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Abstract

MicroRNAs (miRNAs) are endogenous, small, noncoding single-stranded RNA molecules approximately 22
nucleotides in length. miRNAs are involved in the post-transcriptional regulation of various important cellular
physiological and pathological processes, including cell proliferation, differentiation, apoptosis, and hormone
biosynthesis and secretion. Ovarian follicles are the key functional units of female reproduction, and the
development of these follicles is a complex and precise process accompanied by oocyte maturation as well as
surrounding granulosa cell proliferation and differentiation. Numerous miRNAs expressed in the ovary regulate
ovarian follicle growth, atresia, ovulation and steroidogenesis and play an important role in ovarian disorders. This
review considers recent advances in the identification of miRNAs involved in the regulation of ovarian function as
well as the possible influence of miRNAs on ovarian-derived disorders, such as ovarian cancer, polycystic ovarian
syndrome and premature ovarian failure. An improved understanding of the regulation of ovarian function by
miRNAs may shed light on new strategies for ovarian biology and ovarian disorders.
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Discovered in 1993 by Ambros and colleagues, micro-
RNAs (miRNAs) are endogenous, small, noncoding
single-stranded RNA molecules 22–24 nucleotides (nt)
in length [1]. Primary miRNA transcripts (pri-miRNAs)
are several kilobases long and undergo substantial pro-
cessing in the nucleus, resulting in the generation of a
70- to 90-nt stem-loop precursor miRNA (pre-miRNA).
Pre-miRNAs undergo substantial processing by Dicer, a
double-stranded miRNA duplex, to form mature miR-
NAs. Mature miRNAs play pivotal roles in regulating
translation by binding to the 3′-untranslated regions
(3′-UTRs) of their target mRNAs [1–4]. Exosome-
mediated miRNA transfer is a major mechanism of
genetic exchange between cells [5]. Kosaka et al. re-
ported that circulatory miRNAs are released with exo-
somes, including miRNAs, mRNAs and proteins, and
are subsequently transferred to recipients to resume
their functions [6].
miRNAs are involved in the regulation of various im-

portant cellular physiological and pathological processes,
including cell proliferation, differentiation, apoptosis,
and hormone biosynthesis and secretion [5, 7]. The

human ovary contains approximately 10,000 primordial
follicles at birth that are prepared for the long duration
of the fertile period. Folliculogenesis and steroidogenesis
are complex processes involving intraovarian gene expres-
sion, signaling pathways, and endocrine and paracrine fac-
tors [8, 9]. The phosphorylation and tensin homolog
deleted on chromosome ten/phosphatidylinositol-3 kin-
ase/protein kinase B (PTEN/PI3K/Akt) signaling pathway
contributes to oocyte proliferation, survival, migration and
metabolism [10]. Wingless-type MMTV integration site
family member 4 (WNT4) is required for antral follicle
development by regulating granulosa cell functions [11],
the transforming growth factor β (TGF-β) superfamily
members (including GDF9, growth differentiation factor 9
and BMP15, bone morphogenetic protein 15) are major
regulators of follicle development [12], and miRNAs are
involved in granulosa cell proliferation and apoptosis [13].
Here, we review recent findings regarding miRNA ex-

pression profiles in the ovary and the potential roles of
miRNA in ovarian function and ovarian disorders. We
believe that a better understanding of ovarian miRNA
function will lead to a new era of female reproductive
health.
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miRNA profiles in the ovary
miRNAs are expressed in the ovary and are involved in
the regulation of mammalian reproduction. miRNA
expression profiles have been identified in numerous
species (Additional file 1: Table S1), including human,
mouse, bovine, sheep, chicken, fish, swine and equine
species [14–21]. Timoneda et al. performed a systematic
study of porcine miRNA expression and found that let-
7a, miR-25 and miR-106a are preferentially expressed in
the ovary [22]. Li et al. [21] evaluated the miRNA tran-
scriptome in the adult porcine ovary and testis via deep
sequencing technology. They reported that miR-21-5p,
miR-143-3p and members of the let-7 family were the
top unique miRNAs for both the ovary and testis and
that these miRNAs play cellular housekeeping roles dur-
ing ovarian and testicular development. miR-378, miR-1,
miR-206, miR-379, miR-127, and miR-411 are downreg-
ulated in the ovary compared with the testis; by contrast,
miR-10b, miR-26a, miR-21, miR-140, and miR-101 are
upregulated in the ovary but not in the testis. Further-
more, most of the differentially expressed miRNAs
located on the X chromosome (X-linked miRNAs) are
significantly upregulated in the ovary compared with the
testis and are co-expressed with X-linked miRNAs. Re-
gardless of species, the let-7 family, miR-21, miR-99a,
miR-125b, miR-126, miR-143, miR-145, and miR-199b
are the most predominant miRNA populations in the
ovary [23].
miRNA expression is organ specific and closely re-

lated to organ function, particularly in the ovary. The
ovary contains oocytes and multiple somatic cell types
such as granulosa cells, theca cells and cumulus cells.
The expression and function of miRNAs are associated
with different cell types (Additional file 2: Table S2). In
total, 58 miRNAs are predominantly expressed in the bo-
vine fetal ovary compared with somatic tissue. Among
them, eight miRNAs (bta-miR-99a, bta-miR-10b, bta-miR-
199a-3p, bta-miR-199a-5p, bta-miR-424, bta-miR-100,
bta-miR-455, and bta-miR-214) are expressed at a 10-fold
greater level in the fetal bovine ovary compared with som-
atic tissue pools. Further analyses indicate that bta-miR-
424 and bta-miR-10b are highly abundant in germinal
vesicle (GV) oocytes [20]. Such expression patterns indi-
cate that these miRNAs are maternally inherited and may
potentially be involved in the maternal transcript turnover
during zygotic gene activation. Various miRNAs are in-
volved in oocyte maturation, such as miR-2, miR-7,
miR-184, miR-100, miR-9b, let-7, miR-79, miR-133,
miR-275 and miR-252 [24–26]. In different stages of
the oocytes, miRNA expression has been shown to
differ. miR-2 and miR-133 are considerably more abun-
dant in the first metaphase (MI) compared with the GV
stage, and they both inhibit cyclin B translation by
downregulating the 3′-UTRs of the crab cyclin B gene

[25]. Some miRNAs, such as the let-7 family, play a
housekeeping role in the ovary, independent of species
[21, 27]. miRNA in granulosa cells is expressed differen-
tially in the follicular and luteal stages. miR-503 has been
found to be downregulated during the FSH-responsive
follicular development stage and luteinization and upregu-
lated during the later stage before ovulation [28].
In characterizing the miRNA profile in human cumu-

lus granulosa cells (CGCs), Xu et al. demonstrated that
the let-7 family was the most abundant miRNA in these
cells in both polycystic ovarian syndrome (PCOS)
patients and normal cycling women [27]. Compared
with normal cycling women, miR-10a-5p, miR-1307-3p,
miR-423-5p, miR-1273 g-3p, miR-199a-3p, miR-185-5p,
and miR-483-5p are upregulated in the CGCs of PCOS
patients, and miR-483-5p suppresses Notch3 and
mitogen-activated protein kinase 3 (MAPK3) expres-
sion in human CGCs by directly binding the 3′-UTRs
of Notch3 and MAPK3 mRNA [27].
Bioinformatics and Gene Ontology analysis revealed

that the target genes of these predominantly expressed
miRNAs in the ovary are involved in cell cycle regulation;
cellular growth, proliferation and apoptosis; endocrine sys-
tem disorders; and ovarian functions [29]. In addition, a
recent study demonstrated that miR-143 inhibited primor-
dial follicle formation by reducing the expression of
cyclin-dependent kinases (CDKs) 4 and 6 and cyclins B1,
D2, and E2 in pregranulosa cells [30]. Furthermore, miR-
181a inhibits mouse ovarian granulosa cell proliferation
by targeting activin receptor IIA [31], and miR-26b pro-
motes ovarian granulosa cell apoptosis by targeting the
ataxia telangiectasia mutated (ATM) gene during follicular
atresia [32]. Finally, miR-132 and miR-212 expression are
associated with hormonal regulation in ovulation and
luteinization [33].

miRNAs and ovarian function
miRNAs and ovarian follicle development
miRNAs are involved in the entire process of ovarian
follicle development, including follicle growth, atresia
and ovulation. In each stage of follicle development, dif-
ferent growth factors contribute to stage-specific func-
tions in different cell types [8, 9]. miRNAs also play an
important role in the regulation of follicular develop-
ment. McBride et al. [19] identified miRNA expression
profiles at different stages of follicle development, in-
cluding small follicles (1.5–3.5 mm), medium follicles
(4.0–5.5 mm), pre-ovulatory follicles, early corpora
lutea, late corpora lutea, and corpus albicans. miR-21,
miR-125b, let-7a and let-7b are the most abundantly
expressed miRNAs across the different development
stages. miR-199a-3p, miR-145 and miR-31 are over-
expressed at the follicular stage and exhibit a marked
decrease in the follicular-luteal transition. By contrast,
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miR-503, miR-21 and miR-142-3p are generally expressed
at lower levels during the follicular stages and exhibit sig-
nificant increases in luteal tissues [19]. Zhang et al. [31]
reported that miR-181a was reduced in preantral and an-
tral follicles of mice compared with primary follicles. miR-
181a suppressed activin receptor IIA (acvr2a) expression
and decreased the phosphorylation of the activin intracel-
lular signal transducer mothers against decapentaplegic
homolog 2 (Smad2) in mice granulosa cells, leading to
regulation of granulosa cell proliferation and ovarian fol-
licle development [31].
Folliculogenesis begins with the breakdown of germ cell

clusters and the formation of primordial follicles. Zhang
et al. revealed that miR-143 was expressed in pregranulosa
cells using in situ hybridization. miR-143 inhibits the for-
mation of primordial follicles by suppressing pregranulosa
cell proliferation and downregulating the expression of
genes related to the cell cycle, including cyclin D2, CDK4
and CDK6 [30]. During folliculogenesis, more than 99 %
of ovarian follicles undergo atresia, and the roles of miR-
NAs in regulating follicle development and atresia were
recently elucidated. Differentially expressed miRNAs were
constructed for healthy, early atretic, and progressively
atretic follicles [32]. Hsa-miR-936, P-miR-1281, hsa-miR-
26b, mmu-miR-1224, hsa-miR-10b, P-miR-466 g-b, P-
miR-1275, hsa-miR-574-5p, R-miR-26b, hsa-miR-149*,
hsa-miR-1275, and hsa-miR-99a are upregulated during
follicle atresia, whereas R-let-7a, hsa-let-7i, hsa-miR-92b,
hsa-miR-92a, P-miR-923, hsa-miR-1979, R-miR-739, hsa-
miR-1308, hsa-miR-1826, P-miR-1826, and ssc-miR-184
are downregulated during this process. miR-26b, which is
upregulated during follicular atresia, increases DNA
breaks and promotes granulosa cell apoptosis by directly
targeting ATM.
Follicle atresia is triggered by granulosa cells apop-

tosis [34, 35]. miRNAs are involved in granulosa cell
apoptosis. miR-34s induces cell apoptosis and growth
arrest through the activation of p53 and the cyclin-
dependent kinase inhibitor p21 [36, 37]. Tu et al. re-
ported that miR-34a promoted granulosa cell apoptosis
in pig ovarian follicles by targeting the inhibin beta B
(INHBB) gene [38]. Carletti et al. reported that miR-21
was highly induced by luteinizing hormone (LH) in
murine granulosa cells and that the suppression of miR-21
activity in vitro caused granulosa cell apoptosis [39].
Advanced reports indicate that miRNA is associated

with oocyte maturation. The oocyte initiates meiosis at
the beginning of DNA synthesis and remains in MI
phase until the resumption of meiosis. Before ovulation,
oocytes become secondary oocytes after completing the
first meiosis and stop at metaphase II (MII) of meiosis
until fertilization [26, 40]. Xiao et al. [26] reported that
transgelin 2 (TAGLN2), which encodes an actin protein,
participates in ovarian development and maturation. In

addition, miR-133b regulates oocyte maturation through
its potential target TAGLN2 at both the transcription
and translation levels.
Dicer is a ribonuclease that is required for the synthesis

and processing of mature functional miRNAs. Dicer is
expressed in both oocytes and granulosa cells of the
mouse ovarian follicle [19]. The role of Dicer in pre-
ovulatory follicle development and ovulation has also
been elucidated. Lei et al. [28] reported that conditional
inactivation of Dicer1 in follicular granulosa cells led to
increased primordial follicle pool endowment, acceler-
ated early follicle recruitment and an increase in degen-
erate follicles in Dicer conditional knockout (cKO)
ovaries. Dicer1 regulates follicle development by down-
regulating miR-503, an ovary-specific miRNA, as well
as miR-503 target genes, such as anti-Müllerian hor-
mone (AMH); inhibin beta A subunit (INHBA); cyto-
chrome P450, family 17, subfamily a, polypeptide 1
(Cyp17a1); cytochrome P450, family 19, subfamily a,
polypeptide 1 (Cyp19a1); zona pellucida glycoproteins
(ZPs); growth differentiation factor 9 (GDF9) and bone
morphogenetic protein 15 (BMP15). Dicer1 inactivation
in female mice causes abnormal follicular morphology
and infertility [28, 40, 41]. These studies demonstrate
that Dicer plays important roles in follicle growth and
oocyte maturation.
Multiple factors are involved in follicle development,

such as the TGF-β superfamily members [42, 43], Ligand
stimulation of type I (also referred to as activin receptor-
like kinases (ALKs)) and Smads [44–46]. miRNA regulates
follicle development by affecting these factors. A recent
study revealed that miR-224 expression is regulated by the
TGF-β/Smad pathway. miR-224 overexpression enhances
TGF-β1-induced granulosa cell proliferation by targeting
Smad4, which is a key regulator involved in ovarian follicle
growth and female fertility, whereas inhibition of en-
dogenous miR-224 partially suppresses TGF-β1-induced
granulosa cell proliferation, indicating an important bio-
logical role of miR-224 in regulating gene expression dur-
ing folliculogenesis [47].
miRNAs also influence ovulation indirectly. Hasuwa

et al. examined the role of miR-200b and miR-429 in ano-
vulation and infertility in female mice [48]. miR-200b and
miR-429 suppressed the expression of zinc-finger E-box
binding homeobox 1 (ZEB1) in the pituitary gland where
these miRNAs are highly expressed; moreover, miR-200b
and miR-429 inactivation restrained LH biosynthesis, sug-
gesting that miR-200b and miR-429 support ovulation by
indirectly functioning in the hypothalamus-pituitary-
ovarian axis.

miRNAs and ovarian steroidogenesis
Folliculogenesis is a highly dynamic process that is closely
associated with alterations in circulating hormone levels.
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Given the indispensable role of miRNAs in ovarian follicle
development and female fertility, the relationships be-
tween ovarian hormones and miRNAs have recently been
investigated. A study on granulosa/cumulus cells reported
the expression of several miRNAs (miR-23a, miR-23b,
miR-542-3p, miR-211, and miR-17-5p) in ovarian somatic
cells, and the authors speculated that miRNA target genes,
including cyclooxygenase-2, steroidogenic acute regula-
tory protein (StAR), and CYP-19A1 (aromatase), regulate
granulosa/theca cells proliferation, differentiation and
steroid biosynthesis [43].
miRNAs regulate ovarian steroid hormones by targeting

hormone receptors as well as affecting hormone biosyn-
thesis and release. For example, estradiol (E2) plays an im-
portant role in ovarian follicle development, and the
production of E2 is tightly controlled by aromatase. Xu
et al. reported that aromatase expression and estradiol
synthesis in granulosa cells are post-transcriptionally
downregulated by miR-378 and that miR-378 affects estra-
diol synthesis by binding the 3′-UTR of the aromatase
coding sequence [49]. Conversely, miR-133b stimulates
ovarian estradiol synthesis by targeting Foxl2, which
mediates the transcriptional repression of StAR and
CYP19A1 to promote estradiol biosynthesis [50]. miR-
NAs not only regulate estradiol synthesis but also estra-
diol release. Estradiol release is promoted by miR-383
in ovarian granulosa cells, and miR-383 inhibits RNA
binding motif single-stranded interacting protein 1
(RBMS1) by altering its mRNA stability, leading to the
inactivation of c-Myc and steroidogenesis in granulosa
cells [51]. Finally, miR-423-5p and miR-378 regulate es-
tradiol synthesis by targeting CYP19A1 mRNA and
repressing CYP19A1 protein content and enzyme activ-
ity in newborn piglets [52].
Conversely, the miRNA expression profile is pro-

foundly influenced by circulating hormones. miR-132
and miR-212 expression are increased following human
chorionic gonadotropin (HCG) induction [33], and the
expression of 31 microRNAs is altered after follicle-
stimulating hormone (FSH) treatment. Specifically,
miR-29a and miR-30d expression is downregulated in
the short term but upregulated in the long term follow-
ing FSH induction [53].
Sirotkin et al.[54] first demonstrated that miRNAs con-

trol reproductive functions, resulting in enhanced or
inhibited release of ovarian progestagen and androgen.
Thirty-six miRNAs, including let-7b, let-7c, miR-15a,
miR-17-3p, miR-96, miR-92, miR-108, miR-133b, miR-
134, miR-135, and miR-146, inhibited progesterone
release, whereas 16 miRNAs (miR-16, miR-24, miR-25,
miR-122, miR-145, miR-182, miR-18, miR-125a, miR-147,
miR-32, miR-103, miR-143, miR-150, miR-152, miR-153
and miR-191) promoted progesterone release in granulosa
cells. In addition, let-7a, let-7b, let-7c, miR-16, miR-17-3p,

miR-24, miR-25, miR-26a, mir-108, and mir-122 inhibited
testosterone release.
Moreover, pathological factors significantly influence

miRNA expression in the mammalian ovary. Bisphenol-
A (BPA) is an environmentally ubiquitous endocrine
system-disrupting chemical. Veiga-Lopez et al. studied
the effect of BPA on mRNA and miRNA expression and
reported that BPA increased CYP19 and 5α-reductase
mRNA expression, disrupted the sheep ovarian tran-
scriptome and altered the fetal ovarian miRNA expres-
sion profile [55]. In addition, ovarian miRNA expression,
including miR-497 and miR-15b, is influenced by pre-
natal testosterone treatment [56].

miRNAs and ovarian disorders
Recent studies have reported that differential expression
and dysregulation of miRNAs are associated with ovar-
ian diseases, such as ovarian cancer, PCOS and prema-
ture ovarian failure (POF) [13, 57].

miRNAs and ovarian cancer
Ovarian cancer is the most lethal gynecological malig-
nancy. Recently, multiple studies have profiled miRNAs
in ovarian cancer compared with normal tissues to
identify differentially expressed miRNAs [58–61]. Iorio
et al. [58] were the first to compare genome-wide
miRNA expression profiles from both ovarian cancer
tissues and normal ovary tissues and reported that
miRNA expression was differentially regulated in the
two groups; miR-200a, miR-141, miR-200c, and miR-
200b were overexpressed in ovarian cancer, and miR-
199a, miR-140, miR-145, and miR-125b1 were the most
downregulated miRNAs. These four downregulated
miRNAs had a common target oncosuppressor, namely,
BRCA1-associated protein (BAP1). Shapira and his col-
leagues [60] collected presurgical plasma samples from
women with confirmed serous epithelial ovarian cancer,
benign neoplasms and no known pelvic mass to assess
miRNA profiles. Twenty-two miRNAs were differen-
tially expressed between healthy controls and the ovar-
ian cancer group, whereas a six-miRNA-profile subset
(miR-106b, miR-126, miR-150, miR-17, miR-20a, and
miR-92a) could distinguish between benign and ovarian
cancer patients.
miRNAs play significant roles in the early diagnosis,

prognosis and chemotherapy sensitivity of ovarian
cancer. A recent study related to stage I ovarian tumors
revealed that miR-30a and miR-30a* are markers of
clear-cell tumors, whereas miR-192 and miR-194 are
markers of mucinous tumors [62]. Langhe et al. [63] re-
ported that 4 miRNAs (let-7i-5p, miR-122, miR-152-5p
and miR-25-3p) are significantly downregulated in ovarian
cancer patients. The target genes of these differentially
expressed miRNAs are involved in WNT signaling,
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AKT/mTOR and TLR-4/MyD88, which play roles in
ovarian carcinogenesis and chemoresistance. These re-
sults indicate the roles of let-7i-5p, miR-122, miR-152-5p
and miR-25-3p as diagnostic biomarkers in ovarian
cancer.
In a prognostic study, Merritt investigated Dicer mes-

senger RNA (mRNA) and Drosha levels in invasive epi-
thelial ovarian cancer patients and compared the results
with clinical outcomes. Low Dicer expression was sig-
nificantly associated with advanced tumor stage, and low
Drosha expression was associated with suboptimal surgi-
cal cytoreduction [64]. Another study by Marchini [65]
et al. confirmed that miR-200c downregulation is associ-
ated with overall and progression-free survival (PFS) in-
dependent of clinical covariates in stage I epithelial
ovarian cancer. Further research by Park [66] identified
the pivotal role of the miR-200 family in the epithelial-
to-mesenchymal transition (EMT), which is a decisive
step toward tumor cell invasion and metastasis and is
positively correlated with poor patient prognosis. miR-
200 suppressed the EMT by directly downregulating the
expression of the E-cadherin transcriptional repressors
ZEB1 and ZEB2 (SMAD-interacting protein 1, SIP1),
thus reducing E-cadherin expression and promoting the
EMT [66]. In studies of the serous subtype of epithelial
ovarian cancer, miR-506 was found to be a robust EMT
inhibitor through direct targeting of the E-cad repressor
SNAI2 [67], the vimentin gene (VIM) and N-cad gene
(CDH2) [68], suggesting that miR-506 inhibits multiple
targets in the EMT network and is associated with good
prognosis in epithelial ovarian cancer. Regarding the
therapeutic role of miRNAs in ovarian cancer, Gu et al.
[69] reported that three miRNAs (hsa-miR-146a, hsa-miR-
148a and hsa-miR-545) are predominantly expressed in
patients with wild-type BRCA1/2 ovarian cancers who
may benefit from platinum-based chemotherapy. These
miRNAs target BRCA1/2, which is the key gene involved
in the DNA damage response and DNA repair processes,
leading to the increasing sensitivity of cancer cells to
chemotherapy [69].

miRNAs and PCOS
PCOS is a multifactorial endocrine disorder affecting ap-
proximately 5–10 % of all women of reproductive age
[70–72]. Hossain et al. [73] established a rat PCOS
model via dihydrotestosterone (DHT) induction to in-
vestigate PCOS-associated ovarian miRNA expression
profiles and found that the differential expression of
regulatory miRNAs is associated with PCOS pathogen-
esis in rat ovaries. This study showed that 25 miRNAs,
which were designated as ovarian miRNAs, were highly
and differently expressed in the ovary in PCOS and nor-
mal rats. Most of the miRNAs in the ovary that promote
the cystic conditions are localized in the follicular theca

cells of DHT-treated ovaries. Further research explored
the dysregulated molecular pathways related to altered
miRNAs in PCOS rat ovaries. miR-222 was confirmed to
be expressed in theca cells by in situ localization, and
the expression was reported to be repressed by andro-
gens, which regulate cell proliferation by targeting P27/
kip1. In addition, miR-222 overexpression was associated
with reduced ERα protein and signaling as well as ex-
pression of the ERα target genes. The findings may offer
new insights for PCOS pathogenesis research [73]. Sang
et al. [74] assessed miRNA expression in human follicular
fluid of PCOS patients and identified numerous miRNAs
that play important roles in steroidogenesis. miR-132 and
miR-320 are expressed at a significantly reduced level in
the follicular fluid of polycystic ovary patients compared
with healthy controls. In addition, miR-132, miR-320,
miR-520c-3p, miR-24 and miR-222 regulate estradiol con-
centrations, and miR-24, miR-193b, and miR-483-5p
regulate progesterone concentrations in PCOS patients.
PCOS is characterized by polycystic ovaries, hyperan-

drogenism, insulin resistance (IR) and chronic anovulation
[75]. miRNAs are also involved in metabolic processes.
For example, miR-93 is overexpressed in PCOS and is as-
sociated with decreased GLUT4 and increased IR [76].
Additionally, miRNA-21, miRNA-27b, miRNA-103 and
miRNA-155 play important roles in metabolic processes
and are influenced by obesity and circulating androgen
concentrations in PCOS patients [77].

miRNAs and premature ovarian failure (POF)
POF is an ovarian disorder of multifactorial origin that
is defined as the occurrence of amenorrhea, hypergona-
dotropism and hypoestrogenism in women aged younger
than 40 years [78]. Recent studies based on samples
from both plasma and ovarian tissues have identified
miRNAs involved in POF development. Dang et al.
reported reduced miR-22-3p plasma levels in POF of
Han Chinese patients compared with control women. In
addition, decreased miR-22-3p expression was correlated
with the diminished ovarian reserve [79]. Our previous
studies identified the differentially expressed miRNAs in
plasma between POF and normal cycling women and
the roles of miRNAs in regulating many signaling path-
ways [13]. miR-23a is upregulated in the plasma of POF
patients, and miR-23a overexpression decreases XIAP
and caspase-3 levels and increases apoptosis in human
granulosa cells. These results indicate that miR-23a po-
tentially induces granulosa cell apoptosis by inhibiting
XIAP expression both at the mRNA and protein levels
in vitro [13]. In addition, Kuang et al. [80] identified a
total of 63 upregulated and 20 downregulated miRNAs
in ovarian tissue samples from 4-vinylcyclohexene diep-
oxide (VCD)-induced rat POF models compared with
samples from normal rats. Further studies confirmed
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that miR-29a and miR-144 are downregulated in POF
tissues and potentially regulate prostaglandin biosyn-
thesis by targeting PLA2G4A, whereas various upregu-
lated miRNAs, including miR-27b, miR-190, miR-151
and miR-672, are involved in the apoptotic process and
hormone stimulation [80].
Recent studies indicate that miRNA single-nucleotide

polymorphisms (SNPs) are associated with disease suscep-
tibility. A study related to miRNA polymorphism analysis
identified the association between combined genotypes
and haplotypes of miR-146aC>G, miR-196a2T>C, and
miR-499A>G and POF in Korean women; the results
indicate that the transcriptional aberration of miR-146a
and miR-196a2 induced by miRNA SNPs is potentially
involved in POF development [81].

Conclusions and future directions
miRNAs are post-transcriptional regulators in both
physiological and pathological processes. A single
miRNA may target several mRNAs, and a single mRNA
may be regulated by multiple miRNAs. Many miRNAs
are expressed in the ovary and are involved in ovarian
follicle development, atresia, ovulation and ovarian ste-
roidogenesis by targeting specific genes and regulating
various signaling pathways. miRNAs also play important
roles in ovarian diseases. However, studies on miRNAs
in the ovary have mainly focused on expression profiles
rather than their regulation and function networks.
Identifying miRNAs that are specific to different repro-
ductive organs will help guide researchers to better
understand the underlying mechanisms of reproductive
disorders. In addition, identifying upstream or additional
regulators of miRNAs, their target genes and their roles
in the related signaling pathways will further shed light
on the importance of specific miRNAs for both the de-
velopment and function of the ovary, paving the way for
new therapeutic strategies by controlling the key factors
in the regulatory networks. Furthermore, recent studies
have demonstrated that SNPs located in miRNA genes
or miRNA binding sites potentially modify miRNA regu-
lation, thus affecting phenotypes and disease susceptibil-
ity. Therefore, a combination of miRNA expression
profiles with genome-wide SNP genotyping might help
distinguish among potential disease-related biomarkers.
A better understanding of the regulation of ovarian
function by miRNAs may offer a theoretical foundation
for ovarian diseases.
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factor β; TLR-4: Toll-like receptor 4; WNT: Wingless-type MMTV integration
site family member; XIAP: X-linked inhibitor of apoptosis protein; ZEB: Zinc-
finger Ebox Binding Homeobox; ZPs: Zona pellucida glycoproteins.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
YL, YF, YL: co-wrote the manuscript; XY: co-wrote the manuscript and de-
signed the structure of the manuscript. All authors have read and approved
of the final version of the manuscript.

Authors’ information
Dr. Xiaokui Yang, Professor, the vice director of Department of Human
Reproductive Medicine, Beijing Obstetrics & Gynecology Hospital, Capital
Medical University. She is the recipient of “the Health Excellent Talent
Foundation of Beijing” from Beijing Health Bureau. She addresses important
reproductive health issues, including female infertility and ovarian cancer.
Dr. Yang’s research program focuses on the mechanism of ovarian cell
survival and apoptosis, and the pathophysiology of ovarian disorders
associated with infertility, including polycystic ovarian syndrome, premature
ovarian failure and premature ovarian aging.

Acknowledgments
We thank Dr. Michael Fraser for the helpful discussion and critical reading of
the manuscript. This work was supported by funding from the Natural
Science Foundation of China (81170542, 81471431) and the Beijing Natural
Science Foundation (7152055) to XY. XY is the recipient of “the Health
Excellent Talent Foundation of Beijing” from the Beijing Health Bureau (Grant
number 2011-3-071).

Funding
This work was supported by funding from the Natural Science Foundation of
China (81170542, 81471431) and the Beijing Natural Science Foundation
(7152055). XY is the recipient of “the Health Excellent Talent Foundation of
Beijing” from the Beijing Health Bureau (Grant number 2011-3-071).

Author details
1Department of Human Reproductive Medicine, Beijing Obstetrics and
Gynecology Hospital, Capital Medical University, Beijing 100026, China.
2Department of Reproduction Regulation, Beijing Obstetrics and Gynecology
Hospital, Capital Medical University, Beijing 100026, China.

Received: 6 December 2014 Accepted: 23 May 2015

References
1. Kim VN. Small RNAs: classification, biogenesis, and function. Mol Cells.

2005;19:1–15.
2. Bernstein E, Caudy AA, Hammond SM, Hannon GJ. Role for a bidentate

ribonuclease in the initiation step of RNA interference. Nature.
2001;409:363–6.

3. Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, and function. Cell.
2004;116:281–97.

Li et al. Journal of Ovarian Research  (2015) 8:51 Page 6 of 8

http://www.ovarianresearch.com/content/supplementary/s13048-015-0162-2-s1.docx
http://www.ovarianresearch.com/content/supplementary/s13048-015-0162-2-s2.docx


4. Lee RC, Feinbaum RL, Ambros V. The C. elegans heterochronic gene lin-4
encodes small RNAs with antisense complementarity to lin-14. Cell.
1993;75:843–54.

5. Valadi H, Ekstrom K, Bossios A, Sjostrand M, Lee JJ, Lotvall JO. Exosome-
mediated transfer of mRNAs and microRNAs is a novel mechanism of
genetic exchange between cells. Nat Cell Biol. 2007;9:654–9.

6. Kosaka N, Iguchi H, Yoshioka Y, Takeshita F, Matsuki Y, Ochiya T. Secretory
mechanisms and intercellular transfer of microRNAs in living cells. J Biol
Chem. 2010;285:17442–52.

7. Mitchell PS, Parkin RK, Kroh EM, Fritz BR, Wyman SK, Pogosova-Agadjanyan
EL, et al. Circulating microRNAs as stable blood-based markers for cancer
detection. Proc Natl Acad Sci U S A. 2008;105:10513–8.

8. Imbar T, Eisenberg I. Regulatory role of microRNAs in ovarian function. Fertil
Steril. 2014;101:1524–30.

9. Baley J, Li J. MicroRNAs and ovarian function. J Ovarian Res. 2012;5:8.
10. Morohaku K, Hoshino Y, Sasada H, Sato E. Incorporation of phosphatase

inhibitor in culture prompts growth initiation of isolated non-growing
oocytes. PLoS ONE. 2013;8, e77533.

11. Boyer A, Lapointe E, Zheng X, Cowan RG, Li H, Quirk SM, et al. WNT4 is
required for normal ovarian follicle development and female fertility. FASEB
J. 2010;24:3010–25.

12. Fenwick MA, Mora JM, Mansour YT, Baithun C, Franks S, Hardy K.
Investigations of TGF-β signaling in preantral follicles of female mice reveal
differential roles for bone morphogenetic protein 15. Endocrinology.
2013;154:3423–36.

13. Yang X, Zhou Y, Peng S, Wu L, Lin HY, Wang S, et al. Differentially expressed
plasma microRNAs in premature ovarian failure patients and the potential
regulatory function of mir-23a in granulosa cell apoptosis. Reproduction.
2012;144:235–44.

14. Kang L, Cui X, Zhang Y, Yang C, Jiang Y. Identification of miRNAs associated
with sexual maturity in chicken ovary by Illumina small RNA deep
sequencing. BMC Genomics. 2013;14:352.

15. Juanchich A, Le Cam A, Montfort J, Guiguen Y, Bobe J. Identification of
differentially expressed miRNAs and their potential targets during fish
ovarian development. Biol Reprod. 2013;88:128.

16. Ro S, Song R, Park C, Zheng H, Sanders KM, Yan W. Cloning and
expression profiling of small RNAs expressed in the mouse ovary. RNA.
2007;13:2366–80.

17. Torley KJ, Da SJ, Smith P, Anthony RV, Veeramachaneni DN, Winger QA,
et al. Expression of miRNAs in ovine fetal gonads: potential role in gonadal
differentiation. Reprod Biol Endocrinol. 2011;9:2.

18. Da SJ, Veeramachaneni DN, Winger QA, Carnevale EM, Bouma GJ. Cell-secreted
vesicles in equine ovarian follicular fluid contain miRNAs and proteins: a
possible new form of cell communication within the ovarian follicle. Biol
Reprod. 2012;86:71.

19. McBride D, Carre W, Sontakke SD, Hogg CO, Law A, Donadeu FX, et al.
Identification of miRNAs associated with the follicular-luteal transition in the
ruminant ovary. Reproduction. 2012;144:221–33.

20. Tripurani SK, Xiao C, Salem M, Yao J. Cloning and analysis of fetal ovary
microRNAs in cattle. Anim Reprod Sci. 2010;120:16–22.

21. Li M, Liu Y, Wang T, Guan J, Luo Z, Chen H, et al. Repertoire of porcine
microRNAs in adult ovary and testis by deep sequencing. Int J Biol Sci.
2011;7:1045–55.

22. Timoneda O, Balcells I, Cordoba S, Castello A, Sanchez A. Determination of
reference microRNAs for relative quantification in porcine tissues. PLoS ONE.
2012;7, e44413.

23. Hossain MM, Sohel MM, Schellander K, Tesfaye D. Characterization and
importance of microRNAs in mammalian gonadal functions. Cell Tissue Res.
2012;349:679–90.

24. Pati D, Habibi HR. Direct action of GnRH variants on goldfish oocyte meiosis
and follicular steroidogenesis. Mol Cell Endocrinol. 2000;160:75–88.

25. Song YN, Shi LL, Liu ZQ, Qiu GF. Global analysis of the ovarian microRNA
transcriptome: implication for miR-2 and miR-133 regulation of oocyte
meiosis in the Chinese mitten crab, Eriocheir sinensis (Crustacea:Decapoda).
BMC Genomics. 2014;15:547.

26. Xiao G, Xia C, Yang J, Liu J, Du H, Kang X, et al. MiR-133b regulates the
expression of the Actin protein TAGLN2 during oocyte growth and
maturation: a potential target for infertility therapy. PLoS ONE. 2014;9,
e100751.

27. Xu B, Zhang YW, Tong XH, Liu YS. Characterization of microRNA profile in
human cumulus granulosa cells: identification of microRNAs that regulate

Notch signaling and are associated with PCOS. Mol Cell Endocrinol.
2015;404:26–36. doi:10.1016/j.mce.2015.01.030.

28. Lei L, Jin S, Gonzalez G, Behringer RR, Woodruff TK. The regulatory role of
Dicer in folliculogenesis in mice. Mol Cell Endocrinol. 2010;315:63–73.

29. Hossain MM, Ghanem N, Hoelker M, Rings F, Phatsara C, Tholen E, et al.
Identification and characterization of miRNAs expressed in the bovine ovary.
BMC Genomics. 2009;10:443.

30. Zhang J, Ji X, Zhou D, Li Y, Lin J, Liu J, et al. miR-143 is critical for the
formation of primordial follicles in mice. Front Biosci (Landmark Ed).
2013;18:588–97.

31. Zhang Q, Sun H, Jiang Y, Ding L, Wu S, Fang T, et al. MicroRNA-181a
suppresses mouse granulosa cell proliferation by targeting activin receptor
IIA. PLoS ONE. 2013;8, e59667.

32. Lin F, Li R, Pan ZX, Zhou B, Yu DB, Wang XG, et al. miR-26b promotes
granulosa cell apoptosis by targeting ATM during follicular atresia in
porcine ovary. PLoS ONE. 2012;7, e38640.

33. Fiedler SD, Carletti MZ, Hong X, Christenson LK. Hormonal regulation of
MicroRNA expression in periovulatory mouse mural granulosa cells. Biol
Reprod. 2008;79:1030–7.

34. Liu J, Du X, Zhou J, Pan Z, Liu H, Li Q. MicroRNA-26b functions as a
proapoptotic factor in porcine follicular Granulosa cells by targeting Sma-and
Mad-related protein 4. Biol Reprod. 2014;91:146.

35. Portela VM, Dirandeh E, Guerrero-Netro HM, Zamberlam G, Barreta MH,
Goetten AF, et al. The role of fibroblast growth factor-18 in follicular atresia
in cattle. Biol Reprod. 2015;92:14.

36. Bommer GT, Gerin I, Feng Y, Kaczorowski AJ, Kuick R, Love RE, et al. p53-
mediated activation of miRNA34 candidate tumor-suppressor genes. Curr Biol.
2007;17:1298–307.

37. Corney DC, Flesken-Nikitin A, Godwin AK, Wang W, Nikitin AY. MicroRNA-34b
and MicroRNA-34c are targets of p53 and cooperate in control of cell
proliferation and adhesion-independent growth. Cancer Res. 2007;67:8433–8.

38. Tu F, Pan ZX, Yao Y, Liu HL, Liu SR, Xie Z, et al. miR-34a targets the inhibin
beta B gene, promoting granulosa cell apoptosis in the porcine ovary.
Genet Mol Res. 2014;13:2504–12.

39. Carletti MZ, Fiedler SD, Christenson LK. MicroRNA 21 blocks apoptosis in
mouse periovulatory granulosa cells. Biol Reprod. 2010;83:286–95.

40. Murchison EP, Stein P, Xuan Z, Pan H, Zhang MQ, Schultz RM, et al. Critical
roles for Dicer in the female germline. Genes Dev. 2007;21:682–93.

41. Watanabe T, Totoki Y, Toyoda A, Kaneda M, Kuramochi-Miyagawa S, Obata
Y, et al. Endogenous siRNAs from naturally formed dsRNAs regulate
transcripts in mouse oocytes. Nature. 2008;453:539–43.

42. van den Hurk R, Zhao J. Formation of mammalian oocytes and their
growth, differentiation and maturation within ovarian follicles.
Theriogenology. 2005;63:1717–51.

43. Toloubeydokhti T, Bukulmez O, Chegini N. Potential regulatory functions of
microRNAs in the ovary. Semin Reprod Med. 2008;26:469–78.

44. Florio P, Gabbanini M, Borges LE, Bonaccorsi L, Pinzauti S, Reis FM, et al.
Activins and related proteins in the establishment of pregnancy. Reprod Sci.
2010;17:320–30.

45. Feng XH, Derynck R. Specificity and versatility in tgf-beta signaling through
Smads. Annu Rev Cell Dev Biol. 2005;21:659–93.

46. Miyazawa K, Shinozaki M, Hara T, Furuya T, Miyazono K. Two major Smad
pathways in TGF-beta superfamily signalling. Genes Cells. 2002;7:1191–204.

47. Yao G, Yin M, Lian J, Tian H, Liu L, Li X, et al. MicroRNA-224 is involved in
transforming growth factor-beta-mediated mouse granulosa cell
proliferation and granulosa cell function by targeting Smad4. Mol
Endocrinol. 2010;24:540–51.

48. Hasuwa H, Ueda J, Ikawa M, Okabe M. miR-200b and miR-429 function in
mouse ovulation and are essential for female fertility. Science. 2013;341:71–3.

49. Xu S, Linher-Melville K, Yang BB, Wu D, Li J. Micro-RNA378 (miR-378)
regulates ovarian estradiol production by targeting aromatase.
Endocrinology. 2011;152:3941–51.

50. Dai A, Sun H, Fang T, Zhang Q, Wu S, Jiang Y, et al. MicroRNA-133b
stimulates ovarian estradiol synthesis by targeting Foxl2. FEBS Lett.
2013;587:2474–82.

51. Yin M, Lu M, Yao G, Tian H, Lian J, Liu L, et al. Transactivation of
microRNA-383 by steroidogenic factor-1 promotes estradiol release from
mouse ovarian granulosa cells by targeting RBMS1. Mol Endocrinol.
2012;26:1129–43.

52. Sui S, Jia Y, He B, Li R, Li X, Cai D, et al. Maternal low-protein diet alters
ovarian expression of folliculogenic and steroidogenic genes and their

Li et al. Journal of Ovarian Research  (2015) 8:51 Page 7 of 8

http://dx.doi.org/10.1016/j.mce.2015.01.030


regulatory MicroRNAs in neonatal piglets. Asian-Australas J Anim Sci.
2014;27:1695–704.

53. Yao N, Yang BQ, Liu Y, Tan XY, Lu CL, Yuan XH, et al. Follicle-stimulating
hormone regulation of microRNA expression on progesterone production
in cultured rat granulosa cells. Endocrine. 2010;38:158–66.

54. Sirotkin AV, Ovcharenko D, Grossmann R, Laukova M, Mlyncek M.
Identification of microRNAs controlling human ovarian cell steroidogenesis
via a genome-scale screen. J Cell Physiol. 2009;219:415–20.

55. Veiga-Lopez A, Luense LJ, Christenson LK, Padmanabhan V. Developmental
programming: gestational bisphenol-A treatment alters trajectory of fetal
ovarian gene expression. Endocrinology. 2013;154:1873–84.

56. Luense LJ, Veiga-Lopez A, Padmanabhan V, Christenson LK. Developmental
programming: gestational testosterone treatment alters fetal ovarian gene
expression. Endocrinology. 2011;152:4974–83.

57. Zheng H, Zhang L, Zhao Y, Yang D, Song F, Wen Y, et al. Plasma miRNAs as
diagnostic and prognostic biomarkers for ovarian cancer. PLoS ONE. 2013;8,
e77853.

58. Iorio MV, Visone R, Di Leva G, Donati V, Petrocca F, Casalini P, et al. MicroRNA
signatures in human ovarian cancer. Cancer Res. 2007;67:8699–707.

59. Dahiya N, Morin PJ. MicroRNAs in ovarian carcinomas. Endocr Relat Cancer.
2010;17:F77–89.

60. Shapira I, Oswald M, Lovecchio J, Khalili H, Menzin A, Whyte J, et al.
Circulating biomarkers for detection of ovarian cancer and predicting
cancer outcomes. Br J Cancer. 2014;110:976–83.

61. Vilming EB, Olstad OK, Haug KB, Brusletto B, Sandvik L, Staff AC, et al. Global
miRNA expression analysis of serous and clear cell ovarian carcinomas
identifies differentially expressed miRNAs including miR-200c-3p as a
prognostic marker. BMC Cancer. 2014;14:80.

62. Calura E, Fruscio R, Paracchini L, Bignotti E, Ravaggi A, Martini P, et al.
MiRNA landscape in stage I epithelial ovarian cancer defines the histotype
specificities. Clin Cancer Res. 2013;19:4114–23.

63. Langhe R, Norris L, Saadeh FA, Blackshields G, Varley R, Harrison A, et al. A
novel serum microRNA panel to discriminate benign from malignant
ovarian disease. Cancer Lett. 2015;356:628–36.

64. Merritt WM, Lin YG, Han LY, Kamat AA, Spannuth WA, Schmandt R, et al.
Dicer, Drosha, and outcomes in patients with ovarian cancer. N Engl J Med.
2008;359:2641–50.

65. Marchini S, Cavalieri D, Fruscio R, Calura E, Garavaglia D, Fuso NI, et al.
Association between miR-200c and the survival of patients with stage I
epithelial ovarian cancer: a retrospective study of two independent tumour
tissue collections. Lancet Oncol. 2011;12:273–85.

66. Park SM, Gaur AB, Lengyel E, Peter ME. The miR-200 family determines the
epithelial phenotype of cancer cells by targeting the E-cadherin repressors
ZEB1 and ZEB2. Genes Dev. 2008;22:894–907.

67. Yang D, Sun Y, Hu L, Zheng H, Ji P, Pecot CV, et al. Integrated analyses
identify a master microRNA regulatory network for the mesenchymal
subtype in serous ovarian cancer. Cancer Cell. 2013;23:186–99.

68. Sun Y, Hu L, Zheng H, Bagnoli M, Guo Y, Rupaimoole R, et al. MiR-506
inhibits multiple targets in the epithelial-to-mesenchymal transition network
and is associated with good prognosis in epithelial ovarian cancer. J Pathol.
2015;235:25–36.

69. Gu Y, Zhang M, Peng F, Fang L, Zhang Y, Liang H, et al. The BRCA1/2-
directed miRNA signature predicts a good prognosis in ovarian cancer
patients with wild-type BRCA1/2. Oncotarget. 2014;6(4):2397–406.

70. Dunaif A. Insulin resistance and the polycystic ovary syndrome: mechanism
and implications for pathogenesis. Endocr Rev. 1997;18:774–800.

71. Yildiz BO, Bozdag G, Yapici Z, Esinler I, Yarali H. Prevalence, phenotype and
cardiometabolic risk of polycystic ovary syndrome under different
diagnostic criteria. Hum Reprod. 2012;27:3067–73.

72. Sorensen AE, Wissing ML, Salo S, Englund AL, Dalgaard LT. MicroRNAs
related to Polycystic Ovary Syndrome (PCOS). Genes (Basel). 2014;5:684–708.

73. Hossain MM, Cao M, Wang Q, Kim JY, Schellander K, Tesfaye D, et al. Altered
expression of miRNAs in a dihydrotestosterone-induced rat PCOS model. J
Ovarian Res. 2013;6:36.

74. Sang Q, Yao Z, Wang H, Feng R, Wang H, Zhao X, et al. Identification of
microRNAs in human follicular fluid: characterization of microRNAs that
govern steroidogenesis in vitro and are associated with polycystic ovary
syndrome in vivo. J Clin Endocrinol Metab. 2013;98:3068–79.

75. Stepto NK, Cassar S, Joham AE, Hutchison SK, Harrison CL, Goldstein RF,
et al. Women with polycystic ovary syndrome have intrinsic insulin

resistance on euglycaemic-hyperinsulaemic clamp. Hum Reprod.
2013;28(3):777–84. doi:10.1093/humrep/des463.

76. Chen YH, Heneidi S, Lee JM, Layman LC, Stepp DW, Gamboa GM, et al.
miRNA-93 inhibits GLUT4 and is overexpressed in adipose tissue of
polycystic ovary syndrome patients and women with insulin resistance.
Diabetes. 2013;62:2278–86.

77. Murri M, Insenser M, Fernandez-Duran E, San-Millan JL, Escobar-Morreale HF.
Effects of polycystic ovary syndrome (PCOS), sex hormones, and obesity on
circulating miRNA-21, miRNA-27b, miRNA-103, and miRNA-155 expression. J
Clin Endocrinol Metab. 2013;98:E1835–44.

78. Slopien R, Warenik-Szymankiewicz A. Premature ovarian failure: diagnosis
and treatment. Clin Exp Obstet Gynecol. 2014;41:659–61.

79. Dang Y, Zhao S, Qin Y, Han T, Li W, Chen ZJ. MicroRNA-22-3p is down-
regulated in the plasma of Han Chinese patients with premature ovarian
failure. Fertil Steril. 2015;103(3):802–7.e1. doi:10.1016/j.fertnstert.2014.12.106.

80. Kuang H, Han D, Xie J, Yan Y, Li J, Ge P. Profiling of differentially expressed
microRNAs in premature ovarian failure in an animal model. Gynecol
Endocrinol. 2014;30:57–61.

81. Rah H, Jeon YJ, Shim SH, Cha SH, Choi DH, Kwon H, et al. Association of
miR-146aC>G, miR-196a2T>C, and miR-499A>G polymorphisms with risk of
premature ovarian failure in Korean women. Reprod Sci. 2013;20:60–8.

Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit

Li et al. Journal of Ovarian Research  (2015) 8:51 Page 8 of 8

http://dx.doi.org/10.1093/humrep/des463
http://dx.doi.org/10.1016/j.fertnstert.2014.12.106

	Abstract
	miRNA profiles in the ovary
	miRNAs and ovarian function
	miRNAs and ovarian follicle development
	miRNAs and ovarian steroidogenesis
	miRNAs and ovarian disorders
	miRNAs and ovarian cancer
	miRNAs and PCOS
	miRNAs and premature ovarian failure (POF)

	Conclusions and future directions
	Additional files
	Abbreviations
	Competing interests
	Authors’ contributions
	Authors’ information
	Acknowledgments
	Funding
	Author details
	References



