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Abstract

Purpose To determine if microRNAs are differentially
expressed in the follicular fluid of women with PCOS com-
pared to fertile oocyte donors and identify associated altered
gene expression.

Methods Women undergoing IVF who met Rotterdam criteria
for PCOS or who were fertile oocyte donors were recruited
from a private IVF center. Individual follicle fluid was col-
lected at the time of oocyte retrieval. MicroRNA analysis was
performed using microarray and validated using real-time
PCR on additional samples. Potential gene targets were iden-
tified and their expression analyzed by real time PCR.
Results Microarray profiling of human follicular fluid re-
vealed expression of 235 miRNAs, 29 were differentially
expressed between the groups. Using PCR validation, 5
miRNAs (32, 34c, 135a, 18b, and 9) showed significantly
increased expression in the PCOS group. Pathway analysis
revealed genes involved in insulin regulation and inflamma-
tion. Three potential target genes were found to have signifi-
cantly decreased expression in the PCOS group (interleukin 8,
synaptogamin 1, and insulin receptor substrate 2).

Capsule Follicular fluid from PCOS patients and oocyte donors was
compared for microRNA and target gene expression. Five microRNAs
were overexpressed and 3 target genes were decreased in the PCOS group.
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Conclusions MicroRNAs are differentially expressed in the
follicular fluid of women with PCOS when compared to fertile
oocyte donors. There is also altered expression of potential
target genes associated with the PCOS phenotype.
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Introduction

Polycystic ovary syndrome (PCOS) is a clinical syndrome
with known phenotypic, hormonal, and metabolic abnormal-
ities [1]. PCOS is the most common endocrine disorder in
women [2] with a prevalence ranging from 6.1 to 19.9 %,
depending on the criteria used for diagnosis [3]. Regardless of
criteria used, the diagnosis of PCOS is associated with a two-
fold increase in metabolic syndrome [3].

Women with PCOS have lower fecundability and higher
infertility than women without PCOS [4]. Many factors may
play a role in the subfertility associated with PCOS including
obesity, endocrine abnormalities, and altered milieu in the
developing follicle [1]. Two miRNAs (miR-132 and miR-
320) were shown to have decreased expression in the follicu-
lar fluid of women with PCOS compared to women undergo-
ing in vitro fertilization (IVF) for male factor infertility [5].

MicroRNAs (miRNA) are single-stranded noncoding
RNA molecules composed of 20-24 nucleotides [6]. They
are involved in the normal functioning of eukaryotic cells,
including mammalian cells [7] and in abnormal functioning,
or disease states, including cancers [8], heart disease [9], and
infertility [7, 10, 11]. MicroRNAs regulate genes positively or
negatively through a variety of mechanisms at the posttran-
scriptional level [12].

Recent research revealed miRNAs are present in the follic-
ular fluid of humans [5] mares [13]. Two hundred miRNAs
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were found to be present in human follicular fluid both in
microsomes and in free form [5]. Twenty-five miRNAs were
found to be expressed in microsomes, exosomes, and in free
form in the follicular fluid of mares [13]. In addition to follic-
ular fluid, miRNAs have been identified in other human bodily
fluids [14] including serum [15], urine [15], and saliva [16]. A
commercially available miRNA panel is being used clinically
in oncology as a disease biomarker and miRNAs are being
investigated as a therapeutic target in many disease states [17].

The objectives of this study were to describe miRNAs in
follicular fluid of women with PCOS compared to fertile
oocyte donors (OD) and to identify target genes of the
miRNAs associated with the PCOS phenotype.

Materials and methods

Participants

Consecutive patients undergoing IVF at a single center
were recruited for participation in the study. Participants were
approached if they met Rotterdam criteria for PCOS [18] or
were fertile oocyte donors with no known infertility diagno-
ses. Informed consent was obtained and the protocol was IRB
approved.

Ovarian stimulation

Ovarian stimulation and all other aspects of the IVF cycle
were managed according to routine care, independent of this
study. The majority of patients from both groups received an
antagonist protocol (PCOS 92 % and OD 85 %, p=0.6),
receiving both FSH and LH for ovarian stimulation and GnRH
antagonist per clinical protocol. Peak estradiol levels did not
differ between the groups (PCOS 4,620+1,925 vs. OD 4,463
+1,419 pg/ml, p=0.8).

Fluid collection

At the time of oocyte retrieval, fluid from the first punctured
follicle was collected from each ovary. The fluid was centri-
fuged for 5 min at 1,500 x g to pellet any blood and debris. The
supernatant was then removed and cryopreserved using liquid
nitrogen.

RNA isolation

Nine hundred microliters of individual follicle follicular fluid
from each participant was used for RNA isolation using the
mirVana™PARIS™Kit (Life Technologies, USA) according
to manufacturer’s instructions. Briefly, RNA was separated
from DNA and other organics using Acid-Phenol:Chloroform
and then purified by binding to a glass-fiber filter where RNA
was washed several times and then eluted with 100ul of water.

@ Springer

Purified RNA was concentrated to an 8ul volume and then
treated with a 2ul DNase I solution (Sigma-Aldrich, USA) to
remove any contaminating DNA. After incubating at room
temperature for 15 min, lul of Stop Solution was added to
each sample and incubated at 70 °C for 10 min to prevent
hydrolysis of the RNA. Quantification was determined using
the NanaDrop Spectrophotometer (Thermo Scientific, USA).

Reverse transcription and miRNA pre-amplification

Seventy-five nanogram of each sample was reverse transcribed
using the Megaplex™ Human Primer Pools A and the
Tagman® MicroRNA Reverse Transcription Kit (Life Tech-
nologies, USA). 4.5ul of a master mix containing 20 mM
dNTPs, 75U reverse transcriptase, 2U ribonuclease inhibitor,
22.5 mM MgCl,, and 1X RT primers, was combined with 3ul
of each sample and incubated using the following thermal-
cycling conditions: 40 cycles at 16 °C for 2 min, 42 °C for
1 min, and 50 °C for 1 s followed by a 5 min hold at 85 °C.
cDNA targets were then preamplified using Tagman® PreAmp
Master Mix and Megaplex™ PreAmp Human Pools A (Life
Technologies, USA) to increase the amount of desired cDNA.
20ul of this master mix was combined with 5ul of cDNA for
each sample and incubated as follows: 95 °C for 10 min, 55 °C
for 2 min, 72 °C for 2 min, 12 cycles at 95 °C for 15 s and
60 °C for 4 min, and a final hold for 10 min at 99.9 °C. 75ul of
a 0.1X TE solution was added to each sample after amplifica-
tion and stored at —20 °C until analysis was performed.

Reverse transcription for miRNA validation

Additional samples were isolated and reverse transcribed
without pre-amplification for array validation. 5 ng of purified
RNA was reverse transcribed using the High Capacity cDNA
Reverse Transcription Kit (Life Technologies, USA). 20ul of a
master mix containing 1X dNTPs, 2.5U reverse transcriptase,
1U ribonuclease inhibitor, and 1X primers was combined with
20ul of each sample and incubated at 25 °C for 10 min
followed by 37 °C for 2 h. The resulting cDNA was diluted
10-fold for all real-time PCR reactions.

Real-time PCR

For microRNA analysis using the Tagman® Array Human
MicroRNA A Card, a master mix containing 1X Tagman®
Universal PCR Master Mix, No AmpErase® UNG (Life
Technologies, USA) was combined with 9ul of diluted Pre-
Amp product for a final volume of 900ul. 100ul of this PCR
reaction mix was added to each of the 8 ports of the array card
and run on the ABI 7900HT Fast Real-Time PCR System
(Life Technologies, USA) using the following thermal-
cycling conditions: 50 °C for 2 min, 94.5 °C for 10 min, and
40 cycles of 97 °C for 30 s and 59.7 °C for 1 min. Ct curves
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were analyzed using the RQ Manager 1.2.1 (Life Technolo-
gies, USA). Statistical analysis for PCR data was performed
using the internal constant housekeeping miRNAs and REST
2009 software with bootstrap randomization techniques
(Qiagen, USA). Significance was defined at p<0.05. For
microRNA array validation, a master mix containing 1X
Tagman® Universal PCR Master Mix, No AmpErase® UNG
and 1X Tagman® Assay (Life Technologies, USA) was com-
bined with 7 ng cDNA for a final volume of 20ul. Each sample
was run in duplicate on the 7300 Real-Time PCR System (Life
Technologies, USA) for 10 min at 95 °C, followed by 40 cy-
cles at 95 °C for 15 s and 60 °C for 1 min. Expression of 10
miRNA probe sets (hsa-miR-32, hsa-miR —34c-5p, hsa-miR-
135a, hsa-miR-138, hsa-miR-142-5p, hsa-miR-18b, hsa-miR-
489, hsa-miR-627, hsa-miR-888, and hsa-miR-9) were ana-
lyzed relative to the internal constant expression of the
miRNA control probe U6snRNA in each of the individual
follicle fluid samples. Currently, there is no standard for an
internal control for miRNAs. We chose U6snRNA because it
has been reported as an internal control in prior studies [19,
20], including in follicular fluid [5]. Standard curves were
calculated for each probe set using 10-fold serial dilutions of
reference miRNA (Life Technologies, USA).

For expression of target genes, Power SYBR® Green PCR
Master Mix (Life Technologies, USA) was combined with
2.5uM of each primer set and 7 ng of cDNA for a final volume
of 25ul. All primer set were designed by Primer Express Version
3.0 (Life Technologies, USA). The real-time PCR reaction was
carried out on the ABI 7300 Real-Time PCR machine under the
following thermal cycling conditions: 95 °C for 10 min, 40 cycles
at 95 °C for 15 s, and 60 °C for 1 min, and a dissociation step at
95 °C for 15 s, 60 °C for 1 min, 95 °C for 15 s, and 60 °C for
15 s. Quantification of 8 target genes (CCLS, DUSPS, ILS, IRS2,
FOXN3, UGP2, SYT1, and SYTL4) was calculated relative to the
internal constant housekeeping gene, PPIA. Several potential
internal housekeeping genes were tested and PPIA was found
to be constant in all of our follicular fluid samples. All reactions
were performed in duplicate relative to a standard curve of input
reference RNA which contained 4, 10-fold serial dilutions of
known concentration. The PCR reaction efficiency recorded R?
values >0.9 and the correlation coefficient was calculated >0.99.

Statistical analysis

Statistical analysis for PCR was performed using Relative
Expression Software Tool (REST©) 2009 software using
bootstrap randomization techniques (Qiagen, USA). This tool
incorporates the variability of the from the control miRNA
(u6snRNA) and the test miRNAs or the housekeeping gene
(PPIA) and the study genes to calculate statistical significance
[21]. Clinical characteristics of the groups were compared
using t tests or Mann—Whitney as appropriate using
Analyze-it® for Excel. Significance was defined at p<0.05.

Target gene analysis

Pathway Studio (Elsevier) was used to investigate predicted
target genes and pathways of these 5 significantly increased
miRNAs in PCOS samples compared to OD controls
(p<0.05). Key pathways identified included insulin regula-
tion, cell signaling, cell cycle, and DNA repair. From this
analysis, predicted target genes were chosen from pathways
involved in insulin regulation and inflammation due to their
association with the PCOS phenotype.

Results
miRNA profiling

miRNA profiling of individual human follicle fluid (n=4 per
group) revealed the expression of 235 (62.3 %) miRNAs
expressed in all samples out of the total 377 miRNAs present
on the array. Statistical analysis using the REST 2009 software
identified 29 miRNAs (12.3 %) to be differentially expressed
between PCOS and OD samples (p<0.05). These 29 differen-
tially expressed miRNAs were expressed in all samples and
are displayed in a heat map highlighting significantly in-
creased expression in PCOS samples relative to OD controls
(p<0.05) (Fig. 1).

miRNA validation

The 4 samples used for miRNA profiling and 8 additional
individual follicle fluid samples (total n=12 per group) were
isolated and reverse transcribed without pre-amplification for
miRNA validation. A subset of thel0 miRNAs displaying the
largest differential expression was chosen from the 29 differen-
tially expressed miRNAs. Expression of the 10 miRNAs (hsa-
miR-32, hsa-miR —34c¢-5p, hsa-miR-135a, hsa-miR-138, hsa-
miR-142-5p, hsa-miR-18b, hsa-miR-489, hsa-miR-627, hsa-
miR-888, and hsa-miR-9) were analyzed relative to the expres-
sion of the miRNA control probe U6snRNA in each of the 12
individual follicle fluid samples. All 10 miRNAs showed ex-
pression in all samples. Increased expression in PCOS samples
compared to OD controls was observed in concordance with
the original miRNA profiling data (Table 1). However, only
five (50 %) of these upregulated miRNAs (hsa-miR-9, 18b, 32,
34c, and 135a) displayed a significant increase in expression in
the PCOS group compared to OD controls (p<0.05) (Table 1).

Unsupervised hierarchical clustering classified the miRNA
profiles of individual follicular fluid samples into two main
tree branches (Fig. 2). The first branch contained only PCOS
follicular fluid samples, while the second branch included all
the OD control samples along with two PCOS follicular fluid
samples (Fig. 2). These results reflect underlying fundamental
differences in miRNA expression profiles between the two
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Fig. 1 Heatmap of the 29 miRNAs that were differentially expressed
between PCOS and Oocyte donor samples (p<0.05). The left column is
the PCOS group and the right column is the oocyte donor group. Red to
green equates to an increase in miRNA expression

groups as well as the presence of biological heterogeneity
within group samples.

Target gene analysis

miRNA target gene analysis was performed to demonstrate
altered mRNA expression in association with aberrant
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Table 1 MicroRNA validation raw cycle threshold (Ct) and fold change
relative to U6snRNA (control probe) using RT-PCR

miRNA Raw Ct Raw Ct Fold change
PCOS OD
U6snRNA 20.1 20.1 1
miR-32 28.0 30.9 7.5%
miR-34c 26.3 322 59.7*
miR-135a 28.2 30.7 5.7*%
miR-138 29.5 32.1 6.1
miR-142 32.7 35.6 7.5
miR-18b 27.5 30.0 5.7*
miR-489 20.4 21.6 23
miR-627 16.8 18.6 35
miR-888 24.6 27.3 6.5
miR-9 31.8 385 104.0*
* p<0.05

miRNA profiles in PCOS samples. Target gene analysis was
performed using Pathway Studio (Elsevier). Predicted target
genes were chosen for further investigation based on their
association with the PCOS phenotype. Quantitative real-time
PCR was performed on additional individual follicle fluid
samples (n=10 samples per group) generating an mRNA
expression profile for the following predicted genes; CCLS,
ILS, FOXN3, UGP2, SYT1, DUSPS5, SYTL4 and IRS2. The
PCR efficiency of each reaction was very high (correlation
coefficient >0.99) (data not shown). Quantification was per-
formed for each gene relative to the expression of the internal
constant housekeeping gene, PPIA (Table 2). Results showed
that three predicted genes, /L8, SYT1 and IRS2, had signifi-
cantly decreased expression in the PCOS group compared to
OD controls (p<0.05) (Table 2). This result was observed in
all samples tested. A significant increase in miRNA expres-
sion (Table 1), in conjunction with a significant decrease in
predicted gene expression (Table 2), was observed in these
PCOS samples compared to controls, therefore suggesting a
repressive type of miRNA regulatory mechanism.

Clinical and medical parameters of study participants

Table 2 shows the clinical and medical parameters for study
participants. The PCOS group was significantly older than the
OD controls (PCOS 33.1+4.4 vs. OD 27.1£3.6, p=0.001)
(Table 3). The groups did not differ with respect to day 3 FSH
or estradiol but LH, anti-miillerian hormone (AMH), and
antral follicle count were each significantly greater in the
PCOS group compared to OD controls (Table 3). The groups
did not differ with respect to body mass index (BMI)
(Table 3).
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Discussion

Recent studies have illustrated that miRNAs are abundant in
follicular fluid in mares [13] and in humans [5]. Our study
confirmed this finding, with the detection of 235 miRNAs in
the follicular fluid of women undergoing IVF. Similar to the
results of a study by Sang et al., we found that miRNAs are
differentially expressed in women with PCOS compared to a
control group [5]. In association with the altered miRNA
expression seen in our PCOS samples, we identified 3 poten-
tial target genes with significantly decreased expression in the
women with PCOS. The 3 genes identified (insulin receptor
substrate 2 (/RS2), synaptogamin 1(SY77), and interleukin 8
(IL8)) have functions related to the PCOS phenotype includ-
ing roles in carbohydrate metabolism and beta cell function
[22], cell-cell communication [13], and steroid synthesis [23].

Table 2 Target gene analysis raw cycle threshold (Ct) and fold change
relative to PPIA (internal housekeeping gene) using RT-PCR

Average Distance Between Clusters

We identified 5 miRNAs (hsa-miR-9, 18b, 32, 34c, and
135a) with significant overexpression in our PCOS group
versus the OD control group. Sang et al. investigated a subset
of 7 miRNAs (miR-132, 320, 24, 520c-3p, 193b, 483-5p, and
222) in the follicular fluid of women with PCOS versus a
control group with male factor infertility [5]. The 7 miRNAs
were chosen secondary to their association with steroidogen-
esis and 2 were found to have significantly decreased expres-
sion in the PCOS group (miR-132 and 320) [5]. In contrast,
we did not identify differential expression of either miR-132
or 320. This may be secondary to race/ethnicity or PCOS
phenotype differences as Sang et al.’s study was performed
in China and our study was performed in the United States [5].
It may also reflect underlying differences in control groups.
We used fertile oocyte donors for a control group whereas
Sang et al. used infertile couples with male factor infertility
[5]. Sang et al. used genome-wide analysis in addition to
microarray analysis to identify miRNAs so methodological
differences could also explain different results [5].

Target Genes Raw Ct Raw Ct Fold change

PCOS oD Table 3 Clinical and medical parameters of PCOS and oocyte donors
PPIA 26.3 26.4 1.0 PCOS Oocyte donors ~ p=

L 29.0 29.2 1.1
i(; > 3? 6 3? 5 0.7% Age (years) 33.1+4.4% 27.1+£3.6 0.0001
FOXNG 30'4 30'6 1'1 Body Mass Index (m/kg?) 25.6+6.3 23.842.9 0.28
- 31'3 31'4 1'0 Day 3 FSH (IU/L) 6.0+1.5 6.0+1.3 0.96
SYTI 31.6 30'9 0.6* Day 3 LH (IU/L) 8.1(5.6,152)° 49(3.7,5.6) 0.0013
DUSPS 30'1 30'1 0'9 Day 3 Estradiol (pg/ml)  34.0 (29.7,42.3) 37.0(32.8,57.2) 0.19
' ' ’ Anti-Miillerian Hormone 6.5 (3.6, 8.4) 2.9(1.9,3.9) 0.002

STYL4 31.6 314 0.8 (ng/dl)
IRS2 32.6 32.1 0.7* Antral follicle count 37.9+13.5 27.7+8.8 0.012
* p<0.05 Reported as * meanzstandard deviation or ® median (25%ile, 75%ile)
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Although we identified differential expression of miRNAs,
our study groups differed by age; the PCOS group was sig-
nificantly older than the oocyte donor group. The groups
differed statistically by age but this difference may not be
clinically significant in terms of reproduction. Both groups
were relatively young and had excellent ovarian reserve pa-
rameters. There is some data on altered microRNA expression
associated with ovarian aging in mares [13] and in women
with premature ovarian failure (POF) [24]. In the aging mares,
3 microRNAs showed increased expression (MIR181A,
MIR375, MIR513A-3P) [13] and in the women with POF,
10 microRNAs showed increased expression (miR-202, miR-
146a, miR-125b-2*, miR-139-3p, miR-654-5p, miR-27a,
miR-765, miR-23a, miR-342-3p, miR-126) and 2 showed
decreased expression (let-7c and miR-144) [24]. None of the
microRNAs associated with ovarian aging in these 2 studies
showed differential expression in our analysis, decreasing the
likelihood that the differences we found are related to age.

Similarly to Sang et al. [5], we identified potential miRNA
targets using bioinformatic analysis. We then carried our
analysis further and investigated the expression of several
potential target genes associated with the PCOS phenotype
and identified 3 (JRS2, SYTI, and ILS8) with significantly
decreased expression in the PCOS group compared with the
OD controls. The decreased expression found in the PCOS
group is important as all the differentially expressed miRNAs
showed overexpression in the PCOS group, suggesting an
inhibitory role of the miRNAs on the potential target genes.

The 3 potential target genes have functions associated with
the PCOS phenotype. /RS2 is a gene that encodes for the
insulin receptor substrate 2 which mediates the effects of
insulin and IGF-1 and is critical for peripheral carbohydrate
metabolism and beta-cell function [22]. Mice lacking /RS2
demonstrate dysregulation of the estrous cycle, anovulation,
infertility, and insulin resistance, similar to women with PCOS
[25]. SYT1 is a gene that encodes for synaptogamin 1, a
calcium binding synaptic vesicle protein [26]. It plays an
important role in calcium triggered exocytosis throughout
the body [26] and is required for exocytosis of insulin in the
pancreatic beta cells [27, 28]. IL8 is the gene that encodes for
interleukin 8, a chemokine and mediator of the inflammatory
response, a chemo-attractant, and angiogenic factor [29]. IL8
is implicated in steroid synthesis in the late follicular and
ovulatory follicle in both bovine [30] and humans [23].

The identification of these potential target genes is intrigu-
ing as all 3 have clear links with the PCOS phenotype,
however, the associations observed in this study are limited.
Currently, there is no gold standard for miRNA gene target
analysis [31]. Each miRNA can have hundreds of gene targets
and the gene targets may be different based on cell type and
the presence or absence of other miRNAs [31]. Additionally,
the impact of a miRNA on gene expression may be physio-
logically important but difficult to identify statistically [32].
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Currently there is no diagnostic test for PCOS, only some-
what divergent diagnostic criteria from 3 different entities
(Rotterdam criteria [18], NIH criteria [33], and Androgen Ex-
cess and PCOS Society [34]). Consequently, diagnosing PCOS
is dependent on the criteria used [3]. Although PCOS is the
most common endocrine disorder in women [2], few suscepti-
bility genes have been repeatedly associated with the syndrome
[35]. miRNAs are already being used commercially as disease
biomarkers in oncology [17]. There is evidence for the use
miRNAs as biomarkers in a wide range of diseases including
prostate cancer [36], cardiac disease [37], acute kidney injury
[38], and Alzheimer’s disease [39]. If we could identify
miRNAs that could be used as biomarkers for PCOS, the
diagnosis and treatment of PCOS would be revolutionized.
PCOS is likely a wide spectrum of disease currently classified
as one disease. Identifying specific miRNA biomarkers may
allow for more precise diagnosis of the pathophysiology and
allow personalized treatment for the endocrine, cardio-
metabolic, and infertility impacts of the disease. Our study is
only the second study we could identify that investigates
miRNAs in the follicular fluid of women with PCOS [5] and
only the third study we could identify that investigates miRNAs
in PCOS in humans [40]. The field of miRNAs and PCOS is
young and we, as a scientific community, are not yet at the point
of identifying miRNAs that could be used as biomarkers but
there is certainly potential for it as the field continues to grow.

The findings from this study provide further insight into the
pathophysiology of PCOS. The differences in microRNA and
gene expression may help to explain the aberrant follicular
development and subfertility seen in women with PCOS [1].
Increasing our understanding of PCOS and identifying path-
ways associated with this phenotype may also improve clin-
ical management of PCOS patients in regards to choices for
infertility treatment based on observed aberrant follicular
development.
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