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Background

Preimplantation period is the early series of events required to establish pregnancy.
Therefore, it is one of the main research focus all over the world. The early classic studies was
based on in vivo model to monitor the success of fertilization based on superovulation and em-
bryo flushing at different time points. However, application of in vitro embryo production has
advanced our understanding on the molecular regulation of the events encompass this crucial
period. Indeed, different approaches and molecular techniques have been performed to get
deep insights into the molecular mechanisms controlling early events of preimplantation em-
bryo development of several mammalian species. Semi- and quantitative real-time polymerase
chain reaction was first introduced as gene-by-gene approach to study spatiotemporal regu-
lation of well-known candidate genes and their involvement in determining the quality of
oocytes and embryos. Another interesting focus of research was to identify the alterations of
transcript abundance of candidate genes in response to various biological conditions like in
vivo and in vitro culture conditions. The polyadenylation pattern during oocyte maturation and
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embryonic development was the key molecular mechanism that was investigated deeply in
many laboratories. Recently, genome-wide assessment strategies of omics approaches (tran-
scriptomics, miRNAomics, proteomics, lipidomics and metabolomics) have been applied to
profile all detailed structural and functional changes of the whole genome in attempt to use this
knowledge in downstream applications and practices. Although, the great efforts have been
done in this field during the last decades, the applications are still in the infancy stage. In this
chapter, more highlights will be focused on all attempts has been made in this field.

1. Introduction

The reproductive performance of a herd is the biggest factor affecting production
and product quality of livestock. Thus, a decline of either the female or the male fertility
represents a dramatic economic loss in beef and dairy industries. Therefore, it would be of great
importance to define and manage the biological factors contributing to livestock fertility. In
large animal farm management, individual male could serve thousands of females worldwide
through application of artificial insemination. Therefore, a genetic mutation related to certain
phenotypic trait(s) of one male will transmitted to have a global economic impact. Thus, a single
male has a larger impact on herd productivity than fertility of a single female. Additionally,
sperm viability is a determinant factor, which affects success rate of fertilization, and embryo
production [1]. Subsequently, the expression of compromised genetic information from the
spermatozoa can impair embryo quality [2]. A study done in bovine bulls has detected novel
genetic loci harboring ITGBS5 gene, which associated with the bull reproductive performance
by controlling sperm-oocyte interaction, and resulted embryo development [3]. Expression
profile of selected genes was used as a good indicator for the physiochemical parameters of
semen collected from farm animals’ males of different species [4, 5 and 6]. This confirms the
involvement of sperm genes in various reproductive processes such as spermatogenesis, sperm

motion [7]. fertilization of ova and subsequent preimplantation development [8].

On the female side, animal breeders normally select dairy cows based on milk record
as the main phenotypic (productive) trait, which resulted in fertility decline of their progeny
during next generations [9]. This attitude has resulted in compromising fertility of highly
milk producing which was measured by the reduction of first service conception rate from
approximately 65% in 1951 to 40% in 1996 [10]. Buffalo breeding is faced with the low
fertility rate, which leads to high economic loss under heat stress conditions [11]. In this regard,
cumulus-oocytes complexes are highly affected when the female is exposed to environmental
heat stress during follicular development, ovulation and in vivo events of oocyte maturation
[12, 13, 14]. Buffalo cumulus-oocyte complexes that were collected during hot season had a
high percentage of arrested oocytes in metaphase I stage of nuclear progression after in vitro
maturation [15]. Interestingly, bovine oocytes that have been exposed to increased temperatures
at 40.0°C and 41.0°C recorded lower rates of nuclear and cytoplasmic maturation that was
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linked with reduced in vitro embryo development [16]. In support to previous observation,
experimental exposure of COCs to heat shock during the maturation has revealed reduced
cleavage rate as well as blastocyst development [17]. In vivo experiments have reported
reduced pregnancy rate by 25% for each °C elevation in body temperature, which is due to the
negative impact of heat stress on preimplantation development embryos [18]. The expression
of stress indictor gene known as HSP70 was increased in buffalo oocytes collected under heat
stress condition compared to those collected in cold season [19]. [20] have reported greater
expression profile of genes related to thermal stress (HSP 70.1 and HSP 70.2) and cell death
inducing genes (CASPASE-3, BID and BAX) in buffalo embryos (8-16-cell and blastocyst
stages) exposed to 39.5°C and 40.5°C than that in control group. This implicates that exposure
of buffalo preimplantation stages of development to heat stress even for short duration reduced
embryo development rate and this was regulated by increase cell death genes and embryo try

to resist this negative effect by upregulation of heat shock genes.

The key biological factor that is behind the reduced fertility either in high milk
producing cows and under heat stress is the poor oocyte, which compromise embryonic
development qualities [21, 18]. It was established that the molecular mechanisms linked with
low developmental potential of bovine oocytes is highly complex and may be reliant on many
small changes in the RNA levels of many genes [22,23]. There is a clear relationship between
altered transcript abundance patterns and some aspects of embryo quality (i.e. cryotolerance),
which render the embryo capable of establishing a pregnancy;, if transferred fresh, but incapable
of withstanding cryopreservation [24,25]. The main factors implicated in embryo and fetal
loss can be categorized as those of intrinsic genetic problems, environmental factors like heat
stress, failures in maternal physiological environment, and endocrine related problems like
unsuccessful embryo-maternal communication [26,27,28]. It has been stated, that aberrant
gene expression either in the uterine endometrium [29] or in the embryo [29-32] is the major
cause of pregnancy failure in cattle. Early embryogenesis depends on a tightly choreographed
succession of gene expression patterns involved in different biological processes, which define
normal development [33, 34]. Even a defect in a single gene is sufficient to cause implantation
failure [35]. In this regard, all HSP40 family genes were found to be up-regulated in degenerate
embryos versus blastocysts [36]. In addition, heat shock protein gene Hsp70.1 was up-
regulated in blastocysts produced in vitro compared to in vivo embryos [37]. Identification of
preimplantation gene regulation and functional analysis of key expressed molecular markers
is crucial to understand and control important events ecompassed this period to improve farm
animals’ fertility. Therefore, this chapter aims to highlights research has been done in the
molecular regulation of preimplantation development.

1.1. Approaches of large-scale expression analysis in bovine

The advent of high-throughput analyses of gene sequence and transcriptional regulation
3
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has advanced our understanding of cellular and molecular activity of certain biological
process. In particular, array technology is nowadays a powerful gene expression profile tool.
Researchers have used gene-by-gene approach to identify gene expression before the availability
of genome wide approaches such as microarray and next generation sequencing (NGS).
Traditional polymerase chain reaction (PCR) has been performed to profile the expression of
housekeeping genes during in vitro maturation of buffalo oocytes [38, 39]. While, quantitative
real/time PCR was use to compare gene expression of key regulatory genes in bovine embryos
produced either in vitro and in vivo [37]. Global approaches have been introduced to get deep
insights into the molecular regulation of specific event during preimplantation development.
For example, differential display and suppressive subtractive hybridization were used to define
transcript abundance of genes associated with developmental competence of bovine oocytes
[40]. cDNA array approach was done to identify genes differentially regulated during bovine
oocyte maturation using human specific array [41]. Nevertheless, significant research efforts
have been devoted to the development of cDNA resources in all major livestock species in the
last few years.

Gene expression analysis using microarrays is a promising approach enabling global
gene profiling to define the big picture of early embryo development. However, mRNA analysis
in oocytes/embryos has to overcome many technical hurdles caused by the limited quantity
of materials available and the biology of tissue studied [42]. Many universities and research
institutes have tried to generate their own specific array as platform for global gene expression
analysis. Alarge bovine microarray containing over 18,000 EST clones was developed [43].
Although this array covers a significant portion of the bovine genome, transcripts of oocyte
origin may be under-represented, since the expressed sequence tags (ESTs) used for construction
of this large array were derived from libraries of mixed tissue origin. A collaborative program
named GINGER (Gene Index for Gene Expression profiling in Ruminants) has constructed a
ruminant cDNA array with 1896 clones collected from non-normalised cDNA libraries of three
tissues (muscle, embryo and mammary gland). This array was developed to be resource for gene
expression profiling in ruminant tissues involved in reproduction and production (milk and beef)
traits. Bovine cDNA array namely BlueChip containing ~2000 randomly selected clones was
constructed from four different subtraction suppressive hybridizations (SSH) between bovine
embryos and somatic tissues [42] is one of the bovine preimplantation specific array. A cDNA
microarray with over 2000 randomly selected cDNA clones was generated from bovine oocyte
library and was used to identify genes highly expressed in fetal ovary (an enriched source of
oocytes) relative to adult spleen and liver tissues [44]. Investigation in gene expression at the
level of the mRNA in mammalian reproductive tract during early embryonic development may
help to identify genes, which are involved in embryo-maternal communications [45]. In the
last few years both cDNA and oligonucleotide microarray technology have been successfully
applied to study endometrial gene expression (reviewed in Giudice 2003). In order to, identify
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embryo induced transcriptome changes in bovine endometrium a combination of SSH and
cDNA microarray have been applied to compare the gene expression between uterine samples
from pregnant and no pregnant heifers [46].

Functional genomics studies of oocyte competence was conducted using bovine cDNA
array containing expressed sequence tags (ESTs) representing approximately 15 200 unique
genes [47]. Affymetrix bovine-specific DNA microarray is the biggest available array (with
>23,000 transcripts) was used for global transcription analysis in matured bovine oocytes and
8-cell embryos [48]. Global gene expression profiles of mouse and human preimplantation
embryos from the GV oocyte to blastocyst stages have been established via microarray analyses
using in vitro-transcribed antisense RNA as amplified target material [49]. In addition, cDNA
microarrays contained 932 bovine EST clone inserts has identified a range of mRNA transcripts
that are differentially expressed between bovine blastocysts derived from in vitro versus in
vivo culture [50]. The transcriptome dynamics throughout preimplantation development o
bovine was done using NGS to find out distinct cluster of gene regulators [51]. Furthermore,
a multi-species cDNA microarray containing 3,456 transcripts from three distinct oocyte-
libraries from bovine, mouse and Xenopus laevis were constructed to identify genes expressed
in oocytes and conserved in these distant species [52]. Recently, the integrated interaction of
ovarian miRNA and mRNA was performed in sheep to detect genes regulating prolificacy trait
using NGS [53, 54].

2. Sperm RNA Population

Sperm is a differentiated cell, has a specific function which deliver the haplotype to the
oocyte, it seems a simple mission, among species sperm phenotype shows a high degree of
variation such as sperm size [55], studies documented that sperm not only delivers the DNA
to egg but also complex RNA which it is difficult to explain [56,57]. During the replacement
protamines with histones to compact DNA, a lot of changes occur in chromatin so RNA
originates not from DNA transcription [56,58] and not dismiss from sperm formation process
for two reasons, firstly RNA stored in sperm cell used as a substrate to activate RNA translation
process [56], secondly RNA share during fertilization and embryo development [56,57,59].

The sperm has a large RNA population which is identified in many species including
insects [56] and plant [60] and mainly localized in sperm head (Johnson et al. 2015) including
messenger RNA (mRNA), micro- RNA (miRNA), interference RNA (iIRNA), and antisense
RNA [61]. and also can be characterized as coding RNAs, long non-coding RNAs (IncRNAs)
and small non-coding RNAs (sncRNAs) [62] (Das et al. 2013; Jodar et al. 2013; 2015, Sendler
etal. 2013; Pantano etal. 2015; Selvarajuetal. 2017; Zhang et al. 2017). Sperm RNA transcripts
heat shock proteins, cytochrome P450 aromatase and wide range of receptors [61]. Large
number of non-coding RNAs has potential biological functions (Jodar et al. 2013), whereas
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a large number of sperm-specific non-coding RNAs have been identified, including intron
retained regions and short expression regions (Jodar et al. 2013, Sendler et al. 2013, Selvaraju
etal. 2017). Around 880 sperm IncRNAs seem conserves between human and mouse, however

their functions are unknown (Zhang et al. 2017).

The RNA-sequencing technology (RNA-seq) is a useful tool in studying of spermatozoa
ribosomal RNAs (rRNA) and has revealed that ribosomal RNAs (rRNAs) represent in from
human, pig, stallion and bull sperms (around 80% oftotal RNA), but in mice the rRNAs represent
only 30% of total RNA (Das et al. 2013; Jodar et al. 2013; Johnson et al. 2015; Selvaraju et
al. 2017; Godia et al. 2018a). The detection of mature sperm RNA explains the role of coding
RNA fermentation in transcriptional shutdown during this stage. The spermatozoon’s intact
transcripts selectively protected from degradation and it may have a vital role during spermatid
maturation, fertilization and early embryogenesis (Sendler et al. 2013; Selvaraju et al. 2017).

2.1. Transcription and RNA storage during spermatogenesis

During spermatids maturation the absence of protein synthesis synchronize with a
progressive decline in stored RNA. DNA transcription to RNA is also canceled in spermatids
before and during the DN A condensation onto protamines [56], [58] because the DNA-protamine
is condensed at least six times efficient than DNA-histone (minimization the volume of the
nucleus) [63] and DNA toroid structures formation occur when protamine DNA becomes super
condensed in later stage of spermatids formation. This toroid structure can be microscopically
visualized approximately 50,000 base pairs of DNA [64] instead of the 146 base pairs of
DNA for coiled twice [65] and linked to other toroids to form (DNase sensitive toroid) linked
with region in which the DNA remains folding with histones [66]. The DNA toroids have not
enough space to allow for RNA storage in opposite during spermatid chromatin condensation.
The toroids links with the periphery of the nucleus and called (the peri-nuclear theca) [67].
These toroid structures protect the DNA from mutation, toxies and free radical [68]. The
DNA amount is wrapped to protamines showed a different percentage for most mammalian
species >98% of total DNA [69, 70], but for human sperm approximately 90% [68]. The super
condensation minimize the volume leading to cellular process silencing and this is required for
maintaining the sperm ability as a specialized cell deliver the haploid to the oocyte.

2.2. Biological roles of sperm molecules delivers to the oocyte

The microgamete sperm cell with delivers only the haploid genome to the oocyte which is
called a macrogamete to contribute the cellular organelle required for embryogenesis as cytosol
[71] and mitochondria because sperm structures are destroyed by the fertilized oocyte [72].
But it was observed that the meiosis Il division activation in the fertilized oocyte [71] related
to the sperm’s centrosome (non-genomic) which is critical factor for embryo development in

mammals not in rodents [73], [74] and prove that the sperm can deliver more than genomic
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material [75].

Also sperm cell transports specific phosphor-lipase C-z to the oocyte, which is present in pre-
nuclear theca of head and necessary for embryonic development activation [76], [77].

The increase of Ca2+ during fertilization induces the oocyte to complete meiosis and
subsequently to begin in embryonic development. The signals required for oocytes calcium
oscillations begin after fertilization and showed as PLC-z [76,78]. In addition, peri-nuclear
theca proteins coding other molecules working as a signals involved in different protein kinase
pathways but other transcriptional factors and structural proteins [79,80], activate the oocyte
meiosis activation process and pronuclear development [57] need to be deeply studied. Some of
sperm components are believed that slowly degrade such as mitochondria and others preserve
until late embryonic stages [57,81].

2.3. RNA transfer to the oocyte and its functions

At early studies on sperm RNA, there was a belief that sperm RNA is non-functional
and remain from the spermatid gene expression, on the other side, it was predicted that sperm
RNA has a role after fertilization in formation of male pronucleus [82,83]. Recently among
other cellular factors, is supposed that RNA affect on embryo development [84]. The first
time that the three different types of sperm mRNA can be identified, the fertilizing sperm can
transfer mRNA into the oocyte, which can be intact for at least 3 h post-fertilization. At least
five sperm specific mRNA were recovered in oocytes post-fertilization, although they were
absent in unfertilized oocyte [85].

2.4. mRNA without function

Some mRNA is specific and only expressed during spermatid differentiation such as
mRNA encoding protamine-2 which expressed before, and during the DNA condensation
phase when histones are replaced to protamine-2. Also protamine-2 role in chromatin
coiling synchronizes with spermatid differentiation by encoding mRNA could be involved in
differentiation process. But the protamine mRNA degradation is very rapid in fertilized ova
explaining its deleterious expression after fertilization [86]. Other sperm cell mRNA may be
residual from the last spermatid expression phase. Recently, there is a thought that the analysis
of sperm mRNA composition may be an indicator for male fertility [87, 88]. A group of genes
known as GA17, COX5B and TFAM mRNAs exist in large quantities in all individual human
ejaculates [89] but they are non-functional and cannot use in translation or trans-membrane in
mature sperm [90]. GA17 coding for a putative fusogenic protein that may be important for
sperm—oocyte interaction [91,92] COXS5B is a subunit of the terminal mitochondrial respiratory
transport enzyme and the mitochondrial transcription factor A (TFAM) genes are coded in
nuclear but located in mitochondria. COX5B and TFAM mRNA imported to the mitochondria
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matrix can be translated by the ribosomes then their products will be exported to the cytosol
but this suggestion is not correct because the last described phenomena have not been occurred
in the mitochondria of any cell type [93]. A more suitable explanation would be the presences
of some remnant cytosolic ribosomes responsible for detecting the mRNA translation. RNA
is absent in the sperm mitochondria and in the mid-piece [82]. This study agree with the
suggestion that sperm mitochondria proteins do not involved in transcription and translation
[94].

2.5. Sperm-egg binding

The oocyte plasma membrane consists of two regions, a microvilli-free region and a
microvilli-rich region. The sperm fuses the oocyte in the microvilli-rich region [95,96]. The
interaction between the sperm and oocyte involves sperm cell-oocyte cell adhesion, followed
by the fusion of two gametes membranes [97]. The inner acrosomal membrane of the sperm

comes into the oocyte membrane [98] through the equatorial region [99,100].

Many molecules present in sperm and oocytes and are crucial for successful gamete
binding as Fertilin o or ADAMI, fertilin B or ADAM?2 and cyritestin or ADAM3. The role of
ADAMI1, ADAM?2 and ADAM3 appear clearly in sperm oocyte binding [97]. Fertilin f is not
essential for plasma membrane binding and fusion but poor adhesion to zona pellucida was
observed in fertilin f and cyritestin knockout mice [101,102].

Oocytes integrins which found on the membrane surface are thought to be ADAMs
sperm receptors. Some studies discovered that a6p1 integrin is an oocyte receptor for fertilin
B [103,104] but other studies revealed that a9B1 integrin is a receptor for fertilin $ [105,106].
CDA46 express in rodents on the sperm acrosomal membrane [107] and maintain the membrane
stability [108]. In human cells, CD 46 directly interacts with B1 integrin and indirectly with
tetraspanins [109].

CD9 exists in oocytes membrane surface, one of tetraspanin protein family and is
important for sperm-oocyte interactions [110]. The role of CD9 in sperm oocyte fusion has
been detected in a numerous studies with CD9-null oocytes which the ability for strong sperm
adhesion was reduced [111] the after fertilization reorganize microvilli distribution to enhance
membrane block (Zytkiewicz et al., 2010). CD9 deficiency in mice caused a reduction in
fertility [112,113] also CD81 is another member, expressed on the surface of oocyte, its specific
role is not fully studied until now but it interacts with CD9 [114]. CD81 gene silencing caused
a reduction in fertility [115,116].

CRISP1 i1s a sperm protein expressed by the cumulus cells surrounding the oocyte,
induces sperm direction through the modification of sperm hyper-activation and it may regulate

Cat Sper function [117] and sperm chemo-attraction in female reproductive tract to help in
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successful in-vivo insemination (Blasco, 2014).

IZUMO is a specific protein, expressed in sperm and essential for sperm-oocyte plasma
membrane binding and fusion [118]. IZUMO interacts directly with some oolema molecules.
Helical dimer of fragments of [ZUMO N-terminus domain involved in sperm-oocyte fusion
[119]. Dimers are formed by the connection between IZUMO and other proteins via its
N-terminal domain [118]. Moreover, [IZUMO considered a key role for organizing and stabi-
lizing of protein-like complex which is crucial for membrane fusion. Also protein, angiotensin
protein which has the ability to convert enzyme 3 (ACE3) on the sperm acrosomal cap, capable
of interacting with IZUMO [120]. On the oocyte membrane, Juno belongs to the folate receptor
family and recognizes the sperm IZUMO to facilitate fertilization. It has been demonstrated
that mice lacking Juno on the surface of their egg cells are infertile female mice with lacking
Juno failed in normal sperm fusion. The rapid absence of Juno from the oocyte membrane
immediately after fertilization implies the essential role of shedding Juno in the fertilization
process to prevent poly-spermy occurrence in mammals [121].

Trypsin-like acrosin and spermosin proteases are two different molecules involved in
the first physical contact of the oocyte and sperm, it was suggested that aproteasome system
participate in helping the sperm to penetrate the oocyte or in the process of sperm binding proteins
[116]. Although sperm hyaluronidases are believed to be a limiting factor for fertilization
in mammals, and sperm-specific SPAM1 and HYALS hyaluronidase have been suggested to
paticipate in sperm-ZP binding in mice, the recent researches proved that hyaluronidases are
not essential requirement for fertilization [122,123].

The oviduct tube which is the fertilization environment and secretions also play an
essential role in the transport and interaction between male and female gametes. The lactoferrin
expression in a human oviduct regulates polyspermy prevention process but in vitro inhibits
gametes interaction (Yoon, 2014), also causes a modification in sperm function by decreasing
sperm a-D-mannose binding sites and increasing the tyrosine phosphorylation of sperm
proteins (Zumoffen, 2013).

3. Oocyte Transcriptomics

In the natural reproductive cycle, around 80% of the ovulated oocytes will be fertiliyed
and developed to blastocyst [124]. A sharp drop in development of bovine embryo occurred
when in vivo recovered oocytes are continue matured under in vitro condition compared
with their counterparts that are matured in vivo [125,126]. It is supposed that COCs that are
matured in vivo have accumulated all molecules such as RNA, proteins that are required for
orchestrating early-cleaved embryos (Hyttel et al., 1997). During the initial cleavage divisions,
embryonic development is supported by maternal mRNAs and proteins synthesized and stored

during oogenesis [44]. Oocyte-expressed genes are not only important for follicular growth
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and development but also are crucial for early embryogenesis however, our understanding
of composition of the oocyte transcriptome and the identity of key oocyte-expressed genes
with important regulatory roles in folliculogenesis and early embryonic development is far
from complete [44]. In addition, investigation on the molecular characteristics of oocytes of
poor developmental competence is critical to form a foundation for the development of future
classification criteria for the selection of oocytes with superior developmental capacity [47].
Using oocyte-specific cDNA microarray, six genes were overexpressed in fetal ovary relative
to [ribosomal protein L7a, dynein light chain, Doc2 , calmodulin, leucine-rich protein, and the
novel gene clone (Begg20 H6)] [44]. Following cross-species hybridizations (bovine, mouse
and Xenopus laevis), 268 transcripts were reported to be preferentially expressed in the oocyte
of these three species [52]. In this study, transcripts of SMFN (Small fragment nuclease), Spin
(Spindlin), and PRMT1 (Protein arginine methyltransferase 1) were identified in oocytes and
conserved in three evolutionarily distant species. Recent report has evidenced that reduced
transcript abundance for follistatin is associated with poor developmental competence of
bovine oocyte [47].

Analysis of the relative abundance of transcripts during oocyte maturation will help to
identify potential marker genes for bovine oocyte competence. Using heterologous human
cDNA array, approximately 300 genes were expressed in the bovine oocyte, of which 70
were differentially expressed during meiotic maturation, the expressed genes were associated
with cell cycle regulation (CCNB1 and CDC2), DNA transcription (TIF1 and GTF2H) and
apoptosis regulation (DAD1, CASP4, FASTK and BCL2L1) [41]. In array study conducted by
[48], has showed that genes controlling DNA methylation (DNMT1 and DNMT?2), transport
(IGF2R, VDP and ATP2B1) and metabolism (HSD11B2, MUT, SLC3A2 and PLCGI) were
up-regulated in matured oocytes compared to 8-cell stage embryos. Many genes (polyA, CPSF)
and CPEB) related to cytoplasmic polyadenylation element (CPE)-dependent polyadenylation
complex machinery were found to be expressed in bovine oocytes pre- and post-resumption
of meiotic maturation. Furthermore, the differential expression of the majority of these genes
further underlines the tight temporal control of protein synthesis required for oocyte maturation
and in preparation of subsequent fertilization and early embryo development [127].

Previous studies have shown that development of early embryos to the blastocyst stage
was greater when oocytes were obtained during follicular growth/stagnation phase (G/S) than
in the dominance/regression phase (D/R) [58,128,125, 2,129,130]. The dominant follicle exerts
a direct inhibitory effect on the development of subordinate follicles in cattle [131]. causing
them to undergo atresia [132], which may lead to lower in vitro developmental competence
compared to their counterparts at growth phase (as measured by blastocyst rate) [128].
Moreover, blastocysts derived from oocytes collected from both medium and small follicles at

growth/stagnation G/S stage or dominance/regression D/R stage were reported to be different
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in relative abundance of developmentally related transcripts (Cx43) [133]. However, the
molecular properties of these oocytes in bovine have not yet been investigated. Therefore, in
one of our studies we have compared the transcript abundance of bovine oocytes retrieved from
small follicles at growth and dominance phases of the first follicular wave using custom cDNA
microarray. Comparative gene expression analysis of oocytes from growth and dominance
phases and subsequent data analysis using Significant Analysis of Microarray (SAM) revealed
a total of 51 genes to be differentially regulated. Hierarchical clustering and heatmap was
performed to show the general and magnitude expression of differentially regulated genes
(Figure 1). Furthermore, gene ontology (GO) has classified expressed transcripts functionally
into different clusters based on their molecular functions (Figure 2). Accordingly, differentially
regulated genes were found to represent transcripts with known function [70% (36/51)], with
unknown function [12% (6/51)] and novel transcripts [18% (9/51)] (Figure 2). Transcripts
with known function showed to be involved in protein biosynthesis (18%), transcription (10%),
cytoskeleton (8%), cell cycle (8%), NADH dehydrogenase activity (4%), calcium ion binding
(4%), nucleotide binding (4%) and other molecular functions (10%) (Figure 2). Quantitative
real-time PCR has confirmed the expression profile of 80% (8/10) in independent oocyte
populations from both growth and dominance phases to be in the same trend of microarray data
(Figure 3). The reported differences in developmental capacity of bovine oocytes derived from
small follicles at growth and dominance phases of follicular development are also accompanied
by differences in the relative abundance of transcripts related to the various molecular events
and processes governing oocyte growth and follicular development.
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Figure 1: Hierarchical clustering and heatmap of 51 differentially expressed genes. The red blocks represent up-
regulated genes while the green blocks represent down-regulated genes in oocytes recovered at growth phase.
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Figure 2: Differentially expressed genes as classified based on the Gene Ontology Consortium classifications (http://
www.geneontology.org).
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Figure 3: Quantitative real-time PCR validation of 10 differentially expressed genes in bovine oocytes recovered at
growth phase (Day 3) vs. dominance phase (Day 7) as identified by microarray analysis (A, B, C). The relative abundance
of mRNA levels represents the amount of mRNA compared to the calibrator (with the lowest normalized value). Bars
with different superscripts (a, b) are significantly different at P < 0.05.

3.1. Transcriptome profile of cumulus cells

It is well established that integrated bilateral communication between the cumulus cells
and its enclosed oocyte is key biological factor in acquisition of developmental competence to
support preimplantation embryogenesis. Therefore, the molecular messages stored in cumulus

cells are possible indicators of the further developmental fate of the oocytes until term.
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Several studies have been conducted using farm animals and human granulosa cells to identify
genomic signature(s) as molecular markers of developmental potential of oocyte to support
embryogenesis and to establish pregnancy [134-136]. Suppressive subtractive hybridization
combined with microarray were used to identify several potential cumulus cell markers of
bovine COCs quality that includes several growth differentiation factor GDF9 downstream
target genes like GREM1, HAS2, PTGS2, and TNFAIP6 [134]. In addition, epidermal growth
factor receptor (EGFR), inhibin beta a (INHBA), betacellulin (BTC) and CD44 molecule was
among candidate molecular markers that induce good potential of COCs. In another study, the
transcript abundance of genes controlling of cumulus expansion process such as TNFAIP6
and nuclear maturation of oocyte like INHBA and FST were up-regulated in bovine in these
cells as potential predictors of COCs quality when matured under in vivo [136]. A study using
prepubertal bovine calf oocytes as a model of poor oocyte competence; microarray analysis
detected genes encoding the cathepsin family of cysteine proteinases (CTSB, CTSS and CTSZ)
are linked with reduced competence of bovine oocytes [135]. In search of potential markers of
human granulosa cells, a study done by Feuerstein et al., (2007) has identified steroidogenic
acute protein (STAR), prostaglandin-endoperoxide synthase 2 (PTGS2), stearoyl-co-enzyme
A desaturase 1 and 5 (SCD1 and SCDS5) and amphiregulin (AREG) are crucial regulators
of nuclear maturation and their profile are increased after meiosis resumption. Noteworthy,
reduced expression of connexin 43 (CX43) in cumulus 1s a good marker for nuclear maturation
and further embryonic development upto blastocysts (Feuerstein et al. 2007).

3.2. Changes in gene expression during cleavage stages

In in vitro derived bovine embryos, estimates of total RNA content indicate that it
declines from the mature oocyte to the morula stage, only to increase again at the blastocyst
stage [137]. These estimates are based on Northern blot hybridization using probes for 28S
and 18S rRNA, with the abundance of 5S rRNA following a similar pattern [137]. This pattern
of RNA loss and reaccumulation mimics the patterns observed in the mouse although in the
mouse the increase occurs by the 8- to 16-cell stage likely owing to the earlier onset of zygotic
gene activation in this species (Piko and Clegg, 1982). In both species, the timing and the
increase in abundance of specific mRNA transcripts occurs in a transcript specific manner.
Examples of changes in steady state levels of various

During early development, the embryonic genome is inactive and the embryo relies on
maternal messenger ribonucleic acid (mRNA) for protein synthesis (Thelie et al. 2009). The
recruitment mechanisms by which dormant RNA is either targeted for translation or decay are
still largely uncharacterized. The current model involves lengthening of the poly(A) tail, which
triggers binding of the poly(A) binding protein and binding of translation initiation factors
(Memili and First 2000; Groisman et al. 2002). RNA concentration is highest in the germinal

vesicle stage oocyte and from then until the 8-cell stage, RNA is gradually depleted (Gilbert
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et al. 2009; Vallée et al. 2009). Evidence in the mouse suggests that this decline is important
for activation of the embryonic genome (Li et al. 2010). Depletion of maternal argonaute 2
(Ago2), which encodes a catalytic RNA hydrolase (RNase), disrupts gene expression and the
2 cell embryo fails to become a blastocyst (Li et al. 2010). In the bovine, embryonic genome
activation (EGA) occurs at the 8 to 16-cell stage (Memili and First 2000) through an unknown

mechanism.
3.3. Embryo transcriptomics

In mammals, maternally inherited transcripts stored within the oocyte regulate the earliest
stages of embryogenesis. After fertilization, the embryonic genome becomes transcriptionally
active and the expression some of embryonic genes begins in a stage-specific manner, which
contribute to the early development process [137]. In cattle, global embryonic genome
activation (EGA) begins during the 8-cell to 16-cell stage and it is the most critical event in
early embryonic development. However, the identities of embryonic genes expressed and the
mechanism(s) of EGA are poorly defined in the bovine. In addition, understanding of EGA
will contribute to our understanding of nuclear reprogramming in somatic cell nuclear transfer
experiments. Transcripts expressed at the 8-cell stage (EGA) include regulators of different
molecular functions like transcription (NFY and USF2), cell adhesion (DSC2 and COL12A1),
signal transducers (PTGER4) and transporter (CRABP1), metabolism (NEU3) and immune
response (CXCLO6) [48].

Accurate assessment of embryo viability is crucial for successful establishment and
maintenance of pregnancy following embryo transfer. Evaluation of embryo quality is in
particular of high impact for in vitro-produced embryos as these embryos differ in many aspects
from their in vivo derived counterparts. The temporal or spatial and qualitative or quantitative
shifts in the well-orchestrated expression patterns of developmentally important genes have
been investigated in preimplantation bovine embryos following in vitro embryo manipulation.
So far, studies in bovine embryos indicate that many of the differences in quality of in vitro-
and in vivo-derived blastocysts can be related to culture environment-induced changes in
mRNA abundance. The post-fertilization embryo culture environment has a dramatic effect
on the pattern of gene expression in embryos, which in turn has serious implications for the
normality of blastocyst development [138, 139]. This is the case, not only when one compares
in vitro and in vivo culture systems, but also comparing different in vitro culture systems [140].
Recently, it was reported that in vitro-cultured embryos showed down-regulation of genes
that are involved in transcription and translation (CCR4-NOT, EEF1G, PABPN1, FOXO3A,
HMG2, GNB2L1 and DOTI1L) events compared with in vivo counterparts, suggesting that in
vitro-derived embryos are of inferior quality compared with in vivo-derived embryos due to a
deficiency of the machinery associated with transcription and translation [50].
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Imprinted genes appear to be more susceptible to alterations in epigenetic modifications
[141]. especially after IVP of ovine [142] or bovine embryos [143]. Significant differences
in the expression of non-imprinted genes have also been reported in bovine IVP and somatic
nuclear transferred (sNT) derived embryos compared to their in vivo counterparts [144].
Differences in gene expression patterns between IVP and sNT-derived embryos and their in
vivo counterparts may originate from all steps of the manipulation procedures, including in
vitro maturation, in vitro fertilization, and in vitro culture and, for sNT, from different somatic
nuclear transfer protocols [145]. In a recent study, it was found that there is a reduced levels of
many genes required for the viability of every cell in the nuclear transferred (NT) embryo’s
cellular machinery [146]. In this study, transcripts of mitochondria (12S and 16S rRNA and
cytochrome C oxidase 1), cytoskeletal (TUBB, TPX2, KRT18, TMSB4X and ACTB), protein
biosynthesis (EEF1A1, EFG2, BWZ1 and EIF5A) and ribosomal proteins (RPL4, RPLS,
RPL21 and RPS20), protein binding/folding (GORASP2, HSPA9B, HSPAS and LGALS3)
and etabolism/biosynthesis (ADHS, PTGS2, SCP2, ACSL3, NDUFA1) were decreased in NT
compared to in vitro produced blastocysts.

There is a clear relationship between altered transcript abundance patterns and some
aspects of embryo quality (i.e. cryotolerance), which render the embryo capable o f establishing
a pregnancy, if transferred fresh, but incapable of withstanding cryopreservation [147], [25].
Various studies in both mice and bovine have shown that the in vitro production of embryos
under specific culture environments resulted in not only altered gene expression of transcripts
related to metabolic and growth but also altered conceptus and fetal development following
transfer [148,149]. Despite the fact that data on transcriptional analysis of transferable
blastocysts of various origins have been accumulated, so far no direct connection of gene
expression and developmental competence has been established. However, a well-established
biopsy techniqueis needed to obtain cells from embryos before transfer without any lethal effect
on the embryo during further development. For this, one study conducted in our laboratory to
establish connection between transcriptional profile of embryos and the pregnancy success
based on gene expression analysis of blastocyst biopsies taken prior to transfer to recipients
[150]. Microarray data analysis revealed a total of 52 and 58 genes (Figure 4 and 5) were
differentially regulated during comparison between embryo biopsies resulting in no pregnancy
(G1) vs. calf delivery (G3) and those resulting in resorbed embryos (G2) vs. calf delivery (G3).
Ontological classification has showed different functional clusters of genes (Figure 6 and 7).
In addition, differentially regulated genes represent genes with known functions (77%), ESTs
(11.5%), and novel transcripts (11.5%) (Figure 4 and 5). Biopsies resulted in calf delivery were
enriched with genes necessary for implantation (COX2 and CDX2), carbohydrate metabolism
(ALOX15), growth factor (BMP15), signal transduction (PLAU), and placenta-specific 8
(PLACS). Biopsies from embryos resulting in resorption are enriched with transcripts involved
protein phosphorylation (KRT8), plasma membrane (OCLN), and glucose metabolism (PGK 1
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and AKR1B1). Biopsies from embryosresulting in no pregnancy are enriched with transcripts
involved inflammatory cytokines (TNF), protein amino acid binding (EEF1A1), transcription
factors (MSX1,PTTG1), glucose metabolism (PGK1,AKR1B1),and CD9, which is an inhibitor
of implantation. The expression of those unknown and novel ESTs showed profiles similar to
those of the annotated genes, as determined by tree hierarchical clustering analyses (Figure 4
and 5). Quantitative real-time PCR has validated the expression of 87% (13/15) of the genes
generated from the array hybridization. Thus, several genes identified in this experiment may

be associated with embryo loss or survival in blastocysts during preimplantation period.
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Figure 4: Hierarchical clustering for the differentially expressed genes between biopsies derived from blastocysts
resulted in no pregnancy (G1) and calf delivery (G3). The columns represent the replicates. The rows represent 52 genes
found to be differentially regulated between G1 and G3.
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Figure 5: Results of hierarchical clustering for the differentially expressed genes between biopsies derived from
blastocysts resulted in resorption (G2) and calf delivery (G3) identified by microarray analysis. The columns represent
the replicates. The rows represent 58 genes found to be differentially regulated between the two groups of biopsies.

e 1704 -: Trarscription
Hovel a4
travy enipts 11.5%6 .
Caleium

No pregnancy vs. Calf delivery
Protein banding 25%%
Protein
biosyrtlysis s
15%
/ Metabolism
12.5%

binding 5%

Others 37.5%

Figure 6: Ontology classification for differentially expressed transcripts between biopsies derived from blastocysts
resulted n no pregnancy and calf delivery. The known genes were classified functionally based on the Gene Ontology
Consortium classification (http://www.geneontology.org)
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Figure 7: Ontology classification for differentially expressed transcripts between biopsies derived from blastocysts
resulted in resorption and calf delivery. The known genes were classified functionally based on the Gene Ontology
Consortium classification (http://www.geneontology.org).
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Figure 8: Quantitative real time PCR confirmation of selected transcripts between biopsies from blastocysts resulted in
calf delivery versus no pregnancy (A) and calf delivery versus resorption group (B) and those resulted in calf delivery
versus resorption or no pregnancy (C).

4. Characterization and Functional Analysis of Candidate Genes

To correlate transcript level with corresponding protein level and to elucidate embryonic
cellular function, detailed characterisation is necessary at the protein level. Oogenesin gene is
expressed during oogenesis and early embryogenesis in mouse and its protein is synthesised
from the oocyte to four-cell embryo stages, suggesting a possible role during oocyte maturation
and/or embryonic genome activation [151].
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In one of our studies, MSX1 was selected as candidate gene for protein localization in
early embryonic development and throughout follicular turnover. MSX1 protein was found to
be localized at higher levels in the oocytes cytoplasm than in the surrounding cumulus cells
(Figure 9d, h, p) or other cellular layers of the growing follicle (Figure 9b, f, n) at all stages
of follicular development except at growth phase (Figure 7j, 1).

The MSXIT protein was found to be dispersed in the cytoplasm of immature and matured
oocytes and early zygote stages (Figure 10a, b, ¢) but tends to be localized around the nucleus
at advanced zygote, 2-cell, 4-cell and 8-cell cleavage stage embryos (Figure 10d, e, f, g).
Comparative analysis of protein signals between oocytes showed that fluorescence signals
were reduced after maturation (Figure 10b). Moreover, the in situ hybridization experiment
results showed that MSX1 mRNA was localized in the oocytes, cumulus cells and follicular
wall during the periods of follicular turnover under investigation (Figure 11).
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Figure 9: Immunohistochemical localisation of MSX1 protein in bovine ovarian sections at day of estrus (b, d), day
of ovulation (f, h), growth phase (j, 1), dominance phase (m, q). Cumulus cells are marked with Cc and oocytes are
marked with Oo. Negative controls were processed without addition of primary anti-MSX1 antibody (r, t). Sections were
counterstained with toluidine blue (a, ¢, ¢, g, 1, k, m, 0, q and s). Images from the same ovarian sections were captured
with lower and higher magnification.

Figure 10: Subcellular localization of bovine MSX1 protein in bovine oocytes and early cleavage embryonic stages
[immature oocyte (a), matured oocyte (b), zygote (c), advanced zygote (d), 2-cell (e), 4-cell (f) and 8-cell (g)]. Negative

control (h) was processed without addition of primary anti-MSX1 antibody. Nuclei are stained with propidium iodide
(red). Scale bars represent 20 pm.
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Figure 11: Fluorescent in situ hybridization of MSX1 mRNA conducted with DIG labelled RNA antisense probe in
bovine ovarian sections at day of estrus (A, B), day of ovulation (B, C), growth phase (D, E), dominance phase (F, G).
Cytoplasms of the oocytes (Oo) are darkly stained with green fluorescent compared to cumulus cells (Cc). Negative
controls were hybridized with DIG labelled RNA sense probe (H, I). Images from the same ovarian sections were
captured with lower and higher magnification.
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