combined lesion and pelvic adhesion volume). We report
here that several circulating miRNAs concurrently displayed
changes reflecting the decrease in endometriosis disease bur-
den following simvastatin treatment. Three miRNAs were
expressed differentially in baboons treated with simvastatin
compared to untreated endometriotic controls, reflecting a
normalization of those altered in women with endometrio-
sis.’! In humans, we previously showed that the levels of
miR-150-5p and miR-451a were increased, while miR-
3613-5p was decreased significantly in the serum of women
with endometriosis. Here, baboons with simvastatin-treated
endometriosis displayed the reverse after treatment: lower
expression of miR-150-5p and miR-451a, and higher expres-
sion of miR-3613-5p compared to the untreated group (ie,
levels returning toward normal levels). These parallel patterns
support the relevance of circulating miR-150-5p, miR-451a,
and miR-3613-3p in endometriosis.

The primate model is a robust proxy for studying endome-
triosis affecting women. The model facilitates a much better
degree of experimental control, granting the ability to control
the onset of endometriosis, eliminate confounding variables
(comorbidities, medication, etc), and laparoscopically measure
lesions more frequently than is possible in human patients.
Baboon studies have been instrumental to designing cause and
effect experiments that have helped elucidate the mechanisms
of endometriosis and how it contributes to subfertility.'**> This
primate model is considered the best preclinical model system
in which to test the efficacy of endometriosis therapies and has
recently been used in studies of drugs such as aromatase inhi-
bitors*® and inhibitors of inflammatory pathways.>’

Mounting evidence links miRNAs to the pathogenesis of
endometriosis, with studies reporting regulation of abnormal
cell differentiation, invasion, and inflammation.*?>%*!
There is a growing collection of miRNAs involved in
endometriosis,®"***'** which can regulate mRNA expression
in various pathways contributing to pathophysiology of the
disease, such as inflammation, neovascularization, invasion,
and changes in steroidogenesis. Multiple groups have observed
dysregulated expression levels of miRNAs in tissue and blood
samples from women with the disease,””*'*** and our study
is the first to show altered miRNA expression following endo-
metriosis treatment. In addition to local effects of miRNA in
endometrisois, circulating miRNAs may have a hormone-like
effect, signaling remote tissues. endometriosis-derived miR-
NAs affect macrophages where miR-125b regulates cytokine
production that contributes to inflammation associated with
this condition.*> Several other miRNAs characterized here
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Figure 2. Differential expression of circulating microRNAs (miRNAs) in response to simvastatin treatment of endometriosis in baboons.
Serum was collected from simvastatin-treated baboons with endometriosis as well as untreated controls at 3-month postinduction of
endometriosis. Expression levels were determined by quantitative real time-polymerase chain reaction (QRT-PCR) and normalized to U6
expression levels. Error bars represent the mean + SEM of 3 individual experiments, each in triplicate (n = 8 baboons per group).

*P < .05, using an unpaired t test with Welch correction.

have known functions in remote tissues; these functions may
be affected by altered delivery of circulating miRNAs.
MiR-150 functions in hematopoiesis,*® miR-3613 alters cell
proliferation and regulates the cell cycle,*” miR-143 and
145 have a known role in epithelial cell repair and wound
healing,*® miR-500a in cell migration and invasion,*’
miR-342 in suppressing cell proliferation, migration and inva-
sion,” and miR-451 in drug resistance.”’ The systemic man-
ifestations of endometriosis may be, at least in part, mediated
by changes in circulating miRNAs. The systemic effects of
these miRNAs may be altered by the changes in circulating
level in response to endometriosis treatment. Therapy may
relieve some endometriosis symptoms not only by affecting
the lesions but also by improving the remote effects mediated
by circulating miRNAs.

Other research groups have also observed parallel changes
in miRNAs between baboons and humans. Increased expres-
sion of miR-29¢ was measured in eutopic endometrium sam-
ples of baboons and women with endometriosis, with in vitro
studies suggesting that miR-29¢ upregulation contributes to
progesterone resistance by decreasing levels of FKBP4.>

Nothnick et al performed a comprehensive investigation of
miR-451a, showing that circulating miR-451a in serum was
upregulated in baboons and humans with endometriosis, and
detecting a significant positive correlation between miR-451a
levels in serum and in endometriotic lesions.** This group also
measured miR-451a expression in baboon serum over time,
with the highest expression, an approximate 20-fold increase,
observed at 6 months postinduction of the disease.>* Here, we
found that levels of miR-451a in untreated baboon serum at 3
months postinduction were approximately 10-fold higher than
in simvastatin-treated baboons. It is encouraging that our study
found the same trend of higher expression of miR-451a in the
untreated baboons with greater total lesion volume and a con-
comitant decrease with decreased lesion volume in treated
baboons. Differences in study design and sampling time after
disease induction likely contribute to the slight variation
between miR-451a levels in our primate experiment and
the above study. Our previous human study showed that
miR-451a expression was increased in patients with endo-
metriosis, with an AUC value of 0.835 to predict presence
of the disease.®' A similar AUC value of 0.856 to
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distinguish women with endometriosis was reported for
miR-451a by Nothnick et al.>*

As statin are thought to exert their effects on endometriosis
by reducing cell invasiveness, neoangiogeneisis, and cell adhe-
sion, the miRNAs that changed in our analysis may be those
linked to the pathways altered by this particular drug. In murine
studies, miR-150 has been shown to have proangiogenic
effects.” It has also been implicated in cervical cancer prolif-
eration and invasion®* and reported to act as a tumor suppres-
sor.”> MiR-451a has also been shown to act as a tumor
suppressor, inhibiting cell proliferation in breast cancer,®
retarding cell migration and invasion in melanoma,’” and inhi-
biting cell growth and invasion of glioma cells by downregu-
lating the PI3K/AKT activation.”® Circulating miR-451a in
humans has been proposed as a potential biomarker for the
diagnosis of papillary thyroid carcinomas,> gastric,’ and
breast cancers.®’ Other endometriosis treatments act by diverse
mechanisms and thus will impact other miRNAs associated
with those target pathways. For example, aromatase inhibitors
inhibit estrogen synthesis, leading to a decrease in endometrio-
sis. By treating human endometriotic cells in vitro with an
aromatase inhibitor, Cho et al found increased expression of
let-7f, which led to reduced migration of endometrial cells.®>
Similarly, let-7b and miR-125 regulate cytokine production
from macrophages in endometriosis.>® The interplay between
altered miRNA expression, the posttranscriptional regulation
of mRNA targets, and the mechanisms of action of specific
therapeutics is an exciting area of inquiry that may lead to
identification of new targets to treat endometriosis. Results
reported here show that simvastatin treatment of endometriosis
in baboons significantly affected expression of miRNAs such
as miR-150-5p, miR-451a, and miR-3613-5p. As simvastatin is
not a standard treatment for endometriosis,60 future studies will
evaluate the changes in miRNA biomarkers in response to
typical hormone-based endometriosis treatments such as oral
contraceptives or GnRH agonists/antagonists.®*** As our
understanding of the underlying biology of endometriosis and
alternate therapies improves, miRNAs may serve not only as
biomarkers that can diagnose endometriosis but can also as
prognosis markers that can track how the disease responds to
different therapies.

To improve patient care, it is critical to be able to monitor
the behavior of the disease during the course of treatment.
Clinical metrics such as decreasing pelvic pain, dysmenor-
rhea, and dyspareunia aid in assessing therapeutic efficacy,
but having objective measurements of disease-specific bio-
markers will indicate how well a given therapy works to elim-
inate endometriosis. This is the first time that circulating
miRNAs have been reported to change in response to endo-
metriosis treatment. Congruence between the baboon model
and the human disease implies that these miRNA expression
patterns may one day be used to help monitor treatment
response in clinical practice. To track and predict therapeutic
response in cancer, there are ongoing efforts to develop can-
cer biomarkers for clinical use in treatment monitoring and
detecting recurrence.®>®’ Identifying the miRNAs tied to

endometriosis may one day reveal predictive biomarkers that
can inform how well patients will respond to specific classes
of therapeutics, guiding physicians in choosing the most
appropriate medications. In conclusion, differential regula-
tion of serum miRNA expression in response to simvastatin
treatment against endometriosis implicates prognostic value
and response to therapy. Future studies in primates and
humans will help clarify which miRNA biomarkers best cor-
relate with therapeutic response, to optimize their clinical
utility for managing the disease.
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