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MicroRNAs (miRNAs) are important gene expression regulators. It has been
previously shown that miR-378 down-regulates estradiol production via suppression of
aromatase translation. This study examined if the expression of miR-378 is regulated by
ovarian factors known to play important roles in reproductive function. Granulosa cells
were cultured in various concentrations of ovarian factors, and real-time RT-PCR
revealed follicle stimulating hormone (FSH) decreased miR-378. To investigate the
mechanism of FSH inhibition, the influence FSH on suppressive transcription factor
expression was examined and GATA-4 was found to be significantly increased with
FSH. Gain of function and loss of function approaches were used to determine the
influence of GATA-4 on miR-378 expression. Our results suggest that down-regulation
of miR-378 by FSH is not mediated by the transcriptional repressor, GATA-4. Future
studies investigating suppression of transcriptional activators by FSH would be valuable
in elucidating the mechanism of miR-378 regulation by FSH.
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LITERATURE REVIEW
Follicular Development
i) Ovarian follicle development
Mammalian follicular growth and development is initiated and controlled by a
complex interaction between physiological, molecular, and genetic determinants. During
the process of follicular maturation many cellular changes occur that regulate cell
differentiation and are required to support oocyte competence. These changes are
mediated in a dynamic fashion by autocrine, paracrine and endocrine factors including
growth factors and hormones acting to control cell signalling, cell-cell adhesion, and cellextracellular matrix interactions [1]. Follicular growth is most clearly evident by the
growth of the pre-antral follicles including primordial, primary and secondary stage
follicles. This growth is characterized by the expansion of the follicular basal lamina
which is associated by an increase in oocyte size and the number of granulosa cells.
Once this process is initiated, the thecal cells are also signalled to begin differentiation in
preparation for oocyte release and potential fertilization[1]. A greater understanding of
the many factors contributing to follicular maturation is fundamental to understanding
ovarian function.
The first stage of follicular development begins with the formation of the
primordial follicles characterized by a single precursor somatic squamous cell layer
around the oocyte, which then serves as the source of developing follicles throughout the
female’s reproductive life. The next stage of development is initiated by the recruitment
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of selected follicles from this pool, to become primary follicles. These primary follicles
undergo an extensive growth phase including growth of the oocyte as well as the
surrounding granulosa cell layer which become cuboidal and proliferative. As these
granulosa cells continue to proliferate, the secondary follicle is formed when the oocyte
becomes surrounded by more than one layer of granulosa cells [2]. The next stage of
development is characterized by the formation of cavities which fill with follicular fluid.
Once the follicles develop to this stage they become more responsive and dependent on
gonadotropins to reach full maturity and undergo ovulation. Following the surge of
gonadotropins, these follicles are referred to as pre-ovulatory follicles. Once the follicular
antrum is formed, the granulosa cells become either cumulus cells associated with the
oocyte, or mural granulosa cells which line the follicular wall [2]. The newly formed
cumulus cells have processes which penetrate the zona pellucida of the oocyte and
facilitate communication via gap junctions located on the ends of these processes [1].
These gap junctions allow the transfer of small molecular weight molecules such as
metabolites, ions, and amino acids facilitating oocyte development and maturation [3].
This organization of cells around the oocyte allows for communication between the
oocyte and cumulus cells, as well as between neighbouring cumulus cells. During this
process several critical steps are activated in the pre-ovulatory follicle in preparation for
ovulation of the mature cumulus oocyte complex (COC). Following the surge of
luteinizing hormone (LH), cumulus cells express specific genes that are required for their
terminal differentiation. These changes include the production of an extracellular matrix
(ECM) that the cells use to move away from the oocyte mediating cumulus expansion
[4]. Cumulus cells produce large quantities of extracellular matrix proteins, with
2

hyaluronan being the principle structural backbone of the matrix. This is further
stabilized by hyaluronan binding proteins, such as, versican, inter-α trypsin inhibitor (IαI)
and tumor necrosis factor stimulated gene-6 (TSG-6). Maturation of the follicle
throughout development is facilitated by constant remodelling of the extracellular matrix,
which is also required during atresia, ovulation, development and maintenance, and
regression of the corpus luteum. Matrix metalloproteinases (MMPs) act to cleave
specific components of the ECM, and have been detected at all stages of follicular
development. One suggested goal of MMPs in remodelling follicle ECM is to establish a
vascular supply within the thecal layer to facilitate follicular expansion. Another
important function of MMPs is facilitating the bioavailability of growth factors
sequestered in the ECM in either an inactive form or in association with binding proteins
which can be liberated by proteolysis of the ECM. Growth factors and growth factor
binding proteins capable of binding within the ECM include fibroblast growth factor
molecules, transforming growth factor β (TGF-β), platelet derived growth factor (PDGF),
hepatocyte growth factor (HGF), EGF, and insulin like growth factor binding protein
3(IGFBP-3) [5]. In addition to this process, oocytes also undergo two critical steps
during maturation in preparation for ovulation, known as nuclear and cytoplasmic
maturation. Oocyte maturation consists of several steps including re-entry into the cell
cycle and completion of the first meiotic division and following ovulation, progression to
metaphase II [4]. The cytoplasmic changes that occur include specific expression of
maternal mRNAs and synthesis of proteins, and organelle modifications in preparation
for the transition from meiotic to mitotic cell cycle, supporting developmental
competence.
3

ii) Regulation of ovarian follicular development
Intra-ovarian factors secreted by oocytes and granulosa cells
Another critical aspect for follicular development which must be considered is the
interaction between the follicular somatic cells and the oocyte. One study which
provided evidence for this relationship is by Hirshfield et al. 1986, in which granulosa
cells closest to oocytes showed greater proliferative activity than more distal granulosa
cells [6]. The interaction between follicle somatic cells and the oocyte is often mediated
via factors secreted into the follicular fluid. It is considered an ultrafiltrate of serum
which has modified composition as a result of products secreted from the oocyte and
somatic cells of the follicle. [4, 7-11]. Many bioactive growth factors have been
identified in ovarian follicular fluid.
Vascular endothelial growth factor (VEGF) has been reported to be involved in
oocyte maturation as it enhances vascularisation via stimulation of the vascular
endothelial growth factor receptor (VEGFR) leading to migration and differentiation of
blood vessels, thereby increasing the availability of serum factors such as follicle
stimulating hormone (FSH) and LH. The EGF-like growth factor amphiregulin (AREG),
functions to mediate the LH induction of ovulation in pre-ovulatory follicles and
granulosa cell differentiation [12-14]. Another important factor is growth differentiation
factor 9 (GDF9), which is a member of the TGF-β family and has been shown to be
expressed by mammalian oocytes throughout ovulation beginning in pre-antral follicles
and is involved in the selection of primordial follicles for further development beyond the
primary follicle stage [15]. GDF9 has also been shown to be critical for granulosa cell
4

development as somatic cells fail to develop beyond the primary stage in GDF9 null mice
[16]. Similarly, bone morphogenetic protein 15 (BMP-15) is also a member of the TGFβ family and exhibits a similar pattern of expression as GDF9. It is suggested that one
mechanism in which oocytes regulate granulosa cell proliferation is through the
synergistic effects of GDF9 and BMP15, as these factors have been shown to promote
granulosa cell proliferation from small antral follicles [2].
Leptin is a well known adipocyte hormone which functions primarily as an
important regulator of energy homeostasis. In a review by Moschos et al. (2002),
observational studies were described indicating that leptin excess, deficiency, or
resistance may be associated with abnormal reproductive function. Leptin may act as a
bioactive signalling factor between adipose tissue and the reproductive system indicating
adequacy of energy reserves for reproductive function [17]. Transforming growth factor
alpha (TGF-α) which is a polypeptide growth factor has also been localized in the ovarian
follicular fluid. This mitogenic growth factor is likely involved in the growth and
differentiation of ovarian somatic cells [18]. Brain derived neurotrophic growth factor
(BDNF) belongs to the neurotrophin family of proteins and is known to activate the TrkB
receptor stimulating many cascades regulating development and has been shown to be
required for follicular growth and oocyte survival in mammalian ovaries. BDNF has
been shown to be an essential paracrine factor for the development and maturation of
early ovarian follicles. BDNF has also been shown to play a role in promoting the first
polar body extrusion and preparing the oocyte for fertilization and maturation into a
preimplantation embryo [19]. Current evidence suggest insulin like growth factor 1and 2
(IGF-I+II) play a role in the regulation of early and late stage mammalian follicular
5

development. IGFs have been previously shown to be important in second stage follicles
and onward mediating the effects of gonadotropins. In addition, IGFs are also suggested
to act as survival factors for early stage follicles promoting cell proliferation of granulosa
cells [20]. Basic fibroblast growth factor (bFGF) is an important factor in mammalian
reproduction as it regulates a wide range of ovarian functions such as granulosa cell
mitosis, steroidogenesis, differentiation, and apoptosis. bFGF has been shown to be
produced in granulosa cells at the pre-antral and antral follicle stages of development
[21]. A cytokine produced by granulosa cells known as leukemia inhibitory factor (LIF),
has recently been shown to promote the primordial to primary follicle transition [22]. It
is suggested that LIF functions with other factors such as bFGF in a network of signalling
factors to promote this transition and initiate folliculogenesis. However, further studies
are needed to determine the exact mechanisms and signalling events regulating follicle
growth and development.
Epidermal growth factor (EGF) is a single chain polypeptide originally discovered
by Stanley Cohen in 1962 [23]. One of the most well known and critical responses
caused by EGF is increased cell proliferation. This effect has been shown in epidermal
and epithelial cells in whole animals as well as in a variety of other cell types in culture.
In addition to the mitogenic effects of EGF, it has also been shown in mice that EGF
promotes germinal vesical breakdown (GVBD) in the oocyte [24]. It has also been
shown in many species that EGF triggers cumulus cell expansion and supports the
transition of the oocyte through meiosis I and meiosis II [4]. EGF not only promotes
nuclear maturation, but also promotes cytoplasmic maturation through increased protein
synthesis. In a study by Goff et al. 2001, the presence of EGF was shown to alter the
6

synthesis or post translational modification of eight different proteins which are likely
required for normal maturation and development [25]. Not only does EGF alone elicit
effects on cell function, but it has also been shown to modulate the effects of vital factors
within developing follicles. In particular, EGF has been shown to modulate FSH
mediated granulosa cell differentiation. One well known effect of EGF is the ability to
inhibit the FSH induced expression of the LH receptor in granulosa cells [26]. It has also
been shown that EGF stimulation can result in progesterone and 20αdihydroprogesterone formation in granulosa cells [27, 28].
In order for EGF to elicit its effects on target cells, the EGF receptor (EGFR)
must also be expressed. This transmembrane glycoprotein receptor allows EGF binding
through its extracellular ligand binding domain, leading to stimulation of phosphorylation
of the receptor as well as numberous other target proteins. Along with the ligand binding
domain, EGFR also consists of a short hydrophobic transmembrane domain, and a
conserved cytoplasmic tyrosine kinase domain [29]. It has been suggested that EGF may
be produced locally in ovarian follicles and may have a very important physiological role
in the regulation of follicular development and oocyte maturation [23]. However, the
local production of EGF within ovarian follicles remains controversial as there is some
discrepancy as a result of the various species used for the follicle or granulosa cell model.
The expression of EGF at the mRNA and protein level has been shown in the oocyte and
granulosa cells of early and late stage follicles in hamsters, goats, humans, and pigs [2830]. Equally important, is the expression of EGFR mRNA and protein which is required
for EGF to elicit its effects, which has been shown in the oocyte and granulosa cells of
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early and late stage follicles in rat, human, pig, cattle, mouse, goat, and hamster [29, 3137].
Glial cell line derived neurotrophic factor (GDNF) is a neurotrophic factor that
was first identified as promoting the growth, survival, and differentiation of neurons and
was specifically shown to prevent the degradation of dopaminergic neurons in the brain
[38], functioning via a protein complex. The GDNF family receptor α 1 (GFRα1)
preferentially binds GDNF, which then functions as a ligand-receptor complex to activate
the ubiquitous tyrosine kinase receptor RET [39]. The stimulation of RET facilitates the
activation of intracellular signalling pathways involved in cell proliferation and
differentiation. GDNF expression in the ovary has been shown to increase with maturity,
specifically in pre-ovulatory follicles close to ovulation [40]. GDNF has been shown to
be present in the cytoplasm of primordial follicle oocytes as well as oocytes, granulosa
cells, and thecal cells of antral follicles. Further observations have suggested that
endogenous ovarian GDNF promotes the primordial to primary follicle transition through
autocrine signalling to GFRα1 receptors in oocytes [39]. In addition, it has been
suggested that in antral follicles, there is a shift in ligand and receptor expression which
alters the physiological function of GDNF facilitating both autocrine and paracrine roles
in promoting antral follicle development [39]. A recent study by Linher et al. (2007), has
provided evidence that GDNF acts as an important regulator via autocrine and paracrine
actions during ovarian follicular development. Linher et al. (2007), has shown that
GDNF as well as GFRα1 and RET are expressed in COCs during folliculogenesis, and
GDNF acts to elicit responses from both oocytes and cumulus granulosa cells [41]. This
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study also provided evidence that GDNF stimulates cumulus cell expansion, promotes
meiotic progression to meiosis II (MII), increases oocyte cyclin B1 expression, and
enhances oocyte developmental competence during follicular maturation and
development [41]. GDNF has been shown to significantly increase the percentage of
oocytes from early stage follicles that reach the MII stage. The importance of this effect
is clear as the majority of oocytes isolated from early stage follicles are meiotically
incompetent and do not have adequate components in the cytoplasm to sustain further
development, and therefore depend on stimulation by intra-ovarian factors. This study
also reported no difference in the mRNA expression of GDNF and its receptors in
oocytes derived from early and late stage follicles. In addition, GDNF protein was
present at similar levels in the follicular fluid from both early and late stage follicles [41].
Interestingly, it has also been found that GDNF activity affects a variety of ovarian
secreted growth factors such as; anti-müllerian hormone (AMH), connective tissue
growth factor (CTGF), fibroblast growth factor-8 (FGF-8), GDF9, and stannioclacin1(STC1). All of these factors have been shown to play a role in ovarian function [39].
Other signalling factors which have been shown to impact ovarian cell function
and organization are members of the Wnt and Frizzled family of signalling molecules.
Wnts are secreted signalling molecules that act to control many processes influencing cell
proliferation and differentiation. Wnts act by binding to G-protein-coupled receptors of
the Frizzled family stimulating signalling cascades that impact the development and
function of reproductive organs. Wnt-4 provides an example of the importance of such
signalling factors, as mice null for Wnt-4 have sex reversed ovaries and express genes
characteristic of testes development such as Müllerian inhibiting substance (MIS) [42].
9

Wnt-4 is expressed in primary follicle granulosa cells and has been shown to have
increased expression following the LH surge. Although it is known that the Wnt/Frizzled
signalling pathway is important for the growth and development of ovarian follicles, the
regulatory mechanisms of these molecules as well as other potential downstream targets
needs to be further investigated [43].

Gonadotropin regulation of follicular maturation
During follicular development, selected follicles undergo an irreversible course of
oocyte growth, granulosa cell proliferation, and thecal cell differentiation. These
resulting follicles become extremely responsive to gonadotropins secreted from the
anterior pituitary gland. Increased levels of FSH signal and promote development to the
pre-ovulatory stage. This stage is characterized by an increased ability to synthesize
estradiol, formation of the large fluid filled antrum, and the expression of the LH
receptor. These phenotypic changes allow for an increased level of circulating estradiol
(Figure 1). Once estradiol peaks, it acts on the hypothalamic-pituitary axis leading to an
increased release of LH, known as the LH surge [44]. Since the LH receptor is expressed
in healthy pre-ovulatory follicles, it allows follicle selection ultimately leading to follicle
rupture and ovulation. Once this occurs, the granulosa cells then undergo terminal
differentiation forming the corpus luteum. The gonadotropin dependent mechanisms that
take place during follicular maturation occur through the signalling cascades resulting
from FSH and LH expression. In order for these endocrine hormones to perform their
necessary functions, the genes encoding their receptors must also be expressed.

10

Figure 1: Role of LH and FSH on granulosa cell and oocyte development throughout the
primordial, primary, secondary, antral, pre-ovulatory and peri-ovulatory stages of
development. Through the primordial, primary and secondary stages of development, LH
and FSH have little impact on development, and have much greater influence on
development in the later stages of development.
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The gonadotropin receptors for FSH and LH, are structurally related members of
the seven transmembrane domain G-protein-associated receptor superfamily [45, 46]. In
the ovary, follicle stimulating hormone receptor (FSHR) mRNA has been shown to be
localized only in the healthy follicle granulosa cells, throughout pre-ovulatory follicular
development [47]. One important finding is that treatment of animals with FSH leads to
increased LH binding, which provides evidence that FSH induces granulosa cell
luteinizing hormone receptor (LHR) [48], and more recently FSH has been shown to
induce granulosa cell LHR mRNA directly as a result of increased transcription [49, 50].
Following gonadotropin receptor binding, a message is sent to the nucleus via
adenyl cyclase, cyclic adenosine monophosphate (cAMP) production, and activation of
protein kinase A (PKA) [51, 52]. In pre-antral follicle granulosa cells, FSH stimulates
intracellular cAMP production and subsequent activation of cAMP-dependent PKA,
stimulating the activation of genes which are required for cell proliferation and
differentiation. This signalling pathway is initiated when FSH binds FSHR inducing a
conformational change in the transmembrane portion of the receptor. This change causes
activation of the heterotrimeric G protein, via exchange of guanine triphosphate (GTP)
for the guanine diphosphate (GDP) bound to the alpha subunit. The active complex then
dissociates and interacts with adenylate cyclase to generate cAMP. Cyclic AMP then
mediates many intracellular functions by binding to the regulatory subunits of PKA,
leading to dissociation into a regulatory subunit which can translocate into the nucleus
and phosphorylate transcription factors [53]. Recent studies have also indicated that FSH
activates signalling cascades in addition to the cAMP/PKA pathway, including those for
extracellular regulated kinases (ERKs), p38 mitogen activated protein kinases (MAPKs),
12

and phosphatidylinositol-3 kinase (PI3K) [54]. Prior to the LH surge in pre-ovulatory
follicle granulosa cells, LH has been shown to have similar effects on cell function as
FSH. During the pre-ovulatory stage, the FSH response includes increased expression of
LHR as well as activation of PKA [55]. The LH surge is known to cause an intense upregulation of PKA signalling, also increasing inositol lipid hydrolysis and activation of
protein kinase C (PKC). These changes modify the expression of many other genes
required for the final stages of follicular development and ovulation [52]. Although the
exact mechanisms are largely unknown, it is very likely that many of the changes in gene
expression are a result of modified transcription factor expression such as the increase of
activator protein-1 (AP-1) family following the LH surge [56].
The LH surge is also responsible for initiation of cumulus cell expansion, as a
result of the induction of specific genes. The LH up-regulated genes which have been
shown to be critical in this process include cyclooxygenase (COX-2), hyaluronan (HA)
synthase 2 (HAS2), and TSG-6. COX-2 is an enzyme that is required for the synthesis of
prostaglandins such as prostaglandin E2 (PGE2). HAS2 is required for the production of
HA, and TSG-6 is an HA binding protein. The requirement of these genes is evident as
the absence of any one of these factors precludes cumulus cell expansion [57-61]. It has
been suggested that LH causes an up-regulation of HAS-2, COX-2, and TSG-6 by direct
LH receptor stimulation or through the activation of other signalling cascades within the
follicle [43].
Other ovarian granulosa cell genes regulated by the LH surge include the
progesterone receptor (PR), a disintegrin like and metalloprotease with thrombospondin
13

type I motifs (ADAMTS-1), cathepsin L, and pituitary adenylate cyclase activating
peptide (PACAP) and the type I PACAP receptor (PAC1) [43]. The PR plays a critical
role regulating numerous reproductive functions. Stimulation of this nuclear receptor
promotes the induction of ADAMTS-1 and cathepsin-L. ADAMTS-1 expression levels
peak just prior to ovulation following the LH surge as a result of increased PR. The
expression of this gene is required as it facilitates rupture of the follicle, via cleavage of
α2-macroglobin leading to ovulation. Although this is the most well known function of
this protease, there are likely other proteolytic cascades activated by the expression of
ADAMTS-1. Another proposed role of this gene is in the degradation of proteoglycans
located on ovarian cells, thus altering the bioavailability of bioactive factors in the
follicular fluid [43]. Cathepsin-L is a papain family enzyme that functions as a lysosomal
protease and is expressed in granulosa cells in response to LH, FSH, and PR [62].
PACAP and PAC1 are LH and PR inducible genes that have been shown to stimulate
progesterone production as well as meiotic maturation in COCs [63-66].

MicroRNA and its role in the ovary
MicroRNAs (miRNAs) are small (19-25 bp) RNAs that diversely regulate gene
expression through their decrease of messenger RNA (mRNA) stability or translation
[67-69]. The functions of these non-coding RNAs, until recently, have been relatively
unknown, and are emerging as important regulators controlling diverse physiological and
pathological processes including cell division, differentiation, migration and apoptosis
[68, 69]. Ovarian development involves proliferation and differentiation of germ cells
and somatic cells. The correct completion of these processes is dependent on the
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coordinated expression of genes in a spatially and temporally specific manner.
Consequently, gene expression is highly regulated and controlled at both the
transcriptional and translational level. It is thus conceivable that miRNAs also play an
important role in ovarian development. The role of miRNA in follicular and oocyte
development is crucial due to the fact that any type of alteration in expression of these
genes could lead to abnormal oocyte development, oocyte apoptosis, and could affect
normal follicle recruitment and development. The relationship between ovarian
hormones and miRNA expression is extremely important as there is evidence that various
ovarian hormones play a critical role in the fine tuning of miRNA expression. To add to
that, ovarian hormone expression may be influenced by miRNA expression.
Recent studies have also illustrated the importance of maternally inherited
miRNAs as they are functionally important for early embryo development. Maternally
derived miRNAs and Dicer in the oocyte are necessary for the earliest stages of
embryonic development. The miR-17-92 cluster and let-7 family are the most abundant
maternal miRNAs detected in the zygote and their expression level profile displays
dynamic regulation during oogenesis as well as early embryo development [70]. It has
been shown that the miR-17-92 cluster play a role in several cellular activities including
cell cycle regulation. These results are further supported as miRNAs detected in sperm
derived from the testis do not participate in the transcriptional regulation of the zygote.
This is evident as fertilization does not alter the oocyte miRNA profile, which would
have incorporated many of the sperm borne miRNA.
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Gene regulation plays a vital role in cell function and its effects on reproductive
tissue development are of extreme importance. All mRNA transcripts undergo some type
of post-transcriptional processing regulation, for this reason it is easy to understand the
important role of coordinated changes in gene expression necessary for the rapid
phenotypic modifications that occur in the reproductive tract of females. The recent
identification of miRNA as important post-transcriptional gene regulators has led to
many advances in our knowledge of miRNA and their role in gene regulation [71].
In order to determine the role of miRNAs in reproductive tissues, expression
levels have been measured indicating the presence of large numbers of miRNA within
reproductive tissues and cells. Thousands of miRNA have now been identified in a large
amount of organisms. However, the functional importance of individual miRNA and the
identity of their mRNA targets are now beginning to be discovered. It is still unknown if
the function of miRNA are conserved across species in the same manner as protein
encoding genes [71]. Through numerous studies, miRNA have been shown to be of vital
importance in many biological processes. These processes include cell proliferation,
differentiation, and apoptosis [71]. With this in mind, it is proposed that miRNA are
likely to play a role in the development and function of ovarian reproductive tissues.
i) miRNA biosynthesis and mechanism of action
MicroRNA are expressed by plants, animals, viruses, and at least one unicellular
organism, the green algae, Chlamydomonas reinhardtii [72]. During transcription,
protein coding genes are transcribed as well as non-coding genes. MicroRNAs
(miRNAs) are considered the most comprehensive non-coding group [73]. MicroRNA
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transcripts function to inhibit gene expression through binding to the 3’ Untranslated
Region (UTR) of target mRNA transcripts[72]. MicroRNAs are transcribed as primary
miRNAs (pri-miRNAs) by RNA polymerase II (Figure2).
The transcripts contain a 7-methyl guanylate cap at the 5’ end and poly (A) tail at
the 3’ end, similar to mRNAs [74]. The pri-miRNA is characterized by a long stem and
loop RNA structure. In animals these pri-miRNAs are converted to mature miRNAs by
two successive endonucleolytic cleavages [75]. The first cut to the pri-miRNA occurs in
the nucleus by a ribonuclease III enzyme (RNase III), known as Drosha (Figure 2). This
enzyme functions with its double stranded RNA binding domain protein partner called
DiGeorge syndrome critical region gene 8 (DGCR8) in vertebrates. DGCR8 works in a
complex of several proteins, known as the microprocessor. The microprocessor cleaves
the pri-miRNA to generate a shorter hairpin structure which is approximately 70
nucleotides in length, known as the precursor miRNA (pre-miRNA) [73]. The precise
position and orientation of Drosha cleavage is critically important for the generation of
mature miRNA because the second cleavage step occurs at a defined distance from the
free end generated by Drosha [74]. This RNaseIII enzyme usually leaves a 2 nucleotide
overhang at the 3’end of the pre-miRNA. This intermediate pre-miRNA is then exported
from the nucleus to the cytoplasm via Exportin-5 [76]. Following the first cleavage
occurring in the nucleus, the newly generated pre-miRNA is then translocated from the
nucleus into the cytoplasm through the interaction with Exportin-5 [74]. This nuclear
export receptor cooperates with the small GTPase Ran to mediate directional transport of
proteins. Within the nucleus, pre-miRNAs interact with Exportin-5 and a GTP bound
form of Ran. Once exported into the cytoplasm, GTP is then hydrolyzed and the pre17

miRNA is released from Exportin-5. In order for the interaction between Exportin-5 and
RNA to occur, the pre-miRNA must be double stranded with at least 16 base pairs [74].
A 3’ overhang facilitates the interaction between pre-miRNA and Exportin-5, while a 5’
overhang is inhibitory for the association. This mechanism makes Exportin-5 particularly
well suited to recognize correctly processed pre-miRNA as cleavage by Drosha generates
a 2 nucleotide 3’ overhang [74]. Once in the cytoplasm, the pre-miRNA is then
intercepted by the RNA Induced Silencing Complex (RISC) loading complex (RLC)
which is composed of another RNase III enzyme Dicer, TAR RNA binding protein
(TRBP), and a member of the argonaute protein family (AGO1-4).
endonuclease Dicer generates the final mature miRNA.
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The RNase III

Figure 2: Model of microRNA (miRNA) biogensis/transportation/function. In the
nucleus, miRNA are transcribed by RNA polymerase II into single strand RNA, which
folds into a double stranded primary miRNA (pri-miRNA). Pri-miRNA are cleaved by
Drosha yielding the precursor miRNA (pre-miRNA). Pre-miRNA are then translocated
from the nucleus via exportin 5 to the cytoplasm. Once in the cytoplasm pre-miRNA are
further cleaved by the RNase III endonuclease Dicer into a double stranded miRNA.
Only one strand of the duplex is stably associated with the miRISC complex. The
miRNA strand is usually favoured more than the miRISC* strand, although there are
exceptions. The double stranded miRNA then separates into two single strands, one
strand is then degraded and the other is incorporated into a complex with argonaute
proteins, forming the RNA induced silencing complex (RISC). RISC then binds to target
mRNA causing translational repression or degradation. Adapted and modified from
Winter et al. 2009 [77].
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Among the many roles of miRNA in folliculogenesis, recent studies have
provided evidence for the essential function of Dicer, which is an RNase III enzyme
responsible for miRNA processing necessary for oogenesis regulation. The disruption of
Dicer in growing oocytes may result in their inability to complete meiosis, as a result of
defects in meiotic spindle organization and chromosome congregation [70]. A decrease
in Dicer occurs at the onset of oocyte maturation, which provides further evidence for the
importance of Dicer in meiotic maturation of oocytes. It has been shown that the loss of
Dicer from oocytes may render female mice infertile due to the fact that the fertilized
oocyte may fail to proceed through the first cell division and blastulation [70]. To add to
this, miRNAs may be involved in the turnover of numerous maternal transcripts in which
degradation may be essential for successful completion of meiotic maturation of oocytes
[70].
To date, little is known about potential mechanisms which control degradation
and turnover of mature miRNA. However, knockdown studies of miRNA processing
enzymes provide evidence that miRNAs may be relatively stable since many miRNAs
persist following knockdown of these important enzymes [78]. It has been suggested that
post-transcriptional modifications of miRNA may play an important role in the regulation
of miRNA turnover. Several studies have suggested that the addition of a 3’ adenosine
promotes the stability of miRNA [74]. The identification of factors which regulate both
general and specific miRNA turnover represent an important challenge for future studies.
Once the mature miRNA is produced, it is loaded onto the Argonaute-containing
Risk Loading Complex (RLC) which mediates gene silencing [73]. A key feature of
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recognition involves Watson-Crick base pairing of miRNA nucleotides 2-8, representing
the seed sequence [79]. The miRNA loaded RNA Induced Silencing Complex (miRISC)
then uses the miRNA strand as a guide to search for mRNAs which have 3’UTR
complementary to the miRISC seed sequence. These target mRNAs are then
translationally inhibited or deadenylated and degraded. The degree of miRNA-mRNA
complementarity has been considered a key determinant of the regulatory mechanism.
Perfect complementarity allows cleavage of the mRNA strand, whereas central
mismatches exclude cleavage and promote repression of mRNA translation (Figure 3)
[79, 80].
There are currently two primary models for how miRNA loaded miRISC
represses initiation of translation, and each is fundamentally different from the other [79].
One of these models proposes that there is competition between miRISC and eukaryotic
initiation factor 4E (eIF4E) for association with the mRNA 5’ cap structure. eIF4E is a
eukaryotic translation initiation factor which recognizes and binds to the 7-methyl
guanosine cap structure present at the 5’ UTR of cellular mRNA and delivers the mRNA
to the eIF4E translation initiation complex [81]. miRNA can repress translation by
interfering with the ability of the 7-methyl guanosine cap structure at the 5’ end of
mRNA to engage the translation initiation complex, which is normally mediated by
eIF4E [82]. Evidence of the competition between miRISC and eIF4E is supported by
experiments in which the eIF4E translation initiation complex is artificially tethered to
mRNA, resulting in resistance of translation repression by miRNAs [82]. This cap
dependent mechanism of translation inhibition is also supported by experiments
indicating that some mRNAs lacking the 7-methyl guanosine cap structure are not able to
21

Figure 3: MicroRNA loaded miRISC binds target mRNA based on complementarity
causing translational repression or degradation. Perfect matching between miRNA and
mRNA directs RISC mediated mRNA degradation, whereas non-perfect complementarity
directs RISC mediated translational repression. Some miRNA may also casue mRNA
degradation via RNA binding proteins. Adapted and modified from van den Berg et al.
2008 [80].
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be repressed by miRNAs [82]. If miRISC does in fact compete with eIF4E, then it would
be predicted that providing excess eIF4E would alleviate repression, and this is in fact the
case when purified eIF4E is added [79]. In addition to their role in miRNA biosynthesis,
Ago2 proteins also play a role in miRNA regulation. The Mid domain of Ago2 in
miRISC has been proposed to resemble eIF4E, with two phenylalanine residues in the
Mid sequence adopting equivalent positions to the eIF4E tryptophans. Mutation of the
phenylalanines impairs the ability of Ago2 to repress translation [79].
A second model proposes that deadenylation is a general feature of miRNA
mediated silencing, and degradation of miRNA targets occur via deadenylation by the
CAF1-CCR4-NOT1 deadenylase complex followed by decapping and digestion [83].
This model is supported by evidence comparing mRNA expression profiles in cells
depleted of either Ago1, which is a known miRNA processing molecule, or components
of the CAF1-CCR4-NOT1 deadenylase complex. Northern Blotting was used to validate
changes in transcript levels. In this model, the deadenylase complex is required for the
miRNA to promote deadenylation of target mRNA. The transcripts in the Ago1 depleted
cells that are up-regulated are a result of the failure of the deadenylase complex to
interact with miRNA which would repress translation under normal conditions. This
comparison provides evidence for the estimate that at least 60% of transcripts upregulated in cells depleted of Ago1 are normally degraded through deadenylation via the
deadenylase complex [83]. With these mechanisms in mind, abnormal expression of
miRNA can lead to irregular conditions in the ovary.
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ii) Anti-apoptotic effects of miRNA in granulosa cells
MiRNAs play an important role in many developmental processes, including cell
differentiation and apoptosis. MiR-21 is one of three highly LH-induced miRNAs in
granulosa cells. Previous studies have identified the targets of miR-21 as being cell- and
tissue-specific, many of which are involved in the apoptotic pathway. One of these target
genes is tropomyosin 1 (TPM1), where expression has been shown to increase 2 fold
after miR-21 knockdown. TPM1 is an actin binding protein that promotes a specialized
type of apoptosis known as anoikis by suppressing the growth of anchorage-independent
cells, and detachment of anchorage-dependent cells from the ECM. Serpin peptidase
inhibitor clade B (SERPINB5), reversion inducing cysteine rich protein with Kazal
motifs (RECK), and Sprouty1 (SPRY1) have also been recognized as having roles in
apoptosis, and all have been identified as direct miR-21 targets [84]. In one study where
granulosa cells were transfected with locked nucleic acid (LNA)-21, mature miR-21
expression decreased to one twenty-seventh [84]. LNA oligonucleotides are synthetic
analogs of nucleic acids displaying exceptional hybridization affinity for complementary
single stranded RNA and complementary single or double stranded deoxynucleic acid
(DNA) and provide wide applicability for gene silencing and for use in research [85].
This study in which LNA-21 depletion of miR-21 activity in granulosa cells induced
apoptosis [84], provides evidence that miR-21 may provide an anti-apoptotic effect in
normal tissue function.
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During the LH induced transition of granulosa cells to luteal cells, apoptosis must
be inhibited to allow for proper formation of a functional corpus luteum [84]. Caspase 3
can provide a measurement of the amount of cell death occurring because the cleavage of
caspase 3 commits the cell to apoptosis. When cleaved caspase 3 in granulosa cells is
measured after the LH surge, it is found that cleaved caspase 3 decreases within 6 hours,
which is synchronized with the expression of mature miR-21 [84]. In this study there is
evidence that knockdown of miR-21 may prevent any anti-apoptotic effects due to the
increase in cleavage of caspase 3 leading to the promotion of apoptosis [84]. With this in
mind, it can be understood that miR-21 may provide its anti-apoptotic effects by reducing
the cleavage of caspase 3 in granulosa cells following the ovulatory surge of LH.
However, the direct interaction was not analyzed and the molecular mechanism requires
further study. MiR-21 knockdown causes an increase in granulosa cell apoptosis and
results in a reduced ovulation rate [84]. MiR-21 plays an important role in posttransciptionally regulating gene transcripts that are involved in preventing LH induced
terminal differentiation of granulosa cells. This provides an example of the abundant
miRNA which function to regulate normal ovarian function.
iii) miRNA control of human ovarian cell steroidogenesis
Interestingly, it has been shown that miRNA can act to regulate ovarian cell
steroidogenesis. Using a large-scale platform approach, it was recently shown that 51
miRNAs have suppressive effects on estradiol production [86]. MiRNAs shown to
suppress the release of progesterone, androgens, and estrogens include miR-108, miR135, miR-146, miR-19a, miR-20, miR-27, miR-28, miR-29, miR-125b, miR-126, miR25

137, miR-184, miR-31, miR-105, miR-128, miR-129, miR-132, miR-140, and miR-188.
It was hypothesized that these miRNAs act as physiological suppressors of general
secretory activity [86]. In addition, over-expression of miR-24, miR-25, miR-122, miR182, miR-18, miR-125, and miR-32 resulted in a rise in progesterone release, consistent
with the process of luteinisation. Further study identifying the target genes of these
miRNA in ovarian cells is critical in confirming the physiological function of these
miRNAs. In another study, miR-224 was identified as one of 16 transforming growth
factor- β1 (TGF-β1)-regulated miRNAs in cultured murine granulosa cells, regulating
granulosa cell proliferation via targeting Smad family member 4 (Smad4) in the TGF-β1
signal transduction pathway [87].
iv) Regulation and effects of miR-378 expression
The importance of miRNA in physiological processes including cell processes and
differentiation is very evident; however, further investigation will help elucidate the
multiple roles of these transcripts. Of particular importance, miR-378 has been shown to
play a role in cell processes in several different lineages. For example, miR-378 has
recently been shown to be a significant regulator in skeletal muscle differentiation [88].
The mechanism of this regulatory process occurs via a positive feedback loop in which
miR-378 is up-regulated by MyoD which is able to bind thousands of locations within the
genome and is a known regulator of skeletal muscle differentiation [88]. Following this
up-regulation miR-378 then targets MyoR or Musculin which acts to inhibit MyoD. This
feed-forward loop provides one mechanism in which miR-378 regulates gene
transcription influencing cell differentiation.
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Another recent study has shown that the c-Myc transcription factor regulates a
large number of genes, and functions in breast cancer cells to regulate miR-378 via
binding at a 1.5kb region upstream the miR-378 start site [89]. Evidence is provided
indicating c-Myc and miR-378 influence the oncogenic transformation via the inhibition
of the anti-proliferative BTG family member, TOB2. As a tumor suppressor candidate,
TOB2 functions to transcriptionally suppress the proto-oncogene cyclin D1 [89]. This
study provides insight into the potential influence miR-378 has on gene regulation in both
normal and abnormal tissues.
Our group has recently provided evidence that miR-378 is expressed in granulosa
cells in an inverse manner compared to the expression of aromatase [90]. In vitro miR378 over-expression and knockdown experiments revealed that aromatase expression,
and therefore estradiol production, by granulosa cells, is post-transcriptionally downregulated by miR-378. Furthermore, site-directed mutation studies identified two binding
sites in the 3' untranslated region (UTR) of the aromatase coding sequence that are
critical for the action of miR-378. Further support was also provided for the mechanism
of action by over-expressing the aromatase 3’UTR alone which resulted in the binding of
miR-378 to the recombinant 3’UTR decreasing the opportunity for miR-378 to bind to
the endogenous aromatase 3’UTR, reversing the repressive effect of miR-378 on
aromatase protein levels [90]. With this regulatory role of miR-378 in mind, it is clear
that further investigation focusing on the regulation of miR-378 within the ovary would
provide great insight into the regulation of normal reproductive processes.
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HYPOTHESIS
The expression of miR-378 in granulosa cells is regulated by factors that play an
important role in the regulation of ovarian function such as GDNF, LH, EGF, and FSH.

OBJECTIVES
1. To investigate the expression of miR-378 in granulosa cells in response to various
ovarian biological factors.

2. To study the influence of FSH on the expression of suppressive transcription
factors which possess binding sites in the miR-378 promoter region.

3. To examine the influence of GATA-4 over-expression and knockdown on miR378 expression in granulosa cells.
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MATERIALS AND METHODS
Ovarian granulosa cell isolation and culture
Porcine ovaries were collected from a local abattoir and transported to the
laboratory in room temperature 1X phosphate buffered saline (PBS). Whole ovaries were
then rinsed three times with sterile 1X PBS. Granulosa cells were then aspirated from
small (SM, 1-3 mm in diameter) and large (LG, 3-6 mm in diameter) follicles using a 20
mL syringe fitted to an 18-guage needle. The follicular fluid containing granulosa cells
was pipetted up and down approximately 25 times to disperse the cells and then washed
with a large volume of DMEM/F12 (Gibco-Invitrogen, Carlsbad, CA, USA)
supplemented with 1X antibiotic/antimicotic (Gibco-Invitrogen, Carlsbad, CA, USA).
The suspension was then incubated at room temperature for 5 min facilitating separation
of granulosa cells. This separation and washing step was repeated two more times.
Trypan blue (HiMedia, Mumbai, India) was used to determine the viable cell number,
and cells were seeded at 4x10⁵ cells/well in 24-well tissue culture treated plates in 0.5 mL
of DMEM/F12 supplemented with extra 1X antibiotic/antimicotic and 10% fetal bovine
serum (FBS) (Gibco-Invitrogen, Carlsbad, CA, USA) and cultured in a humidified
atmosphere of 95% air and 5% CO₂ at 38ºC. After 24 hrs, the media was aspirated to
eliminate any clusters of non-adherent dead cells on top of the viable monolayer. The
cells were then rinsed with sterile 1X PBS and fresh DMEM/F12 with 2% FBS was
added to continue the primary culture.
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RNA isolation from ovarian granulosa cells
The total RNA from granulosa cells was isolated using Total RNA Purification
Kit (Norgen Biotek Corp., Thorold, Ontario, Canada) according to the manufacturer’s
directions. The cell media in each 24-well plate was first aspirated and the cells were
washed with sterile 1X PBS. The cells were then lysed in the cell culture plates by
adding 350 µL of the lysis buffer, which immediately inactivates RNases and lyses cells.
The cell lysate was then collected into a 1.5 mL microcentrifuge collection tube and
vortexed to ensure complete homogenization. A volume of 200 µL of 100% ethanol was
then added, followed by brief vortexing to create appropriate conditions for RNA to bind
to the column membrane. The mixture was then pipetted into a Total RNA Purification
Kit column in a 1.5 mL microcentrifuge collection tube, and centrifuged for 1 min at 14
000 rpm. Following centrifugation, the resulting flow-through containing cellular
proteins, carbohydrates, and DNA was discarded. Wash Buffer was then added to the
membrane (approximately 2 volumes) and centrifuged for 1 min at 14 000 rpm, and the
flow through discarded. The membrane was washed two more times as the Wash Buffer
contains 70% ethanol which during the first wash functions to substitute the salt on the
membrane, and during the subsequent washes the ethanol is removed from the
membrane. To facilitate drying of the RNA containing membrane, the empty column is
centrifuged for an additional 2 min at 14 000 rpm. Following removal of the ethanol via
centrifugation and evaporation, the RNA is no longer bound to the membrane and can be
eluted in RNase free Elution Buffer by centrifuging the column for 2 min at 2 000 rpm,
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followed by an additional 1 min at 14 000 rpm. This procedure results in the isolation of
total RNA which can then be quantified using spectrophotometric analysis, also
providing quality assurance. This RNA can then be used for reverse transcription and
other downstream analysis. RNA was used immediately or stored at -80°C until use.

Reverse Transcription
i) DNase treatment
In order to destroy any DNA present following RNA isolation and prior to reverse
transcription, RNA samples were treated with DNase I according to the manufacturer’s
instructions (Invitrogen, Burlington, Canada). Approximately 1 µg of RNA was used in
each reaction, containing 1 unit of DNase and 1µL of 10X DNase I Reaction Buffer in a
final volume of 10µL. Following addition of DNase, the samples were incubated for 15
min at room temperature. In each reaction the DNAse enzyme was inactivated with 1 µL
of 25 mM ethylenediamine tetra-acetic acid (EDTA). The activity of the DNase enzyme
is reduced as EDTA chelates the calcium ions in each reaction. After briefly vortexing
the samples, the tubes were then incubated for 10 min at 65°C, completely inactivating
the DNase activity. Once the DNA in each sample was destroyed, reverse transcription
was performed.
ii) For mRNA detection
Reverse transcription was performed using Moloney Murine Leukemia Virus reverse
transcription (MMLV-RT) which uses single stranded RNA or DNA in the presence of a
primer to synthesize a complementary DNA strand (cDNA), according to the
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manufacturer’s suggested protocol (Invitrogen, Burlington, Canada). Following DNase
treatment of RNA, it was then added to a reverse transcription containing master mix
including 5X First Strand Buffer (1X)[250 mM Tris-HCL (pH 8.3 at room temperature),
375 mM KCL, 15 mM MgCl₂], MMLV-RT (50U), random hexamer primers (2. 5 mM;
Applied Biosystems, Foster City, USA), dNTP (2 nM) and DTT (10 mM) for a final
volume of 20 µL. To facilitate the detection of multiple genes from the same reverse
transcription reaction, random hexamer primers were included in the mix. Reaction
components were then vortexed briefly to facilitate mixing of the components, and then
incubated at 37°C for 50 min, followed by 15 min at 70°C. The resulting cDNA product
was then used immediately as a template for amplification in PCR or stored at 4ºC for
short-term storage or -20°C for long-term storage.
iii) For miR-378 detection
Total RNA containing miRNA of granulosa cells was isolated using the Total RNA
Purification Kit (Norgen Biotek Corp., Thorold, Ontario, Canada). Approximately 1 µg
of total RNA was used in each reverse transcription reaction by the miScript II Reverse
Transcription Kit (QIAGEN, Valencia, CA, USA). The reverse transcription master mix
containing all components required for first strand cDNA synthesis except template
RNA, was first prepared. This master mix included; 2 µL 5X miScript HiSpec Buffer, 1
µL 10X Nucleics Mix, 1 µL miScript Reverse Transcription Mix and template RNA in a
total volume of 10 µL. Each RNA containing reverse transcription master mix was then
mixed gently, and briefly centrifuged. Each reaction mixture was then incubated for 60
min at 37°C, followed by 5 min at 95°C to inactivate the miScript Reverse Transcription
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Mix and then kept at 4°C until used for real-timePCR. The resulting product was then
transferred to a -20°C freezer for long term storage.

Spectrophotometric Analysis of RNA and DNA
Following RNA isolation from granulosa cells, the concentration and quality was
determined by spectrophotometric analysis using a BioPhotometer (Eppendorff,
Mississauga, Ontario). Following a 1:35 dilution of the RNA in RNase free water, the
absorbance of the RNA was measured at 260 nm and 280 nm. Using the A260 value, the
spectrophotometer automatically calculates the RNA concentration, with a sample of
single-stranded RNA with an A260 of 1.0 being equal to 40 µg/mL RNA. The RNA
quality can be determined from the ratio of A260 to A280, as pure RNA has an
A260/A280 ratio of 1.9 to 2.1. An A260/A280 ratio of less than 1.9 suggests that the
RNA may be contaminated with protein or phenol, possibly occurring as a result of the
RNA isolation process. When assessing and selecting RNA for further analysis, only
RNA with an A260/A280 between 1.9 and 2.1 were used.
The concentration of the double-stranded DNA (dsDNA) following plasmid
isolation was also determined using spectrophotometric analysis using a BioPhotometer.
Prior to use, the spectrophotometer was zeroed using RNAse free water. The absorbance
of the sample was read at 230, 260, 280, and 320 nm. The measuring procedure for
dsDNA uses the programmed factor 1 A260 = 50 µg/mL. The presence of impurities is
determined using the A260/A280 ratio; an A260/A280 ratio of ≥1.8 was deemed
acceptable for further analysis.
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Primer Design
Primers for amplification of target genes were designed based on the most current
available porcine Gene Bank mRNA sequences, and are listed in Table 1 (Appendix A).
Available annotated sequences in which the exon and intron sequences were known
allowed for primers to be designed spanning introns crossing exon-exon junctions. This
allowed for specific amplification of target genes and prevention of amplification from
genomic DNA. If the exact exon positions were not available in the porcine sequence,
the porcine mRNA sequence was aligned with the human sequence to determine the
approximate location of intron/exon boundaries, and primers designed based on this
prediction. This method of primer design allows for the discrimination between products
from DNA and RNA.

Steps to prevent genomic DNA amplification during PCR
If genomic DNA is present during PCR reactions, there is risk of its amplification
which would invalidate the mRNA relative quantities. To prevent genomic DNA from
being amplified during PCR reactions, several precautions were taken. The first
precaution taken was treating the RNA samples with deoxyribonuclease I (DNaseI),
which digests single and double stranded DNA to oligodeoxyribonucleotides which are
unsuitable for PCR. The second precaution influenced the design of the primers, such
that primers were designed to span introns and cross exon-exon junctions when possible.
The presence of genomic DNA is indicated by no product as the primer will be unable to
bind, or by the amplification of larger PCR products. The last precaution included
running PCR reactions in parallel in which the RNA did not undergo reverse
34

transcription. If a PCR product was produced it was understood to be the result of
genomic DNA amplification.

Real-Time PCR
i) mRNA detection
Real-Time PCR amplification was performed using PerfeCTa® SYBR® Green
FastMix®, Low ROX (2X) (Gaithersburg, MD, USA). In each reaction, 1µL of cDNA
was added to a final volume of 11.5 µL containing 6.25 µL PerfeCTa® SYBR® Green
FastMix® which is a 2X reaction buffer containing; MgCl₂, dNTPs (dATP, dCTP, dGTP,
dTTP), AccuFast Taq DNA Polymerase, SYBR Green I dye, ROX Reference Dye (for
480-585nm excitation). This reaction mixture also contained nuclease free water,
forward primer, and reverse primer. Following the addition of each component, the
reaction tubes were mixed and briefly centrifuged. Reactions were run on a Mx3005P™
System (Stratagen, La Jolla, CA, USA) for 40 total cycles. The PCR cycling protocol
included an initial denaturation step, and 40 cycles of denaturation, annealing, and
elongation of the PCR product collecting data at the end of each extension step. The
initial denaturation time was 10 s at 95°C as denaturation of short double-stranded DNA
template (PCR Product) or single-stranded DNA template only requires as little as s at
95°C. In addition, full activation of AccuFast Taq DNA polymerase occurs within 1 s at
95°C. The 40 cycles each had a denaturation time of 0.5 s at 95°C. The annealing of the
single-stranded DNA and PCR primers was performed at 60°C for 20 s, allowing for
PCR amplicon extension followed by measurement of fluorescence at the end of the
extension step after each cycle.
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Following PCR cycling and amplification, melting curve dissociation analysis
was performed to confirm the specificity of the amplified products. During the
dissociation stage, fluorescence is measured as the temperature is increased from 70°C to
95°C in 0.2°C increments. At lower temperatures, the PCR products remain doublestranded facilitating binding of SYBR green, giving high fluorescence. As the
temperature increases, the PCR products begin to denature giving much lower
fluorescence. During the 0.2°C increases in temperature, the fluorescence is measured
and plotted producing a curve indicating the rising temperature and decrease in
fluorescence. After the MxPro QPCR software produces the dissociation curve, it then
calculates the negative first-derivative of the curve, which results in a peak indicating the
melting temperature (Tm) of the product. Each PCR product has a specific Tm that is
dependent on the GC content and length of the product. The Tm is useful as it can
indicate if more than one product is amplified based on the number of peaks produced.
The presence of one peak at a specific Tm indicates the presence of one amplicon. After
confirming amplification of a single product, the size of the product was then determined
using gel electrophoresis to ensure the amplicon was the correct size.
ii) miR-378 detection
Following granulosa cell RNA isolation, approximately 1µg of total RNA was
used in each reverse transcription reaction using the miScript Reverse Transcription Kit
(QIAGEN, Valencia, Ca, USA). Real-time PCR was performed using the miScript
SYBR® Green PCR Kit (QIAGEN, Valencia, Ca, USA). Each reaction consisted of 1
µL cDNA, 5µL of 2X QuantiTech SYBR Green PCR master mix, 1 µL of 10X miScript
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universal primer (QIAGEN, Valencia, Ca, USA), 1 µL of 10X miScript primer assay
[Hs_miR-378_1 cat. No. MS00006909, Hs_RNU6B_2 (U6), Cat. No. MS00014000;
QIAGEN, Valencia, CA, USA], and 2 µL of RNase free water. Each real-time PCR
reaction was run on a Mx3005P™ System (Stratagen, La Jolla, CA, USA) for 40 total
cycles. U6 was amplified for each sample as a housekeeping gene to ensure the presence
of cDNA, and used as an internal control to calculate the relative expression levels of
miR-378 using the 2-△△Ct method [91].

Agarose Gel Electrophoresis
To ensure PCR amplification and correct product size, agarose gel electrophoresis
of PCR products was performed using a horizontal gel electrophoresis unit (Fisher,
Nepean, Canada). To create the gel, agarose (Invitrogen, Burlington, Canada) was
dissolved in 1X sodium boric acid (SB) buffer by boiling in a microwave oven to produce
a final concentration of 1% agarose (w/v). After allowing the SB/agarose mixture to stop
boiling, Red Safe (FroggaBio, Toronto, ON, Canada) was added, and thoroughly mixed.
The mixture was then poured into a casting tray and gel combs were inserted for well
formation and then left to cool to facilitate gel solidification. The tray containing the gel
was then inserted into the gel electrophoresis unit and fully submerged in 1X SB buffer,
followed by removal of the combs, exposing the pre-formed wells. To prepare the PCR
product for electrophoresis, 2 µL of loading buffer was added into each tube containing
10 µL of PCR product. To determine the size of each PCR product, a DNA marker
(Invitrogen, Burlington, Canada) was loaded in the gel, adjacent to the PCR products.
The gel containing PCR product samples was then electrophoresed at 100 volts until the
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loading dye and DNA marker migrated the desired distance through the gel. The DNA
was then visualized in the gel allowing product size determination by Ultra Violet (UV)
light using a transilluminator and Gene Snap (synGene) software.

FSH, LH, GDNF, and EGF treatment
Following initial granulosa cell isolation and culture, cells were incubated for 24
hrs. Cells were then washed with sterile 1X PBS and provided fresh media for optimal
cell conditions. When determining influence of gonadotropins, GDNF, and EGF on miR378 expression, 500 µL of fresh media supplemented with 2% FBS was provided. To
determine effects of gonadotropins on miR-378 expression, cell media was supplemented
with 0.01 U/mL, 0.1 U/mL, and 1 U/mL of FSH (SIOUX Biochemical Inc, IA, USA),
and LH (SIOUX Biochemical Inc, IA, USA). The potential influence of GDNF on miR378 expression was determined by supplementing media with 50 ng/mL and 100 ng/mL
of GDNF (Cell Sciences®, MA, USA). The concentrations of EGF (Sigma-Aldrich
Canada Ltd, Oakville, ON, Canada) used to determine influence on miR-378 expression
were 10 ng/mL and 100 ng/mL. Following media change and ovarian factor
supplementation, cells were cultured for an additional 24 hrs in a humidified atmosphere
of 95% air and 5% CO₂ at 38ºC, prior to cell collection and analysis. For each ovarian
factor investigated and supplemented, an equal number of cells were also left untreated
and used for analysis as a negative control.
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Transformation of pcDNA3.1-GATA-4 into DH5alpha competent E.Coli
To permit the repeated isolation of the porcine GATA-4 expression vector, which
was given as a gift from Dr. Holly LaVoie (Cell Biology and Anatomy, University of
South Carolina), the plasmid was transformed into competent DH5α cells (Invitrogen,
Burlington, Canada). This transformation facilitated the uptake of the exogenous DNA
into the bacterial cells by heat shocking the cells at 42°C. To prepare the cells for the
transformation, the DH5α cells were removed from the -80°C freezer and immediately
placed on ice to thaw. Once thawed, approximately 150 µL was aliquoted into a 15 mL
bacterial tube, exposing the cells to a greater surface area. Approximately 2 µL of the
pcDNA3.1-GATA-4 plasmid was then added to the bacterial tube containing the DH5α
cells and immediately placed on ice for 10 min. Following the incubation, the tube was
then placed in the water bath at 42°C for 45 s. After the heat shocking, the tube was then
placed back on ice for 2-5 min to reduce cell damage. Approximately 900 µL of LB
media (Invitrogen, Burlington, Canada) with no antibiotic was then added to the tube and
incubated for 45 min in the shaker at 250 rpm at 37°C. Following the incubation,
approximately 150 µL was pipetted from the bacterial tube and spread onto an LB agar
plate (Invitrogen, Burlington, Canada) supplemented with ampicillin (Roche Diagnostics,
Laval, QC, Canada), as the plasmid confers ampicillin resistance and this will select only
bacteria that have been transformed with the vector. The plates were then incubated for
approximately 16 hrs at 37°C. The plates were then examined for bacterial colony
growth. Colonies were then selected by using a pipette tip to pick up bacterial colonies
and inoculate LB media supplemented with amplicillin, which was then incubated for
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approximately 16 hrs at 37°C at 250 rpm. Following incubation, plasmid isolation was
then performed to obtain purified plasmid to be used for cell transfection.

Preparation of Bacterial Stock
Following inoculation of LB media supplemented with ampicillin and growth of
bacteria containing the porcine GATA-4 expression vector, which was confirmed using
restriction enzyme digestion, bacterial stock was prepared using 50% glycerol (Fisher
Scientific Company, Ottawa, Canada). This glycerol stock was prepared by adding
approximately 600 µL of 50% glycerol to 1.4 mL bacteria creating a final concentration
of 15% glycerol. This stock was then stored at -80°C and used for future inoculations
and plasmid isolation.

Plasmid Isolation
Plasmid isolation was performed using EZ-10 Spin Column Plasmid DNA
MiniPrep Kit (Bio Basic Canada, Markham, Ontario, Canada). This kit provides an
efficient method for plasmid DNA purification as plasmid DNA is selectively absorbed in
the silica gel based EZ-10 column, whereas other impurities including proteins, salt, and
nucleotides are washed away. The plasmid DNA is then eluted from the column and
ready to be used in downstream applications. The manufacturer’s protocol for
purification of plasmid DNA was followed. To prepare the plasmid for isolation, culture
media was first inoculated and incubated overnight. The overnight culture was then
aliquoted into 1.5 mL tubes, and centrifuged at 12 000 rpm for 2 min. Following
centrifugation, the cells were lysed with 100 µL of Solution I which was added to the
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pellet, gently mixed, and incubated at room temperature for 1 min. Following incubation,
200 µL of solution II was added to each mixture and the tube was gently inverted 4-6
times and kept at room temperature for 1 min. To prevent genomic DNA contamination,
the tubes were not vortexed. 350 µL of Solution III was then added to each tube
followed by gentle mixing and incubation for 1 min at room temperature. Each tube was
then centrifuged at 12 000 rpm for 5 min. Without disturbing the cell pellet, the
supernatant was then transferred to the EZ-10 column and centrifuged for 2 min at 10 000
rpm. The flow through was then removed and discarded and 750 µL of Wash Solution
was added to each column and centrifuged for 2 min at 10 000 rpm. The flow through
was discarded and the wash step was repeated an additional time. After washing, the
colum was centrifuged for an additional minute to remove any residual Wash Solution.
The column was then transferred to a clean 1.5 mL microcentrifuge tube and 50 µL of
Elution Buffer was added to the center of the column. The column was then incubated at
room temperature for 2 min and then centrifuged at 10 000 rpm for an additional 2 min.
The concentration of the double-stranded DNA was then determined by
spectrophotometric analysis, and stored at -20°C prior to use.

Transient Transfection
i) GATA-4 over-expression
To determine the potential influence of GATA-4 over-expression on granulosa
cell production of miR-378, cells were transfected with a porcine GATA-4 expression
vector (pcDNA3.1-GATA-4) encoding the full-length cDNA for porcine GATA-4. In
parallel with porcine GATA-4 expression vector transfection, an equal number of cells
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were also transfected with a GFP expression vector (pL-SIN-Lenti-EFIα-GFP) which was
given as a gift from Dr. James Ellis (Hospital for Sick Kids, Toronto, Canada), as a
negative control. Plasmid DNA transfection using Lipofectamine™ 2000 (Life
Technologies Inc, On, Canada), allowed for efficient transfection into primary granulosa
cells. Following the initial cell isolation and culture in 24-well tissue culture treated
plates, cells were incubated for 24 hrs. At this point the cells were observed to be
approximately 80% confluent. Cell media was then aspirated and cells were washed with
1X sterile PBS and provided 200 µL fresh media without antibiotics and supplemented
with FSH to obtain desired FSH concentration.

The first step to prepare the DNA for

transfection was to mix 50 µL cell media with 2 µL Lipofectamine™ 2000 while
combining 2 µg of plasmid DNA with 50 µL cell media for each well to be transfected in
parallel. These mixtures were then incubated at room temperature for 5 min. After the 5
min incubation, the diluted DNA and diluted Lipofectamine™ 2000 were then combined
and mixed gently, creating a total volume of 100 µL. The solution was then incubated at
room temperature for 20 min allowing the formation of DNA-Lipofectamine™ 2000
complexes. Following incubation, 100 µL of the complexes were then added to each
well containing cells and medium for a total volume of 300 µL, and then rocked back and
forth to gently mix. Following the addition of the complexes, the cells were incubated
for 6 hrs in a humidified atmosphere of 95% air and 5% CO₂ at 38ºC. After this initial
incubation period, an additional 200 µL of media supplemented with FSH is added for a
total volume of 500 µL. The cells were then incubated in a humidified atmosphere of
95% air and 5% CO₂ at 38ºC for an additional 18 hrs, prior to collection.
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ii) GATA-4 knockdown
To determine the possible effect of GATA-4 knockdown on the production of
granulosa cell miR-378 production, cells were transfected with GATA-4 Stealth™
siRNA which was designed using Invitrogen Block-iT™ RNAi Designer, as seen in
Table 2 (Appendix B) (Life Technologies Inc, ON, Canada). This Stealth™ RNAi
siRNA molecule has a GC content of 40% which was matched with a Stealth™ RNAi
siRNA negative control with medium level of GC content (Life Technologies Inc, ON,
Canada). Following the initial cell isolation and culture in 24-well tissue culture treated
plates, cells were incubated for 24 hrs. At this point the cells were observed to be
approximately 80% confluent. The first step to prepare the siRNA for transfection was to
mix 50 µL cell media with 1 µL Lipofectamine™ 2000 while combining 40 pmol of
RNA with 50 µL cell media in parallel for each well to be transfected, followed by
incubation at room temperature for 5 min. After the 5 min incubation, the diluted siRNA
and diluted Lipofectamine™ 2000 were then combined and mixed gently, creating a total
volume of 100 µL. The solution was then incubated at room temperature for 20 min
allowing the formation of siRNA-Lipofectamine™ 2000 complexes. Following
incubation, 100 µL of the complexes were then added to each well containing cells and
medium for a total volume of 300 µL, and then rocked back and forth to gently mix.
Following the addition of the complexes, the cells were then incubated for 6 hrs in a
humidified atmosphere of 95% air and 5% CO₂ at 38ºC. After this initial incubation
period, an additional 200 µL of media supplemented with FSH was added for a total
volume of 500 µL. The cells were then incubated in a humidified atmosphere of 95% air
and 5% CO₂ at 38ºC for an additional 18 hrs, prior to collection and further analysis.
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Statistical Analysis
Data was analyzed by one-way ANOVA and using a Bonferroni post test, and ttest to compare GATA-4 expression with pGATA-4 and GATA-4 siRNA transfections.
Data was expressed as the mean ±SEM and considered to be statistically significant at
P<0.05. Each experiment was repeated at least three times, and the presented data
represents the average of all replicates. All the graphs and statistics presented were
performed using GraphPad Prism Version 3.03 (San Diego, CA, USA).
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RESULTS
Influence of miR-378 expression by endocrine and paracrine factors
i) Influence of luteinizing hormone (LH) on miR-378 expression in granulosa cells
To investigate the potential influence of LH on the expression of miR-378, porcine
granulosa cells were isolated from ovaries obtained from a local abattoir. The granulosa
cells were cultured in the absence and presence of various concentrations of LH for 24
hrs. RT-PCR was performed to determine miR-378 expression. In large follicle-derived
(LG) granulosa cells, no significant change was observed at 0.01U/mL, compared to the
control (Figure 4A). However, with a higher dose of 0.1U/mL the expression of miR-378
was significantly increased. This trend of increased expression was also observed at
1U/mL. In small follicle derived (SM) granulosa cells, the expression of miR-378 was
significantly decreased at 0.01U/mL and 1 U/mL, with little change observed at 0.1U/mL
compared to the control (Figure 4B).
ii) Influence of glial cell line-derived neurotrophic factor (GDNF) on miR-378
expression in granulosa cells
LG and SM granulosa cells were treated with various doses of GDNF. After
treatment, miR-378 expression was determined for each dosage used. In LG granulosa
cells GDNF treatment resulted in a dose-dependent trend increasing miR-378 expression
at 50 ng/mL and 100 ng/mL (Figure 5A). However, the change in miR-378 expression
was not significant at either dose of GDNF. In contrast to the granulosa cells isolated
from large follicles, SM granulosa cells tended to show a decrease at all concentrations of
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GDNF treatment (Figure 5B). When supplemented with 50 ng/mL, the miR-378
expression level was significantly reduced to approximately half of the control expression
level.
iii) Influence of epidermal growth factor (EGF) on miR-378 expression in granulosa
cells
Another ovarian factor shown to be important in reproductive processes is EGF,
which has been shown to stimulate cell proliferation and growth. To determine the
potential regulatory role of EGF on miR-378 expression, porcine granulosa cells were
treated with various doses of EGF for 24 hrs. Although there seems to be a trend of
increased miR-378 expression to EGF at 10 nl/mL in LG granulosa cells, the change is
not statistically significant (Figure 6A). In SM granulosa cells, there was a decrease in
miR-378 expression when treated with both 10 ng/mL and 100 ng/mL EGF (Figure 6B).
Thus the role of EGF on miR-378 expression is dependent on the stage of follicular
development.
iv) Influence of follicle stimulating hormone (FSH) on miR-378 expression in
granulosa cells
FSH is another well known factor most notably for its role in stimulating ovarian
follicle development as well as signaling for estradiol production via induction of
aromatase expression. FSH has been shown to function through a myriad of signaling
cascades. The effect of FSH on primary granulosa cell miR-378 expression was
determined by treating cells with various concentrations of FSH for 24 hrs, and using RTPCR to determine miRNA expression. Following treatment of LG granulosa cells,
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although no change was observed at the concentrations of 0.01 U/mL and 1 U/mL FSH
(Figure 7A), treatment of 0.1 U/mL FSH decreased the expression level of miR-378. In
SM granulosa cells there was a decrease in miR-378 expression by FSH, starting at
concentrations of 0.1 U/mL and 1 U/mL FSH (Figure 7B).
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Figure 4: Influence of LH on miR-378 expression in granulosa cells. Granulosa cells
were cultured in the absence and presence of different concentrations of LH for 24 hr.
RT-PCR was performed using miScript miR-378 specific primers, U6 expression was
used as a housekeeper control. Relative quantitation of real-time PCR results were
determined using the ΔΔCt method. A) Large follicle (LG) granulosa cell expression of
miR-378. B) Small follicle (SM) granulosa cell expression of miR-378. Data represents
the mean ± SEM of four (LG) and three (SM) independent experiments *p<0.05
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Figure 5: Influence of GDNF on miR-378 expression in granulosa cells. Granulosa cells
were cultured in the absence and presence of different concentrations of GDNF for 24 hr.
RT-PCR was performed using miScript miR-378 specific primers, U6 expression was
used as a housekeeper control. Relative quantitation of real-time PCR results were
determined using the ΔΔCt method. A) Large follicle (LG) granulosa cell expression of
miR-378. B) Small follicle (SM) granulosa cell expression of miR-378. Data represents
the mean ± SEM of four independent experiments *p<0.05.
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Figure 6: Influence of EGF on miR-378 expression in granulosa cells. Granulosa cells
were cultured in the absence and presence of different concentrations of EGF for 24 hr.
RT-PCR was performed using miScript miR-378 specific primers, U6 expression was
used as a housekeeper control. Relative quantitation of real-time PCR results were
determined using the ΔΔCt method. A) Large follicle (LG) granulosa cell expression of
miR-378. B) Small follicle (SM) granulosa cell expression of miR-378. Data represents
the mean ± SEM of four independent experiments *p<0.05.
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Figure 7: FSH suppresses miR-378 expression in granulosa cells from small and large
follicles at 0.1U/mL. Granulosa cells were cultured in the absence and presence of
different concentrations of FSH for 24 hr. RT-PCR was performed using miScript miR378 specific primers, U6 expression was used as a housekeeper control. Relative
quantitation of real-time PCR results were determined using the ΔΔCt method. A) Large
follicle (LG) granulosa cell expression of miR-378. B) SM granulosa cell expression of
miR-378. Data represents the mean ± SEM of five independent experiments *p<0.05.
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Influence of FSH on expression of suppressive transcription factors
i)

Identification of transcription suppressors that have binding sites in the
promoter region of miR-378

As FSH regulated SM and LG granulosa cell expression of miR-378 in a similar
manner, we next sought to examine the possible mechanism of the regulation. The
porcine miR-378 gene sequence, which is located on chromosome 2, was obtained from
Ensembl (NR_038523.1). The 3 kb 5’ flanking sequence of miR-378 was then analyzed
using the program TFSEARCH to determine the possible transcription factor binding site
locations within this region. As the role of FSH is inhibitory, we focused on suppressive
transcription factors identified within the promoter region. A binding threshold value of
90 was used for GATA-4 and a value of 75 for USF-1, EGR-1, and COUP-TF [92-94].
Following sequence analysis, 1 putative binding motif for COUP-TF, 6 USF-1 putative
binding motifs, 3 EGR-1 putative binding motifs, and 7 GATA-4 putative binding motifs
were identified in the region (Figure 8). We hypothesized that FSH down regulates miR378 expression via its up-regulation of the expression of these transcription repressors,
and thus suppresses miR-378 transcription.
ii)

Influence of follicle stimulating hormone (FSH) on upstream stimulatory
factor 1 (USF-1) mRNA expression

To study if USF-1 expression is regulated by FSH, SM granulosa cells were
cultured in the absence and presence of FSH (0.01U, 0.1U, and 1U/mL) for 24 hrs; and
real-time RT-PCR was performed to determine its possible regulatory effect on USF-1
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expression. As shown in Figure 9B no change in expression was observed in response to
the FSH treatment, regardless of the FSH concentration. Figure 9A is a representative
RT-PCR product image to show the size and specificity of the amplification.
iii)

Influence of FSH on chicken ovalbumin upstream promoter transcription
factor (COUP-TF) mRNA expression

COUP-TF has previously been shown to suppress transcription of numerous
genes [95-97]. If FSH down-regulates miR-378 expression via COUP-TF, one would
expect COUP-TF is up-regulated by FSH. However, following the treatment of SM
granulosa cells with FSH there was a general suppression of COUP-TF expression with
all concentrations of FSH. The expression of COUP-TF was significantly decreased with
FSH concentrations of 0.01U/mL and 0.1U/mL (Figure 10B). Interestingly, the
suppressive effect of FSH appeared to be alleviated as the concentration of FSH was
increased. The specificity of the RT-PCR product amplification is shown in the
representative agarose gel image (Figure 10A).
iv)

Influence of FSH on early growth response (EGR)-1 mRNA expression

The suppressive effect of EGR-1 on transcription has recently been shown in
multiple cell types suppressing various genes [98, 99]. To study if EGR-1 is regulated by
FSH, SM granulosa cells were treated with various concentrations of FSH. Real-time
RT-PCR showed that the expression level of EGR-1 did not change with all
concentrations of FSH (Figure 11B). The representative agarose gel image of the RTPCR product for EGR-1 is shown in Figure 11A.
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v)

Influence of FSH on GATA-4 mRNA expression

GATA-4 has recently emerged as a key transcriptional regulator of several key
genes required for reproduction, having gene specific activator or suppressor roles [100104]. To investigate the possibility of GATA-4 mediating the effects of FSH on miR-378
expression, SM granulosa cells were cultured in the absence and presence of FSH. This
resulted in a significant increase in GATA-4 mRNA with all concentrations of FSH
(Figure 12B). When treated with 0.1U/mL FSH there was a greater than 2-fold increase
in expression compared to the control. When treated with FSH at concentrations of
0.01U/mL and 1U/mL, there was a greater than 1.5-fold increase in GATA-4 mRNA
expression. Figure 12A is a representative RT-PCR product image to show the size and
specificity of the amplification.
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Figure 8: Transcription factor binding motifs predicted to be present in the 3 kb 5’
flanking sequence of miR-378 using the program: TFSEARCH. Numbers in the left hand
side indicate the relative position upstream of the miR-378 transcription start site (TSS).
Binding sites for EGR-1, USF-1 and COUP-TF were predicted using a threshold value of
75 and a threshold of 90 for GATA-4. 1 putative COUP-TF binding motif was predicted
and is illustrated in orange. 6 putative USF-1 binding motifs were predicted and are
illustrated in red. 7 putative GATA-4 binding motifs were predicted and are illustrated in
blue. 3 putative EGR-1 binding motifs were predicted and are illustrated in green.
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Figure 9: Influence of FSH on the expression of transcription factor USF-1 in granulosa
cells. Granulosa cells were cultured in the absence and presence of different
concentrations of FSH for 24 hr. RT-PCR was performed using USF-1 specific primers,
Ubiquitin (Ubiq) expression was used as a housekeeper control. A) Representative
agarose gel images depicting the size of real-time PCR products for USF-1 (161bp) and
Ubiq (127bp) . B) Relative quantitation of real-time PCR results using the ΔΔCt method.
Data represents the mean ± SEM of three independent experiments.
56

Figure 10: Influence of FSH on the expression of transcription factor COUP-TF in
granulosa cells. Granulosa cells were cultured in the absence and presence of different
concentrations of FSH for 24 hr. RT-PCR was performed using COUP-TF specific
primers, Ubiquitin (Ubiq) expression was used as a housekeeper control. A)
Representative agarose gel images depicting the size of real-time PCR products for
COUP-TF (201bp) and Ubiq (127bp) . B) Relative quantitation of real-time PCR results
using the ΔΔCt method. Data represents the mean ± SEM of four independent
experiments *p<0.05.
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Figure 11: Influence of FSH on the expression of transcription factor EGR-1 in
granulosa cells. Granulosa cells were cultured in the absence and presence of different
concentrations of FSH for 24 hr. RT-PCR was performed using EGR-1 specific primers,
Ubiquitin (Ubiq) expression was used as a housekeeper control. A) Representative
agarose gel images depicting the size of real-time PCR products for EGR-1 (137bp) and
Ubiq (127bp) . B) Relative quantitation of real-time PCR results using the ΔΔCt method.
Data represents the mean ± SEM of three independent experiments.
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Figure 12: FSH causes increased expression of transcription factor GATA-4 in
granulosa cells. Granulosa cells were cultured in the absence and presence of different
concentrations of FSH for 24 hr. RT-PCR was performed using GATA-4 specific
primers, Ubiquitin (Ubiq) expression was used as a housekeeper control. A)
Representative agarose gel images depicting the size of real-time PCR products for
GATA-4 (159bp) and Ubiq (127bp) . B) Relative quantitation of real-time PCR results
using the ΔΔCt method. Data represents the mean ± SEM of four independent
experiments *p<0.05.
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Influence of miRNA-378 expression by GATA-4 over-expression
We next sought to investigate if GATA-4 indeed plays a role in mediating FSH
regulation of miR-378 expression in granulosa cells. We first used a gain of function
approach in which the plasmid encoding GATA-4 was transfected into granulosa cells to
cause over-expression of GATA-4. In order to confirm the over-expression, RT-PCR
was performed. As can be seen in Figure 13, transfection of the porcine GATA-4
expression vector resulted in a significant increase in expression of GATA-4 in both the
absence and presence of various concentrations of FSH.
After confirming the over-expression of GATA-4, miR-378 expression was
measured to determine if the GATA-4 over-expression did in fact decrease miR-378
expression. As can be seen in Figure 14B, the results indicate that the over-expression of
GATA-4 does not appear to have a suppressive effect on miR-378 expression, in the
absence and presence of FSH. Figure 14A is an image of the miR-378 amplification
products.
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Figure 13: GATA-4 over-expression with pGATA-4 transfection and FSH treatment.
Granulosa cells were cultured and transfected with either pGATA-4 or pGFP as control,
in the absence and presence of different concentrations of FSH for 24 hr. RT-PCR was
performed using GATA-4 specific primers, Ubiquitin expression was used as a
housekeeper control. Relative quantitation of real-time PCR results were determined
using the ΔΔCt method. Data represents the mean ± SEM of five independent
experiments. *P<0.05 compared to respective controls.
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Figure 14: miR-378 expression following GATA-4 over-expression and FSH treatment.
Granulosa cells were cultured and transfected with either pcDNA3.1 GATA-4 (pGATA4) or control (pGFP) in the absence and presence of different concentrations of FSH for
24 hr. RT-PCR was performed using miScript miR-378 specific primers, U6 expression
was used as a housekeeper control. A) Representative agarose gel images depicting the
size of real-time PCR products for miR-378 (86bp) and U6 (100bp) . B) Relative
quantitation of real-time PCR results were determined using the ΔΔCt method. Data
represents the mean ± SEM of three independent experiments.
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Influence of miRNA-378 expression by GATA-4 knockdown
We next used the loss of function approach to investigate the potential role of
GATA-4 in miR-378 regulation. GATA-4 siRNA was transfected into SM granulosa
cells to knockdown GATA-4 in the absence and presence of FSH. To confirm GATA-4
knockdown, RT-PCR was used to determine GATA-4 expression. As can be seen in
Figure 15, the expression of GATA-4 was significantly reduced in the absence and
presence of FSH by introduction of siRNA against GATA-4 into granulosa cells.
Random small RNA which has no targets in vertebrate transcriptome was used as a
control (siCon).
After confirming GATA-4 gene knockdown, miR-378 expression was measured
to determine if the suppression of GATA-4 prevented the FSH inhibition on miR-378
expression. As seen in Figure 16, the knockdown of GATA-4 does not result in a
significant increase in miR-378 expression.
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Figure 15: GATA-4 expression knockdown by GATA-4 RNAi in the absence or
presence of different concentrations of FSH. Granulosa cells were cultured and either
transfected with GATA-4 RNAi (siGATA) or negative control (siCon). RT-PCR was
performed using GATA-4 specific primers, Ubiquitin expression was used as a
housekeeper control. Relative quantitation of real-time PCR results were determined
using the ΔΔCt method. Data represents the mean ± SEM of three independent
experiments *p<0.05 compared to the respective controls.
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Figure 16: miR-378 expression is not affected by GATA-4 knockdown in the absence or
presence of different concentrations of FSH. Granulosa cells were cultured and either
transfected with GATA-4 RNAi (siGATA) or negative control (siCon). RT-PCR was
performed using miScript miR-378 specific primers, U6 expression was used as a
housekeeper control. A) Representative agarose gel images depicting the size of real-time
PCR products for miR-378 (86bp) and U6 (100bp). B) Relative quantitation of real-time
PCR results were determined using the ΔΔCt method. Data represents the mean ± SEM
of five independent experiments.
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Influence of FSH on Friend of GATA (FOG)-2 expression
It is known that GATA-4 plays a suppressive role in transcript regulation when it
interacts with FOG-2 [100-104]. It is hypothesized that FSH also regulates FOG-2
making it more abundant to interact with GATA-4 to suppress miR-378 expression
(Figure 17). To test this possibility we examined the effect of FSH on FOG-2 expression.
In contrast to our expectation, our results showed that following FSH treatment, FOG-2
expression was dose-dependently decreased (Figure 18). This result further suggests
FSH regulation of miR-378 expression is not via the GATA-4/FOG-2 pathway.
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Figure 17: Effect of FSH on GATA-4 and its potential role in the regulation of miR378 and estradiol expression in ovarian cells. Arrows in blue indicate the role of GATA4 in the ovary based on previous literature. Yellow arrows indicate hypothesized
influence of FSH on FOG-2 expression and the role of GATA-4 and its co-factor FOG-2
on the expression of miR-378 and estradiol in ovarian granulosa cells.
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Figure 18: Influence of FSH on the expression of transcription factor FOG-2 in
granulosa cells. Granulosa cells were cultured in the absence and presence of different
concentrations of FSH for 24 hr. RT-PCR was performed using FOG-2 specific primers,
Ubiquitin (Ubiq) expression was used as a housekeeper control. Relative quantitation of
real-time PCR results using the ΔΔCt method. Data represents the mean ± SEM of three
independent experiments *p<0.05.
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DISCUSSION
It is well known that gonadotropins are important regulators of ovarian function.
As the important roles of miRNA in the ovary are being more and more recognized, the
possible regulatory role of gonadotropins on their expression has started to be explored.
In a recent study investigating the role of LH/human chorionic gonadotropin (hCG) on
ovarian miRNA expression, it was found that miR-132 and miR-212 were highly upregulated following LH/hCG induction [105]. Ovarian granulosa cells are likely one of
the important targets for gonadotropin-regulation of miRNA-mediated changes in gene
expression during follicular development. Our finding that miR-378 expression is altered
in response to both FSH and LH is consistent with this notion. In the ovary, miR-378
expression is higher in granulosa cells of small follicles with reduced expression in large
follicles [90]. The reason for this expression pattern is likely related to the function and
requirement of miR-378 in the regulation of aromatase and possibly the expression of
other target genes throughout different developmental stages. For example, a lower level
of miR-378 in LG granulosa cells allows less suppression of its target gene, aromatase,
and thus higher expression of estradiol compared to SM granulosa cells. The stagedependent expression of miR-378 is also observed during corpus luteum development.
This is evident in a study by Ma et al. (2011), which investigated the expression of miR378 and the interferon gamma receptor 1 (IFNGR1) gene at different luteal stages in
bovine non-regressed and regressed corpus luteum [106]. IFNGR1 plays an important
role in luteal cell apoptosis and was predicted to be a target of miR-378. Real-time RTPCR revealed that miR-378 expression was stage-dependent, with the highest level being
detected in the late stages and the lowest level of expression occurring in the early stage
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of corpus luteum (CL) development. Western blot analysis of IFNGR1 revealed an
inverse relationship between miR-378 and IFNGR1 protein. It was suggested that miR378 may function as an anti-luteolysis molecule throughout the estrous cycle through the
regulation of IFNGR1. The presence of IFNGR1 allows ligand binding of interferon
gamma (IFN-γ) which in turn mediates luteal cell death through Fas-Fas L signal
pathway [106].
Our finding that LH increases miR-378 expression in LG granulosa cells but
decreases miR-378 levels in SM granulosa cells is interesting. It is possible that the stagedependent response to LH may be a mechanism in ovarian follicles to promote follicle
growth and maturation. In LG granulosa cells, the increase in miR-378 expression by LH
may function to promote cell survival through multiple mechanisms. For example, overexpression of miR-378 enhanced cell survival through the repression of Suppressor of
Fused (Sufu) and Tumor Supporessor Candidate 2 (TUSC2), which are two known tumor
suppressors [107]. As previously mentioned, miR-378 may also prevent apoptosis
through the inhibition of IFNGR1 [106]. The decrease in miR-378 expression observed
in SM granulosa cells likely provides a mechanism in which cell growth can be
stimulated through increased aromatase and estradiol expression. Estradiol is known to
function to promote cell proliferation and increase resistance to apoptosis [108].
In our study, treating SM granulosa cells with GDNF suppressed the expression
of miR-378, although no significant effect was observed in LG granulosa cells. A similar
response was also observed with EGF treatment of granulosa cells. The physiological
significance of these stage dependent regulations is currently unclear. EGF is a well
known mitogen, and GDNF has also been shown to stimulate cell proliferation [109]. It
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would be of interest to further study if their proliferation stimulating effect is mediated
via their regulation of miR-378 in the future.
Our data showed a significant suppression of miR-378 expression by FSH within
ovarian granulosa cells from both small and large follicles. This finding is particularly
important as FSH has previously been shown to induce estradiol production. One of the
mechanisms of this regulation is through the up-regulation of aromatase expression via
GATA-4 activation. Our finding on the suppression of miR-378 expression by FSH could
be a second mechanism in which FSH functions to increase estradiol levels by alleviating
the inhibition of aromatase translation by miR-378 within ovarian follicles. As FSH
suppresses miR-378 levels, the translation of aromatase is less inhibited by miR-378,
thereby increasing estradiol levels [110].
We chose to further study the mechanism of FSH regulation on miR-378
expression in granulosa cells as its action is inhibitory in both large and small follicles.
The upstream stimulatory factors (USF)-1 and USF-2 have recently emerged as a class of
factors that act as sequence specific transactivators or transrepressors in the form of
homodimers or heterodimers. These transcription factors have been shown to bind and
inhibit glutamate-cysteine ligase (GCL) catalytic or heavy subunit promoter activity and
protein synthesis in rat lung epithelial L2 cells [111], providing an example of the
inhibitory role of USF transcription factors. In our study, FSH suppressed miR-378 but
did not appear to have any effect on USF-1 expression and thus USF-1 is unlikely
involved in the FSH induced suppression of miR-378 expression.
The transcription factor early growth response protein -1 (EGR-1) is a member of
the early growth response gene family and has been shown to activate or suppress
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expression of its target genes [98]. The dual function of this transcription factor is likely
due to the presence of both activation and repression domains, which have been
identified. It has been suggested that the suppressive effects of this transcription factor
occur through the interaction with EGR-1 binding proteins, and also depend on the
promoter composition of target genes [98, 99]. EGR-1 has recently been shown to downregulate the expression of the platelet derived growth factor A chain (PDGF-A) in certain
cells. In human fibrosarcoma cells HT1080, it has been shown that expression of EGR-1
can cause down-regulation of bcl-2 and inhibit cell proliferation through interaction with
the bcl-2 promoter. Although the exact mechanism is not always known, it is clear that
EGR-1 can have suppressive effects on gene transcription [99]. However, expression of
EGR-1 was not affected by FSH treatment. It is thus unlikely that EGR-1 is involved in
the FSH induced suppression of miR-378 expression.
Another transcription factor that has binding sites in the promoter region of miR378, and has a known suppressor role is chicken ovalbumin upstream promoter
transcription factor (COUP-TF). In ovarian pre-ovulatory follicles, the production of
oxytocin is associated with cell differentiation required for ovulation. Computer analysis
of the bovine oxytocin gene upstream promoter region revealed a potential binding for
COUP-TF [95]. Further investigation demonstrated that COUP-TF competes for binding
to the most prominent site in the promoter acting to down-regulate oxytocin transcription
[95]. In addition, a study by Xing et al. 2002 reported an antagonistic relationship
between transcription factors providing a mechanism balancing the expression of FSHR.
This study demonstrated COUP-TFs generally seem to function as strong transcriptional
repressors, and following characterization of the FSHR gene in granulosa cells it was
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shown that COUP-TF interfered with the activation of FSHR by preventing
transactivation by other transcription factors [96]. The promoter region of α2macroglobin (α2M), a serine protease inhibitor and cytokine inactivator associated with
inflammation and tissue remodelling, also has a binding site for COUP-TF in its promoter
region. Via transfection of wild type and site specific mutated luciferase reporter
constructs into granulosa cells, Dajee et al. 1998 has demonstrated that COUP-TF acts as
a repressor to antagonize the activity of the transcription factor SF-1 and as a result
reduces the functional activity of the intact α2M promoter [97]. Despite the well-known
inhibitory role this transcription factor has in ovarian granulosa cells, our results suggest
it may not be responsible for the FSH induced suppression of miR-378, as its expression
was down-regulated by FSH in our study. However, the down-regulation of COUP-TF
following FSH supplementation is interesting as it suggests a possible relationship
between FSH and the up-regulation of FSH induced ovarian genes. The suppression of
COUP-TF expression may be one of the mechanisms for FSH to up-regulate its target
gene expression in the ovary. Further studies investigating the interaction of COUP-TF
and the promoter region of FSH induced genes would be valuable in elucidating the role
of COUP-TF in FSH regulation of gene expression.
GATA transcription factors are rapidly emerging as vital players regulating
development, and function throughout all stages of mammalian reproduction. All
vertebrate GATA factors have been shown to have two highly conserved zinc finger
domains and have been shown to recognize and bind with high affinity to the DNA
concensus motif, (A/T)GATA(A/G), and similarly related sequences [112, 113]. The two
adjacent zinc fingers are designated based on their proximity to the amino or carboxyl
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terminus, termed either N-terminal or C-terminal fingers [114]. Members of this family
have been identified in a wide range of organisms, including; vertebrates, mold, plants,
fungi, nematodes, insects, and echinoderms [113]. In this family of transcription factors,
only the C-terminal zinc finger and basic domain are conserved. Current studies indicate
that the conserved function of GATA transcription factors is to either activate or
inactivate genes in response to the surrounding environment (Figure 17).
In vertebrates, six GATA factors have been identified with tissue specific
expression. These GATA factors have been subdivided into two groups, with GATA-1,2, and -3 comprising the first group and GATA-4, -5, and -6 constituting the other group
[113]. The first group is most often expressed in the hematopoietic cell lineages and
during nervous system development, however, this association is not exclusive [112].
The second group of GATA factors are most often associated with tissues derived from
the endoderm, such as in the heart, lung, stomach, intestine, blood vessels, and ovaries.
The cells located in adult ovaries have been found to express GATA-4 and GATA-6
[112]. Some important identified targets of the GATA transcription factors include; the
globin genes in red blood cells which are targeted by GATA-1[115-117],
preproendothelin I in endothelial cells which is targeted by GATA-2[118], T-cell receptor
in T lymphocytes which is targeted by GATA-3[119], and myosin heavy chain, actin, and
cardiac troponin which is targeted by GATA-4 [120, 121]. However, some interaction
between GATA proteins and other transcription factors has been shown that may act to
alter their function. GATA-4 for example, has been shown to interact with other
transcription factors primarily through the C-terminal zinc finger [114, 122, 123].
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In order to obtain a comprehensive understanding of the GATA transcription
factors, multiple studies first focused on the localization of GATA factors in the fetal and
adult reproductive systems. Unexpectedly, GATA-1 has been detected in mouse testis
localized in the cytoplasm of Sertoli cell precursors in the male genital ridge and neonatal
mouse testis, suggesting it does not regulate transcription during these periods of
development [124]. However, GATA-1 has been found in the nucleus of Sertoli cells in
prepubertal testes and GATA-1 protein has also been detected in seminiferous tubule
Sertoli cell nuclei from stages VII to IX of spermatogenesis, suggesting specific
regulation of GATA-1 in a stage-specific manner [125]. GATA-4 has been detected in
the urogenital ridge of the mouse throughout early development and persists in the
developing mouse testis through adulthood [104, 125-127]. It has been shown in humans
that GATA-4 is expressed as early as 12 weeks in fetal testes Sertoli and Leydig cells
through adulthood [128]. It was suggested that the stage-specific expression of GATA-4
plays a role in Sertoli cell proliferation and Leydig cell production of testosterone. It has
been shown in pigs that GATA-4 is expressed in the primitive gonad before
differentiation, and throughout all stages of gestation. GATA-6 is also expressed in the
testis throughout development. In mice, it was shown that GATA-6 is expressed in
neonatal, prepubertal, and adult testis localized in Sertoli cells [102, 129]. However,
there is very limited data on the exact function of GATA-6 in these cells.
Several studies have focused on the expression of GATA-4 within the developing
and adult ovary. One study by Anttonen et al. 2003, has indicated that GATA-4 is
expressed in all stages of embryonic ovary development [104]. Recent data examining
GATA-4 in mouse, human, and pig suggests a role in somatic follicular differentiation
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[130-133]. GATA-4 and GATA-6 mRNA and protein has also been shown to be
localized in the nucleus of adult granulosa cells in healthy follicles, as well as some
thecal cells [130, 132, 134, 135]. Although there appears to be some controversy,
GATA-4 expression in oocytes appears to be negligible compared to follicular somatic
cells [104, 126, 130-132, 134, 136]. GATA-6 is also expressed in many of the same
tissues as GATA-4 but there appears to be some species specific differences in GATA-4
and GATA-6 expression. In pigs, GATA-4 and GATA-6 have been shown to be
strongly expressed in granulosa cells isolated from follicles of different sizes.
Interestingly, it has been observed in porcine ovaries that GATA-4 DNA binding activity
predominates over GATA-6 in nuclear extracts, when comparing tissues expressing both
GATA factors [135]. In the adult ovary, GATA-4 and GATA-6 have been shown to play
a role in the regulation of gonadotropin regulated genes, including inhibin, aromatase,
and StAR protein [112]. It has also been hypothesized that GATA-4 has been linked to
inhibition of apoptosis in cardioblasts and cardiac muscle cells [137-140].
Steroidogenic acute regulatory protein (StAR) is a well characterized protein
essential for the biosynthesis of cholesterol derived steroid hormones. It has been found
that in primary granulosa cells from prepubertal ovaries, StAR mRNA and protein are
induced by FSH. In order to determine the key factors involved, Silverman et al. 1999,
conducted a study using site directed mutations in the StAR promoter region to determine
the essential binding sites required for activation of StAR transcription [141]. It was
observed that mutation of the GATA binding site caused a 45% drop in the promoter
activity. The regulation of StAR provides the first example of a steroidogenesis
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associated protein that is controlled at the transcriptional level by C/EBPβ and GATA-4
(Figure 17) [141].
Aromatase is a well known gene highly expressed in granulosa cells of preovulatory follicles and functions to catalyze the conversion of androgens to estrogens.
FSH has previously been shown to be a main stimulus for the expression of the Cyp19
gene encoding aromatase. The function of this gene which results in estradiol production
is critical for follicular maturation and development. To determine any potential role of
GATA-4 in Cyp19 regulation, the upstream promoter region was analyzed and it was
found that the Cyp19 gene contains two conserved binding elements for GATA
transcription factors. Following further investigation, it was revealed that GATA-4 binds
to the Cyp19 promoter and that the binding is stimulated by FSH [142]. This was
demonstrated through the over-expression of exogenous GATA-4 which potentiated the
stimulatory effect and by using an anti-GATA-4 siRNA which reduced the effect,
suggesting GATA-4 plays a role in the effect of FSH on Cyp19 expression (Figure 17)
[142].
In addition to its stimulatory effects on transcription, GATA-4 can also interact
with co-factors resulting in transcriptional suppression. As GATA-4 is highly expressed
throughout gonadal development it has been suggested that it likely plays a role
regulating critical developmental genes. However, until recently little has been known
about the specific role of GATA factors in gonadogenesis, and possible down regulation
of specific genes. Two related proteins have recently been identified as key co-factors
that interact with GATA factors by binding to their N-terminal zinc finger. It has
recently been revealed that these two factors known as friend of GATA (FOG)-1 and
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FOG-2, can result in either activation or repressive action of GATA-1 or GATA-4, or
both [104]. It has also been suggested that the interaction of GATA-4 with FOG-2 may
result in suppressive effects on transcription by inhibiting other transcription factors from
binding the promoter region, or indirect suppression by activating a repressive
transcription factor [103]. The function of FOG-2 has been most well studied in cardiac
cells and has been shown to repress the stimulatory effect of GATA-4 on some of its
target genes. Although FOG proteins have been reported to be expressed in the gonads
with GATA transcription factors, the exact role of these modulatory proteins in endocrine
tissues has not been well investigated. Recent investigation has shown FOG proteins act
as repressors of GATA mediated transcription, however, the magnitude of repression
depends on the specific FOG/GATA combinations [102]. More recent studies have
suggested that GATA-4 commonly interacts with FOG-2 resulting in translational
activation or repression in a gene specific manner [100, 101].
GATA-4 expression is down-regulated shortly after ovarian differentiation in
comparison to the fetal testis in which its expression is accompanied by Müllerian
Inhibiting Substance (MIS). Anttonen et al. 2003, has provided evidence indicating the
importance of the interaction between GATA-4 and FOG-2 in the down regulation of
MIS, strongly suggesting a functional role of FOG-2 as a transcriptional repressor. This
is suggested as GATA-4 and FOG-2 are both localized in the ovary and are restricted to
the somatic cells [104]. In addition, it has been shown hat FOG-2 is able to repress the
GATA-4 mediated activation of the MIS promoter. To further support the likelihood of
this interaction, it has also been shown that FOG-2 is down-regulated in the somatic cells
of fetal testis expressing MIS [104]. The expression of MIS leads to regression of the
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Müllerian ducts, and as testosterone is produced in the interstitial Leydig cells of the fetal
testis, development of the Wolffian duct system is facilitated [112]. Another interesting
study investigating the repressive role of GATA-4 and FOG-2 in transcriptional
regulation, found that the GATA-4/FOG-2 complex is essential for the repression of
Lhx9 gene transcription during cardiac development. This study suggests the Lhx9 gene
which likely plays a role in cardiac development is regulated through direct binding of
the GATA-4/FOG-2 complex to the evolutionarily conserved GATA sites in the gene
regulatory region. This interaction was abolished in GATA-4 mutants as its ability to
bind FOG-2 is decreased [103]. In our study, although FSH increased GATA-4
expression, this was accompanied by a decrease in FOG-2 expression. Furthermore,
over-expression and down-regulation of GATA-4 failed to significantly influence miR378 expression, suggesting that the GATA-4/FOG-2 complex may not mediate FSH
regulation of miR-378 expression.
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CONCLUSION AND POSSIBLE FUTURE STUDIES
The expression miR-378 in porcine ovaries is regulated by gonadotropins and
intra-ovarian factors in a follicular stage-dependent manner.
To further elucidate the potential mechanism(s) for the suppression of miR-378
by FSH, the expression of four suppressive transcription factors which have binding sites
present in the promoter region of miR-378 were investigated. Our results suggest that the
down-regulation of miR-378 by FSH is not via the up-regulation of transcriptional
repressors, suggesting future studies should focus on the activity of transcriptional
activators in the FSH-regulation of miR-378.
Future studies should include searching the promoter region for transcriptional
activator binding sites. With binding sites for transcriptional activators present in the
promoter region, it would be valuable to determine if FSH causes down-regulation of
these target transcription factors. If these transcription factors are down-regulated via
FSH, this down regulation may be one of the mechanisms for FSH to decrease miR-378
in granulosa cells. With the diverse roles of miRNA within the ovary in mind, it is clear
that knowledge of the key factors regulating miRNA would provide great insight into the
mechanisms involved in follicular maturation and reproductive function.
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APPENDIX A
Table 1: Primers used for Real Time RT-PCR to determine the expression of various
mRNA transcripts
Target

Primers

GATA-4

5’-ATGAAGCTCCATGGTGTCCC-3’ -FORWARD
5’-ACTGCTGGAGTTGCTGGAAG-3’-REVERSE

Accession
Number
NM_2142
93.1

USF-1

5’-GGTGGAATTCTGTCCAAAGC -3’-FORWARD
5’- GCTGGTAGCAGCAGATTCTTG-3’-REVERSE

NM_0011
90245.1

161 bp

COUPTF

5’- CCCACTTTGAGGCACTTCT-3’-FORWARD
5’- ACATCGAGTGCGTGGTGT-3’-REVERSE

XM_0033
54213.1

201 bp

EGR1

5’- CAGACCAGAAGCCTTTCCAG-3’-FORWARD
5’- CTGGGACTGGTAGGTGGTGT-3’-REVERSE

AJ238156

137 bp

FOG2

5’- CCTTGAAGACAAAGGCTCAGGTCC-3’-FORWARD
5’- GTCATCTGACTGGCAGCTTGTAG-3’-REVERSE

NP_00118
2303

223 bp

UBIQ

5’- GGTGGCTGCTAATTCTCCAG-3’-FORWARD
5’- TTTTGGACAGGTTCAGCTATTAC-3’-REVERSE

NM_0011
05309.1

127 bp
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Product
Size
159 bp

APPENDIX B
Table 2: Stealth™ RNAi siRNA used for GATA-4 knockdown
Target
GATA-4

Sequence (DNA)
GAACCUUAACAAAUCGAAGACGUCA
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GC %
40.0

Accession Number
NM_214293.1

