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MicroRNA-424/503 cluster involvement in regulation of bovine granulosa cell function
and oocyte maturation
Several microRNA (miRNA) clusters are known to be differentially regulated during
follicular development. Previously, it was reported that the miR-424/503 cluster was highly
abundant in bovine granulosa cells (bGCs) of preovulatory dominant follicles compared to
subordinate counterparts. However, the underlying mechanisms of this miRNA cluster in
bGCs functions and oocyte maturation have not been investigated. Here, we aimed to
investigate the role of miR-424/503 cluster in bGCs function and oocyte maturation. Target
gene validation assay using luciferase reporter showed that SMAD7 and ACVR2A are the
direct targets of the miR-424/503 cluster. In line with this, while overexpression of miR-
424/503 reduced, inhibition increased the expression of SMAD7 and ACVR2A genes.
Furthermore, flow cytometric analysis indicated that overexpression of miR-424/503 cluster
enhanced bGCs proliferation by promoting G1 to S phase cell cycle transition. Moreover,
knockdown of the miR-424/503 cluster target gene using small interfering RNA also revealed
similar phenotypic and molecular alterations when miR-424/503 cluster was overexpressed.
Further, increased cell proliferation and downregulation of both miR-424/503 and its target
gene with activin A treatment, indicated the presence of negative feedback loop between
activin A and the miR-424/503 cluster. Moreover, expression of miR-424/503 was
significantly higher at mature cumulus-oocyte complexes (COCs) (MIl) compared to
immature COCs (GV) in both cumulus and oocytes. Additionally, overexpression of miR-424
enhanced the expression of genes associated with cumulus cell expansion such as EGFR,
PTGS2, PTX3 and MAPK1 and also increased the expression of KIT ligand gene associated
with oocyte growth. In conclusion, the miR-424/503 cluster regulates bovine granulosa cell
proliferation by targeting SMAD?7 via activin signalling pathway and enhances the candidate

gene expression involved in cumulus cell expansion and oocyte maturation.
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Die Beteiligung des microRNA-424/503-Clusters an der Regulation der Rinder-

Granulosazellenfunktion und der Oozytenreifung

Es ist bekannt, dass mehrere microRNA (miRNA) Cluster wahrend der follikuldren
Entwicklung unterschiedlich reguliert sind. In vorherigen Studien wurde bereits berichtet,
dass die Expression des miR-424/503-Clusters in Rinder-Granulosazellen (bGCs) von
praovulatorischen dominanten Follikeln im Vergleich zu subordinanten Follikeln verstarkt
auftritt. Die zugrunde liegenden Mechanismen dieses miRNA-Clusters in bGCs-Funktionen
und Oozytenreifung wurden jedoch noch nicht betrachtet. Daher wollten wir in dieser Studie
die Funktion des miR-424/503-Clusters in bGCs und der Eizellreifung untersuchen. Ein
Target-Gen-Validierungsassay unter Verwendung des Luciferase-Reporter Systems zeigte,
dass SMAD7 und ACVR2A die direkten Zielgene des miR-424/503-Clusters sind. In
Ubereinstimmung damit, wahrend die Uberexpression von miR-424/503 reduziert wurde,
erhdhte die Inhibierung die Expression der Gene SMAD7 und ACVR2A. Darliber hinaus
zeigte die Durchflusszytometrieanalyse, dass die Uberexpression des miR-424/503-Clusters
die bGCs-Proliferation durch die Stimulierung des G1-zu-S-Phasen-Zellzyklusiibergangs
verstarkt. Weiterhin ergab die Ausschaltung des miR-424/503-Clusters Zielgene mit siRNA
dhnliche phanotypische und molekulare Verinderungen, wie wahrend einer Uberexpression
des miR-424/503-Clusters. Eine erhohte Zellproliferation und eine Herunterregulation
sowohl von miR-424/503 als auch seiner Zielgene nach Activin A-Behandlung impliziert das
Vorhandensein einer negativen Riickkopplungsschleife zwischen Activin A und dem miR-
424/503-Cluster. Darlber hinaus war die Expression von miR-424/503 in reifen Kumulus-
Oozyten-Komplexen (COCs) (MII) signifikant hoher als in unreifen COCs (GV) sowohl in
den Kumuluszellen als auch in den Oozyten. Zusitzlich verstirkte die Uberexpression von
miR-424 die Expression von Genen, die mit der Kumulus-Expansion assoziiert sind, wie z.B.

EGFR, PTGS2, PTX3 und MAPK1 und erhohte auch die Expression des KIT-Ligandengens,
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das mit dem Oozytenwachstum assoziiert ist. Zusammenfassend l&sst sich sagen, dass der
miR-424/503-Cluster die Rinder-Granulosazellproliferation reguliert, indem er SMAD7 uber

den Activin-Signalweg aktiviert und die Expression von Kandidatengenen fir die

Kumuluszell-Expansion und Oozytenreifung erhéht.
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Chapter 1

General introduction

In the 5th century B.C., Hippocrates suggested that formation of a new life was the result of
the reaction of two types of semen one coming from the male (ejaculate) and the other from
the female (menstrual blood). Nevertheless, Hippocrates failed to mention any generative role
of the ovary. Next observation in this regard came a century later, when Aristotle
characterized the ovary as an imperfect vestige of the male testis with no apparent function,
and until the mid of sixteenth century, the ovary could not be recognized as a source of eggs.
In 1667, for the first time, Niels Steno reported in his treatise that ‘the testicles of women are
analogous to the ovary.’ Interestingly, during the period of these reports a wrong perception
prevailed that the follicle itself was the egg, like a bird’s egg without a shell. Indeed, the first
description of mammalian egg appeared in 1827 by Karl Ernst von Baer from his microscopic
study of ovarian vesicles (follicles) in the ovary of a dog, and then for the next 100 years,
there were no substantial reproductive studies regarding the dynamics of follicle development
(Adams et al. 2008). Later, in 1986, Spicer and Echternkamp tried to define folliculogenesis
as the formation of a Graafian follicle from a pool of primordial follicles (non-growing)
(Spicer and Echternkamp 1986). Since then, several fact-finding studies revealed many
hidden aspects of follicular growth and development, for instance follicular wave and events
describing follicular dynamics, role of ovarian hormone and gonadotropins and their
interaction with receptors, various growth factors and paracrines, being vital and necessary
during follicle development to end up in a competent oocyte. These could be realized and
obtained with series of investigations; including morphometric measurements of follicle, in
vivo tracking and measurement of follicle with ultrasound guided technique, endocrine level
measurements and their functionality, gene expression studies and many more (Spicer and

Echternkamp 1986). In line with this, a recently discovered endogenous biomolecule termed
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as microRNA (miRNAs), is emerging as an important player in follicular development
through posttranscriptional regulation of gene (Bartel 2004; Gebremedhn et al. 2016a;
Tesfaye et al. 2016).

The general introduction of this thesis is intended to provide a brief overview of the follicular
dynamics, recent advances in genetic regulation of follicular growth through activin
signalling pathway and cumulus-oocyte interaction during in vitro oocyte maturation.
Further, it sheds insight regarding recent studies conducted in the domain of miRNAs
indicating their involvement in governing follicular growth and development. Last part of

general introduction highlights research gap, hypothesis and objectives of this study.

1. Folliculogenesis

One of the earlier classic work reported that the bovine pool of primordial follicles remains
stable (~133,000 follicles) from birth until about the fourth year of life, which subsequently
decline until approximately 3,000 in ovaries of cows 15 to 20 years old, these growing
follicles were classified into preantral and antral follicles (Erickson 1966). During the
follicular developmental events, primordial follicles continuously enter into the growing pool
of follicles, nevertheless the fate of greater than 99% of all follicles entering the growing pool
is atresia (Ireland 1987). In an attempt to better describe the folliculogenesis happenings,
Hodgen (Hodgen 1982) proposed certain fitting terms; recruitment: a process whereby a
cohort of follicles begin to mature in a milieu of sufficient pituitary gonadotropic stimulation
to permit progress towards ovulation, selection: the process whereby a follicle avoids atresia
and undergoes further development and becomes competent to achieve timely ovulation,
dominance: the process whereby a single follicle achieves and maintains its eminence over
the other recruited follicles, which undergo atresia (Hodgen 1982). During the course of

follicular development towards the ovulatory stage, three features appear to be highly
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conserved across all species: 1) the sequence of events (recruitment, selection and
dominance); 2) the sequential need for gonadotropins (FSH for recruitment, LH for
dominance) and 3) the large variability of numerical parameters (number of waves per cycle,
number of follicles per wave) as well as temporal requirements (time of selection, duration of

dominance) (Driancourt 2001).

1.1 Bovine follicular waves and follicular sequential events

In 1960, the two waves theory of follicular activity was proposed for bovine estrous cycles,
one between day 3 and 12 and the other between day 12 and subsequent estrous (Rajakoski
1960). The hypothesis of two waves per estrous cycle was subsequently supported by several
researchers (Swanson et al. 1972; Pierson and Ginther 1984). Contrary to this, Ireland and
Roche in 1983 (Ireland and Roche 1983), by measuring follicles and steroid level of blood
and follicular fluid, concluded that three follicular waves occur during each estrous cycle, and
each resulted in a dominant follicle. Further, advent of ultrasonic imaging provided a means
for repeated, direct, noninvasive monitoring and measuring of follicles within the ovary,
clarified the nature of bovine folliculogenesis by tracking diameter of follicles (Pierson and
Ginther 1984; Fortune et al. 1988; Savio et al. 1988; Sirois and Fortune 1988). Thus during
the course, it was observed and concluded that bovine estrous cycle contained two waves
(Ginther et al. 1989) to three waves (Savio et al. 1988; Sirois and Fortune 1988) per estrous
cycle. Each wave is preceded by a peak in serum FSH concentrations (Adams et al. 1992;
Adams et al. 1994) (Figure 1). On average follicular wave emergence in cattle comprises of
7-11 follicles, which is preceded by a rise in FSH, with wave emergence concurrent with the
peak (Adams et al. 1992). Patterns of follicle development at different physiological status
across species, cattle, sheep and horses suggest that ovaries of all species operate in a wave

like fashion unless they are prevented from doing so (Driancourt 2001).
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Figure 1. Schematic depiction of the bovine follicular waves. Bovine follicles emerge in
wave like fashion where follicle-stimulating hormone (FSH), luteinizing hormone (LH), and
progesterone (P4) play key role during the estrous cycle. Each wave of follicular growth is
preceded by a transient rise in FSH concentrations. Healthy growing follicles are shaded in
yellow while atretic follicles are shaded in red. The pattern of LH secretion pulses in terms of
frequency and amplitude during early luteal phase, the mid-luteal phase and the follicular
phase is indicated on the top. A surge in LH and FSH concentrations occurs at the onset of

estrous and induces ovulation. Adapted from (Forde et al. 2011).

The growing pool of follicle contains primary, secondary and tertiary follicles, whereas the
non-growing pool comprises of the primordial follicles (Kanitz 2003). Follicles further can be
classified on the basis of gonadotropin dependence. Bovine follicle of 1-3 mm size are
gonadotropin dependent follicles, which could be mobilized with exogenous gonadotropins
treatment (Driancourt 2001). Usually three to six follicles having a diameter of 4 to 5 mm
enter after recruitment into follicular wave (Savio et al. 1988; Sirois and Fortune 1988;

Sunderland et al. 1994).
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1.1.1 Follicular recruitment

Initiation of gonadotropin-dependent folliculogenesis by a cohort of healthy follicle
containing the future preovulatory follicle takes place during a recruitment window (Ginther
2000), which lasts around two days in cattle (Driancourt 2001), where a relationship between
size at recruitment and the size at which follicles become gonadotropin dependence exists in
most species. Further, growing follicle are selected according to the species-specific
ovulation number (Fortune 1994), since post recruitment recruited follicles sorted out into
one selected dominant follicles, whereas the rest of the recruited follicles are destined to
atresia (Fortune 1994). Atresia seems to be most prevalent as follicles approach the size at
which they could be recruited for potential ovulation. Although most follicles become atretic
around that stage, a few are recruited into a cohort or wave of follicles that continue to grow
beyond the stage at which atresia normally occurs. Largely, there is an agreement that FSH
plays key role for inducing recruitment in most mammalian species (Picton et al. 1990;
Adams et al. 1992; Sunderland et al. 1994; Driancourt et al. 1995), since an association
between FSH surge and recruitment has been demonstrated in cattle (Ginther et al. 1996a) at
several physiological stages. This temporal relationship has been observed by blocking
endogenous FSH secretion and using exogenous FSH injection (Webb et al. 1999; Crowe et
al. 2001). Further, there is a minimal threshold of FSH concentration required to proceed with
recruitment, which appears to be variable between animals (Picton and McNeilly 1991).
Primarily, FSH is involved to induce aromatase activity within granulosa cells (Saumande
1991). Noticeably, it appears that LH has almost no contribution in the control of recruitment.
Hence, recruitment is believed to happen in an endocrine environment where LH pulses
frequency are reduced (as in the early-luteal phase), low (as in the mid-luteal phase) or very

low (as in the prepubertal stage, postpartum anestrus) (Driancourt 2001), additionally, growth
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factor and a paracrine are also held to be involved in the process of recruitment (Gong et al.

1991; Singh et al. 1999).

1.1.2 Follicular selection

During the follicle selection, the dominant one is chosen, leaving the rest of the follicles of
the cohort turn out to be subordinate follicles, destined to atresia. It is generally assumed that
the largest follicle of the cohort appears to be the one selected for ovulation (Ginther et al.
1996Db). The future dominant follicle cannot be identified reliably on the basis of its diameter
or estradiol production until the day after the two follicles began to deviate in growth rates
(Ginther et al. 1997), which occurs when the two largest follicles have sizes between 8.3 and
7.8 mm in diameter (Kulick et al. 1999; Ginther 2000) with increased blood estradiol and
reduced FSH concentrations below threshold for the smaller however not for the largest
follicle (Kulick et al. 1999; Ginther 2000). Several lines of evidences support that selection is
controlled by endocrine mechanisms, happens under declining FSH concentrations (Evans
and Fortune 1997; Austin et al. 2001). Additionally, it is believed that compounds produced
by the largest follicle inhibit development of the other follicles of the cohort. Further, it has
been noticed that bovine follicles <3 mm could not suppress FSH; however, follicles having
size 3 to 5 mm could suppress FSH (Gibbons et al. 1999; Ginther 2000). Thus, a dominant
follicle possesses the features to continuously grow to the largest follicle as dominant follicle
and static or reduced growth of the rest of the follicles destined as subordinate follicles.
Further, in all species, the selected follicle appears to be the first acquiring LH receptors on
granulosa cells; nevertheless, FSH concentration, which occurs 2 to 3 days after recruitment,
is a key mechanism in the selection process. In most species, there is a close temporal
relationship between selection and the time when FSH levels reach their base. Further, this

drop in FSH support is caused by the combined action of inhibin and estradiol. Nevertheless,
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it is difficult to obtain single ovulations by only manipulating FSH and LH concentrations,
indicating involvement of other regulatory mechanisms, independent of gonadotropin

concentrations (Driancourt 2001).

1.1.3 Follicular dominance

The dominant follicle becomes the most important follicle in female reproduction by
successfully passing through growth and the development phase of the oocyte, and ultimately
celebrating the ovulation event. The dominant follicle behaves differently from the other
follicles showing power to escape atresia, and if exposed to the LH surge, results into the
corpus luteum. Some dominant follicle become atretic because they mature during the luteal
phase and are never exposed to the LH surge (Lucy 2007), while others are redirected
through the LH surge toward their ultimate end (i.e., luteinization, ovulation, and
differentiation into the corpus luteum (Lucy 2007). The factors that lead to dominance of one
follicle, and the mechanisms that suppress the growth of the subordinate follicles are not fully
understood (Fortune et al. 1991), nevertheless dominance establishes by negative feedback
effects of biomolecules produced by the dominant follicles on circulatory FSH levels.
Selection and dominance happen by the virtue of thecal cells to synthesize androgen which
subsequently gets aromatized by granulosa cells into estradiol (Fortune 1994). Contrary to
follicle selection, which largely depends on FSH, follicular dominance is intricately sensitive
to LH. Thus changes in the pattern of pulsatile LH secretion and its interaction with LH
receptors located on granulosa cells of the dominant follicle may alter their fate (Sartori et al.
2001). In this regard it is worth to note that levels of estradiol-17 p and aromatase were
higher in dominant follicles compared to subordinate follicles. Further, growth of dominant
follicle is related with an increment in the ratio of E2:P4 concentration in the follicular fluid,

referred as E2-dominated; whereas subordinate follicles cease to grow possessing low E2:P4
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ratio, referred as P4-dominated. The destiny of the dominant follicle is governed by presence
and functioning of the corpus luteum, since high progesterone levels direct the dominant
follicle to atresia by virtue of the negative effect of the progesterone on the pulsatile secretion
of LH (Ireland et al. 2000). Interestingly, in this situation, sometime functional dominance is
lost between the early and late plateau phases, while the follicle is still morphologically
dominant. Further, a decrease in estradiol levels of the dominant follicle of the first follicle
wave also supplements loss of dominance leading to new wave of follicle (Sunderland et al.
1994; Ginther et al. 1996a; Mihm et al. 2002). Follicular dominance in mono-ovulatory
species such as cattle requires the integration of a number of processes involving both extra-
ovarian signals and intra-ovarian growth factors, paracrine and autocrine regulators (Sisco
and Pfeffer 2007; Webb and Campbell 2007). Further, in order to better understand molecular
aspect of follicular dynamics, recently focus was laid on differentially enriched genes related
with follicular dominance (Girard et al. 2015, Hatzirodos et al. 2014) and oocyte competence

(Nivet et al. 2013).

1.2 Genetic regulation of bovine folliculogenesis

During the entire course of follicular development, the follicle passes through a series of
cellular and molecular changes which are required to attain oocyte developmental
competence, which largely happens through the communication between oocyte and its
companion cells (Sanchez and Smitz 2012). Indeed, mammalian follicle, consisting of an
oocyte surrounded by granulosa and theca cells, represents the basic functional unit of the
ovary (Orisaka et al. 2009). Among the follicular cells, granulosa cells are critically
indispensable for follicular development, where they undergo a series of morphological and
functional changes (Robker and Richards 1998). Further, the sequential, well-controlled

transformation from the primordial to antral follicle stage is the result of the differentiation
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and proliferation of granulosa cells (GCs) that provide essential and vital inputs in the form
of steroid hormones, cytokines, and paracrine and autocrine factors during the process of
follicular development (Richards 1994; Huang and Wells 2010; Toda et al. 2012), which is
tightly regulated by array of genes (Richards 1994; Robker and Richards 1998; Toda et al.
2012; Nivet et al. 2013; Douville and Sirard 2014). Several transcriptome profiling studies
demonstrated the expression patterns of genes in GCs (Nivet et al. 2013) at different phases

of antral follicle growth (Douville and Sirard 2014).

Granulosa cells

Cell proliferation

PCNA

CDKN1A Oocyte

Cell apoptosis Cumulus cells

BCL2
BAX

> Antrum

Estradiol synthesis

CYP19A1
NURR1
Progesterone
synthesis
STAR
CYP11A1

Figure 2. Genetic regulation of folliculogenesis. Certain key genes involved in cell
proliferation, cell apoptosis, estradiol synthesis and progesterone synthesis during follicular

growth and development.

Accordingly, several genes involved in steroidogenesis (CYP17A1, CYP11Al, HSD3B1,

STAR), cell proliferation/the cell cycle (CCND2, PCNA), gonadotropin receptors (LHCGR,
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FSHR) and growth factors (GDF9, BMP2, Activins, IGF-I, IGF-II) have been found to be
altered depending on the size and stage of follicular development (Robker and Richards
1998; Evans, A C O et al. 2004; Myers et al. 2008; Andreas et al. 2016; Gebremedhn et al.
2016b) (Fig. 2). One of these intercellular communications occurs through a paracrine
signalling pathway where intraovarian factors are found to be involved during follicular
growth and development. Similarly, activins belonging to the transforming growth factor-8
(TGF-B) superfamily regulate follicular development (Li et al. 1995; Thomas et al. 2003;
Pangas et al. 2007; McLaughlin et al. 2010). The activin signalling pathway in which an
activin dimer binds to activin receptors type Il A (ACVR2A) or activin receptors type Il B
(ACVR2B) leads to phosphorylation of type | receptor. Type | receptor in turn
phosphorylates to SMAD2/3 and activated SMAD2/3 forms a heterodimer complex with a
common SMADA4. This heterodimer complex then translocates in the nucleus where it
activates gene transcription. Further, in this pathway, SMAD?7 as inhibitory member blocks
the phosphorylation of SMAD2/3 and acts as a negative feedback regulator of activin-
signalling pathway (Tsuchida et al. 2009). Activins, ubiquitously present in ovarian follicles
are generally synthesized by granulosa cells (Pangas et al. 2007) which act through activin
receptors type |1 (ALK4), 1A and II1B (Activin receptor type 1IA/1IB) (Roberts et al. 1993;
Cameron et al. 1994). Activins are believed to play autocrine and paracrine role in regulating
early follicular development by promoting follicular growth and differentiation (Findlay
1993; Mather et al. 1997; Thomas et al. 2003).

Activins are found to promote the release of FSH from the anterior pituitary (Katayama et al.
1990), which in the presence of insulin and transferrin increases granulosa cell proliferation
(Knight and Glister 2003). Further, the dominant follicle selection appears to depend on
differential FSH sensitivity amongst the growing cohort of small antral follicles, where

activin probably contribute by sensitizing the follicles with the highest ‘activin tone’ to FSH
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(Knight and Glister 2003), which could be inhibited by follistatin (Thomas et al. 2003).
Further, activin is found to be involved in aromatization, antral cavity formation through
reorganization of follicular structure (Findlay 1993; Li et al. 1995; Mizunuma et al. 1999),
and have a further intrafollicular role in the terminal stages of follicle differentiation to
promote oocyte maturation and developmental competence (Knight and Glister 2003). Like
activin, BMP-4 and -7 and BMP-6 are able to enhance estradiol and inhibin secretion from
bovine granulosa cells while suppressing progesterone secretion which is involved in
delaying follicle luteinization and atresia (Knight and Glister 2003). Further, the oocyte
maturation is a complex process requires an integration of several signalling pathways
(Takahashi et al. 2006), and interaction between the oocyte and surrounding cumulus cells for
proper maturation of oocytes (Buccione et al. 1990; Eppig 2001; Gilchrist et al. 2004; Matzuk

et al. 2002).

1.3 Cumulus-oocyte interaction during in vitro oocyte maturation

In vitro oocyte maturation (IVM) is an incredibly important and valuable technique by virtue
of having great potential in exploiting the oocyte resource within an ovary, and as an
alternative to minimize or eliminate the risks and drawbacks associated with intense
stimulation of the ovary with gonadotropins (Wrenzycki et al. 2007; Coticchio et al. 2012),
which allows to generate mature oocytes ex vivo (Gilchrist and Thompson 2007), involving
aspiration of cumulus—oocyte complexes (COCs) from antral follicles, selecting the quality
COCs and subsequently culturing them in standard culture conditions until they reach
metaphase 11 (MI1). In domestic animals, embryo production from unstimulated ovaries using
oocyte IVM has become a routine practice for artificial breeding, cloning and transgenic
animal production. Despite all the improvements in oocyte and embryo culture, at the best

only 30-35% of immature mammalian COC develop to the blastocyst stage (Wrenzycki et al.
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2007). The efficiency of oocyte IVM is limited due to the oocyte's intrinsic developmental
competence depending on the biochemical and molecular state that allows a mature oocyte to
normally fertilize and develop to an embryo (Gilchrist and Thompson 2007). Completion of
oocyte maturation depends on several factors, among these the interaction of the oocyte and
somatic cells of the follicle is critical and involves exchange of numerous signals between the
two cell types in both directions (Downs 2015). One of the prominent function of the
cumulus cells is the channeling of metabolites and paracrine signals through several
metabolic pathway to the oocyte to stimulate germinal vesicle breakdown leading to
developmental competence to the oocyte (Downs 2015). Indeed, developmental competence
of oocyte is acquired after the oocyte becomes meiotically competent and involves an
accumulation of transcripts and other factors. It has been observed that acquisition of both
nuclear and cytoplasmic maturation is required, since oocytes isolated from early antral
follicles could not resume meiosis and failed to progress further than the metaphase 1 (Ml)
stage (Eppig 2001). Furthermore, it was also noticed that early embryo development was
compromised in the oocytes obtained from small antral follicles compared to the oocytes
matured and fertilized obtained from large antral stages (Eppig and Schroeder 1989, Pavlok
et al. 1992), indicated that an oocyte that has acquired meiotic competence has not
necessarily acquired cytoplasmic maturity.

In antral follicles, the oocyte governs the behaviour of cells in its immediate vicinity, thereby
actively regulating its own microenvironment. Since oocyte growth is governed by molecular
cues, growth factors, autocrine and paracrine from somatic cells, nevertheless oocytes are not
only passive recipients of these signals and biomolecules rather play a key role in the
proliferation and differentiation process of granulosa cells. As such, the oocyte establishes
and maintains the distinct cumulus lineage of granulosa cells. Presence of this bi-directional

communication between oocytes and somatic cells is vital for successful oogenesis (Eppig et
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al. 2001; Matzuk et al. 2002; Eppig et al. 2005; Sugiura et al. 2005; Kidder and Vanderhyden
2010; Chang et al. 2016) and occurs through transzonal projections (Macaulay et al. 2015)
and gap junctions (Kidder and Mhawi 2002). This process is mediated by connexin 37 which
exists between oocytes and granulosa cells in follicles from the primary stage onwards
(Veitch et al. 2004; Teilmann 2005). This oocyte-cumulus cell interaction, in general,
prevents luteinization of cumulus cells by promoting growth, regulating steroidogenesis and
inhibin synthesis, and suppressing luteinizing hormone receptor expression (Gilchrist et al.
2004).

In most mammals, the oocyte in the Graafian follicle is surrounded by tightly packed layers
of cumulus cells, forming the cumulus-oocyte complex. During the preovulatory period,
cumulus cells change from a compact cell mass into a dispersed structure of cells for the
synthesis extracellular matrix, this phenomenon is referred as cumulus expansion (Yokoo and
Sato 2004). Cumulus expansion of the COC is necessary for meiotic maturation and
acquiring developmental competence (Nevoral et al. 2015) which takes place shortly before
ovulation in vivo, as well as during meiotic maturation in vitro (Eppig 1979; Salustri et al.
1989; Chen et al. 1993; Nevoral et al. 2015). Indeed, synthesis of glycosaminoglycan rich in
hyaluronic acid (HA) into the extracellular space becomes the basis for cumulus expansion
by providing structural component for expanded cumuli (Chen et al. 1993; Han et al. 2006;
Yokoo et al. 2010). Furthermore, cumulus expansion is dependent on the stimulation of LH-
induced epidermal growth factor (EGF)-like peptides, through the activation of protein kinase
A (PKA) which subsequently results in high levels of cAMP produced by somatic cells
(Sanchez and Smitz 2012). Moreover, EGF induced response is mediated by the activation of
the ERK1/2 pathway, which in turn stimulates the production of prostaglandin E2 (PGE2) via
the induction of PTGS2 (Sanchez and Smitz 2012). Cumulative action of these stimuli and

enrichment of transcripts leads to mucification and expansion and genes responsible for this
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such as HAS2, PTX3 and TNFAIPG6 are found to be enhanced in cumulus cells (Varani et al.
2002; Fulop et al. 2003; Ochsner et al. 2003; Ashkenazi et al. 2005). Additionally, cumulus
expansion enabling factors (CEEFs) such as transforming growth factor B (TGF- B)
superfamily molecules (GDF9, activin A etc.) by signalling through SMAD 2/3 play an
important role in cumulus expansion process (Dragovic et al. 2005; Dragovic et al. 2007). For
instance, oocyte-derived GDF-9 probably acts on the surrounding cumulus granulosa cells to
attenuate estradiol output and promote progesterone and hyaluronic acid production,

mucification and cumulus expansion (Knight and Glister 2003).

1.4. MicroRNA as a posttranscriptional regulator of genes

Multiple types of small RNAs have evolved in eukaryotes like molecular switches to
suppress unwanted genetic materials and transcripts (Ghildiyal and Zamore 2009; Ishizu et al.
2012; Ha and Kim 2014). Small RNAs, 20-30 nucleotides (nt), associated with Argonaute
family proteins (AGO family proteins), are classified into three classes in animals: miRNA,
siRNA and PIWI-interacting RNA (piRNA). miRNAs, small noncoding RNAs, ~20-22 nt in
lengths, endogenous in nature, regulate gene expression post-transcriptionally by targeting
the 3'UTR in sequence specific manner, leading to mRNA degradation or translation
inhibition (Ambros 2004; Bartel 2004). Recent studies have shown that miRNAs play crucial
role in almost all physiological and pathological function such as developmental processes,
tumorigenesis and diseases (McManus 2003; Lu et al. 2008; Winter et al. 2009). The
miRNAs, first discovered in Caenorhabditis elegans, found in most eukaryotes, are
evolutionary conserved in nature (Lee et al. 1993; MacFarlane and Murphy 2010). Indeed,
plenty of recent studies have shown a paradigm shift in the understanding of the miRNA
biogenesis and their regulatory role in several biological processes (Winter et al. 2009). It is

estimated that miRNAs account for nearly 1-5% of the human genome and regulate at least
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30% of all protein-coding genes (Lim et al. 2003; Berezikov et al. 2005; Rajewsky 2006). To
date, miRBase release 21 database contains 28645 entries representing hairpin precursor
miRNAs, expressing 35828 mature miRNA  products, in 223  species
(http://www.mirbase.org/). Precursors and mature miRNAs of some species have been

described in table 1.

Table 1. Number of known miRNAs in certain species

Species Mature miRNA Precursor microRNA
Human (Homo sapiens) 2588 1881

Bovine (Bos taurus) 793 808

Goat (Capra hircus) 436 267

Sheep (Ovis aries) 153 106

Pig (Sus scrofa) 411 382

Horse (Equus cabalus) 690 715

Canine (Canis familiaris) 453 502

Chicken (Gallus gallusl) 994 740

Nematode 434 250

(Caenorhabditis elegans)
Common fruit fly 466 256

(Drosophila melanogaster)

(Source: http://www.mirbase.org/; miRBase release 21)

1.4.1 Biogenesis and regulation of miRNAs
Briefly, miRNA biogenesis a multistep process (Figure 2) including miRNA transcription, its

processing by Drosha in the nucleus and Dicer in the cytoplasm, Argonaute loading, and


http://www.mirbase.org/
http://www.mirbase.org/

16 Chapter 1

eventually translational repression, mMRNA decay or deadenylation (Ha and Kim 2014).
MicroRNA genes encoding miRNAs are transcribed by RNA polymerase into long primary
miRNAs (pri-miRNAS) that are processed by the RNaselll enzyme Drosha and the DiGeorge
Syndrome Critical Region 8 (DGCRS) protein (known as Pasha in invertebrates) to produce a
characteristic stem loop structure of about 70 base pairs precursor miRNAs (pre-miRNAS)
(Lee et al. 2003; Gregory et al. 2004). The pre-miRNAs are subsequently transported from
nucleus to cytoplasm with the help of Exportin 5 protein (Knight and Bass 2001; Kim 2004;
Zeng and Cullen 2004), where the pre-miRNA hairpin is cleaved by another RNase IlI
enzyme, Dicer in complex with the double-stranded RNA-binding protein TRBP, to yield a
mature miRNA as well as a star strand that is degraded (Hutvagner et al. 2001; Ketting et al.
2001; Knight and Bass 2001; Winter et al. 2009). The miRNA is then loaded into an
Argonaute protein within the RNA-induced silencing complex (RISC), the effector complex
that mediates repression of targets. Further, miRNAs can direct the RISC to downregulate
gene expression through mRNA cleavage, translational repression or deadenylation (Bartel

2004; Winter et al. 2009) (Figure 2).
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Figure 2. Multiple step miRNA biogenesis starts with the production of the primary miRNA
transcript (pri-miRNA) by RNA polymerase Il or Ill and cleavage of the pri-miRNA by the
microprocessor complex Drosha—DGCR8 (Pasha) in the nucleus. The resulting precursor
hairpin, the pre-miRNA, is exported from the nucleus by Exportin-5-Ran-GTP. In the
cytoplasm, the RNase Dicer in complex with the double-stranded RNA-binding protein
TRBP cleaves the pre-miRNA hairpin to its mature length. The mature miRNA is loaded
together with Argonaute (Ago2) proteins into the RNA-induced silencing complex (RISC),

where it guides RISC to silence target mMRNAs through mRNA cleavage, translational
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repression or deadenylation, whereas the passenger strand (black) is degraded. Adapted from

(Winter et al. 2009).

1.4.2 Role of miRNAs in female reproduction

In one of the notable early reproductive studies, Bernstein (Bernstein et al. 2003)found that
Dicer | knockout in mice leads to lethality in early embryonic development, with Dicerl-null
embryos depleted of stem cell, this suggested the role for Dicer, and by implication, miRNA
machinery, in maintaining the stem cell population during early mouse development.
Further, a separate study reported that Dicerl deficiency resulted in female infertility. This
defect in female Dicer deleted mice was caused by corpus luteum insufficiency and resulted
from the impaired growth of new capillary vessels in the ovary, which was associated with a
lack of miR17-5p and let7b (Otsuka et al. 2008). Recent evidences support the notion that
miRNAs play important role in the biology of reproduction; especially, expression profiling,
cloning and next generation sequencing have identified the spatiotemporal expression of
miRNAs in ovaries of several species (Hossain et al. 2009; Tesfaye et al. 2009; Li et al. 2011,

Ling et al. 2013; Salilew-Wondim et al. 2014; Sontakke et al. 2014; Gebremedhn et al. 2015).

1.4.2.1 miRNAs in mammalian folliculogenesis

The initiation of primordial follicle development is essential for female fertility. Recently
miRNAs are found to be involved in the initiation of primordial follicle development, miR-
145 by targeting TGFBR2 regulated the initiation of primordial follicle development and
maintains primordial follicle quiescence (Yang et al. 2013). Down-regulation of miR-145
using an antagomir (AT) decreased the proportion and number of the primordial follicles and
increased number of the growing follicles by increasing TGFBR2 expression and activation

of SMAD signalling (Yang et al. 2013). In a separate study miR-376a was shown to be
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negatively correlated with PCNA mRNA expression in fetal and neonatal mouse ovaries and
directly bind to the 3°'UTR of PCNA. Further, miR-376a overexpression is significantly
increased in primordial follicles and reduced apoptosis of oocytes, which was very similar to
those in ovaries co-transfected with miR-376a and siRNAs targeting PCNA which suggested
that miR-376a regulates primordial follicle assembly by modulating the expression of PCNA,
(Zhang et al. 2014b). Similarly, miR-143 expression increased during primordial follicle
formation from 15.5 days post-coitus to 4 days post-partum. MiIRNA-143 inhibited the
formation of primordial follicles by suppressing pregranulosa cell proliferation and
downregulating the expression of genes related to the cell cycle (Zhang et al. 2013). These
studies supported the notion that miRNAs could be critical for the formation of primordial
follicles and regulating the ovarian development and function.

Recent studies conducted in bovine granulosa cells of subordinate and dominant follicle at
day 3, 7 and 19 of the bovine estrous cycle (Salilew-Wondim et al. 2014; Gebremedhn et al.
2015), suggested that the differential expression patterns of miRNAs in granulosa cells could
be associated with follicular recruitment, selection and dominance during the early luteal
phase of the bovine estrous cycle (Salilew-Wondim et al. 2014). Further, differential
enrichment of certain miRNAs in granulosa cells of preovulatory dominant and subordinate
follicles supports the potential role of miRNAs in post-transcriptional regulation of genes
involved in bovine follicular development (Gebremedhn et al. 2015). These studies provide
clues that the dominant follicle endowed with ability to escape atresia might be enriched with
certain set of mMiRNAS, which helps to establish and maintain dominant follicles, and could be
future potential molecule to further understand underlying elusive mechanisms during the
process of recruitment, selection and dominance in follicular development.

Proliferation and differentiation of granulosa are critical processes for follicular growth and

development to produce developmentally competent oocyte by providing essential inputs in
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follicular development event by producing steroid hormones, growth factors, cytokines,
paracrine and autocrine (Toda et al. 2012). These processes are governed by several
molecular cues regulated epigenetically; and miRNAs are one of the different mechanisms.
Growing body of evidence supports involvement of miRNAs in follicular growth and
development through regulating granulosa cell proliferation, differentiation, apoptosis and
steroidogenesis (Sirotkin et al. 2009; Carletti et al. 2010; Sirotkin et al. 2010; Sirotkin et al.
2014; Gebremedhn et al. 2015; Jiang et al. 2015; Wu et al. 2015). In a recent study, miR-17-
92 cluster, enriched in bovine granulosa cells derived from subordinate follicle, revealed the
involvement of miR-17-92 cluster in bovine granulosa cells proliferation, differentiation and
steroidogenesis by targeting PTEN and BMPR2 genes (Andreas et al. 2016). In the same
study, overexpression of the miR-17-92 cluster promoted cell proliferation, while reduced
differentiation of cells. MicroRNA 383 promoted the expression of miR-320 and enhanced
miR-320-mediated suppression of GC proliferation. In polycystic ovarian syndrome (PCOS),
miR-93 overexpression promoted cell proliferation and G1 to S transition through targeting
CDKNI1A (Jiang et al. 2015). Similarly, a recent study showed that miR-22 regulated the
expression of SIRT1 in healthy follicles (HF), early atretic follicles (EAF), and progressively
atretic follicles (PAF) (Xiong et al. 2016). To investigate the roles of SIRT1 in mouse
granulosa cells (mGCs) apoptosis, the endogenous SIRT1 gene in mGCs was knocked down
using siRNA specific for SIRT1. MiRNA-22 was increased during follicular atresia and
suppressed granulosa cell apoptosis. In addition, knockdown of SIRT1 attenuated apoptosis
in mGCs (Xiong et al. 2016). During ovarian follicular development, the majority of follicles
undergo atresia at various stages of their development. However, the mechanisms involved in
controlling atresia remain unknown. Several miRNA regulate apoptosis in cultured primary
granulosa cells of mammalian species (Carletti et al. 2010; Yang et al. 2012; Liu et al. 2014a;

Xiong et al. 2016). In one of early miRNA functional study showed, miR-21 blocks apoptosis
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in mouse periovulatory granulosa cells. Inhibition of miR-21 induced apoptosis in cultured
granulosa cell and decreased ovulation rate, while over expression of miR-21 in in vivo
follicular granulosa cells exhibit a decrease in cleaved caspase 3, a hallmark of apoptosis
(Carletti et al. 2010). MiRNA-181a was able to inhibit granulosa cell proliferation by
targeting Act2A and decreasing PCNA expression (Sirotkin et al. 2010; Zhang et al. 2013)
(table 1). Let-7 family (Let-7b/ c/d/g) miRNA decrease proteins related with proliferation and
apoptosis (Sirotkin et al. 2010), which was differentially expressed during follicular atresia.
Similarly, miRNAs let-7a, let-7b, let-7c, and let-7i were significantly decreased in early
atretic and progressively atretic porcine ovary follicles compared with healthy follicles, while
let-7g was highly expressed during follicle atresia (Cao et al. 2015). This study suggests
involvement of the Let-7 miRNA during cell proliferation, survival, and apoptosis. Granulosa
cells of human origin transfected with pre-mir-23a showed decrease in XIAP expression
(mRNA and protein level) and caspase-3 protein levels and increase in cleaved caspase-3
protein, along with an increased occurrence of apoptosis (Yang et al. 2012). This study
suggests that miR-23a may play important roles in regulating apoptosis via decreasing XIAP
expression in human ovarian granulosa cells (Yang et al. 2012). MiR-26b functions as a
proapoptotic factor (Lin et al. 2012; Liu et al. 2014a) which was upregulated during follicular
atresia, increased the number of DNA breaks and promoted granulosa cell apoptosis by
targeting the ataxia telangiectasia mutated gene (ATM) (Lin et al. 2012). Overexpression of
miR-26b in follicular bGCs suppressed SMAD4 mRNA and protein levels, resulting in
down-regulation of the antiapoptotic BCL-2 gene and the promotion of bGCs apoptosis. In a
separate study, it has been observed transforming growth factor beta 1 (TGF-B1) could down-
regulates miR-26b expression in porcine granulosa cells (GCs) (Liu et al. 2014a). Similarly,
miR-34a promotes granulosa cell apoptosis in pig ovarian follicles by targeting inhibin beta B

gene (INHBB) (Tu et al. 2014) while miR-92a inhibits porcine ovarian granulosa cell
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apoptosis by targeting SMAD?7 gene (Liu et al. 2014b). An independent study demonstrates
that miR-513a-3p is involved in the control of the LHCGR expression by an inversely
regulated mechanism at the post-transcriptional level. MiR-513a-3p acts as a co-regulator of
luteinizing hormone/chorionic gonadotropin receptor gene expression in human granulosa
cells (Troppmann et al. 2014). Indeed, several recent studies have indicated miRNAs are
functionally involved during follicular growth and development through somatic cell
proliferation, differentiation, apoptosis, and also through altering the hormone level produced
by somatic cells (Carletti et al. 2010; Sirotkin et al. 2010; Troppmann et al. 2014; Yin et al.
2014; Gebremedhn et al. 2015; Jiang et al. 2015; Pan et al. 2015; Andreas et al. 2016;

Gebremedhn et al. 2016b; Xiong et al. 2016) (Table 2).

1.4.2.2 miRNAs in steroidogenesis

Recent studies investigated the indispensable role of miRNAs during steroidogenesis (Xu et
al. 2011a; Schauer et al. 2013; Toms et al. 2015; Donadeu et al. 2016), which plays an
important role in ovarian follicular development and many reproductive disorders. A recent
study showed that overexpression of miR-17-92 cluster increased the progesterone level in
the spent media of obtained from bovine granulosa cell culture (Andreas et al. 2016). A
separate study showed that overexpression of miR-378 decreased ovarian estradiol
production by post-transcriptionally regulating aromatase. Conversely, overexpression of the

aromatase 3'-UTR enhanced aromatase expression at the protein level indicated binding of
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Table 2. Functionally analyzed miRNAs involved in granulosa cell function and oocyte maturation

Candidate
MiRNAS
miR-181a', miR-
383% miR-145°,
miR-224" miR-
93°, miR-
183/96/182
cluster®, miR-17-
92 cluster’, MiR-

22

Potential role

Enhances

cellular

proliferation

Pathways

TGF-g+*°

SMAD?*

Target

genes

ACVR2AY

RBMS1?,
TGF-p12,
SMAD4?,
ACVRIB?,
CDKNI1A®
FOXO01°,
PTEN and
BMPR2’,

SIRT1®

Species

Mouse
Human®

Bovine®’

1,23,438

References

(Jiang et al. 2015; Xiong et al.
2016; Yang et al. 2013; Yao et al.
2010; Yin et al. 2012; Zhang et
al. 2013; Gebremedhn et al.

2016b; Andreas et al. 2016)



24 Chapter 1
miR-92a’, Induces cellular ~ TGF-p+*%"  SMAD7* Porcine®?? (Carletti et al. 2010; Jiang et al.
miR26b*miR-34a°,  apoptosis ATM? Mouse*>® 2015; Lin et al. 2012; Liu et al.
miR-143*, miR- SMAD4? Human®’ 2014a; Tu et al. 2014; Yang et al.
21°, miR-23a°, INHBB? 2012; Zhang et al. 2013; Nie et
miR-23a’, miR- SMADS’ al. 2015)
27a’, miR-181a°
miR-15a", miR- Steroidogenesis, TGF-p** RBMS1? Mouse*®
383, miR-224°, promoting TGF-p1? (Dai et al. 2013; Donadeu et al.
miR-133b*, miR- estradiol SMAD4? 2016; Sirotkin et al. 2014; Pan et
320°, miR-1320°, release,>34°%7 FoxI2* al. 2015; Toms et al. 2015; Wu et
miR-378-3p’, miR- ® E2Fland al. 2015; Yao et al. 2010; Yin et
873%, miR-20° SF-1° al. 2012; Yin et al. 2014)

Nurr®,

PGR’



Chapter 1

25

miR-378", Pri-miR-
155, pri-miR-222
and pri-Let-7d?

miR-133b°

miR-126-3p

Cumulus-oocyte
interaction and
oocyte

maturation

Development of

corpus luteum

*

NA

NA

HAS2?,
PTGS2',
Cx43', and
DAMTS1!

TAGLN2?

TLN2

Porcine!
Bovine?

Mouse®

Bovine

(Gilchrist et al. 2016; Pan et al.

2015; Xiao et al. 2014)

(Dai et al. 2014)

Superscript number relates corresponding particulars

NA”: not available



26 Chapter 1

miR-378 within this region and subsequently reducing the binding of this micro-RNA to the
endogenous aromatase 3'-UTR (Xu et al. 2011a). Similarly, overexpression of miR-378-3p
decreased protein levels and mRNA levels of PGR (progesterone receptor) by regulating its
3'UTR (Toms et al. 2015). Some of miRNAs have been identified like miR-34a and miR-320,
whose overexpression could inhibit estradiol release from human granulosa cells and murine
ovaries, respectively (Sirotkin et al. 2009; Yin et al. 2012; Yin et al. 2014). These miRNAs
could be miRNA of interest to further study the disorders of granulosa cells in relation to
steroidogenic capacity. Interestingly, it has been also been noticed that some of the miRNAs
namely miR-383 could enhance estradiol production in mouse granulosa cells (tablel).
Similarly, overexpression of miR-132 regulated Nurrl, that suppresses CYP19A1 expression
and therefore enhancement in estradiol synthesis was observed via the translational
repression of Nurrl in ovarian GCs (Wu et al. 2015). Likewise, miR-133b was involved in
follicle-stimulating hormone (FSH)-induced estrogen production by inhibiting the FoxI2-
mediated transcriptional repression of STAR and CYP19A1 to promote estradiol production
(Dai et al. 2013). In a recent study it was suggested that miRNAs can be useful biomarkers
of tissue function (Donadeu et al. 2016). In this study, estradiol levels, the estradiol:
progesterone (E:P) ratio and CYP19A1 expression were strongly correlated with each other,
and identified miR-873 and miR-202 as miRNAs whose levels in follicular tissues can be
used as indicators of steroidogenic capacity in bovine (Donadeu et al. 2016). A recent study
sheds light regarding the uncontrolled follicular growth observed in polycystic ovary
producing excess androgens resulting attenuation of follicular atresia through nuclear and
extranuclear signalling pathways by enhancing expression of the miR-125b, which in turn
suppresses pro-apoptotic protein expression (Sen et al. 2014). Considering steroidogenesis as
one of central figure in estrous cycle, which regulates follicular growth, development and

ovulation and additionally involves in many reproductive disorders, therefore whether these
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processes are directly or indirectly under control of miRNAs could be much interesting to

study more in the future.

1.4.2.3 miRNAs in regulation of cumulus-oocyte communication and oocyte maturation

A growing body of evidences support that apart from the involvement of gene action, oocyte
growth and development is also regulated by miRNAs; for instance, higher expression and
functional importance of Dicerl has been identified in the oocyte during folliculogenesis and
in mature oocytes (Su and Eppig 2002; Choi et al. 2007; Murchison et al. 2007; Lei et al.
2010). Oocyte competence is acquired during the process of meiosis and in the last stage of
maturation. Thus, Dicer and miRNA appeared to play an important role during the process of
oogenesis and completion of meiotic division. In striking contrast to Dicer, DGCR88-
deficient mouse oocytes matured normally and, when fertilized with wild-type sperm,
produced healthy-appearing offspring, even though miRNA levels were reduced to similar
levels as Dicer-deficient oocytes; this suggests that miRNA function is globally suppressed
during oocyte maturation and preimplantation development (Suh et al. 2010). Moreover,
investigation on the expression of mMiRNAS in immature and in vitro matured bovine oocytes
(Tesfaye et al. 2009) and in human oocytes (Xu et al. 2011b) revealed a differential
expression of miRNAs (Tesfaye et al. 2009). The expression of seven miRNAs (miR-496,
miR-297, miR-292-3P, miR- 99a, miR-410, miR-145 and miR-515-5p) in matured and two
miRNAs (miR-512-5p and miR-214) in immature oocyte showed higher abundance by at
least 2-fold difference (Tesfaye et al. 2009). Dynamic changes in expression of miRNAs are
observed between the oocytes matured with cumulus cells and oocyte matured without
cumulus cells. Remarkably, the changes of miRNAs expression were observed in the
cumulus cells matured with or without the oocyte cytoplasm (Abd EI Naby, W S et al. 2013).

Several studies have shown the role of miRNAs in the oocyte and thereby suggested that a
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large amount of the maternal genes are one or the other way under the control of miRNAs
(Murchison et al. 2007; Tang et al. 2007). In order to further explore the roles of miRNAs in
oocyte maturation, identification and characterization of miRNA populations were done in
pools of bovine germinal vesicle (GV) oocytes, metaphase 11 (MII) oocytes, and presumptive
zygotes (PZ) (Gilchrist et al. 2016); where, bta-miR-155, bta-miR-222, bta-miR-21, bta-let-
7d, bta-let-7i, and bta-miR-190a were found significantly differentially expressed miRNAs.
Further, pri-miR-155 was present in MII oocytes, indicating transcription during maturation;
however, levels of pri-let-7d decreased during maturation. This study demonstrates that both
dynamic and stable populations of miRNAs were present in bovine oocytes and zygotes and
extend previous studies supporting the importance of the small RNA landscape in the
maturing bovine oocyte and early embryo (Gilchrist et al. 2016). In the final stages of oocyte
maturation, minimal transcriptional activity was observed, and regulation of gene expression
occurred primarily at the post-transcriptional level (Tscherner et al. 2014). In a separate
study, all members of the miR-34 family were found in bovine spermatozoa, while only miR-
34a and -34c could be noticed in oocytes and cleaved (2-cell) embryos. Further, miRNA-34c
was consistently expressed throughout oocyte maturation and in the embryo. This study
suggested that miR-34 miRNAs may be required in developing bovine gametes of both sexes,
as well as in embryos, and that primary miR-34b/c processing takes place before the
completion of gametogenesis. Individual variation in sperm miR-34 family abundance may
offer potential as a biomarker of male bovine fertility (Tscherner et al. 2014). In a recent
study it is shown that miR-21 is differentially expressed in the oocyte during meiotic
maturation in the pig and inhibition of miR-21 during this process alters PDCD4 protein
abundance suggesting posttranscriptional regulatory events involving miR-21 during oocyte
maturation may impact subsequent embryonic development in the pig (Wright et al. 2016). In

a separate study, the suitability of miRNAs as potential expression normalizers in bovine



Chapter 1 29

oocytes and early embryos, and porcine oocytes was analyzed. The stages examined were
bovine oocytes at the germinal vesicle (GV) and metaphase Il stages, bovine zygotes, 2, 4
and 8 cell embryos, morulae and blastocysts, as well as porcine cumulus oocyte complexes,
GV, metaphase | and Il oocytes. MiR-93 and miR-103 were identified as the most stably
expressed in bovine samples and miR-26a, miR-191 and miR-93 in porcine samples. The
combination of miR-93 and miR-103 is optimal for normalizing miRNA expression for g°PCR
experiments on bovine oocytes and preimplantation embryos; however, the preferred

combination for porcine oocytes is miR-26a, miR-191 and miR-93 (Mahdipour et al. 2015).
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1.5 Research gap and hypothesis

Since discovery of miRNAs a very little is understood regarding the functional involvement
of miRNAs in female reproduction. As described previously, several individual or cluster of
miRNAs have been identified to be involved in follicular development. Similarly, our
previous study reported that several clusters of miRNAs have been highly enriched in
granulosa cells of preovulatory dominant follicle (Gebremedhn et al. 2015). However, only
two cluster of miRNAs have been functionally analyzed in bovine granulosa cells function
(Gebremedhn et al. 2016b; Andreas et al. 2016). Further, among several cluster of miRNAs,
the miR-424/503 cluster was highly abundant in granulosa cells of preovulatory dominant
follicle and has not been studied yet. Taking all these information into account, we
hypothesized that microRNA-424/503 cluster members might be playing an important role in
bovine granulosa cell function and cumulus cells expansion to support follicular development

and oocyte growth.

1.6 Objectives
We tested our research hypothesis with the following two main objectives:
1. To investigate the role of microRNA-424/503 cluster in bovine granulosa cell
function.
2. To investigate the effect of microRNA-424/503 cluster modulation in bovine cumulus

cell expansion and oocyte maturation in vitro.
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Abstract

Background

In our previous study, the microRNA-424/503 cluster was found to be highly abundant in
bovine granulosa cells (bGCs) of preovulatory dominant follicle compared to subordinate
counterpart at day 19 of the bovine estrous cycle. Therefore, this study was aimed to
investigate the role of microRNA-424/503 cluster in bGCs function using microRNA gain-

and loss-of-function approaches.

Methods

The bovine granulosa cells were collected from ovaries obtained from slaughterhouse. The
SMAD7 and ACVR2A genes targeted by miR-424/503 cluster were validated using dual-
luciferase reporter assay. The functional role of miR-424/503 cluster members in granulosa
cell function was investigated by gain- and loss-of function by overexpressing and inhibiting

in vitro cultured granulosa cells using miR-424/503 mimic or inhibitor, respectively.

Results

Luciferase reporter assay showed that SMAD7 and ACVR2A are the direct targets of the
microRNA-424/503 cluster members. In line with this, overexpression of microRNA-
424/503 cluster members using its mimic and inhibition of its activity by its inhibitor reduced
and increased, respectively the expression of SMAD7 and ACVR2A genes. Furthermore,
flow cytometric analysis indicated that overexpression of microRNA-424/503 cluster
members enhanced bGCs proliferation by promoting G1 to S phase cell cycle transition.
Modulation of microRNA-424/503 cluster members also enhanced phosphorylation of
SMAD?2/3 in the Activin signalling pathway. Moreover, sequence specific knockdown of

SMADY7, the target gene of microRNA-424/503 cluster members, using small interfering
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RNA also revealed similar phenotypic and molecular alterations observed when microRNA-
424/503 cluster was overexpressed. Similarly, to get more insight about the role of
microRNA-424/503 cluster in Activin signalling pathway, granulosa cells were treated with
activin A. Granulosa cells treated with activin A exhibited increased cell proliferation and
downregulation of both microRNA-424/503 members and its target gene, indicated the
presence of negative feedback loop between activin A and the expression of microRNA-

424/503.

Conclusions
This study suggests that the microRNA-424/503 cluster is involved in regulating bovine
granulosa cell proliferation and cell cycle progression by targeting SMAD7 via activin

signalling pathway.



34 Chapter 2

Background

The mammalian follicle, consisting of an oocyte surrounded by granulosa and theca cells,
represents the basic functional unit of the ovary (Orisaka et al. 2009). The growth of the
obligatory gonadotropin-dependent follicle, which is a complex but nevertheless well-
coordinated process, occurs in a wave-like fashion, with two to three waves per estrous cycle
(Driancourt 2001) followed by ovulation or atresia. Among the follicular cells, granulosa
cells are critically indispensable for the growth and maturation of follicles, and they undergo
a series of morphological and functional changes (Robker and Richards 1998). The
primordial follicle, holding an arrested oocyte at diplotene stage, is enclosed by a single
flattened layer of somatic GCs (Buccione et al. 1990). Further, the sequential, well-controlled
transformation from the primordial to antral follicle stage is the result of the differentiation
and proliferation of GCs that provide essential and vital inputs in the form of steroid
hormones, cytokines, and paracrine and autocrine factors during the process of follicular
development (Richards 1994; Huang and Wells 2010; Toda et al. 2012), which is tightly
regulated by array of genes (Richards 1994; Robker and Richards 1998; Toda et al. 2012;
Nivet et al. 2013; Douville and Sirard 2014).

To better understand the genetic regulation of granulosa cell function and their role in
follicular development, several transcriptome profiling studies have been conducted to
examine the expression patterns of genes in bGCs (Nivet et al. 2013) at different phases of
antral follicle growth (Douville and Sirard 2014). Accordingly, several genes involved in
steroidogenesis (CYP17Al, CYP11A1, HSD3B1, STAR), cell proliferation/the cell cycle
(CCND2, PCNA), gonadotropin receptors (LHCGR, FSHR) and growth factors (GDF9,
BMP2, Activins, IGF-I, IGF-II) have been found to be altered in granulosa cells depending
on the size and stage of follicular development (Robker and Richards 1998; Evans, A C O et

al. 2004; Myers et al. 2008; Andreas et al. 2016; Gebremedhn et al. 2016b). These molecular
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cues, which are responsible for follicular development, are under the control of several
epigenetic mechanisms, including microRNAs. These small noncoding RNAs, ~20-22
nucleotides in length, are epigenetic regulators that control gene expression post-
transcriptionally by targeting the 3 -UTR in a sequence-specific manner leading to mRNA
degradation or translation inhibition (Ambros 2004; Bartel 2004).

miRNAs play crucial roles in almost all biological functions, including cell proliferation,
differentiation, and apoptosis (Andreas et al. 2016; Gebremedhn et al. 2016b), and are
associated with various diseases such as cancer (McManus 2003). Since the discovery of first
miRNA (Lin-4) in 1993 (Lee et al. 1993; Bartel 2004), a continuing major challenge has been
deciphering the functional aspects of miRNAs in bio-physiology, including mammalian
reproduction. Recent evidence supports the involvement of miRNAs in follicular growth and
development through the regulation of granulosa cell proliferation, differentiation, apoptosis
and steroidogenesis (Sirotkin et al. 2009; Carletti et al. 2010; Sirotkin et al. 2010; Sirotkin et
al. 2014; Gebremedhn et al. 2015; Jiang et al. 2015; Wu et al. 2015). However, limited
number of studies have validated the role of miRNAs in bovine follicular development
(Gebremedhn et al. 2015; Andreas et al. 2016; Gebremedhn et al. 2016b). Recently, we have
reported the expression pattern of miRNAs in bovine granulosa cells of subordinate and
dominant follicles during the early luteal phase (day 3 and day 7) (Salilew-Wondim et al.
2014) and late follicular phase (day 19) (Gebremedhn et al. 2015) of the bovine estrous cycle
and their possible association with follicular recruitment, selection and dominance. In the
latter study, of the 64 total differentially expressed miRNAs, the miR-424/503 cluster was
significantly enriched in the granulosa cells of preovulatory dominant follicles, which
indicated the potential involvement of the miR-424/503 cluster in the follicular development
and maturation process. However, the underlying regulatory mechanisms of the miR-424/503

cluster in the function of bGCs have not yet been examined. Recent studies have
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demonstrated that the miR-424/503 cluster enhances tumour cell resistance to apoptosis
(Zhang et al. 2014a), coordinates the remodelling of the epithelium in the involution of
mammary gland (Llobet-Navas et al. 2014), and reverses chemo-resistance via T-cell
immune response activation by blocking the PD-L1 immune checkpoint (Xu et al. 2016).
Nonetheless, the involvement of the miR-424/503 cluster in reproductive functions remains
elusive. An in-silico analysis of miR-424/503 allowed for the identification of the SMAD7
and ACVR2A genes, which are associated with the activin signalling pathway of the TGF-3
superfamily members and a known key regulator of follicle development in mammals
(Knight and Glister 2006), as potential putative target genes. SMAD7, an inhibitory SMAD,
blocks the phosphorylation of SMAD2/3, acts as a negative feedback regulator of the activin
signalling pathway (Tsuchida et al. 2009; Gao et al. 2013; Li 2015).The activin signalling
pathway, in which an activin dimer binds to activin receptor type 11 A (ACVR2A) or activin
receptor type 1l B (ACVR2B), is known to result in the phosphorylation of activin type I
receptors. The type | receptor in turn phosphorylates SMAD2/3, and activated SMAD2/3
forms a heterodimeric complex with SMAD4 which translocates to the nucleus where it
activates transcription. Granulosa cells are the main ovarian source of activins, which have
been implicated in various intra-ovarian roles, including germ cell survival and primordial
follicle assembly, follicle growth from preantral to mid-antral stages, promotion of granulosa
cell proliferation, enhancement of oocyte developmental competence, retardation of follicle
luteinization and/or atresia and luteolysis (Knight 1996; Knight and Glister 2001; Knight and
Glister 2003; Knight and Glister 2006; Knight et al. 2012). Increasing evidence has shown
that several miRNAs, for instance miR-224, let-7g, miR-181a and miR-15a, are involved in
regulating granulosa cell function through targeting TGF-B superfamily members (Yao et al.

2010; Zhang et al. 2013; Zhou et al. 2015). In the present study, we demonstrated that miR-
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424/503 cluster epigenetically regulates bovine granulosa cell function by targeting SMAD?7,

and through fine tuning of the activin signalling pathway.

Methods
MicroRNA target gene prediction
The mature sequences of miR-424 and miR-503 were obtained from the miRBase

(http://www.mirbase.org/) database. We performed an in silico target prediction for potential

putative targets using the miRWalk database
(http://mwww.umm.uniheidelberg.de/apps/zmf/mirwalk/). The miRNA-mRNA binding site
prediction in bovine sequences was performed using TargetScan 6.2 (Agarwal et al. 2015).
Target gene predictions were considered according to rank based on the predicted efficacy or
targeting as calculated using cumulative weighted context++ scores of the sites (Agarwal et
al. 2015) and probability of conserved targeting (Pct) (Friedman et al. 2009). Accordingly,
among several genes, the SMAD7 (Li 2015) and ACVR2A genes, which are ubiquitously
expressed in the ovarian follicle and important in reproductive performance (Matzuk et al.
1995), were selected for functional analysis. The secondary structure of miR-424 and miR-

503 was predicted by RNAhybrid (http://bibiserv.techfak.uni-bielefeld.de/rnahybrid).

Bovine granulosa cell culture and transfection

Bovine ovaries as sources of bGCs were collected from a local slaughterhouse. Ovaries were
transported to the laboratory in warm physiological saline solution (0.9% NaCl). Immediately
upon arrival, ovaries were washed three times using a lukewarm (37 °C) saline solution. Then
ovaries were rinsed in 70% warm ethanol for 30 seconds, followed by washing three times
with saline solution. The follicular fluid containing bGCs were aspirated from healthy small

follicle (3-5 mm of diameter) using 20-gauge needle and transferred into 15 ml Falcon tube
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(Thermo Fisher Scientific, Germany) containing warm phosphate buffer saline without
Ca2+/Mg2+ (CMF-PBS). The cumulus-oocyte complexes were allowed to settle down for 15
minutes. Upper suspension containing floating granulosa cells was transferred into new 15 ml
tube and centrifuged at 750x g for 7 minutes. The supernatant was discarded and granulosa
cell pellet was re-suspended in one ml red blood cell (RBC) lysis buffer for one minute. Then
we added 5 ml DMEM/F-12 Ham (Gibco® Sigma Aldrich Chemie GmbH, Germany) culture
medium supplemented with 10% fetal bovine serum (FBS), 100 1U/ml of penicillin and 100
pg/ml of streptomycin (Gibco® Sigma Aldrich Chemie GmbH, Germany), and 100 pg/ml
fungizone (Gibco® Sigma Aldrich Chemie GmbH, Germany) to stop the effect of RBC lysis
buffer and centrifuged at 500 x g for 5 minutes. The pellet was then washed one or two times
using CMF-PBS to remove remaining lysis buffer. The granulosa cell pellet was re-
suspended with F12+ culture media (DMEM/F-12 Ham, 10% FBS + 100 1U/ml of penicillin,
100 pg/ml of streptomycin and 100 pg/ml fungizone). Cell viability and concentration were
determined by using trypan blue (Gibco® Sigma Aldrich Chemie GmbH, Germany)
exclusion method. Finally, a total of 2.0-2.5 x 10° bGCs per well were seeded into CytoOne®
24-well plate (Starlab International GmbH, Germany) in the F12+ culture media. The bGCs
were cultured in 37 °C with 5% CO; in humidified environment. The bGCs were incubated
for 48 h to attach and pre-confluent (60-70%) for treatment or transfection purpose. In the
culture medium FSH, IGF1 or other factors were not added to avoid its effect on bovine
granulosa cell proliferation. In some experiments cells were cultured in the presence of
Recombinant Human/Mouse/Rat Activin A (R&D Systems, Minneapolis, MN, USA)

The chemically synthesized miRNA-424-5p mimic and inhibitor, miR-503-5p mimic and
inhibitor, and the corresponding negative controls (NC) were used to transfect (Qiagen
GmbH, Germany) bGCs. The miRNAs and/or plasmids were diluted in Opti-MEM 1 reduced-

serum medium (Invitrogen). Sub-confluent cultured bGCs (70-80% confluent) were co-
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transfected with 500 ng of the wild-type or mutant-construct plasmid and 50 nM individual
microRNA mimic or mimic control. For miR-424/503 gain- and loss-of-function analysis, 50
nM individual microRNA mimic, inhibitor or corresponding negative control were co-
transfected to sub-confluent cultured bGCs. The transfection was performed using

Lipofectamine 2000 transfection reagent (Life Technologies, Germany).

Plasmid construction and luciferase assay

To validate whether the SMAD7 and ACVR2A gene are real targets of the miR-424/503
cluster, fragments of the 3"-UTR of SMAD7 or 3"-UTR of ACVR2A containing the binding
sites for miR-424-5p (miR-424) and miR-503-5p (miR-503) (wild type) or with mutations in
the seed sequences of miR-424/503 (mutant type) (Fig. 1) were cloned and inserted between
the Sacl and Xhol restriction sites of the pmirGLO Dual-Luciferase miRNA Target
Expression Vector (Promega Corporation, USA). The cDNA from ovarian bGCs was used to
amplify the predicted miRNA-mRNA binding site in the 3"-UTR region of the SMAD7 or
ACVR2A mRNA. Specific primers and 50-mer mutated oligonucleotides were designed
based on bovine SMAD7 (XM_005224232.3) or ACVR2A (NM_174227) mRNA sequences
in GenBank (Table S1). The luciferase activity was measured 48 h after transfection using the
pmirGLO Dual Luciferase® Reporter Assay System (Promega Corporation, USA) according
to the manufacturer’s protocol. Firefly and Renilla luciferase activity was detected by
measuring the absorbance on a Centro LB 960 Microplate Luminometer (Berthold

Technologies GmbH, Germany).

Total RNA isolation and cDNA synthesis
To confirm the expression of target and marker genes in treated bGCs at each stage of the

experiment, harvested bGCs were resuspended in lysis buffer, and the subsequent RNA
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isolation was performed using an miRNeasy® mini kit (Qiagen GmbH, Germany) following
the manufacturer’s protocol. Total RNA quantity and purity (260/280 ratios) was measured
with a NanoDrop 8000 spectrophotometer (NanoDrop products, USA). After validating the
quality and concentration of the RNA samples, the cDNA synthesis was performed using a
RevertAid first stand cDNA synthesis kit (Thermo Fisher Scientific, Germany). Briefly, each
RNA sample (1 pg) was co-incubated with 1 pl of Oligo (dT);s primer and dH,O to a total of
11 pl at 65 °C for 5 min and then chilled on ice for 5 min. The reverse transcription was
performed in a total mixture volume of 20 ul consisting of 4 ul of 5x Reaction Buffer, 1 ul of
RevertAid Reverse Transcriptase, 2 pul of ANTP mix and 1 pl of RiboLock RNase Inhibitor.
The reactions were carried out in a thermocycler programmed at 37 °C for 60 min followed

by 70 °C for 5 min.

Quantitative PCR analysis

Primers for specific genes were designed using the Primer-BLAST program
(http://www.ncbi.nlm.nih.gov/tools/primer-blast/). The details of the primers are described in
Table S 2. The specificity of each primer amplicon was confirmed by sequencing the PCR
products using a GenomeLab GeXP Genetic Analysis System (Beckman Coulter GmbH,
Germany). The quantitative PCR (qPCR) analysis of mRNA was performed in an Applied
Biosystem® StepOnePlus™ System (Thermo Fisher Scientific Inc, USA), using iTaq™
Universal SYBR® Green Supermix (Bio-Rad Laboratories GmbH, Germany), with the
following program: 95 °C for 3 min, 40 cycles at 95 °C for 15 s, 60 °C for 1 min and 95 °C
for 1 min. The melting curve was evaluated at the end of the run to observe the specificity of
the amplification. The mRNA expression data were analysed using the comparative Ct (2°

AACH method(Livak and Schmittgen 2001), and B-ACTIN was used as an internal control.
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Candidate miRNAs were quantified as described previously(Salilew-Wondim et al. 2014;
Gebremedhn et al. 2015). Briefly, cDNA was synthesized using 80 ng of miRNA-enriched
total RNA using a miRCURY LNA™ Universal cDNA synthesis kit (Exigon, Denmark)
according to the manufacturer’s instructions. The synthesized cDNA was diluted 40x and
used for the gPCR analysis of candidate miRNAs using EXILENT SYBR Green Master mix
(Exigon, Denmark). The thermal cycling program was as follows: initial preheating at 95 °C
for 10 min, followed by 40 cycles of amplification at 95 °C for 10 s and 60 °C for 1 min. The
specificity of the miRNA amplification was evaluated by melting curve analysis. The 5s
ribosomal RNA (5s rRNA) (miRCURY LNA™ Universal RT microRNA PCR) was used as
the reference gene primer. The qPCR data were analysed using the comparative Ct (24"

method(Livak and Schmittgen 2001).

Western blot analysis

Total protein from cultured bGCs was isolated using 1x PLB (Promega Corporation, USA).
The total protein concentration was determined using the Bradford method(Bradford 1976).
Western blotting was performed as described previously(Andreas et al. 2016; Gebremedhn et
al. 2016b). The antibodies used were (Santa Cruz Biotechnology Inc., Germany): anti-ACTR-
[12A goat polyclonal antibody (product no. sc-5667), anti-SMAD?7 rabbit polyclonal antibody
(product no. sc-11392), anti-PCNA rabbit polyclonal antibody (product no. sc-7907), anti-
STAR rabbit polyclonal antibody (product no. sc-25806), anti-SMAD?2/3 rabbit poly clonal
antibody (product no.sct-5678), anti-psmad2/3 rabbit monoclonal antibody (sct-8828) or anti-
B-ACTIN mouse monoclonal antibody (product no. sc-47778). At the end of the incubation
period, the membrane was washed six times with 1x TBST and incubated with the
corresponding donkey anti-goat, goat anti-rabbit, or goat anti-mouse secondary antibody

conjugated to horseradish peroxidase (Santa Cruz Biotechnology). The detection of the
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protein signal was then performed using Clarity Western ECL Substrate (Bio-Rad
Laboratories). The relative band intensity was determined by ImageJ program

(https://imagej.nih.gov/ij/).

Cell proliferation assay

A total of 2 x 10* bGCs per well were seeded into a 96-well plate and cultured in F12+
culture medium (DMEM/F-12 Ham, 10% FBS + 100 IU/ml of penicillin, 100 pg/ml of
streptomycin and 100 pg/ml fungizone). Individual miR-424/503 mimics, inhibitors or
corresponding controls were transfected into sub-confluent cultured bGCs (70-80%
confluent). After 48 h of incubation, 10 ul of CCK-8 kit solution (Dojindo EU GmbH,
Germany) was added to each well, and the plate was incubated for another 2 h. The optical
density (OD) at a wavelength of 450 nm was measured using a Synergy™ H1 Multi-Mode

Reader (BioTek Instruments Inc, Germany).

Cell cycle assay

Cultured granulosa cells were transfected with 75 nM miR-424/503 cluster miRNA mimics,
inhibitors, or the corresponding negative control (NC) and SMAD7 siRNA, ACVR2A siRNA
or NC siRNA. The cells were trypsinized 48 h later and collected in a 15-ml Falcon tube
(Thermo Fisher Scientific, Germany), followed by centrifugation at 750 xg for 5 min and
washing twice with 1 x CMF-PBS. A minimum of ~1 x 10° cells were fixed in ice-cold 70%
ethanol at 4 °C overnight. The cells were then centrifuged briefly, and the cell pellets were
washed twice with 500 pl of 1x CMF-PBS. The cells were then labelled with 50 pg/ml
propidium iodide (PI) and treated with 50 pg/ml RNase. The cells were then incubated at 37

°C for 30 min and processed in a BD LSRFortessa™ flow cytometer (BD Biosciences). The



Chapter 2 43

cell cycle distribution ~ was  analysed using ModFit LT  software

(http://www.vsh.com/products/mflt/index.asp).

Targeted suppression of the SMAD7 and ACVR2A gene using small interfering RNA
(siRNA)

Bovine specific LNA™ JongRNA GapmeRs (Exiqon, USA) were used to inhibit the
expression of SMAD7 (5"-TTCGCAGAGTCGGCTA-3" and 5"-CGATTTTGCTCCGTA-3")
ACVR2A (5-GTTACTGGATTCGACG-3° and 5 -GTTGGTCAGTAATCTA-3"). The
transfection of 75 nM SMAD7 siRNA, ACVR2A siRNA or control siRNA was performed as
described above. The gene expression analysis and cell proliferation assays were performed

as described above.

Data analysis

All the quantitative data are presented as the mean + standard error (SEM) and at least three
biological replicates were used for each analysis. The statistical analysis was performed using
GraphPad Prism® 5, version 5.02. The statistical significance between the mean values of
two treatment groups was determined using a two-tailed Student’s t-test. However, data from
more than two treatment groups were analysed using a one-way ANOVA followed by
Dunnett’s post hoc test. The p-values indicate the statistical significance as described in each

figure legend.

Results
SMAD?7 and ACVR2A are the direct targets of the miRNA-424/503 cluster
We demonstrated in our previous study that miR-424/503 cluster miRNAs are upregulated in

the granulosa cells of preovulatory dominant follicles at day 19 of the estrous cycle.



44 Chapter 2

MicroRNA-424/503 cluster members are transcribed from an intergenic region of
chromosome X, which is polycistronic in nature and evolutionary conserved in mammals.
The precursors of bta-miR-424-5p (miR-424) and bta-miR-503-5p (miR-503) are 96 bp and
83 bp, respectively. The mature sequences of Dbta-424-5p and miR-503-5p are
CAGCAGCAAUUCAUGUUUUGA and UAGCAGCGGGAACAGUACUG, respectively,
which are conserved in other mammalian species. Since miRNAs regulate biological
functions by targeting the 3"-UTR of genes post-transcriptionally in a sequence-specific
manner, we  performed a  computational  prediction using  TargetScan
(http://www.targetscan.org) to generate an algorithm to identify putative targets, which
revealed that miR-424 and miR-503 target mothers against decapentaplegic homolog 7
(SMADY7) and activin receptor type 2A (ACVR2A). On the other side, miRNA prediction for
SMADY7 target gene using TargetScan revealed that miR-424-5p was top predict with 8mer
site type (an exact match to positions 2-8 of the mature miRNA (the seed + position 8)
followed by an 'A"); while, miR-503-5p showed 7mer-Al site type (an exact match to
positions 2-7 of the mature miRNA (the seed) followed by an 'A'). The validation of the
putative target genes, SMAD7 and ACVR2A, of the miR-424/503 cluster was performed by
measuring the luciferase activity of an expression vector carrying the 3" -UTR of the SMAD7
and ACVR2A gene, which contains the miRNA binding sites. The luciferase activity in
bovine granulosa cells co-transfected with miR-424 and miR-503 mimics and a plasmid
vector harbouring the wild-type SMAD7 and ACVR2A 3°-UTR was significantly reduced
compared to bGCs transfected with a control for the individual miRNA mimics and the
plasmid vector with the wild-type SMAD7 and ACVR2A 3°-UTR (P < 0.05; Fig. 2).
However, there was no significant reduction in luciferase activity in bGCs co-transfected
with individual miRNA mimics or a control and a plasmid vector harbouring a mutated

SMAD7 and ACVR2A 3"-UTR sequence.
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Modulation of the miRNA-424/503 cluster resulted in differential expression of SMAD7
and ACVR2A in cultured bovine granulosa cells

To obtain further insights into the role of the miR-424/503 cluster in granulosa cell function
by regulating the expression of SMAD7 and ACVR2A gene, we transfected cultured bGCs
with either the miR-424/503 cluster mimics, inhibitors or the corresponding controls at a
concentration of 75 nM. The expression level of the SMAD7 and ACVR2A mRNA was
determined by gPCR analysis 48 h after transfection. The transfection of the miR-424/503
cluster mimics resulted in a significant reduction in the relative abundance of SMAD7 (P <
0.01) and ACVR2A (P < 0.05) mRNA compared to the controls (Fig. 3A). However, the
expression of SMAD7 and ACVR2A mRNA was increased in cultured bGCs transfected
with miR-424/503 cluster inhibitors. The western blot analysis showed that bGCs transfected
with miR-424 cluster member mimic had a reduction in SMAD7 compared to those
transfected with controls, however there was only slight change observed for ACVR2A
protein expression. The miR-424/503 cluster inhibitors had no significant change in SMAD7

and ACVR2A protein expression compared to those transfected with controls (Fig. 3B).

Overexpression of the miRNA-424/503 cluster members enhanced the proliferation and
reduced the differentiation of bovine granulosa cells through activin signalling pathway
MiR-424 mimic transfection in cultured bGCs significantly increased the proliferation
activity in cells transfected with a miRNA mimic negative control (Fig. 4A). However, miR-
503 had no significant effect on cell proliferation. Conversely, compared to the miRNA
inhibitor control, bGCs transfected with miR-424 and miR-503 inhibitors showed no
significant differences in proliferation activity. Moreover, the cell proliferation phenotype
was accompanied by the higher expression level of the proliferation marker gene PCNA in

the bGCs transfected with the miR-424 mimic compared to those transfected with the mimic
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control (P < 0.01). However, transfection of inhibitors resulted in a slight reduction in the
expression of PCNA (Fig. 4B). The PCNA protein expression showed an increasing tendency
in bovine granulosa cells transfected with the miR-424/503 cluster mimic (Fig. 4C).

As a marker of differentiation, the expression of the STAR gene was investigated after
modulation of the miRNA cluster. Transfection with the miR-424/503 cluster members
mimic resulted in a significant reduction in STAR gene expression compared to the negative
control (Fig. 4C).These results suggest that miR-424 promotes bovine granulosa cell
proliferation and decreases the terminal differentiation of the bGCs, which leads to follicular
survival and development.

Further, we investigated the role of miR-424/503 on downstream members of the activin
signalling pathway; the western blot results showed that the expression of the SMAD2/3
proteins tended to increase after the overexpression of the miR-424/503 cluster compared to
the negative control (4D). Moreover, the overexpression of the miR-424/503 cluster slightly
increased the phosphorylated SMAD2/3 protein level (4D). These results indicate that miR-

424/503 might be involved in the fine tuning of the activin signalling pathway.

Overexpression of the miRNA-424/503 cluster members changed the cell cycle profile of
bovine granulosa cells

To further confirm the proliferation results and to understand the role of the miR-424/503
cluster in modulating the cell cycle of bGCs, we performed flow cytometric analysis after
transfection of the miR-424/503 cluster members. The overexpression of the miR-424 mimic
resulted in a significant reduction (P < 0.001) in the number of cells in GO/G1-phase, while a
significant increase (P < 0.01) in the percentage of cells in S-phase was observed compared to
cells transfected with the mimic negative control (Fig. 5G). This result indicated that the

overexpression of miR-424 could increase bovine granulosa cell proliferation by promoting
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G1 to S phase cell cycle transition. In contrast, the miR-424/503 cluster inhibitor did not

cause any measurable changes in the cell cycle profile of bovine granulosa cells (Fig. 5H).

Effect of sequence specific knockdown of the SMAD7 and ACVR2A gene in bovine
granulosa cells

In order to investigate the involvement of SMAD?7 in bGCs proliferation and differentiation,
and to further validate the regulatory role of the miR-424/503 cluster in SMAD7 expression,
we performed an independent experiment by knocking down the expression of SMAD7 using
small interfering RNA (siRNA). Bovine GCs transfected with the SMAD7 siRNA showed a
significant reduction in the expression of both SMAD7 mRNA (P < 0.05) and protein
compared to cells transfected with the sSiRNA negative control (Fig. 6A, 6E). The transfection
of bGCs with the SMAD7 siRNA showed significantly enhanced proliferation of bGCs
compared to control siRNA-transfected bGCs (Fig. 6B), which was accompanied by
noteworthy change in the expression of the marker of proliferation PCNA (Fig. 6C).
However, flow cytometric analysis showed reduction (P < 0.001) in the number of cells in
GO0/G1-phase (Fig. 6J), while a significant increase (P < 0.01) in the percentage of cells in S-
phase (Fig. 6J) was observed compared to cells transfected following knocking down of
SMAD7 with siRNA compared to negative control. Further, the suppression of the SMAD7
gene using siRNA had no effect on the expression of the STAR gene (Fig. 6D). Western blot
analysis showed that the expression of SMAD2/3 and phosphorylated SMAD2/3 was slightly
increased in siRNA-transfected cells compared to cells transfected with the negative control
(Fig. 6F).

Similarly, to investigate the possible involvement of ACVR2A in bGC proliferation and
differentiation and to further validate the regulatory role of the miR-424/503 cluster in

ACVR2A expression, we suppressed ACVR2A using small interfering RNA (siRNA).
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Bovine GCs transfected with the ACVR2A siRNA showed a significant reduction in the
expression of both ACVR2A mRNA (P < 0.01) and protein compared to cells transfected
with the siRNA negative control (Fig. 7A, 7E). The transfection of bGCs with the ACVR2A
SIRNA did not result in any measurable effect on the proliferation of bGCs compared to
control siRNA-transfected bGCs (Fig. 7B). Similarly, there was no noteworthy change in the
expression of the marker of proliferation PCNA following the suppression of the ACVR2A
gene (Fig. 7C). However, western blot analysis showed reduced expression of the PCNA
protein (Fig. 7F). Flow cytometric analysis showed no change in G1/S cell cycle transition
(Fig. 7J). Further, the suppression of the ACVR2A gene using siRNA had no effect on the
expression of the STAR gene (Fig. 7D) Western blot analysis showed that the expression of
SMAD2/3 and phosphorylated SMAD2/3 was slightly decreased in siRNA-transfected cells

compared to cells transfected with the negative control (7G).

Activin treatment decreased SMAD7 and miRNA-424/503 cluster members expression
in bovine granulosa cells

Activin has been implicated in various intra-ovarian roles, including granulosa cell
proliferation, follicular luteinization retardation and the recruitment of R-SMADs to activate
the activin signalling pathway. Here, we investigated the effect of activin A treatment on the
proliferation of granulosa cells and on miR-424/503 cluster expression. We treated bGCs
with different doses of activin A (25 ng/ml, 50 ng/ml and 100 ng/ml). We found that activin
A treatment increased proliferation of bovine granulosa cells in dose-dependent manner (Fig.
8A). Activin A treatment significantly decreased (P < 0.001) the STAR expression compared
to control cells (Fig. 8C), which indicates a decrease in bGC differentiation. Further, we also
noticed that Activin A treatment in dose dependent manner significantly decreased the

expression of SMAD7 (P < 0.01; Fig. 8E); however, there was no change in the expression of
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ACVR2A (Fig. 8F). Interestingly, we observed a dose-dependent reduction in miR-424/503
expression upon treatment with activin A. miRNA-424 was significantly decreased (P < 0.05;
Fig. 8G) at the 100 ng/ml dose of activin A. This result indicates that there might be negative

feedback loop between activin A and the miR-424/503 cluster.

Discussion

Folliculogenesis is a highly dynamic and well-coordinated process in which granulosa cells
support follicular growth and development by producing hormones, autocrine and growth
factors, and cytokines (Richards 1994; Toda et al. 2012) under the control of several
molecular mechanisms and pathways. Increasing evidence supports the idea that miRNAs are
one of the molecular mechanisms that epigenetically regulate the follicular development
process (Gebremedhn et al. 2015; Andreas et al. 2016; Gebremedhn et al. 2016b; Maalouf et
al. 2016). Several recent studies have shown that miRNAs regulate granulosa cell function by
targeting TGF-p superfamily members (Yan et al. 2012; Zhang et al. 2013; Liu et al. 2014b).
In our previous study, we demonstrated that the miR-424/503 cluster was upregulated in
bovine granulosa cells from preovulatory dominant follicles compared to those derived from
subordinate follicle(Gebremedhn et al. 2015), which indicated the potential involvement of
the miR-424/503 cluster in granulosa cell function to support ovulation. In the present study,
we have demonstrated the role of miR-424/503 in bovine granulosa cell function through
targeting SMAD7 and further through coordinating activin signalling pathway. SMAD7 and
ACVR2A genes, which are important in reproduction (Matzuk et al. 1995; Abd EI Naby, W S
et al. 2013; Gao et al. 2013; Li 2015), were identified as a putative targets of the miR-
424/503 cluster, and subsequently validated by luciferase assay (Fig. 2). Further, the
overexpression of the miR-424/503 cluster reduced the expression of SMAD7 mRNA and

protein; however, the overexpression of the miR-424/503 cluster reduced ACVR2A mRNA
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and only modest change observed in ACVR2A protein expression. These results suggested
that the miR-424/503 cluster members regulate the function of bovine granulosa cells by fine
tuning the expression level of SMAD?7.

The present study demonstrates that granulosa cell proliferation was significantly increased
upon the overexpression of miR-424, which was accompanied by upregulation of the PCNA
gene. The evidence of the effect of modulating the expression of the miR-424/503 cluster on
granulosa cell proliferation was accompanied by a shift in the proportion of cells from the
GO/G1 phase to the S phase of the cell cycle. This finding is consistent with those of several
reports demonstrating that miRNAs are essentially involved in the regulation of granulosa
cell proliferation (Yao et al. 2010; Liu et al. 2011; Yin et al. 2012; Jiang et al. 2015;
Gebremedhn et al. 2016b), which is necessary for follicular growth and creation of the unique
micro-environment for oocyte maturation (Maruo 1995). Furthermore, the proliferating
granulosa cells in growing follicles depend on growth factors for their survival, which
promote the G1 to S phase transition of the cell cycle and prevent apoptosis in granulosa cells
with a low-progesterone environment that helps to persist and sustain the dominant follicle
(Lucy et al. 1990; Sirois and Fortune 1990; Savio et al. 1993). Interestingly, the present study
showed a significant effect of miR-424 on granulosa cell proliferation compared to miR-503.
This differential role of miR-424 could be associated with the fact that relative abundance of
miR-424 was found to be high compared to miR-503 in granulosa cells of preovulatory
dominant follicles in our previous study (Gebremedhn et al. 2015).

Several recent studies have shown that TGF-p superfamily members involved in granulosa
cell proliferation are post-transcriptionally regulated by several classes of miRNAs (Yao et
al. 2010; Zhang et al. 2013; Wang et al. 2016). Moreover, studies suggested SMAD7
antagonizes TGF-p superfamily, and acts as potential regulator of ovarian function (Gao et al.

2013; Li 2015). In the present study, we demonstrated that SMAD7, which belongs to the
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TGF-p signalling pathway, is a direct target of miR-424/503 cluster members. Further, since
SMADY7 acts as inhibitor of activin signalling pathway, thus upon inhibition of SMAD7 by
targeting miR-424/503 leads to phosphorylation of SMAD2/3. Phosphorylated SMAD2/3
through forming heterodimeric complex with SMADA4, then translocates into the nucleus and
consequently forms the SMADZ2/3/4 complex along with other co-factors to regulate the
transcription of target genes (Tsuchida et al. 2008). Therefore, overexpression of miR-424
leads to reduced expression of SMAD7 (Fig. 3A), resulting in phosphorylation of SMAD2/3,
which subsequently activates the activin signalling pathway to enhance cellular proliferation.
This suggests that miR-424/503 cluster members are involved in fine tunning of the activin
signalling pathway through regulation of the inhibitory effect of SMAD7. Similarly, the cell
cycle analysis results showed that overexpression of miR-424/503 resulted significant
number of cells to be at S-phase compared to the untreated controls, which further validated
proliferation assay of bovine granulosa cells. However, inhibition of both miRNAs did not
result any change in cell cycle status of the granulosa cells compared to the untreated
controls.

Addition of the activin A in vitro cultured granulosa cells resulted in enhanced proliferation
in dose-dependent manner (Fig. 8a), as it has been reported previously (Zhang et al. 2013;
Cheng et al. 2014). Similarly, treatment of granulosa cells with varying doses (25, 50, 100
ng/ml) of activin A sharply decreased the mRNA and protein expression of STAR (Fig. 8D).
Similar studies also have shown that activin A downregulates STAR expression and
progesterone production in granulosa cells through SMAD2/3 phosphorylation (Chang et al.
2015), which ultimately helps to prevent or delay the premature luteinization of bovine
granulosa cells (Knight et al. 2012). We showed that similar to activin A, the overexpression

of the miR-424/503 cluster members clearly reduced STAR expression, which suggests the
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potential role of the miR-424/503 cluster members in the establishment and maintenance of
the dominant follicle.

The SMAD pathways are known to be an integral part of a range of biological processes and
are errantly activated or inactivated under various biological conditions (Blahna and Hata
2012). SMAD proteins are potentially involved in controlling the transcription of a variety of
mIiRNA genes, and this transcriptional activation of miRNAs has distinct physiological
significance (Blahna and Hata 2012). For instance, TGF-p induces both miR-216a and miR-
217 in glomerular mesangial cells via SMAD binding elements (SBEs) in the miR-216
promoter (Kato et al. 2009). In contrast, TGF-B-induced Smad3/4 complex binding to the
miR-24 promoter inhibits the expression of miR-24 in myoblasts (Sun et al. 2008).
Interestingly, activin A treatment reduced the expression of miR-424/503 in a dose-dependent
manner, in which a dose of 100 ng/ml, activin A significantly reduced the expression of miR-
424 (Fig. 8G). This indicates possibility of negative feedback loop between the miR-424/503
cluster and activin-SMAD2/3 signalling. Here, we proposed a hypothetical model illustrating
the involvement of the miR-424/503 cluster members in regulating the activin signalling
pathway (Fig. 9). In line with this a recent report by Wang et al.(Wang et al. 2016), which
showed the presence of a potential feedback loop between miRNAs and the target gene.
Follicular growth and development is a dynamic and complex but nonetheless tightly
harmonized process in which activin plays an important role by enhancing the proliferation
and reducing the differentiation of granulosa cells (Knight 1996; Findlay et al. 2000; Knight
and Glister 2001). Several studies have shown that the dysfunction of granulosa cells may
contribute to the abnormal folliculogenesis observed in ovarian pathophysiology (Erickson et
al. 1992; Willis et al. 1998; Jakimiuk et al. 2001), although the underlying mechanism
remains to be determined. Furthermore, it is also important that granulosa cells should

proliferate in controlled manner to avoid granulosa cell tumours, which account for 2-3% of
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ovarian malignancies (Malmstrom et al. 1994). Here, we reveal for the first time that the
miR-424/503 cluster members are involved not only in the proliferation of granulosa cells but
also in the balancing of the activin signalling pathway through regulating the expression of
SMAD7 and ACVR2A in bovine granulosa cells. This coordination of the activin signalling
pathway through miRNAs might lead to healthy granulosa cells by avoiding any deviation
from normalcy, like granulosa cell tumours. Recent studies have shown that miRNA-424
suppresses the expression of SOCS6 in pancreatic cancer (Wu et al. 2013) and inhibits the
Akt3/E2F3 axis and tumour growth in hepatocellular carcinoma (Zhang et al. 2014a). Here,
we suggest that perturbations in the expression of the miRNA-424/503 cluster members
might result in ovarian disorders such as PCOS (polycystic ovarian syndrome) and granulosa
cell tumours. Therefore, these results in toto suggest that an optimal miRNA milieu is required
for normal cellular and tissue function. The present study and other related miRNA studies
provide insights into the molecular mechanisms underlying the regulation of granulosa cell
functions and can facilitate a better understanding of follicular development and the

pathophysiology of some reproductive disorders for the improvement of fertility treatments.

Conlclusions

The present study demonstrated that the miR-424/503 cluster members promote granulosa
cell proliferation and cell cycle progression activity by fine tuning the SMAD7 gene
expression through the activin signalling pathway. Hence, the interplay between the miR-
424/503 cluster members and SMAD7 gene might be involved in the complex and

coordinated process of bovine follicular development.
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Figure 1. The miRNA-mRNA binding sites in bovine SMAD7 3"-UTR (A, B) and ACVR2A
3"-UTR sequences (C, D) and the minimum free energies of miR-424 (kcal/mol) (E) and
miR-503 (F). Bold and underlined letters indicate putative binding sites and mutated regions.
Schematic diagram of the reporter constructs containing the putative miRNA-mRNA binding

sites of the bovine SMAD7 and ACVR2A 3"-UTR sequences (G).
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Figure 2. SMAD7 and ACVR2A are the direct targets of the miR-424/503 cluster. Relative
luciferase activity in bovine granulosa cells co-transfected with pmiRGLO vector harbouring
the wild-type (WT) or mutant (MT) 3"-UTR sequence of SMAD7 or ACVR2A and the
corresponding miRNA mimics or negative controls (NC) for miR-424 and miR-503. The data

are presented as the mean + SEM (*p < 0.05, **p < 0.01).
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Figure 3. Modulation of the miR-424/503 cluster reduced the expression of SMAD7 and
ACVR2A in bovine granulosa cells. Overexpression of miR-424 and miR-503 decreased the
SMAD7 and ACVR2A mRNA (A) and protein (B) expression (A) mRNA. The bar graphs

indicate the mean + SEM (*p < 0.05, **p < 0.01, ***p < 0.001).
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Figure 4. Overexpression of the miR-424/503 cluster increased bovine granulosa cell
proliferation. Cell proliferation assay of granulosa cells transfected with miR-424/503 cluster
mimics and inhibitors and the corresponding negative control (NC) (A). The mRNA (B) and
protein (C) expression level of PCNA and STAR in granulosa cells transfected with miR-

424/503 cluster mimics, inhibitors or corresponding NC. The protein expression level of
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SMAD2/3 and PSMAD2/3 in granulosa cells transfected with miR-424/503 cluster mimics
and inhibitors and the corresponding NC (D). The bar graphs indicate the mean + SEM (**p

< 0.01, ***p < 0.001).
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Figure 5. Overexpression of the miR-424/503 cluster enhanced cell cycle progression of

bovine granulosa cells. Flow cytometric analysis showing the cell cycle distribution (G1/GO0,

S and G2/M phases) of propidium iodide (PI)-labeled bovine granulosa cells transfected with

the mimic negative control (NC) (A), miR-424 mimic (B), miR-503 mimic (C), inhibitor NC
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(D), miR-424 inhibitor (E), or miR-503 inhibitor (F). Histogram showing the percentages of
cells in G1/GO, S and G2/M phases of the cell cycle after transfection with miR-424/503
cluster mimics (G), and inhibitors (H). The bar graphs indicate the mean £ SEM (*p < 0.05,

**p < 0,01, ***p < 0.001).
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Figure 6. Sequence-specific knockdown of SMAD?7 increased granulosa cell proliferation.

The mRNA (A) and protein expression level (E) of SMAD7, mRNA level of PCNA (C),

mMRNA (D) and protein expression level (G) of STAR in granulosa cells transfected with

SMAD?7 siRNA or siRNA negative control (NC). The proliferation activity in granulosa cells

transfected with SMAD7 siRNA (B). The protein expression level of SMAD2/3 and
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PSMAD?2/3 in granulosa cells transfected with SMAD7 siRNA or siRNA negative control
(NC) (F). Flow cytometric analysis showing the cell cycle distribution (G1/GO0, S and G2/M
phases) of propidium iodide (PI)-labeled bovine granulosa cells transfected with the SMAD7
SIRNA (1) or siRNA negative control (NC) (H). Histogram showing the percentages of cells
in G1/GO, S and G2/M phases of the cell cycle in cells transfected SMAD7 siRNA or siRNA

negative control (NC) (J). The bar graphs indicate the mean £ SEM (**p < 0.01).
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Figure 7. Effect of the sequence-specific knockdown of ACVR2A in bovine granulosa cells.
The mRNA (A) and protein level (E) of ACVR2A in bovine granulosa cells transfected with
ACVR2A siRNA or siRNA negative control (NC). The proliferation activity in granulosa
cells transfected with ACVR2A siRNA or siRNA negative control (NC). (B). The mRNA (C)
and protein level (F) of PCNA, and the mRNA (D) and protein level of (F) of STAR in
granulosa cells transfected with ACVR2A siRNA or siRNA negative control (NC). The

protein expression level of SMAD2/3 and PSMAD2/3 in granulosa cells transfected with
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SIRNA NC or ACVR2A siRNA (G). Flow cytometric analysis showing the cell cycle
distribution (G1/GO, S and G2/M phases) of propidium iodide (PI)-labeled bovine granulosa
cells transfected with ACVR2A siRNA (I) or siRNA negative control (NC) (H). Histogram
showing the percentages of cells in G1/GO0, S and G2/M phases in granulosa cells transfected
with ACVR2A siRNA or siRNA negative control (NC) (J). The bar graphs indicate the mean

+ SEM (**p < 0.01).
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reduced the SMAD7 and miR-424/503 expression levels. Cell proliferation assay (A) after
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dose-dependent Activin A treatment (Activin A: 25 ng/ml, 50 ng/ml and 100 ng/ml). The
relative expression levels of PCNA (B), STAR (C), SMAD7 (E), ACVR2A (F), miR-424 (G)
and miR-503 (H) in granulosa cells treated Activin A. The protein expression of STAR The
MRNA level of SMAD7 (E) and ACVR2A (F) in granulosa cells treated with treated Activin

A (D). The bar graphs indicate the mean £ SEM (**p < 0.01, ***p < 0.001).
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Figure 9. Proposed hypothetical model depicting involvement of miR-424/503 cluster in the
activin signalling pathway by targeting SMAD?Y. Increased expression of miR-424/503
cluster suppresses the expression of SMAD7 which eventually enhances the phosphorylation
SMAD?2/3 subsequently increasing the granulosa cell proliferation and cell cycle progression.
Thus, when granulosa cells are treated with Activin A, the SMAD?7 expression is suppressed,
but the ACVR2A expression was maintained and leading to enhanced cell proliferation. At
the time when the cells reach peak proliferation activity, the miR-424/503 expression was
suppressed indicating the presence of negative feed back loop between the expression of

miR-424/503 and cell proliferation activity in activin A treated cells.
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Table S1. Sequence specific primers used for pmirGLO and 3"-UTR amplification of the SMAD7 and ACVR2A

gene harboring binding site for miR-424-5p and miR-503-5p

Accession Genes Primer sequence Size
number (bp)
FJ376737 pmirGLO F: 5-GCAAGATCGCCGTGTAATTC-3
R: 5 -CTTTCGGGCTTTGTTAGCAG-3’ o

XM_005224232.3 SMAD7- F: 5-GCATGAGCTCAGCAGGCCACACTTCAAACT-3

miR/424-503 R:5-ATGCTCGAGGGACGAGAAGAAGAAAACCAACC-3 8
NM 174227 ACVR2A- F: 5-GCGAGCTCTTGCATTTGCTGTTGTGTTTCT-3"

miR-424 R: 5 -TATCTCGAGTAGCAACCGTGGAACTGAGG-3’ o
NM 174227 ACVR2A- F: 5-TAGAGCTCACACACTGAGAAACAGGACTCT-&

miR-503 R: 5-TATCTCGAGCCTTGATTTGGAGAGGGCCA-3 2

Underlined: Sacl recognition site (GAGCT]|C). Bold: Xhol recognition site (CITCGAG)
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Table S2. Sequence specific primers used for analysis of the relative expression of genes

Accession Genes Primer sequence Product
number size (bp)
NM_173979 B-ACTIN F:5-TGTCCACCTTCCAGCAGAT-3 249

R: 5-TCACCTTCACCGTTCCAGT-3"
NM_001034494 PCNA F: 5-CACCAGCATGTCCAAAATAC-3"° 192

R: 5-CTGAGATCTCGGCATATACG-3’
NM 174189 STAR F: 5-AAATCCCTTTCCAAGGTCTG-3’ 204

R: 5"-ACCAGCATTTCTGCTACTGC-3"
NM_0011928651 SMAD7 F: 5 -GTGGCATACTGGGAGGAGAA-3" 128

R:5-TTGTTGTCCGAATTGAGCTG-3’
NM 174227 ACVR2A F: 5-CAGAGAAACGAGGCACCAGT-3" 186

R: 5-GGCCATCTTTTAGGCCAGGT-3’
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Abstract

Recent studies showed involvement of the miRNAs in regulating cumulus cell expansion and
oocyte development. In this study, we aimed to investigate, whether miR-424 which was
found to be involved in regulating granulosa cell proliferation, could modulate the candidate
gene expression related to cumulus cells expansion and oocyte maturation in vitro. We
investigated the temporal expression of miR-424 in cumulus cells and oocytes collected of
COCs (cumulus-oocyte complexes) from small healthy follicles at immature (germinal
vesicle; GV) and mature (metaphase Il; MII) stages. Results showed that the miR-424
expression was significantly higher in Ml stage COCs compared to the GV stage COCs in
both cumulus cells and oocytes. Next, we modulated the miR-424 expression by transfecting
the miR-424 mimic, miR-424 inhibitor or corresponding negative controls. Overexpression of
miR-424 in cumulus cells enhanced the expression of genes associated with cumulus cells
expansion such as; EGFR, PTGS2, PTX3 and MAPK1 compared to those coincubated with
the mimic negative control (NC). Moreover, overexpression of miR-424 increased the cell
cycle regulator CYCB2 gene in the cumulus cells compared to mimic NC, while the miR-424
mimic transfection resulted in decreased expression of the STAR gene. Further,
overexpression of miR-424 did not significantly increased oocyte maturation rate progression
from the GV to MII stage. However, overexpression of miR-424 increased KIT ligand
expression involved in cytoplasmic maturation of oocytes. Taken together, this study
suggests that miR-424 enhances the expression of genes associated with cumulus cell
expansion and oocyte maturation, which suggests that miR-424, might be involved in the

oocyte maturation through cumulus cell expansion.
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Introduction

MicroRNAs (miRNAs) are small (~22 nt), non-coding endogenous RNAs that can play
important regulatory roles in animals by targeting mRNAs for cleavage or translational
repression (Ambros 2004; Bartel 2004; Bagga et al. 2005). These non coding miRNAs are
involved in a range of biological functions and emerging as important regulators in various
cellular functions including cell proliferation, differentiation and apoptosis (Hwang and
Mendell 2007; Pan et al. 2015). Recently, functional analysis of specific miRNA supports the
notion that miRNAs regulate ovarian function primarily through their regulatory actions in
ovarian somatic cells (Yin et al. 2012; Zhang et al. 2013; Sen et al. 2014; Pan et al. 2015;
Andreas et al. 2016; Gebremedhn et al. 2016b). Further, somatic cells play an important role
during oocyte growth, the maintenance of meiotic arrest, the induction of oocyte maturation,
and the acquisition of full embryonic developmental competence (Buccione et al. 1990).
Cumulus cells are immediate neighbor cells of the oocyte, and by surrounding the oocytes,
essentially support the growth and maturation of the oocyte (Buccione et al. 1990; Eppig
1991). The communication between oocyte and cumulus cells is critical and vital for the
function of both cell types and the development of oocyte (Eppig 1991; Eppig et al. 2001;
Matzuk et al. 2002; Gilchrist et al. 2004; Eppig et al. 2005). Indeed, studies demonstrated that
removal of the cumulus cell before in vitro maturation could inhibit oocyte developmental
competence (Vozzi et al. 2001; Atef et al. 2005).

In a quest to understand the molecular mechanisms through the transcriptome dynamic
between the cumulus cells and oocytes (Assou et al. 2006; Assidi et al. 2010; Regassa et al.
2011; Nivet et al. 2013; Vigone et al. 2013; Assidi et al. 2015) before and after maturation
process revealed a spatiotemporal regulation of gene expression. Similarly, we have shown
the miRNAs transcript abundance in oocytes (Tesfaye et al. 2009; Abd EI Naby, W S et al.

2013) and cumulus cells (Abd EI Naby, W S et al. 2013) during in vitro oocyte maturation.
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These studies highlighted the involvement of miRNAs by showing differential enrichment in
cumulus cells and oocytes. However, targeted deletion of oocyte-specific DGCRS, an enzyme
for miRNA biosynthesis, could not adversely affect oocyte maturation (Suh et al. 2010),
indicating that the role of miRNA in the oocyte might be limited. Nevertheless, recent studies
indicated that miRNAs are involved in oocyte maturation via the support extended through
cumulus cells (Pan et al. 2015; Li et al. 2017; Sinha et al. 2017). In our previous studies, we
have shown that the miR-424 was differentially expressed in cumulus cells compared to
oocytes (Abd El Naby, W S et al. 2013) and was involved in granulosa cell proliferation
(Pandey et al. 2016). However, the role of miR-424 in cumulus cell expansion and in vitro
oocyte maturation has not been studied yet. In this study we investigated the involvement of

miR-424 in cumulus cell expansion and oocyte maturation in vitro.

Materials and methods

Cumulus-oocyte complexes collection and in vitro oocyte maturation

Bovine ovaries, as a source of cumulus-oocyte complexes (COCs), were obtained from a
local slaughterhouse and transported to the laboratory in a thermo-flask containing a 0.9%
saline solution within 2 h after slaughter. The COCs were aspirated from healthy small
follicles (2-8 mm diameter). Good quality and morphologically uniform COCs (oocytes with
a homogenous, evenly granulated ooplasm, and surrounded by at least three layers of
cumulus cells) were selected. The selected COCs were washed with TCM-199 media before
set into culture to obtain matured oocytes or were directly frozen as immature COCs
(germinal vesicle; GV). The COCs were cultured in groups of 50 in 400 ul of maturation
media (modified parker medium (MPM) supplemented with 12% estrous cow serum and 10
ug/ml Follitropin®) under mineral oil in five-well dishes. Maturation was performed for 22 h

at 39 °C in a humidified atmosphere with 5% (v/v) CO; in air. Spent media of in vitro
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maturation medium were collected for progesterone assay. The cumulus cells and oocytes
from immature and matured group of COCs were separated by gentle pipetting in TCM-199
media supplemented with hyaluronidase (1 mg/ml). After transferring the denuded oocytes
into a new tube containing 10 ul 1x PBS (phosphate buffer saline), the cumulus cells were
isolated by centrifugation. The cumulus cells pellet were resuspended using 50 ul lysis buffer
(0.8% Igepal, 40 U RNasin and 5 mM DTT). The cumulus cells, oocytes and spent media
were snap frozen using liquid nitrogen and stored at -80 °C until further analysis. Matured
oocytes (metaphase 11 stage; MII) were indicated by the presence of first polar body under an
inverted microscope. The total numbers of recovered and matured oocytes after in vitro
maturation (IVM) were recorded. The maturation rate was calculated from the number of

matured oocytes compared to the total number of recovered.

mMiRNA transfection

To investigate the function of miR-424 in oocyte maturation, an equal concentration (50 nM)
of miRCURY LNA™ miR-424 mimic, miR-424 inhibitor or corresponding negative controls
(mimic NC and inhibitor NC) was transfected into the appropriate well using the
Lipofectamine® 2000 reagent according to manufacture’s protocol. The transfected COCs
were matured in a group of 50 COCs in five-well dishes containing 400 pl maturation media

for 22 h at 39 °C in a humidified atmosphere with 5% (v/v) CO, in air as described above.

Total RNA isolation and cDNA synthesis

Total RNA of cumulus cells and oocytes was isolated using miRNeasy® mini kit (Qiagen
GmbH, Germany) following manufacturer’s protocol. The quality and quantity of extracted
RNA were determined using NanoDrop 8000 (Thermo Scientific). For gene expression

analysis, an equal amount of total RNA (100 ng of cumulus cell and 50 ng of oocyte total
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RNA) were reverse transcribed using RevertAid first stand cDNA synthesis kit (Life
Technologies GmbH) according to manufacturer’s protocol. For miRNA expression analysis,
the cDNA was synthesized from 50 ng and 25 ng of total RNA of cumulus cells and oocytes,
respectively, using Universal cDNA synthesis kit (Exigon) following manufacturer's

instructions.

MicroRNA and mRNA quantitative PCR analysis

The quantitative PCR (gPCR) analysis of several candidate genes and miR-424 expression
were performed using iTaq™ Universal SYBR® Green Supermix and EXiLENT SYBR®
green master mix, respectively, using Applied Biosystem® StepOnePlus™ thermocycler.
The primers for gene expression analysis (Table S1) have been tested using qualitative PCR
followed by sequencing analysis using GenomeLab™ GeXP Genetic Analysis System.
miRNA primer was purchased from Exiqgon. In addition, the specificity of amplification in
gPCR processes was indicated by a single melting curve generated at the end of the g°PCR
protocol. The relative expression of candidate genes and miR-424 were analyzed using
comparative Ct (2"**“") methods (Livak and Schmittgen 2001). The expression of B-ACTIN
and 5s rRNA were used to normalize the candidate genes and miR-424 expression,

respectively.

Data analysis
All quantitative data are presented as mean * standard error of the mean (SEM). Statistical
significance of the data was analyzed using t-test methods (Prism® software version 5.02;

GraphPad). The p-values are indicated in the corresponding figure legends.
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Results

Temporal expression of miR-424 during in vitro maturation

To further determine the importance of miR-424 which was found to be significantly
upregulated in the bGCs of the preovulatory dominant follicle, we investigated the temporal
expression of miR-424 in cumulus cells and oocytes. Parts of collected COCs were used as
immature (GV) group, while the others were mature (MII). When both cumulus cells and
oocytes from both immature and mature groups were compared, we found that the miR-424
expression was significantly higher (p<0.05) in both cumulus cell and the oocytes at MII

stage compared to GV (Fig.1).

The expression and potential role of miRNA-424 in cumulus cells function

To investigate the role of miR-424 in cumulus cell expansion and oocyte maturation, the
COCs were matured in the presence of either mimic or inhibitor of miR-424. Quantitative
PCR analysis showed that transfection of the miR-424 mimic resulted in a significant
increase (P<0.05) of miR-424 expression in both cumulus cells and oocytes compared to
negative control. However, transfection of the miR-424 inhibitor had no significant effect on
the expression of miR-424 in cumulus cells and oocytes compared to the negative control
(Fig. 2).

The effect of miR-424 modulation in the cumulus expansion and oocyte maturation process
was assessed based on the expression of genes related to cumulus expansion (EGFR, PTGS2,
PTX3 and MAPK1), cell cycle regulator (CYCB2) and cell differentiation (STAR) after
treatment with mimic and inhibitors of miR-424 during in vitro maturation. The
overexpression of miR-424 increased PTGS2 (p<0.01), PTX3 (p<0.001), MAPK1 (p<0.05)
and CYCB2 (p<0.05) (Fig. 3A, 3B, 3C, 3E) genes in the cumulus cells compared to those

coincubated with the mimic negative control, while the miR-424 mimic transfection resulted
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in a decreased expression of STAR gene (Fig. 3F). However, transfection of miR-424
inhibitor had no effect on the expression of cumulus expansion genes except on PTGS2 (Fig.
3A). Further, overexpression of miR-424 in the cumulus expansion process was also assessed
based on the expression of HAS gene related to cumulus expansion, aromatase and INHBA
genes responsible for steroid synthesis and PGR after treatment with mimic and inhibitors of
miR-424 during in vitro maturation. Results revealed that transfection of miR-424 increased

the expression of PGRMC (p>0.05) and aromatase (p>0.001) (Fig. 4B, 4C).

Overexpression of miR-424 promoted oocyte maturation related gene expression

We next investigated whether overexpression of miR-424 could affect oocyte maturation, and
gene expression related to oocyte maturation. Results showed that miR-424 transfection did
not affect the oocyte maturation rate (Fig. 5A). However, overexpression of miR-424
significantly increased KIT Ligand gene expression involved in cytoplasmic maturation of
oocytes compared to negative control (Fig. 5C). Similarly, overexpression of miR-424
significantly increased ZP3 gene, which transcribes in oocytes and its expression
developmentally regulates oocytes, compared to negative control (Fig. 5D). However, miR-

424 mimic transfection slightly increased in BMP15 expression (Fig. 5B).

Discussion

Interaction between cumulus cells and oocytes is essential for proper maturation of oocytes,
fertilization and further embryonic development (Zhou et al. 2016; Kidder and VVanderhyden
2010; Wigglesworth et al. 2013). In the present study, we have shown that miR-424 is
abundantly expressed in cumulus cells and oocytes at MII stage, indicating selective increase
in the level of miR-424 transcript. Likewise, we have also showed the differential expression

of miR-424 between oocytes and the surrounding cumulus cells before and after in vitro
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maturation (Abd El Naby, W S et al. 2013). A recent study demonstrated that dynamic
expression of several miRNAs between GV and MII stages of oocytes was associated with
selective increase in miRNA transcripts (Gilchrist et al. 2016). We found that overexpression
of miR-424 enhanced cumulus expansion related genes (PTGS2, PTX3 and EGFR) (Hung et
al. 2015; Uyar et al. 2013), which are important during the oocyte maturation process (Hung
et al. 2015). This is in accordance with the report that miRNA-224 was found to be involved
in the regulation of mouse cumulus expansion by targeting PTX3 (Yao et al. 2014) which
plays a key role in the organization of the cumulus oophorus extracellular matrix (Salustri et
al. 2004). Further, miR-424 overexpression enhanced the expression of MAPK1, which is
required for resumption of meiosis in the oocyte and expansion (mucification) of the cumulus
oophorus (Su et al. 2003). Cumulus expansion is dependent on the stimulation of LH-induced
epidermal growth factor (EGF)-like peptides, via the activation of protein kinase A (PKA).
These stimuli enhance PTX3 (a component of the extracellular matrix of the cumulus
oophorus) and other related transcripts (HAS2 and Tnfaip6) involved in the process of
expansion in cumulus cells (Varani et al. 2002; Fulop et al. 2003; Ben-Ami et al. 2006). The
increment of the CYCB2 gene expression in cumulus cells could be associated with the
evidence that miR-424 promoted granulosa cell proliferation and was found to be upregulated
in bovine granulosa cell of pre-ovulatory dominant follicle (Gebremedhn et al. 2015). This
was accompanied by a decrease in the expression of differentiation marker gene STAR,
which ultimately helps to delay the premature luteinization of bovine somatic cells
(Shukovski and Findlay 1990; Knight et al. 2012). These results shed insight that miR-424
might be critically essential during oocyte maturation by involving in granulosa cell
proliferation and subsequently cumulus expansion. Recently, few studies have demonstrated
the role of mMiRNAs in oocyte maturation and acquiring developmental competence (Pan et al.

2015b; Wright et al. 2016; Xiao et al. 2014).



Chapter 3 79

Further, it has been reported that the synthesis of steroids was significantly higher in the late
preovulatory stage COCs (Vanderhyden and Macdonald 1998), and the presence or absence
of steroids during in vitro maturation of oocytes may affect the oocyte quality and its
developmental competence both in vivo and in vitro condition (Ali and Sirard 2002;
Dieleman et al. 2002). Moreover, as a matter of fact, PGR gene, which is found to be
expressed in bovine cumulus cells (Mingoti et al. 2002), plays an important role in cumulus
cells through an increased sensitivity to progesterone-induced genes (Li et al. 2004). In
accordance with this, we found increased expression of some steroidogenesis-related genes
including PGR and aromatase upon the transfection of miR-424 mimic, which might be
playing an important role in enhancing the oocyte quality during in vitro oocyte maturation.

In large antral follicles, the KIT-KIT Ligand interaction modulates the ability of the oocyte to
undergo cytoplasmic maturation and helps to maximize thecal androgen output (Driancourt et
al. 2000). Oocytes regulate granulosa cell kit ligand mRNA levels in a way that is
characteristic of the stage of growth and development of the oocyte (Joyce et al. 1999). In this
study, we found that overexpression miR-424 increased expression of KIT Ligand gene in
oocytes. Further, ZP3 transcribed in oocytes where its expression is developmentally
regulated, functions as the sperm receptor at fertilization (Philpott et al. 1987). Our present
data demonstrate that the ZP3 gene was found to be increased upon the overexpression of
miR-424 mimic. Altogether, the present study gives an insight on the involvement of miR-

424 in oocyte maturation by regulating cumulus cell expansion.
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Figure 1. Temporal expression of miR-424 in oocytes and surrounding cumulus cells at
immature (GV) and mature (MII) stage. The expression of 5S rRNA was used as internal

control. The data are shown as mean = SEM (n=3; ***p < 0.001).
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8004
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Figure 2. Relative expressions of miR-424 in cumulus cells and oocytes transfected with
miR-424 mimic, inhibitor or corresponding negative controls (NC). The expression of 5S

rRNA was used as internal control. The data are shown as mean £ SEM (n=3; *p < 0.05).
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Figure 3. Overexpression of the miR-424 modulated gene expression associated with
cumulus cell expansion, cell cycle and cell differentiation. gPCR analysis of cumulus
expansion related genes PTGS2 (A), PTX3 (B), MAPK1 (C) and EGFR (D) in cumulus cells
transfected with miR-424 mimic, inhibitor or corresponding negative controls (NC). gPCR
analysis of cell cycle regulator gene CYCB2 (E) and cell differentiation marker gene STAR
(F) in cumulus cells transfected with miR-424 mimic, inhibitor or corresponding NC. The

data are presented as the mean = SEM (*p < 0.05, **p < 0.01, ***p < 0.001).
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Figure 4. Modulation of miR-424 modulated the genes related to cumulus cell expansion.
gPCR analysis of cumulus expansion related genes HAS (A), PGRMC (B), and Aromatase
(C) and INHBA (D) in cumulus cells transfected with miR-424 mimic, inhibitor or
corresponding negative controls (NC). The data are presented as the mean + SEM (*p < 0.05,

**%p < 0.001).
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Figure 5. Transfection of the miR-424 mimic modulated the genes associated with oocyte
maturation. Maturation rate of oocyte transfected with miR-424 mimic, inhibitor or
corresponding negative controls (NC) (A). gPCR analysis of oocyte maturation related genes
BMP15 (B), KITL (C), and ZP3 (D) in oocyte transfected with miR-424 mimic, inhibitor or

corresponding NC. The data are presented as the mean + SEM (*p < 0.05, ***p < 0.001).
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Table S1. List of primers used for candidate genes expression analysis in bovine cumulus

cells and oocytes.

GenBank Genes Primer sequence (5'-3') Product

accession length

number (bp)

NM_173979 B-ACTIN F: TGTCCACCTTCCAGCAGAT 249
R: TCACCTTCACCGTTCCAGT

AF080219 CYCB2 F: TGCCACTCTTGTTTGTCCGT 246
R: GGTTTCGGGTGCTTGTTGAC

XM_592211 EGFR F: GACCCGAAAGAACTGGACAT 177
R: TGTTATATCCAGGCCGACAA

NM_174363 INHBA F: GCAAGGTCAACATCTGCTGTA 262
R: TACAACATGGACATGGGTCTC

NM_175793 MAPK1 F: GGGCTACACCAAGTCCATCG 249
R: GCTTTGGAGTCCGCGTTC

NM_001076259 PTX3 F: ACCTGGGATTCAAAGAAAGG 208
R: CACCCTCCCAGATATTGAAG

NM 174445 PTGS2 F: CGATGAGCAGTTGTTCCAGA 215
R: GAAAGACGTCAGGCAGAAGG

NM 174189 STAR F: AAATCCCTTTCCAAGGTCTG 204
R: ACCAGCATTTCTGCTACTGC

NM_173974.3  ZP3 F: GACCGACAATGCCCTGGTGTAC 214
R: CTCCCCAGCTACTCACATTGCC

NM_001075133 PGRMC F: GCCTTTGCATCTTTCTGCTC 163

R: ATGAGTATACGCGGGTCCTG
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NM_174375.2 KITL F: TTTAATCCTCTCGTCCACACTC 164
R: ATCTCGCTTATCCAACAATGAC
NM_174305.1  Aromatase F: TATTGCAAAGCATCCCCAGG 209

R: CCTTTTTCACCGGGTAGCC
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Chapter 4

General discussion

The bovine dominant follicle has been a focal point in reproductive biology research for the
last five decades to reveal the underlying mechanisms that ensure how a single follicle gets
recruited, selected, becomes dominant, and eventually ovulates (Lucy 2007). Although,
various biological and regulatory mechanisms are known, several key elements that could
trigger the selection of one follicle to develop into a dominant follicle leaving rest follicles to
regress in cattle remain unclear. This dynamic process is believed to be largely regulated by
somatic cells like granulosa cells by producing several hormones, growth factors, autocrine
and paracrine factors under the control of an array of genes (Richards 1994; Toda et al.
2012), through several molecular mechanisms and pathways. In this context, the transcript
abundance in follicular cells during folliculogenesis indicated the spatiotemporal expression
of genes (Nivet et al. 2013; Douville and Sirard 2014; Hatzirodos et al. 2014; Girard et al.
2015; Hatzirodos et al. 2015), which one way or the other, are under control of miRNAs. In
line with this, increasing evidence supports the idea that miRNAs are a potential biomolecule
that could epigenetically regulate the follicular development process (Gebremedhn et al.
2015; Andreas et al. 2016; Gebremedhn et al. 2016b; Maalouf et al. 2016).

Granulosa cells are the most important somatic cells, being vital and crucial for follicular
development; to play this role precisely, the granulosa cell under goes a series of
morphological and functional changes, among these changes cell proliferation and
differentiation have been the most important cellular activity within the dominant follicle in
the late phase of estrous cycle (Manikkam and Rajamahendran 1997; Robker and Richards
1998; Quirk et al. 2004). In our previous study, we demonstrated that the miR-424/503
cluster was upregulated in bovine granulosa cells from preovulatory dominant follicles

compared to those derived from subordinate follicle (Gebremedhn et al. 2015), which
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indicated the potential involvement of the miR-424/503 cluster in granulosa cell function in
the establishment and maintenance of dominant follicle to support ovulation. Nevertheless,
the reason why some cluster were highly abundant and what could be the role of these
differentially expressed microRNA clusters in the bovine granulosa cells of dominant follicle
compared to subdominant one is not known yet. Considering the fact, we believed that the
miR-424/503 cluster might be certainly involved in the regulating granulosa cell function by
targeting certain genes. Since, underlying mechanisms of the miR-424/503 cluster has not
been investigated; hence we aimed to investigate functional involvement of miR-424/503
cluster in bovine granulosa cell function. Accordingly, we predicted target genes, identified
potential putative target genes (SMAD7 and ACVR2A) (Matzuk et al. 1995; Gao et al. 2013;
Li 2015) and validated the target genes (SMAD7 and ACVR2A) for miR-424/503 cluster.
Both the target genes, SMAD7 and ACVR2A, are members of TGF-p superfamily, and
recent studies have shown that miRNAs regulate granulosa cell function by targeting TGF-8
superfamily members (Yan et al. 2012; Zhang et al. 2013; Liu et al. 2014b).

In the present study, we demonstrated the role of miR-424/503 in bovine granulosa cell
function through targeting SMAD?7 and further via coordinating activin signalling pathway.
SMAD7 and ACVR2A genes, which are important in ovarian function (Matzuk et al. 1995;
Gao et al. 2013; Li 2015). Further, this study showed that granulosa cell proliferation was
significantly increased upon the overexpression of miR-424, which was further accompanied
with upregulation of the PCNA gene. The evidence of the effect of modulating the expression
of the miR-424/503 cluster on granulosa cell proliferation was accompanied by a shift in the
proportion of cells from the GO/G1 phase to the S phase of the cell cycle. We found this
finding consistent with those of several reports indicating that miRNAs are essentially
involved in the regulation of granulosa cell proliferation (Yao et al. 2010; Liu et al. 2011; Yin

et al. 2012; Jiang et al. 2015; Andreas et al. 2016; Gebremedhn et al. 2016b), which is
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necessary for follicular growth and creation of the unique micro-environment for oocyte
maturation (Maruo 1995). Here we suggest that miR-424/503 cluster through enhancing
granulosa cell proliferation might be involved in establishment and maintenance of the
dominant follicle; since studies indicate that proliferating granulosa cells in growing follicles
depend on growth factors for their survival, which further promote the G1 to S phase
transition of the cell cycle to prevent apoptosis in granulosa cells with a low-progesterone
environment that helps to persist and sustain the dominant follicle (Lucy et al. 1990; Sirois
and Fortune 1990; Savio et al. 1993). Further, in pursuit to cross validate the results obtained
from miR-424/503 modulation, we performed targeted knockdown of SMAD7 and ACVR2A
using siRNA. Interestingly, SMAD?7 revealed similar phenotypic and molecular alteration as
observed when miR-424-5p cluster was overexpressed in bGCs while ACVR2A failed doing
s0. These results suggests that the miR-424/503 cluster regulates the function of bovine
granulosa cells by fine tuning the expression level of SMAD7, and it further suggests that
genes merely being target of certain miRNAs could not necessarily qualify to regulate the
phenotypes. However, depending on the strength of binding of miRNAs to target genes and
context of biochemical function demand of cells are possibly major determinants while
regulating the genes and phenotype of cells.

Several recent studies have shown that TGF-p superfamily members are involved in
granulosa cell proliferation through post-transcriptional regulation by several classes of
miRNAs (Yao et al. 2010; Zhang et al. 2013; Wang et al. 2016). Further, it has also been
shown that SMAD?7, through antagonizing the TGF-B superfamily, potentially regulate
ovarian function (Gao et al. 2013; Li 2015). Our results showed that overexpression of miR-
424/503 reduced SMAD7 expression and tended to increase the phosphorylated SMAD2/3.
Considering the fact, we suggested that miR-424/503 cluster might be involved in fine tuning

of the activin signalling pathway through regulation of the inhibitory effect of SMAD?.
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Further, phosphorylated SMAD2/3 through forming heterodimeric complex with SMAD4
translocates into the nucleus, and consequently forms the SMAD2/3/4 complex along with
other co-factors to regulate the transcription of target genes (Tsuchida et al. 2008).

Activin as an intraovarian factor plays an important role in follicular development by
enhancing the proliferation and reducing the differentiation of granulosa cells and activates
activin signalling pathway (Findlay et al. 2000; Knight and Glister 2001; Myers et al. 2008;
Knight et al. 2012), we found addition of the activin A in vitro cultured granulosa cells
resulted in enhanced proliferation in dose-dependent manner, as it has been reported
previously (Zhang et al. 2013; Cheng et al. 2014). Moreover, treatment of granulosa cells
with varying doses of activin A decreased the expression of STAR mRNA and protein, which
in line with the report that activin A downregulates STAR expression and progesterone
production in granulosa cells through SMAD?2/3 phosphorylation (Chang et al. 2015), which
ultimately helps to prevent or delay the premature luteinization of bovine granulosa cells
(Knight et al. 2012). Interestingly, similar to activin A, the overexpression of the miR-
424/503 cluster clearly reduced STAR expression, which suggests the potential role of the
miR-424/503 cluster in the establishment and maintenance of the dominant follicle. The
SMAD pathways are known to be an integral part of a range of biological processes and are
errantly activated or inactivated under various biological conditions (Blahna and Hata 2012),
and are also potentially involved in controlling the transcription of a variety of miRNA
genes having distinct physiological significance (Blahna and Hata 2012). For instance, TGF-
B induces both miR-216a and miR-217 in glomerular mesangial cells via SMAD binding
elements (SBEs) in the miR-216 promoter (Kato et al. 2009). In contrast, TGF-p induced
SMAD3/4 complex binding to the miR-24 promoter inhibits the expression of miR-24 in
myoblasts (Sun et al. 2008). Interestingly, activin A treatment reduced the expression of miR-

424/503 in a dose-dependent manner which indicated the possibility of a negative feedback



Chapter 4 91

loop between the miR-424/503 cluster and activin-SMAD2/3 signalling. Likewise, presence
of a potential feedback loop between miRNAs and the target gene was recently reported
(Wang et al. 2016).

Further, several studies have shown that the dysfunction of granulosa cells may contribute to
the abnormal folliculogenesis observed in ovarian pathophysiology (Erickson et al. 1992;
Willis et al. 1998; Jakimiuk et al. 2001), although the underlying mechanism remains to be
determined. Furthermore, it is also important that granulosa cells should proliferate in
controlled manner to avoid granulosa cell tumours, which account for 2-3% of ovarian
malignancies (Malmstrom et al. 1994). Here, we reveal for the first time that the miR-
424/503 cluster is involved not only in the proliferation of granulosa cells but also in the
balancing of the activin signalling pathway through regulating the expression of SMAD7 and
ACVR2A in bovine granulosa cells. This coordination of the activin signalling pathway
through miRNAs might lead to healthy granulosa cells by avoiding any deviation from
normalcy, like granulosa cell tumours. Recent studies have shown that miRNA-424-5p
suppresses the expression of SOCS6 in pancreatic cancer (Wu et al. 2013) and inhibits the
Akt3/E2F3 axis and tumour growth in hepatocellular carcinoma (Zhang et al. 2014a). Here,
we suggest with our results that perturbations in the expression of the miRNA-424/503
cluster might result in ovarian disorders such as PCOS (polycystic ovarian syndrome) and
granulosa cell tumours. Therefore, these results in toto suggest that for normal cellular and
tissue function, an optimal miRNA milieu is required.

Undoubtedly, the interaction between cumulus cells and oocytes is essential for proper
maturation of oocytes, fertilization and further embryonic development (Eppig et al. 2001;
Zhou et al. 2016; Matzuk et al. 2002; Gilchrist et al. 2004; Wigglesworth et al. 2013). Recent
studies have demonstrated the functional role of specific miRNAs during follicular growth

and development through regulating follicular cells function (Yao et al. 2010; Dai et al. 2013;
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Zhang et al. 2013; Jiang et al. 2015; Andreas et al. 2016; Gebremedhn et al. 2016b; Wang et
al. 2016). However, very little is known about the role of miRNA during oocyte maturation
(Yao et al. 2014; Pan et al. 2015b). Our results obtained from miR-424/503 modulation in
bovine granulosa cells directed us to further investigate the role of this micoRNA cluster
during cumulus expansion and oocyte maturation which has not been revealed yet. In this
study, we observed that miR-424 enhanced in cumulus cells and oocytes during in vitro
maturation process, which indicated that miR-424, might be involved during cumulus cell
expansion and oocyte maturation. This was in consistent with the study that demonstrated
dynamic expression of several miRNAs between GV and MII stages of oocytes and increased
levels of some selective miRNA transcripts (Gilchrist et al. 2016). In our previous study, we
reported that miR-424 was differentially expressed between cumulus and oocytes before and
after in vitro maturation (Abd ElI Naby, W S et al. 2013). Our results revealed that that
overexpression of miR-424 enhanced cumulus expansion related genes (PTGS2, PTX3 and
EGFR) (Hung et al. 2015); (Uyar et al. 2013) which are important during the oocyte
maturation process (Hung et al. 2015). Similarly, in a recent study, microRNA-224 was
found to be involved in the regulation of mouse cumulus expansion by targeting PTX3 (Yao
et al. 2014), which plays a key role in the organization of the cumulus oophorus extracellular
matrix (Salustri et al. 2004). Further, we also found that overexpression of miR-424 enhanced
MAPK1, which is required for resumption of meiosis in the oocyte and expansion
(mucification) of the cumulus oophorus (Su et al. 2003). Cumulus expansion is dependent on
the stimulation of LH-induced epidermal growth factor (EGF)-like peptides, via the
activation of protein kinase A (PKA). These stimuli enhance PTX3 (a component of the
extracellular matrix of the cumulus oophorus) and other related (HAS2 and TNFAIP6)
transcripts involved in the process of expansion in cumulus cells (Varani et al. 2002; Fulop et

al. 2003; Ben-Ami et al. 2006). Recently, few studies have demonstrated the role of miRNAs



Chapter 4 93

in oocyte maturation and acquiring developmental competence (Pan et al. 2015b; Wright et
al. 2016; Xiao et al. 2014). The increment of the CYCB2 gene expression in cumulus cells
could be associated with the evidence that miR-424 promoted granulosa cell proliferation and
was found to be upregulated in bovine granulosa cell of pre-ovulatory dominant follicle
(Gebremedhn et al. 2015). This was accompanied by decrease in the differentiation marker
gene STAR, which ultimately helps to delay the premature luteinization of bovine somatic

cells (Knight et al. 2012; Shukovski and Findlay 1990).

®
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Figure 1. Schematic depiction showing conclusions of the chapter 1 and chapter 2 of the
thesis. miR-424 by targeting SMADY increases bovine granulosa cell proliferation (bGC) and
GO0/G1 to S-phase cell cycle transition. miR-424 increases expression of candidate genes

associated with cumulus cell expansion and oocyte maturation.
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This result gives insight that miR-424 might be critically essential during oocyte maturation
by involving in granulosa cell proliferation and subsequently cumulus expansion. In
conclusion, this study demonstrates that the miR-424/503 cluster regulates bovine granulosa
cell proliferation by targeting SMAD7 via activin signalling pathway, and enhances the
candidate gene expression involved in cumulus cell expansion and oocyte maturation (Fig. 1).
We believe that the present study would pave the way to further elucidate the molecular
mechanisms underlying bovine granulosa cell function and oocyte maturation in vivo, and
would facilitate a better understanding of follicular development and pathophysiology of
some reproductive disorders associated with granulosa cells for the improvement of fertility

treatments.



References 95

References

Abd EI Naby, W S, Hagos TH, Hossain MM, Salilew-Wondim D, Gad AY, Rings F, Cinar
MU, Tholen E, Looft C, Schellander K, Hoelker M, Tesfaye D (2013) Expression
analysis of regulatory microRNAs in bovine cumulus oocyte complex and
preimplantation embryos. Zygote 21,31-51.

Adams GP, Matteri RL, Kastelic JP, Ko JC, Ginther OJ (1992) Association between surges of
follicle-stimulating hormone and the emergence of follicular waves in heifers. J Reprod
Fertil 94, 177-188.

Adams GP, Evans AC, Rawlings NC (1994) Follicular waves and circulating gonadotrophins
in 8-month-old prepubertal heifers. J Reprod Fertil 100,27-33.

Adams GP, Jaiswal R, Singh J, Malhi P (2008) Progress in understanding ovarian follicular
dynamics in cattle. Theriogenology 69,72-80.

Agarwal V, Bell GW, Nam J-W, Bartel DP (2015) Predicting effective microRNA target sites
in mammalian mMRNAs. Elife 12,4.

Ali A, Sirard M-A (2002) The effects of 17B-estradiol and protein supplement on the
response to purified and recombinant follicle stimulating hormone in bovine oocytes.
Zygote 10,65-71.

Ambros V (2004) The functions of animal microRNAs. Nature 431,350-355.

Andreas E, Hoelker M, Neuhoff C, Tholen E, Schellander K, Tesfaye D, Salilew-Wondim D
(2016) MicroRNA 17-92 cluster regulates proliferation and differentiation of bovine
granulosa cells by targeting PTEN and BMPR2 genes. Cell Tissue Res 366,219-30.

Ashkenazi H, Cao X, Motola S, Popliker M, Conti M, Tsafriri A (2005) Epidermal growth
factor family members: Endogenous mediators of the ovulatory response. Endocrinology

146,77-84.



96 References

Assidi M, Dieleman SJ, Sirard M-A (2010) Cumulus cell gene expression following the LH
surge in bovine preovulatory follicles: Potential early markers of oocyte competence.
Reproduction 140,835-852.

Assidi M, MONTAG M, Sirard M-A (2015) Use of Both Cumulus Cells’ Transcriptomic
Markers and Zona Pellucida Birefringence to Select Developmentally Competent
Oocytes in Human Assisted Reproductive Technologies. BMC Genomics 16,59-S9.

Assou S, Anahory T, Pantesco V, Le Carrour T, Pellestor F, Klein B, Reyftmann L, Dechaud
H, Vos J de, Hamamah S (2006) The human cumulus--oocyte complex gene-expression
profile. Hum Reprod 21,1705-17109.

Atef A, Francois P, Christian V, Marc-Andre S (2005) The potential role of gap junction
communication between cumulus cells and bovine oocytes during in vitro maturation.
Mol Reprod Dev 71,358-367.

Austin EJ, Mihm M, Evans AC, Knight PG, Ireland JL, Ireland JJ, Roche JF (2001)
Alterations in intrafollicular regulatory factors and apoptosis during selection of follicles
in the first follicular wave of the bovine estrous cycle. Biol Reprod 64,839-848.

Bagga S, Bracht J, Hunter S, Massirer K, Holtz J, Eachus R, Pasquinelli AE (2005)
Regulation by let-7 and lin-4 miRNAs results in target mMRNA degradation. Cell
122,553-563.

Bartel DP (2004) MicroRNAs: genomics, biogenesis, mechanism, and function. Cell
116,281-297.

Ben-Ami I, Freimann S, Armon L, Dantes A, Strassburger D, Friedler S, Raziel A, Seger R,
Ron-El R, Amsterdam A (2006) PGE2 up-regulates EGF-like growth factor biosynthesis
in human granulosa cells: new insights into the coordination between PGE2 and LH in

ovulation. Mol Hum Reprod 12,593-599.



References 97

Berezikov E, Guryev V, van de Belt, Jose, Wienholds E, Plasterk, Ronald H A, Cuppen E
(2005) Phylogenetic shadowing and computational identification of human microRNA
genes. Cell 120,21-24.

Bernstein E, Kim SY, Carmell MA, Murchison EP, Alcorn H, Li MZ, Mills AA, Elledge SJ,
Anderson KV, Hannon GJ (2003) Dicer is essential for mouse development. Nat Genet
35,215-217.

Blahna MT, Hata A (2012) Smad-mediated regulation of microRNA biosynthesis. FEBS Lett
586,1906-1912.

Bradford MM (1976) A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein-dye binding. Anal Biochem
72,248-254.

Buccione R, Schroeder AC, Eppig JJ (1990) Interactions between somatic cells and germ
cells throughout mammalian oogenesis. Biol Reprod 43,543-547.

Cameron VA, Nishimura E, Mathews LS, Lewis KA, Sawchenko PE, Vale WW (1994)
Hybridization histochemical localization of activin receptor subtypes in rat brain,
pituitary, ovary, and testis. Endocrinology 134,799-808.

Cao R, Wu WJ, Zhou XL, Xiao P, Wang Y, Liu HL (2015) Expression and preliminary
functional profiling of the let-7 family during porcine ovary follicle atresia. Mol Cells 38,
304-311.

Carletti MZ, Fiedler SD, Christenson LK (2010) MicroRNA 21 blocks apoptosis in mouse
periovulatory granulosa cells. Biol Reprod 83,286—295.

Chang H-M, Cheng J-C, Huang H-F, Shi F-T, Leung, Peter C K (2015) Activin A, B and AB
decrease progesterone production by down-regulating StAR in human granulosa cells.

Mol Cell Endocrinol 412,290-301.



08 References

Chang H-M, Qiao J, Leung PCK (2016) Oocyte—somatic cell interactions in the human
ovary—novel role of bone morphogenetic proteins and growth differentiation factors.
Hum Reprod Update 23,1-18.

Chen L, Russell PT, Larsen WJ (1993) Functional significance of cumulus expansion in the
mouse: Roles for the preovulatory synthesis of hyaluronic acid within the cumulus mass.
Mol Reprod Dev 34,87-93.

Cheng J-C, Chang H-M, Qiu X, Fang L, Leung PCK (2014) FOXL2-induced follistatin
attenuates activin A-stimulated cell proliferation in human granulosa cell tumors.
Biochem Biophys Res Commun 443,537-542.

Choi J-H, Wong AST, Huang H-F, Leung PCK (2007) Gonadotropins and ovarian cancer.
Endocr Rev 28,440-461.

Coticchio G, Dal-Canto M, Guglielmo M-C, Mignini-Renzini M, Fadini R (2012) Human
oocyte maturation in vitro. Int J Dev Biol 56,10-12.

Crowe MA, Kelly P, Driancourt MA, Boland MP, Roche JF (2001) Effects of follicle-
stimulating hormone with and without luteinizing hormone on serum hormone
concentrations, follicle growth, and intrafollicular estradiol and aromatase activity in
gonadotropin-releasing hormone-immunized heifers. Biol Reprod 64,368-374.

Dai A, Sun H, Fang T, Zhang Q, Wu S, Jiang Y, Ding L, Yan G, Hu Y (2013) MicroRNA-
133b stimulates ovarian estradiol synthesis by targeting Foxl2. FEBS Lett 587,2474—
2482.

Dai L, XuJ, LiuS,MaT, Zhu Y, Xu F, Gao Y, Yuan B, Wang S, Zhang Y, Sun G, Zhang J
(2014) Characterization of miR-126-3p and its target talin2 in the bovine corpus luteum
during the oestrus cycle. Reprod Domest Anim 49,913-9109.

Dieleman SJ, Hendriksen PJM, Viuff D, Thomsen PD, Hyttel P, Knijn HM, Wrenzycki C,

Kruip TAM, Niemann H, Gadella BM, Bevers MM, Vos PLAM (2002) Effects of in vivo



References 99

prematuration and in vivo final maturation on developmental capacity and quality of pre-
implantation embryos. Theriogenology 57:5-20.

Donadeu FX, Sontakke SD, loannidis J (2016) MicroRNA indicators of follicular
steroidogenesis. Reprod Fertil Dev doi,10.1071/RD15282.

Douville G, Sirard M-A (2014) Changes in granulosa cells gene expression associated with
growth, plateau and atretic phases in medium bovine follicles. J Ovarian Res 7,50.

Dragovic RA, Ritter LJ, Schulz SJ, Amato F, Armstrong DT, Gilchrist RB (2005) Role of
oocyte-secreted growth differentiation factor 9 in the regulation of mouse cumulus
expansion. Endocrinology 146,2798-2806.

Dragovic RA, Ritter LJ, Schulz SJ, Amato F, Thompson JG, Armstrong DT, Gilchrist RB
(2007) Oocyte-secreted factor activation of SMAD 2/3 signaling enables initiation of
mouse cumulus cell expansion. Biol Reprod 76,848-857.

Driancourt MA (2001) Regulation of ovarian follicular dynamics in farm animals.
Implications for manipulation of reproduction. Theriogenology 55,1211-12309.

Driancourt MA, Locatelli A, Prunier A (1995) Effects of gonadotrophin deprivation on
follicular growth in gilts. Reprod Nutr Dev 35,663-673.

Driancourt MA, Reynaud K, Cortvrindt R, Smitz J (2000) Roles of KIT and KIT LIGAND in
ovarian function. Rev Reprod 5:143-152

Eppig JJ (1979) Gonadotropin stimulation of the expansion of cumulus oophori isolated from
mice: General condition for expansion in vitro. J. Exp. Zool. 208,111-120.

Eppig JJ (1991) Intercommunication between mammalian oocytes and companion somatic
cells. Bioessays 13,569-574.

Eppig JJ, Wigglesworth K, Pendola FL (2001) The mammalian oocyte orchestrates the rate

of ovarian follicular development. Proc Natl Acad Sci U S A 99,2890-2894.



100 References

Eppig JJ, Pendola FL, Wigglesworth K, Pendola JK (2005) Mouse oocytes regulate
metabolic cooperativity between granulosa cells and oocytes: amino acid transport. Biol
Reprod 73,351-357.

Erickson GF, Magoffin DA, Garzo VG, Cheung AP, Chang RJ (1992) Granulosa cells of
polycystic ovaries: are they normal or abnormal? Hum Reprod 7,293-299.

Erickson BH (1966) Development and senescence of the postnatal bovine ovary. J Anim Sci
25,800-805.

Evans AC, Fortune JE (1997) Selection of the dominant follicle in cattle occurs in the
absence of differences in the expression of messenger ribonucleic acid for gonadotropin
receptors. Endocrinology 138,2963-2971.

Evans, A C O, Ireland, J L H, Winn ME, Lonergan P, Smith GW, Coussens PM, Ireland JJ
(2004) Identification of genes involved in apoptosis and dominant follicle development
during follicular waves in cattle. Biol Reprod 70,1475-1484.

Findlay JK (1993) An update on the roles of inhibin, activin, and follistatin as local regulators
of folliculogenesis. Biol Reprod 48,15-23.

Findlay JK, Drummond AE, Britt KL, Dyson M, Wreford NG, Robertson DM, Groome NP,
Jones ME, Simpson ER (2000) The roles of activins, inhibins and estrogen in early
committed follicles. Mol Cell Endocrinol 163,81-87.

Forde N, Beltman ME, Lonergan P, Diskin M, Roche JF, Crowe MA (2011) Oestrous cycles
in Bos taurus cattle. Anim Reprod Sci 124,163-169.

Fortune JE (1994) Ovarian follicular growth and development in mammals. Biol Reprod
50,225-232.

Fortune JE, Sirois J, Quirk SM (1988) The growth and differentiation of ovarian follicles

during the bovine estrous cycle. Theriogenology 29,95-109.



References 101

Fortune JE, Sirois J, Turzillo AM, Lavoir M (1991) Follicle selection in domestic ruminants.
J Reprod Fertil Suppl 43,187-198.

Friedman RC, Farh KK-H, Burge CB, Bartel DP (2009) Most mammalian mRNAs are
conserved targets of microRNAs. Genome Res 19,92-105.

Fulop C, Szanto S, Mukhopadhyay D, Bardos T, Kamath RV, Rugg MS, Day AJ, Salustri A,
Hascall VC, Glant TT, Mikecz K (2003) Impaired cumulus mucification and female
sterility in tumor necrosis factor-induced protein-6 deficient mice. Development
130,2253-2261.

Fulép C, Szant6 S, Mukhopadhyay D, Bardos T, Kamath RV, Rugg MS, Day AJ, Salustri A,
Hascall VC, Glant TT, Mikecz K (2003) Impaired cumulus mucification and female
sterility in tumor necrosis factor-induced protein-6 deficient mice. Development
130,2253.

Gao Y, Wen H, Wang C, Li Q (2013) SMAD?7 antagonizes key TGFp superfamily signaling
in mouse granulosa cells in vitro. Reproduction 146,1-11.

Gebremedhn S, Salilew-Wondim D, Ahmad I, Sahadevan S, Hossain MM, Hoelker M, Rings
F, Neuhoff C, Tholen E, Looft C, Schellander K, Tesfaye D (2015) MicroRNA
Expression Profile in Bovine Granulosa Cells of Preovulatory Dominant and Subordinate
Follicles during the Late Follicular Phase of the Estrous Cycle. PloS one 10,e0125912.

Gebremedhn S, Pandey HO, Salilew-Wondim D, Hoelker M, Schellander K, Tesfaye D
(2016a) Dynamics and role of MicroRNAs during mammalian follicular development.
Animal Reproduction 13,257-263.

Gebremedhn S, Salilew-Wondim D, Hoelker M, Rings F, Neuhoff C, Tholen E, Schellander
K, Tesfaye D (2016b) MicroRNA-183~96~182 Cluster Regulate Bovine Granulosa Cell
Proliferation and Cell Cycle Transition by Coordinately Targeting FOXOL1. Biol Reprod

94,127:1-11.



102 References

Ghildiyal M, Zamore PD (2009) Small silencing RNAs: An expanding universe. Nat Rev
Genet 10,94-108.

Gibbons JR, Wiltbank MC, Ginther OJ (1999) Relationship between follicular development
and the decline in the follicle-stimulating hormone surge in heifers. Biol Reprod 60,72—
77.

Gilchrist RB, Ritter LJ, Armstrong DT (2004) Oocyte-somatic cell interactions during follicle
development in mammals. Anim Reprod Sci 82,431-446.

Gilchrist GC, Tscherner A, Nalpathamkalam T, Merico D, LaMarre J (2016) MicroRNA
Expression during Bovine Oocyte Maturation and Fertilization. Int J Mol Sci 17,396.
Ginther OJ (2000) Selection of the dominant follicle in cattle and horses. Anim Reprod Sci

60-61,61-79.

Ginther OJ, Knopf L, Kastelic JP (1989) Temporal associations among ovarian events in
cattle during oestrous cycles with two and three follicular waves. J Reprod Fertil 87,223—
230.

Ginther OJ, Kot K, Kulick LJ, Martin S, Wiltbank MC (1996a) Relationships between FSH
and ovarian follicular waves during the last six months of pregnancy in cattle. J Reprod
Fertil 108,271-279.

Ginther OJ, Wiltbank MC, Fricke PM, Gibbons JR, Kot K (1996b) Selection of the dominant
follicle in cattle. Biol Reprod 55,1187-1194.

Ginther OJ, Kot K, Kulick LJ, Wiltbank MC (1997) Sampling follicular fluid without altering
follicular status in cattle: oestradiol concentrations early in a follicular wave. J Reprod
Fertil 109,181-186.

Girard A, Dufort I, Douville G, Sirard M-A (2015) Global gene expression in granulosa cells
of growing, plateau and atretic dominant follicles in cattle. Reprod Biol Endocrinol

13,17.



References 103

Gong JG, Bramley T, Webb R (1991) The effect of recombinant bovine somatotropin on
ovarian function in heifers: follicular populations and peripheral hormones. Biol Reprod
45,941-949.

Gregory RI, Yan K-p, Amuthan G, Chendrimada T, Doratotaj B, Cooch N, Shiekhattar R
(2004) The Microprocessor complex mediates the genesis of microRNAs. Nature
432,235-240.

Ha M, Kim VN (2014) Regulation of microRNA biogenesis. Nat Rev Mol Cell Biol 15,509—
524.

Han Z-B, Lan G-C, Wu Y-G, Han D, Feng W-G, Wang J-Z, Tan J-H (2006) Interactive
effects of granulosa cell apoptosis, follicle size, cumulus-oocyte complex morphology,
and cumulus expansion on the developmental competence of goat oocytes: A study using
the well-in-drop culture system. Reproduction 132,749-758.

Hatzirodos N, Irving-Rodgers HF, Hummitzsch K, Rodgers RJ (2014) Transcriptome
Profiling of the Theca Interna from Bovine Ovarian Follicles during Atresia. PLoS One
9,e99706.

Hatzirodos N, Hummitzsch K, Irving-Rodgers HF, Rodgers RJ (2015) Transcriptome
Comparisons Identify New Cell Markers for Theca Interna and Granulosa Cells from
Small and Large Antral Ovarian Follicles. PLoS One 10,e0119800.

Hodgen GD (1982) The dominant ovarian follicle. Fertil Steril 38,281-300.

Hossain MM, Ghanem N, Hoelker M, Rings F, Phatsara C, Tholen E, Schellander K, Tesfaye
D (2009) Identification and characterization of miRNAs expressed in the bovine ovary.
BMC Genomics 10,443.

Huang Z, Wells D (2010) The human oocyte and cumulus cells relationship: new insights

from the cumulus cell transcriptome. Mol Hum Reprod 16,715-725.



104 References

Hung W-T, Hong X, Christenson LK, McGinnis LK (2015) Extracellular Vesicles from
Bovine Follicular Fluid Support Cumulus Expansion. Biol Reprod 93,117.

Hutvagner G, McLachlan J, Pasquinelli AE, Balint E, Tuschl T, Zamore PD (2001) A cellular
function for the RNA-interference enzyme Dicer in the maturation of the let-7 small
temporal RNA. Science 293,834-838.

Ireland JJ (1987) Control of follicular growth and development. J Reprod Fertil Suppl 34,39—
54,

Ireland JJ, Roche JF (1983) Growth and differentiation of large antral follicles after
spontaneous luteolysis in heifers: changes in concentration of hormones in follicular fluid
and specific binding of gonadotropins to follicles. J Anim Sci 57,157-167.

Ireland JJ, Mihm M, Austin E, Diskin MG, Roche JF (2000) Historical Perspective of
Turnover of Dominant Follicles During the Bovine Estrous Cycle: Key Concepts,
Studies, Advancements, and Terms. J Cell Sci 83,1648-1658.

Ishizu H, Siomi H, Siomi MC (2012) Biology of PIWI-interacting RNAs: New insights into
biogenesis and function inside and outside of germlines. Genes Dev 26,2361-2373.

Jakimiuk AJ, Weitsman SR, Navab A, Magoffin DA (2001) Luteinizing hormone receptor,
steroidogenesis acute regulatory protein, and steroidogenic enzyme messenger
ribonucleic acids are overexpressed in thecal and granulosa cells from polycystic ovaries.
J Clin Endocrinol Metab 86,1318-1323.

Jiang L, Huang J, Li L, Chen Y, Chen X, Zhao X, Yang D (2015) MicroRNA-93 promotes
ovarian granulosa cells proliferation through targeting CDKNZ1A in polycystic ovarian
syndrome. J Clin Endocrinol Metab 100,E729-38.

Joyce IM, Pendola FL, Wigglesworth K, Eppig JJ (1999) Oocyte regulation of kit ligand

expression in mouse ovarian follicles. Dev Biol 214,342-353.



References 105

Kanitz W (2003) Follicular dynamic and ovulation in cattle — a review. Arch. Tiez.,
Dummerstorf 46,187-198.

Katayama T, Shiota K, Takahashi M (1990) Activin A increases the number of follicle-
stimulating hormone cells in anterior pituitary cultures. Mol Cell Endocrinol 69,179-185.

Kato M, Putta S, Wang M, Yuan H, Lanting L, Nair I, Gunn A, Nakagawa Y, Shimano H,
Todorov I, Rossi JJ, Natarajan R (2009) TGF-beta activates Akt kinase through a
microRNA-dependent amplifying circuit targeting PTEN. Nat Cell Biol 11,881-889.

Ketting RF, Fischer SE, Bernstein E, Sijen T, Hannon GJ, Plasterk RH (2001) Dicer
functions in RNA interference and in synthesis of small RNA involved in developmental
timing in C. elegans. Genes Dev 15,2654-2659.

Kidder GM, Mhawi AA (2002) Gap junctions and ovarian folliculogenesis. Reproduction
123,613-620.

Kidder GM, Vanderhyden BC (2010) Bidirectional communication between oocytes and
follicle cells: ensuring oocyte developmental competence. Canadian journal of
physiology and pharmacology 88,399-413.

Kim VN (2004) MicroRNA precursors in motion: Exportin-5 mediates their nuclear export.
Trends Cell Biol 14,156-159.

Knight PG (1996) Roles of inhibins, activins, and follistatin in the female reproductive
system. Front Neuroendocrinol 17,476-509.

Knight PG, Glister C (2001) Potential local regulatory functions of inhibins, activins and
follistatin in the ovary. Reproduction 121,503-512.

Knight PG, Glister C (2003) Local roles of TGF-B superfamily members in the control of
ovarian follicle development. Anim Reprod Sci 78,165-183.

Knight PG, Glister C (2006) TGF-beta superfamily members and ovarian follicle

development. Reproduction 132,191-206.



106 References

Knight PG, Satchell L, Glister C (2012) Intra-ovarian roles of activins and inhibins. Mol Cell
Endocrinol 359,53-65.

Knight SW, Bass BL (2001) A role for the RNase Il enzyme DCR-1 in RNA interference
and germ line development in Caenorhabditis elegans. Science 293,2269-2271.

Kulick LJ, Kot K, Wiltbank MC, Ginther OJ (1999) Follicular and hormonal dynamics
during the first follicular wave in heifers. Theriogenology 52,913-921.

Lee Y, Ahn C, Han J, Choi H, Kim J, Yim J, Lee J, Provost P, Radmark O, Kim S, Kim VN
(2003) The nuclear RNase 111 Drosha initiates microRNA processing. Nature 425,415—
419.

Lee RC, Feinbaum RL, Ambros V (1993) The C. elegans heterochronic gene lin-4 encodes
small RNAs with antisense complementarity to lin-14. Cell 75,843-854.

Lei L, Jin S, Gonzalez G, Behringer RR, Woodruff TK (2010) The regulatory role of Dicer in
folliculogenesis in mice. Mol Cell Endocrinol 315,63-73.

Li R, Phillips DM, Mather JP (1995) Activin promotes ovarian follicle development in vitro.
Endocrinology 136,849-856.

Li X, Lonard DM, O’Malley BW (2004) A contemporary understanding of progesterone
receptor function. Mech Ageing Dev 125,669-678.

Li M, LiuY, Wang T, Guan J, Luo Z, Chen H, Wang X, Chen L, Ma J, Mu Z, Jiang A-a, Zhu
L, Lang Q, Zhou X, Wang J, Zeng W, Li N, Li K, Gao X, Li X (2011) Repertoire of
Porcine MicroRNAs in Adult Ovary and Testis by Deep Sequencing. Int J Biol Sci
7,1045-1055.

Li Q (2015) Inhibitory SMADs: potential regulators of ovarian function. Biol Reprod 92,50.

Li X, Wang H, Sheng Y, Wang Z (2017) MicroRNA-224 delays oocyte maturation through

targeting Ptx3 in cumulus cells. Mech Dev 143,20-25.



References 107

Lim LP, Glasner ME, Yekta S, Burge CB, Bartel DP (2003) Vertebrate microRNA genes.
Science 299,1540.

Lin F, Li R, Pan Zx, Zhou B, Yu Db, Wang Xg, Ma Xs, Han J, Shen M, Liu HL (2012) miR-
26b Promotes Granulosa Cell Apoptosis by Targeting ATM during Follicular Atresia in
Porcine Ovary. PLoS One 7,e38640.

Ling YH, Ding JP, Zhang XD, Wang LJ, Zhang YH, Li YS, Zhang ZJ, Zhang XR (2013)
Characterization of microRNAs from goat (Capra hircus) by Solexa deep-sequencing
technology. Genet Mol Res 12,1951-1961.

Liu M, Liu P, Zhang L, Cai Q, Gao G, Zhang W, Zhu Z, Liu D, Fan Q (2011) mir-35 is
involved in intestine cell G1/S transition and germ cell proliferation in C. elegans. Cell
Res 21,1605-1618.

Liu J, Du X, Zhou J, Pan Z, Liu H, Li Q (2014a) MicroRNA-26b Functions as a Proapoptotic
Factor in Porcine Follicular Granulosa Cells by Targeting Sma-and Mad-Related Protein
4. Biol Reprod 146, 1-12.

Liu J, Yao W, Yao Y, Du X, Zhou J, Ma B, Liu H, Li Q, Pan Z (2014b) MiR-92a inhibits
porcine ovarian granulosa cell apoptosis by targeting Smad7 gene. FEBS Lett 588,4497—
4503.

Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression data using real-time
quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 25,402-408.

Llobet-Navas D, Rodriguez-Barrueco R, Castro V, Ugalde AP, Sumazin P, Jacob-Sendler D,
Demircan B, Castillo-Martin M, Putcha P, Marshall N, Villagrasa P, Chan J, Sanchez-
Garcia F, Pe'er D, Rabadan R, lavarone A, Cordon-Cardo C, Califano A, Lopez-Otin C,
Ezhkova E, Silva JM (2014) The miR-424(322)/503 cluster orchestrates remodeling of

the epithelium in the involuting mammary gland. Genes Dev 28,765-782.



108 References

Lu M, Zhang Q, Deng M, Miao J, Guo Y, Gao W, Cui Q (2008) An Analysis of Human
MicroRNA and Disease Associations. PLoS One 3,e3420.

Lucy MC (2007) The bovine dominant ovarian follicle. J Anim Sci doi:10.2527/jas.2006-
663.

Lucy MC, Thatcher WW, MacMillan KL (1990) Ultrasonic identification of follicular
populations and return to estrus in early postpartum dairy cows given intravaginal
progesterone for 15 days. Theriogenology 34,325-340.

Maalouf SW, Liu WS, Pate JL (2016) MicroRNA in ovarian function. Cell Tissue Res 363,7—
18.

Macaulay AD, Gilbert I, Scantland S, Fournier E, Ashkar F, Bastien A, Saadi HAS, Gagné D,
Sirard M-A, Khandjian EW, Richard FJ, Hyttel P, Robert C (2015) Cumulus Cell
Transcripts Transit to the Bovine Oocyte in Preparation for Maturation. Biol Reprod
94,16.

MacFarlane L-A, Murphy PR (2010) MicroRNA: Biogenesis, Function and Role in Cancer.
Curr Genomics 11,537-561.

Mahdipour M, van Tol HTA, Stout TAE, Roelen BAJ (2015) Validating reference
microRNAs for normalizing gRT-PCR data in bovine oocytes and preimplantation
embryos. BMC Dev Biol 15,25.

Malmstrom H, Hogberg T, Risberg B, Simonsen E (1994) Granulosa cell tumors of the
ovary: prognostic factors and outcome. Gynecol Oncol 52,50-55.

Manikkam M, Rajamahendran R (1997) Progesterone-induced atresia of the proestrous
dominant follicle in the bovine ovary: Changes in diameter, insulin-like growth factor
system, aromatase activity, steroid hormones, and apoptotic index. Biol Reprod 57,580

587.



References 109

Maruo T (1995) Expression of oncogenes, growth factors and their receptors in follicular
growth, regression and atresia: their roles in granulosa cell proliferation and
differentiation. Nihon Sanka Fujinka Gakkai Zasshi 47,738—750.

Mather JP, Moore A, Li RH (1997) Activins, inhibins, and follistatins: Further thoughts on a
growing family of regulators. Proc Soc Exp Biol Med 215,209-222.

Matzuk MM, Kumar TR, Bradley A (1995) Different phenotypes for mice deficient in either
activins or activin receptor type Il. Nature 374,356—360.

Matzuk MM, Burns KH, Viveiros MM, Eppig JJ (2002) Intercellular communication in the
mammalian ovary: Oocytes carry the conversation. Science 296,2178-2180.

McLaughlin M, Bromfield JJ, Albertini DF, Telfer EE (2010) Activin promotes follicular
integrity and oogenesis in cultured pre-antral bovine follicles. Mol Hum Reprod 16,644—
653.

McManus MT (2003) MicroRNAs and cancer. Semin Cancer Biol 13,253-258.

Mihm M, Crowe MA, Knight PG, Austin EJ (2002) Follicle wave growth in cattle. Reprod
Domest Anim 37,191-200.

Mingoti GZ, Garcia JM, Rosa-e-Silva AAM (2002) Steroidogenesis in cumulus cells of
bovine cumulus-oocyte-complexes matured in vitro with BSA and different
concentrations of steroids. Anim Reprod Sci 69,175-186.

Mizunuma H, Liu X, Andoh K, Abe Y, Kobayashi J, Yamada K, Yokota H, Ibuki Y,
Hasegawa Y (1999) Activin from secondary follicles causes small preantral follicles to
remain dormant at the resting stage. Endocrinology 140,37-42.

Murchison EP, Stein P, Xuan Z, Pan H, Zhang MQ, Schultz RM, Hannon GJ (2007) Critical

roles for Dicer in the female germline. Genes Dev 21,682—693.



110 References

Myers M, van den Driesche S, McNeilly AS, Duncan WC (2008) Activin A reduces
luteinisation of human luteinised granulosa cells and has opposing effects to human
chorionic gonadotropin in vitro. J Endocrinol 199,201-212.

Nevoral J, Orsékm M, Klein P, Petr J, Dvofakova M, Weingartova I, Vyskocilova A,
Zamostna K, Krej¢ova T, Jilek F (2015) Cumulus Cell Expansion, Its Role in Oocyte
Biology and Perspectives of Measurement: A Review. Scientia agriculturae bohemica 45,
212-225.

Nie M, Yu S, Peng S, Fang Y, Wang H, Yang X (2015) miR-23a and miR-27a promote
human granulosa cell apoptosis by targeting SMADDS. Biol Reprod 93,98.

Nivet A-L, Vigneault C, Blondin P, Sirard M-A (2013) Changes in granulosa cells' gene
expression associated with increased oocyte competence in bovine. Reproduction
145,555-565.

Ochsner SA, Day AJ, Rugg MS, Breyer RM, Gomer RH, Richards JS (2003) Disrupted
function of tumor necrosis factor-alpha-stimulated gene 6 blocks cumulus cell-oocyte
complex expansion. Endocrinology 144,4376-4384.

Orisaka M, Tajima K, Tsang BK, Kotsuji F (2009) Oocyte-granulosa-theca cell interactions
during preantral follicular development. J Ovarian Res 2,9.

Otsuka M, Zheng M, Hayashi M, Lee J-D, Yoshino O, Lin S, Han J (2008) Impaired
microRNA processing causes corpus luteum insufficiency and infertility in mice. J Clin
Invest 118,1944-1954.

Pan B, Toms D, Shen W, Li J (2015b) MicroRNA-378 regulates oocyte maturation via the
suppression of aromatase in porcine cumulus cells. Am J Physiol Endocrinol Metab

308,27.



References 111

Pandey HO, Salilew-Wondim D, Hoelker M, Neuhoff C, Tholen E, Schellander K, Tesfaye D
(eds) (2016) The role of microRNA-424/503 cluster in bovine granulosa cell function.
Instiut fUr Tierzucht und Vererbungsforschung, Hanover. C02.

Pangas SA, Jorgez CJ, Tran M, Agno J, Li X, Brown CW, Kumar TR, Matzuk MM (2007)
Intraovarian activins are required for female fertility. Mol Endocrinol 21,2458-2471.
Philpott CC, Ringuette MJ, Dean J (1987) Oocyte-specific expression and developmental
regulation of ZP3, the sperm receptor of the mouse zona pellucida. Dev Biol 121,568—

S575.

Picton HM, Tsonis CG, McNeilly AS (1990) FSH causes a time-dependent stimulation of
preovulatory follicle growth in the absence of pulsatile LH secretion in ewes chronically
treated with gonadotrophin-releasing hormone agonist. J Endocrinol 126,297-307.

Picton HM, McNeilly AS (1991) Evidence to support a follicle-stimulating hormone
threshold theory for follicle selection in ewes chronically treated with gonadotrophin-
releasing hormone agonist. J Reprod Fertil 93,43-51.

Pierson RA, Ginther OJ (1984) Ultrasonography of the bovine ovary. Theriogenology
21,495-504.

Pierson RA, Ginther OJ (1986) Ovarian follicular populations during early pregnancy in
heifers. Theriogenology 26,649-659.

Quirk SM, Cowan RG, Harman RM, Hu C-L, Porter DA (2004) Ovarian follicular growth
and atresia: The relationship between cell proliferation and survival. J Anim Sci 82, E40-
52.

Rajakoski E (1960) The ovarian follicular system in sexually mature heifers with special
reference to seasonal, cyclical, end left-right variations. Acta Endocrinol Suppl (Copenh)
34,1-68.

Rajewsky N (2006) microRNA target predictions in animals. Nat Genet 38,58-13.



112 References

Regassa A, Rings F, Hoelker M, Cinar U, Tholen E, Looft C, Schellander K, Tesfaye D
(2011) Transcriptome dynamics and molecular cross-talk between bovine oocyte and its
companion cumulus cells. BMC Genomics 12,57.

Roberts VJ, Barth S, el-Roeiy A, Yen SS (1993) Expression of inhibin/activin subunits and
follistatin messenger ribonucleic acids and proteins in ovarian follicles and the corpus
luteum during the human menstrual cycle. J Clin Endocrinol Metab 77,1402—1410.

Richards JS (1994) Hormonal control of gene expression in the ovary. Endocr Rev 15,725—
751.

Roberts VJ, Barth S, el-Roeiy A, Yen SS (1993) Expression of inhibin/activin subunits and
follistatin messenger ribonucleic acids and proteins in ovarian follicles and the corpus
luteum during the human menstrual cycle. J Clin Endocrinol Metab 77,1402—1410.

Robker RL, Richards JS (1998) Hormone-induced proliferation and differentiation of
granulosa cells: A coordinated balance of the cell cycle regulators cyclin D2 and
p27Kipl. Mol Endocrinol 12,924-940.

Salilew-Wondim D, Ahmad I, Gebremedhn S, Sahadevan S, Hossain MD, Rings F, Hoelker
M, Tholen E, Neuhoff C, Looft C, Schellander K, Tesfaye D (2014) The expression
pattern of microRNAs in granulosa cells of subordinate and dominant follicles during the
early luteal phase of the bovine estrous cycle. PloS one 9,e106795.

Salustri A, Yanagishita M, Hascall VC (1989) Synthesis and accumulation of hyaluronic acid
and proteoglycans in the mouse cumulus cell-oocyte complex during follicle-stimulating
hormone-induced mucification. J Biol Chem 264,13840-13847.

Salustri A, Garlanda C, Hirsch E, Acetis M de, Maccagno A, Bottazzi B, Doni A, Bastone A,
Mantovani G, Beck Peccoz P, Salvatori G, Mahoney DJ, Day AJ, Siracusa G, Romani L,
Mantovani A (2004) PTX3 plays a key role in the organization of the cumulus oophorus

extracellular matrix and in in vivo fertilization. Development 131,1577-1586.



References 113

Sanchez F, Smitz J (2012) Molecular control of oogenesis. Biochim Biophys Acta
1822,1896-1912.

Sartori R, Fricke PM, Ferreira JC, Ginther OJ, Wiltbank MC (2001) Follicular deviation and
acquisition of ovulatory capacity in bovine follicles. Biol Reprod 65,1403—-14009.

Saumande J (1991) Culture of bovine granulosa cells in a chemically defined serum-free
medium: the effect of insulin and fibronectin on the response to FSH. J Steroid Biochem
Mol Biol 38,189-196.

Savio JD, Keenan L, Boland MP, Roche JF (1988) Pattern of growth of dominant follicles
during the oestrous cycle of heifers. J Reprod Fertil 83,663-671.

Savio JD, Thatcher WW, Badinga L, de la Sota, R L, Wolfenson D (1993) Regulation of
dominant follicle turnover during the oestrous cycle in cows. J Reprod Fertil 97,197-203.

Schauer SN, Sontakke SD, Watson ED, Esteves CL, Donadeu FX (2013) Involvement of
miRNAs in equine follicle development. Reproduction 146,273-282.

Sen A, Prizant H, Light A, Biswas A, Hayes E, Lee H-J, Barad D, Gleicher N, Hammes SR
(2014) Androgens regulate ovarian follicular development by increasing follicle
stimulating hormone receptor and microRNA-125b expression. Proc Natl Acad Sci U S
A 111,3008-3013.

Shukovski L, Findlay JK (1990) Activin-A inhibits oxytocin and progesterone production by
preovulatory bovine granulosa cells in vitro. Endocrinology 126,2222-2224.

Singh J, Brogliatti GM, Christensen CR, Adams GP (1999) Active immunization against
follistatin and its effect on FSH, follicle development and superovulation in heifers.
Theriogenology 52,49-66.

Sinha PB, Tesfaye D, Rings F, Hossien M, Hoelker M, Held E, Neuhoff C, Tholen E,

Schellander K, Salilew-Wondim D (2017) MicroRNA-130b is involved in bovine



114 References

granulosa and cumulus cells function, oocyte maturation and blastocyst formation. J
Ovarian Res 10,37.

Sirois J, Fortune JE (1988) Ovarian follicular dynamics during the estrous cycle in heifers
monitored by real-time ultrasonography. Biol Reprod 39,308-317.

Sirois J, Fortune JE (1990) Lengthening the bovine estrous cycle with low levels of
exogenous progesterone: a model for studying ovarian follicular dominance.
Endocrinology 127,916-925.

Sirotkin AV, Ovcharenko D, Grossmann R, Laukova M, Mlyncek M (2009) Identification of
microRNAs controlling human ovarian cell steroidogenesis via a genome-scale screen. J
Cell Physiol 219,415-420.

Sirotkin AV, Laukova M, Ovcharenko D, Brenaut P, Mlyncek M (2010) Identification of
microRNAs controlling human ovarian cell proliferation and apoptosis. J Cell Physiol
223,49-56.

Sirotkin AV, Kisovd G, Brenaut P, Ovcharenko D, Grossmann R, Mlyncek M (2014)
Involvement of microRNA Mirl5a in control of human ovarian granulosa cell
proliferation, apoptosis, steroidogenesis, and response to FSH. Microrna 3,29-36.

Sisco B, Pfeffer PL (2007) Expression of activin pathway genes in granulosa cells of
dominant and subordinate bovine follicles. Theriogenology 68,29-37.

Sontakke SD, Mohammed BT, McNeilly AS, Donadeu FX (2014) Characterization of
microRNAs differentially expressed during bovine follicle development. Reproduction
148,271-283.

Spicer LJ, Echternkamp SE (1986) Ovarian follicular growth, function and turnover in cattle:

A review. J Anim Sci 62,428-451.



References 115

Su Y-Q, Eppig JJ (2002) Evidence that multifunctional calcium/calmodulin-dependent
protein kinase Il (CaM KII) participates in the meiotic maturation of mouse oocytes. Mol
Reprod Dev 61,560-569.

Su Y-Q, Denegre JM, Wigglesworth K, Pendola FL, O'Brien MJ, Eppig JJ (2003) Oocyte-
dependent activation of mitogen-activated protein kinase (ERK1/2) in cumulus cells is
required for the maturation of the mouse oocyte—cumulus cell complex. Dev Biol
263,126-138.

Sugiura K, Pendola FL, Eppig JJ (2005) Oocyte control of metabolic cooperativity between
oocytes and companion granulosa cells: Energy metabolism. Dev Biol 279,20-30.

Suh N, Baehner L, Moltzahn F, Melton C, Shenoy A, Chen J, Blelloch R (2010) MicroRNA
function is globally suppressed in mouse oocytes and early embryos. Curr Biol 20,271—
277.

Sun Q, Zhang Y, Yang G, Chen X, Zhang Y, Cao G, Wang J, Sun Y, Zhang P, Fan M, Shao
N, Yang X (2008) Transforming growth factor-beta-regulated miR-24 promotes skeletal
muscle differentiation. Nucleic Acids Res 36,2690-2699.

Sunderland SJ, Crowe MA, Boland MP, Roche JF, Ireland JJ (1994) Selection, dominance
and atresia of follicles during the oestrous cycle of heifers. J Reprod Fertil 101,547-555.

Swanson LV, Hafs HD, Morrow DA (1972) Ovarian characteristics and serum LH, prolactin,
progesterone and glucocorticoid from first estrus to breeding size in Holstein heifers. J
Anim Sci 34,284-293.

Takahashi T, Morrow JD, Wang H, Dey SK (2006) Cyclooxygenase-2-derived Prostaglandin
e2 directs oocyte maturation by differentially influencing multiple signaling pathways. J

Biol Chem 281, 37117-37129.



116 References

Tang F, Kaneda M, O'Carroll D, Hajkova P, Barton SC, Sun YA, Lee C, Tarakhovsky A, Lao
K, Surani MA (2007) Maternal microRNAs are essential for mouse zygotic development.
Genes Dev 21,644-648.

Teilmann SC (2005) Differential expression and localisation of connexin-37 and connexin-43
in follicles of different stages in the 4-week-old mouse ovary. Mol Cell Endocrinol
234,27-35.

Tesfaye D, Worku D, Rings F, Phatsara C, Tholen E, Schellander K, Hoelker M (2009)
Identification and expression profiling of microRNAs during bovine oocyte maturation
using heterologous approach. Mol Reprod Dev 76,665-677.

Tesfaye D, Salilew-Wondim D, Gebremedhn S, Sohel, Md Mahmodul Hasan, Pandey HO,
Hoelker M, Schellander K (2016) Potential role of microRNAs in mammalian female
fertility. Reprod Fertil Dev 29,8-23.

Thomas FH, Armstrong DG, Telfer EE (2003) Activin promotes oocyte development in
ovine preantral follicles in vitro. Reprod Biol Endocrinol 1,76.

Toda K, Hayashi Y, Ono M, Saibara T (2012) Impact of ovarian sex steroids on ovulation
and ovulatory gene induction in aromatase-null mice. Endocrinology 153,386-394.

Toms D, Xu S, Pan B, Wu D, Li J (2015) Progesterone receptor expression in granulosa cells
is suppressed by microRNA-378-3p. Mol Cell Endocrinol 399,95-102.

Troppmann B, Kossack N, Nordhoff V, Schuring AN, Gromoll J (2014) MicroRNA miR-
513a-3p acts as a co-regulator of luteinizing hormone/chorionic gonadotropin receptor
gene expression in human granulosa cells. Mol Cell Endocrinol 390,65-72.

Tscherner A, Gilchrist G, Smith N, Blondin P, Gillis D, LaMarre J (2014) MicroRNA-34
family expression in bovine gametes and preimplantation embryos. Reprod Biol

Endocrinol 12,85.



References 117

Tsuchida K, Nakatani M, Uezumi A, Murakami T, Cui X (2008) Signal transduction pathway
through activin receptors as a therapeutic target of musculoskeletal diseases and cancer.
Endocr J 55,11-21.

Tsuchida K, Nakatani M, Hitachi K, Uezumi A, Sunada Y, Ageta H, Inokuchi K (2009)
Activin signaling as an emerging target for therapeutic interventions. Cell Commun
Signal 7,15.

Tu F, Pan ZX, Yao Y, Liu HL, Liu SR, Xie Z, Li QF (2014) miR-34a targets the inhibin beta
B gene, promoting granulosa cell apoptosis in the porcine ovary. Genet Mol Res
13,2504-2512.

Uyar A, Torrealday S, Seli E (2013) Cumulus and granulosa cell markers of oocyte and
embryo quality. Fertil Steril 99,979-97.

Vanderhyden BC, Macdonald EA (1998) Mouse oocytes regulate granulosa cell
steroidogenesis throughout follicular development. Biol Reprod 59,1296-1301.

Varani S, Elvin JA, Yan C, DeMayo J, DeMayo FJ, Horton HF, Byrne MC, Matzuk MM
(2002) Knockout of pentraxin 3, a downstream target of growth differentiation factor-9,
causes female subfertility. Mol Endocrinol 16,1154-1167.

Veitch GI, Gittens JEI, Shao Q, Laird DW, Kidder GM (2004) Selective assembly of
connexin37 into heterocellular gap junctions at the oocyte/granulosa cell interface. J Cell
Sci 117,2699-2707.

Vigone G, Merico V, Prigione A, Mulas F, Sacchi L, Gabetta M, Bellazzi R, Redi CA,
Mazzini G, Adjaye J, Garagna S, Zuccotti M (2013) Transcriptome based identification
of mouse cumulus cell markers that predict the developmental competence of their

enclosed antral oocytes. BMC Genomics 14,380.



118 References

Vozzi C, Formenton A, Chanson A, Senn A, Sahli R, Shaw P, Nicod P, Germond M,
Haefliger JA (2001) Involvement of connexin 43 in meiotic maturation of bovine
oocytes. Reproduction 122,619-628.

Wang S, Liu J, Li X, Ji X, Zhang J, Wang Y, Cui S (2016) MiR-125b Regulates Primordial
Follicle Assembly by Targeting Activin Receptor Type 2a in Neonatal Mouse Ovary.
Biol Reprod 94,83.

Webb R, Campbell BK (2007) Development of the dominant follicle: mechanisms of
selection and maintenance of oocyte quality. Soc Reprod Fertil Suppl 64,141-163.

Webb R, Campbell BK, Garverick HA, Gong JG, Gutierrez CG, Armstrong DG (1999)
Molecular mechanisms regulating follicular recruitment and selection. J Reprod Fertil
Suppl 54,33-48.

Wigglesworth K, Lee K-B, O’Brien MJ, Peng J, Matzuk MM, Eppig JJ (2013) Bidirectional
communication between oocytes and ovarian follicular somatic cells is required for
meiotic arrest of mammalian oocytes. Proc Natl Acad Sci U S A 110,E3723-E3729.

Willis DS, Watson H, Mason HD, Galea R, Brincat M, Franks S (1998) Premature response
to luteinizing hormone of granulosa cells from anovulatory women with polycystic ovary
syndrome: relevance to mechanism of anovulation. J Clin Endocrinol Metab 83,3984—
3991.

Winter J, Jung S, Keller S, Gregory RI, Diederichs S (2009) Many roads to maturity:
MicroRNA biogenesis pathways and their regulation. Nat Cell Biol 11,228-234.

Wrenzycki C, Herrmann D, Niemann H (2007) Messenger RNA in oocytes and embryos in
relation to embryo viability. Theriogenology 68,S77-83.

Wright EC, Hale BJ, Yang C-X, Njoka JG, Ross JW (2016) MicroRNA-21 and PDCD4

expression during in vitro oocyte maturation in pigs. Reprod Biol Endocrinol 14,21.



References 119

Wu K, Hu G, He X, Zhou P, Li J, He B, Sun W (2013) MicroRNA-424-5p suppresses the
expression of SOCS6 in pancreatic cancer. Pathol Oncol Res 19,739-748.

Wu S, Sun H, Zhang Q, Jiang Y, Fang T, Cui I, Yan G, Hu Y (2015) MicroRNA-132
promotes estradiol synthesis in ovarian granulosa cells via translational repression of
Nurrl. Reprod Biol Endocrinol 13,94.

Xiao G, Xia C, Yang J, Liu J, Du H, Kang X, Lin Y, Guan R, Yan P, Tang S (2014) MiR-
133b regulates the expression of the Actin protein TAGLN2 during oocyte growth and
maturation: a potential target for infertility therapy. PloS one 9,6.

Xiong F, Hu L, Zhang Y, Xiao X, Xiao J (2016) miR-22 inhibits mouse ovarian granulosa
cell apoptosis by targeting SIRT1. Biol Open 5,367.

Xu S, Linher-Melville K, Yang BB, Wu D, Li J (2011a) Micro-RNA378 (miR-378) regulates
ovarian estradiol production by targeting aromatase. Endocrinology 152,3941-3951.

Xu S, Tao Z, Hai B, Liang H, Shi Y, Wang T, Song W, Chen Y, OuYang J, Chen J, Kong F,
Dong Y, Jiang S-W, Li W, Wang P, Yuan Z, Wan X, Wang C, Li W, Zhang X, Chen K
(2016) miR-424(322) reverses chemoresistance via T-cell immune response activation by
blocking the PD-L1 immune checkpoint. Nat Commun 7,11406.

Xu YW, Wang B, Ding CH, Li T, Gu F, Zhou C (2011b) Differentially expressed micoRNAs
in human oocytes. J Assist Reprod Genet 28,559-566.

Yan G, Zhang L, Fang T, Zhang Q, Wu S, Jiang Y, Sun H, Hu Y (2012) MicroRNA-145
suppresses mouse granulosa cell proliferation by targeting activin receptor IB. FEBS Lett
586,3263-3270.

Yang X, Zhou Y, Peng S, Wu L, Lin H-Y, Wang S, Wang H (2012) Differentially expressed
plasma microRNAs in premature ovarian failure patients and the potential regulatory

function of mir-23a in granulosa cell apoptosis. Reproduction 144,235-244.



120 References

Yang S, Wang S, Luo A, Ding T, Lai Z, Shen W, Ma X, Cao C, Shi L, Jiang J, Rong F, Ma
L, Tian Y, Du X, Lu Y, Li Y, Wang S (2013) Expression patterns and regulatory
functions of microRNAs during the initiation of primordial follicle development in the
neonatal mouse ovary. Biol Reprod 89,126.

Yao G, Yin M, Lian J, Tian H, Liu L, Li X, Sun F (2010) MicroRNA-224 is involved in
transforming growth factor-beta-mediated mouse granulosa cell proliferation and
granulosa cell function by targeting Smad4. Mol Endocrinol 24,540-551.

Yao G, Liang M, Liang N, Yin M, Lu M, Lian J, Wang Y, Sun F (2014) MicroRNA-224 is
involved in the regulation of mouse cumulus expansion by targeting Ptx3. Mol Cell
Endocrinol 382,244-253.

Yin M, LU M, Yao G, Tian H, Lian J, Liu L, Liang M, Wang Y, Sun F (2012)
Transactivation of microRNA-383 by steroidogenic factor-1 promotes estradiol release
from mouse ovarian granulosa cells by targeting RBMS1. Mol Endocrinol 26,1129
1143.

Yin M, Wang X, Yao G, Lu M, Liang M, Sun Y, Sun F (2014) Transactivation of micrornA-
320 by microRNA-383 regulates granulosa cell functions by targeting E2F1 and SF-1
proteins. J Biol Chem 289,18239-18257.

Yokoo M, Sato E (2004) Cumulus-oocyte complex interactions during oocyte maturation. Int
Rev Cytol 235,251-291.

Yokoo M, Kimura N, Sato E (2010) Induction of oocyte maturation by hyaluronan-CD44
interaction in pigs. J Reprod Dev 56,15-19.

Zeng Y, Cullen BR (2004) Structural requirements for pre-microRNA binding and nuclear

export by Exportin 5. Nucleic Acids Res 32,4776-4785.



References 121

Zhang Q, Sun H, Jiang Y, Ding L, Wu S, Fang T, Yan G, Hu Y (2013) MicroRNA-181a
suppresses mouse granulosa cell proliferation by targeting activin receptor IlA. PLoS
One 8,e59667.

Zhang D, Shi Z, Li M, Mi J (2014a) Hypoxia-induced miR-424 decreases tumor sensitivity to
chemotherapy by inhibiting apoptosis. Cell Death Dis 5,e1301.

Zhang H, Jiang X, Zhang Y, Xu B, Hua J, Ma T, Zheng W, Sun R, Shen W, Cooke HJ, Hao
Q, Qiao J, Shi Q (2014b) microRNA 376a regulates follicle assembly by targeting Pcna
in fetal and neonatal mouse ovaries. Reproduction 148,43-54.

Zhou J, Liu J, Pan Z, Du X, Li X, Ma B, Yao W, Li Q, Liu H (2015) The let-7g microRNA
promotes follicular granulosa cell apoptosis by targeting transforming growth factor-beta
type 1 receptor. Mol Cell Endocrinol 409,103-112.

Zhou C-J, Wu S-N, Shen J-P, Wang D-H, Kong X-W, Lu A, Li Y-J, Zhou H-X, Zhao Y-F,
Liang C-G, Sun S-C (2016) The beneficial effects of cumulus cells and oocyte-cumulus
cell gap junctions depends on oocyte maturation and fertilization methods in mice. PeerJ

4,e1761.



122 Acknowledgements

Acknowledgements

I would like to take the opportunity to thank all the people who helped me directly or
indirectly to complete my PhD program and made my stay at Bonn pleasant and fruitful. First
and foremost, | would like to express my sincere gratitude to Prof. Dr. Karl Schellander for
providing me the opportunity to pursue PhD under his able supervision at the Institute of
Animal Science, University of Bonn. | always relished scientific or nonscientific
conversation with you. I thank you from my core of heart for package of stuffs you extended
including reconfiguring the mind to think differently and adeptly, thought provoking
interactions and insightful comments during my entire PhD journey. Without your invaluable
continuous support and scientific advice; it would have not been possible to complete my
dissertation.

| am grateful to PD. Dr. Dawit Tesfaye for his scientific supervision, vital comments on every
single result obtained from experiments and always motivating me to work more. Thank you
for always being ready to help in experiments, timely ordering the chemicals required for
experiments and manuscript preparation.

My special thanks to ADir. Dr. Ernst Tholen for being always friendly, and for several casual
and interesting talks. 1 am especially thankful to Prof. Dr. Karl-Heinz Sidekum who always
directly or indirectly motivated and encouraged me to work hard. | would like to thank Dr.
Dessie Salilew-Wondim for his thoughtful scientific comments.

| wish to thank to PD. Dr. Michael Holker, Dr. Christiane Neuhoff, Dr. Eva Held and Dr.
Maren Proll, for their valuable supports in my experiments. | want to acknowledge Ms.
Franka Rings for helping me out to perform certain experiments. | am really grateful to Mr.
Heinz Bjornsen for his untiring support to provide valuable experimental samples.

I would like to thank all administrative staff of the Institute of Animal Science, especially

Ms. Bianca Peters for her helps associated with official formalities. My thanks also go to Mr.



Acknowledgements 123

Peter Miller for his various computer related helps especially providing me soothing
computer monitor to my needy eyes and Mr. Stephan Knauf for his technical assistance. | am
really grateful to all technical assistants especially Ms. Nadine Leyer, Ms. Helga Brodeler,
Ms. Birgit Koch-Fabritius and Ms. Stephanie Fuchs for their technical help, creating good
working environment in the labs and for sharing wonderful events at ITW.

| am grateful to all the present and former members of Animal and Husbandry group,
Institute of Animal Science for creating a pleasant working atmosphere and social and casual
talks during coffee breaks. Especially, Dr. Christine Grol3e-Brinkhaus, Dr. Md Hasan Sohel,
Dr. Sina Seifi, Dr. Sudeep Sahadevan, Dr. Sarah Bergfelder, Dr. Ahmed Amin, Dr. ljaz
Ahmed, Dr. Sigit Prastowo, Dr. Xueqi Qu, Dr. Rui Zhang, Dr. Qin Yang, Dr. Samuel Etay,
Dr. Aminul Islam, Dr. Narsu, Dr. Julia Welzenbach, Dr Eryk Andreas, Mr. Mohammed
Zidane, Ms. Sharmin Agter Rony, Mr. Mohammed Taqgi, Mr. Omar Khadrawy, Ms. Esther
HeuR, Ms. Tsige Hagos, Mr. Mikhael Poirier, Ms. Ines Brinke, Ms.Kathrina Roth, Ms. Lea
Linden and Mr. Teshome Alemu.

Further, 1 would like to thank all my Indian friends, especially Mr. Shiva, Mr. Rohit, Mr.
Tushar, Mr. Sandesh and Mr. Guruvir Laly for making a joyful stay in Germany.

Pursuing PhD from University of Bonn would have not been possible without the financial
support of Indian Council of Agricultural Research (ICAR), New Delhi, India. | sincerely
acknowledge ICAR for financial assistance. Further, | am grateful to Director, ICAR-Indian
Veterinary Research Institute for relieving me to pursue PhD in my academic endeavor.

I thank my sisters Ms. Kusum, Kumkum and Jaya Devi for their unconditional support, and
always showering love and affection upon me. | thank to my father for giving me continuous
support and strength, and whose blessings lead me to conquer adverse situations. | thank to

my mother-in-law and father-in-law for always supporting me.



124 Acknowledgements

Without my better half this PhD journey would not have been pleasant and fruitful; I thank
my loving wife Shraddha for being my strength and transforming me into a better human
being on daily basis. | thank to my lovely daughter Omja and cute son Ram, who filled my
life with joy and happiness.

Sometime expression of emotions cannot be precisely composed; especially when it comes to
say thanks to your mother. | would always be indebted to you for giving me birth, nurturing
and being my first teacher. Indeed, what | am, is all because of you. Although, you physically
left me to live alone in this world; however my mind says you are always with me and in me.
Recalling your familiar way of blessing 97 foraT ST 3R 38T makes me nostalgic.

TS 3TYHT TR TROT . | deeply miss you.

Last but not the least | would like to thank The Creator of entire biomolecule including
mystic miRNAs that is why | could generate some data in pursuit to understand the elusive

mechanisms of the reproductive biology.



Curriculum vitae 125




126 Curriculum vitae

2) Applied bioinformatics, Theodor Brinkmann Granduate School, University of

Bonn.

4. Awards and recognitions received
I.  Indian Council of Agricultural Research-International Fellow 2014 to pursue PhD
ii.  Young Scientist Travel Grant of Department of Science and Technology, India to
present research results in the 11" World Conference on Animal Production (WCAP
2013) held at Beijing, China, October 15-20, 2013.
iii.  Award of Larry Ewing Memorial Trainee Travel Fund (LEMTTF) to present my PhD
research at the 49th Annual Meeting of the Society for the Study of Reproduction in

San Diego, California, USA, July 16-20, 2016.

5. Published research papers

I.  Tesfaye Dawit, Salilew-Wondim Dessie, Gebremedhn Samuel, Hasan Sohel Md
Mahmodul, Pandey Hari Om, Hoelker Michael, Schellander Karl (2016)
Potential role of microRNAs in mammalian female fertility. Reprod Fertil Dev
29,8-23.

ii. Gebremedhn S, Pandey H O, Salilew-Wondim D, Hoelker M, Schellander K,
Tesfaye D (2016) Dynamics and role of MicroRNAs during mammalian follicular
development. Anim Reprod 13,257-263.

iii. Pandey H O, Tomar A K S, Triveni D (2013) Comparison of sire evaluation

methods in Vrindavani cattle under organized herd condition. Indian J Anim Sci

83,419-422.



Curriculum vitae 127

iv.

V.

Vi.

Rijasnaz V V, Pandey H O, Patel B H M, Tomar A K S, Mondal S K, Singh G
(2012) Effect of weaning on postpartum reproductive performance of Murrah
buffaloes. LRRD 4,79.

Singh S K, Dimri U, Sharma M C, Swarup D, Sharma B, Pandey H O, Kumari,
P. (2011) The role of apoptosis in immunosuppression of dogs with demodicosis.
Vet Immunol Immunopathol 144,87-492.

Srivastava M K, Gaikwad R G, Abdul S, Cahudhary T R, Pandey H O (2010)
Standardization of glomerular filtration in dog by 99m-tc-dtpa scintigraphy.

Indian J Vet Res 19,63-67.

7. Conference abstracts/posters

Alemu T W, Pandey H O, Gebremedhn S, Salilew-Wondim D, Neuhoff C,
Tholen E, Held E, Hoelker M, Schellander K, Tesfaye D (2017) Endoplasmic
reticulum and oxidative stress response menchnisms of bovine granulosa cells
exposed to heat stress. Vortragstagung der DGfZ und GfT am 20./21. September
2017 in Stuttgart B17.

Pandey Hari Om, Salilew-Wondim Dessie, Hoelker Michael, Neuhoff
Christiane, Tholen Ernst, , Schellander Karl, Tesfaye Dawit (2016) MicroRNA-
424/503 Cluster Orchestrates Bovine Granulosa Cell Function by Regulating
Activin Receptor 2A. SSR 2016 System biology of reproduction abstract 208,79-
80.

Pandey H O, Salilew-Wondim D, Neuhoff C, Tholen E, Hoelker M, Schellander
K, Tesfaye D (2016) The role of microRNA-424/503 in bovine granulosa cell
function. Vortragstagung der DGfZ und GfT am 20./21. September 2016 in

Hanover C02.





