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Genetic causes of preimplantation embryo developmental
failure
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cular and cellular level by mechanisms which are progressively emerging from an-
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single-cell RNA analysis—we can now assess embryo gene expression with increased
precision and gain new insights into complex processes until recently difficult to
explore. Multiple genes and regulative pathways have been identified for each de-
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velopmental stage. We have learned that embryos with undisturbed and timely gene
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Italy expression have higher chances of successful development. For example, selected
genes are highly expressed during the first stages, being involved in cell adhesion,
cell cycle, and regulation of transcription; other genes are instead crucial for lineage
specification and therefore expressed at later stages. Due to ethical constraints,
studies on human embryos remain scarce, mainly descriptive, and unable to provide
functional evidence. This highlights the importance of animal studies as basic
knowledge to test and appraise in a clinical context. In this review, we report on
preimplantation development with a focus on genes whose impairment leads to
developmental arrest. Preconceptional genetic screening could identify loss-of-
function mutations of these genes; thereby, novel biomarkers of embryo quality

could be adopted to improve diagnosis and treatment of infertility.
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1 | INTRODUCTION 3-4 days embryonic cells divide roughly every 12-18 h. As embryo

development progresses, the individual blastomeres are gradually

1.1 | Preimplantation embryo: The journey from
zygote to blastocyst

The zygote, the cell that results from the union of sperm and egg at
fertilization, has an immense potential to be totipotent, meaning it
can develop into an adult organism and generate offspring (Edwards
& Beard, 1997). The zygote is also able to generate the extra-
embryonic tissues, such as trophoblast and placenta, which are re-
quired to support development to birth. The journey from the zygote
to the blastocyst, both in humans and mice, starts with the first
cleavage into two daughter cells called blastomeres. During the first

subject to a restriction of their totipotency. When the embryo is
formed from approximately eight cells in mice and 8-16 cells in
humans, at the morula stage it undergoes a process known as com-
paction (Chuva de Sousa Lopes & Mummery, 2009). Studies carried
out in mice have shown that, at this time, cells make their first de-
velopmental decision: becoming part of the trophectoderm (TE) or
contributing to the pluripotent inner cell mass (ICM). This cell lineage
specification, known as the first cell fate decision, leads to the for-
mation of the blastocyst. In the mouse model, the position of the
blastomeres within the morula affects cell fate. Indeed, during
morula formation, blastomeres acquire an internal or external
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position, with the former creating the ICM and the latter becoming
TE cells (Fleming, 1987; reviewed in Coticchio et al., 2019). The in-
ternalization of the blastomeres is possible thanks to the compaction
of the morula. Blastomeres lose their sphericity; they become elon-
gated and flattened, acquiring an epithelial-like-shape. Compaction is
therefore crucial for cell fate determination and largely relies on
cellular specializations that ensure cell-to-cell contact and adhesion
(Haegel et al., 1995; Riethmacher et al., 1995; Torres et al., 1997,
Vestweber et al., 1987). If compaction is fundamental for blastomere
internalization, cell polarization plays an important role, as well.
Before compaction, blastomeres become polarized with the nucleus
positioned basally, cell adhesion structures and acetylated micro-
tubules positioned basolaterally, while more dynamic microtubules,
actin filaments, and microvilli are localized apically (Suzuki & Ohno,
2006). Cell polarity is finely regulated. In outer cells, it derives from
the interplay between the Par3-Par6-aPKC (Par-aPCK) system—
which coordinates the formation of the apical domain—and Parl—
which instead promotes the assembly of the basolateral domain
(Suzuki & Ohno, 2006). This regulatory network is also essential to
modulate the Hippo pathway, which is crucially involved in the de-
termination of ICM and TE characteristics as discussed elsewhere in
this manuscript. Polarized blastomeres divide and, depending on the
orientation of the cleavage plane, they follow a different destiny. If
the cleavage plane is parallel to the cell basoapical axis, the resulting
daughter cells will be symmetric, maintaining the same polarization
and the external position of the mother cell. Alternatively, if the
orientation of the cleavage plane is orthogonal to the cell baso-apical
axis, the resulting cells will be asymmetric. The cell inheriting the
organization and the molecules of the apical domain remains posi-
tioned externally, while the other one, inheriting the basolateral
organization of the mother cell, retain an internal localization
(Korotkevich et al., 2017). The orientation of the cleavage plane is
not a random event, but it seems to be controlled by the cortical
domain which regulates spindle position (Korotkevich et al., 2017)
and therefore cell cleavage. However asymmetric division is only one
of the mechanisms through which cell internalization occurs. Recent
studies have shown that in mouse embryos, the 60% of the inner
cells do not originate from asymmetric division (Samarage
et al, 2015). In these cells, internalization could be the result of
tensile forces that create apical constriction and expansion of ba-
solateral domain of the cell with consequent repositioning toward
the interior of the embryo. In addition, the timing of blastomeres
internalization seems to have an effect on the second cell fate de-
cision which occurs within the ICM and results in a two-layered
structure: the primitive endoderm (PE) which will form the yolk sac,
and the epiblast (EPI) from which the proper embryo originates.
Blastomeres internalized in the first round of division are more likely
to become EPI, those internalized in the second wave are pre-
ferentially directed towards the PE pathway (Morris et al., 2013). In
the context of cell fate determination, differences have emerged
between human and mouse. In the mouse, TE and ICM fate is in-
itiated in a positional and cell polarization-dependent manner within

the morula, followed by a progressive maturation of EPl and PE
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(Cockburn & Rossant, 2010) as discussed above. In humans, the es-
tablishment of the cell lineages (TE, EPI, and PE) seems to occur at
the same time and coincides with blastocyst formation. Indeed,
Petropoulos et al. (2016), using single-cell RNA-seq, have shown that,
in humans, cells undergo an intermediate state of coexpression of
lineage-specific genes and only during blastocyst formation they
start to become mutually restrictive. Preimplantation embryo de-
velopment is therefore a complex process which requires a lot of
orchestrated and time-dependent events. The comprehension of the
genetic and molecular mechanisms underlining these events remains
challenging but would represent a great step ahead for our under-
standing of human embryo development.

1.2 | Gene expression as a reflection of embryo
developmental phases

At the very early stages, embryo development is under the control of
the maternal transcriptome. As development begins, maternal tran-
scripts are gradually replaced by embryonic transcripts. This phe-
nomenon known as maternal to zygotic transition (MZT) is the result
of the transcription of the zygotic genome. The MZT consists of two
major molecular activities. One is the deletion of the maternal
messenger RNA (mMRNA) and proteins, that are necessary for oocyte
maturation, homeostasis, and the first stages of embryogenesis, but
that become unnecessary and/or deleterious as the embryo devel-
ops. The other is the installation of new zygotic instructions through
gene expression, a process that is activated by the maternal program
and called zygotic/embryonic genome activation (ZGA/EGA) (Lee
et al., 2014). Maternal mRNA translation and degradation are con-
trolled by cytoplasmic polyadenylation and deadenylation, which
build up the competence of maturing oocyte to accomplish MZT.
EGA occurs very early in human development. Previous studies have
identified transcriptional differences between blastomeres at the
four- and eight-cell stage (Braude et al., 1988). More recently, with
the advent of new DNA technologies, it has been possible to detect
the first signs of human embryonic transcription already at the two-
cell stage, followed by a more sustained transcription at four- to six-
cell stage, with a transcriptional burst at 8-10 cell stage (Vassena
et al,, 2011). Several mechanisms have been suggested to regulate
the MZT: pyruvate availability; titration of maternal repressors;
maternal mRNA translation and degradation; accumulation of ma-
ternal activators (e.g., TATA binding protein) and expression of em-
bryonic activators (e.g, DUX4) (Sha et al, 2019; Schulz &
Harrison, 2019). These changes in gene expression reflect a change
in embryo metabolism; the embryo shifts from a relatively quiescent
metabolism (Smith & Sturmey, 2013) to a more active one. Indeed, as
the embryo develops, its energetic demand changes (Leese, 2012).
During the first cleavage stages, energy is required to carry out
general homeostatic functions; cells divide but the mass does not
increase and genes transcribed in this phase have mainly a role in the
translation machinery (Krisher & Prather, 2012). The subsequent
wave of transcription affects genes encoding proteins, amino acids,

85U80| 7 SUOWIWOD aAIE81D) 3ot |dde ay) Aq pausench afe ssjo1e YO 8sn Jo Sajnl Joj Arig1 8UlUQ A8|I/V UO (SUONIPUOD-PUR-SWIRIAOY A3 | 1M ARelq ! pUljUO//:SdNy) SUONIPUCD pue swis | 8u1 88S *[9202/50/c2] o Akeiqiauliuo A1 ‘(PepiUes ap oLBISIUIA) UOSINOIG [UOITEN SURIY0D Usiueds Aq T/¥EZ PIW/Z00T OT/I0pwoo 8| 1M Arig Ut |uo//:sdny wo.j pspeojumod ‘S ‘TZ0Z ‘S6.2860T



340 Molecular Reproduction

PAONESSA €T AL

6Development
g

carbohydrates, and proteins involved in lipid metabolism. The fol-
lowing stages are characterized by a higher energy demand; cells
divide more rapidly and, at the blastocyst stage, embryo mass also
increases (Smith & Sturmey, 2013). Therefore, in addition to mor-
phogenetic processes, gene transcription also reflects changes in
metabolic function, characterized by high oxidative levels and glu-

cose utilization via aerobic glycolysis.

1.3 | Expression of general developmental
pathways in human embryos

Several research groups aimed to analyse the gene expression
profile of human embryos at different stages of development. Using
the microarray technology, Zhang et al. (2009) studied the tran-
scriptome of human oocytes and embryos at six developmental
stages; their results suggest that genes predominantly expressed
during preimplantation development are well conserved during
evolution. An example is given by the transcription factor NR2F2,
which was found to be highly expressed in day-5 embryos. NR2F2
mediates progesterone regulation of uterine implantation. It has
been shown that Nr2f2-null mutant mice die during the early em-
bryonic development due to defects in angiogenesis and heart de-
velopment (Pereira et al., 1999). In another study, Assou et al.
analysed the transcriptome of human oocytes, day-3 embryos, and
human embryonic stem cells (hESCs). They found known compo-
nents of the WNT pathway to be highly representative of all stages.
Specifically, DVL2, CTNNB1, CTNNA2, CTNND1, LEF1, CSNK1G3, and
DAAM1 genes were found to be overexpressed in MIl oocytes;
FZD4, GSK3B, CTNND1, APC, SENP5, SENP8, CSNK2A2, and CSNK1E
in day-3 embryos; FZD3, FZD7, SNP6, CXXC1, AXIN, and SFRP1 in
hESCs. Overall these findings imply an important role of the WNT
pathway in early embryonic development (Assou et al., 2011). Galan
et al. (2013) used a genome-wide approach to compare the genome
expression profile of human blastomeres from day-3 embryos ver-
sus ICMs from blastocysts. They found that blastomeres and ICM
display unique transcriptomes. Blastomeres showed an upregula-
tion of genes like CCNB1, GBX2, WT1, FOXD3, and UTF1 that are
mainly involved in cell adhesion, cell cycle, and regulation of tran-
scription; and a downregulation of genes involved in cell metabo-
lism, signaling pathways, cell transcription, cell proliferation,
pluripotency, and telomerase activity like GAPDH, IMPDH2,
GABRB3, LIN28, ZFP42, IFITM2, PRKDC, TOP2A, and RPL. On the
other hand, the ICMs gene expression profile showed an upregu-
lation of genes involved in genome replication such as MCM10 and
in genome methylation like DNMT3L; an upregulation of transcrip-
tional factors like GDF3 and HMGB2; cell adhesion molecules such
as MUC15 and the protein membrane transporter ABCG2; signaling
component like IL6, SMAD4, and the receptor PPARG; cytoskeleton
components like ACTB and KRT8. On the contrary, ICM down-
regulated genes included the heat shock protein HSPB1, which in-
hibits translation, cell cycle markers such as GTSE1 and the
transcription regulator EP300.

2 | CAUSES OF EMBRYO ARREST

Several studies have investigated the gene expression of the human
preimplantation embryo to get new insights into the regulation of
early embryonic development and determine the genetic causes that
lead to growth arrest and consequent embryo loss (a schematic de-
scription of representative genes playing an important role in pre-
implantation development is reported in Figure 1). Embryonic arrest is
a very common phenomenon; about 50-70% of embryos fail to make it
to the blastocyst stage (French et al, 2010; Gardner et al., 2000).
Since survival of the embryo immediately or shortly after fertilization
totally depends on stored maternal factors in the egg, it is obvious that
embryonic arrest before EGA can be due to an inadequate maternal
mRNA content or mutations in relevant genes. Numerous maternal
effect genes (MEGs), that is, genes expressed during oogenesis and
determining an embryonic phenotype, are known in animal model. In
the human, similar evidence is starting to emerge. The TUBB8 gene is
representative of human MEGs. TUBB8 encodes for a special $-tubulin
isotype present only in primates and expressed exclusively in oocytes
as the major structural component of the meiotic spindle. TUBB8
seems to play a crucial role in ensuring cytoskeletal functions that
underpin the completion of meiosis during fertilization and the first
mitotic divisions. In fact, loss-of-function mutations of this gene cause
extensive spindle-assembly defects during oocyte maturation and
fertilization, as well as widespread cleavage aberrations and arrest in
early embryos (Chen et al., 2017; Feng, Sang, et al., 2016; Feng, Yan,
et al., 2016). Polo-like kinase 4 (PLK4) is another putative human MEG.
The PLK4 product is a highly regulated kinase controlling the assembly
of the daughter centriole in the vicinity of a pre-existing centriole.
Predictably, dysregulation of PLK4 leads to alterations of centriole
formation and often centriole duplication. Genetic investigations in
assisted reproduction patients revealed the existence of a common
female, but not male, haplotype spanning PLK4. Strikingly, this hap-
lotype is highly associated with aberrant embryo cleavage at early
postfertilization stages. Therefore, it is postulated that maternal mu-
tations lead to altered expression of PLK4, which results in the for-
mation of extra copies of centrosomes. Fatally, a tri- or multipolar
mitotic spindle is assembled, followed by the division of the fertilized
egg into three or more blastomeres and the creation of a condition of
chaotic mosaicism due to random chromosome segregation (Mccoy
et al,, 2018). Other maternally regulated genes are those encoding for
components of the subcortical maternal complex (SCMC), including
MATER (Tong et al., 2000), TLE6 (Alazami et al., 2015), PADI6 (Xu
et al, 2016), and KHDC3L (X. Wang et al., 2018). The SCMC is a
multiprotein complex uniquely expressed in mammalian oocytes and
early embryos that is essential for zygote progression beyond the first
embryonic cell divisions (Bebbere et al., 2016). Another example is
offered by ZAR1 (zygotic arrest 1) which is one of the first identified
oocyte-specific MEGs that function during the oocyte-to-embryo
transition. Studies on mice have shown that embryos from Zar1™”~
females do not develop beyond the four-cell stage (X. Wu et al., 2003).
Similarly, in mouse embryos, the inhibition of maternal stores of the
eukaryotic translation initiation factor 4E (elF4E), results in a
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FIGURE 1 Genes required for successful preimplantation embryo development. Sets of genes, transcribed during oogenesis or early
development, operate at specific developmental stages, especially during the oocyte-zygote transition, compaction of the morula, and
specification of the blastocyst cell lineages. Human and mouse genes are reported in upper and lower case, respectively

developmental block at two- to four-cell stage, suggesting an im-
portant role for this gene during the maternal-to-embryonic transition
(Li et al., 2020). During the oocyte-to-embryo transition, another im-
portant role is played by the maternal nucleolus. Although, the mo-
lecular mechanisms underlying nucleolar maturation and ribosome
biogenesis during preimplantation development remains unclear, re-
cently, Wang et al. found that a nucleolar protein, called NOP2, is
essential for early embryo development. They showed that NOP2
depletion causes: developmental arrest during the morula-to-
blastocyst transition in mouse and bovine models; disruption of the
first lineage specification program with reduced level of key lineage-
specific genes, including TEAD4, NANOG, and KLF4; disruption of
nucleolar size and composition, as well as, reduced levels of rRNAs
and several genes encoding ribosome proteins. In conclusion, NOP2
was found to be essential during preimplantation development in

mammals, playing a critical role in nucleolar maturation and ribosome
biogenesis (H. Wang et al., 2020). In addition to NOP2, another nu-
cleolar protein, NOC4L, was previously associated with embryonic
lethality during the preimplantation stages of development. Indeed,
studies on Noc4l-deficient mice revealed that lack of functional
NOCA4L results in increased apoptosis and inhibited proliferation at
the morula stage with consequent deficient embryonic growth (Qin
et al., 2017). Another possible cause of embryonic arrest could be the
inability to activate the global embryonic gene transcription. EGA is,
indeed, one of the most important events in embryogenesis, crucial for
the establishment of the totipotency and the maintenance of the
normal embryonic development. Cell cycle-dependent events and
both translational and posttranslational regulatory mechanisms within
the cytoplasm are needed to mediate and regulate EGA
(Latham, 1999). Different maternal genes, take part in this process.
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For example, studies in mice, have highlighted an important role for
the maternal developmental pluripotency associated gene 2 (Dppa2),
as activator of many downstream EGA transcripts. DDPA2, acts by
directly regulating the expression of Dux, which in turn activates the
Zinc finger and scan domain containing protein 4 (Zscan4) and its
downstream genes (Eckersley-Maslin et al., 2019). Another maternally
expressed gene, Smchd1 (Structural maintenance of chromosomes
flexible hinge-domain containing protein 1), acting downstream of
DPPA2, was found to play an important role in controlling EGA, mainly
by repressing DUX and ZSCAN4 (Schall et al., 2019). Previous studies
on Smchd1, had already pointed out an important role for this gene in
early embryonic development. Indeed, knockdown Smchdl mice
showed a compromised long-term embryo viability, a reduced nuclear
volume at the morula stage, reduced blastocyst cell number, impaired
blastocyst formation and hatching, as well as, a reduced viability to
term (Midic et al., 2018). Precise control over the time of EGA is
essential for normal embryogenesis. Dobson et al., using DNA mi-
croarray analysis, reported the global patterns of gene expression in
human embryos through day 3, reporting that, in the vast majority of
embryos, genome activation occurs on schedule, by day 3, regardless
of morphological quality or cell number. Thus, failure to activate em-
bryo transcription does not explain most cases of embryo arrest. Also,
cleavage arrest not linked to chromosomal abnormalities could rather
be caused by misregulation of individual genes (Dobson et al., 2004).
In particular, these authors observed an upregulation of two genes:
H2AFZ and MYC, known to be associated with embryonic growth
control in other organisms. Since mutant mice lacking functional co-
pies of H2afz or Myc die during embryogenesis, we could speculate a
similar role for genes operating during early human embryonic de-
velopment. Interestingly, in the above study, downregulation of the
apoptotic factor PDCD5 was observed, probably to ensure genome
activation. Wong et al. reported evidence suggesting that embryos
are predestined to survival or death irrespective of EGA regulation.
These authors proposed that successful preimplantation development
can be predicted before the major wave of EGA, based on only three
parameters: the duration of the first cytokinesis, the time between the
first and the second mitotic division, and the synchronicity of
the second and third mitoses (Wong et al., 2010). Therefore, human
embryo development is largely influenced by inherited maternal/pa-
ternal factors. Since maternal-to-embryonic transition is highly de-
pendent on stored maternal factors, oocyte quality is critical in
determining the outcome of early embryonic development. Oocytes
quality is, indeed, one of the main causes of human reproductive

failure and, importantly, is highly dependent upon maternal age.

3 | GENES REQUIRED FOR SUCCESSFUL
PREIMPLANTATION EMBRYO
DEVELOPMENT

Dynamic fluctuations in gene activity occur throughout pre-
implantation embryo development, while each developmental stage
is characterized by a specific gene expression profile. Wells et al.

analysed the expression profile of nine genes: BRCA1, BRCA2, ATM,
TP53, RB1, MAD2, BUB1, APC, and Beta-Actin, during human pre-
implantation embryo development and defined specific patterns of
expression for each developmental stage. These nine genes are, in-
deed, known to play important roles during preimplantation embryo
development in cell cycle regulation, DNA repair, signaling pathways,
construction of the cytoskeleton, and apoptosis. They found that the
expression of these genes at the appropriate developmental stage
may be indicative of embryo viability per se (Wells et al., 2005).
Therefore, an improved understanding of gene activity during em-
bryo development, and the determination of characteristic gene
expression profiles for each developmental stage, would help to

predict embryo developmental outcome.

3.1 | The morula stage

Compaction of the morula is preceded by expression of genes for
cytoskeletal, cell adhesion, and cell junction proteins. Among cell
adhesion molecules, E-cadherin plays a crucial role. During com-
paction, it is preferentially localized at intercellular adherens
junction, both in human and mouse, ensuring lateral adhesion and
contributing to cell polarity. In mice, a null mutation of the
E-cadherin encoding gene leads to loss of cell polarity; embryos
undergo compaction due to residual maternal E-cadherin but fail
to form a normal blastocyst able to hatch out of the zona pellucida.
Since hatching is fundamental for implantation of the embryos,
further development cannot proceed in vivo (Riethmacher
etal, 1995). E-cadherin forms a complex with - and y-catenin and
is anchored to the actin cytoskeleton by a-catenin. In mice, loss of
B-catenin results in embryonic lethality, although embryos develop
normally until the gastrulation stage when developmental arrest
occurs. p-Catenin is, indeed, fundamental for ectoderm formation,
and also for mesoderm, highlighting its important role in signaling
pathways (Haegel et al., 1995). a-Catenin, which mediates the
connection of E-cadherin to the actin filament network, is required
for the formation of the TE and, as for E-cadherin null embryos,
lack of a-catenin causes developmental arrest at the blastocyst
stage (Torres et al.,, 1997). In human, morphological differences
between blastomeres (polarization and/or position) have not been
observed before compaction. However, as for other mammalian
species, E-cadherin timely expression and distribution is funda-
mental for normal compaction and blastulation. Indeed, it has been
observed that embryos with cleavage asynchronies are char-
acterized by abnormal distribution of E-cadherin, abnormal blas-
tulation and consequent embryo death (Alikani, 2005). Another
example of a cell adhesion molecule, involved in compaction and
important for normal embryo development, is the transmembrane
serine protease Epithin. This component localizes with E-cadherin
at areas of cell membrane contact between blastomeres; its ab-
lation hampers cell adhesion, producing embryo death (Khang
et al., 2005). The role of Matriptase/MT-SP1 gene, the human or-
thologue of Epithin, is not very clear and a study conducted by List
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et al. (2002) showed that, although Matriptase/MT-SP1-deficient

mice are capable to develop to term, they die within 48 h of birth.

3.2 | Early blastocyst stage

In mice, lineage segregation begins after compaction, and lineage-
specific genes are transcribed. The Hippo signaling pathway plays a
crucial role in setting up the different cell lineages and its activation
depends on angiomotin (AMOT) protein. In inner cells, AMOT is
associated with the adherens junctions, binding to E-cadherin and its
junction-associated protein NF2. Phosphorylation of such complex
by LATS reduces AMOT's F-actin binding activity in inner cells and
stimulates the ability of LATS to activate Hippo. In outer cells, AMOT
is found in the apical domain where it binds to F-actin; this prevents
the interaction of AMOT with E-cadherin, the subsequent phos-
phorylation by LATS and, as a consequence, Hippo is not activated
(Hirate et al., 2013). AMOT is also an important regulator of the first
cell fate specification in the mouse embryo; it prevents expression of
TE-marker genes in the ICM and its loss is sufficient to commit
blastomeres into the TE fate regardless of their position or polarity
(Hirate et al., 2013). Amot™~ mouse embryos can survive through
implantation and arrest only at early postimplantation stages (Leung
& Zernicka-Goetz, 2013). When Hippo pathway is active, the kinases
LATS1/2 phosphorylate the transcriptional coactivators YAP/TAZ.
YAP/TAZ phosphorylation results in their cytoplasmic sequestering
and, consequently their target genes are not expressed. Tead4 is one
of the Hippo target genes. Tead4 is an activator gene for TE fate,
therefore when it is not activated cells take on an ICM fate. Instead,
in outside cells YAP/TAZ activates Tead4 and the TE program is
switched on. Tead4 is required for successful preimplantation de-
velopment. Indeed, it has been shown that KO mouse embryos for
Tead4 do not express the TE genes Cdx2 and Eomes, causing a de-
velopmental arrest at the morula stage (Nishioka et al., 2008).
TEAD4 is expressed both in TE and ICM. Home et al. (2012) pro-
posed that, rather than the expression of TEAD4 itself, the me-
chanism that dictates the first cell fate specification in mammals
could be the altered subcellular localization of TEAD4. More speci-
fically, lack of nuclear localization of TEAD4 impairs TE differentia-
tion in inner blastomeres driving them toward an ICM destiny. This is
in net contrast with what reported by Nishioka, where TEAD4 pro-
tein was detectable in all nuclei of TE and ICM of the mouse blas-
tocyst. In addition, according to Kaneko and De Pamphilis (2013),
developmental arrest at the morula stage in Tead4™~ embryos occurs
not as a consequence of TE specification failure. They observed that
Tead4™~ mouse embryos were able to develop to the blastocyst
stage and express TE-specific genes when cultured under condition
that reduce oxidative stress. Therefore they proposed a novel role
for TEAD4, pointing out that the reason TEAD4 is essential for
blastocyst development is because TEAD4 is required to establish
the energy homeostasis essential for blastocoel formation and ex-
pansion. TEAD4 also plays an important role in postimplantation
mouse and human embryo development, by promoting self-renewal
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and stemness of trophoblasts progenitors to ensure placentation
(Saha et al., 2020).

The transcription factor CDX2 acts early in the lineage-
determining hierarchy. Cdx2 is a TE master regulator gene and its
expression in the TE represses the ICM genes Oct4 (Pou5f1) and
Nanog. The TE of Cdx2 mutant embryos do not form properly and in
addition, it acquires ICM characteristics. Contrary, overexpression of
Cdx2 in ESCs results in cells acquiring properties of trophoblast stem
cells (Ralston & Rossant, 2008). Therefore, Cdx2 expression appears
to be required for TE cell fate specification in the early mouse em-
bryo, and loss of zygotic Cdx2 leads to preimplantation lethality.
However, it has been shown that Cdx2 zygotic mutants can still in-
itiate TE differentiation and blastulation (Strumpf et al, 2005),
leading to the conclusion that Cdx2 is important for the maintenance
and regulation of TE function rather than specification.

Contrary to the zygotic, ablation of the maternal Cdx2, using a
Cre/lox strategy, revealed that maternal Cdx2 is dispensable for
mouse development (Blij et al.,, 2012). Wu et al. (2010) used an
RNA interference approach to eliminate both maternal and zygotic
Cdx2. The resulting embryos failed to hatch and implant, but they
developed to the blastocyst stage indicating that TE specification
had been initiated. Jedrusik et al. (2015) contradicted this study
by showing that Cdx2 maternal-zygotic null embryos, exhibit re-
duced developmental potential to the blastocyst stage, increased
cell death and failure of TE specification; concluding that Cdx2 is
required for the correct specification of TE from the morula stage
onwards. In addition, it seems that CDX2 plays a role in cell al-
location to inside and outside positions and thereby it has a fun-
damental role in cell fate determination (Jedrusik et al., 2008).
CDX2 expression also relies on POLR1D, which has been found to
be essential for early murine preimplantation development. Loss
of POLR1D results in severe DNA damage, delayed cellular pro-
liferation, impaired CDX2 expression, and TE specification and
therefore, failure to form a blastocyst (Miao, Sun, Golan,
et al., 2020). Contrary, Med20 mutant mouse blastocysts exhibit a
normal morphology but they cannot hatch from the zona pellucida,
indicating impaired blastocyst function. MED20, a subunit of the
Mediator complex, is indeed crucial for early mammalian embryo
development and cell lineage specification. In addition, the ectopic
expression of the EPI marker Nanog in the TE of Med20 mutants, is
indicative of defects in trophoblast specification (Cui et al., 2019).
Other important genes in lineage specification of TE and ICM
during mouse preimplantation development are: Hdac1 and Hdac2.
Double knockdown of these genes results in embryonic arrest
during the morula to blastocyst transition with defects including
suppressed Cdx2 expression and aberrant Hippo pathway (Zhao
et al., 2020). EOMES is a T-box-specific factor and murine embryos
null for Eomes fail to form a functional TE (Strumpf et al., 2005).
GATAZ is another important transcription factor in TE specifica-
tion; it acts in parallel to CDX2 and downstream of TEAD4
(Ralston et al., 2010). In mouse trophoblast stem cells, knockdown
of Gata3 by RNA interference results in CDX2 downregulation and
impairment of morula-to-blastocyst transition (Home et al., 2009).
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Apart from Hippo pathway, Notch signaling also appears involved
in the first cell fate decision cooperating with TEAD4 to ensure
sufficient activation of Cdx2 in the TE (Leung & Zernicka-
Goetz, 2015). Finally, also the PAR complex can be defined as
another TE determinant as its downregulation results in apolar
distribution of AMOT (Hirate et al., 2013). The emergence of
pluripotent ICM lineages from the morula is controlled by meta-
bolic and signaling pathways including WNT, MAPK, TGFg,
NOTCH, integrin-mediated cell adhesion, and apoptosis-signaling
pathways (Adjaye, 2005). Furthermore, when comparing gene
expression profiles of ICM and TE from human blastocysts, Adjaye
et al. identified genes specific to the ICM such as OCT4, NANOG,
HMGB1, and DPPA5. Essential genes for the development of the
ICM are, indeed, the ones encoding for the master regulators such
as the octamer-binding transcription factor 3/4 (OCT4 or POU5-
F1), NANOG, SRY-box 2 (SOX2), and the Spalt-like transcription
factor 4 (SALL4). They maintain pluripotency during the pre-
implantation stages of mammalian embryonic development and
positively regulate one another. These genes have been described
in hESCs. NANOG expression is restricted to ICM cells (Niakan &
Eggan, 2013). OCT4 expression has also been detected in the TE
cells, where it colocalizes with CDX2; this colocalization occurs
only for a short period of time, at the onset of expansion, and it
seems to be protracted in human and bovine embryos compared to
mouse and rhesus monkey, highlighting once again species-specific
differences (Berg et al., 2011; A. E. Chen et al., 2009). By day 8,
OCT4 expression becomes restricted to a small population of EPI
cells. OCT4 is a critical regulator of cellular pluripotency, as shown
by a zygotic Oct4-knockout study in which deletion of Oct4 drives
inner cells into a trophoblast rather than ICM destiny (Nichols
et al, 1998). However, additional studies have shown that
knockout of both maternal and zygotic Oct4 do not prevent ICM-
TE lineage segregation and ICM markers such as NANOG and
GATAG, still localize to the inside cells (Frum et al.,, 2013; G. Wu
et al,, 2013). In addition, depletion of OCT4 reduces the binding of
TFCP2L1, DAX1, ESRRB (Ding et al., 2012; J. Wang et al., 2006) as
well as the binding of SMAD1 and STAT3 to their target genes (X.
Chen et al., 2008). OCT4 also regulates the expression of Nanog in
conjunction with SOX2, though SOX2 is dispensable (Rodda
et al., 2005). Overexpression of Oct4 can, indeed, compensate for
SOX2 absence as shown by the rescue of Sox2-null ESCs (Masui
et al.,, 2007). Sox2 expression starts from the eight-cell stage and it
does not become restricted to the ICM of the blastocyst, being
only downregulated in the TE cells. Contrary, Sall4 which is ex-
pressed from compaction till blastocyst stage, become restricted
to the ICM (de Paepe et al., 2014). Defective ICM has also been
reported with loss-of-function in other genes such as Psf1, whose
absence causes embryonic lethality around the implantation stage,
with PSF1~~ mouse embryos showing impaired proliferation of
both ICM and trophoblasts (Ueno et al., 2005); Setd1a, which is
required for the generation of Oct4-positve ICM (Fang
et al,, 2016) and Zc3h4, where loss of ZC3H4 results in defective
ICM with consequent reduction of both EPI and PE lineages, many

DNA breaks and reduced cell proliferation with consequent im-

plantation failure and early lethality (Su et al., 2020).

3.3 | Late blastocyst stage

After the first cell fate decision, the ICM differentiates into PE and
EPI. This is the second lineage specification. It results from mutual
interaction between NANOG and GATA6 and it is regulated by the
FGF/MAPK signaling pathway (Chazaud et al., 2006). FGF signaling
acts by repressing transcription factors specific for the EPI and PE
lineages (Frum & Ralston, 2015) and NANOG and GATA6 become
restricted to EPI and PE, respectively. Other transcription factors
involved in the second lineage segregation include GATA4 and
SOX17 (Chazaud et al., 2006). At the blastocyst stage, Sox17 is ex-
pressed in all the ICM cells; its expression becomes then restricted to
the putative PE cells and coincides with Gata4 expression (Roode
et al,, 2012). Suppression/overexpression of FGF signaling in mouse
embryos results in a shift of ICM fate towards EPI and PE respec-
tively (Piliszek et al., 2016).

3.4 | Lineage segregation in human embryos

Even though human and mouse embryos seem to be morphologically
similar during preimplantation development, important differences
exist. Therefore, the molecular mechanisms that mediate lineage
segregation in human embryos remain largely unknown. For example,
in humans, the information is lacking about the Hippo signaling
pathway which is essential for TE/ICM lineage segregation in mice.
Similarly, while in the mouse the FGF signaling pathway plays a crucial
role in EPI/PE lineage segregation, human embryos are not dependent
upon FGF/MAPK signaling (Kuijk et al., 2012; Roode et al., 2012). In
addition, it seems that lineage-associated genes are expressed in hu-
man embryos later than in mouse and, more important, differences in
gene expression itself have been found. For example, Petropoulos
et al. showed that even if CDX2 is expressed in human TE, it is not one
of the top ranked genes. This supports the notion that in human, CDX2
is probably not involved in TE specification. Alternatively, it is possible
that genes like Eomes, playing an important role in the mouse embryo,
are not expressed at all in human (Petropoulos et al., 2016). In addi-
tion, a study conducted by Krivega et al. (2015) attributes a role for
WNTS3 and B-Catenin in propagation of human TE, whereas in mouse
WNT-dependent events occur only at the gastrulation stage. Other
gene expression studies highlighted other genes that could play an
important role in human preimplantation development. Among the TE-
specific genes, PTGES, EMP2, TGFBR3, and PDGFA; DPPA5, ESRG,
KLF17, and ARGFX were found to be EPI-specific genes. In addition,
LINC0O0261, FRZB, AMOTL1, and DPPA were identified among the top
ranked PE-specific genes (Petropoulos et al., 2016). By using an ad-
vanced single-cell gene-expression and 3D mapping analysis,
Durruthy-Durruthy et al. (2016) identified the microspherule protein
1 (MCRS1) as another putative EPI-specific marker in human
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blastocysts. MCRS1, also known as MSP58, is an evolutionarily con-
served protein that has been implicated in various biological processes
and reported to be essential during early mammalian embryogenesis.
The role of MCRS1 has not yet been assessed during human devel-
opment, due to limitations of working with human embryos, but
analysis of lineage specification in mutant mouse blastocysts revealed
that while the trophoblast and PE are properly specified, the EPI
lineage is compromised and exhibits a severe reduction in cell number
(Cui et al., 2020). The retinoblastoma-binding protein 4 (RBBP4), si-
milarly to MCRS1, is an evolutionarily conserved protein which has
been proved to play an important role during early mouse embryo
development in vivo. It is essential for early embryo survival and
successful implantation and its loss leads to apoptosis, defective ICM
specification and hyperacetylated histones (Miao, Sun, Barletta,
et al, 2020). Another difference between mouse and human blas-
tocyst is the expression of laminin in PE and TE cells respectively.
Moreover, although GATA4, GATA6, and SOX17 are expressed in the
PE of both mouse and human embryos, their temporal and spatial
localization throughout human preimplantation development is still

not completely understood (Niakan & Eggan, 2013).

4 | CONCLUSIONS

From fertilization to blastocyst, embryo development may arrest
at all intermediate stages. Being crucial regulatory transition un-
derpinning preimplantation development, EGA is major potential
source of developmental failure. Yet, available data do not support
the hypothesis that large-scale failure of embryonic gene expres-
sion is a frequent cause of developmental arrest. Rather, null
mutations or incorrect expression of individual genes active dur-
ing oogenesis or early development can impair crucial embryonic
functions at specific stages and ultimately cause cleavage arrest or
widespread cell death. Identification of such genes and their
function will undoubtedly be instrumental to gain a broader in-
sight into the genetic wiring early human development. It will also
open unprecedented opportunities to develop novel screening
tools for the assessment of genetic risk in reproduction. Until
recently, due to technical constraints, the genetic causes of in-
fertility have been investigated solely in relation to monogenic
traits. But novel low-cost genome-wide sequencing and analysis
techniques promise to cause a paradigm shift. Infertility causes,
previously classified as “idiopathic,” will be investigated by
screening hundreds or thousands of genes playing a role in gamete
and embryo competence. By learning the causes of their re-
productive failure, infertile couples will make a more informed
choice on possible alternative treatments. Men and women will
become more aware of their reproductive risk, even before con-
ception. Individuals suffering from genetic conditions causing
premature decline in infertility will proactively undertake fertility
preservations measures. The genetic of early human development
will then contribute to the establishment of precision medicine in

infertility.
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