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MicroRNA in ovarian function
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Abstract The mammalian ovary is a dynamic organ. The
coordination of follicle recruitment, selection, and ovulation
and the timely development and regression of the corpus
luteum are essential for a functional ovary and fertility.
Deregulation of any of these processes results in ovarian dys-
function and potential infertility. MicroRNA (miRNA) are
short noncoding RNA that regulate developmental processes
and time-sensitive functions. The expression of miRNA in the
ovary varies with cell type, function, and stage of the estrous
cycle. miRNA are involved in the formation of primordial
follicles, follicular recruitment and selection, follicular atresia,
oocyte-cumulus cell interaction, granulosal cell function, and
luteinization. miRNA are differentially expressed in luteal
cells at the various stages of the estrous cycle and during
maternal recognition of pregnancy, suggesting a role in luteal
development, maintenance, and regression. An understanding
of the patterns of expression and functions of miRNA in the
ovary will lead to novel therapeutics to treat ovarian dysfunc-
tion and improve fertility and, potentially, to the development
of better contraceptives.
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Introduction

It can be argued that the mammalian ovary is the most dynam-
ic organ in the adult female with continual activation and
development of its follicles and corpora lutea (CL).
Ovulation involves tissue remodeling and damage of surface
epithelial cells to allow for the removal of the oocyte.
Involvement of immune cells in this event has led to our
understanding that ovulation is a type of inflammatory re-
sponse (Espey 1980). Immediately following the release of
the oocyte, resolution of the inflammation has to occur, which
is coincident with the onset of the differentiation of the follic-
ular steroidogenic cells into luteal cells. During luteinization,
gene expression is altered to promote considerably greater
rates of steroidogenesis coinciding with the remarkable pro-
liferation of endothelial cells. As the corpus luteum (CL)
reaches maturity, both the differentiation of steroidogenic cells
and the proliferation of endothelial cells essentially cease.
Little is known about the mechanisms associated with this
transition from luteinization to mature luteal function.
Luteolysis marks the end of the estrous cycle or the end of
the luteal phase of the menstrual cycle. Proteins associated
with steroidogenesis must be rapidly downregulated, proteins
associated with tissue remodeling must be rapidly stimulated,
and immune cells must be rapidly programmed to facilitate the
resolution of the massive tissue degradation. One of the most
fascinating features of reproductive biology is that the cell
death, immune cell activation, and loss of protein function that
occur during luteolysis are prevented when the CL is rescued
during maternal recognition of pregnancy (Pate and Landis
Keyes 2001; Spencer and Bazer 2004). Although the mecha-
nisms associated with conceptus signaling to the CL during
maternal recognition of pregnancy vary with species, this rep-
resents yet another important transition, wherein the tissue
basically faces a Blife-or-death^ scenario in all mammals. In
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addition to their role in follicular and oocyte development,
microRNA (miRNA) might be involved in these Blife or
death^ scenarios.

miRNA are short (~22 nucleotides; nt) RNA sequences that
regulate gene expression posttranscriptionally (Bartel 2004;
Czech andHannon 2010). Theywere first discovered to control
time-dependent developmental events in Caenorhabditis
elegans (Lee et al. 1993; Wightman et al. 1993) and have since
been identified in various eukaryotic species (Pasquinelli et al.
2000; Lagos-Quintana et al. 2001; Lau et al. 2001). miRNA
can be coded for by separate genes or embedded in intronic or
exonic regions of protein coding genes (Bartel 2004) and are
transcribed either as single genes or a polycistronic cluster to
form stem loop secondary structures (for a review, see Du and
Zamore 2005). Drosha ribonuclease type III (DROSHA) and
DiGeorge syndrome critical region gene 8 (DGCR8) cleave the
stem loop into a pre-miRNA, which is exported into the cyto-
plasm to be further spliced by Dicer 1, ribonuclease type III
(DICER1), resulting in a duplex RNA. One strand of the du-
plex RNA (mature miRNA) partners with the RNA-induced
silencing complex (RISC) and regulates target gene expression.
The second (passenger) strand is degraded (Du and Zamore
2005), although it may also be selected, but the mechanism
by which a strand is selected to become a mature miRNA is
not completely understood (Okamura et al. 2008).
Alternatively, miRNA can also be generated by DROSHA/
DGCR8-independent or DICER1-independent pathways
(Yang and Lai 2011; Ha and Kim 2014). In mammalian spe-
cies, mature miRNA bind by base-pair complementarity to a
seed sequence (7–8 nt) in the 3′ or 5′ untranslated region (UTR)
of the messenger RNA (mRNA) to inhibit its translation, either
by inducing mRNA degradation or by blocking its translation
(Bartel 2004; Lewis et al. 2005; Lytle et al. 2007; Orom et al.
2008). However, some evidence exists that miRNA may also
enhance gene expression (Orom et al. 2008; Place et al. 2008).
Functional studies of miRNA can be very challenging. For
instance, the expression of miRNA can be cell- or tissue-
specific and may be under hormonal or temporal control
(Reinhart et al. 2000; Sood et al. 2006; Fiedler et al. 2008).
Hence, the study of the function of an miRNA in one tissue
or a developmental stage might not translate well into other
tissues or developmental stages. The function of miRNA is
often redundant (Fischer et al. 2015). A single miRNA can
target several genes, and one gene can be targeted by several
miRNA (Brennecke et al. 2005; Lewis et al. 2005; Lim et al.
2005), adding further challenges to functional studies.

Profiling studies of miRNA in ovarian tissues have con-
firmed the expression of miRNA in the ovaries of various
species, including mice (Ro et al. 2007; Mishima et al. 2008;
Ahn et al. 2010), humans (Liang et al. 2007), cows (Hossain
et al. 2009; Tripurani et al. 2010; Huang et al. 2011; Miles
et al. 2012), goats (Ling et al. 2014), sheep (Di et al. 2014),
and pigs (Li et al. 2011). Development of knockout (KO)

animal models for Dicer1, an important ribonuclease in
miRNA biogenesis, allowed the dissection of the role of
miRNA in ovarian function.Dicer1KOmice were embryonic
lethal, suggesting an essential role for DICER1, and subse-
quently for miRNA, in embryonic development (Bernstein
et al. 2003). Mutant mice with hypomorphic Dicer1 alleles
(Dicerd/d) were able to survive but were infertile because of
the failure of luteal formation and impaired angiogenesis
(Otsuka et al. 2008). Conditional knockout (cKO) of Dicer1
from follicular granulosal cells resulted in a number of ovarian
functional defects including abnormal oocyte maturation,
disrupted follicular development and ovulation, increased fol-
licular atresia, and infertility (Hong et al. 2008; Nagaraja et al.
2008; Gonzalez and Behringer 2009). A detailed comparison
of the ovarian defects observed in the Dicerd/d and Dicer1
cKO mice has revealed the complexity of the role of
miRNA in ovarian function and the need to study the role of
specific miRNA in oocyte maturation, follicular development,
and luteal function (Luense et al. 2009). To date, more than 30
miRNAKO animal models exist (for a review, see Vidigal and
Ventura 2015). Eleven of these miRNAmouse models are KO
or cKO of miRNA that have been found to be important in
ovarian function (for a review, see Vidigal and Ventura 2015).
However, not all KO models show altered reproductive phe-
notypes. For instance, mice with either miR-200b or miR-429
deletion exhibit no reproductive defects, but when both
miRNA are deleted, the resulting mice are infertile because
of disruption of luteinizing hormone synthesis in the pituitary
and subsequent failure to ovulate (Hasuwa et al. 2013).
Therefore, the deletion of a single miRNA might not produce
a phenotypic effect that becomes apparent when additional
miRNA are modified.

Previous reviews have summarized the role of miRNA in
the development of the mammalian reproductive system
(Zhao and Rajkovic 2008; Donadeu et al. 2012; Hossain
et al. 2012; Nothnick 2012), in ovarian function
(Toloubeydokhti et al. 2008; Carletti and Christenson 2009;
Christenson 2010; Baley and Li 2012; Donadeu et al. 2012;
Imbar and Eisenberg 2014; McGinnis et al. 2015; Li et al.
2015), and in female reproductive diseases and pathologies
(Baley and Li 2012; Imbar and Eisenberg 2014; McGinnis
et al. 2015; Li et al. 2015). In order not to reiterate topics that
have been reviewed previously, this review will primarily fo-
cus on the latest findings concerning the expression and role
of miRNA in regulating folliculogenesis, oocyte-cumulus cell
interactions, and the development and function of the CL.

miRNA regulation of cumulus-oocyte
communication and oocyte maturation

Cellular communication between the oocyte and the surround-
ing somatic cells is essential for appropriate folliculogenesis,
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oocyte maturation, and ovulation of a healthy oocyte (Matzuk
et al. 2002; Hawkins and Matzuk 2010). cKO of Dicer1 in
murine granulosal cells increases the number of primordial
follicles and results in abnormal recruitment and increased
follicular atresia, suggesting an involvement of miRNA in
these processes (Lei et al. 2010). The oocytes isolated from
Zp3-Dicer1 cKO mice, in which Dicer1 is specifically deleted
in the oocyte, are arrested in meiosis because of defects in
meiotic spindle formation (Murchison et al. 2007). A recent
study by Yuan et al. (2014) has shown that cKO ofDicer1, but
not Drosha, in oocytes of murine fetal ovary results in prema-
ture ovarian failure and infertility in the adult ovary.
Interestingly, Flemr et al. (2013) have discovered a mouse
oocyte-specific DICER1 isoform that lacks the N-terminal
DExDhelicase domain andwhich has greater cleavage activity
than the full-length DICER1. While DICER1 is more efficient
in processing pre-miRNA into mature miRNA, the oocyte-
specific DICER1 isoform is more efficient in processing long
double-stranded RNA into endogenous small interfering RNA
(endo-siRNA) in oocytes (Flemr et al. 2013). Therefore, the
primary active small RNA in the mouse oocyte is probably
endo-siRNA, not miRNA. Recently, a study by Stein et al.
(2015) has supported this result by showing the necessity of
endo-siRNA for meiotic progression in mouse oocytes. The
expression of miRNA varies during the maturation of both
human and bovine oocytes (Tesfaye et al. 2009; Tripurani
et al. 2010; Abd El Naby et al. 2011; Assou et al. 2013). To
date, the efficiency of DICER1 in producing miRNAvs. endo-
siRNA has only been described for mouse oocytes.

In bovine oocytes, Tesfaye et al. (2009) identified 59
miRNA that were differentially expressed in immature vs.
mature bovine oocytes; 31 miRNA were more predominant
in immature bovine oocytes, and 28 were more predominant
in mature bovine oocytes. Abd El Naby et al. (2011) profiled
miRNA expression in both immature and mature oocytes
compared with their surrounding cumulus cells by using po-
lymerase chain reaction (PCR) arrays. In immature oocytes,
39 miRNA were upregulated, and in mature oocytes, 45
miRNAwere upregulated, compared with miRNA expression
in the surrounding cumulus cells, respectively. Thirty-three
miRNAwere upregulated in the oocyte compared with cumu-
lus cells, regardless of oocyte maturation status. Of these 33,
six miRNA declined in expression during in vitro oocyte mat-
uration. The expression of miRNA in cumulus cells was in-
fluenced by the presence of the oocyte, indicating that
cumulus-oocyte interactions affected miRNA expression
(Abd El Naby et al. 2011). Assou et al. (2013) used small
RNAseq and microarrays to compare miRNA and mRNA
expression in human metaphase II (MII) oocytes with that in
cumulus cells from patients undergoing in vitro fertilization.
The number of identified miRNA (32) was greater in cumulus
cells than in MII oocytes, in which only three known miRNA
were present. All of these miRNAwere cell-specific, with no

expression being noted in the opposite cell type. Let-7b, let-
7c, and miR-21 were the most abundant miRNA in cumulus
cells, with 51, 31, and 28 reads, respectively. In MII oocytes,
the most abundant miRNAwere miR-184 and miR-10a, with
1988 and 555 reads, respectively. In silico analysis of the
oocyte-specific miRNA resulted in predicted targets that were
associated with the regulation of transcription and cell cycle,
whereas predicted targets of miRNA in the cumulus cells were
associated with the extracellular matrix and apoptosis. The
microarray analysis revealed over 10,000 differentially
expressed genes in cumulus cells vs. oocytes, and 224 of those
were included in the list of predicted targets of the expressed
miRNA. Based on these findings, gene function during
cumulus-oocyte maturation seems likely to be regulated by
these miRNA. However, importantly, this study was per-
formed on oocytes that failed to fertilize, and hence, the pat-
tern of expression of these miRNA might depict a pathologic,
rather than a normal condition. Overall, the differential and
cell-specific expression of miRNA in granulosal cells and oo-
cytes and the temporal dependence of expression support the
studies with Dicer1 conditional KO models, leading to the
conclusion that miRNA are important mediators of
granulosal-oocyte communication and oocyte development.

miRNA in follicular development

Recent studies investigating the role of specific miRNA in
fetal and neonatal mouse ovarian tissue have revealed three
miRNA (mir-143, miR-145, and miR-376a) that are important
in the formation and maintenance of the primordial follicle
pool (Fig. 1). Transfection of cultured newborn mouse ovaries
with miR-376a increases the number of primordial follicles
and reduces oocyte apoptosis by targeting the expression of
Pcna, which promotes the apoptosis of oocytes in fetal and
neonatal mouse ovaries (B. Xu et al. 2011; H. Zhang et al.
2014). Overexpression of miR-376a in fetal mouse ovaries
18.5 days postcoitum (dpc) decreases the expression of
proapoptotic genes (Bax, Tnf, and Tnfr-2) and increases the
expression of antiapoptotic (Bcl2) and oocyte survival
(Pard6a, Lhx8) genes, although the proteins have not been
quantified, and so whether these proteins increase or decrease
remains unclear (H. Zhang et al. 2014). The expression of
miR-143 increases in fetal mouse primordial follicles from
15.5 dpc to 4 days postpartum. The expression of miR-143
has been observed in pregranulosal cells but not in oocytes.
Functional studies of miR-143 in cultured fetal mouse ovaries
have demonstrated that miR-143 inhibits primordial follicle
formation by reducing the proliferation of pregranulosal cells
and decreasing the expression of cell-cycle-related genes (J.
Zhang et al. 2013). MiR-145 may also have a role in the
maintenance of the primordial follicle pool and the regulation
of the rate of follicular activation (Yang et al. 2013). Inhibition
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of miR-145 in neonatal mouse ovaries decreases the expres-
sion of the zona pellucida (ZP) genes, Zp1, Zp2, and Zp3,
increases the expression of TGFBR2, and leads to the activa-
tion of the TGFB signaling pathway, which is important in
primordial and primary follicle activation, and many other
ovarian functions (Yang et al. 2013). Figure 1 summarizes
the miRNA with known functions during follicular develop-
ment in mouse whole ovarian tissues. The mechanisms by
which many other miRNA regulate follicular development
in mice or other species remain to be investigated.

In attempts to understand the role of miRNA in follicular
growth and the selection of the dominant follicle, miRNA
expression was analyzed in follicles during development.
Based on microarray analysis, a total of 523 miRNA were
expressed in large vs. small and large healthy vs. large atretic
bovine follicles (Sontakke et al. 2014). The expression pat-
terns of five of these miRNA (miR-144, miR-202 [exclusively
expressed in gonads], miR-451, miR-652, and miR-873) were
confirmed by quantitative PCR. Of these, three (miR-144,
miR-202, and miR-873) were expressed at greater concentra-
tions in large healthy follicles compared with large atretic
follicles and were suggested to be involved in the regulation
of mural cell function in the dominant follicle. miR-873 was
considered to be the strongest candidate of those three for
playing a role in the selection of a dominant follicle
(Sontakke et al. 2014). In a separate study, bovine subordinate
and dominant follicles were found to contain 244 common
miRNA on both days 3 and 7 of the estrous cycle (Salilew-
Wondim et al. 2014). Of these, the let-7 family, miR-10b,
miR-26a, miR-27b, and miR-99b were highly expressed re-
gardless of the stage of the estrous cycle (Salilew-Wondim
et al. 2014). As the estrous cycle progressed from day 4 to
day 7, few changes in miRNA expression were observed in
subordinate follicles, whereas greater changes in miRNA

expression were noted in the dominant follicles (Salilew-
Wondim et al. 2014). In the horse, miR-132, miR-212 miR-
21, miR-145, miR-224, and miR-378 were differentially
expressed in dominant vs. subordinate or dominant vs. lutein-
ized follicles and were suggested to be involved in follicular
selection and ovulation (Schauer et al. 2013). These exciting
results present evidence that miRNA might be involved in the
selection of the dominant follicle, the mechanism of which has
remained largely elusive.

Functional effects of miRNA in granulosal cells

Granulosal cell proliferation and function are essential in fol-
licular development, maturation, and atresia. Functions of in-
dividual miRNA can be readily evaluated by using cultures of
primary granulosal cells, and these can be performed with
cells from a variety of species. Unsurprisingly, the ovarian cell
type most studied with regard to regulation by miRNA is the
granulosal cell. Several studies have shown miRNA to be
involved in the proliferation, survival, function, and/or death
of granulosal cells (Table 1). Several miRNA have been found
to regulate the proliferation of primary or immortalized cul-
tured granulosal cells. For example, miR-181a was revealed to
inhibit granulosal cell proliferation by decreasing proliferating
cell nuclear antigen (PCNA) accumulation and targeting
AcvrIIa (Sirotkin et al. 2010; Q. Zhang et al. 2013).
Overexpression of miR-320 in murine granulosal cells, both
in vivo and in vitro, suppressed cell proliferation (Yin et al.
2014). The expression of miR-320 and the suppression of
granulosal cell proliferation were further enhanced by miR-
383 (Yin et al. 2014). Overexpression of miR-93, which is
highly expressed in human polycystic ovaries, increased cell
proliferation in immortalized human granulosal tumor cells

Fig. 1 MicroRNA (miRNA)
regulate early folliculogenesis.
The depicted miRNA are those
that have been confirmed as reg-
ulators of the formation and
maintenance of primordial and
primary follicles in fetal and neo-
natal mouse ovaries (B. Xu et al.
2011; Yang et al. 2013; J. Zhang
et al. 2013; H. Zhang et al. 2014).
Dashed lines represent the func-
tion of miRNA on the early steps
of folliculogenesis. Dashed lines
have been used, instead of solid
lines, to indicate that our knowl-
edge of the role of miRNA in
these steps is incomplete, and that
other miRNA may also be
involved
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(KGN) by targeting a cyclin-dependent kinase inhibitor
(CDKN1A; Jiang et al. 2015). High concentrations of insulin,
mimicking hyperinsulinemia in polycystic ovarian syndrome
(PCOS), also induced the expression of miR-93, increased
KGN proliferation, and downregulated the expression of
CDKN1A (Jiang et al. 2015). However, the pattern of expres-
sion of miR-93 in the granulosal cells of healthy ovaries has
not been described, and so whether the role of miR-93 in
granulosal cell proliferation is general or limited to cells in a
PCOS-like environment remains unclear. Whereas the major-
ity of these studies focus on determining the function of one
miRNA during granulosal cell proliferation, more comprehen-
sive studies are needed to improve our understanding of the
way that interactions of the various miRNA, at different fol-
licular stages, can modulate the proliferation of granulosal
cells.

One of the hallmarks of follicular atresia is apoptosis of the
granulosal cells. Several miRNA regulate apoptosis in cul-
tured primary granulosal cells of various species (Table 1).
Overexpression of miR-23a in human granulosal cells in-
creases apoptosis by targeting XIAP and CASP3, resulting
in CASP3 cleavage, which is a marker of apoptosis (Yang
et al. 2012). miR-26b induces apoptosis in porcine granulosal
cells by targeting SMAD4, both directly and indirectly
through USP9X, which regulates the ubiquitination of
SMAD4 (Liu et al. 2014a; Shen et al. 2014). miR-34a induces
apoptosis of porcine granulosal cells by targeting INHBB

expression (Tu et al. 2014). miR-21 may play a role in protec-
tion against apoptosis, because inhibition of miR-21 induces
apoptosis in both mouse granulosal cells and mouse ovaries
and decreases the ovulation rate (Carletti et al. 2010). miR-92a
also inhibits apoptosis in porcine granulosal cells by targeting
SMAD7 (Liu et al. 2014b).

In addition to supporting the growth and development
of the oocyte, granulosal and thecal cells must produce
estrogen to support uterine functions, regulate gonadotro-
pin release, and elicit reproductive behaviors. miRNA that
serve as regulators of steroidogenesis are summarized in
Table 1. Examples of inhibitors of steroidogenesis are
miR-378, which inhibits aromatase expression and estra-
diol production and suppresses the expression of PGR in
cultured porcine granulosal cells (S. Xu et al. 2011; Toms
et al. 2015), and miR-34a and miR-320, which inhibit
estradiol release from human granulosal cells and murine
ovaries, respectively (Sirotkin et al. 2009; Yin et al.
2014). In contrast, positive regulators of estradiol produc-
tion in mouse granulosal cells are miR-383, which in-
creases estradiol but does not affect progesterone release,
and miR-132, which promotes estradiol synthesis via the
translational repression of NURR1, a negative regulator of
CYP19A1 (Yin et al. 2012, 2014; Wu et al. 2015).
Another positive regulator of steroidogenesis is miR-
320, which stimulates testosterone and progesterone in
murine ovaries (Yin et al. 2014).

Table 1 Function of miRNA in
cultured granulosal cells. Because
of space limitation, only selected
miRNA of those identified by
Sirotkin et al. (2009, 2010, 2014)
as regulating the proliferation and
function of granulosa cells are in-
cluded (for additional miRNA,
see referenced articles)

Function MicroRNA References

Increase proliferation miR-7, miR-9, miR-93,
miR-105, miR-108, miR-128,
miR-132, miR-141, miR-142,
miR-152, miR-188, miR-191,
and miR-224

Sirotkin et al. 2010; Yao et al. 2010;
Jiang et al. 2015

Decrease proliferation miR-125b, miR-181a, miR-320,
miR-383, and miR-503

53 additional miRNA

Lei et al. 2010; Q. Zhang et al. 2013;
Yin et al. 2014; Sirotkin et al. 2010

Induce apoptosis Let-7 g, miR-15a, miR-18,
miR-23a, miR-26b, miR-29a,
miR-32, miR-34a, miR-92,
miR-96, miR-124, miR-125a,
miR-136, miR-147, and miR-
183

Sirotkin et al. 2010; Yang et al. 2012;
Liu et al. 2014a; Tu et al. 2014;
Cao et al. 2015

Inhibit apoptosis miR-21, miR-92a, and miR-
125b

46 additional miRNA

Carletti et al. 2010; Liu et al. 2014b;
Sen et al. 2014; Sirotkin et al. 2010

Regulate steroidogenesis
and steroidogenesis-related
genes

let-7 family, miR-15a, miR-16,
miR-23a, miR-34a, miR-
125b,
miR-132, miR-145, miR-210,
miR-224, miR-320, miR-378,
miR-383, miR-423-5p,
miR-513a-3p

Sirotkin et al. 2009; Wu et al. 2015;
Yao et al. 2010; S. Xu et al. 2011;
Toms et al. 2015; Yin et al. 2012,
2014;
Troppmann et al. 2014; Pan et al.
2015

Regulate transcription factors
and signaling molecules

miR-483-5p

18 additional miRNA

B. Xu et al. 2015

Sirotkin et al. 2014
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When considering the biology of the growing or atretic
follicle, one might expect genes for proliferation and apoptosis
to be inversely regulated by miRNA. However, some individ-
ual miRNA have the same effect on both proliferation- and
apoptosis-related genes. These miRNA may be fine tuners of
their target pathways, or their actions may depend on the pres-
ence of other miRNA. For example, the Let-7 family (Let-7b/
c/d/g) miRNA decrease proteins associated with proliferation
and apoptosis (Sirotkin et al. 2010). Support for a role of the
Let-7 family in follicular function has been presented by Cao
et al. (2015), who have shown that the expression of let-7a/b/
c/i decreases, whereas the expression of let-7 g increases, in
atretic porcine follicles. These observations have been follow-
ed by functional studies of the role of the Let-7 family in
apoptosis. Cultured porcine granulosal cells have been
cotransfected with Let-7a/b/c/i mimics or with Let-7 g mimic
and assayed for apoptosis. As predicted by the expression data
in tissues, overexpression of Let-7a/b/c/i reduces, whereas
Let-7 g increases, the proportion of apoptotic cells compared
with the negative control transfected group. Together, these
studies provide strong evidence for a role of the Let-7 family
of miRNA in granulosal cell proliferation, survival, apoptosis,
and function. Clearly, miRNA serve to regulate the important
functions of granulosal cells that will impact follicular devel-
opment, but elucidation of the way that these miRNA work
together to regulate translation of their many target mRNA
will require functional studies of miRNA families and prote-
omic analyses to determine the physiological effects of the
multiple miRNA that are present in these cells.

In addition to regulating genes in the cells of origin, recent
studies have demonstrated the presence of extracellular
miRNA in follicular fluid (Donadeu and Schauer 2013;
Sang et al. 2013; Sohel et al. 2013; Santonocito et al. 2014;
Da Silveira et al. 2015). miRNA occur in exosomal and
nonexosomal fractions of the follicular fluid (Sohel et al.
2013; Santonocito et al. 2014), and their expression varies
depending on the stage of follicular development (Sohel
et al. 2013). Exosomal miRNA is probably taken up by fol-
licular cells by endocytosis and results in the increased con-
centration of miRNA and modulation of targeted mRNA
(Sohel et al. 2013; Da Silveira et al. 2015).

Much less work has been carried out to elucidate the
regulation of miRNA expression in ovarian cells. Ovarian
functions are under the control of the pituitary gonadotro-
pins, follicle-stimulating hormone, luteinizing hormone,
and in the case of rodents, prolactin. The gonadotropins
stimulate steroidogenesis in granulosal, thecal, and luteal
cells by the activation of enzymatic activity, the stimula-
tion of cholesterol uptake, and the mobilization and main-
tenance of key structural and functional proteins. Thus, if
miRNA can serve as modifiers of steroidogenesis, the
expression of those miRNA must be under the control of
the gonadotropins. In addition, transcription factors,

cytokines, and other factors can control miRNA in pre-
antral granulosal cells (Table 2).

miRNA in the corpus luteum

The role of miRNA in the CL was first evident when female
Dicerd/d hypomorphic mice were found to be infertile because
of impaired angiogenesis that resulted in a failure of luteal
development (Otsuka et al. 2008). Expression of TIMP1 and
luteal angiogenesis were partially restored by injection of
miR-17-5p and let-7b (Otsuka et al. 2008). However, using a
different hypomorphic Dicer1 model, Yang et al. (2005) ob-
served impaired embryonic angiogenesis, rather than a defect
in luteal development. Otsuka et al. (2008) suggested that
angiogenesis in different tissues may have different sensitivi-
ties to concentrations of DICER1, because of the involvement
of different miRNA in embryonic vs. luteal development.
Moreover, the deletion of various elements ofDicer1 possibly
results in diverse dysfunctional proteins with dissimilar phe-
notypic results. In both cases, homozygous embryos died,
although in the latter model, one homozygous male survived
(Otsuka et al. 2007), for reasons that the authors could not
explain, and was used to generate the mouse line used in the
study by Otsuka et al. (2008).

To date, few functional studies have been conducted on
miRNA in the CL, but more is known about miRNA expres-
sion in the CL from profiling studies. In the ovine CL, the
most abundantly expressed miRNA are Let-7a, Let-7b, miR-
16b, miR-21, and mir-125b (McBride et al. 2012). The let-7
family and miR-21 are also among the most abundant miRNA
in the bovine CL, together with miR-140, miR-199a-3p, and
miR-320 (Maalouf et al. 2014). Notably, the let-7 family range
from 0.2 to 4 million reads in the bovine CL (Maalouf et al.
2014), a far greater number than the 31–51 reads that have
been observed in human cumulus cells by Assou et al. (2013).
The greater expression of the let-7 family in the CL compared
with the follicle suggests an important function in fully differ-
entiated steroidogenic cells.

Comparisons of miRNA expression in early and midcycle
CL (McBride et al. 2012; S.W. Maalouf et al., in preparation),
in functional and regressing CL (Ma et al. 2011), and in CL of
cyclic and pregnant cows (Maalouf et al. 2014) are paving the
way toward an understanding of the numbers and types of
miRNA that are involved in the regulation of the functional
transitions that occur during the lifespan of the CL. McBride
et al. (2012) have reported that nine miRNA decrease and
eight miRNA increase during the follicular-luteal transition
in the sheep (Fig. 2). One of the upregulated miRNA is
miR-21, which is abundantly expressed in mature CL
(Maalouf et al. 2014) and occurs in higher amounts in CL
collected on day 10 compared with day 4 of the estrous cycle
(S.W. Maalouf et al., in review), suggesting that miR-21 is
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involved in luteinization. In murine granulosal cells, miR-21
expression inhibits granulosal cell apoptosis (Fiedler et al.
2008; Carletti et al. 2010), indicating a role in survival, where-
as expression in the late CL and corpus albicans (McBride
et al. 2012) implies a role in apoptosis and regression.
Because miRNA function may be time-, tissue-, and species-
specific, a determination of whether the role of miR-21 in the
regressing CL is opposite to that in murine granulosal cells
will be of interest.

Dai et al. (2014) have reported a significant increase in the
miR-126 concentration inmidcycle comparedwith early cycle
bovine CL. This concentration is maintained in the late cycle
CL but declines in the regressed CL, although the time after
onset of luteolysis has not been determined in their study. In
situ hybridization assays have shown miR-126 expression to

be localized in luteal steroidogenic cells. Using bioinformatic
analysis, Dai et al. (2014) have identified Talin2 (TLN2), a
cytoskeletal protein involved in integrin signaling (Petrich
2009), as a predicted target of miR-126. Dual luciferase assays
in NIH3T3 fibroblastic cells have shown that miR-126 binds
to the wild-type, but not to a mutated sequence in the 3′UTR
of TLN2mRNA and reduces luciferase activity, indicating that
TLN2 is a direct target for miR-126. Furthermore, the mRNA
expression of TLN2 is greatest, whereas that of the TLN2
protein is least during midcycle CL. The authors (Dai et al.
2014) conclude that TLN2 expression is inversely correlated
with that of mir-126-3p in the bovine CL and may play a role
in regulating luteal function. We have also investigated miR-
126 in the bovine CL, and similar to the results reported by
Dai et al. (2014), miR-126 expression is upregulated on day

Table 2 Regulators of miRNA
expression in cultured granulosal
cells (LH luteinizing hormone,
hCG human chorionic
gonadotropin, FSH follicle-
stimulating hormone, TGF
transforming growth factor, NFkB
nuclear factor kappa B)

Regulator miRNA References

LH/hCG miR-21, miR-132, and miR-212 Fiedler et al. 2008;
Carletti et al. 2010

FSH miR-23b, miR-29a, miR-30d,
and miR-320

Yao et al. 2010; Yin
et al. 2014

TGF miR-30b-3p, miR-125b-5p, miR-143,
miR-184, miR-224, miR-320,
miR-369-3p, miR-383, miR-500,
miR-669 g, miR-712, miR-758,
miR-764-3p, miR-1193,
mghv-miR-M1-3, mghv-miR-M1-7-3p

Yao et al. 2010; Yin
et al. 2012, 2014

Androgens miR-125b Sen et al. 2014

Steroidogenic factor 1 miR-383 Yin et al. 2012, 2014

Transcription factors
(e.g., NFkB and p53)

miR-224 Liang et al. 2013

Fig. 2 Stage-specific expression of miRNA in the corpus luteum (CL).
Only those miRNA that have been found to be differentially expressed by
stage in miRSeq or microarray analyses are depicted. Upregulated
miRNA are listed in blue, and downregulated miRNA are shown in
orange during the following steps: luteinization (McBride et al. 2012;

Kitahara et al. 2013; Iwamune et al. 2014), maturation (McBride et al.
2012; Dai et al. 2014; S.W. Maalouf et al., in review), regression (Ma
et al. 2011; McBride et al. 2012), and rescue (MRP maternal recognition
of pregnancy; Maalouf et al. 2014)
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10 compared with day 4 CL. However, in our experiments,
miR-126 expression is also present in luteal endothelial cells
(S.W. Maalouf and J.L. Pate, unpublished observations).

Once fully differentiated, the structural features of the CL
are maintained, and steroidogenesis continues at a high rate.
Another important Bswitch^ in luteal structure/function occurs
at the end of the estrous cycle, when the CL is induced to
undergo rapid luteolysis. To determine which miRNA impact
the switch from luteal maintenance to regression, Ma et al.
(2011) identified, on a microarray, seven miRNA that were
greater in amount in midcycle bovine CL compared with
regressed CL, and six miRNA that were greater in amount
in regressed CL (Fig. 2). The functional state of these CL
was estimated by visual evaluation of the ovaries at the time
of collection. miR-378 exhibited the greatest fold change and
was suggested to be important in luteal maintenance. The
concentration of miR-378 was greater in mid- and late-cycle
CL compared with regressed CL. Interferon gamma receptor 1
(IFNGR1), a predicted target of miR-378, was reduced in late-
cycle CL and elevated in regressed CL. The negative correla-
tion of miR-378 and IFNGR1 protein in late-cycle and
regressed CL was interpreted as evidence for a regulatory role
of miR-378 in the regulation of IFNG-related signaling path-
ways. IFNG is present in the CL and induces apoptosis in
cultured luteal cells (Fairchild and Pate 1989; Petroff et al.
1999; Cannon and Pate 2006) and is suggested to mediate
the effects of immune cells in regressing CL (Walusimbi and
Pate 2013). Given the potential importance of IFNG signaling
in luteal regression, functional studies to determine whether
the receptor is a target of miR-378 are certainly warranted.

Prevention of luteolysis is a critical event in the establish-
ment of pregnancy. We have hypothesized that maternal rec-
ognition of pregnancy includes changes in luteal miRNA that
target pathways important for luteal survival or regression.
The profiling of miRNA expression in the bovine CL on day
17 of the estrous cycle or pregnancy by using miRSeq resulted
in 12 differentially expressed miRNA (Maalouf et al. 2014).
Four were in greater amounts, and eight were in lower
amounts in the CL of early pregnancy compared with those
of the estrous cycle (Fig. 2). Predicted target analysis of the
differentially expressed miRNA have revealed genes that are
involved in apoptosis and regulation of the immune response,
processes that must be targeted in the CL to prevent luteal
regression (Atli et al. 2012; Poole and Pate 2012; Walusimbi
and Pate 2013). MiR-122, one of the upregulated miRNA, is a
key regulator of cholesterol and fatty acid metabolism in
mouse liver (Esau et al. 2006), an inhibitor of breast cancer
tumorigenesis by targeting IGF1R, and a potential regulator of
the PI3K/AKT/mTOR signaling pathway (Wang et al. 2012).
Another upregulated miRNA, MiR-302b, is an inhibitor of
apoptosis in tumor cells (Chen et al. 2014; Ge et al. 2014).
Retinoic acid induces the expression of miR-302b in human
malignant glioma cells via the RAR alpha pathway (Chen

et al. 2014). Therefore, during maternal recognition of preg-
nancy in the cow, changes occur in luteal miRNA that are
consistent with a role in facilitation of luteal survival.

Maalouf et al. (2014) also reported the expression of 46
novel miRNA on day 17 bovine CL. Of these, 21 had been
reported in other species but had not been previously reported
for the cow, whereas 25 had not been previously reported in
any species. Three of the novel miRNA were differentially
expressed in CL of cyclic compared with pregnant animals
(Fig. 2). Mir-10170 was downregulated in the CL of pregnan-
cy, and miR-10178 was present in the CL of the cycle but
absent during pregnancy. Conversely, miR-10163 was only
present in the CL of pregnant animals. Target analysis of the
differentially expressed novel miRNA also revealed apoptosis
and immune response signaling as significant pathways
(Maalouf et al. 2014). The role of these miRNA in luteal
function and survival is the subject of current investigations
underway in our laboratory. Figure 2 depicts the miRNA that
are currently known to be expressed during specific stages of
luteal development, maintenance, rescue, or regression.

Concluding remarks and future directions

miRNA can now be added to the list of endocrine, autocrine,
and paracrine mediators that regulate ovarian function.
Advancements in genetic tools and high-throughput sequenc-
ing technologies have allowed rapid advancement in the pro-
filing of the expression of miRNA in the ovary from several
species. Profiling studies have demonstrated that miRNA are
expressed in all types of ovarian cells, and functional studies
indicate roles in follicular and luteal development. The com-
plex nature of miRNA target interaction, regulation, and func-
tion, however, pose challenges for functional studies.Whereas
some miRNA appear single-handedly to regulate specific sig-
naling pathways, most miRNA act in clusters and are fine
tuners of cellular functions. In both cases, the function of
miRNA is affected by the hormonal and cellular milieux.
Hence, focusing on only one miRNA in functional studies
becomes very challenging and may not result in significant
measurable biological changes. A better approach will be to
assess the function of a cluster of miRNA that are coexpressed
and more likely to affect the functions of other miRNA.
Therefore, an understanding of the mechanism(s) of action
of miRNA in ovarian function requires global comprehension
of the network of miRNA-target interactions within the mi-
lieux of hormones and growth factors that dominate ovarian
function. Hence, profiling studies are important not only in
order to draw a spatial and temporal map of miRNA expres-
sion in the ovary, but also to provide clues with regard to the
function or regulation of miRNA.

In addition, much of our understanding about miRNA
function is derived from mouse models. Although mouse
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models have been highly instrumental in revealing the role of
miRNA in ovarian follicular development, species differences
in miRNA expression and function may pose an obstacle to
the application of miRNA diagnostics in medical and/or vet-
erinary practices. In addition, because of the spatial and tem-
poral regulation of miRNA, the identification of miRNA tar-
gets and functions may not translate well from diseased to
healthy tissues with different tissue microenvironments.
Novel genetic tools such as CRISPR and other technologies
hold a promising future for attaining a deeper understanding
of miRNA function in the ovary from other species.

Finally, the advancement in our knowledge of miRNA ex-
pression and function should help to fill in the gaps in the
miRNA network analysis programs available and to improve
their accuracy to predict bona fide targets and miRNA-target
interactions. A better appreciation of miRNA function and
miRNA signature in the ovary could have tremendous impacts
on reproductive health by aiding the rapid diagnosis of repro-
ductive disorders, the enhancement of embryo quality and
survival during assisted reproductive technologies, and the
design of novel contraceptive methods.
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