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ABSTRACT
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Advisor:
Dr. Jim Petrik

miRNAs have emerged as potent regulators of gene expression at a post-transcriptional
level. Recent research has suggested that miRNAs contribute to ovarian follicular development
and angiogenesis. This study aims to identify the expression of miRNAs in the ovary relating to
TSP1 and VEGF. qPCR demonstrated differential expression of the evaluated miRNAs and high
upregulation occurring in cystic follicles. FISH was performed to localize some of the miRNAs
evaluated and in the case of let-7a, their location changes through development. miRNAs from
ECs and SIGCs were also evaluated following VEGF and 3TSR treatment with little change in
miRNA expression occurring and many of the changes suggested the miRNAs to have alternate
roles in cell survival rather than angiogenesis. Taken together, we have identified cohorts of
miRNAs differentially expressed in the developing ovarian follicle and in cystic disease.
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INTRODUCTION
microRNAs have been implicated in virtually every cellular process. These processes
include cellular proliferation, cell death, cell to cell signaling, and cell cycle regulation to name a
few (Hossain, 2009). It is of no surprise then that miRNAs have emerged as potential regulators
of follicular and luteal development as well as ovarian angiogenesis. miRNAs are small noncoding RNAs that regulate gene expression by either blocking translation of mRNAs or aiding in
their destruction. miRNAs have the capacity to target multiple proteins and multiple miRNAs
can target the same protein. This redundancy creates very significant control over gene
expression of various cellular processes.
Previously, our lab has demonstrated an inverse relationship between VEGF and TSP-1.
Although the direct regulatory mechanisms of this relationship still remain unclear. In previous
studies, miRNAs have been demonstrated to target either VEGF or TSP-1. Our lab has also
demonstrated that along with angiogenic properties, VEGF also exhibits cytoprotective
properties in the developing follicle (Greenaway, 2004). miR-126 expression is among the most
abundant in endothelial cells (ECs) both in vivo and in vitro . miR-126 was also shown to
increase VEGF signaling and ECs lacking miR-126 responded significantly less to VEGF (Fish,
2008). Members of the Let-7 family have also been well documented to target TSP-1
(Kuehbacher, 2007). When cells were transfected with let-7a and miR-18a, TSP-1 expression
was observed to decrease (Dogar, 2014). The importance of miRNAs on TSP-1 expression was
further evidenced when one group knocked down Dicer and Drosha – two proteins involved in
miRNA biosynthesis –and saw a significant increase in TSP-1 expression take place. VEGF has
also been shown to be effected by a variety of miRNAs. VEGF protein expression was observed
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to decrease by up to 50% 30 hours post-transfection of miR-20a mimetics (Hua, 2006). With
other miRs – miR-15a and 106a – also demonstrating their ability to target VEGF (Cuevas,
2014).
COD is perhaps one of the most economic strains on the dairy industry with up to 30%
prevalence. The disease occurs in cattle when one or more follicles grow to over 20 mm in
diameter (Garverick, 1997; Ortega, 2015). These follicles have been seen to persist for many
days without the development of luteal tissue and thereby interrupt the normal reproductive cycle
to be expected in cattle. Although the exact mechanism of this disease remains unclear some
aspects are known. In short, ovulation is prevented due to a lack of the LH surge (Garverick,
1997; Ortega, 2015). Without this surge, follicles undergo growth arrest as previously
mentioned. Some miRNAs have been documented to be implicated in cystic disease. In human
PCOS patients, miR-21 has been shown to be a predictive biomarker for disease presence (Jiang,
2015). Another miRNA, miR-222 has been shown to be significantly increased in PCOS patients
and is associated with decreased estradiol signaling and receptor expression (Sorensen, 2014).
The contributions of miRNAs to reproductive disease are unfortunately still unknown.
Our current work aims to elucidate candidate miRNAs and how they may be differently
expressed throughout follicular development. Our focus currently is on those miRNAs relating to
VEGF (miR-15a, miR-20a, miR-29a, miR-106a, miR-126), TSP-1 (let-7a, miR-18a), and cell
survival and proliferation (miR-21). In developing an expression profile of these aforementioned
miRNAs, we may advance one step closer to understanding the roles these small RNAs play in
both angiogenesis and follicular development. Additionally, we wish to compare these profiles to
those follicles of cystic disease to see where any differences may lay. The results from this study
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will contribute to the better understanding of the genetic regulatory mechanisms in place to
regulate VEGF and TSP-1 expression as well as normal and abnormal follicular development.
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LITERATURE REVIEW
microRNA biogenesis

To date, 2588 miRNAs have been identified in humans, and 793 have been identified in
bovine (miRBase). miRNAs are transcribed by RNA polymerase II from either introns of coding
genes or independent genes (Berezikov, 2011). Additionally, several miRNAs may be clustered
and often co-transcribed together (Ha, 2014). Once the miRNA gene is transcribed by RNA
polymerase II into a primary miRNA (pri-miRNA), the pri-miRNA must undergo maturation.
The first protein involved in the maturation process is Drosha in the nucleus. Drosha acts by
clipping the very long pri-miRNA that is initially transcribed into a small, hair-pin RNA of
approximately 65 nucleotides. Together with DiGeorge syndrome critical region gene 8
(DGCR8), Drosha forms what is known as the microprocessor complex. Once the
microprocessor has processed the pri-miRNA, it becomes known as a pre-miRNA (Ha, 2014;
Huntzinger, 2011; Filipowicz, 2008).
The pre-miRNA is then exported from the nucleus and into the cytoplasm via a transport
complex. Exportin 5 forms the transport complex with a GTP-binding protein and the premiRNA to be exported. Within the cytoplasm, the pre-miRNA is further processed by Dicer to
generate an RNA duplex. Following RNA duplex formation by Dicer, argonuate (AGO) proteins
associate with it the form a complex known as the RNA-induced silencing complex, otherwise
known as the RISC (Ha, 2014). In order for the RISC to form, the RNA duplexes are loaded onto
the AGO proteins. In humans, four AGO proteins exist (AGO1-4) which load the miRNA
duplex. Once the miRNA duplex is loaded onto one of the AGO proteins, the mature RISC is
formed with the removal of the passenger strand of the duplex. While, cleavage of the miRNA
4

duplex is possible with AGO2, most of the AGO proteins lack cleavage ability (Ha, 2014).
Unwinding of the duplex occurs more often than strand cleavage in the genesis of a mature
miRNA. As there are initially two strands of RNA within the complex, a guide strand must be
selected. Selection is determined based on the thermodynamic stability of the terminal ends of
the duplex. Typically, the strand with the more unstable 5’ terminus will go on to produce the
mature miRNA in the RISC. It is however important to note that this process is not always strict
in that the unfavoured strand may also be selected occasionally. If the unfavoured strand is
selected, the mature miRNA RISC that it forms will also be capable of silencing (Ha, 2014).
However, when compared to the more highly favoured guide strand, the potency of silencing is
less. The varying selection of the guide strands yields both major and minor products relating to
their frequency of favourability. An overview of this process is provided below (Winter et al.,
2009).

Figure 1: Schematic
overview of miRNA
biosynthesis and action.
Adapted from Winter et al.
2009.
5

microRNA methods of action

As we know, miRNAs act post-transcriptionally as a means of gene regulation. Currently,
there are thought to be two main modes of action that miRNAs can perform their action of gene
silencing. The first being translational repression of a target messenger RNA (mRNA). The other
main possibility is the destabilization of the target mRNA where the RISC complex will mark
the target mRNA for degradation (Bartel 2009; Carthew 2009; Filipowicz, 2008; Huntzinger
2011; Wu, 2008). Each of these methods will be explored further.
The ability of miRNAs to translationally repress mRNAs is thought to occur in two
ways. Evidence supports translational inhibition to occur either at initiation or after (Wu, 2008).
One notable study has suggested that the efficiency of translational repression is proportionate to
mRNA cap binding affinity to the AGO protein within the risk complex (Kiriakidou, 2007).
Eukaryotic initiation factor 4E (eIF4E) in essential for the initiation of mRNA translation of
many mRNAs within eukaryotes and the prevention of eIF4E binding to the m7G cap has been
evidenced as a cellular strategy to inhibit mRNA translation. Kiriakidou et al demonstrated that
the AGO proteins which make up the RISC contain a binding motif very similar to the m7G cap
binding domain of the eIF4E factor mentioned above. Their results provided evidence that
miRNA translational repression may act at least in part due to the binding of the AGO protein to
the m7G cap preventing eIF4E from binding to the m7G cap and therefore inhibiting the initiation
of translation. Evidence has also emerged to suggest that translational repression may occur after
initiation. Specifically, this may occur at the elongation stage of translation by inducing
cotranslational degradation of nascent polypeptides (Wu, 2008).
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The degradation of mRNA has been observed to be accelerated by miRNAs. If the
miRNA is fully complementary to the associated mRNA, endonucleolytic cleavage will occur at
the paired region (Wu, 2008). Following cleavage of the mRNA, the fragments undergo
exonuclease attack at their exposed 5’ or 3’ ends. Another method of mRNA degradation occurs
when the miRNA is only partially complementary to the target mRNA. In this scenario, the
RISC promotes the removal of the 3’ poly(A) tail from the mRNA. Following the loss of the
poly(A) tail, 5’ decapping is triggered which allows for endonucleases to attack the mRNA at the
exposed 5’ end for degradation (Wu, 2008).
Given these two distinct methods of miRNA action – translational repression and mRNA
decay – the contribution of each to mRNA silencing varies largely. It has been suggested that the
determination of which method to be used is based on the longevity of the target mRNA (Wu,
2008). That is target mRNAs that are relatively long lived are more likely to undergo
destabilization and degradation as a form of silencing rather than translational repression.
An important consideration to be made regarding the action of miRNAs is the concept of
redundancy. This is simply that miRNAs are such potent regulators of gene expression since
many miRNAs can target a single mRNA. In addition, a single miRNA can target many mRNAs
(Lewis, 2005). It has been estimated that miRNAs have the potential to target over 5300 human
genes of our 17 850 genes present. This equates to roughly 30% of genes in humans although
this number has grown since (Lewis, 2005).
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Development of an ovarian follicle

The development of an ovarian follicle and eventual ovulation of an oocyte is a tightly
regulated process. Ovaries contain a limited number of oocytes each arrested in meiosis. Once
the reproductive age of an animal is reached, cohorts of primordial follicles are recruited to enter
the early stages of folliculogenesis (Dunlop, 2014; Fortune, 1994; Matsuda, 2012). Primordial
follicles contain an oocyte and a layer of pre-granulosa cells. A variety of factors are responsible
for primordial follicle recruitment which cause the transition into a primary follicle. From here,
follicles increase the number of granulosa cells to support the oocyte. In the quest of reaching
dominant follicle status and ultimately successful ovulation, follicles will obtain a theca cell
wall, recruit vasculature, and develop a fluid filled space known as an antrum (Fortune, 1994;
Matsuda, 2012).
While the recruitment of primordial follicles is largely controlled by factors originating
within the ovary, advancement to the antral stages is dictated by hormone stimulation. The two
main hormones responsible are follicle stimulating hormone (FSH) and luteinizing hormone
(LH) (Dunlop, 2014; Matsuda, 2012). The antral stages of folliculogenesis can be recognized by
the presence of an antrum as described above. The fluid within this chamber is follicular fluid.
As primordial follicles are recruited to primary follicles, they become recruited to the incoming
follicular wave by FSH when its levels reach beyond a threshold. Once recruited by FSH, the
follicles will enter the gonadotropin-dependent phase of folliculogenesis (Dunlop, 2014).
FSH is primarily responsible for selection of a dominant follicle. Throughout the antral
stage of development, developing follicles secrete FSH inhibitors in response to gonadotropins.
This feedback loop ensures that only the healthiest of follicles continue to develop as FSH

8

declines while the follicles unable to thrive in the low FSH environment begin to undergo atresia
(Dunlop, 2014).
As the antral follicle grows during folliculogenesis, vasculature must be recruited to
supply the growing follicles. Early in development, the follicle can get by on the passive
diffusion from stromal vasculature to supply the needed nutrients (Matsuda, 2012). The process
of recruiting new vasculature is known as angiogenesis and will be explored later in this review.
As the developing ovarian follicle grows and an antrum begins to appear, the antrum
begins to accumulate follicular fluid. Follicular fluid is essential for oocyte maturation and
follicular growth itself and makes up the oocyte microenvironment (Basuino, 2016). The
contents of follicular fluid include protein, regulatory factors, and metabolites being secreted
from granulosa cells (Fu, 2016). More recently, small RNAs, including miRNAs have been
detected in follicular fluid (Navakanitworakul, 2016; Scalici, 2016). A recent study examined
follicular fluid proteomically and found proteins in the fluid to be implicated in a variety of
pathways including: carbon metabolism, glycolosis, amino acid biosynthesis, citrate cycle,
antigen processing and presentation, actin cytoskeleton regulation, and HIF-1 signaling (Fu,
2016). Previously, our lab has demonstrated that follicular fluid contains both VEGF and TSP-1,
two prominent angiogenesis peptides (Greenaway et al., 2004). While VEGF has historically
been described as a pro-angiogenic peptide since it enhances vessel development, it has also
demonstrated a cytoprotective role. More specifically, Greenaway et al. showed that VEGF
expression in a developing follicle is cytoprotective to surrounding granulosa cells.
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Bovine ovarian cycle
Like humans, bovine are a monovulatory species. Follicles are recruited in waves to
undergo growth as previously described and the eventual ovulation of a dominant follicle and
degeneration – known as atresia – of the anovulatory follicles. Each estrous cycle contains 2 to 3
follicular waves (Adams, 2008). The first follicular wave begins on the day of ovulation.
Subsequent waves vary depending on whether a 2 or 3 wave cycle occurs. During each wave,
follicles reach dominance and eventually undergo atresia. Prior to ovulation, luteinizing hormone
(LH) undergoes a sharp surge. Following ovulation, a corpus luteum (CL) develops from the
ovulated follicle and regresses as the next ovulatory cycle approaches (Adams, 2008). The CL
produces high levels of progesterone meant to maintain pregnancy. Progesterone also has a
secondary effect of limiting ovulation by causing the regression – follicular atresia – of
developing dominant follicles (Adams, 2008).
During the reproductive cycle, there are a number of diseases that may manifest
ultimately giving rise to infertility. One such disease is cystic ovarian disease (COD). COD in
cattle occurs when one or more follicles grow to over 20 mm in diameter (Garverick, 1997;
Ortega, 2015). These follicles have been seen to persist for many days without the development
of luteal tissue and thereby interrupt the normal reproductive cycle to be expected in cattle.
Reports of COD prevalence in the dairy industry vary widely and range anywhere from 5% to
30% depending on the source (Garverick, 1997; Ortega, 2015). This high prevalence creates a
large economic burden on an industry which relies on reproduction and its overall efficiency. In
short, COD is defined as follicular persistence without ovulation or follicular regression
occurring as it normally should.
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While COD is not fully understood, much work has been performed to elucidate the
mechanisms of the disease. One proposed method for the pathogenesis of COD is that
adrenocorticotropic hormone (ACTH) stimulates progesterone and cortisol secretion (Ortega,
2015). Progesterone then acts to inhibit the release of gonadotropin-releasing hormone and
estradiol secretion is decreased via cortisol action. The LH surge is then suppressed due to a lack
of estradiol action on the hypothalamus and pituitary and ovulation is prevented (Ortega, 2015).
Without ovulation, the follicle is permitted to persist and the ovarian cycle is disrupted leading to
infertility.
microRNAs in the ovary
As previously covered, the ovary is a highly complex organ. Cohorts of primordial
follicles are recruited each follicular wave to undergo folliculogenesis. We know that this
process is tightly controlled from hormone regulation. With the emergence of miRNAs as potent
post-transcriptional regulators of gene expression, they have become of great interest as potential
genetic regulators within the ovary (Donadeu, 2012). Within the ovary, miRNAs have been seen
to be involved in many parts of normal ovarian function and development (Imbar, 2014).
One study examined the presence of small RNAs within the bovine ovary. They were
able to show miRNAs were by far the most abundant class of small RNAs present (Donadeu,
2012; Hossain, 2009). Additionally, many of the miRNAs identified were seen to be associated
with a variety of cellular processes such as cellular proliferation, cell death, cell to cell signaling,
and cell cycle regulation (Hossain, 2009). Some notable miRNAs identified within this study
were miRNA-21, miRNA-23b, miRNA-24, miRNA-27a, miRNA-126, and members within the
Let-7 family (Hossain, 2009).
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In a Dicer knockdown study in mice, ovarian function was drastically affected. Mice
lacking Dicer were seen to have decreased ovulation rates which the authors attributed to loss of
miRNAs in granulosa cells (Christenson, 2010). In a second mouse model utilizing Dicer
knockdown, vasculature of the corpus lutea was seen to be decreased causing decreased
pregnancy rates. Following administration of miRNA mimics for miR-17 and let-7b,
vascularization of the corpus lutea returned to normal levels (Otsuka, 2008).
Levels of miRNAs were assessed following a LH/human chorionic gonadotropin (hCG)
surge with differential expression observed post-surge (Christenson, 2010).

Fiedler et al

examined the hormonal regulation of miRNAs in murine granulosa cells. Granulosa cells were
examined following LH/hCG treatment both in vivo and in vitro. As soon as two hours posttreatment, miRNA levels or miRNA-132 and miRNA-212 were observed to be significantly
upregulated by 17-fold and 34-fold respectively (Fiedler, 2008). MiRNA-21 was also seen to be
highly upregulated in this study. Similarly in another study, following hCG treatment let-7b and
miRNA-126 were seen to be downregulated in fully grown follicles (Kim, 2010). Differences in
miRNA profiles between the granulosa cells and oocytes were also detected following hCG
treatment for let-7b and miRNA-143 (Kim, 2010).
In many cancers, miRNA-21 is highly expressed in many cancers and has been examined
closely by many studies. Inhibition of miRNA-21 has been shown to promote cellular apoptosis
through a variety of potential cellular targets such as programmed cell death 4 (Pdcd4),
phosphate and tensin homologue (Pten), and transformation related protein p63 (Trp63) (Carletti,
2012). Given the high abundance of miRNA-21 evidenced previously, it has warranted further
investigation. Again, miRNA-21 was able to be induced by equine chorionic gonadotropin (eCG)
– a FSH analogue - and hCG treatment. Increased levels of pri-miRNA-21 and the mature
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miRNA-21 were detected as soon as 12 hours post treatment for eCG and 2 hours post treatment
for hCG. Additionally, cleaved caspase 3 levels were examined following an LH/hCG surge and
were seen to be decreased in vivo 6 hours after treatment. Since this time frame is consistent with
elevated miRNA-21 levels, it suggests that miRNA-21 is exerting its anti-apoptotic effects at
least in part through the caspase pathway (Carletti, 2012). The same study also examined the
effects on the ovary of miRNA-21 knockdown in vivo. Mice were treated with a miRNA-21
inhibitor prior to hCG treatment and then evaluated for apoptosis. Following miRNA-21
inhibition, an increase in cellular apoptosis was found. Perhaps more interestingly, miRNA-21
inhibition also affected ovulation rates. A reduction of cumulus-oocyte complexes recovered
from oviducts was observed when miRNA-21 was inhibited in vivo (Carletti, 2010).
The effects of miRNAs on granulosa cell proliferation and apoptosis have also been
studied. Granulosa cells were transfected with miRNAs including miRNA-132, miRNA-142,
miRNA-128, and miRNA-108 which saw a marked increase in cellular proliferation as
evidenced by increased proliferating cell nuclear antigen (PCNA) (Sirotkin, 2009). An increase
in the apoptotic marker Bax was also observed following transfection with miRNA-15a,
miRNA-92, miRNA-124, miRNA-18, and miRNA-125a (Sirotkin, 2009).
The expression of miRNAs over follicular development has also been assessed
(Sontakke, 2014). Using bovine ovaries, miRNAs were assessed among small, large healthy, and
large atretic follicles. Perhaps the most interesting find from the data generated was related to
miRNA-21 expression. When compared to the large healthy follicle, miRNA-21 expression was
six-fold higher in large atretic follicles. Considering how miRNA-21 is typically regarded as a
pro-survival miRNA, it is interesting that it may also play a part in follicular death as follicles
undergo atresia (Sontakke, 2014).
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MiRNAs have also been implicated in a number of reproductive disorders such as cystic
ovarian disease (COD) and poly cystic ovarian syndrome (PCOS). One study found that
heightened miR-21 expression in serum was positively correlated with PCOS occurrence (Jiang,
2015). As we know, miR-21 is implicated in cell survival pathways and associated with
decreased apoptosis. Another group created a rat PCOS model using dihydrotestosterone (DHT)
and found there to be differential miRNA expression related to PCOS pathogenesis including 25
ovarian miRNAs (Hossain, 2013). MiR-222 was found to be overexpressed in PCOS rats and
was associated with a decrease in estradiol signaling and receptor expression. Another study
involving human PCOS patients found miR-222 and miR-146a to be overexpressed in serum
(Long, 2014). Many other miRNAs have been detected to be differentially expressed in follicular
fluid. MiR-132 has been shown to be expressed significantly lower in PCOS patients compared
to healthy women and is thought to act by regulating estradiol concentrations (Sorensen, 2014).
The implications and mechanisms of miRNAs in cystic disease is still largely unknown and more
work is required to develop a better understanding on how these small RNAs may contribute to
reproductive disease.
Angiogenesis

As ovarian follicles grow, they need to increasingly produce new vasculature to supply
the growing follicle with the needed nutrients and oxygen. The process of angiogenesis ends in
the formation of new vasculature. Angiogenesis usually does not occur in adult tissues. However,
the process may occur to aid in tissue regeneration, in cases of chronic inflammation, and cancer
(Kerbel, 2002). The ovary provides an attractive model for the study of angiogenesis as it is one
of the few organs which undergo the process outside of pathological states. Vascular endothelial
growth factor (VEGF) is a very potent and well-studied pro-angiogenic factor. However, many
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other pro-angiogenic factors exist such as basic fibroblast growth factor (bFGF), platelet derived
growth factor (PDGF), and placenta-like growth factor (PlGF). VEGF has many functions
including proliferative and cytoprotective effects. In the ovary, VEGF has previously been
shown to protect ovarian granulosa cells from apoptosis (Greenaway, 2004). As well, VEGF has
been well documented to promote EC proliferation, migration, and tube formation.
Anti-angiogenic factors also exist to balance the pro-angiogenic factors. Whether or not
angiogenesis occurs depends on the balance between pro- and anti-angiogenic facts. The idea of
this balancing act is often dubbed the angiogenic switch. If the balance tips in favour of the proangiogenic factors, angiogenesis will occur (Bergers, 2002). Thrombospondin-1 (TSP-1) is a
potent anti-angiogenic factor. It has been shown to inhibit VEGF levels within the ovary through
direct interaction with the peptide. Knockdown of TSP-1 was seen to increase VEGF expression
significantly (Greenaway, 2007). In the ovary, TSP-1 has been observed to have an inverse
relationship with VEGF. When VEGF expression is high, TSP-1 expression is low with the
opposite occurring with high TSP-1 expression (Greenaway, 2005). This reciprocal relationship
has been observed to change based on follicle size in the bovine ovary (Greenaway, 2005).
miRNAs in angiogenesis

There have also been large implications of miRNAs in angiogenesis. One notable study
evaluated the effects of Dicer and Drosha silencing (Kuehbacher, 2007). Recall that Dicer and
Drosha are two proteins involved in the biogenesis and maturation of miRNAs. Following Dicer
and Drosha silencing using siRNAs, endothelial cell (EC) migration, tube formation, and
sprouting were seen to be adversely affected. When comparing the two, Dicer had a more potent

15

effect on the aforementioned parameters. Since Dicer and Drosha are vital proteins involved in
miRNA biogenesis, this data suggests that miRNAs are critical in angiogenesis.
There have also been several miRNAs shown to be associated with VEGF and TSP-1
expression. In endothelial cells, miRNA-126 has been demonstrated to be the most highly
expressing miRNA both in vivo and in vitro (Fish, 2008). In the same study, it has also been
shown to increase VEGF signaling by inhibiting SPRED1 and PIK3R2. Additionally, ECs
lacking miRNA-126 were significantly less responsive to VEGF (Fish, 2008). There is however
now conflicting evidence of miRNA-126’s role in angiogenesis. It has also been shown to impair
angiogenesis in some cancers by targeting VEGF-A (Chen, 2014). It appears as though the exact
role of miRNA-126 may be context specific on whether it promotes or inhibits angiogenesis.
This reinforces the complex nature of miRNAs as an extremely redundant physiological system.
Other pro-angiogenic miRNAs include miRNA-23, miRNA-27b, miRNA-17-92 cluster,
and members of the Let-7 family (Dews, 2006; Suarez, 2008; Zhou, 2011). There is however
conflict in the literature once again. While there is evidence suggesting that miRNA-23 and
miRNA-27b are proangiogenic by targeting two anti-angiogenic proteins – Sprouty2 and Sema6a
– there also exists some data that miRNA-27b may be anti-angiogenic by downregulating
VEGF-C (Liu, 2015; Zhou, 2011;). Additionally, miRNA-101 and miRNA-128 were also shown
to target VEGF-C expression (Liu, 2015). When ECs were transfected with miRNA mimics of
the miRNA-17-92 cluster, specifically miRNA-17, miRNA-18a, and miRNA-20a, a reduction is
TSP-1 expression was observed (Suarez, 2008). Members of the let-7 family have also been
predicted to target TSP-1 using bioinformatics (Kuehbacher, 2007). TSP-1 expression was also
observed to be increased following Dicer and Drosha silencing suggesting that miRNAs do in
fact potently regulate its expression (Kuehbacher, 2007). In one study, pre-miRNA mimics of
16

let-7a, let-7b, miRNA-18a, miRNA-221, and miRNA-194 were transfected into cells. Following
transfection, TSP-1 protein expression was seen to significantly decrease by miRNA modulation
at the post-transcriptional level (Dogar, 2014). The mechanism proposed for this relationship
suggested that let-7a and miRNA-18a are able to induce transforming growth factor beta (TGFβ). TSP-1 expression was observed to be reduced following TGF-β treatment. Interestingly, let7a and miRNA-18a expression levels were found to increase following TGF-β treatment as well
(Dogar, 2014). TSP-1 may be in part regulated at the post-transcriptional level by TGF-β with
miRNAs potentially playing a major role.
Several miRNAs have also been shown to target VEGF and are therefore considered to
be anti-angiogenic miRNAs. An early study yielded 96 miRNAs predicted to target VEGF.
Following hypoxia-induced VEGF expression, miRNA-20a and miRNA-20b expression levels
were downregulated (Hua, 2006). To confirm the ability of miRNA-20a and miRNA-20b to
target VEGF, cells were transfected with mimics of each. VEGF protein levels were seen to be
significantly reduced by up to 50% 30 hours post-transfection. Two other miRNAs – miRNA15b and miRNA-16 – were also seen to exhibit VEGF targeting effects (Hua, 2006). A more
recent study supported the roles of miRNA-20a and miRNA-20b in targeting VEGF and
suggested that miRNA-106a by also significantly target VEGF although this was not directly
tested (Cuevas, 2014). VEGF has been documented to increase miRNA-20a expression as well.
Actin remodeling and EC migration was seen to be reduced following miRNA-20a expression.
The proposed mechanism for this effect was through p38 MAP kinase inhibition by targeting the
upstream MKK3 protein (Pin, 2012).
In gastric cancer, miRNA-125a has been shown capable of modulating VEGF-A. Low
miRNA-125a expression was correlated with high VEGA-A expression and promoted EC
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proliferation. High miRNA-125a expression was correlated with a low microvessel density (Dai,
2015). Interestingly, miRNA-125a was previously seen to be associated with increased apoptosis
through accumulation with Bax when overexpressed (Sirotkin, 2009).
Along with ECs, vasculature is comprised of mural cells as well. Pericytes have typically
been thought to provide structural support and regulate vascular permeability. In the last decade,
new evidence has emerged providing support that mural cells communicate with ECs through a
variety of means (Armulik, 2005). It has been shown that pericytes have the capacity to secrete
miRNAs, specifically miRNA-132. EC proliferation and tube formation has been observed to be
enhanced as a result of miRNA-132 expression (Katare, 2011).
Interestingly, miRNA-132 has also been implicated in ovarian follicular development
(Fiedler, 2008). Although it was suggested that miRNA-132 acted in part by targeting CTBP1, a
recent study has further elucidated its potential role within ECs. Evidence now exists to suggest
that miRNA-132 acts to negatively feedback on AGO2, a protein involved in the biogenesis of
miRNAs (Leonov, 2015). Following miRNA-132 overexpression, both mRNA and protein levels
of AGO2 were seen to be significantly decreased in ECs. Additionally, AGO2 inhibition showed
a reduction in multiple miRNAs including miRNA-221 which is known to be involved in
angiogenesis (Leonov, 2015).
Moving forward

Previous studies have done an excellent job of identifying miRNAs as the major class of
small RNAs present within the ovary. Through microarray studies, there is also now a grasp for
candidate miRNAs involved in ovarian development. However, aside from a select few studies,
there is very little understanding of how these identified miRNAs contribute to normal ovarian
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physiology. Moving forward, research efforts should aim to identify which miRNAs are
expressed at varying times of follicular development as well as their downstream effects.
Angiogenesis has long been studied especially in the context of cancer. Due to this, there
is a very good understanding of both pro- and anti-angiogenic factors contributing to the process.
The reciprocal relationship between two potent players in angiogenesis – TSP-1 and VEGF – has
also been documented. With the emergence of miRNAs as potent regulators of gene expression
in the last decade, they have become an attractive research topic in biology. Several miRNAs
have been identified to target either VEGF or TSP-1. miRNAs may have a potent impact on
maintaining the reciprocal relationship between VEGF and TSP-1 and as such could have
significant influence on biological process such as ovarian function and angiogenesis.
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RATIONALE
In recent years, miRNAs have emerged as potent regulators of gene expression at the
post-transcriptional level and have been implicated in nearly every cellular process. Our lab has
previously documented a reciprocal relationship between VEGF and TSP-1, two pro- and
antiangiogenic peptides respectively. While the reciprocal relationship between these two
peptides is well documented, the genetic regulation of it is poorly understood. Given that
miRNAs can potently regulate gene expression, we decided to investigate what role these small
RNAs may have in governing this reciprocal relationship. VEGF and TSP-1 have been shown to
be differentially expressed in the developing ovarian follicle. We chose the bovine ovary as an ex
vivo model to examine miRNA expression over the course of follicular development and how it
relates to overall VEGF and TSP-1 expression.
COD is perhaps one of the most economic strains on the dairy industry with up to 30%
prevalence. The disease occurs when there is follicular growth arrest with the lack of ovulation
and atresia. We aimed to determine if miRNAs may be differentially expressed in cystic follicles
compared to healthy follicles in an attempt to elucidate potential future biomarkers of the
disease. The miRNAs of focus in this study have been chosen as regulators of VEGF, TSP-1, or
cellular proliferation. The purpose of this study was to elucidate the expression profiles of
miRNAs throughout follicular development and any possible disparities in reproductive disease.
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HYPOTHESIS
MicroRNAs are integral to the regulation of ovarian function and coordinate ovarian
angiogenesis and follicular development.
Altered miRNA expression contributes to the onset and progression of ovarian dysfunction and
reproductive disorders in the bovine species.

OBJECTIVES
To test this hypothesis, the following objectives were formulated:
Objective 1: Identify the expression of microRNAs regulating angiogenesis in bovine ovarian
structures.
Objective 2: Evaluate the role of microRNAs in regulating ovarian angiogenesis and follicular
development.
Objective 3: Determine the contribution of microRNAs to dysregulated ovarian function
associated with reproductive disorders.
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MATERIALS AND METHODS
Cell Lines and Conditions
Bovine aortic endothelia cells (BAECs) were previously isolated by Dr. Jim Greenaway,
a previous member of our lab. BAECs were cultured in Dulbecco Modified Eagle’s Medium
(DMEM) (Life Technologies Inc., Burlington, ON) and supplemented with 10% fetal bovine
serum (FBS), 2% L-glutamine, and 1% antibiotic-antimycotic (ABAM) (Life Technologies Inc.,
Burlington, ON). Pericytes were isolated as later described and cultured in the same media
conditions as BAECs. Spontaneously Immortalized Rat Granulosa Cells (SIGCs) were
generously donated by Dr. Robert Burghardt (Texas A&M University, College Station, TX).
SIGCs were cultured in Dulbecco Modified Eagle’s Medium: Nutrient Mixture F-12
(DMEM/F12) (Life Technologies Inc., Burlington, ON) and supplemented with 10% FBS, 2%
L-glutamine, and 1% ABAM.
All cell lines were maintained in 10cm culture dishes (Corning, Corning, NY). Cells were
passaged once they reached approximately 80% confluency. During passaging, the cells were
washed with 1x phosphate buffered saline (PBS) (Life Technologies Inc., Burlington, ON) and
incubated at 37°C with 10x trypsin-EDTA (Life Technologies Inc., Burlington, ON) until cells
were seen to visibly detach from the culture plate. Growth media was added to deactivate trypsin
and the cells were re-plated in growth media until further use or passaging at 37°C in an
incubator consisting of 5% CO2 and 20% O2.
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In vitro Cell Treatments
BAECs and SIGCs were treated with recombinant mouse vascular endothelial cell
growth factor (VEGF) (Life Technologies Inc., Burlington, ON) and 3TSR for 6 hours to assess
the effect on miRNAs regulating VEGF and thrombospondin-1 (TSP-1). Cells were starved for 6
hours before treatment using serum free media. Treatments were done in serum free conditions
with the following groups: media control, 3TSR Vehicle control, 1uM 3TSR, 5uM 3TSR, VEGF
vehicle control, and 100ng/ml VEGF. The 3TSR vehicle was PBS while the VEGF vehicle was
0.1% BSA in PBS. Following treatment, cells were harvested for total RNA.
Pericyte Isolation
Pericytes were isolated from bovine retinas obtained from a local slaughterhouse. The
eyes were washed in a large beaker containing 2% ABAM in PBS for 15 minutes then
transferred to a second beaker of 2% ABAM in PBS. Extra ocular tissue was removed and the
eyes were washed again with 2% ABAM in PBS. The eyes were then dissected on a sterile field
by making an incision at the limbus of the eye and extending it around the entirety of the eye so
that the frontal portion along with vitreous and aqueous humor could be removed. The retina was
then gently scraped off the back on the eye until the retinal disc was observed. The retinal disk
was then cut free and placed in a sterile cell culture dish with a maximum of 3 retinas in each
dish. The retinas were further dissected under a microscope to remove any remaining retinal
pigment and large vessels. Once cleaned, the retinas were transferred to a new 10-cm culture
dish and washed with 2% ABAM in PBS. They were then transferred to another culture dish
where they were minced into a fine slush using sterile scalpels. The retinal slush was transferred
into a 15ml conical tube and pelleted at 550g for 5 minutes. The supernatant was removed and
the remaining tissue volume was estimated. Five volume of 0.1% collagenase type II in DMEM
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was added per volume of tissue and incubated for 1hr at 37°C with agitation. The collagenase
slurry was spun down at 550g for 5 minutes and the supernatant removed with the resulting
pellet resuspended in DMEM. The digest was then filtered through a 70um cell strainer and
collected in a sterile container. Captured material was scraped off and placed in culture dishes
with growth media and placed in an incubated at 37°C, 5% CO2. The 70um filtrate was filtered
further using a 40um cell strainer. Collected material and filtrate were placed into separate
culture dishes containing growth media. One cell adherence was observed, media was changed
and cells were sequentially passaged at approximately 70% confluency. Pericyte colonies were
selected by morphology and confirmed via immunofluorescence of PDGRR-β and SMA. The
morphological characteristics used were the presence of several cytoplasmic projections and a
relatively flat appearance when plated on culture dishes.
Granulosa Cell Collection
Granulosa cell were collected from bovine ovaries obtained from a local slaughter house
(Guelph, Ontario). Ovaries were assessed for small, medium, large and cystic follicles based on
the following criteria: small follicles were less than 0.5cm in diameter, medium follicles were
0.5-1cm in diameter, large follicles were 1.0-1.5cm in diameter, and cystic follicles were above
1.5cm in diameter but quite often above 2cm. In the cases of the small and medium follicles, the
follicles were aspirated using an 18G vacutainer needle into collection tubes. For large and cystic
follicles, granulosa cells were collected into sterile PBS by dissecting the follicles and using a
cell scraper. Collected cells were stored on ice to preserve RNA integrity. Once all cells were
collected, the collection tubes were centrifuged at 1000g for 6 minutes. Supernatant follicular
fluid was collected for future analysis and the remaining pellets were frozen in -80°C until RNA
isolation was performed. Ovarian cohorts were utilized as biological replicates. For each cohort,
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30 ovaries were aspirated. Follicles were aspirated from each ovary and separated based on size
as previously described and pooled together. If an ovary had a cystic follicle, only the cystic
follicle was aspirated from that ovary.
RNA extraction
Aspirated granulosa cells and aforementioned cell cultures had RNA collected from them
in three biological replicates. Aspirated granulosa cells were centrifuged at 8000g for 5 minutes
and the supernatant was removed. Cultured cells were scrapped and centrifuged at 8000g for 5
minutes and the supernatant was removed. RNA was then isolated using the RNeasy MiniPlus
kit following the manufacturer’s instructions (QIAGEN). In brief, RLT plus buffer was added to
the pellets to lyse the cells. The samples were then vortexed until homogenized and transferred to
a gDNA eliminator spin column. 70% anhydrous alcohol was added to the flow through and
mixed by pipetting. 700ul of sample was transferred to a RNeasy spin column and spun at 8000g
for 15 seconds. 700ul of RW1 buffer was added to the membrane of the RNeasy spin column and
spun again. 500ul of RPE buffer was added to the membrane and spun followed by a second
500ul of RPE buffer and spun at 8000g for 2mins to dry out the membrane. 40ul of RNase-free
water was added directly to the membrane and spun for 1 minute at 8000g to elute the RNA.
RNA concentration was then quantified using a Nanodrop 2000 before cDNA synthesis.
cDNA synthesis
microRNA
Following RNA isolation, microRNA cDNA synthesis was performed for further analysis
through qPCR. MicroRNA cDNA synthesis was performed using qScript microRNA cDNA
synthesis kit following the manufacturer’s instructions (Quanta Biosciences). In brief, a two-step
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reaction was performed. In the first step, 5x Poly(A) Tailing buffer, RNA (appropriate amount to
bring total RNA to 1ug), nuclease-free water, and Poly(A) Polymerase were combined and
incubated at 37°C for 60 minutes followed by 70°C for 5 minutes. In the second step, microRNA
cDNA reaction mix and qScript Reverse Transcriptase was added to the reaction product from
step 1 and incubated at 42°C for 20 minutes followed by 85°C for 5 minutes. The resulting
cDNA product was then stored in -80°C until further use.
mRNA
Following RNA isolation, mRNA cDNA synthesis was performed for further analysis
through qPCR. Messenger RNA cDNA synthesis was performed using qScript cDNA Synthesis
Kit following the manufacturer’s instructions (Quanta Biosciences). In brief, an appropriate
amount of RNA to total 1ug, nuclease-free water, qScript Reaction Mix (5x), and qScript RT
were combined and incubated in a thermo-cycler as follows: 22°C for 5 minutes, 42°C for
30mins, and 85°C for 5 minutes. The resulting cDNA product was then stored in -80°C until
further use.
Quantatative PCR (qPCR)
MicroRNA and mRNA reverse transcribed cDNA was analyzed using quantitative realtime PCR (qPCR) to assess expression profiles of selected genes and miRNAs. Each analysis
was performed on three biological replicates each consisting of three technical replicates for
accuracy. MicroRNA targets of interest were miRNA-18a, miRNA-20a, miRNA-21, Let-7a,
miRNA-126, miRNA-212, miRNA-15a, and U6 (Quanta Biosciences) (Table 1). Messenger
RNA targets or interest were VEGF-A, TSP-1, SPRED1, GAPDH, and EIF2B2 (Lab Services,
University of Guelph). Messenger RNA primers were designed using the primer design tool on
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Primer-BLAST NCBI. U6 was used as a reference gene for all miRNA analysis while GAPDH
and EIF2B2 were used as reference on all mRNA analysis. PCR products were detected using
PerfeCTa SYBR Green Super mix (Quanta Biosciences) following the manufacturer’s
instructions. In the case of miRNA analysis, a master mix was created using 5ul of PerfeCTa
SYBR Green SuperMix (5x), 0.2ul PerfeCTa Universal PCR Primer (10uM), 0.2ul PerfeCTa
miRNA Assay Primer (10uM), and 2.6ul Nuclease-Free water in each reaction well. The master
mix was produced based on the number of wells required and the volumes adjusted accordingly.
Master mix was added to all wells as required followed by 2ul of diluted cDNA. Resulting in
10ul reactions. cDNA was diluted from the 1000ng stocks previously described into 1.5ng/ul
stocks. To achieve this, 3ul of cDNA stock was added to 97ul of nuclease-free water. The BioRad CFX96 Real-Time PCR system was used for the qPCR analysis using the 10ul reactions
previously described. Detection was acquired using a two-step protocol. In brief, this protocol
consisted of 3 main steps: 1) 95°C for 2 minutes; 2) 94°C for 30 seconds; 3) 60°C for 30 seconds.
Steps 2 and 3 were repeated 44 times with signal acquisition occurring at step 3. Melt curve
acquisition occurred at 65-95°C.
Messenger RNA detection was performed in a similar way. A master mix was created
using 5ul PerfeCTa SYBR Green Supermix(5x), 0.2ul Forward Primer, 0.2ul Reverse Primer,
and 2.6ul Nuclease-free water. 2ul of diluted cDNA was added to the reaction as previously
described The Bio-Rad CFX96 Real-Time PCR system was used for the qPCR analysis using the
10ul reactions. Detection was obtained with the following steps: 1) 95°C for 2 minutes; 2) 95°C
for 10 seconds; 3) 65°C for 30 seconds. Steps 2 and 3 were repeated 44 times with signal
acquisition occurring at step 3.
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Relative quantity of genes target genes were log-transformed in BioRad CFX Manager
3.0 and normalized to the relative quantity of the reference genes – U6 for miRNAs; GAPDH
and EIF2B2 for mRNAs – across all samples (ΔΔCq).
Calculating qPCR efficiencies
PCR efficiencies were calculated using LinRegPCR software. Raw quantification amplification
results were exported to Excel from CFX Manager 3.0 (BioRad) and imported into LinRegPCR
for analysis. PCR efficiencies were calculated as a mean from sample runs using bovine
granulosa cells for miR-21, VEGF, TSP1, GAPDH, EIF2B2 and 6hr EC treatments for all other
primers. The mean efficiency was used in calculating efficiency of primers. Efficiency percent
was established using the formula E%= (E-1)x100, where E is the mean efficiency as determined
by LinRegPCR.
Fluorescence in situ hybridization
Ovarian follicular tissue was harvested to be section by cryostat. In the case of small and
medium follicles, the whole follicles were dissected and placed in cryomatrix and flash frozen in
liquid nitrogen before sectioning. Large sized follicles were cut into ribbons of tissue and placed
in cryomatrix and flash frozen in liquid nitrogen before sectioning. Tissue was sectioned at 10um
with a -19°C objective temperature and a -21°C chamber temperature. On each slide, tissue
section from small, medium, and large follicles were placed. The slides were then washed in
sterile PBS to remove remaining follicular fluid and fixed overnight in 10% neutral buffered
formalin.
The following day, the slides were washed 3x in PBS for 3 minutes to remove any
formalin remaining. The slides were then treated with 15ug/ml Proteinase-K for 10 minutes at
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37°C in a hybridization chamber. After hybridization, the slides were washed in PBS for 2
minutes 3x. The slides were then dehydrated using an alcohol series of 70%, 90%, and 100%
ethanol for 3 minutes each and then air dried. 1.6ul of LNA-probes obtained from exiqon were
denatured at 94°C for 4 minutes. 1ml of hybridization buffer was added to the denatured probe.
Slides were then covered with appropriate amounts of probe and hybridized for 1 hours at 54°C.
Following hybridization, a series of stringency washes was performed as follows: 1) 5SSC, 5
minutes, 54°C; 2) 2x 1SSC, 5 minutes, 54°C; 3) 3x 0.2SSC, 5 minutes, 54°C; 4) 0.2SSC, 5
minutes, room temperature; 5) PBS, 2 minutes, room temperature. After the stringency wash
series, endogenous peroxide activity was quenched with 3% H 2O2 for 10 minutes at room
temperature. The slides were then washed 2x in PBS for 2 minutes before being blocked in
(insert roche solution here) at 37°C for 30minutes. Strepavidin horseradish peroxidase was then
added 1:100 to blocking solution and incubated at 37°C for 30 minutes. The slides were then
washed in 3x PBST for 5 minutes at 37°C before being detected using (insert kit here) for
10minutes at room temperature. A final washing of 3x PBST for 5 minutes at 37°C was
performed before being cover slipped with Vecta-DAPI.
Image Acquisition
Images were captured using an Olympus FV1200 Confocal Microscope and Fluoview
software. Ideal HV values were determined on a per-probe basis to allow for better comparison
between tissue sections. Wavelengths of 405 nm for DAPI and 594 nm for Texas Red were used
for excitation. Oil immersion lenses were used at 40x and 60x magnification with higher
magnifications being achieved using digital zoom within Fluoview and the 60x lens.
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Statistical Analysis
Expression levels of qPCR for granulosa cells were calculated relative to the reference
genes previously mentioned for miRNA qPCR (U6) and mRNA qPCR (GAPDH, EIF2B2) in
Bio-Rad CFX Manager 3.1. Expression levels within the software were exported to Microsoft
Exel where the data was normalized to the small follicular cohorts and standard deviations were
calculated before statistical and data generation in GraphPad Prism 6. Data was analyzed using a
one-way analysis of varience (ANOVA), with a 95% confidence interval (p>0.05), Tukey’s
multiple comparison test was used to evaluate statistical significance between all follicular sizes.
P values of less than 0.05 were considered to be statistically significant. An unpaired two-tailed
t-test was used in statistical analysis ECs and SIGCs undergoing VEGF treatments with a 95%
confidence interval (p>0.05). P values of less than 0.05 were considered to be statistically
significant.
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Table 1: List of microRNA primers for qPCR
microRNA

miR-15a

miR-18a
miR-20a
miR-21
miR-29a

miR-106a
miR-126
Let-7a

U6

Mature
Quanta
Accession
Product
Number
Number
MIMAT0000068 HSMIR0015A5P
MIMAT0000072 HSMIR0018A
MIMAT0000075 HSMIR0020A
MIMAT0000076 HSMIR0021-5P
MIMAT0000086 HSMIR0029A3P
MIMAT0000103 HSMIR0106A
MIMAT0000444 HSMIR0126-5P
MIMAT0000062 HSLET0007A5P
NR_002752.1
RNU6

Primer Sequence (5’-3’)

Primer
Efficiency

UAGCAGCACAUAAUGGUUUGUG

104.2%

UAAGGUGCAUCUAGUGCAGAUAG

98.7%

UAAAGUGCUUAUAGUGCAGGUAG

101.8%

UAGCUUAUCAGACUGAUGUUGA

99.8%

UAGCACCAUCUGAAAUCGGUUA

104.9%

AAAAGUGCUUACAGUGCAGGUAG

100.4%

CAUUAUUACUUUUGGUACGCG

99.4%

UGAGGUAGUAGGUUGUAUAGUU

102.5%

GUGCUCGCUUCGGCAGCACAUAU

109.3%
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Table 2: List of mRNA primers for qPCR
Gene

Accession
Number

Primer Sequence (5’-3’)

Primer
Efficiency

GAPDH

NM_001034034

94.97%

EIF2B2

NM_001015593.
1

95.59%

219

VEGF

NM_001316955.
1
NM_174196

5’CCAACGTGTCTGTTGTGGATCTGA3’
5’GAGCTTGACAAAGTGGTCGTTGAG
-3’
5’- CATGAGATGGCAGTCAATTTGT3’
5’CTTGAACATAGGAGCACAGACG-3’
5’- ACAACGGAGTGCAGTACAGG-3’
5’- CCCTCACATGGCTTCCCATT-3’
5’- GGTACATTGGAGCCTTGCCT-3’
5’- GCAACGCGAGTCTGTGTTTT-3’

Product
Size
(bp)
275

93.8%

469

90.24%

493

TSP-1

32

RESULTS
Differential expression of miRNAs during follicular development
Granulosa cells were either aspirated or scraped from small (5mm), medium (5mm10mm, large (10mm-15mm) and cystic (>20mm) follicles. RNA was then collected from the
resulting granulosa cells and qPCR was performed to examine miRNA expression of each
follicular size. All follicular groups had 3 biological replicates with 3 technical replicates.
Biological replicates were ovarian cohorts consisting of 2 to 30 ovaries with normalization
occurring during cDNA synthesis with 1ug of RNA being synthesized for all follicular sizes.
miRNAs were chosen based on those that target VEGF, TSP-1, and those that enhance cellular
survival. Interestingly, all miRNAs saw a statistically significant increase in cystic follicles when
compared to small follicles. For miRNAs that target TSP-1, let-7a and miR-18a were chosen. In
the case of let-7a, there was no statistical significance in difference of expression of small and
medium follicles. However, when looking at large and cystic follicles differences were observed.
Large follicles were saw a 6.7-fold increase in expression of let-7a when compared to small
follicles (p<0.05) and cystic follicles a 24.8-fold increase in expression when compared to small
follicles (p<0.05) (Figure 2). Both large and cystic follicles were statistically significant when
compared to medium follicles and each other (p<0.05). MiR-18a saw a 0.6-fold decrease in
expression in medium compared to small follicles (p<0.05), and then subsequent increases in
expression of 1.5-fold in large compared to small (p<0.05) and 2.2-fold in cystic when compared
to small (Figure 3). Expression of miR-18a was also statistically significant between all follicular
sizes (p<0.05)
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For miRNAs that target VEGF, miR-15a, miR-20a, miR-29a, and miR-106a were chosen.
MiR-15a saw significant changes through all follicular sizes (p<0.05) with the cystic follicles
showing a 8.4-fold increase when compared to small follicles (p<0.05) (Figure 4). miR-20a was
only statistically significant in the cystic follicle with a 4.1-fold increase in expression compared
to small follicles (p<0.05) (Figure 5). MiR-29a showed significant changes in all follicular
subtypes (p<0.05) with a 3.8-fold increase in expression in cystic follicles when compared to
small follicles (p<0.05) (Figure 6). Medium and large follicles showed significant changes
although to a lesser extent. MiR-106a largely did not change among follicular sizes to a
significant degree although cystic follicles showed a 3.2-fold increase in expression when
compared to small follicles (p<0.05) (Figure 7). The last miRNA evaluated was miR-126. While
it does not target VEGF directly, it is involved in the VEGF signaling pathway by targeting
SPRED1. MiR-126 saw a 29.7-fold increase when compared to small follicles (p<0.05). No
significant change was found in medium follicles while large follicles had a 5.8-fold increase in
expression when compared to small follicles (p<0.05) (Figure 8).
Lastly, miR-21 expression in bovine follicles was examined as a marker of cell survival.
MiR-21 demonstrated significant increased expression in both large and cystic follicles when
compared to small (p<0.05) but medium follicles saw no significant change. Cystic follicles had
a 6.5-fold increase in expression compared to small follicles and large 4.3-fold increase (p<0.05)
(Figure 9).
TSP-1 and VEGF expression in bovine follicular structures
Granulosa cells were again either aspirated or scraped from small (5mm), medium (5mm10mm, large (10mm-15mm) and cystic (>20mm) follicles. RNA was then collected from the
resulting granulosa cells and qPCR was performed to examine mRNA expression VEGF and
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TSP-1 in described follicles. VEGF was found to have a significant 1.7-fold increase of
expression in the large follicle when compared to the small follicle (p<0.05) while no significant
change was found in the medium follicle (p<0.05) (Figure 10). TSP-1 saw significant decreases
in all follicular sizes when compared to small follicles with a 0.5-fold decrease in the large
follicle (p<0.05) (Figure 11). This data supports previous findings at the protein level completed
by the lab which will be discussed later.
miRNA localization within the bovine follicle
Bovine ovaries were obtained from a local slaughter house and immediately sectioned on
a cryostat for next day fluorescence in situ hybridization. Two controls were used and showed
characteristic staining. A miRNA scramble control came up with negative staining in all three
ovary sections – small, medium, and large – and U6 showed ubiquitous staining in almost all
nuclei of cells (Figure 12). Let-7a and miRNA-21 showed different staining patterns. In the case
of Let-7a, the small follicles showed localization to the granulosa cell layer while in the medium
and large follicles there was some staining in the theca compartment as well (Figure 12).
MiRNA-21 on the other hand showed staining exclusively to the granulosa cell layers in all
follicular subsets (Figure 12). Unfortunately, cystic follicles were not readily available to
perform in situ hybridization at the time of these experiments.
miRNA expression profile of bovine aortic endothelial cells following VEGF/3TSR
treatment
Bovine aortic endothelial cells (BAECs) were treated with control, 3TSR vehicle (PBS),
1uM 3TSR, 5uM 3TSR, VEGF vehicle (0.1% BSA in PBS), and 50ng/ml VEGF. All treatment
groups had 3 biological replicates and were treated for 6 hours. miR-15a (Figure 13), miR-106a
(Figure17), miR-126 (Figure 18), and Let-7a (Figure 19) all saw no significant changes in
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expression following treatment of either VEGF and 3TSR. miR-18a saw a significant 2-fold
increase in expression following 1uM 3TSR treatment but no significant changes following
VEGF treatment (Figure 14). miR-20a saw a significant 1.8-fold increase in expression
following 50ng/ml VEGF treatment but no significant changes following 3TSR treatment
(Figure 15). miR-29a saw a significant 1.59-fold increase in expression following 1uM 3TSR
treatment but no significant changes following VEGF treatment (Figure 16).
miRNA expression profile of SIGCs following VEGF/3TSR treatment
SIGCs were treated with either 3TSR (1uM and 5uM) or VEGF (50ng/ml) and miRNAs
were assessed with qPCR. All miRNAs examined: Let-7a (Figure 25), miR-15a (Figure 20),
miR-18a (Figure 21), miR-20a (Figure 22), miR-29a (Figure 23), and miR-106a (Figure 24)
showed no significant changes in expression following 3TSR treatment for 6hrs (p<0.05) when
compared to the 3TSR vehicle control. Following VEGF treatment for 6hrs, some significant
changes were observed. miR-15a had an increase of expression of 2.3-fold (Figure 20) (p<0.05).
miR-18a had a 4.68-fold increase in expression (Figure 21) (p<0.05). miR-20a saw a 5.66-fold
increase in expression (Figure 22) (p<0.05). Let-7a had a 7.37-fold increase in expression
(Figure 25) (p<0.05). miR-29a and miR-106a experienced no significant changes in expression
following VEGF treatment (p<0.05). All fold changes were compared to the respective vehicle
controls.
Isolation of bovine retinal pericytes
Bovine eyes were obtained from an on campus slaughter house. The retinas were cultured
as previously described and sequentially passaged until a homogenous cell-culture was obtained.
The pericyte cell culture was confirmed based on morphology and immunohistochemistry of
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smooth muscle actin (SMA), platelet derived growth factor receptor-β (PDGFF- β), and CD31
staining (Figure 26).
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Figure 2: Let-7a expression in
bovine ovarian follicles relative to
small. Bars with different letters
are statistically different p<0.05).
Error bars represent SD between
replicates n=3. U6 used as
reference gene.

Figure 3: miR-18a expression in
bovine ovarian follicles relative to
small. Bars with different letters
are statistically different p<0.05).
Error bars represent SD between
replicates n=3. U6 used as
reference gene.

Figure 4: miR-15a expression in
bovine ovarian follicles relative to
small. Bars with different letters
are statistically different p<0.05).
Error bars represent SD between
replicates n=3. U6 used as
reference gene.
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Figure 5: miR-20a expression in
bovine ovarian follicles relative to
small. Bars with different letters
are statistically different p<0.05).
Error bars represent SD between
replicates n=3. U6 used as
reference gene.

Figure 6: miR-29a expression in
bovine ovarian follicles relative to
small. Bars with different letters
are statistically different p<0.05).
Error bars represent SD between
replicates n=3. U6 used as
reference gene.
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Figure 7: miR-106a expression in
bovine ovarian follicles relative to
small. Bars with different letters
are statistically different p<0.05).
Error bars represent SD between
replicates n=3. U6 used as
reference gene.

Figure 8: miR-126 expression in
bovine ovarian follicles relative to
small. Bars with different letters
are statistically different p<0.05).
Error bars represent SD between
replicates n=3. U6 used as
reference gene.

Figure 9: miR-21 expression in
bovine ovarian follicles relative to
small. Bars with different letters
are statistically different p<0.05).
Error bars represent SD between
replicates n=3. U6 used as
reference gene.
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Figure 10: VEGF mRNA
expression in bovine ovarian
follicles relative to small. Bars with
different letters are statistically
different p<0.05). Error bars
represent SD between replicates
n=3. GAPDH and EIF2B2 were
used as reference genes.

Figure 11: TSP-1 mRNA
expression in bovine ovarian
follicles relative to small. Bars with
different letters are statistically
different p<0.05). Error bars
represent SD between replicates
n=3. GAPDH and EIF2B2 were
used as reference genes.
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Figure 12: Fluorescence in situ hybridization of a) scramble control; b) U6 control; c) miR21; d) let-7a in small, medium, and large bovine ovarian follicles; Images captured at 600x
magnification on Olympus FV1200 Confocal Microscope. A = antrum; G = Granulosa cell
layer; T = thecal compartment; green line represents border between granulosa cell layer and
thecal compartment. Blue staining = DAPI, red staining = miRNA of interest.
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Figure 13: miR-15a expression in ECs following a) 3TSR treatment and b) VEGF treatment.
Error bars represent SD between replicates n=3. U6 used as reference gene.

Figure 14: miR-18a expression in ECs following a) 3TSR treatment and b) VEGF treatment.
Bars with different letters are statistically different p<0.05). Error bars represent SD between
replicates n=3. U6 used as reference gene.
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Figure 15: miR-20a expression in ECs following a) 3TSR treatment and b) VEGF treatment.
Bars with different letters are statistically different p<0.05). Error bars represent SD between
replicates n=3. U6 used as reference gene.

Figure 16: miR-29a expression in ECs following a) 3TSR treatment and b) VEGF treatment.
Bars with different letters are statistically different p<0.05). Error bars represent SD between
replicates n=3. U6 used as reference gene.
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Figure 17: miR-106a expression in ECs following a) 3TSR treatment and b) VEGF treatment.
Error bars represent SD between replicates n=3. U6 used as reference gene.

Figure 18: miR-126 expression in ECs following a) 3TSR treatment and b) VEGF treatment.
Error bars represent SD between replicates n=3. U6 used as reference gene.

Figure 19: Let-7a in ECs expression following a) 3TSR treatment and b) VEGF treatment. Error
bars represent SD between replicates n=3. U6 used as reference gene.
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Figure 20: miR-15a expression in SIGCs following a) 3TSR treatment and b) VEGF treatment.
Bars with different letters are statistically different p<0.05). Error bars represent SD between
replicates n=3. U6 used as reference gene.

Figure 21: miR-18a expression in ECs following a) 3TSR treatment and b) VEGF treatment.
Bars with different letters are statistically different p<0.05). Error bars represent SD between
replicates n=3. U6 used as reference gene.

46

Figure 22: miR-20a expression in SIGCs following a) 3TSR treatment and b) VEGF treatment.
Bars with different letters are statistically different p<0.05). Error bars represent SD between
replicates n=3. U6 used as reference gene.

Figure 23: miR-29a expression in SIGCs following a) 3TSR treatment and b) VEGF treatment.
Error bars represent SD between replicates n=3. U6 used as reference gene.

Figure 25: 106a expression in SIGCs following a) 3TSR treatment and b) VEGF treatment. Bars
with different letters are statistically different p<0.05). Error bars represent SD between
replicates n=3. U6 used as reference gene.
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Figure 25: Let-7a expression in SIGCs following a) 3TSR treatment and b) VEGF treatment.
Bars with different letters are statistically different p<0.05). Error bars represent SD between
replicates n=3. U6 used as reference gene.

Figure 26: Pericyte isolation a) cultured retinal pericytes at passage 2; b) cultured retinal
pericytes at passage 5; c) smooth muscle actin (SMA) staining (green) on pericytes; d)
PDGFR-β staining (green) on pericytes. Nuclei are counterstained with DAPI (blue).
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DISCUSSION
The aim of this study was to elucidate differential miRNA expression throughout bovine
follicular development. The various miRNAs were chosen based on those predicted and known
to target VEGF and TSP-1 and those previously documented to be expressed within ovarian
follicles. Additionally, the reciprocal relationship between VEGF and TSP-1 was also examined
by treating both endothelial cells (ECs) and spontaneously immortalized rat granulosa cells
(SIGCs). We also aimed to examine if miRNAs may play a role in the contribution to
reproductive disease, specifically, cystic ovarian disease (COD). Expression profiles of miRNAs
in the ovary were achieved through a series of experiments as previously described using both
healthy and cystic bovine ovaries. A second series of in vitro experiments were completed as
previously described to elucidate miRNA expression profiles following VEGF and 3TSR – a
TSP-1 mimetic peptide – treatment. Overall, we found that miRNA expression of those chosen
was seen to significantly increase throughout follicular development and peaked among cystic
follicles.
Several studies have examined small RNA expression within the ovary. Unfortunately,
few have gone into depth on their differential expression throughout development. In our study,
throughout follicular development, let-7a and miR-18a were seen to significantly increase in
expression. Additionally, let-7a and other member of the let-7 family have been recorded to be
among the most abundant miRNAs within the ovary. Let-7a along with miR-18a has also been
shown to target TSP-1 in another study (Dogar, 2014). Dogar et al. showed that using a class of
pre-miRNA mimetics miR-18a and let-7a suppress TSP-1 expression by directly targeting the
3’UTR of TSP-1. We also examined mRNA expression of TSP-1 and found that expression
decreased through follicular development in granulosa cells. A previous study of our lab
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examined protein expression of TSP-1 and VEGF in the granulosa cells of developing follicles
(Greenaway et al, 2005). They found that TSP-1 protein expression decreased significantly from
small follicles to medium and large. Taken in tandem with the current study, a clearer picture has
been painted on early work completed by our lab. Since 2005, miRNAs have emerged as potent
regulators of gene expression post-transcriptionally. Given the data from the current study, let-7a
and miR-18a may in part be regulating gene translation. The mRNA expression is seen to
decrease through follicular development although not to the same degree as protein expression as
evidenced in Greenaway et al, 2005. A potential explanation for the varied expression at the
mRNA and the protein level may be explained by the mechanisms in which miRNAs work.
These small, non-coding RNAs act in two major ways. They either bind to target mRNAs at the
3’UTR and block the translation into protein. This method of action could explain why such a
drastic decrease of mRNA expression is not observed with increased miR-18a and let-7a. The
alternate method by which miRNAs act on mRNAs is by marking them for degradation. Since
the current data shows a significant increase in both let-7a and miR-18a expression as protein
expression decreased, we can reasonably infer that these miRNAs may be causing this reduction
in protein expression. Although not done in this study, future work could be completed using a
luciferase assay to confirm let-7a and miR-18a interaction with the 3’UTR of TSP1.
A second cohort of miRNAs that target VEGF or enhance VEGF signaling were also
examined. MiR-15a, miR-20a, miR-29a, and 106a have all been shown and predicted to target
VEGF. Interestingly, the study found that miR-15a and miR-29a changed significantly through
development with an overall increase in large and cystic follicles when compared to small. The
other miRNAs – miR-20a and miR-106a – did not change significantly over development and
only saw an increase in expression in cystic follicles. This largely goes against the mRNA data
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obtained for VEGF expression. Through qPCR, this study showed an increase in mRNA
expression of VEGF as follicular size increased. This was also shown to be true at the protein
level in a previous study completed by the lab (Greenaway et al, 2005). Given that these
miRNAs thought to target VEGF increased in expression, it is unclear why we still have
heightened mRNA and protein expression as well. This may be explained by the very nature of
miRNAs. Since they make up a very redundant system in that a single miRNA can target
multiple mRNA sequences, these miRNAs predicted to target VEGF may be targeting other
proteins instead. Again, a luciferase assay would be required to confirm the interactions of the
VEGF mRNA with miR-15a, miR-20a, miR-29a, and miR-106a. Although miR-126 does not
target VEGF directly, a study conducted by Fish et al. has suggested that it plays an important
role in VEGF signaling. In the paper, the group proposed a mechanism in which miR-126
enhanced VEGF signaling by directly inhibiting negative repressors of the VEGF pathway. One
such repressor is Spred1. MiR-126 overexpression resulted in a similar response as Spred1
knockdown. Additionally, VEGF response in cells was correlated to miR-126 expression with
lower expressing cells observed to have a lower response to VEGF. In short, cells that highly
expressed miR-126 were better equipped to respond to VEGF. In other studies (Fei, 2016; Wang,
2016), miR-126 has been show to inhibit angiogenesis by targeting VEGF-A. This proposes two
opposing mechanisms for miR-126 as both a pro- and antiangiogenic miRNA in the ovary and
more work should be done to determine its role in the diseased follicle. Our data suggests that it
may be serving more of a proangiogenic role due to increased VEGF expression being correlated
with increased miR-126 expression in the developing ovary.
The current study also exhibited heightened miR-21 expression in the developing ovary.
Schauer et al. detected a significant increase in miR-21 expression in granulosa cells of follicles
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following luteinization and correlated this rise in miR-21 expression with increased cellular
survival. Carletti et al. also examined miR-21 expression in ovarian granulosa cells and found
that miR-21 blocks apoptosis in mouse periovulatory granulosa cells. The study found that
depletion of miR-21 in murine granulosa cells promoted and induced apoptosis while decreased
cleaved caspase 3 expression was exhibited when miR-21 expression was the highest following
the LH/hCG surge. Additionally, the study found that in vivo knockdown of miR-21 in the ovary
caused both an increase in apoptosis via cleaved caspase 3 action and a reduction in ovulation
rates (Carletti, 2010).
All of the miRNAs examined in the current study exhibited significantly higher levels of
expression in comparison to small, medium and large follicles. This data suggests that miRNAs
may play important roles in the pathogenesis of cystic disease. COD has a high prevalence
among dairy cattle and can range from 5% to 30% occurrence (Garverick, 1997; Ortega, 2015).
The disease presents itself as large follicles typically over 20mm in diameter and the persistence
of the follicle (Garverick, 1997; Ortega, 2015). In addition, the cystic follicle does not undergo
atresia or ovulation. Unfortunately, few studies exist that examine miRNAs in COD. In one
study, miR-21 was shown to be a predictive biomarker for polycystic ovary syndrome in human
patients (Jiang, 2015). Our data seems to support this at the granulosa cell level. We have shown
that cystic follicles have a 6.5-fold increase in miR-21 expression when compared to small
follicles although we have only shown this difference in expression among granulosa cells.
While we do not have blood serum of the cattle used in this study, it would be interesting to see
if these changes in miR-21 expression can be detected in serum in a future study. Taken together
with existing literature, our data suggests that miR-21 may have both normal and pathological
roles within the ovary. On one hand, miR-21 seems to be in part acting to maintain follicular
52

growth to a preovulatory follicle. However, in pathological states such as cystic ovarian disease,
too much miR-21 may be inhibiting the normal apoptosis events that are supposed to occur as
follicles begin to under atresia. We also demonstrated let-7a and miR-126 to be highly
overexpressed in cystic follicles when compared to small, medium, and large follicles. Our lab
has previously found there to be extreme amounts of VEGF in cystic follicular fluid
(unpublished data, through conversation with Dr. Jim Petrik). Greenaway et al. demonstrated
that VEGF has not only angiogenic effects in ovarian follicles, but also is cytoprotective of
granulosa cells. Given what we know of let-7a and miR-126 and their targets as previously
discussed, these two miRNAs may be significantly contributing to cystic disease via their
proangiogenic functions by inhibiting TSP1 and enhancing VEGF signaling respectively. The
significance of miR-15a, miR-20a, miR-29a, and miR-106a upregulation in cystic disease is
difficult to understand. All of these miRNAs are predicted to target VEGF although we know
that VEGF is most highly expressed in large and cystic follicles. Perhaps this can be explained as
the follicles attempting to rescue themselves from cystic disease. Recall that COD is often
defined as follicular persistence. Since VEGF has cytoprotective properties in the ovarian follicle
this peptide may contribute to the follicular persistence when overexpressed. miR-15a, miR-20a,
miR-29a, and miR-106a – all predicted to target VEGF – may become overexpressed as part of a
negative feedback loop in an attempt to rescue the follicle and limit VEGF expression. This is
purely speculation and additional studies should be developed to investigate the significance of
these miRNAs in cystic disease. Alternate functions of these miRNAs will be discussed shortly.
microRNA localization has up to this point, not been completed on ovarian follicular
sections so it is difficult to evaluate the results presented. However, based on what we know of
the predicted downstream actions of the miRNAs examined, some discussion is warranted. As
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previously discussed, we know that miR-21 promotes cell survival and specifically in granulosa
cells, the lack of miR-21 has been shown to contribute to apoptosis. We have shown in the
current study that miR-21 seems to primarily localize to the granulosa cells of the developing
bovine follicle. Taken in context of the existing literature surrounding miR-21 as a pro-survival
miRNA within the ovary our data fits in nicely. To my knowledge there have been no studies to
date that have shown miR-21 expression within the thecal compartment of the ovary. Within the
ovary, miR-21 seems to be exclusively expressed among granulosa cells and the oocyte.
The second miRNA that was examined for localization was let-7a. As previously
discussed let-7a has been show to target TSP1 expression. Again, there seems to be no direct
data to support its localization within the ovary but some speculation can be had. Since the theca
compartment begins to recruit endothelial cells from the storma to form new vasculature, it is of
no surprise that miRNAs that have been show to target TSP1 are present within the theca
compartments of the ovary. More interestingly, we have shown that there is a shift in let-7a
localization during development. Early on, this proangiogenic miRNA appears to be localized to
the granolasa cell layer when angiogenesis is not yet occurring and correlated with relatively
high TSP1 expression in granulosa cells. As the follicle grows, TSP1 expression goes down and
let-7a expression increases according to a previous study of the lab and the current one. There is
also a shift in localization with let-7a expression spilling into the theca compartment. Since it is
the thecal cells that ultimately recruit new vasculature and not the avascular granulosa cell layer,
it is of no surprise that the presence of let-7a is detected in the thecal cells during this period.
What is unsure is whether it is the theca cells that are expressing let-7a or if the granulosa cells
are secreting let-7a to the neighbouring thecal compartment. Additionally, alternate effects of
TSP1 may explain the localization of let-7a. In granulosa cells, TSP1 has been shown to
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positively correlate with cell growth and maturation (Petrik, 2002). Since let-7a expression
changes from localization in granulosa cells to the thecal compartment throughout development
multiple functions should be considered. The data may suggest that let-7a contributes to cell
growth and maturation early on but quickly shifts to a pro-angiogenic role in later stages of
follicular development. Recently in the literature, extracellular vesicles (EVs) have taken the
scientific community by storm (Navakanitworakul, 2016; Scalici, 2016). They have previously
been shown to secrete miRNAs from multiple sources and have been found in a wide variety of
biological fluids. If let-7a is secreted in EVs by granulosa cells it may be entirely possible that
they travel into the theca cell layer to play out their angiogenic roles. To evaluate this, future
work must be done which will be explored later.
The current study also examined miRNA profiles following VEGF and 3TSR treatment
in endothelial cells and spontaneously immortalized rat granulosa cells (SIGCs) to elucidate
genetic regulation of the reciprocal VEGF and TSP1 relationship. Surprisingly, very little
statistical significance was found following treatments in ECs. Only miR-18a and miR-20a
showed significant fold changes in expression following 3TSR treatment while miR-20a was the
only one that exhibited significant changes in expression following VEGF treatment. If we
recall, miR-20a and miR-29a have been shown to target VEGF while miR-18a has been shown
to target TSP1. These results are interesting and surprising at the same time. One would expect
those miRNAs that target VEGF (miR-15a, miR-20a, miR-29a, and miR-106a) to increase in
expression following 3TSR treatment and decrease following VEGF treatment. You would also
expect that miRNAs that target TSP1 (Let-7a and miR-18a) to increase in expression following
VEGF treatment and decrease in expression following 3TSR treatment. This is however not the
case although miR-29a follows this rationale. miR-18a and miR-20a exhibit the exact opposite of
55

what we expected. This could be perhaps due to a negative feedback loop. Doebele et al.
examined the angiogenic functions of the miR-17-92 cluster. They found that inhibition of miR18a and miR-20a significantly increased sprouting, a hallmark of angiogenesis. This may
possibly explain what is occurring with miR-18a in the current study. While miR-18a expression
was not observed to decrease following VEGF treatment, no change occurred which may
enhance sprouting during angiogenesis. miR-20a was previously shown to repress VEGF (Hua,
2006) although this does not agree with our results. Following VEGF treatment, an increase in
miR-20a was recorded. Pin et al. has shown an alternative action of miR-20a. Their study found
that miR-20a expression can be increased by VEGF. They showed that following miR-20a
overexpression in ECs inhibits actin remodeling and cell migration in response to VEGF. The
group suggested that miR-20a is part of a feedback loop associated with VEGF. In response to
VEGF, miR-20a expression is increased and targets MKK3, part of the p38 MAP kinase
pathway. Inhibition of this pathway results in reduced endothelial cell migration (Pin, 2012).
On a whole, EC response to either VEGF or 3TSR produced very little change to miRNA
expression profiles. We postulated that ECs may only respond to VEGF and TSP1 and may lack
some of the genetic mechanisms to regulate these peptides. We then reevaluated this experiment
only this time, using SIGCs. The rationale here was that in the ovary, granulosa cells produce
VEGF and TSP1 throughout development (Greenaway, 2004). We thought that since the
granulosa cells are responsible for producing and secreting these peptides, they might possess the
cellular machinery to regulate them post-transcriptionally with miRNAs. Anther consideration is
treatment time. In the current study, we only evaluated miRNA expression 6 hours posttreatment. miRNAs however have been shown to have stable biological half-lives of up to 5 days
(Gantier, 2011). Due to this high stability, longer treatments should also be evaluated in the
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future. Interestingly, similar results were found in SIGCs with no statistical significance in
differential expression found following 3TSR treatment. VEGF treatment produced interesting
results with miR-15a, miR-18a, miR-20a, and Let-7a all significantly increasing in expression
following treatment. As previously stated, miR-18a and Let-7a have been shown to target TSP1
and our data elucidates part of the reciprocal relationship exhibited between VEGF and TSP1.
Following VEGF induction, both of these miRNAs increase in expression presumable targeting
TSP1 and therefore limiting its expression. To confirm whether this action is taking place, a
future study should examine miR-18a and let-7a interactions with the 3’UTR of TSP1 with a
luciferase assay. miR-20a exhibits similar results as seen in our EC results. While it is hard to
draw the same conclusions on potential alternate actions of miR-20a in the context of SIGCs
some insight can be had based on a previous study. Yao et al. examined miRNA profiles of
granulosa cells following FSH exposure and although the results were not significant, they found
miR-20a expression to be low during this time. Coincidentally, this coincides with the results
previously presented regarding miR-20a in the bovine ovary. miR-20a expression is low early in
follicular development and then rises when VEGF expression is highest. miR-20a has also been
demonstrated to have an anti-apoptotic role in cancer cells (Sylvestre, 2007).
miRNAs have also emerged as therapeutic targets. Compared to small molecule
inhibitors that target proteins, miRNAs are attractive since they have the ability to target multiple
genes instead of a single gene (Li, 2014). The most common form of miRNA therapeutic is in
the form of anti-miRs. Currently, anti-miRs are in a variety of clinical trials and preclinical
development stages for a variety of diseases such as cancer, HCV, heart failure, and insulin
resistance (Li, 2014). If one or more of the miRNAs evaluated in this study proved to adversely
contribute to COD, an anti-miR could be developed to inhibit its function. However, when
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targeting miRNAs a major consideration should be of concern. Due to the redundant nature of
miRNAs, resistance to the therapeutic could occur from the upregulation of other miRNAs that
target the same gene. It will be interesting to see how miRNAs develop as therapeutics in the
coming years. I believe that the true therapeutic benefit of miRNAs is not in their targeting but in
utilizing them as biomarkers of disease.
The current study has provided insight into the genetic regulation of angiogenic factors
within the ovary. Perhaps our most significant findings relate to cystic ovarian disease. We
demonstrated almost all miRNAs evaluated to have significant increases in expression during
cystic disease with Let-7a and miR-126 exhibiting almost 30-fold increases in expression and
opening the way for the possibility of using these miRNAs as biomarkers if they can be detected
present in bio fluids.
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SUMMARY AND CONCLUSIONS
miRNAs exist as potent regulators of gene expression. In this study, we evaluated
miRNA expression in bovine ovarian follicular structures and in BAECs following treatments
with pro- and antiangiogenic peptides. Our particular focus was on miRNAs predicted to target
VEGF and TSP1. Our lab previously demonstrated a strict reciprocal relationship between
VEGF and TSP1 in ovarian follicles and the developing ovary provided a good model to
investigate their genetic regulation. We were able to show that almost all miRNAs evaluated
increase over follicular development. Of particular interest was our inclusion of cystic ovarian
follicles. In the cystic cohorts we say much higher levels of miRNA expression in all miRNAs
investigated. miR-126 and let-7a should be investigated further as we demonstrated nearly a 30fold increase in expression when compared to small healthy follicles. These two miRNAs may
prove useful as biomarkers for reproductive disease if changes are detectible in blood serum. We
also examined localization of two miRNA; let-7a and miR-21. We demonstrated that miR-21
appears to be contained to granulosa cells throughout follicular development while let-7a appears
to move into the thecal compartment as development continues. Although miRNA localization
has not been completed before on ovarian follicles, this data seems to be consistent with
literature when we think about the function of each miRNA. That is, miR-21 is acting to increase
cell survival of granulosa cells to prevent follicular atresia while let-7a is a proangiogenic
miRNA that acts by targeting TSP1, a prominent antiangiogenic peptide. Since there is a shift in
recruitment of vasculature in the theca compartment during development which is associated
with decreased TSP1 expression, our localization data on let-7a supports this action. We also
demonstrated some differential expression of miRNAs in ECs and SIGCs following 3TSR and
VEGF treatment. While results were not as expected in regards to the reciprocal relationship
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often seen between VEGF and TSP1, we proposed alternate methods of action of the identified
miRNAs within each context. Endothelial cells appeared to be largely unresponsive to VEGF
and TSP1 in regards to miRNA expression, suggesting that they may lack the cellular machinery
to regulate these peptides post-transcriptionally. In SIGCs the results suggest many of the
miRNAs to exhibit functions relating not only to angiogenesis but also cell survival.
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LIMITATIONS
One major limitation of this study was the way in which follicles were selected for
aspiration. We based follicular size around developmental stage but this may not always be
accurate especially in medium and large follicles. During follicular development, follicles are
recruited in waves to become dominant. Not all follicles that undergo recruitment reach
maturation and some may undergo atresia along the way. Due to this, it is reasonable to believe
that among our medium and large cohorts of follicles there may be some atretic follicles skewing
these results to an unknown degree.
A second major limitation was regarding the fluorescence in situ hybridization
experiments performed. The methods used to dissect follicles differed from small, medium and
large follicles. In the case of small and medium follicles, the entire follicles was dissected out
and placed in cryomatrix for sectioning. Large follicles, due to their size, were cut into strips
before being placed in cryomatrix. Due to the invasiveness of the large follicle dissections, it is
likely that these may have experience contact with RNases even with all of the precautions taken
or some granulosa cells may have been shed off in the process. It is for this reason that we chose
not to quantify this data and use it only for qualitative analysis of miRNA localization.
Lastly, in regards to the in vitro experiments performed on ECs and SIGCs, perhaps more
time points would expose more differences in miRNA expression after treatment. miRNAs have
been demonstrated to have high biological half-lives of approximately 5 days (Gantier, 2011).
Another study has shown that miRNA biostability depends on AGO protein expression and in
cells not expressing AGO2, half-life is reduced to approximately 10 hours (Winter, 2011). Due
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to the high biological stability of miRNAs, more drastic changes may be detectable at longer
timepoints and alternate times points should be evaluated.
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FUTURE DIRECTIONS
miRNAs have been shown to effect virtually all aspects of biological systems. In the
current study, while we demonstrated differently miRNA expression throughout development,
we did not show direct functional effects. This could be achieved using a luciferase reporter
assay to confirm that the miRNAs evaluated do indeed interact with the predicted targets which
were presented in this study. Additionally, miRNA mimics and inhibitors could be used both in
vitro with granulosa cell lines to look at a host of downstream actions as well as in vivo to look at
overall ovarian function. Given the redundant nature of miRNAs, it would be interesting to see if
ovarian follicular development is inhibited or enhanced following miRNA mimics and inhibitor
treatment. One likely scenario is that enhanced expression of other miRNAs which target the
same gene occurs in order to compensate of the disregulation of the entire system. We
demonstrated let-7a and miR-126 to be greatly overexpressed in cystic follicles. These two
miRNAs may prove useful as biomarkers for cystic disease and a study should be developed
examining serum levels of these miRNAs to see if such drastic differences are detected.
Although originally planned in this thesis, pericyte-endothelial cell interactions were not
evaluated due to time constraints. A future study in the lab should examine this given that I have
developed a parasite cell line for the project.
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