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Abstract 
 

Post-transcriptional gene regulation, a 
regulatory mechanism classically involved in female 
and male germ cell function, has recently been 
implicated in control of somatic cells of the ovary and 
testis. Recent advancements in this field may be 
attributed primarily to the discovery and study of 
microRNAs (miRNA), small RNA transcripts that can 
influence mRNA expression via post-transcriptional 
gene regulatory mechanisms. In the ovary, targeted 
deletion of Dicer 1, a key enzyme in miRNA 
biogenesis, provided the first empirical evidence that 
miRNA/siRNA were critically involved in multiple 
aspects of ovarian function (folliculogenesis, oocyte 
maturation, ovulation, and luteal function). Functional 
studies of miRNA in the ovary have mostly focused on 
granulosa cells during the critical period of the ovarian 
cycle surrounding the ovulatory surge of luteinizing 
hormone (LH). Specific miRNA have been implicated 
in ovarian responses, due to their transcriptional 
induction by the LH surge (i.e., miR-21, -132 and -212) 
or through bioinformatic approaches (miR-224, -17-5p 
and let-7b). Numerous other miRNA are highly 
abundant in ovarian somatic tissues, suggesting that we 
have much to discover with respect to the role of 
miRNA and regulation of ovarian function. This review 
will recap the key observations of these early studies 
and provide insight into future experiments that might 
further our understanding of ovarian function. 
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Introduction 
 

Post-transcriptional gene regulation refers to 
many different regulatory events that can occur 
following transcription of a nascent messenger RNA 
transcript. These post-transcriptional processes include: 
RNA attenuation, alternative splicing, polyadenylation, 
RNA editing, mRNA transport/localization, mRNA 
degradation and events associated with the initiation and 
regulation of translation. Interestingly, many of these 
post-transcriptional gene regulatory mechanisms have 
been well studied in both the male and female germ 
cells, as it was recognized that germ cell transcription 
and protein synthesis were uncoupled at different 
periods during gamete development (Racki and Richter, 
2006). Most recently the identification and discovery of 
microRNA (miRNA) mediated regulation of gene 

expression has led to resurgence in the study of post-
transcriptional gene regulation (Bartel, 2009). 
MicroRNA function in reproductive tissues and diseases 
have been covered in depth in previous reviews (Carletti 
and Christenson, 2009; Luense et al., 2009). In this 
mini-review, I will introduce what we have learned 
about miRNA in the ovary through the use of mouse 
genetic models and studies of specific miRNA that are 
differentially expressed in ovarian granulosa cells.  
 

Biosynthesis of small non-coding RNAs 
 

Most miRNA arise from the progressive 
processing of a large RNA transcript, referred to as 
primary-miRNA (pri-miRNA) by Drosha and its RNA-
binding cofactor DiGeorge syndrome critical region 
gene 8 (DGCR8; Bartel, 2004). Within the nucleus, 
these two proteins convert pri-miRNA to ~70-100 base 
precursor-miRNA (pre-miRNA) that contain a 
characteristic hairpin loop. The pre-miRNAs are 
transported to the cytosol where Dicer, a RNAse III 
endonuclease, removes the hairpin loop to form the ~21 
base nucleotide mature miRNA (Bartel, 2004). Direct 
transcription of short hairpin RNAs and mirtrons (i.e., 
pre-miRNA that arise from intron excision) short circuit 
the standard miRNA biogenesis process by eliminating 
the need for Drosha/DGCR8 mediated cleavage 
(Berezikov et al., 2007; Babiarz et al., 2008). These 
alternative "pre-miRNA" still require Dicer to remove 
the hairpin loop and generate the mature miRNA. Thus, 
a number of laboratories designed floxed Dicer 1 (a.k.a. 
Dicer) deletion constructs to investigate the role of 
miRNA (Harfe et al., 2005; Andl et al., 2006; Yi et al., 
2006; Mudhasani et al., 2008). However, the recent 
identification of endogenous small interfering RNA 
(siRNA) that require Dicer for their synthesis and a 
Dicer independent miRNA biogenic pathway has 
muddied the simple "paradigm" that deletion of Dicer 
was synonymous with deletion of all miRNAs.  

Endogenous siRNA utilize the well-known 
RNAi pathway in which Dicer cleaves double stranded 
RNA (dsRNA) to manipulate gene expression (Babiarz 
et al., 2008; Tam et al., 2008; Watanabe et al., 2008). In 
this regulatory system, endogenous dsRNAs are 
postulated to originate from pseudogenes that encode a 
complementary mRNA allowing for formation of 
dsRNA templates needed for Dicer cleavage and 
formation of endogenous siRNAs (Tam et al., 2008; 
Watanabe et al., 2008). To separate the effects of these 
closely related classes of RNA species (i.e., miRNA and 
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siRNA), laboratories have subsequently targeted the 
deletion of DGCR8 in tissues, which should then 
specifically block the miRNA pathway and leave the 
endogenous siRNA pathway intact (Wang et al., 2007).  

Lastly, the Dicer independent miRNA 
biogenesis pathway (Chelouf et al., 2010; Cifuentes et 
al., 2010) adds even further complexity to interpretation 
of the miRNA/siRNA deletion studies. The Dicer 
independent miRNA synthesis pathway utilizes 
argonaute 2 (Ago2), a key component of the RNA 
induced silencing complex (RISC) to catalyze the 
synthesis of miR-451 from its pre-miRNA form 
(Cheloufi et al., 2010; Cifuentes et al., 2010). It should 
be noted that the Dicer independent pathway appears to 
operate on a specific miRNA (Cheloufi et al., 2010; 
Cifuentes et al., 2010). Further studies will be needed to 
determine the importance of this biogenic pathway and 
whether it involves the synthesis of other miRNAs.  
 

Ovarian small non-coding RNAs 
 

MicroRNA, endogenous siRNA and unique 
Piwi interacting RNA (piRNA) make up the majority of 
small (<30 bases) non-coding regulatory RNAs within 
ovarian tissue (Choi et al., 2007; Ro et al., 2007; 
Mishima et al., 2008; Sirotkin et al., 2009; Yao et al., 
2009; Ahn et al., 2010; Tripurani et al., 2010). Thus far, 
most of the cloning and next-generation sequencing 
studies that have identified the small non-coding RNA 
have utilized whole ovarian tissues, which limit our 
understanding of the functional role these small RNA 
play within the ovary. This is largely due to the diverse 
and heterogeneous nature of ovarian tissue, which 
contains germ cells and somatic cells (i.e., granulosa, 
thecal, luteal, endothelial, immune cells, epithelial cells, 
etc) at varying stages of maturation. While the 
consensus of the literature is that piRNAs are of germ 
cell origin (Thomson and Lin, 2009), it has not yet been 
proven that ovarian somatic cells cannot produce these 
unique RNA transcripts. With respect to endogenous 
siRNAs, they have been clearly identified in oocytes 
and in cultured cell lines (Babiarz et al., 2008; Tam et 
al., 2008; Watanabe et al., 2008), but not yet in ovarian 
somatic tissue. In the case of miRNA, our laboratory 
has clearly shown that granulosa cells collected 
immediately before and 4 h after the ovulatory surge of 
LH/hCG exhibit differential miRNA gene expression 
(Fiedler et al., 2008). This study indicated that 
granulosa cells expressed over 212 different miRNA. 
Interestingly, current studies indicate that while miRNA 
are present in the oocyte, they appear to have limited or 
severely suppressed activity (Ma et al., 2010; Suh et al., 
2010). Lastly, the analysis of miRNA gene expression 
and function in other ovarian somatic cells such as 
thecal and luteal cells remains unexplored.  
 

Targeted deletion of Dicer and DGCR8 in 
ovarian cells 

 
In 2007, Murchison et al. reported the oocyte 

specific depletion of Dicer in mice using a ZP-3 
promoter-Cre. This study revealed that although ZP-3 
expression occurs early in the development of the 
oocyte, the only oocyte defects occurred after the 
ovulatory surge, with defects in spindle organization 
and chromatin segregation being observed during 
meiosis (Murchison et al., 2007). Moreover, ovarian 
folliculogenesis appeared normal, indicating that oocyte 
miRNA and endogenous siRNA post-transcriptional 
gene regulation did not impact those oocyte genes 
involved in regulation of the surrounding cumulus cells. 
The extent of oocyte endogenous siRNA regulation and 
the specific genes regulated by this mechanism are not 
well established, although it has been observed that a 
number of genes involved in microtubule-based 
processes were upregulated following loss of Dicer (Tam 
et al., 2008). Utilizing two markedly different approaches 
the laboratories of Schultz/Svoboda and Blelloch (Ma et 
al., 2010; Suh et al., 2010) have demonstrated that miRNA 
function is limited in oocytes and early embryos. Using a 
series of reporter assays, Ma et al. (2010) showed that fully 
grown GV oocytes and MII eggs exhibit decreased 
miRNA activity. The targeted deletion of oocyte 
DGCR8, an enzyme specific for miRNA biosynthesis, 
had no adverse effect on maturation of oocytes (Suh et 
al., 2010). This finding implicated endogenous siRNA 
in the developmental abnormalities caused by knocking 
out Dicer (Suh et al., 2010).  

In 2008 and 2009, our laboratory and others 
reported that Amhr2-Cre mediated deletion of Dicer in 
mice had profound effects on uterine and oviductal 
development and function as well as ovarian function 
(Hong et al., 2008; Nagaraja et al., 2008; Gonzalez and 
Behringer, 2009; Pastorelli et al., 2009). Female 
infertility was shown to be a result of a primary 
oviductal defect (Hong et al., 2008; Gonzalez and 
Behringer, 2009). Additionally, these mice exhibited 
reduced ovarian function as evidenced by decreased 
ovulation rates (natural and gonadotropin-induced; 
Hong et al., 2008; Nagaraja et al., 2008), which was 
attributed to loss of miRNA within the Amhr-2 
expressing granulosa cells. Furthermore, female 
infertility was observed in another mouse model that 
exhibits an 80% reduction in DICER expression 
(Otsuka et al., 2008). These female mice exhibited 
normal ovulation rates but the corpora lutea had reduced 
progesterone output and as a result the mice were 
unable to sustain pregnancies. These investigators went 
on to show that loss of Dicer decreased vascularization 
of the corpora lutea and that exogenous administration 
of two miRNA (miR-17-5p and let-7b) could prevent
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this loss (Otsuka et al., 2008). These studies indicate a 
role for Dicer in ovarian function; however, the role of 
endogenous siRNA versus miRNA mediated post-
transcriptional gene regulation has not been directly 
addressed in ovarian somatic cells.  
 

MicroRNA control of ovarian function 
 

Our understanding of how specific miRNA 
regulate developmental and physiological events is in its 
infancy in most organ systems including the ovary. In 
addition to the forementioned miR-17-5p and let-7b, 
which were linked to luteal tissue vascularization 
(Otsuka et al., 2008), only 4 other miRNA have been 
functionally studied in the ovary. Three of these 
miRNA, miR-21, -132, and -212 increased in granulosa 
cells following the LH surge (Fiedler et al., 2008), while 
miR-224 expression increased in cultured mouse 
granulosa cells in response to TGF-β1 exposure (Yao et 
al., 2010). The putative functional roles these later four 
miRNA have on granulosa cell function and ovarian 
physiology are discussed below. 

MicroRNA-224 was identified as one of 16 
TGF-β1 regulated miRNA in cultured murine preantral 
granulosa cells (Yao et al., 2010). Using bioinformatics 
these investigators identified Smad4 as a potential target 
of miR-224 and demonstrated that over expression of 
miR-224 decreased granulosa cell Smad4 protein levels 
dramatically. Consistent with a miRNA effect on 
translation, Smad4 mRNA expression was not 
significantly changed (although a non-significant 10-
15% decrease was observed). The functional aspects of 
miR-224 over expression and inhibition on granulosa 
cell proliferation and steroidogenesis were difficult to 
interpret due to inappropriate statistical analyses and 
inconsistent induction of miR-224 expression by TGF-
 β1 (Yao et al., 2010).  

MicroRNA-21, a widely studied miRNA due to

its general upregulation in almost all cancers and 
tumors, was shown to rapidly increase following in vivo 
LH/hCG administration (Carletti et al., 2010). 
Expression of mature miR-21 in granulosa cells was 
preceded by increased in vivo transcription of pri-miR-
21. However, when granulosa cells were placed into 
accompanied changes in pri-miR-21 expression. 
Furthermore, exogenous administration of cAMP (i.e., 
8-bromo-cAMP) had no effect on miR-21 expression in 
cultured granulosa cells. Interestingly, expression of 
miR-21 has previously been shown to be post-
transcriptionally regulated, along with being an effector 
of post-transcriptional gene regulation (Davis et al., 
2008). Consistent with findings in a number of other 
cell types, inhibition of miR-21 activity in cultured 
granulosa cells using a complementary locked nucleic 
acid (LNA-21) induced apoptosis (Carletti et al., 2010). 
In other cells a number of miR-21 target genes (>10) 
have been implicated in miR-21’s anti-apoptotic effects 
including PTEN, sprouty 2, tropomyocin 1 and 
programmed cell death 4 (PDCD4) and others (see 
references within Carletti et al., 2010). Remarkably, 
none of these known miR-21 target transcript have been 
shown to change in granulosa cells, therefore the 
granulosa cell miR-21 target transcript(s) have remained 
elusive. This observation that targets of miRNA are cell 
specific is becoming increasingly established in the 
literature (Sood et al., 2006). It is noteworthy, that in 
vivo blockade of miR-21 action following ovarian 
bursal injection with a blocking LNA-21 decreased the 
ovulation rate (Carletti et al., 2010). This effect was 
similar to the effect targeted deletion of Dicer had on 
ovulation rate (Hong et al., 2008; Nagaraja et al., 
2008). These studies indicate a role for miR-21 in 
preventing apoptosis in the periovulatory granulosa 
cells as they transition to luteal cells, yet the 
mechanisms and genes regulated by miR-21 remain to 
be determined (Fig. 1).  

 

 
Figure 1. The ovulatory surge of LH signals through the LH receptor on granulosa cells to induce the expression of 
the pri-miR-21 transcript and ultimately the mature form of the miR-21. MicroRNA-21 in turn regulates the 
expression of yet unknown gene transcripts to maintain granulosa cell survival and promote ovulation. The signifies 
that we have yet to uncover the transcription factors and intracellular cell signaling cascades that mediate LH-
induced increased pri-miR-21 transcription.  
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In contrast to miR-21, the other two in vivo 
LH/hCG-induced miRNA (i.e., miR-132 and miR-212) 
did not increase in granulosa cells upon placement in to 
culture. Moreover, granulosa cell miR-132 and miR-
212, which arise from a single pri-miRNA transcript, 
exhibited a robust increase in response to 8-Br-cAMP 
(Fiedler et al., 2008). The promoter that drives pri-
miR132/212 expression is responsive to cAMP and 
contains two CREB binding sites (Vo et al., 2005). 
Linked to the recognition of the target mRNA 
transcripts, the seed sequence (i.e., bases 2-8) of these 
two miRNA share 100% homology suggesting that 
these miRNA likely regulate a similar set of genes. C-
terminal binding protein -1 (CTBP-1) a putative miR-
132/212 target gene identified in hippocampus cells was 
also regulated in murine granulosa cells following 
blockade of miR-132 and miR-212 action with 
complementary LNA-oligonucleotides (Vo et al., 2005; 
Fiedler et al., 2008). However, while a target protein 
was identified no functional effect on granulosa cell 
steroidogenesis, cell proliferation, and apoptosis was 
observed following loss of miR-132/212 action (Fiedler 
et al., 2008). Recently, in a study describing cocaine 
addiction, the phospho-CREB induced expression of 
miR-212 was shown to regulate an inhibitor of Raf-1 
signaling cascade (Hollander et al., 2010). In turn the 
loss of repression of Raf-1 maintained the increase in 
phospho-CREB, which could then upregulate miR-
132/212 promoter activity and further increase miR-212 
expression, setting up a positive feed-forward loop. 
Following the LH surge the LH receptor is 
downregulated (Menon et al., 2010), this type of feed-
forward loop could be envisioned to maintain the 
intracellular signaling required for luteinization.  

These studies indicate a role for miR-21 in 
preventing apoptosis in the periovulatory granulosa cells 
as they transition to luteal cells, yet the mechanisms and 
genes regulated by miR-21 remain to be determined 
(Fig. 1). 

 

Conclusions 
 

Insights into ovarian miRNA expression and 
function are just beginning to be elucidated. Numerous 
miRNA have been identified in granulosa cells of the 
ovary with unknown function, several select miRNA 
have been shown to exhibit differential expression in 
response to hormonal stimulation and putative functions 
are being unraveled for these miRNA. Conversely, 
expression of miRNA by other somatic cells (i.e., thecal 
and luteal) within the ovary remains unknown. While a 
role for miRNA in the etiology of diseases in other 
tissues has been established, whether ovarian miRNA 
might have a similar role in reproductive infertility 
disorders such as polycystic ovarian syndrome (PCOS) 
has not yet been reported. While much remains to be 
discovered with respect to miRNA in ovarian tissue, the 
studies discussed indicate a significant role for miRNA 
regulation of gene function in the ovary.  
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