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Abstract 
 

The oocyte undergoes a remarkably long and 
elaborated journey within the follicle before becoming 
fully equipped to sustain embryonic development. Its 
ability to support early embryonic development relies 
largely on the maternal transcripts accumulated during 
its growth and maturation. However, it is still not clear 
what transcriptome blueprint composes a competent 
oocyte. A number of extensive studies provided a 
detailed characterization of the mRNA molecules that 
are gradually accumulated in the oocyte cytoplasm. The 
detail of our knowledge has gradually increased through 
the years also thanks to the development and 
improvement of the analytical techniques. From real-
time PCR analysis of single transcripts, to the whole 
transcriptome approach of gene arrays and new 
genereation sequencing, scientists accumulated an 
exponentially growing amount of new information. 
More recently, the discovery of non-coding RNAs 
revealed a new layer of complexity in the mechanisms 
that modulate gene expression at the mRNA level, in 
folliculogenesis and oogenesis. In particular, data are 
emerging on the potential role of microRNAs in 
controlling ovarian function, oocyte maturation and the 
oocyte-somatic cell cross talk. This review will try to 
summarize the vast amount of data currently available on 
the mRNAs and microRNAs associated with the ovarian 
function and to find their biological significance. 
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transcriptome. 
 

Introduction 
 

A complex spatio-temporal interaction of 
several metabolic pathways strictly regulates 
folliculogenesis and oogenesis, which contributes to the 
gradual acquisition of the oocyte developmental 
potential. These mechanisms dictate how recruitment, 
selection and growth of the follicles take place, and how 
atresia, ovulation, and corpus luteus formation follow. 
All these process occur in the ovary and are dependent 
on the precise expression and interaction of several 
intra- and extra-ovarian factors, which work both in an 
autocrine and paracrine manner. Moreover, the growth 
and development of mammalian oocytes is critically 
dependent on a bidirectional communication between 

the oocyte and its companion somatic cells (Banerjee et 
al., 2014). Follicle development, in fact, consists of the 
sequential differentiation of the oocyte and its 
surrounding somatic cells, which form the granulosa 
and theca layers (Knight and Glister, 2001). 

It is well known that folliculogenesis starts 
with the activation of resting follicles and gradually 
leads to the growth and development of a pre-ovulatory 
follicle (Knight and Glister, 2001). The process takes 
place through different phases beginning with 
recruitment that consists of primordial follicles that 
become primary follicles and develop up to 2 mm in 
diameter. This is followed by selection and growth of 
small and mid-antral follicles, leading to an 8 mm 
diameter. Ovulation of the pre-ovulatory dominant 
follicle, with a diameter larger than 8 mm, takes place 
together with the degeneration of unovulatory 
subordinate follicles, which undergo through follicular 
atresia. These phases take place in a wave-like 
progression, with typically 2 or 3 follicular waves per 
estrous cycle in cattle (Fortune et al., 1991; Adams, 
1999). The overall process takes from several weeks to 
a few months depending on the species (Fig. 1). 
Although other species will be mentioned as well, in 
this review we will refer mainly to cattle. 

The first and longest phase of oocyte 
development takes a few months and covers from the 
primordial follicle up to the antral/tertiary follicle. 
During this time the inside diameter of the gamete 
increases from less than 30 μm, in the quiescent 
primordial follicle, to more than 120 μm in the tertiary 
follicle. The second phase is the progress of the oocyte 
in the dominant follicle, a process lasting for one to two 
weeks. This phase is referred to as “oocyte capacitation” 
(Hyttel et al., 1997). The last phase is the oocyte 
maturation, and takes place in the ovulatory follicle 
during the approximately 24 h long period, between the 
peak of the LH surge and just before ovulation. 

During its growth, the oocyte develops what is 
called “developmental competence” that refers to the 
oocyte ability to produce normal, viable and fertile 
offspring after fertilization. Developmental competence 
is usually expressed as the percentage of oocytes that 
can develop to the blastocyst stage (Gandolfi et al., 
1998a). It has been shown that follicle size, oocyte 
diameter and oocyte competence are closely linked. In 
cattle, follicles with a large diameter contain oocytes 
with higher developmental potential (Gandolfi et al.,
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1998b). Studies have proved that bovine oocytes 
collected from presumptive dominant follicles (>13 mm) 
yield a significantly higher blastocyst rate, compared 
with oocytes obtained from follicles of 3 to 8 mm 
(Hagemann et al., 1999). However, other factors besides 
follicular should be considered since some large 
follicles contain developmentally incompetent oocytes 
while, some medium follicles contain competent 
oocytes (Blondin and Sirard, 1995). Ovarian 

morphology is another parameter used to estimate the 
developmental competence of the oocyte. It has been 
shown that, oocytes retrieved from ovaries that have at 
least one follicle larger than 10 mm in diameter, or with 
more than 10 follicles of 2 to 5 mm, have a higher 
developmental potential (Gandolfi et al., 1997). 
Therefore, the number and size of the follicles present in 
the ovary at the time of aspiration may be used to select 
oocytes with higher developmental competence. 

 

 
Figure 1. Folliculogenesis in cattle. The evolution from primordial to preovulatory follicles takes up to six months, 
depending on the species considered. During this period, both the oocyte and the follicle undergo remarkable and 
complex changes, which are indispensable for the formation of a competent oocyte. 
 

The knowledge of the regulation of gene 
expression at the level of mRNAs in oocyte and early 
embryo has improved as the technology available has 
advanced. It is now well known that the maternal 
contribution has a large impact on early embryo 
development. Indeed, maternally derived mRNAs 
present in the oocyte decrease rapidly following 
fertilization (Milazzotto et al., 2012) but the lack of 
some maternal mRNAs can determine a low oocyte 
competence and quality (Labrecque and Sirard, 2014). 
However, the detailed molecular mechanisms affecting 
oocytes developmental competence are unknown. It has 
been shown that it is the final period of oocyte growth 
where developmental potential is mostly acquired in 
humans (Sorensen and Wassarman, 1976), mice 
(Gougeon, 1986) and cattle (Sirard et al., 2006). 

Recently, another class of RNAs, the small 
non-coding RNAs, has been associated with 
folliculogenesis and oogenesis. Small non-coding RNAs 
are post-transcriptional regulators of gene expression, 
which range in size from 18 to 32 nucleotides (nt). They 
are generally divided into three functional classes: 
microRNAs (miRNAs), endogenous small interfering 
RNAs (endo-siRNAs) and Piwi-interacting RNAs 
(piRNAs; Babiarz et al., 2008; Kim et al., 2009; 
Thomson and Lin, 2009; Juliano et al., 2011; Ishizu et 
al., 2012). Among small RNAs, interest has focused on 
miRNAs (miRNAs) for their property to regulate gene 
expression at the mRNA level. They are found in the 

diverse compartments of ovarian follicles, including 
granulosa cells (Hatzirodos et al., 2014a), theca cells 
(Hatzidoros et al., 2014b), follicular fluid and oocytes 
(Bonnet et al., 2008). Studies demonstrated their role in 
follicle development of humans (Sirotkin et al., 2009; 
Sang et al., 2013; Roth et al., 2014), mice (Fiedler et al., 
2008; Carletti et al., 2010), cattle (Tesfaye et al., 2009; 
Ma et al., 2011; Sohel et al., 2013), pigs (Lin et al., 
2012; Donadeu and Schauer, 2013) and horses (Da 
Silveira et al., 2012). Data suggest that miRNAs may 
regulate cellular differentiation during follicular 
development and may contribute to the oocyte-somatic 
cells dialog during the acquisition of oocyte 
developmental competence. In cattle, miRNAs were 
found in follicular fluid and their profile changes during 
folliculogenesis (Zielak-Steciwko et al., 2014). They are 
both free and associated with exosomes; the latter 
possibly facilitating the transport of specific miRNAs 
into follicular cells (Sohel et al., 2013). 

This review will attempt to summarize the 
current knowledge on mRNAs and miRNAs associated 
with a correct folliculogenesis and oogenesis processes. 
It will also discuss which mRNAs and miRNAs are 
more likely to play a critical role in determining oocyte 
competence. 
 

The pathway towards oocyte competence 
 

The oocyte goes through three phases of 
maturation to become developmentally competent. 
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Meiotic maturation 
 
Meiotic maturation is the cascade of nuclear 

events triggered, in vivo, by the pre-ovulatory LH surge 
or, in vitro, by the removal of the oocyte from its 
follicular environment. Either one of these signals 
activate the maturation promoting factor (MPF), a 
protein complex composed of cyclin B1 and P34cdc2, 
that, in turn, activates the cell cycle machinery that 
drives the oocyte through the first metaphase (MI) and 
the extrusion of the first polar body. Meiosis progresses 
until the cytostatic factor (CSF) arrests the process, after 
the formation of the second metaphase (MII; Sirard et 
al., 1989). Meiotic competence is the capacity of the 
oocyte to complete meiosis by undergoing through 
germinal vesicle breack-down (GVBD) and 
chromosome condensation. The acquisition of full 
meiotic competence in bovine oocytes coincides with 
the reduction of the nucleolar transcriptional activity 
(Fair et al., 1997). Growing oocytes can be categorized 
as incompetent or competent to resume meiosis (Arlotto 
et al., 1996). Incompetent bovine oocytes remain at the 
germinal vesicle (GV) stage because they do not have 
enough cyclin B to progress beyond prophase I 
(Levasque and Sirard, 1995). Meiotic competence is 
related to the diameter, a high proportion of bovine 
oocytes are able to resume meiosis to the MI stage once 
their diameter is at least 100 μm. However, the oocyte 
must measure 110 μm or more to reach the MII stage 
(Fair et al., 1995). 
 
Cytoplasmic maturation 
 

Cytoplasmic maturation describes the 
ultrastructural changes that take place in the oocyte 
from the GV to the MII stage. Different organelles 
move during cytoplasmatic maturation: the germinal 
vesicle is eccentrically located in bovine oocytes with a 
diameter smaller than 110 μm, whereas in oocytes with 
a diameter greater or equal to 110 μm GV is located 
close to the zona pellucida (Fair et al., 1995). 
Mitochondria are centrally located in oocytes with a 
diameter smaller than 100 μm, but move to the 
periphery in oocytes larger than 110 μm (Fair et al., 
1995). Mitochondria are necessary to produce adenosine 
triphosphate (ATP), which is necessary for several 
functions, including motility, maintenance of 
homeostasis, and regulation of cell survival. Therefore, 
migration of active mitochondria across the cytoplasm 
is necessary in order to achieve full developmental 
competence (Brevini et al., 2005). Cortical granules also 
change location through cytoplasmatic maturation. They 
are initially located in the center of the oocyte, but as 
the oocyte progresses to the MI stage, cortical granules 
translocate to the periphery and become attached to the 
plasma membrane (Cran, 1989). 
 
Molecular maturation 
 

Specific mRNAs are produced and added to the 
oocytes stockpile during molecular maturation. In cattle, 
oocytes transcriptional activity of the maternal genome 

starts at the secondary follicle stage with the synthesis 
of both heterogeneous nuclear RNA (the precursor of 
messenger RNA) and ribosomal RNA. Thereafter it 
increases when the diameter of the oocyte reaches 
around 80-100 μm, but then gradually decreases while it 
growth to 110 μm and then slows to an almost complete 
arrest when the oocyte is fully grown around 120 μm 
(Hyttel et al., 2001). The nucleolus also changes its 
morphology from fibrillo-granular with loosely 
compacted chromatin to dense fibrillar and compacted 
chromatin, as the oocyte gets closer to ovulation (Fair et 
al., 1996). These transcripts are necessary to guide the 
early stages of embryonic development prior to the 
activation of embryonic transcription, which is not 
robustly activated until the 8 to 16-cell stage. The 
maternal mRNA population is highly diverse, and 
supports a range of different functions during oocyte 
maturation and after fertilization. Studies have shown 
that maternal transcripts are involved in pronuclear 
formation and fusion (Philipps et al., 2008), the first cell 
division (Tang et al., 2007), embryonic gene 
transcription (Bultman et al., 2006) and cleavage-stage 
embryogenesis (Ma et al., 2006).  

The maternal mRNA recruitment is not 
chaotic, but rather seems to follow a very carefully 
orchestrated patter (Brevini et al., 2007). In particular, 
specific sequences located in the untranslated region 
(UTR) of the 3’ end of the mRNA molecule regulate 
mRNA stability, control translational activation and 
repression and direct mRNA localisation. A study 
(Brevini and Gandolfi, 2001) showed that regulation of 
maternal mRNA translation is based on changes in the 
length of the poly(A) tail of the mRNAs. Oocyte 
mRNAs with short poly(A) tails are translationally 
inactive and are activated upon extension of the tail 
during specific stages of embryo development. Another 
study (Brevini et al., 1999) showed a relationship 
between the extent of polyadenylation, mRNA stability 
and the state of competence. In fact, oocytes that have not 
yet achieved full competence contained mRNA strands 
with shorter poly(A) tails than fully competent oocytes.  

Studies in mice show that also miRNAs have 
an important role in modultating a large proportion of 
maternal mRNA expressed during oogenesis and early 
embryo development (Tang et al., 2007). Maternal 
transcript translation, in fact, is inhibited by either 
degradation or block of translation when miRNAs bind 
to the 3’ UTR of target mRNAs. A study showed that 59 
miRNAs are differentially expressed during bovine 
oocyte maturation in vitro and a selection of these 
showed a distinct temporal expression pattern during 
preimplantation embryonic development (Tesfaye et al., 
2009). 
 

Obstacles and pitfalls along the pathway to 
competence 

 
Transcripts accumulated during oocyte 

maturation play a pivotal role in determining the fate of 
the future embryo and any perturbation of this delicate 
process is likely to reduce oocyte developmental 
competence and cause an arrest of embryonic
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development. However, another critical point to 
consider is the time taken by the oocyte to acquire its 
developmental competence. As mentioned above, 
oocyte development takes a few months and several 
factors can influences the process along this crucial 
period, causing stress to the oocyte and reducing its 
quality. Several studies have shown, for instance, that 
environmental chemicals are able to significantly impact 
oocyte ability to support development (Pocar et al., 
2006). Another main influence results from dietary 
changes that can cause an immediate alteration of the 
maternal milieu where the oocyte grows. For example, 
oocytes recovered from dairy cows with a low body 
conditioning score (BCS) due to under nutrition showed 
reduced in vitro cleavage and blastocyst formation rate 
compared to oocytes collected from cows with a good 
BCS (Snijders et al., 2000). The observation that high 
yielding cows, have a low reproductive performance, as 
a consequence of the period of negative energy balance 
(NEB) during lactation (Leroy et al., 2008) further 
confirms the role of nutrition. The general consensus 
indicates that the lower fertility in lactating dairy cows 
suffering metabolic disorders may be due to the stress 
caused to the developing oocyte. In vitro studies 
simulated this kind of metabolic stress by exposing 
oocytes to elevated concentrations of non-esterified fatty 
acid (NEFA) during maturation. Results indicated that 
NEFA altered oocyte energy metabolism, up regulating 
the expression of genes that encode enzymes involved in 
REDOX regulation, leading to an imbalanced 
intracellular REDOX potential. Embryos originated from 
oocytes exposed to high NEFA levels had a significantly 
lower cell number and an increased apoptotic cell index 
(Van Hoeck et al., 2013). However, also high-energy 
diets may have adverse effects during the acquisition of 
oocyte developmental competence (Rooke et al., 2009). 
Supplementary dietary carbohydrates in high-yielding 
dairy cows, reduced oocyte quality and embryo 
development giving a lower blastocyst rate with fewer 
cells per embryo (Fouladi-Nashta et al., 2005).  

Another fundamental element to consider is 
heat stress: for example, thermal stress increases the 
variation in the membrane fatty acid profiles and this is 
associated with reduced oocyte developmental 
competence (Zeron et al., 2001). Heat stress has also a 
general effect altering the transcriptional levels of genes 
involved in oogenesis, folliculogenesis and embryonic 
development (Gendelman and Roth, 2012). 

 
The analysis of oocyte transcriptome: from single 

gene to whole genome 
 
The development of new technologies for the 

analysis of gene expression (both mRNAs and 
miRNAs) and the improvement of reproductive 
biotechnologies have changed the approaches to study 
the biology of gametes and early embryos, including 
oocyte, spermatozoa and blastocyst. In cattle, pioneer 
studies on gene expression of oocyte competence 
analyzed the relative or absolute abundance of selected 
genes using Real Time PCR (RT-PCR; Brevini et al., 
2002; Lonergan et al., 2003; Mourot et al., 2006). This 

is still a robust methodology for the analysis of both 
RNAs and miRNAs and the method of choice to 
validate the results of high throughput methods that 
have been developed more recently. These include chip 
arrays and deep sequencing that allow the analysis of 
large portions or of the entire transcriptome present in a 
sample. Thanks to these and analogous techniques 
current studies have embraced the “omic” approach, 
which includes transcriptomics, proteomics and 
metabolomics.  

Array chips are assembled spotting thousands 
of pre-selected genes so that their expression can be 
simultaneously assessed in any given sample. Examples 
are the Atlas human cDNA arrays (Dalbiès-Tran and 
Mermillod, 2003) or specie-specific gene sets such us 
the EmbryoGENE bovine transcriptomic platform 
(Labrecque et al., 2015, 2016). The application of this 
approach to the ovary enabled to profile the expression 
of sets of selected genes, in the different compartments 
of the ovarian follicle, including theca and granulosa 
cells (Labrecque and Sirard, 2014). Furthermore, latest 
developments make it possible to analyze very small 
samples, including a single polar body separated from a 
mature oocyte, or to compare the mRNA contents of 
oocytes matured in vivo or in vitro.  

Several platforms of chip arrays enable the 
analysis of miRNAs as well. In cattle these chip arrays 
were used to characterize the expression of miRNAs in 
the oocyte (Tesfaye et al., 2009), ovarian follicle 
(Sontakke et al., 2014) and cellular components of the 
ovarian follicle, including theca and granulosa cells 
(Abd El Naby et al., 2013; Zielak-Steciwko et al., 
2014). Since miRNAs are found also outside the cells, 
interesting resuts were obtained analyzing the follicular 
fluid, whose miRNA content has been linked to the 
oocyte growth and may represent potential biomarkers 
of developmental competence (Sohel et al., 2013). As 
opposed to gene arrays for the analysis of mRNA 
molecules, commercial miRNA arrays are less limited 
by a use across different species. For example, bovine 
miRNAs include also known or predicted miRNAs from 
other species such as human and mouse (Mondou et al., 
2012). This is possible because miRNA sequences are 
highly conserved in mammals (i.e. human miRNA 
sequences are homologous to the complete bovine 
sequences).  

The advent of deep sequencing, both of 
mRNAs and small RNAs, has allowed the analysis of 
the entire transcriptome and miRNome expressed by 
any given cell type or tissue without the need of a 
specific a priori knowledge of the transcripts that might 
be present in the sample of interest. The substantially 
new characteristic of deep sequencing is that all mRNAs 
and miRNAs expressed in the sample are identified at 
the end of the procedure during the process of 
annotation and discovery of data analysis, the so called 
bioinformatics pipeline. This means that the results are 
no more determined by the transcripts that we were 
expecting to find and therefore were spotted on the 
array. Instead, this new technology allows the 
identification of any given sequence, even if totally 
unexpected, in a specific sample. The only limitation is
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the degree of annotation of the reference genome, which 
depends on the species of interest (Trapnell et al., 2009, 
2010; Friedla ̈ nder et al., 2012; Kozomara and Griffiths-
Jones, 2014). 

The technique can also be applied to gametes 
and embryos, although these must be analyzed in pools 
due to the low amount of available RNA quantity as the 
starting material (Antoniou and Taft, 2012; Graf et al., 
2014). However, the new era of RNA sequencing aims 
to the single cell analysis thanks to an amplification step 
before library preparation, recent examples of which are 
available in cattle too (Chitwood et al., 2013; Reyes et 
al., 2015). 

Small RNA sequencing of gamete and embryos 
is still a challenge since amplification procedures before 
library preparation, are still unreliable. Thus, high 
amounts of RNA and small RNA samples are needed, as 
reported by Gilchrist et al. (2016), who performed the 
profiling of miRNA populations using pools of more 
than 600 Germinal Vesicle oocytes, MII oocytes, and 
presumptive zygotes. However, we have recently 
developed a protocol that enabled small RNA seq using 
pools of only 30 embryos (Pasquariello et al., 2016a) 
that should enable an easier application of this technique 
to small samples. The amount of starting material is not 
a limiting factor for abundant and easy to collect 
samples like granulosa cells (Gebremedhn et al., 2015). 
Therefore the role of granulosa cell miRNAs on oocyte 
growth and maturation has been studied both in vivo and 
in vitro, including the validation of their mRNA targets 
(Andreas et al., 2016; Gebremedhn et al., 2016).  

A feature common to both array chips and deep 
sequencing is the huge amounts of data generated at the 
end of each experiments. In order to understand which 
of these data have a functional significance it is 
necessary to validate each gene by RT-PCR. For 
practical reasons often linked to limited biological 
material and economical resources, such validation is 
limited to a very small subset of mRNAs and miRNAs. 
Thus, many information are gradually lost during the 
different steps of bioinformatics analysis, as scientist 
tend to focus gradually only on fewer and fewer genes. 
Therefore, the final evolution of the methods used to 
understand folliculogenesis and oogenesis must include 
an increasing ability to share and compare data of 
metabolic pathways and gene networking, gathered by 
different studies. The first meta-analyses of different 
bovine datasets have recently been published. One 
describes the transcriptome changes of bovine granulosa 
cells under different physiological conditions, obtained 
using the same platform (Khan et al., 2016). Another 
compared the gene expression profile among 10 
different bovine tissues collected from nearly 200 
animals, in the attempt to identify what contributes to 
determining the outcome of the function of individual 
tissues (McGettingan et al., 2015). 

 
Roles of mRNAs in ovarian function and oocyte 

competence 
 

Mammalian oocyte growth and maturation 
consists in the accumulation of both maternal RNAs and 

proteins (Telford et al., 1990). These constitute the 
hallmark of the oocyte which is its high level of 
transcription, driven by maternal mRNAs, together with 
its stored proteins that are crucial for the early 
development of the newly fertilized zygote (Wassarman 
and Kinloch, 1992). Therefore, maternally inherited 
components stored within the oocyte regulate the early 
stages of embryogenesis. As development proceeds, the 
process of early embryogenesis becomes gradually 
dependent on the expression of genetic information 
from the embryo (Telford et al., 1990). 

Storage of mRNA during oocyte maturation, 
and its timely availability during early embryo 
development, is essential for oocyte quality and 
developmental competence. There is differential 
expression of transcripts between in in vitro matured 
and immature bovine oocytes, which underlines the 
tight temporal control of protein synthesis required for 
oocyte maturation in preparation for subsequent 
fertilization and early embryonic development (Fair et 
al., 2007). 

Oocyte competence is selected based on 
different morphological criteria that range from follicle 
size to chromatin configuration (Labrecque and Sirard, 
2014). Different groups have tried to pinpoint the 
transcriptome blueprint of a competent oocyte according 
to these known biological markers. Starting from 
follicle size it is well known that oocytes from large 
follicles are generally considered more competent and 
have a higher probability of researching the blastocyst 
stage. Gene expression according to follicle size has 
been measured in cattle by microarray analysis 
(Labrecque, et al., 2016). The study showed a few 
differentially expressed genes between oocytes from 
small follicles (<3 vs. 3-5 mm), whereas an important 
number of differences were detected between oocytes 
from larger follicles (5-8, and >8 mm). Larger follicles 
possessed a stockpile of mRNA involved in 
transcriptional regulation, chromatin remodeling energy 
production as well as transport of key molecules within 
the cell. The mRNAs differences identified between the 
two larger follicles classes may represent the essential 
package of transcripts necessary to identify a competent 
oocyte. The acquisition of competence has also been 
analyzed in murine models by paired comparisons of the 
transcriptome of mouse oocytes collected from follicles 
at the primordial and primary, primary and secondary, 
secondary and small antral, and small antral and large 
antral stages (Pan et al., 2005). This study illustrates 
how the stack of transcripts changes during oocyte 
maturation and, therefore, illustrates the ideal 
acquisition of the correct mRNA package. The largest 
degree of change in gene expression occurred during the 
primordial to primary follicle transition. Surprisingly, 
60-65% of the transcripts decreased in abundance as the 
follicle grew, which was an unexpected result as one 
may predict a gradual increase in mRNA content as the 
follicle matures and the oocyte reaches competence. The 
overexpressed genes were involved in DNA repair and 
response to DNA damage, which reflects the importance 
of high quality DNA in the oocyte so that it can pass on 
an intact genome to the embryo upon fertilization.
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Another classical identifier of oocyte competence is the 
ovarian phase of follicular development. Oocytes 
collected during the growth phase of follicular 
development are of better quality than those collected 
during the dominance phase, due to the negative effects 
exerted by the dominant follicle on the subordinate 
follicles (Hagemann et al., 1999). Comparative gene 
expression analysis of oocytes from growth and 
dominance phases (Ghanem et al., 2007.) revealed a 
total of 51 differentially regulated genes proving a 
transcriptional difference in bovine oocytes derived 
from small follicles at growth versus dominance phases. 
However, these transcripts need to be further evaluated 
to understand their precise role in defining the 
differences in oocyte competence with regards to 
specific differentiation states. 

Chromatin configuration is another trademark 
of oocyte competence. Germinal vesicle oocytes possess 
different states of chromatin condensation. In particular, 
they can be observed either with a non-surrounded 
nucleolus (NSN) configuration, which is associated with 
low oocyte competence, or with a surrounded nucleolus 
(SN) configuration, which is associated with high 
competence and a condensed chromatin, which reflects 
a repressed transcriptional state (Zuccotti et al., 1995; 
Tan et al., 2009). Compared with SN oocytes, NSN 
oocytes display a higher gene transcription activity and 
a lower rate of meiosis resumption (G2/M transition), 
and they are mostly arrested at the two-cell stage after in 
vitro fertilization. Another study (Zuccotti et al., 2008) 
evaluated the differences in gene expression between 
these two chromatin configurations in mouse oocytes at 
the metaphase II stage. The study identified, 303 genes 
over expressed and 77 under expressed genes in NSN 
oocytes. Once again, as in the study of Pan et al. (2005), 
there was a greater proportion of genes over expressed 
in the non-competent oocyte group. However, these 
findings are controversial. In fact, a study found that 
SN, competent, mouse oocytes had a greater proportion 
of over expressed genes (459 transcripts) compared to 
the NSN, non-competent, group that had only 19 
overexpressed genes (Monti et al., 2013). Furthermore, 
a second study did a similar comparison but used RNA-
seq, instead of microarray analysis (Ma et al. 2013). 
Consistently with the first study the SN group showed a 
larger group of upregulated genes (627 transcripts) 
compared to the NSN group (332 transcripts). However, 
consistent with another study (Labrecque et al., 2016) 
the genes that are downregulated as competence 
acquisition proceeds are related to transcription.  

Even if follicle size, differentiation state, 
maturation and oocyte chromatin configuration are 
routinely used to select the most competent oocyte and 
have, therefore, been used as a guide to determine the 
competent oocyte’s transcriptome, concentrating only 
on competent oocyte morphology may lead to an 
incorrect picture. In fact, an essential component is 
missing in all these studies: the direct relationship with 
the animal’s fertility in vivo. The in vivo influence on 
the oocytes transcriptome and oocyte competence may 
be completely unrelated to known biological markers 
mentioned until now. The oocyte may undergo 

transcriptional changes that are influenced by the 
individual’s environmental condition and may not show 
up morphologically for example by changes in follicle 
size or chromatin condensation state. This aspect was 
recently addressed (Bocchi et al., 2016a, b) by 
comparing the transcriptome of oocytes collected by 
ovum pick-up from animals with different fertility. The 
oocytes were derived from either fertile heifers or from 
repeat breeders. The transcriptome was analyzed by 
RNA-seq differential expression analysis and an 
effective and indubitable difference was found in the 
transcriptome blueprint of the oocytes derived from 
heifers and repeat breeders. In particular, this 
transcriptomic approach revealed differential 
representation in 42 genes, which were consistently 
differentially expressed between fertile and infertile 
individuals. Furthermore, there was a higher number of 
genes over expressed in the oocytes from the repeat 
breeder compared to oocytes from fertile individuals. 
This suggests the occurrence of an uncontrolled 
expression of the correct gene pattern or a specific 
response to adverse environmental conditions.   
 

Small RNAs in ovarian function and oocyte 
competence 

 
MiRNAs are involved in controlling both 

female and male reproductive functions. In the female 
side, they are regulated by a paracrine or autocrine 
signalling, and are produced by a wide array of cells 
including oocytes, embryos, endometrial and granulosa 
cells (Kang et al., 2012; Ponsuksili et al., 2014). 
Moreover, they are found in biological fluids, such as 
plasma, serum, follicular or oviductal fluids; they can be 
freely circulating stable molecules (Sohel et al., 2013) 
or enclosed in exosomes (Cleys et al., 2014; Kambe et 
al., 2014). The extracellular miRNAs may be taken up 
by specific cells of endometrium, placenta or ovarian 
follicles, where they bind to their target mRNAs, 
repressing their translation and modulating cellular 
events and functions (Sohel et al., 2013; Kridli et al., 
2015; Mitchell et al., 2015).  

Several studies have reported that a number of 
miRNAs are involved in murine granulosa cell 
proliferation (Yao et al., 2010; Yan et al., 2012) and 
estradiol production (Yin et al., 2012). Similar 
observations were made in porcine granulosa cells 
where miRNAs regulate estradiol production and 
apoptosis (Xu et al., 2011; Lin et al., 2012). 
Furthermore, miRNAs have also been detected in ovine 
granulosa and theca cells at different stages of follicle 
development (McBride et al., 2012); in equine ovaries, 
they play a role in the regulation of cell survival, 
steroidogenesis, and follicle differentiation (Schauer et 
al., 2013). In cattle, there are a few examples of a 
differential expression of miRNAs in granulosa cells 
during folliculogenesis (Zielak-Steciwko et al., 2014; 
Gebremedhn et al., 2015). 
 
Small RNAs in folliculogenesis 
 

In several species, small RNAs regulate gene
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expression post-trascription, during folliculogenesis 
(Christenson, 2010; Gebremedhn et al., 2015; Khan et 
al., 2015) and the role of miRNAs has been studied with 
particular interest. Cellular differentiation, which occurs 
during follicular development, seems to be regulated by 
the expression and interaction of many miRNAs in a 
spatio-temporal manner in the different follicle 
compartments: granulosa (Hatzirodos et al., 2014a, b) 
and theca cells (Hatzirodos et al., 2014b), follicular 
fluid and oocyte (Bonnet et al., 2008).  

Individual miRNAs take part in 
folliculogenesis contributing to the regulation of ovarian 
steroid hormones, targeting hormone receptors as well 
as modulating hormone biosynthesis and release. For 
instance, miR-378 is positively linked to aromatase 
expression and estradiol (E2) synthesis in granulosa 
cells (Xu et al., 2011). Moreover, miR-133b stimulates 
ovarian estradiol synthesis by targeting Foxl2, which 
mediates the transcriptional repression of steroidogenic 
acute regulatory protein (STAR) and cytochrome P450 
family 19 subfamily A member 1 (CYP19A1) to 
promote E2 biosynthesis (Dai et al., 2013). In addition, 
miR-383 promotes E2 byosintesis in ovarian granulosa 
cells. It inhibits RNA binding motif single-stranded 
interacting protein 1 (RBMS1) altering its mRNA 
stability and leading to the inactivation of v-myc avian 
myelocytomatosis viral oncogene homolog (c-Myc), 
which induces steroidogenesis in these cells (Yin et al., 
2012). Finally, miR-423-5p and miR-378 regulate E2 
synthesis by targeting CYP19A1 mRNA and repressing 
CYP19A1 protein content and enzyme activity in 
newborn piglets (Sui et al., 2014). 

In addition to the expression of individual 
miRNAs, there are subsets of miRNAs, such as the 
miR-183 cluster and the miR-132 cluster, which are 
organized in genomic groups and are differentially 
expressed during different phases of folliculogenesis by 
specific cells of follicle. This indicates that they have a 
functional role in granulosa cells during follicular 
development (Gebremedhn et al., 2015). However, only 
a small set of miRNAs, among the large number of 
those expressed, is found to be specific for single 
follicle stages, while the majority of miRNAs (>80%) 
are expressed at all stages (Gebremedhn et al., 2015). 
This indicates that commonly expressed miRNAs may 
play a role in maintaining normal physiological ovarian 
function during all the follicular phases of the oestrus 
cycle. Information on stage specific miRNAs may help 
to decipher the molecular mechanisms of follicular 
development, ovulation and atresia.  

Finally, follicular fluid miRNAs have been 
recently identified in cattle. In particular, their profiles 
can be different between developing and mature 
oocytes. Moreover, differences can be associated also 
with several miRNAs, which are present as free- or as 
exosome-vehiculated forms (Sohel et al., 2013). 
MiRNAs present at different stages may be associated 
with the growth status of the oocyte and may act as 
regulators of its developmental competence, by 
facilitating cell-to-cell communication in the follicle 
(Sohel et al., 2013). Interestingly, we found that 
follicular fluid miRNAs can be associated with the 

different oocyte developmental potential in cattle 
(Pasquariello et al., 2016b). In particular, some 
overexpressed miRNAs regulate several genes involved 
in processes apparently not related to folliculogenesis 
therefore follicular fluid miRNAs may be molecular 
interlocutors of the developing follicle with the intra- 
and extra- ovarian processes (Fig. 2). 
 
Oocyte development potential: the potential role of 
small RNAs 
 

MiRNAs, siRNAs and piRNAs are expressed 
in oocytes of many species at different stages of 
development (Grivna et al., 2006; Golden et al., 2008; 
Watanabe et al., 2008; Tesfaye et al., 2009; Xu et al., 
2011; Yang et al., 2012a; Abd El Naby et al., 2013). 
However, only siRNAs seem to have a critical role in 
oocyte maturation. This has been inferred by comparing 
the knockout phenotypes of dicer 1 ribonuclease III 
(Dicer) and DGCR8 microprocessor complex subunit 
(Dgcr8) mutant mice. Dicer knockout in the oocyte 
resulted in meiotic arrest with severe spindle and 
chromosomal segregation defects and loss of both 
miRNAs and endo-siRNAs, as they are usually 
processed by Dicer (Murchison et al., 2007; Tang et 
al., 2007; Suh et al., 2010). In contrast, Dgcr8 
knockout does not induce an obvious phenotype, and 
mRNA levels remain unchanged even though the 
oocytes are characterized by the loss of miRNAs (Suh 
et al., 2010). These findings suggest that endo-
siRNAs, and not miRNAs, may underlie the meiotic 
defect of Dicer knockout oocytes. Reporter assays 
using oocytes of Dgcr8 knock out mice have shown 
siRNA activity in mature oocytes, but little to no 
miRNA function (Ma et al., 2010). As with mRNA, 
miRNA expression in mouse shows a dynamic change 
during oogenesis, where a large proportion of maternal 
genes are directly or indirectly under miRNA control 
(Tang et al., 2007).   

Finally, miRNA function is suppressed in 
fully-grown oocytes although miRNA biogenesis is 
unaffected and miRNA targets are present. The 
mechanism of such suppression at present is unknown. 
P-bodies seem to be correlated with miRNA 
destabilization. P-bodies are discrete cytoplasmic foci 
that contain proteins involved in mRNA degradation. 
They are involved in several post-transcriptional 
processes: mRNA decay, translational repression, non-
sense-mediated mRNA decay and RNAi-mediated 
repression. All four Ago proteins (Eystathioy et al., 
2003; Liu et al., 2005; Sen and Blau, 2005), GW182 
(Eystathioy et al., 2003) and two RNA helicases 
RCK/p54 (Chu and Rana, 2006) and MOV10 (Meister 
et al., 2005) have been found in P-bodies, suggesting 
that miRNA suppression is localized to the P-body. 
However, it has also been suggested that P-body 
formation is a consequence rather than the cause of 
miRNA-mediated gene silencing, because when siRNA 
or miRNA silencing pathways are blocked, P-bodies are 
not formed (Eulalio et al., 2007). This hypothesis is 
supported by the loss of P-bodies in maturing oocytes 
followed by their resumption at the blastocyst stage
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(Kuramochi-Miyagawa et al., 2004; Parker and Sheth, 
2007; Swetloff et al., 2009; Flemr et al., 2010). PiRNAs 
are also expressed in mouse oocytes (Watanabe et al., 
2008), but deletion of the Piwi proteins does not 

produce an observable oocyte phenotype (Deng and Lin, 
2002; Kuramochi-Miyagawa et al., 2004; Eulalio et al., 
2007). Therefore, it is unclear whether they play a role 
in oogenesis. 

 

 
Figure 2. Representation of the microRNAs and mRNAs turnover of mechanisms underlying oocyte development. 
1) MicroRNAs may be molecular interlocutors of the developing follicle with the intra- and extra- ovarian 
processes. 2) Follicular fluid microRNAs are delivered in the follicle antrum by the different compartments of the 
follicle including the oocyte and its cumulus cells, granulosa and theca cells. 3) Exchange of the microRNAs 
between the follicular fluid and the oocyte may be a way of communication between the developing oocyte and the 
follicle. 4) Crosstalk between cumulus cells and the oocyte may come through a microRNA exchange. 5) mRNAs 
and microRNAs are accumulated in the ooplasm during the oocyte maturation and have been widely used as 
indicators of the developmental potential, even if it is still missing a better knowledge of which composes of 
competent oocyte. 
 
Alteration of miRNA expression and implications for 

female fertility: the data in humans 
 

Increasing evidences on the role of miRNAs 
during female reproduction point to an association 
between these molecules and several diseases, which 
generally affect oocyte developmental competence 
(Sirotkin et al., 2010; Roth et al., 2014) at least in 
humans. Although data in domestic animals are not 
available yet, it is of interest to consider this aspect as 
well, since it may have a wider impact than currently 
perceived.  
 
Polycystic ovarian syndrome (PCOS) 
 

Polycystic ovarian syndrome (PCOS) is an 
anovulatory disorder characterized by the development 
of ovarian cysts and affects women of all reproductive 
age (Yildiz et al., 2012). The underlying mechanisms 
resulting in PCOS are not understood, however, the 
expression of several miRNAs are characteristic of 
PCOS patients (Sorensen et al., 2014). Using 

microarray and quantitative PCR, 5 miRNAs (let-7i-3p, 
miR-5706, miR-4463, miR-3665, miR-638) were found 
to be overexpressed in the blood of women with PCOS, 
compared to healthy controls, while 4 (miR-124-3p, 
miR-128, miR- 29a-3p, let-7c) were underexpressed 
(Ding et al., 2014). When deep sequencing was used to 
profile exosomes from the follicular fluid of women 
with PCOS, miR-132 and miR-320 were found to be 
less abundant in the follicular fluid compared to controls 
(Sang et al., 2013). These authors also demonstrate that 
miR-132 and miR-320 stimulated production of E2 in a 
human granulosa-like tumor cell line, while inhibition 
of these miRNAs suppressed E2 production. 

In addition to variations in serum and follicular 
miRNA populations associated with PCOS, miRNAs 
differences were also observed in the developing 
embryos of these women, which could have an impact 
on their developmental competence. Blastocysts derived 
from oocytes obtained from PCOS patients have an 
under-regulated subset of miRNAs, like let-7a, miR-
19a, miR-19b, miR-24, miR-92, and miR-93 (McCallie 
et al., 2010), which can compromise embryo
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development and, thus, fertility.  
 
Premature ovarian failure (POF)  
 

Premature ovarian failure (POF) is a disorder 
with multifactorial origin, which affects ovarian 
function in women under 40 years of age. The condition 
is characterized by early ovarian senescence and 
diminished antral follicle count (AFC; Slopien and 
Warenik-Szymankiewicz, 2014). Several studies have 
identified alterations in miRNA levels of women with 
POF. Interestingly, these studies focused mainly on 
circulating miRNAs in plasma and serum. miR-22 
plasma levels were reduced in women with POF 
compared with control women. Under-regulation of 
miR-22 was also correlated with a lower AFC (Dang et 
al., 2015). Moreover, miRNAs circulating in plasma, 
which are associated with POF, have important roles in 
regulating many signaling pathways. miR-23a, which 
was abundant in the plasma of POF patients inhibits X-
linked inhibitor of apoptosis (XIAP) and caspase-3 
expression, resulting in apoptosis in human granulosa 
cells (Yang et al., 2012). These results indicate that 
circulating miRNAs can be potentially used as non-
invasive biomarkers of POF.  

Interestingly, Single-Nucleotide Polymorphisms 
(SNPs) are found in genomic DNA coding for miRNAs, 
which have been associated with disease susceptibility. 
A study of miRNA polymorphisms identified an 
association between combined genotypes in the genome 
coding for miR-146aC>G, miR-196a2T>C, and miR-
499A>G and POF in women. Therefore transcriptional 
changes in miR-146a and miR-196a2 induced by 
miRNA SNPs may be involved in POF development 
(Rah et al., 2013). 
 

Conclusions 
 

An indispensable prerequisite for the 
development of a healthy offspring is to fertilize a 
competent oocyte. However, the unraveling of the long 
building process for obtaining a competent oocyte is 
still in progress. Recent technical and conceptual 
advances allow a better understanding of ovarian 
function and oocyte development, but the precise 
definition of the blueprint of a competent oocyte is still 
to come. This unquestionably remains a very valuable 
target because fertility remains a key element for 
sustaining an efficient animal production that is crucial 
for providing affordable food to a growing population. 
It will also be necessary to understand how to increase 
resilience to the increasingly adverse environmental 
conditions that are forecast as a consequence of global 
warming. The task is complex and requires extensive 
resources that are difficult to raise. Therefore, 
substantial progress in the field will benefit from a 
global effort from a global scientific community willing 
to standardize procedures and pool large databases. 
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