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INTRODUCTION 
Delicate communication between the germline and ovarian somatic cells is the basis 
for all processes in ovarian physiology: the formation of follicles in the foetus, 
follicular dynamics throughout the menstrual cycles starting at puberty, as well as 
follicular atresia occurring during human development and reproductive lifetime. 
 Post-pubertal stages of folliculogenesis encompass the meiotic maturation of 
the oocyte and its successful ovulation. These processes are accomplished by 
pituitary gonadotrophin stimulation that reach the ovary via blood flow, but also by 
intricate local molecular signalling between the oocyte and the surrounding somatic 
cells: theca and granulosa cells. Disturbances at either the systemic or local levels of 
molecular interaction may lead to severe consequences regarding the fertility of the 
woman: anovulation, incomplete oocyte maturation, premature ovarian failure etc.  
 The molecular mechanisms of oocyte maturation and folliculogenesis have 
been revealed to a degree, which allows medical manipulation of these processes. A 
large proportion of infertile couples can now be aided by controlled ovarian 
stimulation, collection of oocytes via ovarian puncture, in vitro fertilization (IVF) 
and the transfer of in vitro grown embryos to the uterus. In Europe, depending on the 
country, 1-3% of children are already born aided by the assisted reproductive 
technologies (ART).  
 Although the first IVF baby was born already in 1978, making the history of 
ART rather long, the average success rate of each stimulation and IVF cycle remains 
at approximately 30%. Increasingly more attention is being turned to women, for 
whom conventional ovarian stimulation is contradictory. Protocols for in vitro 
maturation of oocytes and follicles are extensively being sought for, but the success 
rate using such techniques is even lower. All this creates substantial emotional as 
well as economic burden for the infertile couples. 
 In order to increase the success rate of ovarian stimulation and improve in 
vitro maturation techniques, it is of utmost importance to understand the molecular 
mechanisms underlying in vivo folliculogenesis. Furthermore, regarding the 
individual nature of each patient, the knowledge of how the general parameters of 
female physiology influence the outcome of follicle development is far from 
complete today.  
 During oocyte collection at ovarian puncture, the follicular fluid and 
granulosa cells become available for research without creating further discomfort for 
the patient. These components are valuable, as they constitute a major part of the 
follicular environment of oocyte maturation. With the available whole genome-wide 
methods, it has become within reach to gain vast amount of information from 
individual samples, bringing the solutions to the described challenges closer at hand.  
 The present thesis concentrates on identifying the gene expression and 
regulation characteristics of two granulosa cell populations: the mural and cumulus 
granulosa cells, with distinct functions in folliculogenesis. Secondly, the follicle-
specific roles of cytokines and apoptosis markers as means of communication 
between the granulosa cell populations are under focus. Finally, follicular fluid 
levels of these markers are correlated with the etiology of female infertility and the 
outcome of ovarian stimulation and IVF.         
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REVIEW OF THE LITERATURE 

1. Overview of human folliculogenesis 
The first follicular structures, primordial follicles, are formed by breaking down the 
syncytium of mitotically proliferating oogonia and recruiting a layer of flattened pre-
granulosa cells to surround each oocyte starting its first meiotic division. There are 
three signalling pathways considered to be responsible for this process: Notch 
pathway, transforming growth factor beta (TGF-β) pathway and neurotrophic factors 
nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF) and 
neurotrophin 4 (NTF4) (reviewed in Pepling, 2012). Oogonia that fail to switch to 
meiotic cell cycle and are not recruited into primordial follicles are eliminated by 
apoptosis (Fulton et al., 2005). The primordial follicles thereafter remain quiescent 
with the oocyte arrested in the prophase of the first meiotic division. Only after 
puberty follicle development and oocyte maturation continue periodically as 
depicted in Figure 1 (reviewed in Tripathi et al., 2010). 

 

Figure 1. Simplified schematic representation of post-pubertal follicle development from 
primordial to antral stages. Cumulus-oocyte complex is extruded from the follicle after 
ovulation.  

Subsets of primordial follicles are activated to develop into primary stage 
continuously throughout female reproductive life; this process is not dependent on 
the periodical nature of the menstrual cycle. Some signalling pathways have been 
proposed to be of higher importance in maintaining the balance between the resting 
and activated follicles: KIT-PI3K-AKT pathway and basic fibroblast growth factor 
(bFGF) expression in the oocyte, LIF-JAK-STAT pathway in the granulosa cells and 
TGF-β family protein signalling networks are involved in follicle activation, while 
anti-Müllerian hormone (AMH) in granulosa cells and tuberous sclerosis 1 (TSC1), 
phosphatase and tensin homolog (PTEN), and cyclin-dependent kinase inhibitor p27 
in the oocyte are responsible for maintaining the resting follicle pool (reviewed in 
Oktem et al., 2010, Sobinoff et al., 2013). Disturbance in this balance leads to the 
recruitment of all follicles at once and subsequently to premature ovarian failure, a 
phenomenon that has been especially well demonstrated in case of the 
PTEN/phosphatidylinositol-3-kinase (PI3K)/AKT pathway in the oocyte (Reddy et 
al., 2008). The best notable morphological change during primordial to primary 
follicle transition is that of the granulosa cells that acquire a cuboidal shape. 
Precursor theca cells are recruited to the follicle via the expression of KIT ligand 
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(KITLG) by the granulosa cells. The theca cells in return produce keratinocyte 
growth factor (KGF) that further stimulates follicle activation (Skinner, 2005). 

Thereafter, extensive mitotic proliferation of granulosa cells coincides with 
the enlargement of the oocyte. Follicles containing multiple layers of granulosa cells 
are referred to as secondary or pre-antral. Follicle growth at this stage is not 
gonadotrophin dependent, but may be influenced by gonadotrophins, as granulosa 
cells at this stage express the follicle stimulating hormone receptor (FSHR) on their 
plasma membrane in mouse, sheep, as well as human (reviewed in Binelli et al., 
2010, Findlay et al., 1999). The ovary-specific proteins responsible for follicle 
maturation at this stage again include the TGF-β family members: bone 
morphogenetic protein 15 (BMP15) and activin A have been shown to promote 
granulosa cell proliferation, while inhibin B and AMH counter-balance this process. 
Oocyte-derived growth differentiation factor 9 (GDF9) is responsible for granulosa 
cell proliferation and survival (reviewed in Sanchez et al., 2012). 

At the same time with active granulosa cell proliferation the peri-follicular 
theca cell layer becomes vascularised. Serum infiltrates into the follicle due to an 
osmotic gradient caused by the synthesis of hyaluronan and chondroitin sulphate 
proteoglycans by granulosa cells. Both, passive liquid transport due to the lack of 
tight junctions between granulosa cells and active transport via aquaporins 
contribute to this process (Clarke et al., 2006, Rodgers et al., 2010).  

Expansion and liquid infiltration lead to the formation of a fluid-filled cavity 
(or antrum) inside the follicle resulting in the division of granulosa cells into two 
sub-populations: cumulus granulosa cells (CGC) that remain close to the oocyte 
forming the cumulus-oocyte complex (COC), and mural granulosa cells (MGC) that 
are separated from COC by the cavity and remain lining the basal membrane from 
the inside of the follicle. Follicle growth from pre-antral to antral stage is dependent 
on gonadotrophin secretion from the pituitary gland: FSH is necessary for antrum 
formation (Dierich et al., 1998), while both FSH and luteinizing hormone (LH) are 
required for antral follicle expansion (Burns et al., 2001, Zhang et al., 2001). FSH 
also induces the expression and activation of aromatase (CYP19A1), the key 
enzyme in estradiol-17β synthesis, marking the beginning of steroidogenesis in the 
follicle (Burns et al., 2001, Danilovich et al., 2000). As previously, ovarian-specific 
inter-cellular signalling modulates the effect of gonadotrophins. More specifically, 
granulosa cells grown without the oocyte in 3D culture do not form an antrum. 
GDF9 and BMP15 are two oocyte-secreted proteins partly responsible for the 
process (reviewed in Binelli et al., 2010). In addition, insulin-like growth factor 1 
(IGF1) expressed by somatic cells enhance the expression of  FSHR (Zhou et al., 
1997), while BMP4 and BMP7 signalling from theca cells modulate FSH-induced 
steroidogenesis in granulosa cells (Shimasaki et al., 1999). Activin-inhibin pathways 
in granulosa cells are necessary for antrum formation and growth (reviewed in 
Sanchez et al., 2012).   

It is at the gonadotrophin-dependent stage of folliculogenesis that the 
dominant follicle selection occurs in mono-ovulatory species leading to the 
ovulation of a single oocyte. This process is accomplished by intricate 
communication between the growing follicles and the pituitary gland via 
gonadotrophins, steroid hormones and proteins secreted by follicular somatic cells. 
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In short, estradiol synthesized by the granulosa cells as well as follicular inhibins are 
the inhibitors of pituitary FSH production (Findlay et al., 1990, Zeleznik et al., 
1985). Therefore, competition for capturing the required amount of FSH for further 
growth commences between the antral follicles. The follicle with granulosa cells 
able to express the highest number of FSH receptors becomes dominant, while other 
follicles undergo atresia due to FSH starvation (reviewed in Mihm et al., 2008).  

It is noteworthy that by pre-ovulatory stage the human follicle has expanded 
to over 20 mm in diameter, compared to only about 30 µm at primary stage 
(Gougeon et al., 1987, Griffin et al., 2006). This considerable distance between CGC 
and MGC results in significant differentiation between the properties and functions 
of these two somatic cell populations. According to various experimental proofs, the 
rate of differentiation is positively correlated with the distance from the oocyte, 
suggesting that signalling molecules secreted by the oocyte are affecting mainly the 
most adjacent layers of granulosa cells, ie CGC (Diaz et al., 2007b, Diaz et al., 
2007a, Hussein et al., 2005).  

Communication between CGC and the oocyte takes place via paracrine 
signalling (reviewed in Gilchrist et al., 2008), as well as through physical 
connections (gap junctions, adherens junctions and transzonal projections) 
(Anderson et al., 1976, Motta et al., 1994). The latter are used for the transport of 
ions, amino acids, pyruvate, nucleotides, and possibly ATP and glucose from CGC 
into the oocyte (Collado-Fernandez et al., 2012). It is clear that the resumption of 
meiosis in the oocyte is triggered by the closure of gap junctions with CGC, which 
leads to the drop of cGMP and cAMP concentrations and subsequently the re-
activation of meiotic cell cycle (Norris et al., 2009). Several studies in other 
biological systems (cardiac myocytes, various immortalized cell-lines and human 
embryonic stem cells) have shown that bidirectional communication between cells 
via gap junctions may also involve RNA molecules that can alter gene expression in 
the adjacent cell (Kizana et al., 2009, Valiunas et al., 2005, Wolvetang et al., 2007). 
It has however not yet been shown, if such communication exists between the 
oocyte and CGC. 

The oocyte-secreted factors TGF-β1, GDF9, BMP15, and activin A that 
were mentioned in regard with previous stages of folliculogenesis are also involved 
in inhibiting CGC luteinization, enhancing CGC proliferation and cumulus 
expansion before ovulation via paracrine signalling (Elvin et al., 1999, Vanderhyden 
et al., 2003, Yoshino et al., 2006). The latter process involves the expression of such 
CGC transcripts as hyaluronan synthase 2 (HAS2), tumor necrosis factor alpha-
induced protein 6 (TNFAIP6), prostaglandin-endoperoxide synthase 2 (PTGS2), and 
pentraxin 3 (PTX3), all necessary for the restructuring of the hyaluronan-rich 
extracellular matrix between CGC (reviewed in Gilchrist et al., 2008). Reduction in 
cumulus expansion is strongly associated with oocyte incomplete meiosis 
resumption in in vitro fertilization (IVF) patients (Testart et al., 1983) as well as in 
the bovine model (Aardema et al., 2013).  

MGC remain in the proximity of theca cells and the capillaries that transport 
hormones and other bioactive molecules to and from the follicle. The theca-MGC 
tandem acquires the activity to synthesize steroid hormones that influence FSH and 
LH release from the pituitary as well as the granulosa cell response to 
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gonadotrophins (Hillier et al., 1994, Liew et al., 2010, Pincus et al., 1958). In 
addition, MGC of the pre-ovulatory follicle express LHCGR earlier than CGC 
(Eppig et al., 1997, Maman et al., 2012) and are therefore responsible for responding 
to the LH surge that sets off several processes necessary for ovulation: tissue 
remodelling for COC expulsion and MGC luteinization required for progesterone 
production among many others (reviewed in Russell et al., 2007). The signal from 
LH surge is mediated to the COC from MGC by EGF-like factors amphiregulin, 
epiregulin and beta-cellulin, constituting additional signals for COC maturation 
processes (Park et al., 2004).  

After ovulation has taken place, MGC and  theca cells form corpus luteum 
with the main function of progesterone synthesis to prepare the endometrium for 
potential embryo implantation (reviewed in Stocco et al., 2007). CGC also has 
several roles once outside the follicle: it is clear that interaction between the 
extracellular matrix of expanded COC and epithelial lining of the oviductal 
infundibulum is necessary for COC transport towards the uterus (experimentally 
proven in hamster model in Lam et al., 2000). In addition, there is evidence that 
CGC performs as a filter for sperm cells before they reach the zona pellucida of the 
oocyte (Hong et al., 2004, Jin et al., 2011, Van Soom et al., 2002). 

 

2. Infertility 
Infertility refers to a couple’s inability to conceive after 12 months of unprotected 
regular intercourse and according to this criterion affects approximately 9-15% of 
couples worldwide (Boivin et al., 2007, ESHRE, 2014). The diagnosis of infertility 
affects both the male and female partner more or less equally, however in 
approximately 10-20% cases the etiology of infertility remains unknown (ESHRE, 
2014). Male factor infertility is diagnosed according to sperm parameters: the 
motility, morphology and concentration of spermatozoa in ejaculate (Guzick et al., 
2001). The most frequent etiologies of female infertility are divided as follows 
(according to Molinaro et al., 2009): 

a. Endometriosis caused by the flourishing of endometrium outside of the 
uterine cavity. The nature and severity of endometriosis varies significantly 
depending on the location and size of endometriotic foci (reviewed in 
Adamson, 2013). The connection between endometriosis and infertility is 
extensively studied, but still not clear, as only up to 50% of endometriosis 
patients are infertile (Bulletti et al., 2010). Several pathologies leading to 
infertility have been proposed: from pelvic distortion to inflammation, 
imbalance in local hormonal profile leading to disrupted ovulation, failure in 
oocyte capture, inefficient uterotubal sperm transport and reduced embryo 
implantation rate (reviewed in ASRM, 2012). All this information refers to 
the fact that endometriosis patients are probably a very heterogenic group in 
regards of molecular or physical etiologies of infertility.  

b. Tubal factor infertility (TFI) caused by obstructed or removed oviducts after 
ectopic pregnancy, salpingitis, adhesions or tubal polyps (Kodaman et al., 
2004). 
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c. Polycystic ovary syndrome (PCOS) characterized by oligo- or anovulation, 
hyperandrogenism and/or polycystic ovaries (The Rotterdam PCOS 
Consensus Group, 2004). 

d. Diminished ovarian reserve diagnosed in case of women reaching 
menopause below the age of 40 (reviewed in Cox et al., 2014, Molinaro et 
al., 2009) 

e. Uterine conditions: fibroids, adenomyosis, polyps, intrauterine adhesions 
that potentially interfere with embryo implantation or the development of 
pregnancy (reviewed in Coughlan et al., 2014). 

 

3. Assisted reproductive technologies 

3.1.Controlled ovarian stimulation 
Several infertility treatment strategies involve pharmacological or surgical solutions. 
However, during the last 35 years the development of assisted reproductive 
technologies (ART) has been substantial. The first child was born from an in vitro 
fertilized oocyte in 1977 (Steptoe et al., 1978) followed by 5 million others 
estimated by 2009 (Ferraretti et al., 2013). Today, depending on country, 
approximately 1-3% of children are born via the use of ART (Ferraretti et al., 2013, 
Sunderam et al., 2013). 

The knowledge of gonadotrophin production and signalling mechanisms has 
paved a way to the development of controlled ovarian stimulation (COS) protocols 
used for increasing the success rate of IVF procedures. The universal aim of COS is 
to abolish dominant follicle selection by providing sufficient levels of FSH allowing 
multiple follicle maturation. The use of recombinant FSH (rFSH) produced by 
genetically engineered cell-lines is preferred, due to its higher efficiency and purity 
compared to the alternative preparation purified from the urine of postmenopausal 
women (Palagiano et al., 2004). Endogenous gonadotrophin secretion is down-
regulated by gonadotrophin-releasing hormone (GnRH) antagonists or agonists and 
ovulation is triggered most frequently by human chorionic gonadotrophin (hCG) 
administration (reviewed in Santos et al., 2010), which binds to LH receptors, but is 
more stable in bloodstream than LH (McFarland et al., 1989, Yen et al., 1968). 
Alternative stimulation protocols have been developed and used depending on the 
etiology of infertility as well as patient response to exogenous gonadotrophins 
(extensively reviewed, eg in Hillier, 2013, Humaidan, 2012).  

An important question is, whether COS could alternate the follicular milieu 
and hence the developmental potential of the oocyte. However, studies to answer 
this question are difficult to perform in human in vivo. De los Santos et al performed 
a study measuring follicular hormone production, gene expression levels of CGC 
and evaluating oocyte developmental competence in women undergoing either 
natural or stimulated cycles (de los Santos et al., 2012). GnRH agonist long protocol 
with rFSH stimulation and recombinant chorionic gonadotrophin (rCG) ovulation 
triggering were used in COS procedure, while only rCG triggering was used in the 
natural cycle group. Although significant differences were found between groups 
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regarding individual steroid hormones in the follicular fluid (FF), the estradiol-
testosterone ratio remained unaltered. Also, LH level was significantly lower in the 
stimulated group due to GnRH agonist exposure. Eighteen transcripts showed 
statistically significant expression between groups. As a main result, no differences 
in oocyte meiotic maturation, fertilization rate or subsequent embryo developmental 
potential were observed. Hence the authors concluded that the observed differences 
in CGC and FF do not probably contribute to IVF outcome. 
 

3.2.In vitro fertilization 
Oocytes are collected via transvaginal follicle puncture at about 36-38 hours after 
hCG administration (Dellenbach et al., 1985). The IVF procedure may involve 
conventional fertilization on a dish or in case of severe male infertility, 
intracytoplasmic sperm injection (ICSI) is used (Palermo et al., 1992). For 
performing ICSI, CGC layer is removed by hyaluronidase treatment and the 
maturation state of the oocyte is inspected. In case of conventional IVF the COC is 
not mechanically manipulated prior fertilization. If fertilization was successful, 
further embryo development is monitored under the microscope. Single or multiple 
embryos with the highest morphological quality are transferred to the uterus at 4-8-
cell or blastocyst stage. Implantation and early pregnancy is supported by the 
exogenous administration of progesterone, compensating for the lack of natural 
corpus luteum development (common practice in Estonian IVF clinics, personal 
communication with Dr Elle Talving and Dr Peeter Karits from Nova Vita Clinic). 

Despite the long history and large number of IVF cycles performed, the 
success rate of conventional COS-IVF or -ICSI in Europe has remained at around 
29% per ovarian puncture or 32% per embryo transfer (Ferraretti et al., 2013). The 
rate may be higher in countries where multiple embryo transfers are more popular, 
for example in the USA the pregnancy rate per transfer was 46.1% and live-birth 
delivery rate 37.6% (Sunderam et al., 2013). As a downside, multiple embryo 
transfer results in higher number of multiple pregnancies that may cause 
complications both for the mother and the foetuses (reviewed in Norwitz et al., 
2005). Currently the direction in IVF practice is steadily moving towards single 
embryo transfer in order to minimize these risks (Chambers et al., 2013, Ferraretti et 
al., 2013). But to aim for maintaining and increasing the IVF success rate with single 
embryo transfer, good oocyte or embryo selection criteria are needed. 

 

3.3.In vitro maturation 
There are several occasions, when standard COS is not successful or even not 
possible to perform: 

a. Women with high risk of potentially lethal ovarian hyperstimulation 
syndrome (OHSS) (Nastri et al., 2010). This group often involves PCOS 
patients, who produce large number of immature oocytes and elevated peak 
estradiol levels after conventional COS that are both risk factors for 
developing OHSS (Swanton et al., 2010, Tummon et al., 2005). The 
alternative option to COS for this group is to collect the oocyte from 
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immature follicles or the single dominant follicle produced during a natural 
or mildly stimulated cycle (reviewed in Chian et al., 2013). 

b. Cancer patients undergoing chemotherapy or irradiation that severely 
damage the ovarian follicles, often leaving these women infertile. Ovarian 
tissue can be cryopreserved prior to cancer treatment, re-implanted into the 
ovary and conventional COS performed to retrieve healthy oocytes after 
treatment (reviewed in Chian et al., 2013). However, gonadotrophin 
administration during COS elevates serum estradiol levels and is therefore 
not advisable for patients with estrogen receptor positive cancer history 
(Balkenende et al., 2013). In such cases, maturing the follicles isolated from 
cortical strips in vitro is necessary. Another option is to cryopreserve 
immature oocytes collected before gonadotoxic therapy and further in vitro 
maturation (IVM), as described for group a.  

It is clear that various situations may require different IVM protocols, depending 
on the time of oocyte or follicle collection and hence the developmental stage. It is 
common knowledge that preserving inter-cellular connections and 3-dimensional 
structure during follicle IVM is necessary for normal oocyte maturation. However, 
depending on the follicular stage, this may appear difficult. Follicles isolated at early 
stages expand substantially in diameter, necessitating the studies of artificial 
matrixes that could support such growth, while preserving the follicular structure 
(Krotz et al., 2010, Tagler et al., 2013). Since the hypothalamus-pituitary-ovarian 
axis is disrupted in IVM, it is of utmost importance to know the micro- and 
macromolecules that are necessary to add to cultured follicles or COC-s at various 
stages for full maturation of the oocyte.  

IVM of immature oocytes obtained from human antral follicles is being 
routinely used in infertility clinics. However, the results are suboptimal compared to 
standard COS and IVF: implantation rates of embryos generated by fertilizing IVM 
oocytes are lower by approximately 50% (reviewed in Coticchio et al., 2012). Full in 
vitro growth and maturation protocols from primordial follicles have so far provided 
viable offspring only in mice (Eppig et al., 1996, O'Brien et al., 2003).  COC IVM 
has led to live births also in cow (Hirao et al., 2004). Unfortunately, in primate 
models the most successful IVM cases of primary or secondary follicles have halted 
in zygote or early cleavage stages (Xu et al., 2013, Xu et al., 2011a, Xu et al., 2010). 
All these results indicate that our current knowledge of folliculogenesis is not 
sufficient enough to obtain clinically useful IVM protocols. 
 

4. Antral follicle markers in IVF  
Clinical and basic scientific studies regarding human biological material may be 
conducted under strict ethical guidelines (WMA, 2013, Rickham, 1964). There are 
two options to retrieve human follicular material. Firstly, ovarian cortical strips can 
be maintained in culture, enabling the investigation of folliculogenesis in vitro, as 
described above. But as mentioned, the tissue culture conditions are suboptimal and 
do not yet mimic the natural environment. Therefore, information gathered from 
such experiments, although very valuable, is not always applicable to in vivo 
systems. Second option is to gather material from ovarian biopsies or ovarian 
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puncture procedures during an IVF cycle. Such biological material is derived from 
its natural environment, providing information on in vivo biological processes. 
However, it describes only the tissue stage it was obtained from and no invasive 
time-lapse in vivo experiments in human are possible due to ethical reasons.  

FF containing the COC and MGC is aspirated during ovarian puncture and 
all these intrafollicular components, except for the oocyte used for fertilization, are 
available for further study (Figure 2). Gene expression studies are most frequently 
performed from granulosa cells, while more recent interest in cell-free miRNAs 
measured from FF has arisen (Diez-Fraile et al., 2014, Roth et al., 2014, Sang et al., 
2013). In addition, FF is a source of a large variety of soluble proteins, steroid 
hormones and metabolites secreted by the intrafollicular cells or infiltrated from 
plasma (Rodgers et al., 2010). From oocyte polar body biopsy the chromosomal 
consistency of the oocyte after the first or second meiotic division can be 
extrapolated (Montag et al., 2013).  

 

 
Figure 2. Follicular material available for analysis after ovarian puncture. The most 
frequently studied oocyte quality or infertility markers are presented. ncRNA – non-coding 
RNA, ROS – reactive oxygen species. 

The purpose of studies on human intrafollicular material can be divided into three 
broad categories of high importance: 

a. Descriptive studies using high-throughput screening technologies to identify 
novel intrafollicular components: gene expression profile of COC (Assou et 
al., 2006, Hernandez-Gonzalez et al., 2006), metabolome (Pinero-Sagredo et 
al., 2010), or full proteome of FF (Ambekar et al., 2013, Angelucci et al., 
2006) are only a few examples.  

b. Studies correlating intrafollicular molecular components to the physiological 
parameters, lifestyle or other background information regarding the patient 
provide new knowledge on their possible influence on folliculogenesis. To 
mention only a few examples, the effect of age (Adriaenssens et al., 2010, 
Manau et al., 2000, Pinero-Sagredo et al., 2010) and body-mass index 
(Robker et al., 2009, Wu et al., 2007), nutritional (Boxmeer et al., 2008, 
Ozkaya et al., 2010, Ozkaya et al., 2011) and smoking habits (reviewed in 
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Dechanet et al., 2011), etiology of infertility (Buyuk et al., 2008, Haouzi et 
al., 2012, Velthut et al., 2013), and hormone stimulation protocols (Assou et 
al., 2013, Brannian et al., 2010, de los Santos et al., 2012) on follicular 
environment and hence fertility have been unravelled. Ovarian response to 
gonadotrophins during COS has also been correlated to intrafollicular 
molecular markers (eg Adriaenssens et al., 2010, Velthut et al., 2013). 
Especially of high importance in this regard is finding the molecular 
markers that would distinguish between IVF patients with an elevated risk 
for developing the potentially lethal OHSS. The proposed markers in FF for 
OHSS cases are elevated interleukin 6 (IL-6) (Geva et al., 1997), decreased 
vascular endothelial growth factor (VEGF) (Gao et al., 2011, Pellicer et al., 
1999), as well as inhibin A and inhibin B (Moos et al., 2009), when 
compared to women with an average response to COS and no prevalence of 
OHSS. 

c. Studies aiming to find biomarkers that would predict the outcome of an IVF 
procedure. Several research groups have sought to find non-invasive 
molecular markers to predict the maturity and developmental potential of 
the oocyte (reviewed in Fragouli et al., 2014, Revelli et al., 2009). Finding 
such markers of high predictive value would enable a huge step towards 
improving IVF outcome by using single embryo transfer. These studies 
therefore have a potential clinically applicable value. The largest number of 
publications in this field describe the search for biomarkers in the highly 
accessible granulosa cell transcriptome, as genome-wide screening methods 
for nucleic acids are well developed and give quantitative as well as 
qualitative results (Uyar et al., 2013). The most frequently appearing marker 
for embryo morphological quality is the mRNA expression level of gremlin 
1 (GREM1) in CGC (Adriaenssens et al., 2010, Assou et al., 2013, Cillo et 
al., 2007, McKenzie et al., 2004). However, studies accounting for inter- 
and intra-patient gene expression differences (Feuerstein et al., 2012, Hamel 
et al., 2010), the collection of samples at multiple centres (Iager et al., 
2013), patient and stimulation characteristics (Wathlet et al., 2013, Wathlet 
et al., 2012) do not propose GREM1 as a marker for IVF success. To the 
contrary, all these studies propose different markers or algorithms for 
predicting oocyte developmental potential and/or pregnancy outcome. The 
described results indicate that further large-scale multicentre studies are 
necessary and successful biomarkers, instead of being single molecules, 
might involve complicated multi-factorial algorithms.     

     
4.1.Role of cytokines in the antral follicle 

Various cytokines play a crucial role in folliculogenesis. Perhaps the best-studied 
cytokines regarding several processes of folliculogenesis are the TGF-β family 
members involved in oocyte-somatic cell communication as described above. In 
addition, several cytokines originally described in the immune cells have both, 
immune-system-related as well as alternative roles in the ovarian follicle (reviewed 
in Field et al., 2014). It is noteworthy that the concentration of several cytokines is 
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higher in the pre-ovulatory FF as compared to peripheral blood (Asimakopoulos et 
al., 2006). By the pre-ovulatory follicular stage several leukocytes invade the theca 
layer, but do not penetrate MGC before the follicular basal membrane has ruptured 
during ovulation, as seen in both, humans and rats (Brannstrom et al., 1994, Oakley 
et al., 2010). It has therefore been proposed that most cell types in and around the 
follicle produce cytokines that then either infiltrate through the basal membrane 
(from theca cells and immune cells residing between them) or are directly secreted 
into the FF by the granulosa cells or the oocyte (Field et al., 2014).    

During antral growth the follicle experiences hypoxic conditions and several 
mechanisms for peri-follicular neo-angiogenesis have been described. It has been 
shown that FF IL-1β induces VEGF expression by rat granulosa cells (Levitas et al., 
2000). VEGF in turn induces the expression of chemokine IL-8, another pro-
angiogenic factor in granulosa and theca cells (Murayama et al., 2010) also involved 
in neutrophil attraction (Baggiolini et al., 1992). In addition, IL-8 affects 
steroidogenesis by decreasing estradiol and increasing progesterone production in 
bovine pre-ovulatory follicle (Shimizu et al., 2012). During follicle growth tumour 
necrosis factor alpha (TNF-α) expressed by the non-immune cells of the follicle is 
involved in granulosa cell proliferation (Son et al., 2004).  

Ovulation has been compared to inflammatory processes similar to injury 
and wound healing (first comparison by Espey, 1980). It involves tissue remodelling 
by several proteinases before follicle rupture, and rebuilding the ovarian epithelial 
layer afterwards. Therefore it is not surprising that several cytokines secreted by 
follicular cells act as chemoattractants for inflammatory leukocytes (reviewed in 
Field et al., 2014). As an example, TNF-α as well as IL-1α both induce granulosa 
and theca  expression of monocyte chemotactic protein 1 (MCP-1) and macrophage 
colony-stimulating factor (M-CSF) (Kawano et al., 2004) that are chemoattractants 
for peri-follicular macrophages (Dahm-Kahler et al., 2009, Nishimura et al., 1995). 
Macrophages secrete RANTES (regulated on activation, normal T cell expressed 
and secreted) required for the recruitment of T-cells, eosinophils and mast cells 
(Alam et al., 1993, Schall et al., 1990). The recruited leukocytes then participate in 
tissue remodelling and clearing of apoptotic follicular cells as well as modulate 
corpus luteum development and degeneration (reviewed in Pate et al., 2010). 

Cytokines have additional functions in ovulatory processes that are 
independent of leukocytes. TNF-α is involved in the upregulation of collagenase 
bioactivity in the FF of ewes (Johnson et al., 1999)  as well as collagenase 
expression by human ovarian surface epithelial cells (Yang et al., 2004), hence the 
remodelling of the basal membranes of the follicle and the ovarian surface 
epithelium prior to follicle rupture. IL-1β inhibits MGC proliferation and drives this 
cell population towards differentiation (Karakji et al., 1995). IL-1β also modulates 
granulosa cell prostaglandin E production (Hurwitz et al., 1995) that determines the 
site of follicle rupture at the apical basal membrane (Gaytan et al., 2002). IL-6 
expressed by mouse MGC and COC upon hCG stimulation promotes CGC 
expansion and germinal vesicle breakdown of the oocyte (Liu et al., 2009). 
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4.2.Apoptosis in the pre-ovulatory follicle 
During human natural folliculogenesis a cohort of primordial follicles is recruited 
for further development. Usually only a single dominant follicle survives up to 
ovulation and the subordinate follicles undergo atresia making apoptosis a natural 
process during folliculogenesis. However, markers of apoptosis may also be 
connected with the outcome of IVF procedure. The apoptosis rate of CGC was 
observed to be higher if the corresponding oocyte had not successfully completed 
the first meiotic division during COS (Host et al., 2000). In addition, CGC around 
oocytes that were successfully fertilized in vitro had the lowest apoptosis rate (Host 
et al., 2000). The amount of apoptotic CGC at OPU has been correlated with 
woman’s age, providing an explanation to the lower number of matured follicles and 
reduced embryo quality in older patients (Lee et al., 2001). The health of the oocyte 
is considered as one of the determinants of whether the follicle survives or not: it has 
been shown that several oocyte-secreted factors create a pro-survival gradient on the 
adjacent cumulus cells. IL-7, BMP-6 and BMP-15 are three of such well-studied 
examples, where the ligand is secreted by the oocyte and receptors being expressed 
on CGC (Cheng et al., 2011, Hussein et al., 2005). 

Apoptosis rate in MGC has also been negatively correlated with the 
developmental potential of the corresponding oocyte (Oosterhuis et al., 1998, Suh et 
al., 2002). However, there are also studies that strongly question this association (eg 
Jancar et al., 2007). Higher percentage of apoptotic MGC may also be one of the 
possible underlying causes of unexplained infertility (Idil et al., 2004).  

Several signalling pathways are involved in maintaining the balance 
between survival and apoptosis in all cell types in the follicle. Some of the above-
mentioned cytokines have been described to have additional roles in retaining this 
balance. TNF-α is one of those cytokines with various and sometimes opposing roles 
in follicle biology, depending on the signalling partners and receptors that convey 
the signal. Reduced oocyte apoptosis was observed in TNF-α knockout mice (Cui et 
al., 2011). An apoptosis pathway is suggested to be triggered by this cytokine in 
mouse granulosa cells together with excessive amounts of NGF (Garcia-Rudaz et al., 
2011) and signalling through receptor TNFR1 rather than TNFR2 (Tartaglia et al., 
1991). However, TNF-α expressed by theca cells plays a different role prior to 
ovulation. It has been demonstrated in ewes that plasmine cleaves the 
transmembrane TNF-α from theca cell membrane that thereafter induces apoptosis 
in local ovarian surface epithelium cells, thus aiding in dissolution of tissues 
necessary for follicle rupture (Murdoch et al., 1999).  

FAS ligand (FASLG) and fas cell surface death receptor (FAS) are members 
of the TNF and TNFR superfamily, respectively (Itoh et al., 1991, Suda et al., 1993). 
FAS-FASLG system is well studied for their role in triggering apoptosis in many 
tissues, including the ovarian follicle (Watanabe-Fukunaga et al., 1992). The FAS 
receptor is expressed by all cell types in human follicle, but the expression level 
depends on follicle stage and may not be evenly distributed between the different 
layers of CGC, MGC or theca cells. FASLG, on the other hand, is predominantly 
expressed by the oocyte at primordial and primary stage and by somatic cells in 
atretic follicles (Cataldo et al., 2000, Jose de los Santos et al., 2000).  In addition, a 
soluble FAS receptor isoform (sFAS) is present in the FF (Jose de los Santos et al., 
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2000). This isoform is generated via alternative splicing that eliminates the 
transmembrane region of the receptor. As a result, the soluble form binds FASLG 
without transferring the death signal inside of the cell, thus acting as an anti-
apoptotic agent (Cheng et al., 1994). 

IL-6 is a cytokine that exerts its pro-survival effect in porcine follicles 
through its soluble receptor sIL6R and trans-membrane IL-6 signal transducer 
(IL6ST) (Maeda et al., 2007a). It was shown that the expression levels of all these 
three components diminished in atretic follicles compared to healthy ones, in 
contrast to the trans-membrane IL6R (Maeda et al., 2007a, Maeda et al., 2007b). The 
role of the latter in follicle atresia is yet not known.    
 CD44 is a highly glycosylated transmembrane cell surface protein with at 
least 42 different alternative splicing isoforms in human, according to the Ensembl 
database (http://www.ensembl.org). In the ovarian follicle, CD44 standard isoform 
(CD44s) is well known as the receptor for hyaluronic acid, the main component of 
extracellular matrix between the cells of COC (Culty et al., 1990, Underhill et al., 
1987). It has been shown that the anti-apoptotic effect of hyaluronic acid on CGC is 
mediated by CD44 (Kaneko et al., 2000, Tunjung et al., 2009). However, follicular 
atresia in the pig model is associated with elevated expression of CD44 on peri-
follicular macrophages, probably indicating the increased invasive and migratory 
properties of these cells (Miyake et al., 2006). CD44 is also expressed in a sub-
population of MGC, but at a lower level compared to CGC (Ohta et al., 1999). In 
addition, CD44s as well as the variable splice isoforms (CD44v) may be cleaved 
from the cell surface by proteases and become soluble (reviewed in Nagano et al., 
2004). Such soluble CD44 molecules have been detected in the FF (Ohta et al., 
2001). The role of soluble CD44 protein isoforms is not known, but there is an 
increase in their concentration in the FF upon luteinization, described by high 
positive correlation with progesterone and hCG and negative correlation with 
estradiol levels (Ohta et al., 2001). 
  

5. The role of microRNAs in folliculogenesis 

5.1.Biogenesis of microRNAs 
MicroRNAs (miRNAs) are a class of short RNA molecules (on average 21-22 
nucleotides long) that have an important role in post-transcriptional gene regulation 
in most eukaryotes. Biogenesis of miRNAs involves transcription, cleavage steps by 
endoribonucleases, RNA degradation and loading of the intermediate products to 
various protein complexes that carry out these processes. According to the canonical 
pathway, miRNAs are transcribed from miRNA genes by RNA polymerase II, the 
obtained product, named primary miRNA (pri-miRNA), is 5’ capped and 3’ 
polyadenylated as are mRNA strands (Cai et al., 2004, Lee et al., 2004). The 
secondary structures of pri-miRNAs are recognized by the DROSHA/DGCR8 
(DiGeorge syndrome critical region 8) complex, the RNase III component of which 
cleaves the pri-miRNA into a short hairpin RNA, referred to as precursor miRNA 
(pre-miRNA) (Lee et al., 2003). The short hairpin structure is recognized by another 
type III RNase DICER in a multi-protein complex that cleaves the pre-miRNA 
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molecule, producing a double-stranded, imperfectly paired RNA duplex (Hutvagner 
et al., 2001). The duplex is then loaded into miRNA induced silencing complex 
(miRISC), where argonaut (AGO) protein has a central role (reviewed in 
Stroynowska-Czerwinska et al., 2014). One of the RNA strands (the mature miRNA 
strand) is preserved and the antisense strand (passenger strand or star strand) is 
degraded (Schwarz et al., 2003). The canonical pathway of miRNA biogenesis is 
presented in Figure 3. 

 

Figure 3. Simplified scheme of the canonical miRNA processing pathway. DROSHA and 
DICER1 endoribonucleases act in protein complexes and pre-miRNA transport is performed 
by exportin 5 (not shown). In addition, several non-canonical pathways have been proposed 
as indicated in text. 

During recent years several non-canonical pathways of miRNA biogenesis 
have been described. The perturbations from the canonical pathway may include 
every possible step: the miRNA gene may be transcribed by RNA polymerase III 
(Borchert et al., 2006), the cleavage steps by either DROSHA/DGCR8 (Ruby et al., 
2007) or DICER (Cheloufi et al., 2010, Cifuentes et al., 2010) may be skipped. A 
subclass of miRNAs, the mirtrons, is generated by splicing mechanisms from 
intronic regions (Berezikov et al., 2007, Okamura et al., 2007). These introns are 
sufficiently short to form the pre-miRNA molecule without the need of cleavage by 
DROSHA/DGRC8 complex.  

A class of miRNAs residing in the introns of coding genes, but generated 
independently of the splicing machinery has also been described. The exact 
components necessary for the biogenesis of the so-called “simtrons” have not been 
fully defined. It seems that the intronic region itself contains all necessary sequences 
for triggering miRNA biogenesis as the flanking exonic regions are not necessary 
for this process (Havens et al., 2012).       

However, miRNAs from longer introns need canonical biogenesis pathways 
and DROSHA processing to cleave the unnecessary portions of pri-miRNAs. In 
such cases the processes of pre-mRNA splicing by supraspliceosomes and pri-
miRNA cleavage by the microprocessor complex temporally overlap and 
significantly influence the efficiency of one another (Agranat-Tamir et al., 2014). 
Adjacent or overlapping pri-miRNA sequence and mRNA splice cite may activate 
such interplay between splicing and miRNA processing mechanisms that lead to the 
generation of alternative mRNA molecules and completely abolish miRNA 
expression (Agranat-Tamir et al., 2014, Mattioli et al., 2013, Melamed et al., 2013). 
Therefore, the machinery of miRNA generation may also modulate gene expression 
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co-transcriptionally. In addition, it has been shown that approximately 35% of 
intronic miRNAs are generated according to the canonical pathway, but 
independently of their host genes or the host gene promoters (Monteys et al., 2010).  

Computational predictions have proposed that miRNAs can also be 
generated by virtually any hairpin-forming RNA molecules: short hairpin RNAs 
(shRNAs), small nucleolar RNAs (snoRNAs), transfer RNAs (tRNAs), ribosomal 
RNAs (rRNAs) etc (Castellano et al., 2013). However, the proportion of miRNAs 
generated by non-canonical pathways seems to be modest and their nature 
evolutionarily less conserved (reviewed in Westholm et al., 2011).    

 

5.2.Function of microRNAs 
The sequence of the single-stranded mature miRNA bound to AGO in miRISC is 
matched to a target mRNA strand (Ameres et al., 2007). Targeting does not require 
perfect complementarity between miRNA and mRNA. The majority of miRNA 
binding regions appear in the 3’ UTR of the mRNA strands, however coding 
sequences and 5’ UTR may also be targeted (reviewed in Stroynowska-Czerwinska 
et al., 2014). There are two main outcomes of miRNA-mRNA duplex formation that 
may be dependent on each other: the mRNA molecule may become degraded via 
deadenylation (Wu et al., 2006) or the translation of that mRNA is inhibited 
(Humphreys et al., 2005). Either of the two mechanisms leads to the reduction in the 
concentration of the final protein product. Only a few cases in which miRNA action 
has led to an increase in translation efficiency have been observed (Vasudevan et al., 
2007).  

It has to be mentioned that the ability to define miRNA target regions on 
mRNA strands by current methods and bioinformatic algorithms is far from 
flawless. Due to imperfect complementarity between miRNA/mRNA duplexes one 
single miRNA may target different mRNAs and several miRNAs are able to target 
the same mRNA (Lewis et al., 2003). It has been shown that the number and 
location of miRNA target sites on a particular mRNA strand are in correlation with 
the level of mRNA degradation and/or translational inhibition (Saetrom et al., 2007). 
However, these dynamical aspects are not yet well understood. It is also difficult to 
distinguish between direct and indirect miRNA targets from high-throughput gene 
expression studies. Therefore, all reports involving miRNA target predictions in 
biological systems must be interpreted with great caution.  

Several studies have proven that in addition to intercellular functions, 
miRNAs are also secreted from the cells in extracellular vesicles (microvesicles, 
exosomes, apoptotic bodies), high- and low-density lipoproteins or RNA-binding 
proteins like AGO2 (reviewed in Kosaka et al., 2013). Due to their stability in such 
complexes, miRNAs have been detected in nearly all biofluids (Weber et al., 2010), 
including ovarian FF (Sang et al., 2013). Hence, cell-free miRNAs have gained 
potential diagnostic importance in several fields of biomedicine, especially in the 
studies of cardiovascular diseases and cancer (Creemers et al., 2012, Kosaka et al., 
2010). 

An even more novel field involves verifying the purpose of cell-free 
miRNAs. There are two main hypotheses: the secreted miRNA complexes may be 



24 

cellular by-products or in fact targeted means of paracrine and endocrine 
communication (Valadi et al., 2007). Depending on circumstances, both hypotheses 
may be correct. As proofs for the latter, there are studies showing that packaging of 
miRNAs into secreted vesicles in the cells is not random (Guduric-Fuchs et al., 
2012), and the up-take of such cell-free vesicles via endocytosis has been 
demonstrated for various cell types, including granulosa cells (da Silveira et al., 
2012, Sohel et al., 2013).      
 

5.3.MicroRNAs in ovarian biology and folliculogenesis: studies in 
mammalian models and cell-lines 

Since the DICER1 mouse knockout has an embryonic lethal phenotype (Bernstein et 
al., 2003), conditional knockout models have been used to study the importance of 
miRNAs in reproductive tissues. Two methods have been used thus far in mice: 
deleting the gene in AMHR2 positive cells in the reproductive tract (Hong et al., 
2008, Lei et al., 2010, Nagaraja et al., 2008) or by creating lines with hypomorphic 
DICER expression (Otsuka et al., 2008). It appeared that the morphology and 
function of the oviducts and uterus were more severely hampered in conditional 
knockout mice compared to that of the ovaries (Hong et al., 2008, Nagaraja et al., 
2008). Although mice without DICER1 could produce fertilizable oocytes, reduced 
follicular recruitment, maturation and ovulation rates as well as increased follicular 
atresia and diminished progesterone production by corpora lutea were observed 
(Hong et al., 2008, Lei et al., 2010, Nagaraja et al., 2008, Otsuka et al., 2008). No 
knockout models deleting DROSHA/DGCR8 complex or its components has been 
created for studies in reproduction to our knowledge. 

According to functional studies, miRNAs appear to be involved in the fine-
tuning of virtually all processes in folliculogenesis. miR-145 plays an important role 
in maintaining the primordial follicle pool in mouse and the proposed mode of 
action is via targeting TGF-β receptor 2 mRNA (Yang et al., 2013). In functional 
studies using adult granulosa cells, this miRNA suppressed their proliferation by 
targeting activin receptor IB (Yan et al., 2012). Further follicular development into 
primary, secondary and antral stages is influenced by miR-143, miR-125b, let-7a, 
let-7b, let-7c, and miR-21, the expression of miR-143, let-7a, and miR-15b being 
down-regulated by FSH stimulation (Yao et al., 2009). The expression of miR-181A 
is decreased upon follicular development from primary to pre-antral and antral 
stages, which coincides with the up-regulation of its target activin receptor IIA 
(Zhang et al., 2013).  

Some of the best-studied biochemical pathways in growing follicles are 
related to steroidogenesis. A few publications have addressed the role of miRNAs in 
the process. miR-133b was shown to target FOXL2 mRNA in the human granulosa 
cell-line KGN and cultured mouse primary granulosa cells. It is a transcription factor 
responsible for repressing the expression of steroidogenic acute regulatory protein 
(STAR) and aromatase genes (Kuo et al., 2012). As a result of miR-133b over-
expression, FOXL2 expression was down-regulated and estradiol secretion was 
expectedly increased (Dai et al., 2013). miR-378 targets aromatase mRNA in 
porcine granulosa cells in culture, leading to decreased estradiol production. In vivo 
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the expression of this miRNA was inversely correlated with that of aromatase gene 
with significantly higher levels in small follicles (Xu et al., 2011b). In mouse, miR-
383 production was activated by steroidogenic factor 1 leading to enhanced estradiol 
release from granulosa cells by suppressing the c-Myc pathway (Yin et al., 2012).  

Insufficient steroidogenesis is correlated with apoptotic processes in the 
follicle and one link between the two processes was revealed in a mouse in vitro 
study showing that androgens inhibit apoptosis by increasing miR-125b, which 
further targets mRNAs of such pro-apoptotic genes as Bcl-2 homologous 
antagonist/killer (BAK), Bcl-2-associated X protein (BAX), tumour suppressor 
protein p53 and Bcl-2 modifying factor (BMF) (Sen et al., 2014). Other anti-
apoptotic miRNAs expressed in mouse granulosa cells are miR-21 (Carletti et al., 
2010) and miR-224, the latter targeting the signal transduction protein SMAD4 
mRNA (Yao et al., 2010). High expression level of miR-26b was shown to target 
ataxia telangiectasia mutated (ATM) mRNA leading to increased follicular atresia 
and DNA breaks in porcine granulosa cells (Lin et al., 2012). 

Luteinizing hormone (LH) surge prior to ovulation triggers drastic molecular 
and morphological changes in granulosa cells leading to their luteinization and 
corpus luteum formation. Upon stimulation with human chorionic gonadotrophin 
(hCG), expression differences of several miRNAs have been observed in the ovarian 
follicles of different animals. Mouse miR-122, miR-132, and miR-30a were up-
regulated and let-7b down-regulated upon hCG stimulation (Fiedler et al., 2008, 
Kim et al., 2010). Proposed indirect target for the first two miRNAs was the 
transcription factor C-terminal binding protein 1 (CTBP1) that may lead to dramatic 
changes in overall gene expression profile (Fiedler et al., 2008). The levels of miR-
21, miR-132, miR-212, and miR-224 were increased in hCG-stimulated equine 
follicles; this was associated with reduced expression of the putative miRNA targets 
PTEN, RAS p21 protein activator, and SMAD4 (Schauer et al., 2013). miR-136-3p 
and mir-122 were both associated with LH receptor mRNA targeting in rat (Kitahara 
et al., 2013, Menon et al., 2013). When transition from follicular to corpus luteum 
stage was studied in sheep, miR-125b, let-7b, let-7c, miR-199a were shown to be 
descriptive of follicular stage. miR125b (targeting LIF) and miR145 (targeting 
CDKN1A) were down-regulated in granulosa cells upon luteinization (McBride et 
al., 2012). In cow, miR-378 was shown to be expressed in non-regressed corpus 
luteum, targeting interferon gamma receptor 1B mRNA and thus inhibiting apoptosis 
of progesterone-producing cells (Ma et al., 2011).  

Follicle maturation, ovulation and corpus luteum formation require 
multidirectional intercellular communication between granulosa and theca cells, as 
well as the oocyte. An elegant study in cow showed that miRNA profile in CGC and 
the oocyte were altered depending whether the cells were cultured as a cumulus-
oocyte complex or separately from each other (Abd El Naby et al., 2013). miR-210 
was shown to be inhibited in cumulus cells by the proximity of the oocyte. Likewise, 
a group of miRNAs (miR-205, miR-150, miR-122, miR-146a, and miR-146b-5p) 
was over-expressed in the oocyte if the surrounding cumulus cells were removed. 
The cumulus cell miRNA profile may also depend on the meiotic maturation stage 
of the oocyte as shown in mice (Kim et al., 2013) and cow (Tesfaye et al., 2009). 
Intercellular communication between cumulus and mural granulosa cells in the 
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antral follicle requires overcoming considerable distance between these cell types 
that are separated by a fluid-filled antrum. Such communication has been described 
to take place via secreted vesicles packed with coding as well as non-coding RNA 
molecules in protein complexes (Valadi et al., 2007). Microvesicles and exosomes 
have been successfully purified from equine (da Silveira et al., 2012) and bovine 
(Sohel et al., 2013) ovarian FF and their uptake by granulosa cells was observed in 
culture. The difference in miRNA profiles was demonstrated between vesicles from 
follicles of old and young mares (da Silveira et al., 2012), as well as between 
follicles containing oocytes of different maturation states in the cow (Sohel et al., 
2013), indicating that such form of intercellular communication may play a 
significant role in biological processes in the follicle.  

Several studies have profiled the ovary-specific miRNA profile in animal 
models (Ahn et al., 2010, Huang et al., 2011, Li et al., 2011, Mishima et al., 2008, 
Ro et al., 2007, Torley et al., 2011, Tripurani et al., 2010). However, as the technical 
possibilities evolve, increasing amount of information is retrieved from high-
throughput deep sequencing experiments. It has so far been well determined that 
miRNAs in the ovary participate  in regulating IGF-1 signalling, cell cycle, TGF-β 
signalling, ephrin receptor signalling, steroid hormone metabolism, BMP signalling, 
VEGF signalling, pro-apoptotic processes, and pathways associated with axonal 
guidance (Hossain et al., 2009). 

 
5.4.Studies of miRNAs in human reproduction 

Studies with human material aim to reveal species-specific differences in 
folliculogenesis, but more importantly to use the gained knowledge in the diagnosis 
of subfertility, select developmentally competent oocytes and embryos, and optimize 
follicle in vitro maturation protocols.  

miRNAs in FF or follicular cells may fluctuate depending on the 
physiological parameters of the woman, as well as the condition or maturation status 
of the follicle. Four miRNAs in FF were determined to depend on the age of the 
woman: hsa-miR21-5p was exclusively expressed in the age group below 31 years, 
while hsa-miR-199b and hsa-miR-99b-3p were detected in women over 38 years. 
The level of hsa-miR-134 expression was significantly higher in FF from the older 
group. Signalling pathways targeted by these miRNAs include heparan-sulfate 
biosynthesis, extracellular matrix-receptor interaction, carbohydrate digestion and 
absorption, p53 signalling, and interactions between cytokines and their receptors 
(Diez-Fraile et al., 2014).  

Two recent studies aimed to find FF miRNA markers to explain the 
molecular background of polycystic ovarian syndrome (PCOS) among in vitro 
fertilization patients (Roth et al., 2014, Sang et al., 2013). The size of the study 
groups as well as the methodology differed between these publications, which may 
provide explanation for no overlap between them. The levels of hsa-miR-132 and 
hsa-miR-320 were reported significantly lower in PCOS patients in one study (Sang 
et al., 2013), and those of hsa-miR-9, 18b, 32, 34c, and 135a displayed a significant 
increase in the PCOS group compared to oocyte donors in the other (Roth et al., 
2014). At the same time a rat model of PCOS was created by 5α-dihydrotestosterone 
(DHT) treatment and miRNA profile of ovarian cortex confirmed the increase in 
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expression of miR-32 and decrease in miR-132 in DHT-treated mice, the latter with 
borderline statistical significance (Hossain et al., 2013). Taken together, the 
proposed PCOS markers may have a true potential value, but their validation is still 
necessary. 

As there is constant infiltration of biomolecules across the follicular basal 
membrane, there is also a possibility for detecting follicular markers in peripheral 
blood plasma. This is especially true for miRNAs that are stabilized in vesicles or 
protein complexes. So far hsa-miR-181a in plasma has been associated with 
premature ovarian failure in humans (Zhang et al., 2013), but diagnostic markers are 
extensively being sought for infertility as well as for detecting ovarian cancer 
(Beach et al., 2014).   

There is a potential use for miRNAs in improving IVF outcome, either as 
prognostic markers for oocyte viability measured in the cumulus cells, as proposed 
in animal studies (Kim et al., 2013, Tesfaye et al., 2009), or portraying the 
transcriptome of the first polar body that has been performed in human (Reich et al., 
2011). One novel approach introducing miRNA mimics into follicle culture was 
shown to alter oocyte maturation stage (Kim et al., 2013), a knowledge that could be 
useful in practice for improving IVM outcome.  
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AIMS OF THE STUDY 
MGC and CGC are two granulosa cell sub-populations that differentiate from a 
single population during the secondary-antral stage transition of folliculogenesis 
(Figure 1). Differentiation leads to the gain of separate functions, the best studied of 
which are steroidogenesis by theca-MGC compartment and the regulation of oocyte 
maturation by CGC, just to mention a few. However, there are still several gaps in 
information regarding the inter-cellular communication between different somatic 
cell populations that is involved in the fine-tuning of folliculogenesis and oocyte 
development. Secondly, many of the molecular processes involved in 
folliculogenesis have been studied in animal models and the degree of species-
specific differences, especially when comparing animal models to human, need to be 
elucidated. Finally, studies performed on human ovarian follicular material give 
further information on female reproductive health, the etiologies of infertility and 
the efficacy of COS regimens in individual patients.  

The main aims of the present thesis are as follows: 
1. To describe the mRNA profile of CGC and MGC isolated from hormonally 

stimulated IVF patients with the aim to predict novel molecular functions 
for the two cell populations. 

2. To study the degree of co- and post-transcriptional modifications of 
signalling pathways in the granulosa cell types by investigating differential 
alternative splicing and determining the miRNA profile in MGC and CGC.  

3. To analyse a panel of cytokines and apoptosis markers in the follicular fluid 
of hormonally stimulated IVF patients and correlate the results with patient 
physiological characteristics, COS and IVF outcome. 

4. To examine the analysed cytokines as means of intercellular communication 
between MGC and CGC based on the previously described mRNA profile. 
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MATERIALS AND METHODS 
The following methods were used in this study: 

 Archiving of the medical case history of each recruited patient (Publications 
I, II and III) 

 Mural and cumulus granulosa cell isolation (Publications I, II, III) 

 Follicular fluid isolation (Publication III) 

 mRNA isolation from granulosa cells and cDNA synthesis (Publications I, II 
and III) 

 miRNA isolation from granulosa cells and cDNA synthesis (Publication II) 

 Gene expression analysis using Affymetrix GeneChip Human Gene 1.0 ST 
Array (Publication I) 

 Gene expression analysis using high-throughput poly(A) RNA-seq 
(Publication II) 

 Gene expression analysis using high-throughput small RNA-seq 
(Publication II) 

 Gene expression analysis using real-time PCR (Publications I, II and III) 

 Bioinformatic analysis for microarray, poly(A) RNA-seq, small RNA-seq 
and real-time PCR data (Publications I, II and III) 

 Bioinformatic prediction of miRNA targets (Publication II) 

 Gene ontology profiling of differentially expressed genes and miRNA 
targets (Publications I and II) 

 Bioinformatic analysis for studying alternative splicing from poly(A) RNA-
seq data (unpublished data, details provided in Appendix I) 

 Multiplex flow cytometry analysis for detecting protein markers from 
follicular fluid samples (Publication III) 

 Statistical analysis (Publication III) 
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RESULTS AND DISCUSSION  

1. mRNA expression differences between mural and cumulus 
granulosa cells (Publication I, publication II, unpublished data) 

The aim of the current chapter is to describe the degree of difference in the 
expression levels of coding genes between MGC and CGC. Granulosa cells emerge 
from a single layer of cells in the primary follicle stage and differentiate into two 
sub-populations by the antral stage (Figure 1). 
 To study the molecular difference between the two sub-populations, two 
genome-wide approaches were used: Affymetrix microarray (publication I) and 
next-generation polyadenylated RNA sequencing (poly(A) RNA-seq) on Illumina 
platform (publication II). The advantages of microarray based technology are the 
standardized sample preparation and analysis protocols as well as cost efficiency. 
On the other hand, the RNA-seq method does not limit the number of different RNA 
molecules detected and allows the identification of unannotated RNA transcripts.  

Besides the detection method used, there are additional differences in the 
set-up of the two studies. The number of patients recruited was 19 in the microarray 
study and 3 in the RNA-seq study; the patients did not overlap between the two 
groups. During the collection of the MGC samples for the RNA-seq study, the cells 
were depleted of CD45+ leukocytes to give a more relevant picture on the 
expression of immune-related genes in non-immune system cells. In spite of these 
differences the results between the two studies showed very high and statistically 
significant positive correlation (r = 0.82, p < 2.2×10-16, Supplemental figure 3 in 
publication II). Therefore, if not mentioned otherwise, the gene expression 
differences between MGC and CGC in the current chapter refer to the results of 
publication I. 
 Results obtained during these studies reflect women that have undergone 
COS with GnRH antagonist protocol, rFSH stimulation and ovulation trigger with 
hCG. Not only has it been shown that COS as such has an influence on the follicular 
transcriptome (CGC population studied in de los Santos et al., 2012), but differences 
are also obvious, depending on the protocol used. The effect of stimulation by rFSH 
or human menopausal gonadotrophin (hMG) on MGC transcriptome has been 
investigated in two studies (Brannian et al., 2010, Grondahl et al., 2009). Another 
publication demonstrates the differences in MGC and CGC gene expression upon 
ovulation triggering with either hCG or GnRH agonist (Borgbo et al., 2013). The 
relevance of these differences still needs to be revealed, since all the described 
stimulation protocols lead to successful folliculogenesis and potentially mature 
oocytes. 

Additionally, our study concentrated on the pool of MGC and CGC from the 
whole cohort of stimulated follicles of a patient. Therefore we observed genes 
expressed in all follicles regardless of the maturation state of the corresponding 
oocytes. Differential transcriptome profile of CGC from individual follicles 
containing an oocyte of germinal vesicle or metaphase 2 stage has been recently 
determined (Yerushalmi et al., 2014).  
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According to our results, statistically significant difference in expression 
levels between MGC and CGC were observed for 15.5% of the analyzed genes, 
which is enough to discriminate well between the two cell types (Figures 1 and 2 in 
publication I). The result is not surprising, considering the already well-known 
differential roles of these cells.  

When the top differentially expressed genes were enriched into networks 
according to their molecular function, the genes up-regulated in CGC turned out to 
be mainly involved in tissue development and intercellular communication (Table 1 
in publication I). The network with the highest IPA score (refers to p-value of 10-48) 
is connected by a node depicting TGF-β family members, well reflecting the role of 
these genes in the oocyte-CGC communication necessary for COC expansion and 
oocyte meiotic maturation (reviewed in Gilchrist et al., 2008). The COC expansion 
process is also dependent on extracellular matrix (ECM) synthesis, remodelling and 
the expression of cell-surface ECM receptors. Proteins involved in these processes 
were strongly represented among CGC transcripts (Figure 3, Table 1 and 2 in 
publication I).   

A great number of membrane transporters from the solute carrier family 
(SLC) proteins were exclusively expressed in CGC. In fact, none of the members of 
this protein family were differentially expressed in MGC > 2.5 fold (Table 2 in 
publication 1).  The SLC proteins up-regulated in CGC are involved in the transport 
of amino acids (SLC1A3, SLC7A11, SLC38A1), oligopeptides (SLC15A1), 
nucleosides (SLC28A3) and choline (SLC44A5), which is an indication towards the 
metabolic communication between CGC and the oocyte (Collado-Fernandez et al., 
2012). 

The genes up-regulated in MGC are predicted to be involved in immune 
response and immunological diseases (Table 1 in publication I). However, upon sub-
setting the transcripts according to folliculogenesis-related functions, genes related 
to immune response were strongly represented in both cell populations (Table 2 in 
publication I). This result will be further discussed in chapter 4 later in the thesis.  
One of the central proteins in the MGC network with the highest statistical 
significance (p-value 10-44) is the suppressor of cytokine signalling 3 (SOCS3), a 
well-known inhibitor of the JAK-STAT pathway involved in the signalling of 
several cytokines (reviewed in Carow et al., 2014).  

In addition, transcription factors from the early growth response family 
proteins (EGR1-3) are highly expressed and represented in the MGC network. The 
role of EGR1 has been well studied in rodents (Espey et al., 2000, Russell et al., 
2003, Yoshino et al., 2002) and in the bovine model (Sayasith et al., 2006), where it 
has been shown to be induced by FSH, LH and hCG. In return, EGR1 is necessary 
for LHR expression in luteinized MGC (Sayasith et al., 2006, Yoshino et al., 2002). 
In animal models the expression of EGR1 has been described as quick and transient: 
expression peaks at 4h after hCG stimulation in rats and at 6h in cow; and declines 
by 24h post-hCG. According to our results, the expression decline in human MGC 
takes considerably longer as we still observed a strong signal after 36h post-hCG 
stimulation.  

The second group of transcription regulators highly expressed in the 
network with the top score in MGC belong to the nuclear receptor subfamily 4 group 
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A (three members: NR4A1-3). Although well studied in the processes of 
inflammation (reviewed in McMorrow et al., 2011), these proteins have an 
important role in regulating steroidogenesis in ovarian granulosa and theca cells of 
several species, including human (Li et al., 2010). NR4A members are strongly 
induced by LH (Park et al., 2003) and drive the cells towards the luteinized state by 
inhibiting aromatase expression (Wu et al., 2005) and inducing expression of 
proteins in the progesterone synthesis pathways (Havelock et al., 2005). Androgenic 
hormone synthesis and signalling is also modulated by NR4A1, including an 
increase in the expression of the testosterone biosynthesis pathway proteins and 
androgen receptor (AR) (Dai et al., 2012, Li et al., 2010). 

As a conclusion, our data demonstrated that the CGC coding transcriptome 
is over-represented by genes involved in cell-cell interaction that is necessary for the 
processes involved in COC expansion. MGC, on the other hand, carry out 
differential roles in steroidogenesis and inflammation-related processes via 
expressing distinct families of transcription factors not seen in CGC. Our further 
interests in the study focus on the degree of differential co- and post-transcriptional 
mRNA regulation between MGC and CGC, especially on alternative splicing and 
function of differentially expressed miRNAs. 

 

2. Gene expression regulation by alternative splicing in mural and 
cumulus granulosa cells (unpublished results based on data from 
publication II) 

Typical large-scale gene expression study methods assume that the structure of 
mRNA molecules under investigation does not vary between samples. However, in 
biological systems this is rarely the case, especially when the samples differ 
substantially in nature: they are isolated from different tissues, cell-types, 
experimental conditions etc.  
 Alternative splicing is the most common diversification mechanism for 
mRNA molecules, giving rise to a wide variety of mRNA transcripts encoded from 
the same gene. It is estimated that 95% of multi-exon genes undergo alternative 
splicing in humans (Pan et al., 2008). The inclusion or exclusion of exons and/or 
introns into or from an mRNA molecule may substantially modify the stability and 
the capacity of protein translation from the mRNA strand or the properties of the 
translated protein itself. As a result, the whole signalling pathway containing the 
protein may be altered, thus transforming the properties or the fate of the cell 
(reviewed in Li et al., 2014).    
 The next goal was to obtain a preliminary insight into how much of the gene 
expression profile in human MGC and CGC populations could be influenced by 
alternative splicing. The RNA-seq data is a good source for answering such 
questions, as the sequencing reads generated by this method are potentially without 
bias, which is not the case with data derived from most microarray based or real-
time PCR experiments that use pre-designed probes or primers for the detection of 
mRNA molecules. For analysing differential exon usage between MGC and CGC, 
an R/Bioconductor package DEXSeq was used (Anders et al., 2012). A detailed 
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description of the package is included as Appendix I. The main limitation of using 
this package is that only previously known mRNA isoforms available at some 
database can be analysed. Therefore, novel alternatively spliced mRNA molecules 
were not included in the current study.  
 As a result, differential exon usage between MGC and CGC was 
demonstrated for 1008 genes. Ensembl human genome version GRCh37 was used as 
a reference, which contains all known and predicted non-coding mRNA isoforms. 
Therefore, not all of the 1008 genes that differentiate between the two cell types 
generate alternatively spliced coding mRNA molecules. However, since the role of 
non-coding mRNAs in gene regulation is still poorly understood, it is not yet clear, 
how such cases, where alternative splicing generates non-coding mRNA molecules 
should be interpreted.  

A subset of results on the differential exon usage between MGC and CGC is 
presented in Table I. The gene ontology terms shown were chosen due to their 
importance in the processes of folliculogenesis. As examples, sterol metabolism and 
steroid hormone receptor signalling are regulated in granulosa cells by differential 
splicing, as are processes involved in hypoxia, insulin-like growth factor receptor 
signalling pathway, extracellular matrix remodelling and cell differentiation. BMP 
receptor BMPR1B and epiregulin (EREG) involved in COC expansion are 
expressed in both cell types, but as different mRNA isoforms. 
 It is clear that discussing the roles of all proteins that demonstrate 
differential alternative splicing in human granulosa cells is out of the scope of the 
current study and functions of many of the isoforms are still not known today. It is 
however important to perceive the multi-level nature of gene expression data 
available for any biological system under study.    

However, a good example of a clear difference in the alternative splicing 
pattern between MGC and CGC is the antagonist of IL1 receptor IL1RN (Figure 4). 
While the protein-coding isoform IL1RN-005 is clearly expressed in both cell types, 
the isoforms numbered 001-003 are exclusively expressed in CGC as no sequencing 
reads are observed in the counting bins specific for these transcripts. The mRNA 
isoform numbered 004 is not expressed in either cell type. Interestingly, IL1RN-005 
is the only secretory isoform, while IL1RN-001, -002 and -003 are intracellular 
proteins that can be released only by certain cell-types (Evans et al., 2006). If not 
released, the intracellular isoforms may have unique roles in certain cells: in 
intestinal epithelial cell-line Caco-2, the intracellular form inhibits IL-1-induced 
secretion of IL-6 and IL-8 production (Garat et al., 2003). The role of IL1RN 
isoforms in human ovary still need to be elucidated. 
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Table I. A subset of gene ontology terms enriched for genes that demonstrated differential 
exon usage between MGC and CGC. The presented terms were chosen due to their relevance 
in the processes of folliculogenesis. Enrichment was performed in The Database for 
Annotation, Visualization and Integrated Discovery (DAVID) v6.7. 
 

Category Gene Ontology Term No of Genes Gene Symbols 

Biological 
process 

GO:0030518 steroid 
hormone receptor 
signalling pathway 

10 
NEDD4, DNAJA1, KDM3A, 
FHL2, YWHAH, RARA, RAN, 
TGFB1I1, CTNNB1, CALR 

GO:0001666 response 
to hypoxia and 
GO:0070482 response 
to oxygen levels 

15 

SOD2, VEGFA, ECE1, ITPR2, 
ACTN4, THBS1, PML, ADAM17, 
PLOD2, NR4A2, ADCK3, 
SMAD3, BNIP3, LONP1, 
SERPINA1 

GO:0048009 insulin-
like growth factor 
receptor signalling 
pathway 

4 IGF1R, PIK3R1, IRS1, EIF2AK3 

GO:0030198 
extracellular matrix 
organization 

11 

NFKB2, APLP2, FKBP1A, 
CRISPLD2, COL4A2, GFOD2, 
SERPINH1, ACAN, ILK, 
ANXA2, COL5A2  

GO:0016125 sterol 
metabolic process 

10 
MSMO1, IDI1, SCARB1, LIPE, 
SC5DL, MVK, PPARD, 
HMGCS1, HMGCR, INSIG1 

GO:0048165 fused 
antrum stage, oogenesis 
and  GO:0001550 
ovarian cumulus 
expansion 

2 BMPR1B, EREG 

GO:0045597 positive 
regulation of cell 
differentiation 

28 

ACT3, GNAS, KLF10, PDLIM7, 
ARHGDIA, SMAD3, SMAD4, 
ACIN1, BMPR1B, BDNF, 
CTNNB1, CLU, HIF1A, INHBA, 
INS, IL4R, IL6ST, JUND, 
MORF4I2, PNP, NDEL1, PPARD, 
PPARG, RARA, RUNX1, 
TGFB1I1, TNFRSF12A, RELA 

Molecular 
Function 

GO:0003707 steroid 
hormone receptor 
activity 

9 
PPARD, NR4A1, THRA, NR1D1, 
RARA, PPARG, NR4A2, ESRRA, 
NR2C2 

GO:0035258 steroid 
hormone receptor 
binding 

7 
KDM3A, FHL2, YWHAH, RAN, 
TGFB1I1, CTNNB1, CALR 

GO:0004222 
metalloendopeptidase 
activity 

11 

UQCRC1, PMPCB, PITRM1, 
ECE1, MMP19, YME1L1, 
UQCRC2, ADAM17, ADAMTS9, 
ADAM9, SPG7 
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Figure 4. An example of differential exon usage at the 5’ end of IL1RN gene in MGC and 
CGC. Counting bins that are differentially expressed between MGC and CGC are coloured 
in violet. The process how counting bins are generated from the known exons of a reference 
genome by DEXSeq package is described in detail in Supplementary figure 1 in Appendix 1. 
The mRNA isoforms are named according to Ensembl human reference genome version 
GRCh37. nc – non-coding mRNA isoform.   
 
 

3. MicroRNA expression in human granulosa cells (Publication II, 
unpublished data) 

MiRNAs are regulatory RNAs that have both, known and unexplored functions in 
gene expression regulation. In order to investigate, how mRNA expression could be 
regulated post-transcriptionally by miRNAs, we performed deep-sequencing 
analysis of small RNAs with the intention to detect miRNAs and of poly(A) RNA-
seq with the aim to study potential miRNA targets in the same samples of MGC and 
CGC. We compared the acquired small RNA sequencing data with miRBase version 
18 (www.mirbase.org).  

 
3.1. Annotated microRNAs in granulosa cells and their predicted targets.  

Analysis of miRNAs with the highest expression levels did not reveal obvious 
differences between the two granulosa cell types (Publication II, Table 1). Clearly 
the most abundant miRNA in both populations was anti-apoptotic hsa-miR-21 
(Carletti et al., 2010). Other functions for the most abundant miRNAs include 
aromatase targeting by hsa-let-7f (Shibahara et al., 2012) and cancer growth 
inhibition by hsa-miR-99a-5p (Cui et al., 2012). However, the functions of the latter 
two miRNAs have not been demonstrated in the ovarian follicle. 

Looking at the whole list of detected annotated miRNAs, 90 of them with 
average or low expression levels were differentially expressed between MGC and 
CGC: 57 being more abundant in MGC and 33 in CGC (Publication II, Table 2). As 
transcripts of low expression levels tend to fluctuate between samples due to 
technical errors, we used analysis algorithm that takes this possibility into account. 
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We discarded all miRNAs with < 10 counts in all individual samples and performed 
empirical Bayes shrinkage method, the aim of which is to normalize the expression 
fluctuations at the lower end and making gaining statistical significance stricter for 
molecules with low expression levels (Robinson et al., 2007).  

It was surprising that the signalling pathways targeted by the differentially 
expressed miRNAs in MGC and CGC partially overlapped (Figure 5). Based on that 
information, it may be assumed that TGF-β, ErbB signalling and heparan sulfate 
biosynthesis are pathways, where regulation by miRNAs is necessary also after the 
two granulosa cells populations have differentiated. At the same time, the expression 
of more than twice the number of miRNAs is upregulated upon differentiation in 
MGC as compared to CGC. This was predicted to lead to the post-transcriptional 
regulation of various signalling pathways involved in cellular adhesion, ligand-
receptor interactions as well as endocytosis and several metabolic pathways.       

      

 
Figure 5. Enrichment of genes that were targeted by differentially expressed miRNAs in 
cumulus an mural granulosa cells (CGC and MGC, respectively) for pathway terms 
according to the Kyoto Encyclopedia of Genes and Genomes (KEGG). The data shown is 
based on Table 3 in publication II. The oocyte is depicted in yellow, CGC in pink and MGC 
in green. The pathways targeted in both cell populations are presented in grey box.  
 

3.2.Novel miRNAs and their targets.  
Rapid development of deep sequencing technology enables the identification of 
novel RNA molecules. Using small RNA-seq method, we detected nine novel 
miRNAs (unannotated according to miRBase version 18, Table 4 in Publication II), 
four of which were expressed at sufficiently high level to be confirmed by real-time 
PCR (Supplemental Figure 2B in publication II).  

Out of the four novel miRNAs hsa-miR-548ba and hsa-miR-7973 are of 
special interest due to their predicted location of transcription origin from FSHR and 
aromatase gene introns, respectively (Figure 1 in publication III). Taking into 
account the fact that the samples under study were obtained from women after COS 
performed with rFSH, there is a possibility that the expression of these miRNAs 
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becomes detectable only in case of strong over-expression of their host genes and 
these might not be observed from samples obtained during unstimulated cycles. 
However, we have detected hsa-miR-548ba also in human endometrium samples 
(Saare et al., 2014), a tissue well known to express FSHR (La Marca et al., 2005), 
confirming the validity of our finding.  

Secondly, based on the current knowledge, we cannot declare the 
dependence of hsa-miR-548ba and hsa-miR-7973 expression on their host genes. 
Further studies are needed to validate the biogenesis pathway of these two miRNAs: 
whether they are generated by splicing machinery as mirtons, spliceosome-
independently as simtrons, or by RNA polymerase II or III from independent 
promoters according to the canonical pathway as depicted in Figure 3 (Monteys et 
al., 2010). We detected a few reads from poly(A) RNA-seq experiments in the locus 
of hsa-miR-548ba hairpin expression in two out of the six samples analyzed (Figure 
6).  It is, however, too difficult to predict the pri-miRNA transcript due to such a low 
coverage. We did not get a single read from poly(A) RNA-seq experiment 
overlapping hsa-miR-7973 locus (data not shown). As only one time-point was 
analysed in the current study, we hypothesize that the peak of expression of these 
two novel miRNAs could appear in an earlier stage of folliculogenesis, possibly 
coinciding with the expression of their host genes FSHR and aromatase in secondary 
follicles (Findlay et al., 1999, Oktay et al., 1997).        
 

 

Figure 6. FSHR gene intron region depicting continuous coverage of paired-end reads from 
poly(A) RNA-seq that overlap with hsa-miR-548 hairpin and mature miRNA loci (depicted 
as blue rectangles in the bottom panel). Low coverage was detected only in two MGC 
samples (MGC1 in top and MGC2 in the middle panel). Paired-end reads are depicted as 
coloured rectangles connected by a thin line. The figure was created in Integrative Genomics 
Viewer version 2.3.23. 

Hsa-miR-548ba is of interest due to its predicted targets being activin A receptor 
type IIB (ACVR2B) and bone morphogenetic protein receptor type II (BMPR2). 
Activin signalling is well known to increase FSHR expression (Minegishi et al., 
1999, Myers et al., 2008), therefore finding a miRNA from FSHR intron that may be 
co-expressed with its host gene proposes a novel negative feedback loop in 
folliculogenesis. BMPR2 is a receptor component for the oocyte secreted factors 
GDF9, BMP15 or their heterodimer, which have important roles in several aspects 
of folliculogenesis: cumulus expansion, progesterone production, and oocyte meiotic 
maturation (reviewed in Gilchrist et al., 2008). As the hsa-miR-548 miRNA family 
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is relatively new in evolution, confirmed only in primates (Piriyapongsa et al., 
2007), it is highly possible that regulation of the described pathways by miRNAs is 
species-specific.  
 

4. Cytokines and apoptosis markers in follicular fluid (Publication 
III, unpublished results) 

FF filling the antral cavity contains a mixture of proteins and metabolites infiltrated 
from plasma or secreted by follicular cells (Rodgers et al., 2010). We were further 
interested in a panel of cytokines and apoptosis markers that have been shown to 
possess several ovary-specific roles besides the ones investigated in relation to the 
immune system (Table II). The studied protein markers include 8 pro-inflammatory 
cytokines: IL-1β, IL-6, IL-18, IFN-α, IFN-γ, TNF-α, IL-12, and IL-23; anti-
inflammatory cytokine G-CSF; 5 chemokines: MIP-1α, MIP-1β, MCP-1, RANTES, 
and IL-8; as well as 2 anti-apoptotic markers sAPO-1/FAS and CD44v6. As 
mentioned earlier in the thesis, most of these proteins have alternative roles in 
different tissues, therefore IL-6, G-CSF and TNF-α may also be added to the 
category of apoptotic markers, and CD44v6 is well studied for its role in promoting 
migration in cancer cells (reviewed in Heider et al., 2004). 

To measure the concentrations of the above-mentioned proteins from small 
volumes of FF obtained from 153 IVF patients, we used a bead-based cytometric 
assay from Bender MedSystems (Young et al., 2008). The particular technology 
uses microbeads of variable diameter and fluorescence intensities allowing highly 
multiplexed analysis. Each type of bead is coated with a specific capturing antibody 
for the antigen of interest. After incubation of the beads with a biofluid sample, 
detection antibodies are included to the mix that add a second fluorescent label to 
the system. The beads are then analysed by flow cytometry. The bead size and 
intensity of fluorescence at 612 nm was used to distinguish between the different 
analytes and phycoerythrin signal at 575 nm was used for discriminating between 
empty beads and beads that carry the antigen. The number of antigen-coated beads 
was counted by the flow cytometer and protein concentrations were calculated 
according to standard curves. This technology has been shown to give more 
sensitive signals when compared to standard ELISA protocols due to the use of 
fluorescent signal over the colorimetric one. In addition, smaller volumes of body 
fluids can be used due to the multiplex nature of the test and the increased surface 
area of microbeads compared to the standard multi-well plates (Young et al., 2008).  

All significant results are graphically presented in Figure 1 of publication III 
and in Table II of the current thesis. We found no associations between IL-6, G-
CSF, MCP-1 and RANTES concentrations in the collected FF samples and the 
studied parameters.  
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4.1.Markers correlating with the etiology of infertility 
Studies regarding the follicular milieu have not been widely carried out for all 
etiologies of infertility. The peritoneal fluid samples in case of endometriosis and 
hydrosalpingeal fluid in case of TFI are much more frequently under investigation. 
Therefore our study is one of the few aiming to find protein markers descriptive of 
various etiologies of infertility at the follicular level, potentially giving a further 
insight into the molecular mechanisms that may be altered in these situations. 

Unexplained infertility was associated with lower levels of CD44v6 when 
compared to the reference group with male factor infertility, and lower IL-18 
concentration, when compared to the TFI group. IL-18 appeared as a positive 
marker for IVF pregnancy, as discussed later. It is known that deviations from 
normal IL-18 signalling in the follicle leads to a diminished degree of COC 
expansion and reduced number of ovulated ova (Tsuji et al., 2001). Additionally, FF 
IL-18 has also been correlated with the number of retrieved oocytes after COS 
(Gutman et al., 2004). Based on the background information the IL-18 signalling 
pathway could play an important role during folliculogenesis, perturbations of which 
may lead to infertility.     

The FF of PCOS patients contained higher levels of MIP-1α and CD44v6. 
The elevated level of MIP-1α may refer to the disturbed pro-inflammatory milieu in 
the follicles of PCOS patients. This chemokines is normally secreted at the site of 
injury, which is expected in case of tissue re-organisation prior to ovulation 
(reviewed in Maurer et al., 2004). For some unknown reason in PCOS patients the 
level of this chemokines is significantly higher than in other patient groups, a result 
that cannot be well interpreted with the knowledge currently available. In the bovine 
model, MIP-1α and one of its receptors CCR1 was shown to be up-regulated in the 
granulosa cells during follicle expansion (Skinner et al., 2008). The authors suggest 
that this chemokine may have therefore additional inflammation-independent roles 
during folliculogenesis, perhaps involved in inter-cellular communication.    

Women with endometriosis were distinguished by increased IL-23 levels in 
their FF. The same cytokine has been previously shown to be elevated in the 
peritoneal fluid samples of endometriosis patients (Andreoli et al., 2011). IL-23 has 
been linked to several autoimmune diseases, an aspect that has been under close 
surveillance for endometriosis as well (reviewed in Eisenberg et al., 2012). This pro-
inflammatory cytokine showed also other unfavourable associations regarding 
fertility in our study: higher concentrations of IL-23 were measured in the FF of 
smoking women as well as in samples obtained from women with secondary 
infertility. The latter aspect may also revert to the direction of autoimmune causes of 
infertility, but this claim needs further validation.  

Additionally, the FF levels of IFN-γ and TNF-α were higher in the 
endometriosis group when compared to women with TFI, the latter result has been 
previously shown by others (Falconer et al., 2009). In addition, a functional 
experiment has demonstrated that MGC isolated from endometriosis patients secrete 
significantly higher levels of TNF-α in culture (Carlberg et al., 2000). Perturbations 
in the IFN-γ pathway have also been acknowledged previously in case of 
endometriosis: it has been shown that cells from endometriotic foci are considerably 
more resistant to IFN-γ-induced apoptosis compared to normal endometrial cells 
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(Nishida et al., 2005). Disturbances in survival and apoptosis pathways may 
therefore be another background mechanism in endometriosis patients at the 
follicular level.  

The effect of TFI on processes involved in folliculogenesis has not been 
extensively studied. However, our results suggest that women with TFI are not 
completely comparable with women undergoing IVF due to the infertility of their 
partner. In fact, the TFI group of women was distinguished by the decreased 
follicular levels of IL-1β and IFN-α, when compared to the male factor infertility 
group. Considering the various roles attributed to these two cytokines in 
folliculogenesis and steroidogenesis (see Table II), it is clear that the TFI group of 
women need to be studied in further detail regarding their follicular environment. 

Two markers, sAPO1/FAS and CD44v6 that are known as anti-apoptotic 
proteins were both elevated in the FF of smoking women. This result is not 
surprising, as it has previously been determined that the oxidative stress level in the 
follicle is markedly elevated (Paszkowski et al., 2002) and the DNA in CGC 
contains increasing number of breaks if the woman is a regular smoker (Sinko et al., 
2005). Therefore the anti-apoptotic proteins are expectedly over-expressed in these 
follicles to counterbalance the stress evoked by the metabolites of cigarette smoking. 

 

4.2.Markers correlating with stimulation and IVF outcome 
IL-12 was the only cytokine in our study that correlated with COS efficiency and 
embryo quality. The concentration of IL-12 in FF positively correlated with the 
number of fertilized oocytes and the proportion of good-quality embryos of a 
patient. Interestingly, a lot of controversial information regarding this cytokine is 
available in publications by other research groups. Several of those associate the 
high expression of IL-12 with a negative outcome in IVF: highly fragmented 
embryos (Ledee et al., 2008) or embryo implantation failure (Bedaiwy et al., 2007, 
Gazvani et al., 2000). Ostanin et al. concluded in their study that oocyte immaturity 
and low morphological quality coincide with multicomponent cytokine deficit, IL-
12 being one of the components (Ostanin et al., 2007). Vujisic et al., on the other 
hand, reported higher levels of IL-12/IL-23 common subunit p40 in FF samples that 
contained an oocyte (Vujisic et al., 2006). All these contradictory results refer to the 
need for further validation of IL-12 as an oocyte or embryo quality marker.   
 Three cytokines were associated with achieving clinical pregnancy after 
COS and IVF procedure. MIP-1β is a chemokines that has been confirmed as a 
positive marker for clinical pregnancy also by other researchers (Ostanin et al., 
2007). It is possible that the inflammatory milieu at the pre-ovulatory stage is 
providing an optimal environment for the oocyte maturation, fertilization and further 
embryo development.  

IL-8 and IL-18 appear to provide a longer lasting favourable background for 
a positive outcome for IVF, as these cytokines positively correlated with parity, as 
well as with positive clinical pregnancy outcome. The importance of IL-18 was 
already discussed above, as the diminished concentration of this cytokine in FF 
described the group of women with unexplained infertility. In addition, IL-18 levels 
in FF correlated with the number of foetuses detected by ultrasonography in case of 
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multiple embryo transfer, confirming the positive influence of this cytokine on the 
IVF outcome. 
IL-8 correlated with serum progesterone levels at the day of OPU, this steroidogenic 
effect has been confirmed also in the bovine model (Shimizu et al., 2012). It has also 
been reported that IL-8 in MGC is stimulated by FSH and LH (Runesson et al., 
2000). Therefore it is safe to conclude that IL-8 plays an important part in the 
luteinization of granulosa cells. Our gene expression results showed that IL-8 is 
expressed at significantly higher levels in MGC compared to CGC, meaning that 
luteinization processes are enhanced by MGC via an autocrine loop (Figure 2 and 
Table 2 in publication III). Another role of IL-8 in the growing follicle is that of a 
pro-angiogenic factor (Murayama et al., 2010). Our data revealed a positive 
correlation between IL-8 expression and the follicle diameter, which coincides well 
with functional results demonstrating that IL-8 is up-regulated upon follicular 
hypoxia in human (Yoshino et al., 2003).     
 

4.3.Cytokines as intercellular signalling molecules in the human 
ovary 

Our results regarding the measurements of various cytokines and anti-apoptosis 
markers in the FF that demonstrated distinct profiles regarding the etiologies of 
female infertility, the outcome of COS and that of the IVF procedure were described 
above. The number of obtained statistically significant associations confirms the 
high importance of these markers in follicle physiology. It is not straightforward to 
confirm the source of the cytokines that were measured from the FF: leukocytes in 
the theca layer, theca cells themselves and both types of granulosa cells may be 
responsible for their production and secretion.  
 As there is not much knowledge about the role of cytokines in the 
intercellular communication, we were interested, which cytokines, their receptors 
and signalling modulators (if any) are differentially expressed between MGC and 
CGC. Statistically significant differential expression would give preliminary 
evidence that communication between these two sub-populations of granulosa cells 
exists via the described mediators. In the current study, data obtained from RNA-seq 
experiments (Publication II) is presented, because the MGC population used in the 
experiment was depleted of CD45+ leukocytes and the nature of the data also allows 
to study differential exon usage. The results are presented in Table III. 

As already noted earlier (Publication I), the majority of the studied immune 
system components are more abundantly expressed in MGC (also represented in 
Figure 2 and Table 4 in publication III). As a few examples, IL-8 and both of its 
receptors are over-expressed in MGC, as are three of the four chemokines receptors 
involved in the binding of the studied ligands. However, the only chemokine with 
differential expression was RANTES that demonstrated higher levels in MGC, while 
other chemokines are equally expressed in MGC and CGC. Also IL-12 system 
containing a ligand, receptor and co-receptor demonstrated an autocrine loop in 
MGC in our study. IL-12A over-expression in MGC was below statistical 
significance in the RNA-seq study, but the result was statistically significant in the 
real-time PCR experiments (Figure 2 and Table 4 in publication III). 
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The IL-1β system represents a good example of communication between 
MGC and CGC populations. Although IL-1β is more strongly expressed in MGC, 
the secreted ligand seemed to have a different effect on MGC compared to CGC, 
since the IL-1 receptor subtypes expressed in these cell populations differ 
significantly: IL1R1 is more abundantly expressed in CGC, while IL1R2 conveys 
IL-1β signals into MGC. It is well known that IL1R2 lacks the cytoplasmic domain 
of IL1R1 and therefore acts as a decoy receptor inhibiting the IL-1 signal (Colotta et 
al., 1993, McMahan et al., 1991). 

In addition, as mentioned earlier, the antagonist for IL1 receptors, IL1RN, is 
differentially spliced, when MGC and CGC are compared, meaning that the IL-1 
signalling pathway is modulated differently in the two cell types. However, the full 
meaning of this interesting result needs to be revealed by functional studies. 
 
Table III. Differential gene expression and alternative splicing of studied markers, their 
receptors, co-receptors and signalling modulators at mRNA level in human granulosa cells. 
Transcripts depicted in green were more abundantly expressed in MGC, those in red were 
over-expressed in CGC, and those in blue express different mRNA isoforms in MGC than in 
CGC. Transcripts in black were not differentially expressed. Statistical significance 
FDR<0.05 was used as a cut-off.   

Marker Receptor Co-receptor Modulator 

IL-1β IL-1R1 or IL1R2 IL-1RAP IL-1RN 

IL-6 IL6R IL6ST   
IL-12A and 
IL-12B IL12RB1 IL12RB2   

IL-18 IL-18R1 IL-18RAP IL18BP 
IL-23 and  
IL-12B IL12RB1 IL23R   

IFN-α*   IFNAR1 IFNAR2   

IFN-γ  IFNGR1 IFNGR2   

TNF-α  TNFR1 or TNFR2     

G-CSF CSF3R     

IL-8 CXCR1 or CXCR2     

MCP-1 CCR2      

MIP-1α  CCR1 or CCR5     

MIP-1β  CCR1 or CCR5     

RANTES  
CCR1 or CCR3 or 
CCR5     

FASLG FAS     
    *Refers to IFNA1 mRNA isoform.     

Regarding IL-18 ligand-receptor system, it is surprising to find the ligand-
binding receptor and the signal-transducing co-receptor expressed in different cell 
types. A possible explanation for such a result is that we have caught a time-
window, where the expression levels of either of the receptors start to shift from one 
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granulosa cell type to the other. Time-lapse experiments are necessary to reveal the 
rearrangements in the IL-18 signalling system and to provide a clearer answer. 

Data in Table 4 in publication III clearly reveals that it is not the equal 
expression levels between MGC and CGC, but rather high inter-patient variability in 
the transcription levels of several cytokine genes that rule out reaching the statistical 
significance. Good examples are TNF-α, MIP-1α and MIP-1β in MGC and IFN-γ in 
CGC. These cytokines serve as excellent cases for further study, as their expression 
in granulosa cells is probably influenced by the physiological background of the 
woman. In the current study, we already revealed that TNF-α and IFN-γ in the FF 
are up-regulated in IVF patients with endometriosis, MIP-1α is more abundant in the 
FF of women with PCOS and MIP-1β correlates positively with IVF outcome 
(Figure 1 in Publication III). Interesting future prospects would be to study the 
functional roles of these cytokines in follicle culture or in animal models to better 
understand, how cellular signalling in the ovary is modulated by the cytokines 
according to different etiologies of infertility and follicular physiology.     
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CONCLUSIONS 
The current thesis reached the following main conclusions: 

 The results demonstrated that approximately 15% of the polyadenylated 
transcriptome is differentially expressed between MGC and CGC isolated 
from hormonally stimulated patients. MGC was distinguished from CGC by 
the up-regulation of immune system related pathways and transcription 
factor families NR4A and EGR that are associated with the expression of 
gonadotrophin receptors and genes involved in steroidogenic pathways. 
CGC was characterized by the enrichment of transcripts of signalling 
pathways involved in inter-cellular interactions: extra-cellular matrix 
proteins and corresponding receptors, TGF-β family members and solute 
carrier family gene products involved in inter-cellular molecular transport. 

 Over 1,000 genes produced different alternatively spliced mRNA products, 
when MGC and CGC were compared, including genes in steroidogenic, 
insulin-like growth factor signalling, hypoxia, cell differentiation and 
cumulus expansion pathways.    

 The two granulosa cell types were not distinguishable by the most 
abundantly expressed miRNAs, however, ninety miRNAs with moderate 
expression levels were differentially expressed. The predicted miRNA 
targets suggest that a large proportion of miRNA-regulated pathways 
overlap between MGC and CGC. However, miRNAs that were differentially 
expressed in MGC specifically targeted genes involved in cellular adhesion 
and various metabolic pathways.   

 Nine previously unannotated miRNAs were discovered. Hsa-miR548ba in 
the FSHR gene intron and hsa-miR-7973 in the aromatase gene intron 
provide extended interest due to the roles of their host genes in 
folliculogenesis. Two of the predicted targets for hsa-miR-548ba are the 
TGF-β receptor family members ACVR2B and BMPR2 that play crucial 
part in the oocyte-cumulus communication leading to cumulus expansion 
prior to ovulation. 

 Twelve of 16 cytokines and apoptosis markers investigated in the FF 
samples of IVF patients are useful in distinguishing women according to the 
etiology of infertility, and the outcome of ovarian stimulation and IVF. The 
level of IL-12 positively correlated with the overall embryo quality of a 
patient. The concentrations of MIP-1β, IL-8 and IL-18 in the FF were 
significantly higher in women that achieved clinical pregnancy after IVF. 

 The presented data supports the involvement of the majority of the studied 
cytokines in inter-cellular signalling within or between the granulosa cell 
populations. The ligands and receptors of IL-12, IL-23, IL-8 and RANTES 
signalling pathways are significantly over-expressed in MGC, referring to 
autocrine signalling loops within this cell layer. At the same time, the IL-1β 
pathway is a good example as a mean of communication between MGC and 
CGC. However, functional experiments are needed to reveal the 
mechanisms, how these pathways are affected by different etiologies of 
infertility or other physiological parameters of the woman.  
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APPENDIX I 
Analysis of differential exon usage with R/Bioconductor package 
DEXSeq 
Data was generated from the same samples and according to the protocol described 
in Publication II. 

In brief, total RNA was extracted from CGC and MGC, enrichment for 
polyadenylated RNA was performed and sequencing was carried out on Illumina 
HiSeq2000 platform with 101 base pair long paired-end reads obtained. TopHat 
algorithm was used for the alignment of reads to Ensembl human genome version 
GRCh37 and for splice-junction mapping. Analysis of differential exon usage was 
performed by R/Bioconductor DEXSeq algorithm (Anders et al., 2012).   

DEXSeq algorithm creates counts for each exon determined in the reference 
genome from user sequencing data. If the exons of alternatively spliced isoforms 
overlap, they are divided into “counting bins” of overlapping and non-overlapping 
regions (see figure below).  Sequencing reads generated by user are then allocated 
into these “counting bins” (see Supplementary Figure 1). Thereafter negative 
binomial generalized linear model is used for detecting differentially expressed 
exons between samples. The results are normalized according to the total library size 
and overall differential expression of the gene.   

 

 
Supplementary Figure 1. Principle of creating “counting bins” from multiple potential 
transcript isoforms of a gene by the DEXSeq algorithm. An artificial “counting bin” is 
created for regions, where the known exons of different transcripts overlap (bin number 2 in 
the bottom row). 
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ABSTRACT 
Female gametogenesis is a long process that depends on hormonal influence from 
the pituitary gland and communication between the oocyte and various somatic cells 
in the ovary. During post-pubertal gametogenesis the meiotic and cytoplasmic 
maturation of the oocyte coincides with structural changes in the ovarian follicle, 
where oocyte development takes place. While the oocyte matures, the follicle 
expands considerably, becomes filled with follicular fluid (FF) and surrounded by 
blood capillaries. The one layer of granulosa cells in the early stages of follicle 
development starts to proliferate and differentiates into two distinct populations: the 
mural and cumulus granulosa cells (MGC and CGC, respectively) with distinct 
functional properties by the pre-ovulatory stage. 

The knowledge of follicle and oocyte maturation have led to assisted 
reproductive technologies, including controlled ovarian stimulation and in vitro 
fertilization (IVF) that are helpful for many infertile couples. However, there is 
considerable room for development in these technologies, as only about 30-35% of 
IVF cycles culminate with a live birth. Therefore, information regarding the 
molecular processes involved in follicle development and oocyte maturation, as well 
as the extent of how these processes are influenced by the individual physiological 
properties of a woman is useful for treating more infertile patients. 

The aim of the thesis was to give a thorough overview of differential gene 
expression between MGC and CGC by using several genome-wide methods. Beside 
gene expression at mRNA level, post-transcriptional gene regulation by alternative 
splicing, miRNA expression and mRNA targeting was studied to better understand 
the potential functions of these two granulosa cell population in human follicles just 
before ovulation. Secondly, 16 protein markers including cytokines and apoptosis-
related proteins were studied in the FF of IVF patients with various etiologies of 
infertility and IVF outcome to reveal how the environment of oocyte maturation is 
modified by physiological background of a woman. 

The thesis concludes that at mRNA level the gene expression profile 
between the two cell populations differs significantly, leading to various potential 
molecular functions that can be attributed to these cells. However, at the miRNA 
level the differential expression was not as significant and the miRNAs that were 
differentially expressed targeted the same molecular pathways to a large extent. 
Only in MGC, during the path of differentiation, the over-expressed miRNAs have 
switched to targeting several cell adhesion and metabolic pathways as compared to 
miRNAs in CGC. New miRNA molecules were identified in granulosa cells that are 
derived from the introns of two important genes in folliculogenesis: follicle 
stimulating hormone receptor and aromatase. 
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Fourteen of the proteins measured in the FF were found to be useful in 
discriminating the studied group of women according to the etiology of infertility, 
the outcome of ovarian stimulation or IVF procedure. Of potential further clinical 
use, IL-12 concentration was descriptive of embryo quality and MIP-1β, IL-8 and 
IL-18 correlated with the pregnancy outcome of the IVF cycle. In addition, several 
cytokines were found to be potentially involved in intercellular communication in 
the follicle according to our gene expression experiments and should be further 
studied in this regard.  
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KOKKUVÕTE 
Naise sugurakkude areng sõltub nii ajuripatsi poolt eritatud hormoonidest kui ka 
munaraku ja seda ümbritsevate somaatiliste rakkude omavahelistest 
interaktsioonidest. Puberteedijärgse sugurakkude arengu käigus toimuvad üheaegselt 
munaraku meiootiline ja tsütoplasmaatiline küpsemine ning struktuursed muutused 
munasarja folliikulis, kus toimub munaraku areng. Ajal, mil munarakk valmib, 
suurenevad märkimisväärselt folliikuli mõõtmed, see täitub follikulaarvedelikuga 
ning ümbritsetakse kapillaaride poolt. Folliikuli arengu varajastes etappides ühe 
kihina munarakku ümbritsevad granuloosrakud jagunevad intensiivselt ning 
moodustavad ovulatsioonieelseks staadiumiks kaks eraldi rakupopulatsiooni: 
muraalse ja kumuluse granuloosa, millel on erinevad rollid folliikuli arengu 
viimastes etappides ja ovulatsioonil.   

Olemasolevad teadmised folliikuli ja munaraku arengust on viinud mitmete 
meditsiiniliste tehnoloogiate kasutuselevõtuni nagu munasarjade stimulatsioon ja 
kehaväline viljastamine (IVF), mida kasutatakse rutiinselt viljatusravis. Ent vaid 30-
35% IVF protseduuridest on tänapäeval tulemuslikud, lõppedes elussünniga. 
Seetõttu on ravi efektiivsuse tõstmiseks äärmiselt oluline munaraku ja folliikuli 
arengu molekulaarsete protsesside ning naise individuaalse füsioloogia mõju parem 
mõistmine. 

Käesoleva uuringu eesmärgiks oli anda põhjalik ülevaade muraalse ja 
kumuluse granuloosa geeniekspressiooni mustritest, et mõista erinevate 
granuloosrakkude seni kirjeldamata rolle inimese munasarjas. Lisaks 
ülegenoomsetele geeniekspressiooni uuringutele mRNA tasemel uuriti 
transkriptsioonijärgset geeniregulatsiooni alternatiivse splaissingu, mikroRNA-de 
(miRNA-de) ja nende sihtmärk-mRNA-de tuvastamise kaudu. Teiseks suuremaks 
eesmärgiks oli leida follikulaarvedelikust markereid, mis kirjeldaksid munasarja 
tasemel viljatuse põhjuseid ja IVF protseduuri tulemuslikkust. Selleks määrati 
erinevate viljatuse põhjustega IVF patsientide follikulaarvedelikust 16 valgu tase, 
mille hulgas olid tsütokiinid ja apoptoosiga seotud valgud, ning uuriti naise 
individuaalsete füsioloogiliste näitajate seost munaraku küpsemise keskkonnaga. 

Uuringus leiti, et mRNA tasemel erinevad kaks granuloosa 
rakupopulatsiooni teineteisest märkimisväärselt ning nendele rakkudele omistati uusi 
seni avaldamata molekulaarseid funktsioone. Seevastu miRNA ekspressioonimustrid 
olid uuritud rakkudel enamjaolt sarnased, omades sihtmärke samades 
signaaliradades. Muraalse granuloosa populatsioonis oli siiski suurenenud nende 
miRNA-de tase, mis reguleerivad rakkude füüsilisi kontakte väliskeskkonnaga ja 
mitmeid ainevahetuse protsesse. Mõlemas rakupopulatsioonis leiti uusi seni 
tuvastamata miRNA molekule, millest kaks pärinevad kahe folliikuli arengus 
ülitähtsa geeni, folliikuleid stimuleeriva hormooni ja aromataasi, intronitest.   
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Follikulaarvedelikust mõõdetud valkudest neliteist võimaldasid eristada 
patsiente nende viljatuse põhjuse, munasarja stimulatsiooni või IVF protseduuri 
tulemuslikkuse alusel. Potentsiaalset kliinilist väärtust omavad IL-12 
kontsentratsioon, mis seostus embrüo kvaliteediga, ning MIP-1β, IL-8 ja IL-18, 
mille tasemed follikulaarvedelikus erinesid oluliselt IVF-i tulemusena rasestunud ja 
mitterasestunud patsientide vahel. Lisaks leiti geeniekspressiooni andmete põhjal, et 
mitmed uuritud tsütokiinidest omavad võimalikku olulist rolli granuloosrakkude 
omavahelises interaktsioonis. 
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