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The granulosa cells in the mammalian ovarian follicle respond to gonadotropin signaling and are
involved in the processes of folliculogenesis and oocyte maturation. Studies on gene expression
and regulation in human granulosa cells are of interest due to their potential for estimating the
oocyte viability and in vitro fertilization success. However, the posttranscriptional gene expression
studies on micro-RNA (miRNA) level in the human ovary have been scarce. The current study
determined the miRNA profile by deep sequencing of the 2 intrafollicular somatic cell types: mural
and cumulus granulosa cells (MGCs and CGCs, respectively) isolated from women undergoing
controlled ovarian stimulation and in vitro fertilization. Altogether, 936 annotated and 9 novel
miRNAs were identified. Ninety of the annotated miRNAs were differentially expressed between
MGCs and CGCs. Bioinformatic prediction revealed that TGF, ErbB signaling, and heparan sulfate
biosynthesis were targeted by miRNAs in both granulosa cell populations, whereas extracellular
matrix remodeling, Wnt, and neurotrophin signaling pathways were enriched among miRNA
targets in MGCs. Two of the nine novel miRNAs found were of intronic origin: one from the
aromatase and the other from the FSH receptor gene. The latter miRNA was predicted to target
the activin signaling pathway. In addition to revealing the genome-wide miRNA signature in
human granulosa cells, our results suggest that posttranscriptional regulation of gene expression
by miRNAs could play an important role in the modification of gonadotropin signaling. miRNA
expression studies could therefore lead to new prognostic markers in assisted reproductive
technologies. (Molecular Endocrinology 27: 1128-1141, 2013)

ammalian ovarian follicles undergo substantial
Mchanges including recruitment, extensive expan-
sion, maturation, rupture of follicular membranes during
ovulation, development into corpus luteum, and final
atresia. These processes are controlled by gonadotropin
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secretion from the pituitary and intertwining signaling
networks between the oocyte and the somatic cells in the
ovary.

Inside the follicle 2 somatic cell types can be clearly
distinguished: the mural granulose cells (MGCs) and cu-

Abbreviations: ACVR2B, activin A receptor type IIB; BDNF, brain-derived growth factor;
CGC, cumulus granulose cell; Chr, chromosome; COC, cumulus-oocyte complex; ECM,
extracellular matrix; FDR, false discovery rate; FSHR, FSH receptor; hCG, human chorionic
gonadotropin; HS3ST1, heparin sulfate 3-O-sulfotransferase; HSPG, heparan sulfate pro-
teoglycan; KEGG, Kyoto Encyclopedia of Genes and Genomes; ICSI, intracytoplasmic
sperm injection; IPA, Ingenuity Pathway Analysis; IVF, in vitro fertilization; MGC, mural
granulosa cell; miRNA, micro-RNA; NGS, next-generation sequencing; OPU, ovarian punc-
ture; poly(A) RNA, polyadenylated RNA; pre-miRNA, precursor miRNA.
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mulus granulosa cells (CGCs). These cells derive from the
same population of early follicles, but differentiate into 2
subpopulations separated by distance by the preovulatory
stage (1, 2). CGCs remain close to the oocyte with the
inner layer forming adhesive and gap junction transzonal
projections that allow trafficking of metabolites between
the somatic cells and the oocyte (3, 4). The oocyte secretes
several signaling molecules that influence mitogenic pro-
cesses and the differentiation of CGC (reviewed in Ref. 5).
Collectively, oocyte and CGCs form the cumulus-oocyte
complex (COC) that remains intact during ovulation up
to fertilization (6, 7). MGCs receive weaker signals from
the oocyte due to their distance: these cells establish the
inner lining of the follicular basal lamina and are respon-
sible for the steroidogenic activity of the maturing follicle
(1). In addition, MGCs express receptors for LH neces-
sary for triggering the final maturation of the follicle and
ovulatory processes (8).

The intrafollicular cells can be collected without addi-
tional inconvenience during oocyte collection procedure
from women undergoing in vitro fertilization (IVF) with
intracytoplasmic sperm injection (ICSI), and the data ob-
tained from the collected material give valuable informa-
tion on the regulation of final stages of follicle matura-
tion. By determining the signals that trigger the processes
of folliculogenesis during IVF cycles, new ways to im-
prove the efficiency of stimulation as well as new markers
for predicting oocyte viability can be found.

The signaling cascades underlying the processes during
folliculogenesis have been extensively studied on several
model organisms as well as human samples (9-14). How-
ever, advances in the knowledge regarding posttranscrip-
tional regulation of mRNAs would make it possible to
better predict the actual composition of signaling mole-
cules in the cell. A group of highly conserved posttran-
scriptional regulators of gene expression are mature
micro-RNAs (miRNAs). These are small RNAs, on aver-
age 21 nucleotides long, that act by binding to target
mRNAs in the RNA-induced silencing complex followed
by translational suppression, or mRNA degradation (re-
viewed in Ref. 15). Preceding the described final outcome,
miRNAs undergo several stages of processing. Up to sev-
eral kilobases long, primary miRNAs are transcribed
from the miRNA genes, processed into hairpin-like pre-
cursor miRNAs (pre-miRNAs) by DGCR8/Drosha pro-
tein complex, and ultimately cut into final length by
endoribonuclease Dicer. The last stages of miRNA mat-
uration involve the loading of the short RNA duplex into
RNA-induced silencing complex and the degradation of
the star strand partially complementary to the mature
miRNA sequence (reviewed in Ref. 16). During the last
years, alternative pathways of miRNA generation have
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been revealed, showing that some pre-miRNAs derive
from short introns after alternative splicing, and others
do not require processing by Dicer (reviewed in Refs.
17 and 18).

The modification of signaling pathways by miRNAs
may have considerable importance during ovarian fol-
liculogenesis: abnormal follicle recruitment and matura-
tion were observed in conditional knock-out mice, in
which the Dicer1 gene was deleted from all cells express-
ing the anti-Mullerian hormone receptor (Amhr), includ-
ing the ovarian granulosa cells (19). In addition, increased
follicular atresia, reduced ovulation rates, and compro-
mised oocyte and embryo integrity were observed in these
mice by 2 independent investigators (19, 20). Another
study reporting an inbred mouse line with hypomorphic
Dicer1 evidenced decreased progesterone secretion from
corpora lutea leading to infertility (21). However, the
ovulation processes were not hampered in this model.

High-throughput miRNA profile analysis from differ-
ent ovarian somatic cell types appears rare among the
publications so far. To our knowledge, one sequencing
study on human postmortem ovarian homogenate has
been published (22). There is slightly more data from
model organisms comparing the miRNA profiles between
the bovine ovarian and testis tissues (23) and different
stages of the corpus luteum (24), ovine follicle homoge-
nates from various stages of folliculogenesis (25), porcine
atretic and normal follicles (26), and cultured rat granu-
losa cells upon FSH stimulation (27).

The aim of the current study was to fill the gap in infor-
mation regarding the miRNA profile in human follicular
granulosa cells from IVF patients. We performed our study
using next-generation sequencing (NGS) that enabled us to
determine annotated as well as novel, yet unannotated,
miRNAs. Our goal was to examine the degree of difference
between MGCs and CGCs regarding their miRNA profile
and to predict the potential targets of annotated and novel
miRNAs in either cell type. In addition, the polyadenylated
RNA (poly[A] RNA) population from the same samples was
sequenced in order to acquire further biological confirma-
tion for the predicted miRNA targets.

Materials and Methods

Patients and stimulation protocol

The study was approved by the Ethics Committee of the
University of Tartu in Estonia, and informed consent was ob-
tained from all participants. Three women, aged 31.3 = 3.1
years (mean = SD), undergoing ICSI and embryo transfer at
Nova Vita Clinic (Tallinn, Estonia) were enrolled. Due to male
factor infertility, all patients had been unable to conceive for at
least 1 year before entering the study.
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Ovarian hormonal stimulation was conducted according to
the GnRH antagonist (Cetrotide; Merck Serono, Geneva, Swit-
zerland) protocol with the administration of recombinant FSH
(Gonal-F; Merck Serono or Puregon, Schering-Plough, Ken-
ilworth, New Jersey). On average, 1316.7 * 401.0 IU of FSH
was used during the 9.0 = 1.0 days of ovarian stimulation. All
patients underwent ovarian puncture (OPU) of follicles =15
mm in size after 36 hours of human chorionic gonadotropin
(hCG) administration (Ovitrelle, Merck Serono). The total
number of oocytes retrieved from each patient was 17.3 * 7.1,
of which 17.0 = 7.5 were considered mature at metaphase II
stage (97.0 = 5.2% of all). ICSI was used to fertilize the
oocytes 4—6 hours after OPU with 73.4% of oocytes fertil-
ized. Up to 2 (1.7 = 0.6) second (n = 2) or third (n = 1) day
embryos were transferred, resulting in one patient achieving a
clinical pregnancy.

The control group used for confirming the differential and
novel miRNA expression consisted of samples from 8 additional
IVF patients with the following characteristics: age 31.0 = 6.2
years, FSH amount used was 1528.0 * 653.8 IU, the number of
retrieved oocytes was 12.0 + 9.1, of which 75.0 = 22.2% were
mature and 66.7 = 10.9% fertilized normally. All women un-
derwent IVF-ICSI due to male factor infertility, and 2 of them
had been additionally diagnosed with tubal infertility.

Granulosa cell isolation

MGCs were obtained from follicular fluid after OPU follow-
ing the manual removal of COC and CGC aggregates devoid of
the oocyte. The fluid from all follicles of a patient was pooled,
centrifuged at 450 X g for 10 minutes, followed by supernatant
removal. The cells were separated on a 50% density gradient of
PureSperm 100 (Nidacon; Molndal, Sweden) in Universal IVF
Medium (Origio; Jyllinge, Denmark), washed 3 times in Univer-
sal IVF Medium at 37°C, depleted of CD45-positive leukocytes
according to the manufacturer’s suggested protocol (DynaMag
and Dynabeads; Life Technologies, Carlsbad, California), lysed
with QIAGEN miRNeasy Mini kit lysis buffer (QIAGEN,
Hilden, Germany), and stored in liquid nitrogen for future use.

CGCs were collected and processed as described in detail in
our previous publication (13).

RNA extraction and quality control (QC)

Total RNA and small RNA from MGCs and CGCs were
extracted using the miRNeasy Mini Kit (QIAGEN), according
to the manufacturer’s instructions. The quantity and purity of
each RNA sample were assessed with spectrophotometer Nano-
Drop ND-10 (Thermo Fisher Scientific, Wilmington, Dela-
ware). RNA integrity was analyzed using the RNA 6000 Nano
Kit and Small RNA Kit with the 2100 Bioanalyzer (Agilent
Technologies, Palo Alto, California). All samples were of high
quality with the absorbance wavelength ratio (A260/A280) of
=1.9 and the RNA Integrity Number of =8.6. On average, 1 ug
of RNA was used as starting material for poly(A) RNA library
preparation, and 100 ng for small RNA library preparation.

Library preparation and sequencing

Library preparation and sequencing was performed at Bio-
medicum Functional Genomics Unit at the University of Hel-
sinki in Finland. The detailed protocol is described in Supple-
mental Materials and Methods published on The Endocrine
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Society’s Journals Online web site at http://mend.endojournals.
org. In brief, separate libraries were prepared for small RNA
and poly(A) RNA population from the same samples. Unique
adapters from NEXTflex DNA Barcodes (Bioo Scientific Corp,
Austin, Texas) were ligated to separate samples for further in-
dexing, after which all 6 samples were pooled. After PCR am-
plification and cluster generation, paired-end sequencing of 101
bp read length was performed with HiSeq 2000 (Illumina, Inc,
San Diego, California) for poly(A) RNA libraries, and 36-bp
single reads were acquired on Genome Analyzer IIx (Illumina)
from small RNA libraries. Small RNA libraries were sequenced
twice, and the acquired data are further considered as technical
replicates.

Sequencing data analysis of poly(A) RNA samples

The pipeline for sequencing data analysis is described in de-
tail in Supplemental Materials and Methods. The number of
raw reads for each gene acquired via the described pipeline was
used as input for R/Bioconductor package EdgeR (28, 29) for
performing differential expression analysis between MGC and
CGC samples. Genes with less than 0.1 counts per million in all
samples were discarded, and false discovery rate (FDR) less than
5% was considered as statistically significant after multiple test-
ing correction.

Sequencing data analysis of small RNA samples

Raw filtered data was submitted to miRDeep2 software (30)
that integrates adapter trimming, sequence alignment, and
miRNA annotation according to miRBase version 18. Further,
novel miRNAs are predicted by miRDeep2 upon the detection
of potential mature, star and loop sequences from the read pool,
and hairpin formation stability of the potential miRNA precur-
sor according to the RNAfold algorithm (31). Default parame-
ters were used in all steps. Similarity search between potential
novel miRNAs and human mature miRNA sequences in the
miRBase database was performed by BLASTN algorithm online
(www.mirbase.org). Significant multiple alignments were visu-
alized in Jalview v.2.8 software (32).

Differential miRNA expression analysis was performed by
EdgeR as described for poly(A) RNA data analysis, except that
the reads for technical replicates were summed, and miRNAs
with less than 10 raw counts in all samples were discarded.

All data obtained via NGS is available at Gene Expression
Omnibus data repository, accession number GSE46508
(http://www.ncbi.nlm.nih.gov/geo/).

Validation of miRNA expression by
real-time RT-PCR

A selection of miRNAs showing statistically significant ex-
pression level differences between MGCs and CGCs in sequenc-
ing data was validated by predesigned real-time RT-PCR assays
(Exiqon, Vedbaek, Denmark). cDNA was synthesized from 20
ng of small RNA from 8 patients from the control group using
the Universal cDNA Synthesis Kit, and real-time RT-PCR was
performed in triplicates with Universal RT SYBR Green Mas-
termix according to the manufacturer’s protocols (Exiqon).
7900 HT real-time PCR System and SDS 2.3 software were used
to run the reactions (Applied Biosystems, Foster City, Califor-
nia). Eight annotated miRNAs were tested: hsa-miR-30a-5p,
hsa-miR-142-5p, hsa-miR-126-3p, hsa-miR-223-3p, hsa-miR-
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874, hsa-miR196a-5p, hsa-miR129-5p, hsa-miR-129-3p, nor-
malized for hsa-miR-132-3p and analyzed for expression dif-
ferences between MGCs and CGCs according to the AACt
method.

Validation of 4 novel miRNAs was performed on the above-
described conditions with custom made real-time PCR assays
(Exigon). In addition, synthetic RNA oligonucleotides with 5’-
end phosphate group corresponding to the mature sequences of
the tested miRNAs were used as positive controls (Integrated
DNA Technologies, Inc, Coralville, lowa).

Bioinformatic prediction of miRNA targets

Two approaches were used for predicting annotated miRNA
target genes and pathways. First, the lists of differentially ex-
pressed miRNAs were uploaded into DIANA miRPath version
2.1 (33), a web-based software that is updated to miRBase v18
and uses the microT-CDS algorithm for calculating miRNA
binding sites in the 3’-untranslated region as well as the coding
region of the mRNAs. It further predicts enriched signaling
pathways of the submitted miRNA targets using the Kyoto En-
cyclopedia of Genes and Genomes (KEGG) database (34). Be-
cause the list of MGC miRNAs was longer than that of CGC
miRNAs, only the top 33 miRNAs were used in order not to
analyze significantly more targets from MGCs. Conservative
parameters were chosen for acquiring the union list of predicted
target genes (a priori method): MicroT score threshold was set
to 0.9, P value was set to .05, and both the Benjamini and
Hochberg FDR and the conservative statistics options were
used. Subsequently, the acquired KEGG pathways were studied
for their enrichment of genes that were differentially expressed
at mRNA level from our poly(A) RNA NGS experiment. Path-
ways with less than 10% of genes providing proof from the
experiment were discarded because they were considered to turn
up in the analysis by chance.

The second approach was used to analyze data from our
sequencing experiments only. Analysis was performed by Inge-
nuity Pathway Analysis (IPA) Software (Ingenuity Systems, Inc.,
Redwood City, California) and is described in detail in Supple-
mental Materials and Methods.

In order to predict targets for novel miRNAs, DIANA mi-
croT v3.0 (35, 36) that accepts novel potential miRNA mature
sequences as input was used. All predicted targets with a score
greater than 7.35 for each novel miRNA were further submitted
to The Database for Annotation, Visualization and Integrated
Discovery (DAVID) v6.7 (37, 38), where the list was further
enriched for gene ontology terms according to biologic process,
cellular compartment, or molecular function. FDR less than 5%
was used as a cut-off for statistical significance in DAVID in all
cases.

Results

NGS outcome parameters and the description of
the most abundant miRNAs

In addition to studying the miRNA profile of ovarian
somatic cells, we also attempted to predict their potential
targets and confirm these using experimental data. For
that reason, small RNA and poly(A) RNA sequencing
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Table 1. Top 10 Lists of Most Abundant miRNAs in
MGCs (A) and CGCs (B)
A B

Average Average

rpm in rpm in
miRNA MGCs miRNA CGCs
hsa-miR-21-5p 69080.68  hsa-miR-21-5p 89927.85
hsa-let-7f-5p 40089.97 hsa-miR-99a-5p  28689.39
hsa-miR-451a 16549.71  hsa-let-7f-5p 14219.34
hsa-miR-30a-5p  15931.49  hsa-miR-26a-5p 10606.24
hsa-miR-99a-5p  15257.67 hsa-let-7a-5p 8057.85
hsa-let-7g-5p 14633.43  hsa-miR-451a 7119.30
hsa-miR-26a-5p  12858.71 hsa-miR-191-5p  6382.17
hsa-miR-27b-3p  8324.83 hsa-miR-22-3p 5731.12
hsa-miR-486-5p  7730.59 hsa-miR-146b-5p  5424.98
hsa-miR-191-5p 6858.22  hsa-let-79-5p 5324.91

Expression is presented as average reads per million reads (rpm).
Common miRNAs in two lists are printed in italic.

was performed from the same samples, and technical data
from the experiments are summarized in Supplemental
Table 1.

Altogether, we identified 1039 annotated mature
miRNAs with at least 1 raw read in at least 1 sample: 936
in MGCs and 883 in CGCs (Supplemental Table 2). The
most abundant miRNAs in either cell population are pre-
sented in Table 1. Seven miRNAs are common between
these lists, and the remaining 3 can be found among the
top 22 most abundant miRNAs of the other cell type
(Supplemental Table 2). Hsa-miR-21-5p was clearly the
most abundant miRNA in both MGCs and CGCs. From
poly(A) sequencing data we identified mRNAs corre-
sponding to 22 629 genes in MGCs and 22 554 genes in
CGCs. Among those, we found evidence of hairpin se-
quences for several miRNAs detected from the small
RNA library (Supplemental Table 2). The full list of tran-
scripts is available at Gene Expression Omnibus data
repository.

Based on both miRNA and mRNA expression profiles,
the samples clustered together on a multidimensional
scaling plot according to the individual patients and the
cell type from which the RNA was extracted (Supplemen-
tal Figure 1, A and C). This result was also confirmed
upon hierarchical clustering on heat maps (Supplemental
Figure 1, B and D).

Differentially expressed annotated miRNAs and
their targeted pathways

Ninety miRNAs were differentially expressed with sta-
tistical significance: 33 revealed higher expression levels
in CGCs and 57 in MGCs (Table 2). The expression levels
of 8 miRNAs were also validated by real-time RT-PCR
and normalized for hsa-miR-132-3p for which the small-
est relative standard deviation was calculated from NGS
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Table 2A. Differentially Expressed miRNAs According
to FDR < 0.05. A: List of miRNAs Up-regulated in MGC.

No. miRNA FC (MGC/CGCQ) FDR
1 hsa-miR-548ap-5p 5.97 0.0068
2 hsa-miR-548j 5.97 0.0068
3 hsa-miR-539-3p 3.71 0.0007
4 hsa-miR-142-5p 3.56 0.0002
5 hsa-miR-144-5p 3.37 0.0024
6 hsa-miR-126-5p 3.30 0.0060
7 hsa-miR-126-3p 3.17 0.0007
8 hsa-miR-487a 3.05 0.0114
9 hsa-miR-454-5p 2.95 0.0068
10 hsa-miR-223-3p 2.87 0.0009
11 hsa-miR-624-5p 2.87 0.0047
12 hsa-miR-30a-5p 2.83 0.0029
13 hsa-miR-335-5p 2.80 0.0068
14 hsa-miR-889 2.77 0.0041
15 hsa-miR-10b-3p 2.76 0.0374
16 hsa-miR-154-5p 2.72 0.0210
17 hsa-miR-655 2.69 0.0271
18 hsa-miR-4732-5p 2.68 0.0308
19 hsa-miR-32-5p 2.64 0.0167
20 hsa-miR-451a 2.62 0.0136
21 hsa-let-7i-3p 2.59 0.0392
22 hsa-miR-10b-5p 2.57 0.0068
23 hsa-miR-20b-5p 2.56 0.0068
24 hsa-miR-30a-3p 2.55 0.0068
25 hsa-miR-196b-5p 2.54 0.0271
26 hsa-miR-363-3p 2.52 0.0103
27 hsa-miR-429 2.49 0.0302
28 hsa-miR-194-5p 2.46 0.0121
29 hsa-miR-223-5p 2.43 0.0400
30 hsa-miR-379-5p 2.42 0.0128
31 hsa-miR-584-5p 2.41 0.0128
32 hsa-miR-656 2.40 0.0374
33 hsa-miR-106a-5p 2.38 0.0075
34 hsa-miR-144-3p 2.38 0.0271
35 hsa-miR-146a-5p 2.36 0.0128
36 hsa-miR-487b 2.35 0.0149
37 hsa-miR-142-3p 2.34 0.0308
38 hsa-miR-324-5p 2.34 0.0374
39 hsa-miR-377-3p 2.32 0.0257
40 hsa-miR-369-3p 2.31 0.0271
41 hsa-miR-374a-5p 2.28 0.0257
42 hsa-miR-409-5p 2.25 0.0084
43 hsa-miR-548b-5p 2.24 0.0308
44 hsa-miR-1185-2-3p 2.23 0.0480
45 hsa-miR-29b-3p 2.20 0.0257
46 hsa-miR-382-3p 2.20 0.0402
47 hsa-miR-494 2.19 0.0125
48 hsa-miR-98 2.19 0.0233
49 hsa-miR-199b-5p 2.17 0.0257
50 hsa-miR-10a-5p 2.14 0.0271
51 hsa-miR-335-3p 2.1 0.0404
52 hsa-miR-411-5p 2.07 0.0271
53 hsa-let-7f-2-3p 2.02 0.0385
54 hsa-miR-96-5p 1.96 0.0271
55 hsa-miR-483-3p 1.94 0.0302
56 hsa-miR-340-5p 1.93 0.0437
57 hsa-miR-16-5p 1.87 0.0302
(Continued)

Table 2B: List of miRNAs Up-regulated in CGCs

No. miRNA FC (MGC/CGCQ) FDR
1 hsa-miR-129-2-3p —6.58 0.0000
2 hsa-miR-129-5p —5.57 0.0000
3 hsa-miR-1273e —3.86 0.0010
4 hsa-miR-4488 -3.62 0.0082
5 hsa-miR-4461 —3.61 0.0068
6 hsa-miR-181a-2-3p —3.60 0.0001
7 hsa-miR-1290 —3.46 0.0010
8 hsa-miR-34c-3p —3.41 0.0121
9 hsa-miR-196a-5p —3.31 0.0009
10 hsa-miR-4792 -3.17 0.0091
11 hsa-miR-874 —3.11 0.0006
12 hsa-miR-3651 -3.07 0.0009
13 hsa-miR-135a-5p -3.05 0.0098
14 hsa-miR-873-3p —3.04 0.0047
15 hsa-miR-1291 -2.93 0.0011
16 hsa-miR-876-5p -2.70 0.0154
17 hsa-miR-181a-3p —2.66 0.0065
18 hsa-miR-1275 -2.62 0.0241
19 hsa-miR-4497 —2.43 0.0352
20 hsa-miR-181c-3p —2.29 0.0257
21 hsa-miR-320c —2.25 0.0245
22 hsa-miR-23b-5p —2.24 0.0302
23 hsa-miR-378g —2.18 0.0462
24 hsa-let-7c -2.14 0.0271
25 hsa-miR-320d -2.12 0.0344
26 hsa-miR-1292 —2.08 0.0480
27 hsa-miR-125b-5p —2.04 0.0245
28 hsa-miR-181b-5p —2.01 0.0302
29 hsa-miR-320b —1.99 0.0271
30 hsa-miR-202-3p -1.92 0.0257
31 hsa-miR-1180 -1.91 0.0346
32 hsa-miR-4485 —1.87 0.0305
33 hsa-miR-181a-5p -1.73 0.0374

FC, fold change in log, scale.

results. Samples from 8 women distinct from the NGS
experiment were used. According to real-time PCR exper-
iment, 6 miRNAs were differentially expressed with sta-
tistical significance, whereas the remaining 2 showed the
same trend as in NGS experiment (Supplemental Figure
2A). Differential expression of poly(A) RNAs was com-
pared with the results of our previous study on the Af-
fymetrix GeneChip Human Gene 1.0 ST Array (13). A
high positive correlation value of 0.82 was achieved when
comparing the 2 datasets with a P value <2.2 X 107 '®
(Supplemental Figure 3).

Besides observing a number of miRNAs that were dif-
ferentially expressed between MGC and CGC, we were
interested in the signaling pathways and biological func-
tions that could potentially be targeted by them. Because
there are tens of algorithms available for the bioinfor-
matic prediction of miRNA targets, we decided for two
different approaches. Firstly, we used DIANA miRPath
that is updated to miRBase v.18, the same version that
was used for annotating known miRNAs from our NGS
data. We allowed the software to predict miRNA target
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genes, performed the enrichment of KEGG pathways
from the predicted targets and then compared the results
with our poly(A) RNA data (Table 3). This approach
allows to observe additional targets that may have been
missed by poly(A) RNA NGS due to small sample size and
the lack of time-scale data.

Interestingly, there are several common signaling path-
ways that are targeted by the differentially expressed
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miRNAs: those involved in TGF-B8 and ErbB signaling
as well as heparan sulfate biosynthesis. From our poly(A)
RNA data we find evidence that in MGCs, already the
first essential steps of heparan sulfate biosynthesis may be
inhibited. More specifically, xylosyltransferase 1 that
transfers the first saccharide unit to the target peptide and
exostosin 1 responsible for further polysaccharide chain
elongation were down-regulated in MGC on mRNA

Table 3. KEGG Pathways Enriched for Targets of miRNAs That Were Differentially Expressed in MGC (A) and CGC

(B) According to DIANA miRPath v.2.1

A
No. of No. of miRNAs
FDR-Adjusted Targeted Targeting the Genes Confirmed by
KEGG Pathway P Value Genes Pathways Poly(A) RNA NGS
ECM-receptor 1.14E-16 29 22 ITGBS, ITGB3, ITGAS5, THBS1, COL5AT,
interaction COL1A2, FN1
TGF-B signaling pathway 1.35E-09 37 24 THBST, PITX2, ACVR1, ACVR2B, E2F5,
LTBP1, SMAD7
Endocytosis 5.22E-09 72 26 CBL, CAV1, NEDD4L, RAB31, PSD3,
FLT1, NEDD4, DNM3, SMAD?7,
ADRB1, ASAP2
Glycosaminoglycan 1.11E-06 10 9 EXT1, XYLT1
biosynthesis - heparan
sulfate
Focal adhesion 0.0005 65 27 ITGB8, THBS1, CAV1, ITGB3, ITGAS5,
MAPKS8, COL5A1, FLT1, COL1A2,
FN1
Neurotrophin signaling 0.0025 46 26 SORT1, BDNF, YWHAQ, RPS6KAS5,
pathway MAPKS8, CAMK2B
Whnt signaling pathway 0.0035 46 26 FZD7, WNT16, APC, FZD3, MAPKS,
CAMK2B, WIF1, DAAM1
Axon guidance 0.0065 40 25 PLXNA2, EPHA5, CXCL12, SEMAGB,
EPHA3, NCK2, SEMA3A, NTN4,
GNAIT, EFNA1
ErbB signaling pathway 0.0070 30 25 CBL, NCK2, MAPK8, CAMK2B
Endocrine and other 0.0251 15 16 KL, DNM3
factor-regulated
calcium reabsorption
N-Glycan biosynthesis 0.0290 13 13 ST6GAL2, MGAT3
Amoebiasis 0.0308 28 20 ARG2, COL5A1, COLTA2, FN1
Mucin type O-glycan 0.0342 7 9 GALNT3
biosynthesis
B
No. of miRNAs
FDR-Adjusted No. of Targeting the Genes Confirmed by
KEGG Pathway P Value Targeted Genes Pathways Poly(A) RNA NGS
Glycosaminoglycan 2.60E-07 6 6 HS3ST1
biosynthesis -
heparan sulfate
Lysine degradation 4.80E-06 14 13 TMLHE, SUV39H1
TGF-B signaling 0.0006 27 14 ID4, DCN, BMP8A, TGFBR2
pathway
ErbB signaling 0.0395 26 18 TGFA, PAK7, SHC4, ERBB4, EREG
pathway
Glioma 0.0423 17 13 TGFA, IGF1, SHC4,

Italic text represents common pathways between MGC and CGC. NGS, next-generation sequencing.
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Table 4. Novel miRNAs Predicted from Small RNA Sequencing Data by miRDeep2

No. of Samples

Predicted

No. of Samples  Hairpin Genomic

miRNA Mature Average Read Detected Average Read  Detected Coordinates Predicted Hairpin
Identification ~ Sequence Count in MGCs  in MGCs Count in CGCs  in CGCs and Strand Genomic Region
Chr1.1 uuucaggucuggggcugaaaccu 18.3 3 48.7 3 chr1:113424681..113424744:+  Intergenic

Chr2.1* aaagguaacugugauuuuugcu 46.3 3 114 3 chr2:49286742..49286798: + FSHR gene intron
Chr15.1a"* ugugacccuagaauaauuac 34.3 3 171 1 chr15:51606231..51606307:+ CYP19A1 gene intron
Chr15.1b*"*  ugugacccuagaauaauuac 343 3 1 1 chr15:51606228..51606304:—  CYP19A1 gene intron
Chr19.1° aggcugugaugcucuccugagcce 43 3 217.7 3 chr19:11606358..11606437:— Intergenic

Chr1.2 aguugggagagcauuagacuga 0 0 35 2 chr1:213020182..213020250:+  Intergenic

Chr19.2%% auccuagucacggcacca 19 1 3 1 chr19:55634592..55634660: — Intergenic

Chr3.1* ugcccugagacuuuugcuc 12.7 3 4 1 chr3:127305953..127306019:—  Intergenic

Chr3.2%* uucccagccaacgcacca 2 1 0 0 chr3:176232891..176232940:+  Intergenic

Chrg.1%** ucugguguauagcguugcuca 0 0 4 1 chrd:21466322..21466381:— KCNIP4 gene,

intronic region

Two versions of Chr1.1 (miRNA on chromosome 1.1) mature sequences were observed with similar prevalence, the difference in 5'-end is
underlined. Chr15.1a and Chr15.1b share the same mature sequence. miRNAs in bold were studied in detail (see text).

# hsa-miR-548ba.
#* hsa-miR-7973-1.
### hsa-miR-7973-2.
%, hsa-miR-7974.

%3 hsa-miR-7975.

*, hsa-miR-7976.
** hsa-miR-7977.
*** hsa-miR-7978.

level. At the same time, 3-O-sulfotransferase (HS3ST1),
which performs one of the many possible modifications at
a later stage of heparan sulfate biosynthesis, was down-
regulated in CGC via predicted miRNA targeting.

Although the number of miRNAs uploaded to the soft-
ware was equal, the number of targets and target path-
ways was considerably greater for MGCs than for CGCs.
Extracellular matrix (ECM) proteins, endocytosis path-
ways as well as signaling via neurotrophins and Wnt path-
ways were specifically targeted by miRNAs from MGCs.

As a second approach, we only used data from our own
poly(A) RNA NGS experiment to perform the enrichment
of miRNA targets. The IPA software merges several target
prediction algorithms into 1 environment. The differen-
tially expressed genes from poly(A) RNA NGS results
that were considered as highly predicted or experimen-
tally validated targets for differentially expressed
miRNAs in our data were further analyzed for their en-
richment according to their molecular functions in gene
ontology database and signaling pathways from KEGG
and Reactome (Supplemental Table 3A).

For MGCs, the results acquired by the described
method confirm well the outcome from miRPath. ECM-
receptor interaction and axon guidance referring to neu-
rotrophin signaling were also enriched by this approach.
In addition, targets were grouped significantly into mo-
lecular functions involved in cytoskeletal protein binding,
ion binding, and protein kinase activity (Supplemental
Table 3A).

In contrast, in CGCs the molecular functions enriched

were rather involved in phosphatase activity and tran-
scription factor activity, including steroid hormone recep-
tor activity. For example, estrogen receptor-a (ESR1) is a
potential predicted miRNA target in CGCs. Enrichment
of signaling pathways was not as successful for CGC as it
was for MGC data. Only amino acid metabolism is pre-
dicted to be specifically targeted by miRNAs in CGCs
according to Reactome (Supplemental Table 3B).

Prediction of novel miRNAs and their targeted
pathways

A great advantage of the NGS technology is the possi-
bility of identifying novel transcripts. Therefore, our next
aim was to predict novel, unannotated miRNAs from the
small RNA data by miRDeep2 software. miRDeep2 pre-
dicts the probability of a sequence being a novel miRNA
according to its surrounding genomic context and its po-
tential to fold into hairpin-like structure with low free
energy characteristic of miRNAs. Although there were
several unannotated short sequences in our data, we in-
troduce nine different potential novel miRNAs that were
present in both technical replicates of at least 1 sample
with a minimal average read count of 2 (Table 4). None of
the novel miRNAs aligned with any other classes of small
RNA, rRNA, or coding sequences. We further concen-
trated on 4 potential novel miRNAs with the highest ex-
pression values and the most frequent appearance among
samples. Those miRNAs aligned on different chromo-
somes: 1, 2, 15, and 19 and, for the sake of clarity, are
further referred to according to the chromosome (Chr)
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Figure 1. Hairpin Structures and Graphical Representations of pre-miRNA Genomic Locations for Novel miRNAs on Chr2.1, Chr15.1a and 15.1b.
A, Hairpin structure of miRNA on Chr2.1. B: Graphical representation of FSHR gene. The transcription site for miRNA on Chr2.1 in the intronic
region is marked in red. C and D: Two possible hairpin structures for miRNA on Chr15.1 noted as Chr15.1a and 15.1b. E: Two possible genomic
locations for miRNA on Chr15.1 in the intronic region of CYP19A1 gene. Genomic location of miRNA on Chr15.1a is marked in red and Chr15.1b

in blue in the subset.

number. We validated the expression of those 4 novel
miRNAs by real-time RT-PCR. These miRNAs are ex-
pressed in both MGCs and CGCs, and only miRNA on
Chr19 was more abundant in CGCs with statistical sig-
nificance (Supplemental Figure 2B).

miRNAs on Chr1.1 and Chr19.1 are both transcribed
from intergenic regions. For miRNA on Chrl1.1, two al-
ternative mature reads were observed with similar fre-
quency: a 23-nucleotide read with 3 uridine residues in
the 5'-end or a 22-nucleotide read with 2 uridine residues
(Table 4). The hairpin of Chr2.1 pre-miRNA structure is
depicted in Figure 1A, and its sequence aligned to the
intronic region of the FSH receptor (FSHR) gene (Figure
1B). miRNA on Chr15.1 is predicted to be transcribed
from an intron of the aromatase gene (CYP19A1). In-
terestingly, there are 2 possible genomic locations for
this miRNA in the same intron, one from the plus

(miRNA on Chr15.1a) and the other from the minus
strand (miRNA on Chr15.1b), giving rise to 2 slightly
different possible hairpins with the same mature se-
quences (Figure 1, C-E).

We searched for high-similarity sequences for the pre-
dicted novel miRNAs in the miRBase online search tool.
High similarity with several members of the hsa-miR-548
family was found for the sequence of miRNA on Chr2.1.
The highest BLASTN score of 78 was acquired by pair-
wise alignment between miRNA on Chr2.1 and hsa-miR-
548d-5p, hsa-miR-548w, and hsa-miR-548ag as well as
hsa-miR548ay-5p. In all of the cases, 3 mismatches ap-
peared in the alignment, and discrepancies in the 3’-ends
of the sequences were observed (Figure 2). No other pre-
dicted novel miRNAs showed similarities to any anno-
tated human mature miRNAs.

Subsequently we analyzed the potential targets of the
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hsa-miR-548d-5p aaaa aa
hsa-miR-548ay-5paaaa aa
hsa-miR-548ag aaa aa
hsa-miR-548w aaaa aac

Figure 2. Sequence Alignment between miRNA on Chr2.1 (shaded) and Four Members of
the hsa-miR-548 Family. BLASTN score for each pair-wise alignment with Chr2.1 was 78 and

e-value was 0.2.

novel miRNAs using DIANA microT v3.0, a web-based
software that accepts unannotated user-defined miRNA
sequences as input. The potential targets predicted for the
4 miRNAs are available as supplemental material (Sup-
plemental Table 4). Fifty-five targets were predicted for
miRNA on Chr1.1, 132 for miRNA on Chr2.1, 20 for
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miRNA on Chr15.1, and 91 for
miRNA on Chr19.1. The enrichment
of targets according to gene ontology
(biologic processes, molecular func-
tions, and cellular compartments) is
presented in Table 5. The targets of
miRNA on Chrl1.1 are predicted to be
cytoskeleton proteins associated with
cell morphogenesis. Targets of miRNA
on Chr2.1 are involved in response to
carbohydrate stimulus, peptide secretion, and gene silenc-
ing. One of the predicted targets of this miRNA is DICER
mRNA thatis further translated into a central protein in
miRNA biogenesis. Interestingly, activin A receptor
type I[IB (ACVR2B) and SMAD2, a component of activin-
signaling cascade, are common genes in most of the en-

Table 5. Gene Ontology Terms Enriched by Predicted Novel miRNA Targets

miRNA
Identification Category Term Count Genes FDR %
Chr1.1 Cellular component Cytoskeleton 14 LOC651610, DLGAP1, KAZ, TOPBP1, AKAP9, PCM1, 0.09
TTN, ATM, RAB3IP, PPP1R9A, PAK2, MACFT1,
MYOMT1, EDA, DLG2
Cytoskeletal part 10 LOC651610, DLGAP1, PPP1R9A, AKAPY, TOPBP1, 1.49
MYOMT1, TTN, PCM1, DLG2, ATM, RAB3IP
Biological process Cell projection morphogenesis 6 MACF1, ONECUT2, NTNG1, VAX1, PCM1, RAB3IP 1.09
Cell part morphogenesis 6 MACF1, ONECUT2, NTNGT1, VAX1, PCM1, RAB3IP 1.32
Cellular component 7 MACF1, ONECUT2, NTNG1, VAX1, TTN, PCM1, 1.50
morphogenesis RAB3IP
Cilium assembly 3 ONECUT2, PCM1, RAB3IP 4.47
Chr2.1 Biologic process Pancreas development 5 ACVR2B, ONECUT2, NEUROD1, SMAD2, PROX1 0.17
Postembryonic development 6 ACVR2B, MORC3, BCL11B, SMAD2, MECOM, 0.28
BCL2L11
Response to glucose stimulus 5 ACVR2B, NEUROD1, SMAD2, FKBP1B, PTEN, PTENP1 0.47
Response to hexose stimulus 5 ACVR2B, NEUROD1, SMAD2, FKBP1B, PTEN, PTENP1 0.55
Response to monosaccharide 5 ACVR2B, NEUROD1, SMAD2, FKBP1B, PTEN, PTENP1 0.55
stimulus
Posttranscriptional regulation 8 CPEB2, MORC3, IMPACT, DICER1, QKI, SMAD2, 1.26
of gene expression LIN28B, PTEN, PTENP1
Response to carbohydrate 5 ACVR2B, NEUROD1, SMAD2, FKBP1B, PTEN, PTENP1 1.40
stimulus
Insulin secretion 4 ACVR2B, NEUROD1, SMAD2, FKBP1B 1.45
Protein amino acid 14 CDK19, ITK, WNK1, BMPR2, MOBKL1A, ABI2, 1.45
phosphorylation SMAD2, CDK6, PRKG1, ACVR2B, PAK2, MORC3,
COL4A3BP, LOC100132369, EIF2AK2
Peptide hormone secretion 4 ACVR2B, NEUROD1, SMAD2, FKBP1B 4.21
Peptide secretion 4 ACVR2B, NEUROD1, SMAD2, FKBP1B 4.84
Gene silencing by miRNA, 3 DICER1, SMAD2, LIN28B 4.96
production of miRNAs
Chr15.1 None
Chr19.1 Biologic process Cellular component 9 RAB8A, TNR, PCNT, NFASC, CNTN2, PIP5K1C, TTN, 0.51
morphogenesis GAS7, CDH23
Cell projection morphogenesis 7 RAB8A, TNR, PCNT, NFASC, CNTN2, PIP5K1C, GAS7 1.09
Cell part morphogenesis 7 RAB8A, TNR, PCNT, NFASC, CNTN2, PIP5K1C, GAS7 1.37
Cell morphogenesis 8 RAB8A, TNR, PCNT, NFASC, CNTN2, PIP5K1C, 1.42
GAS7, CDH23
Positive regulation of 9 CIITA, PPARA, FOXK1, ZMIZ2, MAML1, PAXS, 1.70
transcription, DNA- TEAD1, FOXO1, NR5A2
dependent
Cell projection organization 8 RAB8A, TNR, PCNT, NFASC, CNTN2, PIP5K1C, 1.72
GAS7, CDH23
Positive regulation of RNA 9 CIITA, PPARA, FOXK1, ZMIZ2, MAML1, PAXS, 1.80
metabolic process TEAD1, FOXO1, NR5A2
Positive regulation of 8 CIITA, PPARA, ZMIZ2, MAML1, PAX8, TEAD1, 1.80
transcription from RNA Pol FOXO1, NR5A2
Il promoter
Regulation of transcription 11 CIITA, PPARA, FOXK1, ZMIZ2, MAML1, PAXS, 1.83
from RNA Pol Il promoter TEAD1, FOXO1, MDM4, NR5A2, KCNIP3
Positive regulation of 9 CIITA, PPARA, FOXK1, ZMIZ2, MAML1, PAXS, 4.79
transcription TEAD1, FOXO1, NR5A2
Molecular Function Transcription activator activity 9 CIITA, PPARA, FOXK1, ZMIZ2, MAML1, PAXS8, 0.43

TEAD1, FOXO1, NR5A2
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riched pathways targeted by miRNA on Chr2.1 referring
to its potential role in the modulation of activin signaling.
miRNA on Chr19.1 potentially silences transcripts re-
lated to cell morphogenesis, similarly to miRNA on
Chr1.1. In addition, it may inhibit the translation of a
group of transcription activators. Due to the small num-
ber of targets predicted for miRNA on Chr15.1, no gene
ontology terms became enriched.

Discussion

In the current study we presented, to our knowledge, for
the first time the differential miRNA expression profiles
of intrafollicular somatic cell populations, MGCs and
CGCs, from human stimulated preovulatory follicles. Us-
ing NGS technology, we could detect annotated and novel
miRNAs that provide new information on the basic
biologic processes in the follicle via gene expression
modulation.

Our data reveal that it is the miRNAs expressed at low
levels that differentiated most significantly between
CGCs and MGCs, and the most abundant miRNAs were
highly similar between the cell types. In comparison with
previous publications, there is a clear difference in the
expression levels of abundant miRNAs, depending on
whether follicular material or whole ovarian homoge-
nates are analyzed (reviewed in Ref. 39). Therefore our
results coincide best with those obtained from sheep fol-
licular and luteal tissues (40): hsa-miR-21 being the most
abundant miRNA, and hsa-miR-143-p, highly expressed
in the ovarian homogenates of several mammals, is fur-
ther behind in our top expression lists (22, 23, 41-43).

The mouse analog of hsa-miR-21 plays a role in gran-
ulosa cell survival during the transition from the follicular
to luteal stage and is up-regulated by hCG-induced ovu-
lation (44). Inhibition of this miRNA therefore leads to
cell apoptosis (44). The second most abundant miRNA,
hsa-let-7f, has been described as a tumor suppressor tar-
geting aromatase mRNA in breast cancer cell lines (45).
Aromatase, a key enzyme in estradiol biosynthesis, is ev-
idently expressed in the ovarian follicle, proposing new
potential roles for hsa-let-7f in the modulation of steroido-
genesis. The third abundant miRNA in our data, hsa-
miR-451a, is a proof of Dicer-independent miRNA bio-
genesis in granulosa cells. It has been the model miRNA
for studying alternative pathways for miRNA generation,
although by now it is clear that several other miRNAs are
processed without Dicer (46). This finding may explain,
in part, the relatively modest severity of the ovarian phe-
notype observed in conditional Dicerl knock-out mice
(19, 20).

mend.endojournals.org 1137

The miRNA database miRBase is rapidly expanding
with hundreds of new miRNA sequences added with ev-
ery update. Therefore we were looking for unannotated
miRNAs from our data, because human granulosa cells
have not been studied in this regard. We identified 9 dif-
ferent novel miRNAs, 4 of which were expressed at a
sufficient level for successful validation. Interestingly, 2 of
the novel miRNAs (miRNA on Chr2.1 and miRNA on
Chr15.1) are predictively transcribed from introns of 2
genes of high importance for folliculogenesis: FSHR and
CYP19A1 (the gene encoding aromatase), respectively. It
has been shown that by the end of follicle growth the
expression of these 2 genes diminishes (47, 48). We cur-
rently have no knowledge, whether those miRNAs are
coexpressed with their host genes or whether they are
transcribed from independent promoters (49, 50). We
also have no information on the role of the 2 miRNAs
regarding the posttranscriptional regulation of their host
genes. Both synergistic and antagonistic influences on the
host gene mRNAs have been shown for intronic miRNAs
(51, 52), and experimental validation is therefore neces-
sary for each individual case. Our preliminary bioinfor-
matic analysis did not confirm direct targeting of the host
mRNAs by the 2 miRNAs. However, miRNA on Chr2.1
may be involved indirectly in the inhibition of FSHR ex-
pression. ACVR2B and SMAD2 are two members of the
activin signaling cascade that are both predicted targets of
miRNA on Chr2.1. Activin signaling leads to increase in
FSHR mRNA expression in granulosa cells in the expan-
sion stages of folliculogenesis (53, 54). If the elevated
expression on FSHR mRNA leads to the coexpression of
miRNA on Chr2.1 from FSHR intron, a negative feed-
back loop by targeting ACVR2B may be initiated, con-
tributing to decreased FSHR expression by the preovula-
tory stage. Modulation of activin signaling by miRNAs
has recently been studied in mouse, where mmu-miR-145
was experimentally confirmed to target ACVR2B mRNA
in granulosa cells and inhibit their proliferation (55).

miRNA on Chr2.1 has high sequence similarity with
the members of the hsa-miR-548 miRNA family. Thisis a
group of miRNAs relatively new in evolution, only dis-
tinguishable in the primate lineage, that evolved together
with a class of miniature inverted-repeat transposable el-
ements Madel (56). Our data therefore present further
evidence that several new miRNAs will be discovered in
known and unknown miRNA families when more cell
and tissue types are investigated with sufficient depth.

In addition to providing new high-throughput data on
miRNA expression, we were interested in determining the
differentiating miRNA profiles and their roles between
the human MGCs and CGCs. It is well known that a
single miRNA may have several targets, and therefore
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analyzing a group of miRNAs according to the ontology
profiles of their targeted mRNAs is a common approach
(57). However, there is no common tool for miRNA tar-
get prediction, and all available ones suffer from a high
degree of both false-positive and false-negative results.
Better prediction algorithms evolve together with exper-
imental data on miRNA-mRNA binding sites. For higher
confidence in estimating targets by bioinformatic meth-
ods, the use of mRNA data from the same system for
comparison is suggested (57, 58). This approach is also
not a golden standard, because not all posttranscriptional
gene expression modifications can be evidenced on
mRNA level, and several observed changes may be indi-
rect (reviewed in Ref. 59). Therefore, although reducing
the number of false predictions by using high-throughput
mRNA and miRNA data together, the results should still
be judged with caution. Another approach is to report
overlapping data from several target prediction algo-
rithms. This methodology may lead, on the other hand, to
increased number of false-negative results with less true
targets predicted.

Finding available miRNA target prediction software
that is up to date with current miRBase is another chal-
lenge, as new miRNAs are constantly discovered and the
database enlarges quickly. Therefore we used DIANA
miRPath v.2.1 that is updated to miRBase v.18, the same
version that was used for our small RNA NGS data
analysis. Using this software, we only lost some miR-
NAs from analysis due to using very strict thresholds.
As a second approach, we used IPA software that com-
bines TargetScan, TarBase, and miRecords databases
with our poly-A RNA seq results. With this method we
lost data and obtained results for 25 miRNAs in CGCs
and 19 miRNAs from MGCs (33 were uploaded in both
cases).

TGEFB, ErbB, and heparan sulfate synthesis pathways
were similarly targeted by miRNAs in MGCs and CGCs,
although differentially expressed lists of miRNAs were
used as input for bioinformatic analysis. The enrichment
of these pathways is not surprising because their role in
the fine-tuning of oocyte-somatic cell communication has
appeared essential for follicular somatic cell differenti-
ation and ovulation. The TGFB family members Gdf9
and Bmp1$ are the best studied mammalian oocyte-
secreted factors that retain CGCs their specific molec-
ular functions and inhibit their differentiation into
MGCs (reviewed in Ref. 60). Recently, heparan sulfate
proteoglycans (HSPGs) were shown to mediate the sig-
naling of Gdf9 to CGCs in the mouse (61). The ErbB-
signaling pathways modulate LH induction involved in
COC expansion and follicular membrane rupture.
More specifically, in mice the oocyte-secreted factors
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up-regulate the ErbB family member epidermal growth
factor receptor expression in CGCs to enable these cells
to respond to LH-induced signaling from MGCs (62).
On the other hand, mouse CGCs were shown to express
ErbB family ligands Areg and Nrgl, which promote
oocyte developmental competence as well as progester-
one production by MGCs (63). HSPG synthesis is up-
regulated in MGCs of mammalian preovulatory folli-
cles, and this is necessary for tissue remodeling during
basal membrane rupture at ovulation (reviewed in Ref.
64). MGCs secrete HSPGs that bind antithrombin to
maintain the fluidity of follicular fluid up to COC ex-
pulsion (65, 66). Interestingly, follicular fluid HSPGs
contain 3-O-sulfated chains with unusually high fre-
quency (66). According to our data, HS3ST1, the en-
zyme responsible for the side-chain addition, may be
down-regulated by miRNAs in CGCs, proposing one
more differential role for the granulosa cell types in the
ovarian follicle. In MGCs we identified miRNAs tar-
geting several ECM proteins: laminins, integrins, col-
lagens, and fibronectin 1, providing further evidence of
the fine tuning of tissue remodeling.

Members of the Wnt- and neurotrophin-signaling
pathways were 2 differentially enriched groups of genes
potentially targeted by miRNAs in MGCs. The down-
regulated neurotrophin confirmed by the poly(A) RNA
NGS in MGCs was brain-derived growth factor (BDNF),
which corroborates with the results obtained from exper-
imental data with human follicular cells. More precisely,
CGCs, but not MGCs, secrete BDNF, the ligand for TrkB
receptor that among follicular cells is expressed exclu-
sively on oocytes (67-69). The signaling cascade upon
TrkB activation is involved in the oocyte cytoplasmic
maturation and the resumption of meiosis before ovula-
tion (67-69). Although BDNF expression is significantly
induced by LH and hCG in both granulosa cell popula-
tions in vitro, MGCs are incapable of secreting the protein
(67,69, 70).

The role of Wnt signaling in CGCs is not definitely
clear in humans. This pathway is involved in cellular pat-
terning, proliferation, survival, and modulation of LH
stimulation in rodents and cows (71). However, conflict-
ing results exist regarding the expression of some Wnt-
signaling pathway proteins upon LH stimulation when
rodent and human granulosa cells were compared (72~
73). In addition, we have described several Wnt pathway
genes expressed in human granulosa cells that have never
been studied in relation to ovarian functions (demon-
strated in the current study and in Ref. 13).

In conclusion, the current study provides new informa-
tion on the posttranscriptional regulation of gene expres-
sion in the human stimulated preovulatory luteinizing
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follicle. We have clearly shown the similarities and dif-
ferences in miRNA expression between CGCs and MGCs
and provided a bioinformatic prediction of their roles in
various signaling pathways. Novel miRNAs from the in-
trons of FSHR and aromatase genes provide new evidence
of their mRNA processing, but their role during follicu-
logenesis remains to be determined. Importantly, the
miRNA profile in granulosa cells may possess high poten-
tial as a new marker for successful folliculogenesis and
oocyte developmental capacity.
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