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Abstract.

Mammalian embryo development is characterised by regulative mechanisms of lineage segregation and cell

specification. A combination of carefully orchestrated gene expression networks, signalling pathways and epigenetic
marks defines specific developmental stages that can now be resolved at the single-cell level. These new ways to depict
developmental processes have the potential to provide answers to unresolved questions on how lineage allocation and cell
fate decisions are made during embryogenesis. Over the past few years, a flurry of studies reporting detailed single-cell
transcription profiles in early embryos has complemented observations acquired using live cell imaging following gene
editing techniques to manipulate specific genes. The adoption of this newly available toolkit is reshaping how researchers
are designing experiments and how they view animal development. This review presents an overview of the current
knowledge on lineage segregation and cell specification in mammals, and discusses some of the outstanding questions that
current technological advances can help scientists address, like never before.
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Regulative development in the early embryo

Mammalian embryo development follows a regulatory series of
lineage segregation events that culminate with the specification
of more than 200 different cell types that form the adult animal.
How the embryo transits through these successive develop-
mental stages and what mechanisms determine how cell fate
decisions are made is of central importance for mammalian
developmental biology and is pivotal to innovation in biotech-
nology and regenerative medicine.

Development from the zygote to the blastocyst stage is
morphologically similar across mammalian species, although
detailed molecular analysis has revealed important differences
in gene expression and epigenetic regulation. The 1-cell zygote,
a transcriptionally silent cell, initiates reductionist divisions that
are initially controlled by maternally inherited RNAs and
proteins. During this initial period there is no evidence that the
early blastomeres are different from each other (i.e. they can all
give rise to all the cells of the blastocyst; Motosugi et al. 2005).
At the 2-cell (rodents) and 4- to 8-cell stage (other mammals),
major embryonic genome activation (EGA) takes place, which
is critical for the culmination of cleavage divisions (Evsikov
et al. 2006; Yan et al. 2013; Cao et al. 2014). In the mouse, the
8-cell stage marks the first morphological reorganisation of the
blastomeres, evidenced by the process of compaction, which
become polarised with an apical surface containing microvilli
and separated from a basolateral membrane by adherens and tight

junctions (Johnson and Ziomek 1983; Korotkevich et al. 2017).
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The apical domain of blastomeres confers differential contrac-
tility, and cells with reduced contractility contribute to the inner
cell mass (ICM), suggesting mechanical sensing is important
during lineage segregation (Maitre ez al. 2016). Two additional
rounds of cleavage divisions result in more cells contributing to
the outside and inside compartments before the onset of cavita-
tion at around the 32-cell stage. In other mammals, the appear-
ance of microvilli has been reported at the 16-cell (human,
porcine, bovine) or 32-cell (rabbit) stage (Reima et al. 1993;
Koyama et al. 1994; Nikas et al. 1996). Similarly, compaction
does not start until the 16-cell stage in humans (Steptoe et al.
1971) and 32-cell stage in bovine (Van Soom et al. 1997)
and porcine (Reima e al. 1993) embryos. The outside and
inside cells have their fates determined during the process of
cavitation, wherein a fluid-filled cavity forms as the prelude
to the segregation of the trophectoderm (TE) and the ICM,
respectively.

During early cleavage divisions, the mammalian embryo is
highly adaptable to the removal or addition of blastomeres,
although in mice epigenetic differences become apparent in
blastomeres of 4-cell embryos, which influence how the plur-
ipotency factors octamer-binding transcription factor 4 (Oct4)
and SRY (sex determining region Y)-box 2 (Sox2) contribute to
the commitment of ICM cells during the first lineage segrega-
tion (Goolam et al. 2016; White et al. 2016). The highly
heterogeneous gene expression (see later) and the plastic prop-
erties of the preimplantation embryo that enable adaptation to
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the removal of blastomeres provide additional evidence for the
highly regulative nature of early mammalian development.

Totipotent blastomeres segregate into embryonic
and extraembryonic precursors

A unique property of mammalian embryos is the segregation of
extra-embryonic lineages concurrent with the emergence and
expansion of the pluripotent epiblast. This totipotent property is
the exclusive feature of cleaving (2- to 4-cell embryos) blas-
tomeres, and much emphasis has been devoted to understanding
how these cells are regulated at the transcriptional and epige-
netic levels. Totipotent blastomeres have an open chromatin
configuration that includes primarily heterochromatic regions,
consistent with a stage-specific transcriptional profile (Liu et al.
2004; Ahmed ef al. 2010). This unique chromatin configuration
may be needed for the extensive reprogramming of epigenetic
marks of germline chromatin before ‘zygotic’ modifications are
re-established. Indeed, epigenetic modifiers are highly expres-
sed in early cleavage stage embryos only to decrease by the
blastocyst stage, reflecting a high degree of chromatin plasticity
before lineage segregation (Burton et al. 2013). Among the
many unique transcriptional features concomitant with epige-
netic reprogramming is the activation of 2-cell-specific genes
and transposable elements (TrE; Peaston et al. 2004). TrE
sequences exhibit an open chromatin configuration, and because
some of these (e.g. Short Interspersed Nuclear Elements (SINE)
and endogenous retroviruses subfamily (ERVLs)) are enriched
at transcriptional start sites (TSS) of 2-cell-specific genes, it was
suggested that they may play a role during EGA (Wu et al.
2016). In contrast, long interspersed nuclear element (LINEI)
elements, another type of TrE more widely distributed
throughout the genome and highly expressed in early embryos,
seem to play a role in regulating global transcription factor
accessibility by mediating de- and recondensation of chro-
matin as an integral part of embryo development (Jachowicz
et al. 2017). Furthermore, the open chromatin configuration
leading to murine endogenous retrovirus with leucine tRNA
(MERV-L) expression is regulated by histone-modifying
enzymes (Macfarlan ef al. 2012), and is consistent with the
broad enrichment for trimethylation (me3) of lysine 4 of
histone H3 (H3K4) at large genomic loci detected during EGA
(Dahletal 2016; Liuet al. 2016; Zhang et al. 2016). Capturing
this totipotent cell state in culture has been a challenge and
almost a serendipitous observation; however, mouse embry-
onic stem cells (ESCs) with features of the 2-cell (2C)-like’
state do appear under regular culture conditions and show
totipotent features (Macfarlan et al. 2012). These cells can also
be induced in vitro by depletion of the chromatin assembly
complex, chromatin assembly complex 1 (CAF1), and they
acquire chromatin configuration equivalent to early cleavage
embryos (Ishiuchi ef al. 2015), indicating that an increase in
chromatin compaction is indicative of restricted develop-
mental potential. In addition to the changes in nuclear
configuration and gene expression, extensive epigenetic
reprogramming characterised by DNA demethylation, histone
replacement (H3.3 with H3.1/2) and histone demethylation
(H3K64 me3, K3K9 me3 and H4K20 me3) are detected in
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early cleavage stage blastomeres, further demonstrating the
unique epigenetic features that characterise this period of
development.

First lineage segregation

The gradual polarisation of blastomeres from the 8-cell stage
(in mice) to the onset of cavitation marks the first lineage
segregation and is correlated with the expression of specific
transcription factors that play key roles during specification.
Cdx2, activated by Tead4 in the outer cells as a result of an
inactive Hippo signalling pathway, begins to express ubiqui-
tously at the 8-cell stage and becomes restricted to the outer cells
at the 16- to 32-cell stage (Dietrich and Hiiragi 2007). Together
with additional factors such as Gata3 and Eomes they participate
in the gradual establishment of the mouse TE lineage (Ralston
and Rossant 2008; Nishioka et al. 2009; Pfeffer and Pearton
2012). As demonstrated by experimental manipulations many
decades ago, the specification of the TE lineage is gradual,
because outer cells are not lineage restricted until the 32-cell
stage in the mouse (Tarkowski and Wroblewska 1967; Pedersen
et al. 1986; Suwinska et al. 2008; Szczepanska ef al. 2011). The
combined activation of key regulators of the TE lineage is
accompanied by epigenetic restriction regulated by the activa-
tion of genes like EIf5, which is controlled by DNA methylation
in the mouse TE (Ng et al. 2008). Elf5 acts as a lineage gate-
keeper by preventing the precocious differentiation of tropho-
blast stem cells (Pearton ez al. 2014). Thus, the transition from
totipotency towards TE provides a good example of ‘canalisa-
tion’, whereby cells are gradually fated to a specific lineage
through activation of a master regulator (Cdx2) that activates
downstream effectors (Gata3, Eomes, EIf5), which, in turn,
establish a feedback loop to maintain and propagate this lineage.
The establishment of gene regulatory networks (GRN) with
positive feedback loops that directly influence cell fate deter-
mination and regulate development has been described in other
systems and is a recurrent feature of developmental processes
(Peter and Davidson 2017). Interestingly, TE segregation in
other mammals does not follow the same gene expression pat-
tern as in mice, reflecting the differences in TE physiology. For
example, TE cells in the human, bovine and porcine express
OCTH4 at the blastocyst stage (Kirchhof et al. 2000; Cauffman
etal. 2005). In the bovine, blastocyst-derived TE cells are able to
contribute to the hypoblast lineage (Berg ef al. 2011). Similarly,
in humans, blastocyst-derived TE cells are able to reconstitute a
blastocyst (De Paepe et al. 2013), suggesting that although early
TE cells are fated to become trophectoderm, they do not become
lineage restricted until later in development. This observation is
consistent with the recent reports indicating that TE, epiblast
and primitive endoderm segregate concurrently in the human
embryo (Petropoulos et al. 2016).

CDX?2 starts to be expressed at the blastocyst stage in the
human, bovine and porcine (Kuijk et al. 2008; Niakan and
Eggan 2013), although RNA sequencing (RNA-Seq) from
single cells and bulk transcriptomes demonstrates that expres-
sion is significantly lower than in mice (Berg et al. 2011; Cao
etal 2014; Blakeley et al. 2015). Consistent with these findings,
CDX2 protein is detected in a subset of TE cells of early porcine
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blastocysts (Liu et al. 2015; Bou et al. 2017) and becomes
confined to all TE cells in expanded blastocysts (Kuijk et al.
2008; Bou et al. 2017). Thus, CDX2 in porcine embryos does not
play a critical role during TE segregation, but is essential for
polarity and maintenance of the TE lineage (Bou et al. 2017),
similar to observations in the bovine (Berg et al. 2011). Indeed,
CDX2 was shown to repress OCT4 expression in the TE (Bou
et al. 2016), therefore contributing to lineage restriction of the
TE. EOMES and ELFS in the porcine (Cao ef al. 2014; Valdez
Magafa et al. 2014) and bovine (Pearton ef al. 2011) TE do
not follow the expression profile described in mice, suggesting
that the TE GRN has evolved differently in species with different
placentas.

Instructive program of ICM segregation into hypoblast
and epiblast

Concurrent with the segregation of the TE lineage, the ICM
forms in the inside of the blastocyst. This compact mass of cells
expresses the pluripotency genes Oct4 and Sox2, which are also
expressed throughout cleavage stages in mice. In contrast,
Nanog is first expressed at the 8-cell stage and becomes
restricted to the ICM in the mouse (Guo et al. 2010). Gata6, the
first marker of primitive endoderm (PE), also starts to be
expressed in all cells at the 8-cell stage; however, by the 32-cell
stage (Embryonic Day (E) 3.5), it resolves into a mutually
exclusive pattern with Nanog, known as a ‘salt and pepper’
pattern, marking the hypoblast and epiblast lineages respec-
tively (Chazaud et al. 2006; Plusa et al. 2008). These cells will
segregate to their definitive positions by processes involving
cell induction, active migration and apoptosis (Plusa et al. 2008;
Meilhac et al. 2009). By E4.5, epiblast cells expressing Nanog
are segregated from the hypoblast layer expressing Gata6, and
other markers such as Pdgfia, Sox17, and Gata4 (Plusa et al.
2008; Guo et al. 2010; Artus et al. 2011). In contrast with these
observations in mice, NANOG protein in human, bovine and
porcine embryos is first detected in late blastocysts (Kuijk ef al.
2008; Cauffman et al. 2009; Khan ez al. 2012). In human, bovine
and porcine embryos, GATAG is expressed in cleavage stages
and all cells of the blastocyst, therefore it is not a suitable
markers for PE segregation (Kimber ef al. 2008; Roode et al.
2012; Cao et al. 2014; Wei et al. 2017). Thus, if the equivalent
NANOG and GATAG6 antagonistic relationship exists during
epiblast and PE segregation in non-rodent mammals, it must be
controlled by NANOG; however, this has not been determined.
Instead, SOX17 and GATA4 have been found more reliable
markers of this lineage in the human, bovine and porcine
(Rodriguez et al. 2012; Roode et al. 2012; Niakan and Eggan
2013; McLean ef al. 2014).

The competence for PE segregation is dependent on Nanog
expression in mouse, because Nanog ’~ ESCs fail to differentiate
into Gata4-expressing cells, suggesting a paracrine mechanism of
PE cell induction (Messerschmidt and Kemler 2010). A key
candidate signalling pathway first investigated was the fibroblast
growth factor (FGF)/mitogen-activated protein kinase (MAPK)/
GRB2 pathway because mouse mutants for these molecules failed
to develop a PE (Feldman et al. 1995; Arman et al. 1998; Cheng
etal 1998). Indeed, pharmacological inhibition of the FGF/MAPK
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pathway using small molecules prevents the differentiation of the
PE, whereas supplementation of culture media with FGF led to a
shift of all ICM cells towards the PE lineage (Nichols et al. 2009;
Yamanaka et al. 2010). Thus, FGF4 acts as an instructing paracrine
signal that determines the segregation of PE cells in the mouse.
The process by which this is modulated is dictated by gradual
production of FGF4 by early ICM cells internalised during cavita-
tion of the embryo. FGF4 is then taken up during a subsequent cell
division by cells containing higher levels of FGF receptor (FGFR)
2 on their cell surface, and therefore able to respond to the ligand
(Morris et al. 2013). This proposed mechanism of epiblast and PE
segregation suggests a bias of cells contributing to the ICM to
become PE. However, the role of FGF4 during mouse ICM
segregation has recently been extended, showing that it promotes
expansion and maturation of the epiblast primarily through its
interaction with FGFR1 (Kang et al. 2017; Molotkov et al. 2017).
A secondary role of FGF4 is to induce the specification of PE,
which is dependent on two receptors of the FGF family: FGFR1
and FGFR2 (Kang et al. 2017). Thus, these studies suggest that the
outputs of FGF signalling in promoting expansion of epiblast cells
and the segregation of the PE during these early embryonic stages
depends on the availability of different FGFRs and the intracellular
regulation of extracellular signal-regulated kinase (ERK) signal-
ling. These new findings perhaps help us interpret the differences
reported in the response to FGF signalling in other species. In
human, bovine and porcine embryos, inhibition of the MAPK/
ERK signalling pathway using the small molecule inhibitor
PD0325901 does not prevent the complete ablation of the PE
lineage when using equivalent doses of the inhibitor as in mice
(Kuijk et al. 2012; Rodriguez et al. 2012; Roode et al. 2012).
However, when the inhibitor is used at an increased concentration
(25-fold higher), the PE is completely eliminated in bovine and
porcine embryos (McLean et al. 2014; P. Ramos Ibeas and
R. Alberio, unpubl. obs.). This could be due to an indirect effect
or due to a reduced sensitivity of bovine and porcine embryonic
cells to these compounds, because they may not rely on FGFR1/2
for the segregation of the PE lineage. Interestingly, in human
embryos FGFR1 is not detected in the ICM, but instead it is
preferentially expressed in the polar trophectoderm (Niakan and
Eggan 2013). FGFR2 is also not present in human blastocysts
(Kunath et al. 2014). Similarly, in the porcine, FGFR1 and FGFR2
are not detected in the ICM, but are highly expressed in the late E11
epiblast and the TE (Hall ez al. 2009; Valdez Magana et al. 2014).
Interestingly, FGFR4 is detected in the ICM of bovine and porcine
embryos (Wei ef al. 2017; P. Ramos Ibeas and R. Alberio, unpubl.
obs.), suggesting that FGF signalling can trigger a response in the
ICM via this receptor. Indeed, we showed previously that blocking
FGFRs using a pan-FGFR inhibitor affects the number of cells in
the porcine ICM (Rodriguez ef al. 2012); however, this was not
observed in bovine embryos (McLean et al. 2014). Different
FGFRs have been shown to preferentially use different signalling
pathways following ligand binding (Brewer et al. 2016). FGFR4
has been associated with signal transducer and activator of
transcription (STAT) 3, phospholipase Cy and c-Jun N-terminal
kinase (JNK) signalling, all of which are active pathways in naive
epiblasts in mice (Nichols and Smith 2009). Indeed, in the bovine,
inhibition of JNK and p38/MAPK leads to a reduction in NANOG
expression (McLean ez al. 2014). Similarly, inhibition of STAT3 in



76 Reproduction, Fertility and Development

bovine and porcine embryos results in reduced ICMs and lower
NANOG expression (Meng et al. 2015; P. Ramos Ibeas and
R. Alberio, unpubl. obs.). Based on these observations, it will be
interesting to assess the role of FGFR4 during the segregation of
epiblast from PE in larger mammals, and determine whether it
participates in the establishment of pluripotency. Interestingly,
another cytokine reported to stimulate STAT3 signalling is colony-
stimulating factor (CSF) 2, which promotes proliferation of the
ICM in human, porcine and bovine embryos (Sjoblom et al. 1999;
Cui et al. 2004; Loureiro et al. 2009). Embryos produced in vitro
supplemented with CSF also result in increased pregnancy rates
(Sjoblom et al. 2005; Loureiro et al. 2009). It was also shown that
CSF2 downregulates the MAPK/ERK pathway in bovine embryos
(Ozawa et al. 2016), suggesting that it may promote epiblast
expansion by modulating MAPK; however, it is not clear whether
CSF2 causes shifts in the proportion of epiblasts versus PE in
embryos. Because naive pluripotent cells from non-rodent species
cannot be easily captured (Guo et al. 2016), stimulation of these
alternative signalling pathways could be considered in future ESC
derivation attempts. Thus, the combined roles of CSF2 and FGFR4
in promoting STAT3 signalling while dampening MAPK during
embryo emergence of the pluripotent ICM development deserve
closer examination.

The role of other signalling pathways in hypoblast segrega-
tion is less explored. Inhibition of transforming growth factor 3
(TGFB)/activin A signalling using the inhibitor SB431542
(40 M) between Days 5 and 7 in the human led to a reduced
number of NANOG- and SOX17-positive cells (Blakeley et al.
2015). In bovine and porcine embryos, such an effect was not
observed; however, the dose of the inhibitor was lower (20 pM),
thus it is possible that higher concentrations of this inhibitor are
needed (Kuijk er al. 2012; Rodriguez et al. 2012). Indeed,
human embryos treated with 10 uM SB431542 had increased
numbers of NANOG-positive cells (Van der Jeught ef al. 2014).
However, this is difficult to reconcile with the observation that
inhibition of cultured porcine epiblast with 20 uM SB431542 for
6 days results in neural differentiation (Alberio et al. 2010).
A similar observation was reported with human (h) ESCs
(Van der Jeught et al. 2014). It is possible that the effect of
the inhibitors in isolated epiblasts or hESC lines is much more
robust than within the embryo proper, where additional signal-
ling pathways may be operating, and therefore higher inhibitor
concentrations may be required. Based on the expression of key
components of the TGFB/activin pathway, it is likely that this
signalling pathway is operational in early ICM cells in non-
rodent mammals. Recent single-cell transcriptome studies have
shown expression of NODAL, TGFBI, and ACVRI in human,
Cynomolgus monkey, bovine and porcine embryos (Cao ef al.
2014; Blakeley et al. 2015; Nakamura et al. 2016; Petropoulos
et al. 2016; Wei et al. 2017; P. Ramos Ibeas and R. Alberio,
unpubl. obs.). Further studies are needed to determine the role
of this pathway during establishment of pluripotency and
segregation of PE.

The WNT signalling pathway is dispensable for lineage
segregation in the mouse embryo (Biechele ef al. 2011). In
human, stimulation of WNT signalling together with mitogen-
activated protein kinase kinase (MEK) inhibition does not affect
the proportion of cells contributing to the epiblast or PE (Roode
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et al. 2012). Similarly, in bovine and porcine embryos, no effect
of segregation is detected (Kuijk et al. 2012; Rodriguez et al.
2012). Interestingly, in bovine embryos it was also reported that
WNT inhibition using DKK1 promotes differentiation into TE
and PE cells (Denicol er al. 2014). WNT signalling has also been
linked to promoting TE differentiation in the human embryo
(Krivega et al. 2015).

Transcriptional network of metastable pluripotent states
in the embryo

As discussed above, during the emergence of pluripotency, the
triad of core transcription factors OCT4, SOX2 and NANOG is
first detected in the ICM. Together, these factors establish a
network of interactions that prevents differentiation and, at the
same time, promotes the maintenance of pluripotency and self-
renewing potential in ESCs (Boyer ef al. 2005). In mouse
embryos, the triad of gene expression is maintained for a brief
period between E3.5 and E7.5, and during this period pluripotent
stem cells with different morphological, molecular and devel-
opmental properties can be established (Brons er al. 2007;
Nichols and Smith 2009; Osorno et al. 2012; Savatier et al.
2017). This brief developmental window is the critical period
during which the embryo establishes and expands the pluri-
potent epiblast before engaging in differentiation during
gastrulation. The expression of the core transcription factors is
critically important for establishing and maintaining pluri-
potency, as demonstrated by knockout experiments in mice
(Nichols ef al. 1998; Mitsui et al. 2003). However, the expres-
sion of these factors in vivo varies between species, and how
they participate in maintaining the pluripotency network is not
well understood. Recent evidence from clustered regularly
interspaced short palindromic repeat (Crispr)—Crispr-associated
(Cas) 9 genome-edited human zygotes shows that OCT7-4-null
cells downregulate CDX2 and NANOG, and blastocyst devel-
opment is impaired (Fogarty et al. 2017). The equivalent
knockout in mouse embryos did not interfere with blastocyst
formation, and orthologous genes were unaffected (Fogarty
et al. 2017). This clearly highlights the important species-
specific differences regulating early development in mammals,
and a deeper understanding of these mechanisms across mam-
mals will inform us of the evolutionary paths that were selected
in different species, and will provide more relevant models of
human development.

To begin to build detailed knowledge of the embryology of
different species, new high-throughput single-cell transcriptomic
and epigenomic platforms have been used to gather comprehen-
sive high-resolution data of developmental progression in mam-
malian embryos (Xue et al. 2013; Cao et al. 2014; Blakeley et al.
2015; Boroviak et al. 2015; Clark et al. 2016; Nakamura et al.
2016; Petropoulos et al. 2016). The first studies performed in
mouse embryos showed great heterogeneity of gene expression
in individual cells, lending further support to the idea of regula-
tive and stochastic processes regulating cell lineage allocation in
early embryos (Dietrich and Hiiragi 2007). Indeed, single-cell
transcript analysis showed that heterogeneous populations in the
ICM stochastically segregate into epiblast and PE following
reinforcement by antagonistic signalling (Ohnishi et al. 2014).
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Later studies comparing human and mouse early embryos showed
broad conservation of pluripotency network; but, more impor-
tantly, they also revealed novel pathways and gene profiles
present in human embryos (Blakeley et al. 2015). In addition to
the expression of the core pluripotency genes NANOG, OCT4 and
SOX2, many additional genes are shared between species, includ-
ing KLF4, GDF3, DPPA2 and HESX1. Although KLF'17 has been
reported as a novel pluripotency marker in the human (Blakeley
et al. 2015), it is not expressed in the mouse embryo (Blakeley
et al. 2015). Other genes, like KLF2, ESRRB and BMP4, are not
expressed in human ICM (Blakeley ef al. 2015), whereas they are
expressed in the mouse (Blakeley ef al. 2015). In the porcine
embryo, ESRRB, and KLF4 expression was also detected in the
ICM (Cao et al. 2014). Similarly, PRDM14 is expressed in mouse
and human embryos, but in porcine embryos PRDM14 is delayed
to the expanded blastocyst stage and increases in the late epiblast
stage (Cao et al. 2014; Kobayashi ef al. 2017). Following analysis
of components of different signalling pathways, it is apparent that
human and mouse embryos are very different. Genes indicative of
an active Janus tyrosine kinases (Jak)/Stat3 pathway, such as Lif,
Lif and Jakl/2 are upregulated, whereas the Jak/Stat repressor
suppressor of cytokine signalling 3 (Socs3) is downregulated in
the mouse (E3.5) early epiblast (Boroviak et al. 2014). Equally,
TGFB/Nodal/activin A signalling components are not upregu-
lated until the E4.5 stage in the mouse (Boroviak et al. 2014). In
human embryos, ACVRLI, NODAL and LEFTY are expressed in
the ICM, and this signalling pathway is apparently functional
(Blakeley et al. 2015; Petropoulos et al. 2016), indicating an
important divergence in the signalling requirements of emerging
pluripotent cells between these species. These findings in the
human are consistent with observations in porcine embryos
demonstrating an active TGFB/Nodal/activin A signalling from
the blastocyst stage until the late epiblast (van de Pavert er al.
2001; Alberio et al. 2010). However, a note of caution about
comparing species and stages is needed, because the kinetics of
development in the mouse are much shorter than in larger
mammals, and perhaps some of the comparisons sometimes skip
important intermediate stages that may exist in species with
longer intervals between one stage and the next. For example,
data from marmoset embryos collected at early, mid and late
blastocyst stages show a gradual upregulation of the TGFB/
Nodal/activin A signalling, concomitant with a gradual reduction
in WNT signalling (Boroviak et al. 2015). Jak/Stat3 signalling
was not reported in the marmoset. Thus, because of the extended
period of ICM and epiblast development in larger mammals
compared with mice, it is possible that intermediate, transitional
stages transit the period of naive towards lineage primed epiblast.
Some evidence of this possibility has been reported, with all the
caveats of in vitro systems, from ESC lines. A variety of different
metastable states that resemble either the early naive epiblast or
more advanced developmental stages like the postimplantation
epiblast have been captured under different conditions (Savatier
etal. 2017), suggesting that the embryonic stage selected for ESC
derivation can affect the efficiency of this process. Indeed, cells
derived from an early developmental stage and placed in a culture
system compatible with an advanced developmental stage of
pluripotency can promote the conversion of these cells towards
a more advanced developmental state, yet the opposite is less
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straightforward without forced gene expression (Guo et al. 2009;
Greber et al. 2010; Boroviak et al. 2014). Indeed, in humans,
where the naive state has not been identified in the embryo proper,
conventional hESCs exhibit properties of primed cells. There is
only a single report of isolation of hESCs in naive conditions, and
these cells are unstable in culture (Guo et al. 2016). This suggests
that either we do not yet have a good understanding of the
requirements of human naive cells or that this state does not exist
in this species and cannot be captured without genetic manipula-
tion (Theunissen et al. 2014; Takashima et al. 2015). These naive
hESCs show limited chimeric potential and are epigenetically
unstable (Pastor et al. 2016; Theunissen et al. 2016). A recent
study has presented some evidence of developmental correlates
been between monkeys (Cynomolgus monkey), human stem cells
and mouse embryonic cells, showing that conventional hESCs
are more aligned with monkey postimplantation embryo cells,
whereas naive hESCs are more aligned with the monkey ICM and
preimplantation epiblast (Nakamura et al. 2016). That analysis
also showed that a stable pluripotency network is maintained for
approximately 1 week in the monkey. Thus, it is possible that in
humans and primates (and other non-rodent mammals) emergent
pluripotent cells (~8- to 12-cells) transit through a naive state
during the establishment of pluripotency, but exit this stage within
one cell division to then gradually establish the TGFB/Nodal/
activin A pathway that promotes cell growth, expansion of the
epiblast and finally lineage priming in preparation for gastrula-
tion. To test this possibility further, studies investigating this
important window of development in human and other large
mammalian species are needed to provide a high-resolution
transcription profile that depicts the early molecular program of
pluripotency.

Epigenetic landscape of pluripotency

Accompanied by the distinctive gene expression profile of naive
and primed states of pluripotency, important epigenetic differ-
ences have been described. Naive mouse ESCs exhibit reduced
levels of H3K27 me3 at repressed promoters, global DNA
hypomethylation (Marks et al. 2012; Habibi et al. 2013) medi-
ated by reduced Uhrfl protein, Dnmtl activity and H3K9
dimethylation (me2) compared with ESCs grown in serum
containing media (von Meyenn et al. 2016). Similarly, although
higher-order chromatin is more relaxed in early cleavage stages,
DNA hypersensitive sites (DHS) are found to increase in the
morula stage, indicating increased chromatin accessibility dur-
ing this period of lineage segregation (Lu et al. 2016). Indeed,
many of the DHS are detected at Oct4-binding sites, suggesting
that transcription factor expression during lineage specification
contributes to creating a highly dynamic chromatin state that
facilitates lineage priming. This is also consistent with the
evidence that key transcription factors (TF) can impose new
chromatin configuration by recruiting additional TF; for
example, Oct4 and Sox2 dimerisation at target domains can
nucleate enhanceosome assembly (Chen ez al. 2014). Similarly,
during the transition from naive to primed pluripotency, Oct4
and Sox2 continue to be expressed, but their association with Otx
changes targets specificity leading to new epiblast-like cell-
specific enhancers (Buecker et al. 2014). Interestingly, although
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the transcriptome of murine (m) ESCs and epiblast stem cells
(EpiSCs) is remarkably similar and the number of DHS at pro-
moter regions is also equivalent, the enhancer landscape is
sharply modified, with almost half these regions losing activity
during EpiSC conversion (Factor ef al. 2014). Thus, enhancer
switching, such as the well-described differential regulation of
the Oct4 enhancer (Yeom et al. 1996), represents an example of
what probably applies more broadly to other enhancer regions
during the transition from naive to primed pluripotency.
Enhancer switching requires topological changes of the chro-
matin to enable target recognition, and it has been shown that
this major chromatin reorganisation can be triggered by external
stimuli. Indeed, switching media from leukaemia inhibitory
factor (LIF) to basic (b) FGF conditions rapidly triggers the
transitions towards primed pluripotency (Guo et al. 2009). Thus,
chromatin provides an additional level of regulation in cellular
response mediating lineage specification.

Transcriptional and epigenetic regulation
of the mammalian germline

In the developmental continuum of the embryo, a key event,
known as gastrulation, consists in laying the foundations for the
segregation of all the lineages that contribute to the make-up of
the fetus (Wolpert 2008). This process has been largely studied
in the mouse due to the accessibility of embryos and the possi-
bility of performing advanced genetic studies (Arnold and
Robertson 2009). However, most embryologists are familiar
with some important structural differences between the early
gastrulating mouse embryo and other mammalian species.
Mouse and rat embryos develop as conical structures, also
referred to as ‘cup-shape embryos’, which are distinct from the
flat embryonic disc of other eutherian mammals, including
human and domestic animal embryos. Understanding the
geometries of these different embryos is critical for elucidating
the inductive processes that mediate lineage specification.
A careful evaluation of the interactions of the epiblast with
neighbouring extra-embryonic tissues suggested that these
tissue interactions are under considerably different influences,
placing strong emphasis for diversifying the tissues on a prox-
imodistal axis in mice compared with a radial axis (peripheral to
central axis) in other mammals (Behringer et al. 2000). Indeed,
the formation of the extra-embryonic mesoderm, one of the
earliest epiblast derivatives, shows striking differences between
human and mouse embryos. In the mouse, these cells derive
from cells that ingress through the primitive streak, whereas in
humans these tissues segregate before the appearance of a node
(Eakin and Behringer 2004). Indeed, studies in porcine embryos
have shown that precursors of the extra-embryonic mesoderm
delaminate from the epiblast, rather than migrate through the
streak (Fléchon et al. 2004). This important spatial difference in
tissue emergence highlights key differences between mice and
non-rodent species that may underlie divergent gene regulatory
networks. For example, some evidence shows that the roles of
NODAL and BMP gradients in establishing the anterior—
posterior axis is unique to mice, whereas the role of NODAL in
epiblast and visceral endoderm seems to be conserved in
eutherian mammals (Yoshida ef al. 2016). One of the key
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embryological structures that is also unique to mouse embryos is
the extra-embryonic ectoderm (EXE), a derivative of the polar
trophoblast. The EXE is a source of BMP, critical for mesoderm
formation and germ cell specification in mice (Winnier et al.
1995; Lawson et al. 1999). Given the critical role of this tissue in
patterning the mouse embryo, it seemed paradoxical that thisis a
unique structure to a subset of rodents, like mice and rats. We set
out to investigate the source of BMP in embryos developing a
flat morphology and showed that in the porcine embryo the
primary source of BMP2 is the primitive endoderm of pre-
primitive streak stage embryos, which is followed soon after by
BMP4 produced by the extra-embryonic mesoderm (Valdez
Magafa et al. 2014). This was later shown to coincide with
upregulation of BRA (7), akey mesoderm differentiation marker
(Yoshida et al. 2016).

In mice, BMP induces germ cell specification from posterior
proximal epiblast cells by segregating lineage-restricted cells
that activate the germ cell program through a tripartite gene
expression network established by Prdm14, Blimpl and Tfap2c
(Yamaji et al. 2008; Magnusdottir ez al. 2013). The key function
of this network is to inhibit the somatic differentiation program
and to promote the upregulation of pluripotency genes and
epigenetic reprogramming. Reactivation of pluripotency genes
Sox2 and Nanog is a hallmark of mouse primordial germ cells
(PGC) development and their expression is maintained until
these cells reach the gonads (Yamaguchi e al. 2005; Campolo
et al. 2013). The significance of pluripotent gene expression in
PGC development is unclear, but mouse mutants for these genes
show defects due to cell loss by apoptosis and reduced cell
proliferation (Yamaguchi et al. 2009), suggesting that these
genes act as survival factors and in the expansion of the initial
pool of PGCs. Owing to the striking difference in BMP4
expression between murine and porcine embryos, we asked
whether these divergent BMP signalling domains could have
resulted in an altered program of PGC specification from other
precursors. Evidence from in vitro differentiation of hESCs
showed that the program of PGC specification is determined by
activation of SOX17 and BLIMPI (Irie et al. 2015). These
findings were confirmed in Cynomolgus monkeys, suggesting
they may be shared among primates (Sasaki et al. 2016). We used
this new paradigm to interrogate the porcine embryo during the
early stages of gastrulation and confirmed that the sequence of
initial SOX17 followed by BLIMP1 activation marks the PGCs in
the porcine embryo (Kobayashi ef al. 2017). Importantly, these
cells are found in the posterior end of the embryo where the
nascent mesodermal derivatives emerge (Fig. 1). This is consis-
tent with the area where BMP4 is produced in the porcine embryo
(Valdez Magana et al. 2014; Yoshida et al. 2016). Thus, this
shows that PGCs in large mammals emerge from a ‘pluripotent
mesoderm’ precursor population in response to BMP4. Interest-
ingly, evidence from organisms with inductive mechanisms of
germ cell specification, such as the basal amphibian Ambystoma
mexicanum (axolotl), also show the presence of a pluripotent
mesoderm from which PGCs are specified upon BMP4 induction
(Chatfield et al. 2014). These observations have led to the
hypothesis that in species with a regulative mode of development,
the PGCs arise from a pool of progenitors after the onset of
gastrulation, consistent with the presence of a stem cell niche.
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Fig. 1. Immunofluorescent image of a cluster of porcine primordial germ
cells in a Day 13 pig embryo immunostained for Nanog (red) and Sda/GM2
(green) markers. Counterstaining in blue (4',6’-diamidino-2-phenylindole;
DAPI shows the different layers of the early gastrulating embryo. Arrow-
heads point to migratory primordial germ cells (PGCs).

In species with early germ cell lineage segregation, which is the
most prevalent among extant species, liberation of genetic con-
straints has enabled the rewiring of existing gene regulatory
networks, resulting in increased adaptability and speciation
(Johnson and Alberio 2015). Indeed, within mammals it seems
that mice have established a novel gene regulatory network of
germline development that diverges from that described in
humans, monkeys and pigs. In addition to the changes in the TF
network, we showed that the onset of epigenetic reprogramming,
a key event that defines germline development, is different in
human and pigs. PRDM14, a key molecule responsible for
initiating epigenetic reprogramming in the mouse, is weakly
expressed in early human, monkey and porcine PGCs. Further-
more, DNA demethylation in mouse PGCs is primarily driven by
passive cell division-coupled dilution and by repression of
Dnmt3A/B dependent on Blimpl and Prdm14 (Kagiwada et al.
2013; Ohno et al. 2013). Active DNA demethylation mediated
by the enzymatic conversion of 5-methylcytosine (5-meC) to
5-hydroxymethylcytosine (5-hmeC) is first detected in late migra-
tory mouse PGCs, when they start to colonise the genital ridges
(Hackett et al. 2013; Yamaguchi et al. 2013). In a human PGC
differentiation model, high levels of TeT1 expression are detected
at Day 2 and higher 5-hmeC is detected at Day 4 of induction in
cells that presumably represent premigratory stages and have
initiated epigenetic reprogramming, as demonstrated by reduced
UHRF1,H3K9 me2,and DNMT3A (Irie et al. 2015). Similarly, in
porcine embryos, higher levels of TET1 and 5-hmeC and lower
levels of UHRF1 and H3K9 me?2 are detected in early premigra-
tory PGCs (Kobayashi et al. 2017), indicating that as soon as the
PGC program is induced following the activation of SOX17 and
BLIMPI, the epigenetic machinery is activated in a cell cycle-
independent manner, as demonstrated by the marked reduction in
DNA replication in nascent PGCs. Collectively, the evidence at
the level of gene expression, onset of epigenetic reprogramming
and cell cycle arrest demonstrates fundamental differences in the
program that ensues upon germ cell specification in large mam-
mals. It will be interesting to investigate whether equivalent
differences also apply to other programs of development in
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species with conserved embryology and, more generally, what
the evolutionary consequences are of changes in the GRNs
regulating early gastrulation for adaptation and speciation.

Concluding remarks

The highly regulative mechanisms directing mammalian
development have been studied in great detail in the mouse, but
more recently efforts have been directed towards large mam-
malian species, which, in many examples, are showing closer
relevance to the developmental mechanisms of humans. A
better knowledge of large animal embryology offers new
opportunities for investigating basic mechanisms of develop-
ment, but can also have applications for improving assisted
reproductive technologies and understanding the effects of
these technologies on the health status of these animals in
adulthood. The availability of full genome sequences of
domestic animals and the incorporation of gene-editing tech-
nologies in the battery of approaches for disrupting gene
function in zygotes, combined with single-cell transcriptomics
and new live imaging techniques, are revolutionising the way
we study developmental biology in large mammals. Many old
questions and new questions that have arisen from recent dis-
coveries can be addressed using elegant and sophisticated
molecular approaches. Is naive pluripotency a feature of rodent
embryos or has it not been observed or captured in large
mammals due to the poor resolution of available techniques?
How did TE segregation evolve in different mammals? Do
epiblast cells transit through metastable states of pluripotency
in vivo? If so, how important is this for the developmental
potential of different lineages during gastrulation? These are
examples of some questions that biologists should be able to
address using the new toolkit available for dissecting the
intricate mechanisms of embryo development.
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