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RNAs, small nuclear RNAs and transfer RNAs that are involved in mRNA splicing and translation,
many more classes and types of recently discovered ncRNAs are also known to be involved
in the regulatory functions namely, but not limited to, transcriptional and post transcriptional
gene regulation, chromosome replication, RNA processing, site-specific RNA modification,
DNA methylation, telomere synthesis and length differentiation, protein degradation and
protein translocation (Storz 2002, Hannon et al. 2006). Ongoing identification of new classes
of non-coding RNAs (ncRNAs) and new member of existing classes presently underscores the
paramount importance of ncRNAs function at many levels essential for gene expression and
genome stability.

Types of ncRNAs are emerging from occasional discoveries with varying in size, mechanisms
of biosynthesis and their regulatory mechanisms. However, their list is continuously and tremen-
dously increasing and getting appreciation for their functional importance. Broadly, ncRNAs
could be differentiated into three classes according to their range in size. Among them, the
tiny one known as miRNAs which ranges in size about 20-24 nucleotides (nt) and have been
found to modulate development of mammals and engaged in disease development as well as
contributing to the fertility of different species through post transcriptional gene regulation.
The group of ncRNAs ranging in size 100-200 nt are designated as small RNAs commonly
found as translational regulators in bacteria and some other species as well. Lastly, the ncRNAs
comprising the majority of longer transcripts to over 10000 nt in size are called macro ncRNAs
involved in epigenetic regulation of gene expression in eukaryotes (Hutvagner & Zamore 2002,
Storz 2002). In contrast to the uncertainty surrounding the function of most mammalian macro
ncRNAs, imprinted macro ncRNAs have clearly been identified as regulator of flanking genes
by DNA methylation (Koerner et al. 2009). Small non coding RNAs such as miRNAs, short
interfering RNAs, piwi-interacting RNAs and short nucleolar RNAs are associated with trans-
acting functions, whereas macro ncRNAs are so far only associated to cis-acting functions.

However, as knowledge on the types and the members of each type are still limited, most
of these biochemically abundant species of ncRNAs are yet to be discovered. It is likely that
there are many more ncRNAs than was ever suspected. Here we review the recent reports on
the small non-coding RNAs with particular emphasis on miRNAs in details and some other
selected small ncRNAs briefly in animal models focusing on their diverse roles in the physiology
of reproductive cells (germ cells) and tissues (testis, ovary, endometrium, oviduct and embryo)
together with their implications for ruminant reproductive biology.

Small non-coding RNAs and gene regulation

The notion of the sncRNAs is not new - for example 5S rRNAs, U6 RNA, snoRNAs, BC200 RNA,
etc. were discovered long before, but they are only recently highlighted because of growing
list of classes and members of sncRNAs which are found to be physiologically important as
riboregulators. A short list of several classes of sncRNAs in different species with their potential
functions are presented but not limited to Table 1. Among these all ncRNAs, miRNAs and
some other small ncRNAs have revolutionized our understanding of a hidden layer of new
gene regulation now-a-days. MiRNAs are the well characterized ones getting more attention
to the scientific community due to their high level of importance. Diverse expression pattern
of miRNAs and high number of their potential target mRNAs suggest their involvement in the
regulation of various developmentally related genes at post-transcriptional level (Lau et al. 2001,
Lai 2003, Ambros 2004, Bartel 2004, Alvarez-Garcia & Miska 2005, Plasterk 2006, Chen &
Rajewsky 2007). The tiny (18-24 nt in length) and single-stranded, derived from primary tran-
scripts termed as “pri-miRNAs”, having an RNA hairpin structure of 60-120 nt with a mature
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into a protein complex termed RNA induced silencing complex (RISC). RISC is guided by the
incorporated miRNA strand to mRNAs containing complementary sequences in 3 untranslated
region to 7-to 8-ntregion of 5~ end of miRNA called seed sequence, which primarily results in
inhibition of mMRNA translation (Pillai et al. 2005) (Fig. 1). Blocking the translation of mRNAs
occurs through interaction of RISC with eukaryotic translation initiation factor 6, which prevents
assembly of 80S ribosomes (Chendrimada et al. 2007), or through inhibition of translation after
initiation (Jackson & Standart 2007). Recent reports have also indicated that miRNA, with or
without perfect sequence complementarity, can cause an increase in mRNA degradation by
endonucleolytic cleavage or deadenylation, respectively (Jackson & Standart 2007) or changes
in proteins associated with RISC can cause a shift from translational inhibition to translational
enhancement (Vasudevan et al. 2007, Orom et al. 2008). Those mMRNAs which are repressed
by miRNAs are further stored in the cytoplasmic foci called P-bodies (Liu et al. 2005a, Liu et
al. 2005b, Rehwinkel et al. 2005). MiRNAs have found to play an integral part of animal gene
regulatory networks as one of the most abundant classes of gene regulators.
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Fig. 1. Biogenesis of miRNAs and their mechanism of gene regulation.

Pri-miRNAs, which are generally synthesized by RNA polymerase Il, are trimmed in the
nucleus by Drosha to generate a ~ 60-nt pre-miRNA which is exported to the cytoplasm,
where it is further processed by Dicer, in association with one of the four mammalian
Argonaute proteins (Ago) and TBRP. Target mRNAs are recognized by miRNAs in the form
of ribonucleoprotein complexes (miRNPs) through sequence complementarity, usually
between the miRNA and sequences in the 3 "-UTR of the mRNA. The miRNP complex
which is loaded onto the target MRNA exhibits direct or indirect effect in translational re-
pression. Direct effects occur either through inhibition of initiation (-) of translation through
binding Ago2 to m’G (7-methyl-G cap) results in prevention of ribosome association with
the target mRNA, or through inhibition of translation post-initiation, which includes pre-
mature ribosome drop off, slowed or stalled elongation, and co-translational protein. In
addition to direct effects on translation (or protein accumulation), miRNPs can have other
effects on targeted mRNAs, including promoting deadenylation (+), which might result in
degradation (increased turnover) (Nilsen 2007). Translational repression and/or deadenyla-
tion occurs followed by decapping and exonuclease-mediated degradation if base-pairing
is partially complementary or, in the case of perfect complementarity and provided the
miRNP contains specifically Ago2, may result in endonucleolytic cleavage of the mRNA
at the site where the miRNA is annealed (Standart & Jackson 2007).
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derived from repeated sequence elements are specifically designated as repeat-associated small
interfering RNAs (rasiRNAs). Based on the studies in Drosophila and mouse, piRNA has been
found to be produced like ping-pong manner, in which Ago3 bound to sense-strand piRNAs
catalyzes antisense-strand cleavage at an A:U base-pair that generates the 5" end of antisense
PiRNAs (Fig. 2B) (Aravin et al. 2007, Brennecke et al. 2007, Gunawardane et al. 2007). The 5~
ends of the resulting cleavage products are proposed to be associated with Aub or Piwi, with
nucleolytic processing of the 3 ” overhangs generating mature 23- to 30-nt antisense piRNAs
(Fig. 2B). The mature antisense piRNA Argonaute complexes are then proposed to bind and
cleave sense strand RNAs, silencing gene expression and generating the 5~ end of sense-strand
piRNA precursors that will be associated with Ago3. Processing of the 3~ overhang produces
mature sense-strand piRNAs, completing the cycle (Fig. 2B) reviewed by (Klattenhoff & Theu-
rkauf 2008). Genetic studies in mice, Drosophila and zebrafish showed that piRNAs are crucial
to germline development (Kuramochi-Miyagawa et al. 2004, Carmell et al. 2007, Houwing et
al. 2007) and proteins involved in piRNA production have also been implicated in the control
of gene expression in somatic cells (Pal-Bhadra et al. 2004, Grimaud et al. 2006).

Function of miRNAs in reproduction

miRNAs are estimated to comprise 1-5% of animal genes (Bartel 2004, Bentwich et al. 2005,
Berezikov et al. 2005) or a given genome could encode nearly thousands of miRNAs (Bentwich
et al. 2005). Moreover, a typical miRNA regulates hundreds of target genes (Brennecke et al.
2005, Krek et al. 2005, Lewis et al. 2005, Xie et al. 2005) and altogether they could target a
large proportion of genes up to 30% of the genome (Lim et al. 2005). Changes in the expression
of even a single miRNA found to have a significant impact on the outcome of diverse cellular
activities. Inhibition of miRNA biogenesis has been found to be resulted in developmental
arrest in mouse and fish (Bernstein et al. 2003, Wienholds et al. 2003, Giraldez et al. 2005)
and female infertility in mouse (Otsuka et al. 2007, Otsuka et al. 2008). Investigation on the
potential role of miRNA in reproduction up-to-date has been accomplished by the different
approach. First, by identifying the population of miRNAs in the germ cells and reproductive
tissues through cloning method. Second, by investigating the expression of candidate miRNA
or group of miRNAs using microarray platform or RT-PCR approach. Third, by localizing can-
didate miRNA in the tissue or cell using in-situ hybridization approach. Forth, by knocking
down global miRNA expression by creating Dicer1 knockout mice. Finally, by investigating
specific miRNA function through using the oligonucleotide inhibitors and/or miRNA mimics or
precursors. Accounting the studies and approaches published so far, the following sub-sections
describe the role of miRNAs with respect to reproductive biology.

Function of miRNAs in the female reproduction
Expression and regulation of miRNAs in the mammalian ovarian cells and their function

Dynamically regulated, complex and coordinated ovarian functions include sequential recruit-
ment, selection and growth of the follicles, atresia, ovulation and luteolysis are under control
of closely coordinated endocrine and paracrine factors. All these factors are controlled by
tightly regulated expression and interaction of a multitude of genes in different compartments
of the ovary (Bonnet et al. 2008). As one of the major classes of gene regulators, miRNAs are
considered to be involved in the regulation of ovarian genes (Ro et al. 2007a, Hossain et al.
2009). Several studies expanding from identification and expression profiling to functional
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Further analysis of these two miRNAs in cultured granulosa cells revealed the roles in the post-
transcriptional regulation of CtBP1 gene which is known to be interacting with steroidogenic
factor-1 and acts as a co-repressor of nuclear receptor target genes. Recently, studies have been
conducted to know the role of miRNAs in human granulosa cells (GC) by transfecting 187
individual synthetic miRNA precursors that mimic endogenous precursor miRNAs representing
the majority of human miRNAs (Sirotkin et al. 2009a). Interestingly, they have screened 80
miRNAs which control both proliferation and apoptosis in ovarian granulosa cells, as well as
they have identified miRNAs which promote and suppress these processes utilizing a genome-
wide miRNA screen. Transfection of cultured human granulosa cells with 11 out of 80 tested
miRNA constructs resulted in significant increase in percentage of cells containing PCNA a cell
proliferation marker. These were mir-108, mir-7, mir-9, mir-105, mir-128, mir-132, mir-141,
mir-142, mir-152, mir-188 and mir-191. Eleven out of the 80 miRNAs tested in the same
experiment (mir-15a, mir-96, mir-92, mir-124, mir-18, mir-29a, mir-125a, mir-136, mir-147,
mir-183 and mir-32) found to promote up to 2-fold accumulation of Bax - proapoptic marker
in human primary granulosa cells. However, the detailed regulatory mechanism for regulating
such two processes through targeting which mRNAs by the individual miRNAs are unknown
and remains to be disclosed in future investigation.

The most recent work highlighted one miRNA (miR-224) in detail for regulation of granulosa
cell proliferation and thereafter has shown to affect ovarian estrogen release in mouse (Yao et
al. 2010). In that experiment miR-224 expression was found to be regulated by TGF-/Smads
pathway through inhibiting TGF-R superfamily type | receptors (SB431542) which leads to
blockage of phosphorylation of the downstream effectors Smad2/3 in vitro in granulosa cells.
The ectopic expression of miR-224 was suggested to enhance TGF- & 1-induced granulosa
cell proliferation through targeting Smad4. This was a good demonstration for the notion that
miRNAs could control or promote TGF- & 1-induced GC proliferation and ovarian estrogen
release. However, there are many more miRNAs and their mechanism involved in the function
of granulosa cells is still remaining to be elucidated. So, to further clarify the role of miRNAs
in oogenesis and folliculogenesis, generation of knockouts or knocking down the individual
miRNAs could help to understand their critical roles in ovarian development as well as ovar-
ian cellular functions. Information on the regulatory role of miRNAs in the ovarian cells of
ruminants compared to human and mouse are so limited and these are the open field for the
researcher working on ruminant reproductive biology. Currently, the expression and functional
evidence of miRNAs in the follicular theca cells in any physiological states of any species
remains to be elucidated.

Ovarian steroidogenesis and miRNAs

Recent studies revealed interesting relationship between ovarian steroids and miRNAs. Several
studies suggested ovarian steroid dependent biogenesis & maturation of miRNAs and reversely
some set of miRNAs could regulate the secretion of ovarian steroid. It has been first demon-
strated that ovarian steroids influence the expression of some miRNAs (hsa-miR20a, hsa-miR21
and hsa-miR26a) in endometrial stromal cell and glandular epithelial cell in human (Pan et al.
2007). The molecular mechanism by which ovarian steroids regulate the expression of miRNAs
was unclear but such regulatory function has been suggested to alter the expression of their
target genes and cellular activities manifested by their products thereby (Pan et al. 2007). It
has been also shown that LH/hCG regulates the expression of selected miRNAs, which affect
posttranscriptional gene regulation in mouse within ovarian granulosa cells (Fiedler et al. 2008).
Estrogen was found to suppress the levels of a set of miRNAs in mice and human cultured cells
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The uterus, which undergoes cyclic changes throughout the menstrual or estrous cycle during
embryo implantation, is also largely dependent on ovarian steriod. The receptivity of uterus
during blastocyst implantation is achieved through transition from elevated estrogen dependent
highly proliferative state to progesterone dependent highly secretory state. MiRNAs could also
be involved in this uterine change through regulating or interfering the post transcriptional and
translational activity of vast number of genes which are supported by the initial conditional in-
activation of Dicer studies. In addition, several studies have reported the regulation of miRNAs
in the endometrium by the ovarian steroid (Pan et al. 2007, Toloubeydokhti et al. 2008, Macias
et al. 2009). Differential expression of miRNAs in endometrial carcinogenesis and between
uterine leiomyoma versus normal myometrium has been studied (Boren et al. 2008, Marsh
et al. 2008). Differential expression of miRNAs in endometrium of women with and without
endometriosis has been evidenced and revealed importance of miRNAs in normal endometrial
cellular activities, pathogenesis of endometriosis and associated reproductive condition (Pan et
al. 2007, Teague et al. 2009). Additionally, a reduced expression of miR-199a and miR-16 may
work synergistically to promote an inflammatory environment by up-regulating COX-2 protein
levels, thereby promoting prostaglandin production, neoangiogenesis and estradiol mediated
cellular proliferation in endometriotic tissues (Teague et al. 2009). So, in addition to the study
of conditional inactivation of Dicer, studies on the identification of miRNA expression in the
normal & diseased uterus and the characterization of some individual miRNA in the uterus
(normal & endometriotic) as well as in the uterine implantation site (discussed in previous sec-
tion) has shade initial light onto the importance of miRNAs regulating physiological changes of
the uterus in response to steroids and pregnancy as well as in pathogenic condition.

In addition to their importance in the regulation of normal ovarian physiology as described in
the previous section, recently it has become evident that miRNAs play a major role in ovarian
tumorigenesis. Several miRNA expression profiling studies have identified changes in miRNA
patterns that take place during ovarian cancer development (lorio et al. 2007, Dahiya et al.
2008, Giannakakis et al. 2008, Laios et al. 2008, Nam et al. 2008, Yang et al. 2008a, Zhang
etal. 2008, Wyman et al. 2009, Bendoraite et al. 2010). Candidate miRNAs which were found
to be most commonly altered in ovarian carcinoma compared to normal tissue from different
study (observed at least in three experiments) are let-7 family, miR-100, miR-106b, miR-10b,
miR-125b, miR-143, miR-145, miR-155, miR-15a, miR-199b, miR-200a, miR-200b, miR-200c,
miR-21, miR-22, miR-222, miR-368, miR-424 and miR-99a. The majority of these deregulated
miRNAs including miR-15a, miR-34a, miR-34b ; miR-210 and let-7 family were found to be
down-regulated in human ovarian cancer, hence suggested to act as tumor suppressor and
thereby represent potential targets for therapy (Johnson et al. 2005, Giannakakis et al. 2008,
Kumar et al. 2008, Zhang et al. 2008). The downregulation of major miRNAs in the epithelial
ovarian cancer has been found due to both genomic losses and epigenetic alterations (Zhang et
al. 2008). Further understanding the underlying mechanisms of how miRNAs are regulated in
normal or disease condition together with identification of their specific target genes and their
functions might lead to increase reproductive efficiency and the development of preventive
or therapeutic strategies by regulating specific target genes associated with such reproductive
disorders.

MIiRNAs in the male reproduction

Importance of miRNAs in male reproduction has been shown by analyzing the expression and
regulation of miRNAs in the testicular cells with their putative functions. MiRNAs were first
detected from the testis during establishing the techniques reliable for genome-wide miRNA
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miRNAs microarray could be a useful approach either by using arrays from ruminants or by
heterologous approaches by using platform from other species like mouse or human. A direct
identification through construction of ovarian cell specific small RNAs library can also be an
option. In addition to identification, miRNA microarray could be also useful to describe dynamic
changes in miRNA transcript levels in closely related to regulatory events of gene expression
for successful follicular development to explain how this is all managed by the different ovar-
ian cell types. Although hundreds of genes, which are important for ovarian physiology, are
predicted to be potential target of miRNAs (Hossain et al. 2009), all these targets should be
validated to elucidate key points of such regulation. Thereafter, it might be possible to draw a
fine description of the role of miRNAs in the molecular mechanisms of the dynamic processes
occurring in these different compartments of ovary during follicular development and might
provide insight into how we might be able to enhance reproductive efficiencies.

In the absence of transcription, synthesis of hundreds of new products and disappearance
of many proteins during oocyte maturation after germinal vesicle breakdown and early em-
bryogenesis indicating fine regulation of hundreds of transcripts by a mechanism other than
transcription. These changes could possibly largely rely on and controlled by miRNAs, but it is
still remains to be elucidated. In addition, it has been evidenced that the bidirectional interac-
tions between oocyte and somatic cells control folliculogenesis. In this communication oocyte
secretes soluble paracrine factors that act on its adjacent granulosa cells, which in turn regulate
oocyte development in bi-directional communication axis (Gilchrist et al. 2004). Further in-
vestigations are required to know the role of miRNAs in paracrine signaling and gapjuntional
exchange and control of regulatory molecules through intercellular communication between
oocytes and granulosa cells.

A large number of target genes for a single miRNA and multiple miRNAs targeting the expres-
sion of one gene have been recognized as a major challenge in the assessment of the role of
specific miRNAs and establishing precise miRNA-target networks. Moreover, the identification
of functional targets represents a major hurdle in our understanding of miRNA function for com-
plex phenomena of reproduction in different ruminant species due to lack of complete genomic
information, suitable bio-informatic tools and difficulty to carry out in-vivo functional studies.
A few number of knockout studies in mice have been carried out to show the involvement of
regulatory miRNAs in mammalian reproduction. However, the knowledge on the functions of
specific miRNAs from mouse knockout models cannot be systematically applied to ruminants.
So, for large ruminant, the production of transgenic animals could help to elucidate miRNAs
mediated regulation of reproductive process in vivo. However, the success of such approaches
is limited due to technical difficulty, cost of making null miRNA transgenics and extended time
frame required to observe the effect in reproductive processes in ruminants.

Presently, our understanding of non-coding RNAs specially miRNAs function in reproductive
biology is very limited and much remains to be uncovered in this exciting field of investiga-
tion. Better understanding of small non-coding RNAs, especially miRNA-mediated regulatory
effects could be potentially used for regulation of ruminant reproductive processes including
fertility and for treatment of reproductive and other steroid-dependent disorders in near future
and results can be applied in other species due to high level of conservation of miRNAs be-
tween species.

Conclusion

Non-coding RNAs comprise the majority of the mammalian transcriptome and have been sug-
gested to play an important role in the regulation of gene expression. In contrast to the uncer-
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tainty surrounding the function of most mammalian ncRNAs, imprinted macro ncRNAs have
clearly been shown to regulate flanking genes epigenetically and small non-coding RNAs have
been shown to have tremendous transcriptional regulation for normal physiology or disease
condition of different types of tissues and cells. Among the sncRNAs, miRNAs are the well
characterized one which could maintain the delicate balance between normal reproductive
biology, system development and tissue maintenance versus deregulated growth and tumor
formation. The studies on the role miRNAs in disease development are much extensive than
on reproductive biology and furthermore very limited in ruminant species compared to human
and mouse. Conditional Dicer1 knockout mice have been used to show the consequences
that the lack of miRNA have on ovarian, testicular, oviductal, uterine, oocyte, and embryonic
function and development. To date, much of the work on miRNAs has focused on expression
profiling rather than their regulation and functional characterization within specific tissues
and cells or during the reproductive process. However, this area of research is rapidly moving
forward and it is expected that a lot of information regarding miRNA-mediated posttranscrip-
tional gene regulation and their epigenetic regulation in ruminant reproduction biology will
be known within the next several years. Studies to identify the specific miRNAs, their target
genes and post transcriptional regulatory network will further shed light on the importance of
specific miRNA both for the development and function of reproductive tissues as well as dis-
ease condition. Once relevant miRNAs and functional targets are identified, possible clinical
use for these molecules will represent the next front line and may lead to novel strategies for
better enhancing or manipulating reproductive efficiency.
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