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MicroRNAs have recently begun to be explored in ovarian cells, uncovering their influence on fundamental ovarian features like ste-
roidogenesis, ovulation, and curpos luteum development and function. We provide a review of the current knowledge on microRNAs,
specifically relating to human ovarian cell function and microRNAs' role in the ovarian physiologic process and ovulation dysfunction.
Because of microRNAs' known stability in body fluids, we enlighten also their potential use in the clinical setting as novel biomarkers
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for ovarian function. Future research of the role of microRNAs in physiologic and dysfunctional
ovulation may offer new diagnostic and treatment strategies for infertility and other ovarian
disorders. (Fertil Steril� 2014;101:1524–30. �2014 by American Society for Reproductive
Medicine.)
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O vulation of a mature and
viable oocyte and the forma-
tion of a functional corpus

luteum (CL) are essential for establish-
ment of pregnancy. These events are
preceded by a highly orchestrated series
of growth and developmental events in
the periovulatory follicle that ulti-
mately signals the preovulatory surge
of LH, resulting in the initiation of
ovulation and CL formation. This is a
dynamic and highly regulated process
that requires the coordinated actions
of multiple tissues and organ systems
(e.g. hypothalamus, pituitary, ovary,
and reproductive tract) to develop a
fertilizable gamete as well as provide
a suitable environment for fertilization
and subsequent fetal development. To
attain this optimal environment, the fe-
male reproductive system must be
highly responsive to subtle changes in
hormones and other external cues.
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Posttranscriptional gene regulation by
microRNAs (miRNAs) plays a key role
during tissue development and differ-
entiation. MicroRNAs target gene
expression stability through transcrip-
tional repression or degradation and
may play an important role in control
of reproductive endocrine functions,
especially the process of oocyte matu-
ration and folliculogenesis.

Mammalian gonads that exhibit
strictly regulated spatiotemporal gene
expression patterns are also known to
express unique sets of miRNAs and
genes involved in themiRNA biogenetic
pathway.MicroRNAsare also associated
with functional regulation of gonadal
somatic cells, granulosa cells/cumulus
cells, in steroid synthesis. Several func-
tional studies have shown the role of
miRNAs in pathology, fertility, and
development (1–4). Functional studies
involving inhibition of miRNA
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biogenesis have shown the occurrence
of developmental arrest and female
infertility in various species (5–7).

Here we review the recent studies
on the involvement and diverse roles
of miRNAs in ovarian development
and function. Continuous advances in
our understanding of the role and func-
tion of miRNAs in ovarian cells will
lead to a better understanding of the
control of follicular and luteal develop-
ment in normal and pathologic condi-
tions. We believe that this advancing
knowledge will lead to the new era of
miRNA diagnostics and miRNA thera-
peutics and should bring significant
benefits to reproductive medicine.
miRNAs AND THE OVARY
Dynamically regulated sequential
recruitment, selection and growth of
the follicles, atresia, ovulation, and lu-
teolysis in the ovary are under control
of closely coordinated endocrine and
paracrine factors that are controlled
by tightly regulated expression and
interaction of a multitude of genes in
the ovary. MicroRNAs constitute the
most abundant class of small RNAs in
the ovary (8–11). As one of the major
classes of gene regulators these
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miRNA molecules are suggested to be involved in the
regulation of genes in the ovary. The miRNA population in
the ovaries was identified in human and other species using
microarrays, high-throughput quantitative polymerase chain
reaction, and next-generation sequencing techniques (9–16).
These studies revealed preferential expression of several
miRNAs in the ovary of different species, suggesting that
they may have an important role in ovarian functions.
Regardless of species, let-7 family, miR-21, miR-99a, miR-
125b, miR-126, miR-143, miR-145, and miR-199b were
found to be the most commonly abundant miRNA popula-
tions in the ovary (17). Bioinformatics prediction, screening,
and Gene Ontology analysis of these predominantly ex-
pressed miRNA target genes in the mammalian ovary has
identified several biological processes and pathways or mo-
lecular networks, including cell cycle regulation, cell death,
cell to cell signaling, cellular growth, development and prolif-
eration, endocrine system disorder, and different pathways
underlying ovarian functions (15).
ROLE OF DICER IN THE OOCYTE
Studies of the role of miRNAs in ovarian function have been
highlighted primarily through Dicer (18). Dicer is an RNase III
cytoplasmatic enzyme required for processing small regulato-
ry RNA, including miRNAs, which originates from endoge-
nous single-stranded hairpin precursors to its mature form
(19–22). As the function of Dicer and its products (miRNAs
and siRNAs) are studied in the female reproductive tract,
vital roles for such posttranscriptional gene regulation in
female fertility are revealed (23). Oocytes and fertilized eggs
contain 10–15-fold higher levels of Dicer transcripts than
any other cells and/or tissues (BioGPS; http://biogps.org/)
(24) and are one of few known mammalian cells and/or tis-
sues in which Dicer expression is regulated (25). Expression
of the Dicer transcript remains steady in the growing mouse
oocyte during folliculogenesis (26) and through the germinal
vesicle andmetaphase II stages (27, 28). After fertilization, the
amount of Dicer messenger RNA (mRNA) decreases by
approximately half and remains low in the two-cell embryo
through the blastocyst stage (27, 28) Expression of total
miRNA during this same period is highest in the mature
oocyte and one-cell zygote before decreasing by half in the
two-cell embryo (29). Similar to the degradation of maternal
messenger RNA (30), there is a significant global loss of
maternal miRNAs between the one- and two-cell stages of
development; de novo synthesis of miRNAs commences at
the two-cell stage. In mice, knockout (KO) of Dicer results in
postimplantation embryonic lethality (5). Using a site-
specific recombinase technology, mice with a conditional
knockdown (cKO) of Dicer revealed a reduction in ovarian
weight and lower ovulation rates (31). The Dicer1 cKO mouse
was shown to be infertile owing to multiple defects in ovarian
functions, including abnormal estrous cycles, shorter estrus,
and longer metestrous, paratubal cyst, and abnormal response
to gonadotropin, with ultimate problems in ovulation (32).
Likewise, in ovarian granulose cells, Dicer1 cKO in mouse
led to an increased primordial follicle pool endowment, accel-
erated early follicle recruitment, and more follicle degenera-
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tion in the cKO ovaries. The same study reported significant
differences in the expression of some follicle development–
related genes between cKO and WT mouse ovaries, such as
Amh, Inhba, Cyp17a1, Cyp19a1, Zps,Gdf9, and Bmp15, sug-
gesting the important function of miRNAs in regulating
ovarian gene expression (33).

Studies in rodent oocytes using ovarian specific Dicer KOs
have shown no effect on early folliculogenesis and oocyte
development. Examining the KO oocytes revealed an
impaired ability to extrude a polar body after mating. Immu-
nostaining indicated multiple spindles and chromatin
condensation defects (28, 29, 34). These data suggest that
meiotic defects arise from the ooplasm of the oocyte and
not the germinal vesicle. These loss of Dicer expression
experiments indicate that Dicer affects ovulation rates,
probably by influencing the total number of periovulatory
follicles that achieve proper development and/or by
affecting the ability of follicles to ovulate.

ROLE OF DICER IN CUMULUS CELLS
Dicer expression in other somatic tissues of the ovary (thecal
cells, CL, and interstitium) has not been examined directly.
The levels of Dicer in granulosa cells did not change when
examined before and after the LH surge (35). Functional dele-
tion studies of Dicer point to an important role for miRNA in
ovarian function and female fertility (7, 31, 32, 36, 37).
Otsuka et al. (7) created a general hypomorphic mutation
(Dicerhypo; �75% reduction in Dicer protein) using a gene-
trap method and observed that Dicerhypo females were infer-
tile because of luteal deficiency. Transplantation of wild-type
ovaries into Dicerhypo females restored fertility, indicating
that loss of fertility was due to an ovarian defect. Serum
P levels in Dicerhypo mice remained low after mating, and
histologic analyses of ovaries revealed a lack of luteal tissue
vascularization. This indicates that the physiologic process
in the development and function of the ovarian CL requires
Dicer1 function and specifically the mechanism of miRNA-
mediated regulation. The loss of Dicer expression in ovarian
granulosa cells reduced natural, equine chorionic gonado-
tropin and hCG-stimulated ovulation rates when compared
with wild-type mice (31, 32). Increased numbers of atretic
follicles and trapped oocytes in luteinizing follicles were
also observed.

miRNAs IN THE LUTEIN GRANULOSA CELLS
Several studies have identified miRNAs population specif-
ically associated with the development of follicles and CL
(35, 38, 39). A study of miRNA expression in mouse mural
granulosa cells collected before and after an ovulatory dose
of hCG identified that miR-132 and miR-212 are highly
upregulated after LH/hCG induction (35). It is suggested that
miR-132 and miR-212 play an important role as posttran-
scriptional regulators in granulosa cells, because computa-
tional analysis has identified 77 putative mRNAs as
potential targets of miR-212 and miR-132 in granulosa cells
(35). C-terminal binding protein 1 (CTBP1) is a known target
of miR-132, and the gene product acts as a corepressor of nu-
clear receptor genes. Interestingly, knockdown of both miR-
1525
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212 and miR-132 resulted in decreased protein levels of
CTBP1 but with no change in mRNA levels (35). Further
studies to determine how these miRNAs cause these changes
in CTBP1 expression would be useful to establish the precise
relationship. A different study investigating the role of
miRNAs in human granulosa cells used 80 individual syn-
thetic miRNA precursors that mimic endogenous miRNAs
and transfected them into cultured primary ovarian granulosa
cells (40). This transfection of cultured human granulosa cells
with selected miRNA constructs (miR-108, miR-7, miR-9,
miR-105, miR-128, miR-132, miR-141, miR-142, miR-152,
miR-188, and miR-191) resulted in a significant increase in
the percentage of cells containing proliferating cell nuclear
antigen (PCNA), a cell proliferation marker. Similarly, miR-
15a, miR-96, miR-92, miR-124, miR-18, miR-29a, miR-
125a, miR-136, miR-147, miR-183, and miR-32 were found
to promote up to twofold accumulation of Bax, a proapoptotic
marker, in human granulosa cells. A different study used a
genome scale screen approach to identify miRNAs controlling
human ovarian cell steroidogenesis (38). The authors trans-
fected 80 different gene constructs encoding human
pre-miRNAs into primary granulosa cells fromwomen under-
going ovariectomy because of nonmetastatic cancer of the
uterine cervix. Of 80 tested miRNA constructs, 36 resulted
in inhibition of P release, and 10 miRNAs promoted P release.
Fifty-seven miRNAs were found to inhibit T release, and 51
suppressed E2 release.

A study in rodents revealed a biphase regulationofmiRNAs
by FSH (41). After 12 hours of FSH exposure, 17 miRNAs were
up-regulated and 14 miRNAs were down-regulated. A signifi-
cant decrease in the expression levels of miR-29a and
miR-30d during the first 12 hours after FSH exposure was
observed. However, FSH induced a two- and threefold increase
in the expression of miR-29a and miR-30d at 48 hours after
FSH exposure, respectively. These two miRNAs could be
involved in the fine-tuning of FSH-mediated granulose cell
function. In this same study FSH up-regulated P levels in the
medium at 12 hours (41), suggesting that miRNAs may play a
role mediating changes in gene expression and thus hormone
production in granulosa cells after FSH exposure. In addition
it was also demonstrated that granulosa cells collected immedi-
ately before and 4 hours after the ovulatory surge of LH/hCG
exhibit differentialmiRNA expression patterns (42), suggesting
a role in ovulation. In vitro overexpression and inhibition ex-
periments revealed that aromatase expression (CYP19A1)
and therefore E2 production by porcine granulosa cells is post-
transcriptionallydownregulatedbymiR-378 (43). Furthermore,
site-directedmutation studies identified twobinding sites in the
30-untranslated region of the aromatase coding sequence that
are critical for the action of miR-378. These results suggest
that miRNA may play a key role in the fine-tuning of the
gene expression cascade, to allow the processes of ovulation,
differentiation of luteal cells, and CL function to occur in the
mammalian ovary.
miRNAs AND OVARIAN DYSFUNCTION
Given their important roles in normal physiology, it is no sur-
prise that miRNAs have come under close scrutiny in a variety
1526
of diseases. MicroRNAs have been shown to play contributory
roles in cancer (44–50), heart disease (51–53), infectious
disease (54–57), and other medical conditions (58–60).
Polycystic ovary syndrome (PCOS) is one of the most
common endocrine–metabolic disorders in women of
reproductive age (61). It has been proposed that PCOS
results from abnormal regulation of steroidogenesis and
specifically from androgen secretion by the ovary (62).
Expression of miRNAs in granulosa cells may have a direct
regulatory effect on the expression of specific genes
involved in folliculogenesis and ovarian steroidogenesis.
The involvement of miRNAs in the control of the release of
the main ovarian steroids P and E2 is the key question. The
differences in miRNA expression may explain the aberrant
follicular development and aid in identifying pathways
associated with this phenotype. Many biological
mechanisms are regulated by miRNA, but only very few
studies have investigated the role of miRNAs in PCOS. Two
recent studies were the first to identify miRNAs in
microvesicles and in supernatant of human follicular fluid
from patients with PCOS (63, 64). Both of them found
differentially expressed miRNAs in women with PCOS
compared with a control group (63, 64). The first group
investigated a subset of seven miRNAs (miR-132, -320, -24,
-520c-3p, -193b, -483-5p, and -222) in the follicular fluid
of women with PCOS (63). The seven miRNAs were chosen
secondary to their association with steroidogenesis, and two
were found to have significantly decreased expression in
the PCOS group (miR-132 and -320). miR-132, miR-320,
miR-520c-3p, and miR-222 regulate the concentration of
E2, and miR-24, miR193b, and miR-483-5p regulate P con-
centrations. The mechanism by which those miRNAs regulate
E2 and P expression and CL secretion is still unknown. Bio-
informatic analysis showed that the most highly expressed
miRNAs targeted genes associated with reproductive, endo-
crine, and metabolic processes. The second group also identi-
fied five miRNAs (hsa-miR-9, -18b, -32, -34c, and -135a)
with significant overexpression in the PCOS group vs. the
control group (64). Three potential miRNA target genes had
significantly decreased expression in the women with
PCOS: insulin receptor substrate 2, synaptogamin 1, and
interleukin 8. Mice lacking insulin receptor substrate 2
demonstrate dysregulation of the estrous cycle, anovulation,
infertility, and insulin resistance, similar to women with
PCOS (65); interleukin 8 is implicated in steroid synthesis in
the late follicular and ovulatory follicle in both bovine and
human ovaries (66). All three have functions related to the
PCOS phenotype ,including roles in carbohydrate metabolism
and b-cell function, cell–cell communication, and steroid
synthesis.

Very recently we performed a large-scale miRNA expres-
sion analysis of granulosa cells isolated from PCOS patients
(unpublished data). MicroRNAs 483-3p, 363-3p, 4284, and
212 were identified as significantly dysregulated in women
with ovulation dysfunction. Bioinformatics analysis suggests
an inhibitory role of miRNAs 483-3p, 363-3p, and 4284 in
several steps of the transforming growth factor (TGF)-b
signaling pathway through alteration in Smad3 (SMAD
family member 3) and Smad4 (SMAD family member 4)
VOL. 101 NO. 6 / JUNE 2014
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expression (unpublished data). Previous reports demonstrated
that miRNA-24 decreases TGF-b signaling by repressing the
expression of Smad proteins (67). Transforming growth fac-
tor-b signaling is known to promote E2 release (68), and
miRNA-24 regulation of E2 concentration could be explained
by a mechanism in which overexpression of miRNA-24 will
decrease TGF-b signaling, which in turn inhibits E2 secretion.

An increasing amount of research has demonstrated that
the TGF-b family of growth factors has wide-ranging roles in
female reproduction. Although various family members are
expressed by the major ovarian cell types, many of their
effects center on the control of granulosa cell growth and dif-
ferentiation, both of which affect folliculogenesis and oocyte
development. Disruption in the ovarian function of the TGF-b
family has resulted in mouse models that mimic human
diseases such as premature ovarian failure (POF).

Premature ovarian failure is defined as lost ovarian func-
tion before 40 years of age (69). Premature ovarian failure
results in amenorrhea, hypoestrogenism, and elevated gonad-
otropins and is a major cause of infertility (70). There are some
data relating to altered miRNA expression in POF patients by
miRNA microarray analysis (71). Ten miRNAs showed
increased expression in POF: miR-202, miR-146a, miR-
125b-2*, miR-139-3p, miR-654-5p, miR-27a, miR-765,
miR-23a, miR-342-3p, and miR-126; and two showed
decreased expression (let-7c and miR-144). None of the miR-
NAs associated with POF in this study displayed differential
expression in the studies that analyzed miRNAs in PCOS pa-
tients. To understand the molecular mechanism responsible
for POF development, several studies analyzed individual
miRNA and candidate targets (71, 72). Profiling of
differentially expressed miRNAs in POF provided novel
insight into the molecular events involving the role of
miRNAs in POF development, with specific emphasis on
miR-27b, miR-190, miR-151, miR-672, miR-29a, and miR-
144. A total of 63 miRNAs were up-regulated and 20 miRNAs
down-regulated in the rat POF model (72). MicroRNA-29a
and miRNA-144 were identified as down-regulated, and the
authors demonstrated that PLA2G4A (phospholipase A2),
which is involved in prostaglandin biosynthesis, is signifi-
cantly up-regulated in POF ovaries when miR-29a and miR-
144 are down-regulated. In a different study (41) it was shown
that miR-133b is involved in FSH-induced estrogen secretion.
Furthermore, forkhead box L2 (Foxl2), which was previously
showed as involved in POF (73) and is a key modulator of ste-
roidogenesis, was negatively regulated by miR-133b (74).
MicroRNA-133b inhibits Foxl2 expression in human and
mouse granulosa cells by binding to the Foxl2mRNA and im-
pairing negative Foxl2-mediated transcriptional regulation of
steroidogenic acute regulatory protein and CYP19A1, thus
stimulating estrogen production.

The study by Dai et al. (74) provides new insight into
miR-133b function in ovaries. Revealing the cross-talk be-
tween miR-133b, Foxl2, and estrogen synthesis improves
our understanding of the significant roles played by miRNAs
in follicular growth and ovarian function. In an investigation
by Yang et al. (71) miR-23a, which is significantly up-
regulated in the plasma of POF patients, was identified as
essential for apoptosis induction in human granulosa cells
VOL. 101 NO. 6 / JUNE 2014
by targeting X-linked inhibitor of apoptosis and the caspase
signaling cascade. These results provide clear evidence, for
the first time, that miR-23a promotes apoptosis of granulosa
cells via decreasing X-linked inhibitor of apoptosis expres-
sion, which may contribute to the etiology of POF. Newborn
ovary homebox gene (NOBOX), a transcription factor, and
NOBOX mRNA and protein are expressed in oocytes
throughout folliculogenesis (75). The importance of this
gene is evident because NOBOX KO mice are infertile, and
mutations in the NOBOX gene have been associated with
POF, suggesting the essential role of NOBOX in folliculogen-
esis (76). Recently a predicted miRNA recognition element for
miR-196a critical for the direct and specific binding of miR-
196a to the NOBOX mRNA has been described (77). These
results have the potential to provide new therapeutic targets
for clinical trials of female infertility disorders, such as the
intractable problem of POF.
miRNA SIGNATURES AS BIOMARKERS OF
REPRODUCTIVE DISORDERS
Recent identification of miRNA molecules as stable in body
fluids (78–80) paved the way for their use as novel
biomarkers amenable to clinical diagnosis in translational
medicine. MicroRNAs represent a new class of biomarkers
that can complement existing conventional markers,
including metabolites, antigens, and mRNA transcripts. The
unique feature of miRNAs, to remain largely intact in
clinical samples, highlights their potential in molecular
phenotyping of reproductive disorders, as well as to assess
and monitor the physiopathologic state of the body.
MicroRNAs in serum/plasma hold great promise as
minimally invasive diagnostic biomarkers, offering more
sensitive and specific tests than those currently available.
MicroRNAs detected in biofluids may have a cellular or an
extracellular origin. Circulating or extracellular miRNAs
have been shown to be stable and protected from RNase
degradation by inclusion in various protein complexes or
membranous particles, such as exosomes or microvesicles
(78–80). It has also been shown that miRNA containing
subcellular vesicles can be taken up by cells and cause
changes in cellular gene expression during pathologic
conditions (81). These findings suggest that extracellular
miRNA may have biological functions akin to that of
signaling molecules and hormones.

Since the discovery that extracellular miRNA can be de-
tected in different biofluids, including serum and follicular
fluid (63, 82), it is becoming evident that these small
regulating RNAs can be used as informative biomarkers for
the ovulation process. Attention should be focused on the
clinical use of plasma/serum miRNAs.

It has been only a few years since the first studies of
miRNAs as blood-based biomarkers for cancer were published
(83, 84). Since then, plasma/serum miRNA expression
profiling has been found to vary significantly with changed
physiologic or pathologic condition, such as pregnancy,
heart failure, and sepsis (85–87). In the ovary, recent study is
showing the use of plasma/serum miRNAs as a noninvasive
marker of ovarian cancer (88).
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Ovarian-specific miRNAs detected in the serum are ex-
pected to increase the yield of early diagnosis and prognosis
monitoring and also have great potential in individualized
treatment. This new approach has the potential to revolu-
tionize present clinical management, including determining
ovarian reserve, ovarian endocrine function, evaluating the
efficacy of ovulation-inducing drugs, and evaluating the pro-
cess of embryo implantation.
CONCLUSIONS AND FUTURE DIRECTIONS
Identification of individual miRNAs or siRNAs in each fe-
male reproductive tissue will enable researchers to better
understand the mechanisms of gene regulation that allow
successful reproduction. Given the key regulatory function
of miRNAs in gene expression stability, understanding the
underlying mechanisms of how ovarian follicle miRNAs
are regulated and identifying their specific target genes
and their functions might lead to the development of preven-
tive and therapeutic strategies by regulating specific target
genes associated with reproductive disorders. Recently anta-
gomirs and locked nucleic acid oligonucleotides have been
used to down-regulate specific miRNA expression in a vari-
ety of cells in vitro and tissues in vivo (55, 56). It is
anticipated that establishing the spatiotemporal expression
patterns of miRNA in the human ovulation process will
provide targets for drug and therapeutic treatments for
reproductive diseases. Moreover, understanding the role of
posttranscriptional gene regulation in reproduction will
facilitate the elucidation of the etiologies leading to
reproductive failure and, we hope, provide methods and
targets for treatment of infertility and provide new means
of contraception. Therapeutic interventions, however, will
require a much more in-depth understanding of the role of
miRNA in modulating the reproductive responses to ovarian
hormones. Furthermore, exploring their signature in the
serum and follicular fluid will enable researchers to establish
the relation of miRNA to the ovulation and implantation
process. Discovery of a unique temporal miRNA pattern
might provide sensitive new biomarkers for these important
biological processes.
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