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Formation of a properly sized and patterned embryo during gastrulation requires a well-
coordinated interplay between cell proliferation, lineage specification and tissue
morphogenesis. Following transient physical or pharmacological manipulations of
embryo size, pre-gastrulation mouse embryos show remarkable plasticity to recover and
resume normal development. However, it remains unclear how mechanisms driving
lineage specification and morphogenesis respond to defects in cell proliferation during
and after gastrulation. Null mutations in DNA replication or cell cycle-related genes
frequently lead to cell cycle arrest and reduced cell proliferation, resulting in
developmental arrest before the onset of gastrulation; such early lethality precludes
studies aiming to determine the impact of cell proliferation on lineage specification and
morphogenesis during gastrulation. From an unbiased ENU mutagenesis screen, we
discovered a mouse mutant, tiny siren (tyrn), that carries a hypomorphic mutation
producing an aspartate to tyrosine (D939Y) substitution in Pold1, the catalytic subunit of
DNA polymerase 8. Impaired cell proliferation in the tyrn mutant leaves anterior-posterior
patterning unperturbed during gastrulation but results in reduced embryo size and
severe morphogenetic defects. Our analyses show that the successful execution of

morphogenetic events during gastrulation requires that lineage specification and the



ordered production of differentiated cell types occur in concordance with embryonic

growth.
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Chapter 1 Introduction

Section 1 Lineage specification, tissue morphogenesis, and embryo size
expansion in early embryogenesis
1.1 Lineage segregation in blastocyst

1.1.1 Overview
3.5 days after fertilization, a single-cell zygote undergoes multiple rounds of cell

cleavage, reaching the blastocyst stage (Figure 1.1). The embryo at this stage consists
of an outer cell layer termed trophectoderm (TE), and a group of inner cell mass (ICM)
surrounded by the TE. The ICM is composed of two cell lineages: epiblast (EPI) and
primitive endoderm (PrE). TE, EPI, and PrE are the three fundamental lineages specified
in the blastocyst stage. The TE gives rise to the ectoplacental cone and the
extraembryonic ectoderm (ExE), which become the placenta. The PrE differentiates into
the parietal endoderm and the visceral endoderm (VE). The parietal endoderm becomes
part of the parietal yolk sac. The VE covers the EXE and the epiblast, contributing to the
formation of the visceral yolk sac. The TE and PrE envelop the epiblast layer, which
gives rise to all fetal tissues and some of the extraembryonic tissues during embryonic

development (Arnold and Robertson, 2009; Rivera-Perez and Hadjantonakis, 2014).

E2.5 E3.0 E3.25 E3.75 E4.5
8 cell 16-20 cells 20-32 cells ~64 cells >100 cells
morula early blastocyst mid blastocyst implanting blastocyst
Epi
i PrE 3
o D AR 4T
) — ) — G0 . A8 ()
&8 5 " 4 \ /
& R ke o
- - 7 Na”
I Outside cell or Trophectoderm (TE)
— [l Epiblast (Epi)
I nner cell mass (

*- Primitive endoderm (PrE)

Figure 1.1 Schematic representation of early mouse embryonic development before
implantation. The outer cell/trophectoderm is labeled in green. The epiblast is labeled in red
and the primitive endoderm is labeled in blue. (Artus and Chazaud, 2014)



1.1.2 Lineage segregation of trophectoderm and inner cell mass
The mechanisms driving cell fate decision and cell layer segregation inside the

blastocyst are the two deeply studied topics in blastocyst lineage specification. The first
round of binary lineage segregation occurs between the TE and ICM (Figure 1.2).
Segregation of progenitors of TE and ICM is realized through asymmetrical cell divisions
along a basolateral cleavage plane at the 8-cell morula stage, as observed by the time-
lapse cinemicrography (Sutherland et al., 1990). The outer cells become the TE and the
inner cells comprise the ICM. The molecular mechanism driving the binary cell fate
specification of TE and ICM is extensively explored by a series of genetic and cell
biology studies in blastocysts and pluripotent stem cells (PSCs). Expression of Cdx2, the
mouse orthologue of the Drosophila homeobox gene caudal (cad) (Mlodzik et al., 1985;
Mlodzik and Gehring, 1987), is detected exclusively in the TE (Beck et al., 1995).
Genetic ablation of Cdx2 in mouse blastocysts shows that Cdx2” embryos fail to
maintain TE differentiation and fail to implant (Strumpf et al., 2005). Loss of Cdx2 is also
associated with ectopic expression of ICM-specific genes in outer cells (Strumpf et al.,
2005). On the contrary, expression of the gene encoding murine POU transcription
factor OCT4 (also known as POUS5F1) is required for promoting ICM lineage formation.
Oct4 is exclusively expressed in the ICM and is required for maintaining the pluripotency
of ESCs or ICM cells in mammalian embryos (Niwa et al., 2000). Repressing Oct4
expression in mouse ESCs leads to loss of pluripotency and differentiation to trophoblast
stem cells (TSCs) (Niwa et al., 2000). The mutual-exclusive expression pattern of Cdx2
and Oct4 raises the new question that how such expression pattern is generated.
Studies in pre-implantation embryos indicate that Cdx2 and Oct4 are initially co-
expressed in all cells at the morula stage (Niwa et al., 2005). Cdx2 expression is
enhanced after the asymmetrical division of the morula and further increased through a

positive regulatory-feedback mechanism in outer cells (Dietrich and Hiiragi, 2007; Niwa



et al., 2005; Ralston and Rossant, 2008). Oct4 expression is also positively regulated by
a similar mechanism, although restricted to the ICM cells (Okumura-Nakanishi et al.,
2005). CDX2 and OCT4 adopt a reciprocal-inhibition mechanism that interferes with the
transcriptional activation of each other (Niwa et al., 2005) (Figure 1.2). Taken together,
these studies demonstrate that CDX2 and OCT4 are the major transcription factors
required for TE and ICM lineage segregation. The binary cell fate decision is achieved

by the reciprocal inhibition of transcriptional activities between CDX2 and OCT4.
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Figure 1.2 Critical transcription factors in the segregation of the trophectoderm and
ICM lineages. (Rossant and Tam, 2009a)
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The apical domain is tightly correlated with the enhanced CDX2 expression in outer cells
(Ralston and Rossant, 2008), raising the question whether the cell polarity acquired in
outer layer cells at the morula stage is the primary cue that drives TE and ICM lineage
specification. Genetic analysis in Tead4” embryos shows that TEAD4 is required for TE
specification, suggesting that the Hippo/YAP signaling pathway serves as the link
between cell polarization and TE differentiation (Nishioka et al., 2008; Yagi et al., 2007)
(Figure 1.3). The Hippo/YAP signal pathway was originally discovered in Drosophila that
controls tissue growth and it is now proven to be a well-conserved signaling cascade in
mammals (Pan, 2010; Yu et al., 2015). A subsequent study shows that in TE, where
Hippo signaling is OFF, free YAP proteins translocate to the nucleus and bind to TEAD4,

activating TE-specific genes such as Cdx2 and Gata3 (Nishioka et al., 2009; Ralston et



al., 2010). Whereas in ICM, where Hippo signaling is ON, YAP is phosphorylated by
LATS kinases and sequestered in the cytoplasm (Lorthongpanich et al., 2013). The
differential activity of Hippo/YAP signaling is only required for a short period of time for
establishing the binary gene expression pattern in the TE and ICM (Lorthongpanich et
al., 2013). Hippo/YAP signaling is sufficient to modulate CDX2 expression, the
Hippo/YAP signaling cascade itself, however, does not change the cell position and cell

polarity.

It has been shown that loss of function of apical components such as aPKC, PARG, and
CDC42 prevents TE formation, with YAP/TAZ sequestered in the cytoplasm (Alarcon,
2010; Cao et al., 2015; Hirate et al., 2015; Hirate et al., 2013; Korotkevich et al., 2017).
Outer cells in these mutant embryos adopt ICM cell fate expressing ICM-specific
markers like Nanog. These results validate the idea that the apical-basal polarity is
essential to interpret polarity information to promote YAP/TAZ localization. Studies on
junction-associated scaffold protein Angiomotin (AMOT) show that the differential sub-
localizations of AMOT are observed in outer/TE cells and inner/ICM cells (Hirate et al.,
2013; Leung and Zernicka-Goetz, 2013). In inner/ICM cells, AMOT is phosphorylated
and is located on the whole plasma membrane, whereas in outer/TE cells, AMOT is
localized strictly on the apical domain and excluded from the basal lateral domain (Hirate
et al., 2013). The phosphorylation of AMOT prevents its binding to F-actin in both in vitro
biochemical assays and in cultured cells (Chan et al., 2013; Mana-Capelli et al., 2014).
The phosphorylated AMOT enhances its interaction with LATS kinase to promote YAP
phosphorylation (Hirate et al., 2013). These data suggest that AMOT is the mediator that
transmits cell polarity to Hippo/YAP signaling cascade controlling TE specification. A
recent comprehensive comparative embryology study using published single-cell RNA-

sequencing (scRNA-seq) data in human preimplantation embryos combined with
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immunofluorescence analysis on the human, mouse, and cow embryos shows that at
the morula stage, the outer layer cell expresses aPKC and sequesters AMOT to the
apical domain, inhibiting Hippo signaling pathway activation. YAP translocates to the
nucleus and activates the expression of TE-specific genes, suggesting that the cell
polarity- Hippo/YAP signaling is a conserved mechanism driving TE/ICM specification in
mammals (Gerri et al., 2020). Other mechanisms that link apicobasal polarity to
YAP/TAZ nuclear localization are demonstrated in cell line studies. For example, apical
component PAR3 mediates dephosphorylation of LATS kinase by protein phosphatase
1A (PP1A). Knockdown of apical component PAR3 prevents YAP/TAZ nuclear
localization (Lv et al., 2015). DLGS5, another apical regulator, directly regulates MST1/2
to block YAP/TAZ nuclear localization (Kwan et al., 2016). However, it remains unknown

whether these components act in the same way in preimplantation embryos.
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Figure 1.3 The Hippo/YAP signaling cascade controlling TE/ICM lineage segregation.
(Chazaud and Yamanaka, 2016)

Interestingly, although Hippo signaling is proved to be the central player in TE/ICM
specification, the requirement of TEAD4 during TE formation can be bypassed under the
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condition of hypoxia that TE is formed in Tead4” embryos cultured in low oxygen
conditions (Kaneko and DePamphilis, 2013). This suggests that YAP may have other co-
effectors to activate target genes. Analyses of TE-specific enhancers of Cdx2 reveal that
Notch signaling cooperates with Hippo/YAP signaling for Cdx2 activation (Rayon et al.,
2014). It remains to be seen whether the components of Notch signaling are the

compensatory factors of TEAD4 under the hypoxia condition.

1.1.3 Segregating epiblast and primitive endoderm
The ICM cells differentiate into EPIl and PrE lineages. This process contains three steps:

1) Binary EPI/PrE specification, 2) EPI/PrE lineage maturation, and 3) cell sorting to form
EPI cluster and PrE epithelium. In this section, we will focus on the binary EPI/PrE

specification and cell sorting for PrE layer formation.

The initial ICM is a group of cell mixtures expressing either Nanog or Gata6 (Chazaud et
al., 2006; Kurimoto et al., 2006). Lineage tracing and live-cell imaging experiments
reveal that this mosaic “salt and pepper” expression pattern can be observed at the early
blastocyst stage (E3.75) in an asynchronous, position-independent manner: Nanog is
expressed exclusively in epiblast cells and required for maintaining pluripotency,
whereas Gatab is expressed only in PrE cells (Chazaud et al., 2006; Kurimoto et al.,
2006; Meilhac et al., 2009; Plusa et al., 2008; Xenopoulos et al., 2015). Lineage-specific
marker staining with live imaging of embryos expressing Pdgfra-HistoneH2B-GFP fusion
protein, together with single-cell transcriptomic analysis suggest that these lineage-
specific markers are initially co-expressed in 8-cell embryos (Guo et al., 2010; Plusa et
al., 2008). The overlapping expression of these markers is gradually lost during the
developmental progression and the mutual-exclusive pattern of NANOG and GATAG is

finally established in the early blastocysts (Guo et al., 2010; Plusa et al., 2008).



Although these two studies show the process of pattern establishment, it does not
explain how such pattern is generated. It seems that the NANOG and GATA6 mutually
repress the transcription activities of each other, similar to CDX2 and OCT4 seen in the
TE/ICM lineage specification (Niwa et al., 2005). All ICM cells express Nanog in Gata6
mutants (Bessonnard et al., 2014; Schrode et al., 2014) whereas all ICM cells express
Gata6 in Nanog mutants (Frankenberg et al., 2011). NANOG and GATA6 might directly
repress each other’s transcription given their binding site identified in co-
immunoprecipitation studies of ESCs (Singh et al., 2007) and induced extra-embryonic
endoderm cells (Wamaitha et al., 2015). But what are the upstream components of
GATAG6 and NANOG? A series of studies reveal that the FGF (fibroblast growth factor)
signaling plays a pivotal role in defining PrE lineage (Figure 1.4). Fgf4 is specifically
expressed in the EPI cells (Frankenberg et al., 2011; Guo et al., 2010; Kurimoto et al.,
2006; Ohnishi et al., 2014) and its expression is missing in Nanog mutants (Frankenberg
et al., 2011). Fgfr2 is expressed in all ICM cells before being restricted in PrE at E3.5,
suggesting that all early ICM cells are able to respond to FGF ligands (Boroviak et al.,
2015; Ohnishi et al., 2014). Blocking FGF signaling leads to the adoption of EPI fate in
the ICM (Chazaud et al., 2006; Kang et al., 2013; Krawchuk et al., 2013; Nichols et al.,
2009; Yamanaka et al., 2010), whereas exogenous addition of FGF promotes PrE cell
differentiation (Nichols et al., 2009; Yamanaka et al., 2010). However, FGF itself is not
required for the initiation of Gata6 expression, as demonstrated by the presence of
Gatab expression before the blastocyst stage in Fgf4 mutant embryos (Kang et al.,
2013; Krawchuk et al., 2013). These data suggest that FGF is required for the mosaic
pattern of ICM but the initiation of Gata6 expression is regulated by other unknown
factors. Notably, even though the mutual-exclusive pattern of NANOG and GATAG is

generated, EPI and PrE cells are not fully committed to their final fate yet. Modulating
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FGF signals or changing neighbor cells by transplantation at E3.75 pushes cells to adopt
an alternative cell fate (Nichols et al., 2009; Yamanaka et al., 2010). This plasticity
gradually disappears at E4.0 (Yamanaka et al., 2010) (Grabarek and Plusa, 2012) and is
first lost in the EPI cells (Grabarek and Plusa, 2012), indicating that the EPI cell lineage

is specified earlier than the PrE cell lineage.

Due to the complexity of the FGF-NANOG-GATAG regulatory network in driving EPI/PrE
lineage specification, the method of computational modeling is applied to address how
the mutually exclusive salt-and-pepper is established in the ICM. The initial settings of
this modeling include the mutual expression of Gata6 and Nanog, and the positive and
negative regulatory effects of FGF signaling on GATA6 and NANOG, respectively
(Bessonnard et al., 2014). This model successfully recapitulates the in vivo
developmental process. A few cells in the early ICM promote Nanog expression, leading
to an increase in local FGF4 secretion. A high concentration of FGF4 induces
neighboring cells into PrE cells, suggesting that the individual ICM cells adopt an EPI or
PrE fate asynchronously and is dependent on FGF4 concentration. In addition, Fgfr2 is
homogenously expressed in all ICM cells at E3.25 (Ohnishi et al., 2014), indicating that
differential ERK signaling activities occur upon local FGF4 concentration. Later, Fgfr2 is
downregulated by NANOG in EPI cells whereas, in PrE cells, Fgfr2 expression is
maintained by the ERK-mediated NANOG inhibition (Bessonnard et al., 2014). Another
computational model is based on ectopic Gata6 expression in ESCs (Schroter et al.,
2015). In this ESC system, the Gata6 transcriptional reporter is insensitive to ERK
inhibition upon GATA4 induction (Schroter et al., 2015). This model only takes mutual
repression of NANOG and GATAG and the inhibition of FGF signaling on NANOG into
consideration but still successfully recapitulates the binary fate choice. Therefore, it

remains to be seen whether the FGF4 acts on NANOG only or also on GATAG
8



expression at both the RNA and protein levels in vivo. In general, it remains elusive
regarding how FGF4 and/or NANOG expression increases in just a few ICM cells at very
early stages. A few theories have been proposed like 1) congenital cell-to-cell difference
in FGF4 secretion (Dietrich and Hiiragi, 2007; Ohnishi et al., 2014), 2) the presence or
absence of certain other modulators (Bessonnard et al., 2014), 3) asymmetrical divisions
leading to uneven amounts of FGF4 or FGFR2 (Mihajlovic et al., 2015; Morris et al.,
2013; Morris et al., 2010), etc. None of them are favored or discarded. It is possible that
a random beginning, including partial or all of these above, determines the cells that

stand out among the others.
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Figure 1 4 The NANOG-OCT4-FGF regulatory loop controlling EPI/PrE formation.
(Chazaud and Yamanaka, 2016)

Compared to the deep insights of binary lineage specification of EPI and PrE, the cell
sorting process that segregates PrE to the surface of epiblast remains poorly understood
(Figure 1.5). Live imaging of embryos expressing PrE-specific Pdgfr1-H2B-GFP
fluorescent reporter shows that these cellular rearrangements are achieved through
multiple process (Plusa et al., 2008). First, PrE cells originally located on the surface of

ICM express Sox7 and become epithelial cells, as marked by apical expression of polar
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proteins LRP2 and DAB2 (Artus et al., 2011; Gerbe et al., 2008; Yang et al., 2002). Loss
of DAB2 leads to the failure of PrE cell sorting or the contact with the blastocoel (Gerbe
et al., 2008; Yang et al., 2002). Once all PrE cells reach the surface, they start to
redistribute the aPKC to the apical surface of the cells (Saiz et al., 2013). aPKC anchors
PrE cells to prevent remixing of PrE and EPI cells (Moore et al., 2009; Saiz et al., 2013).
These observations raise the possibility that cell polarity may influence cell position and
sorting. Nevertheless, this theory is not sufficient to explain PrE cells moved from deep
layers of the ICM. It is possible that the directional movement may also be involved in
facilitating cell sorting (Meilhac et al., 2009). Lineage-specific transcription factors have
been shown to modulate adhesive molecule expression such as laminin 1 and collagen
IV (Gerbe et al., 2008; Niakan et al., 2010), indicating differential adhesive properties
might be the driving force for directional cell movement. However, modulating other
adhesion molecules such as integrin 1 only leads to failure of epithelium formation, with
cell sorting occurring normally (Liu et al., 2009). Similar results are also obtained in an in
vitro cellular assay where cell sorting process remains intact in the mixture of null E-
cadherin ES cells and extraembryonic endoderm cells (Moore et al., 2009).
Mathematical modeling also suggests that differential adhesion alone is not sufficient to
drive cell sorting (Krupinski et al., 2011). The directional cell movement of PrE cells may
also be influenced by the cortical tension created through the differential pressure
between the blastocoel and the polar TE (Krupinski et al., 2011). It has been shown in
zebrafish that the actomyosin network is the major contributor to the cortical tension
(Krieg et al., 2008). Breaking F-actin polymerization by cytochalasin D perturbs cell
movement (Meilhac et al., 2009). These observations suggest that the combined effects
of differential adhesion, cortical tension, and cell polarization may be the comprehensive
model driving cell sorting process for the PrE layer formation. In addition, the sorting

process is also accompanied by cell apoptosis in both Epi and PrE cells (Plusa et al.,
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2008). Such apoptosis may be involved in the segregation of PrE/EPI, but the detailed

mechanism is still unclear.

Figure 1.5 The cell sorting and PrE epithelization after PrE/EPI lineage specification.
(Chazaud and Yamanaka, 2016)

A very recent study brings a new concept of “cell surface fluctuation” into the regulation
of cell sorting (Yanagida et al., 2022). By combining physical modeling and experimental
analysis, they discover the high surface fluctuation in PrE and consider it as the key
mechanical factor in segregating these early embryonic lineages. ESCs expressing low
levels of Ezrin show enhanced surface fluctuations compared to wildtype cells and are
preferentially located on the outside of the aggregates. Transplanting ES cells with high
surface fluctuation into cultured mouse blastocysts leads to the integration of ES cells
onto the corresponding PrE cells. This study provides a new angle of addressing cell
sorting process. It will be meaningful to link the intrinsically high surface fluctuation with
the underlying structure of the actomyosin network and the surface distribution of

signaling molecules.

1.1.4 Differences in early lineage specification among mammalian embryos
The current understanding of lineage segregation in blastocyst is primarily based on

mouse embryo or mouse ESC studies. Although common features are shared, variations
do exist among different species. For the past 10 years, the improved conditions to
maintain in vitro blastocyst culture for an extended period as well as the development of

stem cell-based models of blastocyst or peri-implantation embryos have provided new
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information regarding early human embryogenesis. So far, our knowledge and
understanding of human blastocyst are still very rudimentary, but the differences
between the human and mouse blastocyst lineage specification have been identified. In
general, the major genes involved in mouse lineage specification such as Pou5f1(Oct4),
Nanog, Cdx2, and Gata6, are conserved in human embryos (Blakeley et al., 2015;
Niakan and Eggan, 2013). the timing of their expression in lineage specification,
however, is not always the same as in mice. Gene expression analysis by
immunofluorescence in cultured human embryos reveals that OCT4, one of the key
transcription factors for ICM formation in mice (Nichols et al., 1998), is broadly
expressed in ICM and TE up till late blastocyst stage (Niakan and Eggan, 2013), while
CDX2, the gene required for TE specification in mouse (Strumpf et al., 2005), is not
expressed until blastocyst formation (Niakan and Eggan, 2013). Knocking out OCT4
using CRISPR/Cas9 in human zygotes leads to the failure of blastocyst formation, but
the requirement of OCT4 in human embryo seems earlier than ICM specification
(Fogarty et al., 2017). CDX2 and OCT4 show a mutually exclusive pattern in the mouse
blastocyst (Niwa et al., 2005; Strumpf et al., 2005), but in the human embryo CDX2
expression is dependent on OCT4 (Fogarty et al., 2017). GATA3 plays a minor role in
mouse TE formation, whereas in humans GATA3 is expressed in TE precursors and is
downregulated when inhibiting aPKC at the morula stage (Gerri et al., 2020; Petropoulos
et al., 2016; Zhu et al., 2021), suggesting its major role in initial TE specification. These
findings are supported by the results from scRNA-seq analyses of gene expression
patterns and trajectories in human embryos (Petropoulos et al., 2016; Stirparo et al.,
2018; Yan et al., 2013). A recent single-cell RNA-seq analysis of a pile of scRNA-seq
data produces a pseudo-time trajectory indicating that the TE/ICM lineage separation
may occur only after the blastocyst has formed (Meistermann et al., 2021), in contrast to

the mouse where distinct gene signatures of TE and ICM are already expressed at the
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late morula stage (Posfai et al., 2017). Therefore, the lineage commitment in the human
embryo is delayed compared to the mouse embryo, and cells at this stage may have
higher plasticity in human embryos (Rossant and Tam, 2017). Consistent with this idea,
Outer layer cells isolated from human E5 blastocyst can generate a blastocyst with ICM
cells (De Paepe et al., 2013). ICMs dissected from E6 human embryos can generate
trophoblast outgrowth in ex vivo culture (Guo et al., 2021). These results suggest that
the morphological events driving blastocyst formation precede the TE/ICM lineage
specification. In the mouse embryo, EPI/PrE separation is dependent on local FGF/ERK
signaling intensity in ICM (Saiz et al., 2016; Yamanaka et al., 2010). The binary cell fate
decision in the human blastocyst, however, is not dependent on FGF/ERK signal
cascade (Kuijk et al., 2012; Roode et al., 2012). What replaces the FGF/ERK signaling is
still unknown. Taken together, the knowledge and information of human blastocyst
remain largely unknown. More experimental data are needed to help understand the
process. In recent years, the generation of the stem cell-based blastoid has shed light on
the blastocyst study (Rivron et al., 2018). The quality of blastoids has been improved in
recent 2-3 years to more closely mimic the real mouse blastocyst (Li et al., 2019; Sozen
et al., 2019; Yang et al., 2017a; Yang et al., 2017b). However, questions remain
regarding the equivalence of blastocyst and blastoid (Posfai et al., 2021). Problems also
occur in human blastoid regarding how similar it is to the real blastocyst and how to
match the blastoid model to the real blastocyst stage (Fan et al., 2021; Kagawa et al.,
2022; Liu et al., 2021; Sozen et al., 2021; Yu et al., 2021). Data coming from both sides

need to be carefully compared in a detailed and comprehensive way.

Studies in other species such as cattle also reveal spatiotemporal differences in lineage-
specific gene expression. In fact, the process of bovine lineage specification is even

closer to humans due to higher similarity. For example, CDX2 is present only at the
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blastocyst stage (Goissis and Cibelli, 2014; Madeja et al., 2013), not at the morula stage
as seen in the mouse (Beck et al., 1995; Ralston and Rossant, 2005; Strumpf et al.,
2005). OCT4 is detected in TE and ICM cells (Kirchhof et al., 2000; Kuijk et al., 2008).
Knocking out OCT4 in bovine embryos fails to form blastocysts, suggesting that the
requirement of OCT4 is much earlier in the cattle than in the mouse (Daigneault et al.,
2018; Nichols et al., 1998; Niwa et al., 2000). These findings are similar to what we
observed in the human blastocyst (Fogarty et al., 2017; Gerri et al., 2020; Niakan and
Eggan, 2013). During EPI/PrE specification, Nanog (Chambers et al., 2003; Mitsui et al.,
2003) and Gata6 (Fujikura et al., 2002) are co-expressed at the 8-cell morula stage and
become mutually exclusive at the blastocyst stage in mouse (Chazaud et al., 2006;
Plusa et al., 2008). In cattle, Nanog expression begins primarily at the early blastocyst
stage while Gata6 expression is detected in all cells from the morula stage and restricted
to ICM cells at the blastocyst stage (Kuijk et al., 2012). In mice, FGF4 is required for
maintaining Gata6 expression in ICM (Kang et al., 2013). In cattle, addition of
exogenous FGF2 is also able to induce PrE formation in vitro, indicating other FGF
signal sources can be applied to activate cell differentiation (Yang et al., 2011). Blocking
FGF signaling through FGFR or MEK inhibitors in the mouse embryo leads to loss of
PrE cells (Yamanaka et al., 2010). In cattle, inhibition of FGF signaling leads to a
significant decrease in TE and ICM cell number and predominant Nanog expression in
ICM cells (Canizo et al., 2019), suggesting that FGF signaling in cattle may influence

blastocyst formation more than just EPI/PrE specification.

In conclusion, the knowledge obtained from mouse studies provides the basis for
understanding lineage specification and segregation in the blastocyst and is very
instructive for human embryo research. However, the genetic distance between mice

and humans determines that not all mechanisms are shared among humans and mice.
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The logic of embryo morphogenesis and lineage specification can be quite different and
more comparative studies among different mammalian embryos are required to help us

understand the process, especially in humans.

1.2 Breaking the symmetry: specification of the anterior-posterior axis

1.2.1 Conceptus shaping
At the peri-implantation stage, the mouse embryo undergoes rapid growth, with the

epiblast quickly expanding into the yolk sac cavity (Snell and Stevens, 1966; Snow,
1977). A proamniotic cavity is formed in the center of the embryo, surrounded by the
epiblast layer. In mice, the polar TE proliferates and develops into extraembryonic
ectoderm and ectoplacental cone in response to FGF signaling (Corson et al., 2003;
Gardner et al., 1973). The mouse conceptus is elongated, forming an egg-cylinder
structure. The connection site to the uterus is defined as the proximal pole along the
proximodistal axis of the embryo. The differential rates of proliferation and mechanical
constraints from the uterus are proposed to be the cause of proximodistal conceptus
elongation as well as the formation of the columnar shape of the extraembryonic

ectoderm (Copp, 1979).

In humans, the morphological events are very different from those in mice. The human
embryo does not form the ectoplacental cone at the peri-implantation stage (Kunath et
al., 2014). The nascent proamniotic cavity is formed when the EPI is separated from the
amniotic epithelium, which does not exist in the mouse embryo at this stage. While in the
mouse embryo, the proamniotic cavity is connected to the prospective chorionic cavity
surrounded by the ExE. The extra-embryonic mesenchyme, which fills the space
between the trophoblast and the EPI, is also unique in the human pre-gastrula embryo.

Lineage tracing from rhesus monkeys and human shows that some of these cells may

15



originate from the hypoblast (Deglincerti et al., 2016; Enders and King, 1988). Finally,
the human embryo develops into a discoid shape, instead of an egg-cylinder structure
seen in mice. Whether and how these differences in spatial arrangements may affect

tissue-tissue interaction and pattern formation needs further comparative investigation.

1.2.2 Specification of distal visceral endoderm
Multicellular organisms adopt different strategies to determine the body axes. For

example, in Drosophila, the anterior-posterior (A-P) polarity is determined by the
asymmetric distribution of maternal determinants in the oocyte, and this asymmetric
localization is well maintained during embryogenesis (Cox et al., 2001; Cox and
Spradling, 2003; Huynh et al., 2001). In mammalian embryos, however, specification of
body polarity does not rely on maternal determinants and the timing of the specification
occurs after the implantation. In mouse embryos, specification of the distal visceral
endoderm is the first step in generating the A-P axis that breaks the radial-symmetrical
structure of the egg cylinder embryo (Figure 1.6). After conceptus elongation, the
embryo naturally establishes the proximal-distal (P-D) axis. The DVE is induced in a
small population of embryonic visceral endoderm (emVE) cells located at the distal pole
underlying the epiblast (Lu and Robertson, 2004; Takaoka et al., 2017). At E5.5, the
proximal epiblast secrets pro-NODAL, which is converted to the active NODAL through
proteolytic cleavage by FURIN and PACE4 convertases located at the ExE. After that,
NODAL spreads out through the whole epiblast, creating a NODAL gradient along the P-
D axis (Ben-Haim et al., 2006). BMP4 secreted from the EXE inhibits the formation of
DVE, restricting the DVE to the distal pole (Yamamoto et al., 2009). The DVE expresses
the Nodal antagonists Cer? and Lefty1, which in turn inhibits the NODAL/SMAD2
signaling that initially induces the Cer? and Lefty1 expression (Yamamoto et al., 2009).

Loss of SMAD2 functionally fails to induce the expression of Nodal antagonists, leading
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to ectopic activation of posterior/proximal genes such as Brachyury (also known as T),
Fgf8, and Wnt3 (Perea-Gomez et al., 2002; Waldrip et al., 1998). This inhibitory
feedback loop further enhances the NODAL signaling gradient along the P-D axis
(Yamamoto et al., 2009). The DVE cells subsequently migrate unidirectionally to

determine the future anterior side of the embryo.
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Figure 1.6 Anterior-posterior polarity establishment. DVE and AVE are specified
sequentially after conceptus elongation. The DVE/AVE migration breaks the symmetry of the
mouse embryo. (Bardot and Hadjantonakis, 2020)

1.2.3 Specification of anterior visceral endoderm

The similarity of gene expression, location, and morphology between DVE and AVE cells
makes people think that the DVE migrates to the anterior part of the embryo, directly
becoming the AVE. This theory is later demonstrated to be wrong through a detailed
lineage tracing analysis of mouse embryos between E5.5 to E6.5. AVE cells arise from a
subpopulation of VE cells located more proximally which initially do not express Lefty1
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(Takaoka et al., 2011). De novo expression of Lefty1 in AVE cells is observed when the
Lefty1+ DVE cells already migrate anteriorly (Takaoka et al., 2011) (Figure 1.7).
Depleting EOMES also leads to the failure of AVE formation, but DVE remains intact
(Nowotschin et al., 2013). These data demonstrate that AVE and DVE cells originate
from different subpopulations in VE. Similar to DVE, AVE expresses NODAL inhibitors
CER1 and LEFTY1 (Hoshino et al., 2015; Thomas et al., 1998). It also expresses HHEX
and Wnt inhibitor DKK1 (Hoshino et al., 2015; Kimura-Yoshida et al., 2005). Once
migrating to the anterior side, the AVE serves as the signal center to restrict the NODAL
and WNT to the proximal/posterior and posterior side of the embryo, respectively (Belo
et al., 1997; Kemp et al., 2005; Perea-Gomez et al., 2002). Although the embryo is
morphologically symmetric, the A-P polarity is established and sets up the basis for

initiating gastrulation.

a

Figure 1.7 Time-lapse imaging of E5.5 transgenic embryos expressing Lefty1 and
Gata6 BACs. DVE cells are marked in green. AVE-fated cells are outlined in red, light blue,
dark blue, or yellow. AVE cells are labeled with solid red, light blue, dark blue, or yellow.
(Takaoka et al., 2011)
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1.2.4 AVE and DVE migration: where and how
The migratory behaviors of AVE and DVE cells have been extensively investigated in the

past decade. There have been a lot of debates on the determinants guiding the direction
of cell collective migration as well as the mechanisms driving cell movements. It has
been shown that an imbalanced expression of Lefty1 is observed in the PrE at the
implantation stage. The biased expression of Lefty? can also be recapitulated in in vitro
culture (Takaoka et al., 2011; Takaoka et al., 2006). Besides, the localization of -
catenin, the downstream effector of the canonical WNT signal cascade, is asymmetrical
in implanting embryos (Chazaud and Rossant, 2006). Cells expressing Cer1 are also
asymmetrically located after implantation (Torres-Padilla et al., 2007). These results
suggest that the orientation of the A-P polarity is already established prior to DVE/AVE
migration. However, whether the biased expression of these markers is only predictive
or is the real determinant of DVE/AVE migration direction remains elusive. The details of

guiding DVE/AVE migration are still under active investigation.

The migration of DVE/AVE is facilitated by multiple signaling pathways. It has been
shown that NODAL signaling is required to maintain DVE/AVE migration (Kumar et al.,
2015; Takaoka et al., 2006; Yamamoto et al., 2009). Inhibition of Nodal transcription
prevents DVE migration (Norris and Robertson, 1999; Perea-Gomez et al., 2002).
Embryos lacking CRIPTO, the NODAL co-receptor, also show defective DVE migration
(Ding et al., 1998). Based on the biased expression of NODAL signaling, one model
proposes that DVE/AVE cells are passively pushed forward towards the anterior side, as
a result of enhanced cell proliferation in response to asymmetric Nodal signaling on the
prospective posterior side (Yamamoto et al., 2004). However, given the rapid transition
from DVE to AVE (5~7 hours)(Rivera-Perez et al., 2003; Srinivas et al., 2004), the cell

proliferation rate (~10 hours) (Stuckey et al., 2011) is not sufficient to drive DVE/AVE
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migration. In contrast to the passive migration model, time-lapse imaging of mouse
embryos expressing the Hhex-GFP reporter reveals localized filopodia projections on
migrating DVE cells (Srinivas et al., 2004), indicating that DVE cell movement is
mediated by the filopodia protrusion. The filopodia projection extends basally while cells
are moving forward (Srinivas et al., 2004). The directional extension of filopodia may
also indicate the existence of chemoattractant or chemorepellent (Kimura-Yoshida et al.,
2005; Srinivas et al., 2004). Alternatively, DVE/AVE cells might move through the planar
polarity-dependent mechanism based on the expression of various planar cell polarity
proteins in DVE/AVE (Crompton et al., 2007). The strong evidence supporting the active
cell migration comes from the genetic study that functional loss of NAP1, a regulator of
the WAVE-WASP1 complex required for the reorganization of F-actin and the formation
of filopodia, results in defective DVE migration (Rakeman and Anderson, 2006). Further
studies on RAC-1, a GTPase downstream of WAVE-WASP1 and functions in actin
polymerization in lamellipodia, matrix adhesion and cell survival, show that Rac-7 mutant
embryos fail to specify the A-P axis. AVE-specific markers are retained at the distal tip
(Migeotte et al., 2011; Migeotte et al., 2010). Genetic ablation of Rac-1 regulator in VE
disrupts spatial localization of RAC-1, the activity of which is essential for driving
directional AVE migration (Omelchenko et al., 2014). However, caveats still exist in
these genetic studies as Rac-1-dependent signaling is also involved in shaping cell
morphology, maintaining epithelial integrity, and controlling the cell cycle. Moreover,
these components are expressed in multiple cell types inside the VE. Inevitably, the

behaviors of other cells may also be affected at the same time.

Although the current genetic evidence favors the active cell migration as the
predominant mechanism driving DVE/AVE cell movements, evidence for subsequent

events after protrusion is still lacking, such as establishing new adhesion sites at the
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leading edge, cell body contraction, and detachment of adhesions at the trailing edge of
the cell (Rivera-Perez and Hadjantonakis, 2014). These observations are very difficult to
obtain in vivo given the size and complexity of the embryos. It might be an alternative
way if we can develop an embryoid body mimicking embryos at this stage to observe
these active migratory events in higher magnification. In conclusion, the DVE/AVE

migration is still a complex developmental process waiting to be deconvoluted.

1.3. Gastrulation: the beginning of a real life

1.3.1 Overview of gastrulation
Gastrulation is a tissue reorganization process transforming blastomeres into a multi-

layered embryo. In triploblastic organisms, the gastrula consists of three germ layers: 1)
ectoderm, which gives rise to the nervous system and epidermis; 2) mesoderm, which
differentiates into muscle, bone, connective tissue, urogenital and circulatory systems; 3)
endoderm, which becomes internal organs including the liver, pancreas, gastrointestinal
tract, etc. The detailed process of gastrulation can be very different among different
species. In invertebrates, for example, Drosophila, gastrulation starts with a single
blastoderm epithelium generated from cellularization (FOE, 1993; Foe and Alberts,
1983; Zalokar, 1976). Multiple transient furrows are formed from the blastoderm and
some of these furrows will be the sites where future germ layers are generated. In
amniotic vertebrates like reptiles, birds, and mammals, gastrulation involves 1) the
epithelial-mesenchymal transition (EMT), which transforms the epithelial cells from the
epiblast to the mesenchymal cells; 2) the formation of the primitive streak, a transient
structure that passes mesenchymal cells into the interior side of the embryo, giving rise
to mesoderm and endoderm. In non-amniotic vertebrates such as zebrafish, gastrulation
is initiated after epiboly movements. Mesoderm and endoderm progenitors are

internalized at the germ ring margin below the remaining neuroectoderm. Although the
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detailed patterning and morphogenetic events during gastrulation vary among species,
some key signaling pathways are shared in these processes. In this section we will
discuss some critical morphogenetic events occurring during gastrulation and compare

these events among different model organisms.

1.3.2 Epithelial-mesenchymal transition
The epithelial-mesenchymal transition (EMT) is first described in the chick embryo when

epithelial cells lose their original characteristics and switch to mesenchymal cells. EMT is
driven by the expression of genes that are required to dissociate cell adhesion, and
apical-basal polarity and promotes cell migration. In adult tissues, EMT is involved in
wound healing and is also activated in cancer cells undergoing metastasis. In
development, EMT is seen in a broad range of developmental events. Studies of these
events lead to some major findings in the EMT process. We will discuss some major
findings in EMT in two typical developmental processes: gastrulation and neural crest

cell development.

Gastrulation EMT

In the Drosophila embryo, EMT occurs after the mesoderm internalization, where a tube
is formed by mesodermal cells with epithelial characters like apicobasal polarity and
apical adherens junction (AJs) (Clark et al., 2011; Leptin and Grunewald, 1990; Sweeton
et al., 1991; Tepass and Hartenstein, 1994). The tube is later collapsed, and a
multilayered cell aggregate is formed beneath the neuroectoderm. Disassembly of AJs is
the first step of EMT (Figure 1.8). Live imaging of fluorescent Drosophila embryos
provides many critical insights into the dynamics of AJs during development. The
transcription factor Snail is critical for promoting AJ disassembly during EMT

(Hemavathy et al., 1997). Embryos harboring a hypomorphic sna allele (sna*?) can
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invaginate, but some of the cells show features of both mesoderm and neuroectoderm
with reduced mesoderm derivatives. During EMT, an E-cadherin to N-cadherin switch
occurs under the control of Twi and Sna (Oda et al., 1998). Although the cadherin switch
is observed in EMT, overexpression of E-cad does not impair EMT, while N-cad mutants
can still undergo EMT (Schafer et al., 2014). The maternal-provided E-cad proteins still
exist on mesoderm cells even after EMT is complete (Clark et al., 2011). This indicates
that Sna (and Twi) may promote AJ disassembly through a posttranscriptional
mechanism. Notably, the AJ dynamics are not directly correlated with the snail
expression level before gastrulation (Dawes-Hoang et al., 2005; Kolsch et al., 2007).
Live confocal imaging of embryos with fluorescent-tagged AJs or AJ-associated proteins
reveals that the actomyosin activity mediates AJ reorganization and controls the timing
of AJ disassembly. Visualizing mCherry-tagged Myosin Il shows accumulated Myosin Il
at AJs (Martin et al., 2010). Activation of Myosin Il in dorsal cells promotes AJs
remodeling while reducing Myosin Il level delays AJ remodeling in ventral cells (Martin et
al., 2010). Therefore, these findings indicate that increasing actomyosin-based
contractility promotes AJs remodeling and prevents Snail-mediated AJ disassembly. In
addition, increased expression of snail downregulates the apical polar protein Baz (Par3)
before mesoderm internalization (Coopman and Djiane, 2016; Weng and Wieschaus,
2017). Once the mesodermal tube is internalized, the myosin contractions cease, the

AJs start to dissociate, and reduced Baz further promotes the AJ disassembly.

The FGF signaling is considered to be the critical upstream signaling in regulating EMT.
In the mouse embryo, FGF regulates SNAIL expression to repress E-cadherin
expression level (Ciruna and Rossant, 2001; Thisse and Thisse, 2005). In the fly
embryo, however, EMT can still occur in the absence of FGF signaling, although in a

delayed manner. It seems that, in the Drosophila embryo, FGF signaling regulates AJ
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dynamics in a Snail-independent way, as modulating FGF signaling does not alter the
expression level of snail. In general, the detailed mechanism of FGF controlling EMT in

fly embryos is largely unclear.
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Figure 1.8 Actomyosin contractility and adherens junction (AJs) dynamics during
Drosophila gastrulation. (Amack, 2021)

In the mouse embryo, EMT is the hallmark of primitive streak initiation. Cells at the
posterior-proximal epiblast undergo EMT and delaminate from the epiblast. Epiblast cells
lose cell polarity and adherens junctions after the laminin break. This process starts from
the posterior-proximal epiblast and continues as the primitive streak elongates until
reaching the distal pole of the embryo. The conserved signaling pathways, such as FGF,
BMP, and WNT are involved in regulating EMT (Ciruna and Rossant, 2001; Ciruna et al.,
1997; Huelsken et al., 2000; Mohamed et al., 2004; Sun et al., 1999; Winnier et al.,
1995). Exposure to the correct combination of these signaling is pivotal for triggering a
series of critical events in EMT such as E-cadherin to N-cadherin switch, mesenchymal
cell fate adoption, and cell movement away from the primitive streak (Ciruna and
Rossant, 2001). Mutants of Fgf4, Fgf8 or Fgfr1 fail to complete EMT and cells do not
migrate away from the streak (Ciruna and Rossant, 2001; Ciruna et al., 1997; Sun et al.,
1999). Embryos losing BMP4 or the receptors like BMPRII, ALK2, or ALK3, are arrested
in gastrulation due to multiple defects in AVE specification and primitive streak formation
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(Lawson et al., 1999; Mishina et al., 1999; Mishina et al., 1995). Similar to the Drosophila
embryo, induction of EMT relies on transcription factor SNAIL1, the mouse orthologue of
Snail in fly (Cano et al., 2000; Hemavathy et al., 1997). Snail1 is expressed in nascent
mesoderm, which is regulated by FGF signaling and is required for suppressing E-
cadherin expression (Ciruna and Rossant, 2001; Thisse and Thisse, 2005). Loss of
Snail1 results in the accumulation of cells in the streak region where these cells are
supposed to leave (Carver et al., 2001). Instead of being mesenchymal, these cells
retain the epithelial characteristics (Carver et al., 2001). Downregulation of Sox2 prior to
Snail1 expression is necessary, though not sufficient for successful mesoderm
migration. Eomes is also crucial for EMT (Arnold et al., 2008; Costello et al., 2011).
Genetic ablation of Eomes shows that epiblast cells accumulate at the posterior side,

with no delamination occurring (Arnold et al., 2008).

Recent advances in mouse embryo culture protocols and microscopy allow the imaging
of living mouse embryos in an easier way, which enables us to explore new mechanisms
controlling EMT in other species. For example, genetic perturbations on Crumbs2 (Crb2)
cause defects in gastrulation (Figure 1.9)(Ramkumar et al., 2016; Xiao et al., 2011). In
Drosophila, the Crumbs protein participates in organizing apical-basal polarity in
epithelial cells (Tepass et al., 1990). In mouse embryos harboring Crumbs2 mutations,
however, the apical-basal polarity is normal during the gastrulation (Ramkumar et al.,
2016). This finding indicates that CRUMBS2 proteins have unknown functions during
mouse embryonic development. To dissect the function of CRUMBS2 during
gastrulation, transgenic mouse embryos that were mosaically labeled with membrane
Tomato or GFP (mTmG) (Muzumdar et al., 2007) are generated through E/IA-Cre-
mediated activation (Lakso et al., 1996). Imaging E7.5 living mosaic embryos reveals

that during cell ingression, wildtype epiblast cells undergo apical constriction and basal
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positioning of the cell body, detaching from the epithelium (Ramkumar et al., 2016).
While epiblast cells in Crb2” mutants remain attached to the epithelium with normal
apical constriction and basal cell body positioning (Ramkumar et al., 2016). The E-
cadherin is located at the protrusions where cells are attached to the epithelium
(Ramkumar et al., 2016). These results indicate that Crb2” epiblast cells fail to
disassemble AJs. Additional work shows that CRB2 participates in apical accumulation
of Myosin Il in mouse epiblast cells that are destined for cell ingression, indicating a role
of CRB2 in regulating actomyosin activity (Ramkumar et al., 2016). More data and
experiments are needed to incorporate the CRB2 into the actomyosin cytoskeleton

dynamic network that controls EMT in mouse gastrulation.
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Figure 1.9 Live imaging defines defects in cell ingression in Crumbs2 mutants. (a)(b).
Snapshots of cell delaminating at the streak. (c) Quantification of cell shape at the streak. (d)
Ingression dynamics of streak cells (Ramkumar et al., 2016).

EMT in other developmental contexts.
In addition to gastrulation, other developmental progress, such as the detachment of
neural crest cell (NCC) from the neural tube in vertebrates, is another paradigm for

studying EMT in embryonic development (Piacentino et al., 2020). NCCs, migrate to
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different parts of the embryo, giving rise to multiple cell types such as smooth muscle
cells, peripheral neurons, glial cells, melanocytes, etc. Zebrafish is one of the classic
model organisms that has been extensively exploited to study NCC development. During
EMT, zebrafish NCCs detach from the apical midline of the neuroepithelium, with basal
neuroepithelium membrane rounded up, then delaminate and migrate away from the
neural tube (Berndt et al., 2008). The planar cell polarity (PCP) signaling is required for
the detachment and migration of NCCs. The core components of PCP signaling are first
identified through genetic screens in Drosophila (Yang and Mlodzik, 2015). These
molecules localize to AJs at specific domains, establishing proximal-distal asymmetry in
epithelial cells, with Frizzled (Fz), Disheveled (Dsh) and Diego (Dgo) localized distally to
the AJs and VanGogh (Vang) and Prickle (Pk) localized proximally (Butler and
Wallingford, 2017). These components are functionally conserved in establishing planar
cell polarity in vertebrate embryos. PCP signaling also regulates cell movements in
embryos in other developmental contexts such as convergence and extension of
mesoderm in chick embryos (Roszko et al., 2009). Vertebrate PCP signaling is
controlled by the non-canonical WNT pathway (independent of 3-catenin) through the
binding of specific ligands Wnt5 and Wnt11 (Gray et al., 2011). PCP signaling activates
downstream Rho GTPases to modulate actin arrangements critical for cell polarity or cell
migration (Devenport, 2016). In zebrafish (also in Xenopus and chick), PCP signaling is
required for NCC migration. Genetic and live imaging analyses of zebrafish embryos
reveal that loss of core PCP gene prickle 1 (pk1) results in the failure of the NCC
migration (Ahsan et al., 2019). NCCs in pk1 mutants remain rounded and accumulated
at the neural tube (Ahsan et al., 2019). Live imaging of NCCs labeled with sox70-driven
EGFP shows that in contrast to wildtype embryos, where NCCs migrate laterally out of
the neural tube, mutant NCCs maintain cell-cell contacts and move anteriorly (Carney et

al., 2006). Labeling actin-rich filopodia and lamellipodia in NCCs using Lifeact-GFP
27



shows that wildtype NCCs quickly transition to a mesenchymal morphology, becoming
protrusive and migratory. pk1 mutant cells, though detached from the epithelium, fail to
become mesenchymal cells (Banerjee et al., 2011). Immunofluorescence staining of
mutant NCCs shows a high level of E-cadherin and a low level of N-cadherin expression
in pk1 deficient NCCs compared to wildtype NCCs (Banerjee et al., 2011). Taken
together, these data support the idea that in zebrafish the Pk1 regulates NCC EMT by

modulating cell adhesion molecules, potentially via the PCP-mediated feedback loop.

Interestingly, work with Xenopus embryos has provided a new view of how PCP
signaling regulates NCC EMT. The PCP signaling may transmit biophysical cues, like
mechanical forces to trigger EMT (Barriga et al., 2018). The convergence and extension
movements may increase the stiffness of the mesoderm underneath the neural crest,
which is the substrate for neural crest migration (Barriga et al., 2018). Measuring the
mesoderm stiffness using atomic force microscopy (AFM) at the non- and pre- NCC
migratory stage demonstrates that the mesoderm stiffness is increased from the non- to
the pre- migratory stage. Reducing mesoderm stiffness by laser ablation stops NCC
migration (Barriga et al., 2018). In Dsh-DEP mutants, where the PCP signaling is
inhibited (Axelrod et al., 1998), the mesoderm stiffness is decreased and the initiation of
NCC migration is blocked (Barriga et al., 2018). Adding compression force through AFM
rescues NCC migration in the Dsh-DEP (Barriga et al., 2018). These results provide a
link between the PCP-mediated mechanical force transmission to migration of NCCs.
However, all these experiments focus on post-EMT migration, not the process of EMT
itself. Future work focusing on the direct impact of mechanical force on the EMT is

required to address the concept of mechanical cues on EMT.
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1.3.3 Primitive streak formation
Primitive streak is a transient structure that only appears in amniote vertebrates (birds,

mammals, reptiles). For the past decades, the chick and mouse are the most classical
organisms to study primitive streak formation. The initial findings are primarily from the
grafting study of chick embryos due to the suitable size and easiness of manipulation.
Later, the power of mouse genetics allows us to gain deeper insights into the molecular
basis of streak formation. Studies from mouse and chick embryos are complementary to

each other and may enlighten future studies for both sides.

Chick

In chick embryos, the developmental stages before gastrulation are labeled by the Eyal-
Giladi and Kochav (EGK) system using the Roman numerals I-XIV (Eyal-Giladi and
Kochav, 1976). The labeling system is switched to Hamburger and Hamilton (HH) when
the primitive streak first becomes visible (Hamburger and Hamilton, 1951). The chick
embryo has a flat disc shape (Pasteels, 1940). The whole embryo elongates posteriorly,
acquiring a pear shape as the primitive streak extends (Pasteels, 1940). The marginal
zone (Tabrizian et al.) (Tabrizian et al.), a ring of epiblast tissue, is important for
separating the area pellucida (central region of the epiblast) and the area opaca
(peripheral region of the embryo, giving rise to extraembryonic tissues)(Azar and Eyal-
Giladi, 1979; Bachvarova et al., 1998; Eyal-Giladi and Khaner, 1989; Eyal-Giladi and
Kochav, 1976; Khaner et al., 1985; Pasteels, 1940; Spratt Jr, 1942; Stern, 1990; Vakaet,
1970) (Figure 1.10). The MZ, especially the posterior MZ (PMZ), is indispensable for the
initiation of the primitive streak (Figure 1.11) (Azar and Eyal-Giladi, 1979; Eyal-Giladi
and Khaner, 1989; Khaner and Eyal-Giladi, 1986; Khaner and Eyal-Giladi, 1989; Mitrani
et al., 1983). The MZ becomes visible when Koller’s sickle appears at stage X (Eyal-

Giladi and Khaner, 1989). The sickle is attached to the posterior, ventral side of the
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epiblast, separating the inner area pellucida from the PMZ (Bachvarova et al., 1998;
Callebaut and Van Nueten, 1994; Kochav et al., 1980). Experiments transplanting
various sizes of PMZ suggest that the PMZ from stage X to stage XIll are capable of
inducing primitive streak, with stage XlI being the highest (Eyal-Giladi and Khaner, 1989;
Khaner and Eyal-Giladi, 1989). However, further fate-mapping experiments argue that it
is the sickle and the adjacent inner epiblast, not the PMZ that contribute to the primitive
streak (Bachvarova et al., 1998; Izpisua-Belmonte et al., 1993; Streit et al., 2000).
Another study transplanting X-XII quail PMZ (without Koller’s sickle) to the anterior
halves of the MZ shows an ectopic primitive streak formation (Bachvarova et al., 1998).
These experiments suggest that the avian PMZ functionally corresponds to the
amphibian Nieuwkoop center (Bachvarova et al., 1998; Skromne and Stern, 2001),
which is capable of inducing cell fate change in adjacent cells without really contributing
to the structure. Investigation of the molecular basis in PMZ for streak induction shows
that expression of the chick Vg1 (cVg1) (Seleiro et al., 1996), a ligand similar to Activin
(Thomsen and Melton, 1993), is seen in the primitive streak when the streak starts
forming. Vg1 is initially identified from the Xenopus that can initiate axis development
(Thomsen and Melton, 1993). Its expression, however, is downregulated as the streak
progresses (Seleiro et al., 1996; Shah et al., 1997). Grafting mammalian COS cells
expressing cVg1 180° from the putative posterior site at stages X-XIl shows ectopic
primitive streak formation in more than half of the cases (Shah et al., 1997). Such
induction is stage-dependent as grafting the same cells at stages HH2-4 does not induce
any streak formation (Shah et al., 1997). The ectopic streak expresses canonical marker
genes like Brachyury and Goosecoid and a new axis is formed in the embryo (Shah et
al., 1997). The Wnht8C is expressed throughout the MZ in a posterior-to-anterior gradient
(Hume and Dodd, 1993). Inhibiting Wnt signaling by truncated Frizzled-8 receptor in the

PMZ leads to impaired streak formation (Skromne and Stern, 2001). The ectopic
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primitive streak formation is disrupted when the Wnt inhibitors Dkk1 and Crescent are
co-grafted with cVg1-secreting cells in the anterior MZ (Skromne and Stern, 2001).
Combined grafting of Wnt1-secreting (A Wnt family member with the same function as
Wnt8C) fibroblast and cVg1-secreting COS cells at the anterior area pellucida induces
expression of cVg1, Nodal, and primitive streak genes like Brachyury and Chordin (Shah
et al., 1997). None of these genes can be induced with cVg1 or Wnt1 alone (Shah et al.,
1997). Lef1 is also expressed in the anterior area pellucida in the presence of both Wnt1
and cVg1, which is only expressed in the PMZ (Shah et al., 1997). These results

suggest that the Wnt signaling cooperates with the cVg1 for streak initiation.
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Figure1.10 The chick discoid embryo and primitive streak development. (Raffaelli and
Stern, 2020)

In addition to MZ, the hypoblast is also important for primitive streak development
(Figure 1.11). The hypoblast is an extraembryonic layer located underneath the epiblast
(Azar and Eyal-Giladi, 1979). The orientation of primitive streak can be realigned after
hypoblast rotation and therefore, hypoblast was initially identified as a second primitive

streak inducer (Azar and Eyal-Giladi, 1981; Vakaet, 1967; Waddington, 1933;
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Waddington, 1932). However, later experiments labeling the organizer-fated cells with
Dil/DiO show that rotation of hypoblast changes cell movement, not cell fate (Foley et
al., 2000; Voiculescu et al., 2007). Furthermore, in contrast to MZ, which induces
primitive streak formation, the hypoblast is thought to be the inhibitor of primitive streak
initiation. Placing the hypoblast far away from the center of the pellucida is sufficient to
form a second axis (Azar and Eyal-Giladi, 1981). Ablating hypoblast completely in stage
XII-XIll embryos leads to one or more ectopic primitive streaks expressing Brachyury
(Bertocchini and Stern, 2002). Ectopic expression of Nodal and Chordin, the
downstream target genes of Vg1 and Wnt signaling, is also found after hypoblast
ablation (Bertocchini and Stern, 2002). The hypoblast prevents ectopic primitive streak
formation when grafting Nodal-secreted COS cells, while such inhibition is lost when the
hypoblast is removed (Bertocchini and Stern, 2002). These data suggest that the
hypoblast acts as a signal center to antagonize Vg1 and Wnt signaling activities.
Indeed, the hypoblast expresses Nodal and Wnt antagonists like Cerberus, Dkk, and
Crescent, preventing the expansion of Nodal and Wnt signaling and are important for
single axis formation in the embryo (Bertocchini and Stern, 2002). The function of
hypoblast is very similar to the AVE, the mouse anterior signaling center critical for the

AP axis establishment (Perea-Gomez et al., 2002).
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Figure1.11 Signaling inputs from various sites regulating the primitive streak in the
chick embryo. (Raffaelli and Stern, 2020)

The intercalation of posterior area pellucida epiblast cells is a prerequisite of cell
ingression during streak formation and occurs right before streak initiation (stage XII-XIII)
(Voiculescu et al., 2007). These epiblast cells preferentially incorporate at right angles to
the radius of the blastoderm, leading to convergence and extension (Voiculescu et al.,
2007). Components of the non-canonical Wnt planar cell polarity (PCP) pathway such as
Prickle1, Celsr1, and Vangl2 are expressed in the same region of the posterior epiblast
where these cells intercalate (Voiculescu et al., 2007). The FGF8 from the hypoblast is
found to induce Celsr1 and Prickle1 expression, suggesting the role of hypoblast in
driving cell intercalation and extension of the prospective primitive streak domain along
the midline of the embryo (Voiculescu et al., 2007). Embryos harboring a dominant-
negative allele of Disheveled (Dsh-ADEP) inhibit the PCP pathway only and impair
primitive streak extension. A similar phenotype is also observed by introducing
morpholinos against PRIKCLE1, CELSR1, and VANGL2 into embryos by electroporation

(Voiculescu et al., 2007).
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After the intercalation, the primitive streak moves anteriorly along the midline, driven by
convergence and extension. Meanwhile, the anterior and lateral epiblast cells move to
the medial posterior region to compensate for the cells that have left (Rozbicki et al.,
2015; Voiculescu et al., 2007; Voiculescu et al., 2014). A subpopulation of cell express
HNK-1 in a salt and pepper pattern inside the epiblast (Canning and Stern, 1988). Loss
of HNK-1 positive cells at pre-primitive streak stages results in loss of the primitive
streak and mesodermal cells (Stern and Canning, 1990). These cells ingress before the
gastrulation and eventually give rise to the mesoderm and endoderm during the
gastrulation (Stern and Canning, 1990). Upon ingression, the mesendodermal cells
initiate EMT in the nearby cells, creating mesenchymal cell flows. More lateral cells are
pulled into the primitive streak and exposed to the Wnt-PCP signaling, enhancing
intercalation and extension to the midline and therefore, maintaining the structure of the

primitive streak (Stern and Canning, 1990; Voiculescu et al., 2014).

Mouse

Starting from EG6.0, epiblast cells start to converge toward the posterior-proximal pole of
the embryo (Lawson et al., 1991). These posterior epiblast cells undergo EMT and
delaminate from the epiblast. Chimera experiments reveal that the NODAL signaling is
required for primitive streak initiation, as Nodal-deficient cells mainly contribute to the
embryonic tissues residing in the anterior side (Lu and Robertson, 2004). Cells lacking
NODAL receptors show impaired ability to form the posterior tissues (Gu et al., 1998).
Embryos lacking NODAL or its downstream effector SMAD2 and SMADS are arrested
before gastrulation (Dunn et al., 2004). Other signal pathways such as BMP and WNT
signaling, are also necessary for streak formation and mesoderm induction (Conlon et
al., 1994; Liu et al., 1999; Mishina et al., 1995). Loss of BMP receptor BMPR1A fails to

form mesoderm (Mishina et al., 1995). In WNT3 and B-catenin mutants, embryos are
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also blocked with no mesoderm induction (Huelsken et al., 2000; Liu et al., 1999). On
the other hand, depleting NODAL antagonists CER1 and LEFTY1 result in the formation
of multiple streaks or enlarged primitive streak regions due to the failure of the AVE
specification (Perea-Gomez et al., 2002). A similar phenotype is also observed in
embryos lacking AXIN2, a negative regulator of the WNT pathway (Zeng et al., 1997).
These results suggest that the proper dosage of the signaling is important for normal

primitive streak induction.

After the initial induction at the proximal pole, the primitive streak elongates towards the
distal pole. The BMP, NODAL signaling generates two-dimensional signal gradients that
are important for streak patterning and the subsequent specification of the mesoderm
subpopulations and the definitive endoderm (DE). BMP is highly expressed at the
posterior side of the embryo (Mishina et al., 1995), whereas the NODAL signaling is
confined to the anterior domain and eventually expressed distally from the node (Conlon
et al., 1994; Norris and Robertson, 1999). During the mid-gastrulation stage, the
primitive streak is molecularly segmented based on the balance of BMP and NODAL
signaling along the A-P axis (Rodes et al., 2005; Vincent et al., 2003). Cells ingressing
through different positions in the streak eventually adopt differential cell fates. The
establishment of the delicate BMP/NODAL signaling requires the concomitant primitive
streak elongation and size expansion, indicating that the coordination of embryo size
expansion and signaling activity is required for normal streak patterning and embryonic

morphogenesis.

The formation of the primitive streak can be generally divided into three steps:
dissolution of basal membrane between epiblast and VE, cell ingression, and streak

elongation (Williams et al., 2012). For the first step, cells need to repress the expression
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of genes encoding extracellular matrix (ECM) components and/or degrade basal
membrane proteins (Williams et al., 2012). It has been tested in chick embryos that this
process is mediated by the relocation of RhoA small GTPase (Nakaya et al., 2008).
However, this observation has not been validated in mouse embryos yet. After the
breakdown of the basal membrane, epiblast cells ingress into the primitive streak. This
process is made through the apical constriction of these cells followed by the
translocation of the cell body (Williams et al., 2012). As mentioned in the previous
section, the BMP, FGF, and WNT signaling are required for cell ingression and EMT
(Ciruna and Rossant, 2001; Huelsken et al., 2000; Mohamed et al., 2004; Sun et al.,
1999; Winnier et al., 1995). Transcriptional factors such as SNAIL1, and EOMES, which
are pivotal for the downregulation of genes encoding adhesion molecules and successful
EMT, are also essential for driving cell ingression (Arnold et al., 2008; Cano et al., 2000;
Costello et al., 2011). In general, mutations on any genes that substantially disrupt EMT
will block the primitive streak formation. Elongation is the last step of streak formation
(Williams et al., 2012). Similar to cell ingression, this process is accompanied by
continuous EMT from proximal-posterior epiblast to the distal-anterior side (Williams et
al., 2012). Expansion of the primitive streak requires the recruitment of epiblast cells
outside the EMT region. Little is known regarding how this process is accomplished
without disrupting the epithelium integrity of the epiblast. One theory proposed that these
epiblast cells are pulled passively to the neighboring streak region. The epiblast cells are
compensated by rapid cell proliferation in the posterior epiblast region, yet evidence
supporting this theory is still lacking (Williams et al., 2012; Wilson and Beddington,

1996).
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1.3.4 Germ layer formation: lineage specification and tissue morphogenesis
The germ layer formation includes two aspects: 1) the lineage specification that cells at

the pre-gastrulation stage have been destined to give rise to one of the three lineages
based on their position in the blastula; 2) the tissue morphogenesis that cells undergo a
series of rearrangements, forming new layers. In this section, we will show the germ
layer formation in the Drosophila, Zebrafish, and Mouse as an example of invertebrate,
non-amniote vertebrate and amniote vertebrate, respectively. As we will see in the
following paragraphs, each model organism has its featured morphogenetic events
during germ layer formation. Most of them are related to cell movements. We will

discuss the major findings from these most well-studied events.

Drosophila

The germ layer formation in Drosophila is based on a sequential formation of transient
furrows within the blastoderm where the mesoderm and endoderm (mesendoderm)
progenitors have been pre-mapped onto (Figure 1.12). The cephalic furrow (CF) arises
in the anterior domain of the embryo. The function of CF during development is still
unknown. Two transient folds are formed on the dorsal side of the embryo and are
therefore called dorsal transversal folds (DTFs) (Utikal et al.). From the imaging of
scanning electron microscopy, these folds will disappear after when the germband
elongation reaches the dorsal side of the embryo (Turner and Mahowald, 1977). The
DTFs seem to be the structures marking the dorsal positions of the embryo since the
positioning of DTFs is controlled by the maternal patterning systems only. The DTF
expands around the entire embryo in embryos from d/ mutant mothers (NUsslein-
Volhard, 1979). In mutant alleles of foll, DTFs were formed in partially ventralized
embryos but not in completely ventralized embryos (Anderson et al., 1985; Roth et al.,

1991).
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Figure 1. 12 Gastrulation movement and the mapping of furrows onto the blastoderm
in Drosophila. AF: anterior furrow; AM or AMG: anterior midgut; CF: cephalic furrow; DTF:
dorsal transverse fold; GBE: germband extension; PF: posterior furrow; PM or PMG:
posterior midgut; VF: ventral furrow. Adapted from (Gheisari et al., 2020).

At the beginning of gastrulation, A large anterior-to-posterior furrow, named the ventral
furrow (VF), is generated in the ventral domain. During VF formation, cells at the
midventral domain of the blastoderm epithelium invaginate to form an interior tube,
giving rise to the future mesoderm layer (Hartenstein and Campos-Ortega, 1985; Leptin
and Grunewald, 1990; Poulson, 1950; Sweeton et al., 1991; Turner and Mahowald,
1977). The invagination process involves the apical constriction and the apical flattening
of ventral cells (Kam et al., 1991; Sweeton et al., 1991). While it is still unclear how the
cells are flattened, the control of apical membrane turnover may be the potential
mechanism (Miao et al., 2019). During apical constriction, cells are elongated along the

apical-basal axis and the nuclei are shifted basally (COSTA, 1993). Cell lengthening is
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balanced by the yolk cell, resulting in cell shortening and the formation of a narrow

furrow (Figure 1.13). The furrow is further deepened through the propagation of apical
constriction on presumptive mesoderm cells inside the cleft, while cells adjacent to the
furrow undergo apical expansion and flattening. By the end of VF formation, a transient

tube is formed interior to the embryo.

Figure1.13 The process of ventral furrow formation. The red labels invaginating cells that
flatten their apices first and then constrict at later time points. Blue cells represent adjacent
cells that undergo apical expansion and flattening. (Gheisari et al., 2020)

VF formation is dependent on the activity of transcription factors Twist (Twi) and Snail
(Sna) by the fact that VF formation does not occur in twi,sna double mutants (Grau et al.,
1984; Leptin and Grunewald, 1990; Simpson, 1983; Thisse et al., 1988). twi and sna are
expressed in the mesoderm-fated cells before VF formation and are the zygotic genes
controlling mesoderm formation (Sandmann et al., 2007) (Simpson, 1983). However,
more recent studies show that Sna serves as a transcriptional modulator instead of
directly activating or repressing gene expression in the mesoderm (Rembold et al.,
2014). It is also suggested that the VE formation can be initiated by Sna independently
from Twi as VF does not form by expression of twi in sna mutants, while the expression

of sna in twi mutants leads to ventral invagination of the blastoderm (Hemavathy et al.,
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1997; Ip et al., 1994; Leptin and Grunewald, 1990). Mutations that lead to the similar
phenotype of twi and sna have also been identified and are later demonstrated to locate
on genes that are direct targets of Twi and Sna. For example, mutations on the
transcriptional Twi-target gene folded gastrulation (fog) (Dawes-Hoang et al., 2005;
Peters and Rogers, 2013; Zusman and Wieschaus, 1985), resulting in uncoordinated
cell shape change and abnormal VF morphology (Costa et al., 1994; Dawes-Hoang et
al., 2005). Overexpression of fog causes apical flattening of cells outside the VF (Morize
et al., 1998), suggesting that Fog is important for cell shape changes. Studies show that
Fog binds to G-protein coupled receptors and promotes the activation of small GTPase
Rho1, which activates Rho Kinase (Kerridge et al., 2016; Manning et al., 2013). The Rho
signaling controls myosin |l activity and thereby regulates the actomyosin-based apical
constriction (Barrett et al., 1997; Dawes-Hoang et al., 2005; Hacker and Perrimon,
1998). These data suggest that the Twi promotes apical constriction during mesoderm

invagination via Fog-mediated control of Rho signaling.

After internalization, the mesoderm cells undergo EMT followed by embryo elongation
along the A-P axis, a process termed germband extension. At the same time, the
mesenchymal cell spread along the distal-ventral (D-V) axis under the neuroectoderm
layer, forming a single layer between the yolk cell and the neuroectoderm (Winklbauer
and Muller, 2011). Mesoderm cell adopts different cell fate based on their relative
positions along the D-V axis. The ectoderm secrets position-specific signals to induce
muscle-specific genes in the mesoderm cells (Baker and Schubiger, 1995). Cells
attached to the dorsal ectoderm develop into cardiac cells, whereas cells attached to the
ventral ectoderm become somatic muscle cells (Azpiazu and Frasch, 1993; Baker and
Schubiger, 1995). A group of conserved signaling pathways, including FGF, Dpp,

Wingless, and EGF signaling, are involved in mesoderm specification.
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The emergence of endoderm in Drosophila comes from the posterior midgut (PMG) and
anterior midgut (AMG) invagination shortly after mesoderm invagination. The PMG
arises slightly earlier than AMG. Cells in the PMG primordium move anteriorly and
interiorly, giving rise to the posterior part of the gut epithelium. Cells in the AMG migrate
posteriorly and interiorly, giving rise to the anterior part of the gut epithelium (Hartenstein
and Campos-Ortega, 1985; Turner and Mahowald, 1977). The PMG invagination is
dependent on maternal A-P pattern genes such as torso and trunk, as no cell shape
change or invagination occur in torso or trunk mutants (Degelmann et al., 1986;
Nusslein-Volhard et al., 1987; Schupbach and Wieschaus, 1986). Like ventral furrow
formation, it also requires the Fog-mediated Rho signaling that triggers the actomyosin-
based apical constriction (Casanova, 1990; Dawes-Hoang et al., 2005; Weigel et al.,
1990). The anterior movement of PMG, however, is not well understood compared to
PMG invagination. Recent studies provide evidence supporting the idea that the anterior
movement relies on the propagation of the Myoll-dependent contraction (Bailles et al.,
2019). Similar to PMG, AMG invagination is controlled by maternal pattern genes such
as bicoid (bcd), torso and trunk (Frohnhofer et al., 1986; Schupbach and Wieschaus,
1986), as well as zygotic genes such as forkhead (fkh) (Jurgens and Weigel, 1988;
Weigel et al., 1990). The detailed mechanisms controlling AMG invagination are yet to

be discovered.

Mouse

The formation of the mesoderm and definitive endoderm (DE) starts from the primitive
streak. Epiblast cells undergo EMT, ingressing at the primitive streak and migrating
away. Subsequently, A new layer emerges between the epiblast and the overlying VE.

The FGF, BMP, NODAL-SMAD2/3, and canonical WNT signaling are required for the
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mesoderm specification (Brennan et al., 2001; Ciruna and Rossant, 2001; Conlon et al.,
1994; Huelsken et al., 2000; Mishina et al., 1999; Mishina et al., 1995; Sun et al., 1999;
Winnier et al., 1995), which has been discussed in the previous section. Cells that stay
inside the epiblast expand anteriorly and proximally, and eventually give rise to the
ectoderm layer comprising neurectoderm (NE) and surface ectoderm. NE is considered
the default stage of epiblast differentiation. Lack of BMP or NODAL signals results in
precocious neural cell fate adoption and early loss of pluripotency (Camus et al., 2006;

Di-Gregorio et al., 2007).

Despite lineage specification, the germ layer patterning is another critical question that
has been deeply investigated for the past decades, especially the patterning of
mesoderm and DE progenitors along the primitive streak. The mesoderm can be divided
into distinct mesodermal subtypes, giving rise to different organs and tissues (Lawson,
1999). These subpopulations are defined based on the timing and position of ingression
through the streak (Figure 1.14) (Lawson, 1999). During early gastrulation (E6.5), the
cranial and cardiac mesoderm cells ingress from the early streak and migrate anteriorly,
forming the leading edge of the mesodermal wings (Kinder et al., 1999). The
extraembryonic mesoderm, which is located at the posterior-most region and is also
formed at the earliest time point, constitutes the mesodermal layer of the amnion,
visceral yolk sac mesoderm, and blood islands (Arnold and Robertson, 2009; Lawson et
al., 1991). During the mid-late gastrulation stage, cells exiting from the posterior streak
become the lateral plate, intermediate, and posterior paraxial mesoderm in a posterior-
anterior order; cells located at the anterior-most region of the primitive streak (anterior
primitive streak, or APS) give rise to the anterior paraxial, axial mesoderm and DE

(Lawson et al., 1991; Lawson and Pedersen, 1987; Tam and Beddington, 1987). The DE
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cells intercalate and disperse into the VE layer on the surface of the embryo (Kwon and

Hadjantonakis, 2009; Kwon et al., 2008b).

E6.5 E7.5 E8.0
Early Gastrulation Late Gastrulation

Epiblast Fate Map

Signaling Activity

. BMP Signaling Prox.
. Nodal Signaling A P
. Whnt Signaling Dist.

Mesodermal Fate
. Ectodermal Fate

Figure1.14 Epiblast fate mapping and the corresponding morphogen gradients among
different streak stages. DE, definitive endoderm; CM, cardiac mesoderm; ExM,
extraembryonic mesoderm; LPM, lateral plate mesoderm; PxM, paraxial mesoderm, AxM,
axial mesoderm; SE, surface ectoderm; SC, spinal cord; NE, neurectoderm; FB, forebrain;
MB, midbrain; HB, hindbrain. (Bardot and Hadjantonakis, 2020)

Again, the patterning of mesoderm and DE is accomplished by the interplay of those
conserved signaling pathways including BMP, FGF, WNT, and NODAL (Brennan et al.,
2001; Ciruna and Rossant, 2001; Conlon et al., 1994; Huelsken et al., 2000; Mishina et
al., 1999; Mishina et al., 1995; Sun et al., 1999; Winnier et al., 1995). The cardiac and

cranial mesoderm induction at the early gastrulation stage requires signal inputs from all
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of them (Conlon et al., 1994; Klaus et al., 2007; Yamaguchi et al., 1994). Extraembryonic
mesoderm is induced posteriorly by exposure of the high BMP signaling and exclusion of
the NODAL signaling (Lawson et al., 1999). During mid-late gastrulation, The BMP and
the NODAL signaling mutually inhibit each other along the A-P axis and the cell fate of
mesoderm derivatives is determined by the dosage of these signals that cells are
exposed to. The posterior streak derivatives require a high BMP signal level, whereas
derivatives of the anterior streak depend on high levels of the NODAL signaling (Winnier

et al., 1995).

A number of transcription factors are expressed in the primitive streak and these genes
are mostly target genes activated by the combination of various morphogen inputs.
These genes are also critical for mesoderm patterning along the streak. Brachyury (T). a
gene encoding T-box transcription factor, is expressed throughout the primitive streak
(Chapman et al., 1996; Rashbass et al., 1991; Wilson et al., 1995). Loss of T expression
results in failure of posterior mesoderm cells exiting the primitive streak and
consequently loss of posterior somites, as well as cell accumulation at the tail bud
(Rashbass et al., 1994; Wilson and Beddington, 1996). The expression domain of
Brachyury is restricted by Mix/1, which is also expressed in the streak (Hart et al., 2002).
Loss of Mixl/1 in gastrulating embryos leads to a thickened primitive streak and a
morphologically disrupted node at the anterior streak as well as the accumulation of
mesoderm-like cells in the anterior streak (Hart et al., 2002). The Brachyury expression
is required for maintaining Thx6 expression, which labels paraxial mesoderm progenitors
in the streak (Chapman et al., 1996). Disruption of Thx6 causes impaired caudal somite
formation and triple neural tube formation (Chapman et al., 1996). Mesp1 labels cardiac
mesoderm at the early streak stage and is essential for the development of cardiac

mesoderm (Kitajima et al., 2000; Saga et al., 1999). Eomes is expressed in the anterior-
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mid streak (also ExE) at the mid-late streak stage and is required for DE induction
(Costello et al., 2011). Eomes also acts upstream of Mesp1 at the early streak to specify
the cardiac mesoderm lineage (Costello et al., 2011). Mutants with ectopic or loss of
Eomes expression show defects in the DE and cardiac mesoderm specification (Arnold
et al., 2008; Costello et al., 2011; Simon et al., 2017). Foxa2 marks the anterior region of
the streak and has a partially overlapping expression domain with T. Foxa2 mutant
exhibits disorganized node structure and defective neural tube patterning without
affecting DE lineage specification (Ang and Rossant, 1994). Cells co-expressing T and
FoxaZ2 give rise to a subset of cardiac mesoderm in early gastrulation and axial
mesoderm during the late gastrulation (Bardot et al., 2017; Burtscher and Lickert, 2009).
Specification of DE lineage requires another set of transcription networks. Eomes is
activated in response to high NODAL signaling and is the first transcription factor
required for DE specification. Other transcription factors such as SOX17. GATAG,
Mix/Bix-type homeobox gene families are also crucial in DE formation (Grapin-Botton
and Constam, 2007). In mice, Sox17 is not required for early DE specification but is

crucial for DE cell survival (Kanai-Azuma et al., 2002).

As nascent mesoderm cells migrate away from the streak, cells move anteriorly and
laterally, forming a mesodermal wing (Ferretti and Hadjantonakis, 2019). Compared to
the upstream signaling that induces lineage specification and patterning, the migratory
behavior of mesendoderm cells during gastrulation remains relatively elusive. Classical
electron microscopy studies reveal that the nascent mesoderm cells have cellular
protrusions, suggesting that these cells use protrusions to migrate (Spiegelman and
Bennett, 1974). Recent advances in live imaging of post-implantation embryos have
provided new insights into cell migration, for example, during DVE/AVE migration

(McDole et al., 2018). The knowledge of mesoderm migration, including how cells
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ingress between the epiblast and the VE, and how they travel long distances to expand
and cover the epiblast, is still lacking. So far, the most detailed description of mesoderm
cell migration comes from the study in zebrafish (Tada and Heisenberg, 2012; Williams
and Solnica-Krezel, 2017). However, mechanisms that zebrafish embryos adopt for
mesendoderm migration may not be applied in the mouse embryo. For example, the
mesoderm migration in zebrafish embryos is dependent on non-canonical Wnt/PCP
signaling while in mouse embryos, non-canonical Wnt/PCP signaling is not required prior
to the somite stage (Sepich et al., 2005; Williams and Solnica-Krezel, 2017; Yin et al.,

2009a).

Mouse genetics and recent advances in imaging of living mouse embryos have identified
several molecules regulating cell biological processes that are downstream of
morphogen signaling or transcription factors (Bazzi et al., 2017; Migeotte et al., 2011;
Rakeman and Anderson, 2006; Ramkumar et al., 2016; Saykali et al., 2019). The most
classical tw9 (also known as tw18) mutant, is the earliest mutant defective of mesoderm
migration that is analyzed at the cellular level in detail (Lange et al., 2017; Spiegelman
and Bennett, 1974). Transmission electron microscopy shows that the mutant embryo
lacks the thin filopodia necessary for linking neighboring cells (Spiegelman and Bennett,
1974). A recent study revisiting the tw9 mutant reveals that this mutant disrupts a
scaffolding subunit of the protein phosphatase PP2A (Lange et al., 2017). This
phenotype is consistent with the function of PP2A in cell migration (Bousquet et al.,
2016). Another mutant that impairs mesoderm migration potentially via interference of
PP2A function is the Strip1 (straiting-interacting protein 1) mutant (Bazzi et al., 2017).
The Strip1 mutant is initially identified from mouse mutagenesis screens showing
defective body plan (Bazzi et al., 2017). Further in vivo and ex vivo phenotypic analyses

show that mutation in Strip7 disrupts the mesoderm migration (Bazzi et al., 2017).
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STRIP1 is the core component of the mammalian striatin-interacting phosphatases and
kinases (STRIPAK) complex that appears to regulate PP2A activity, indicating that
STRIP1 may regulate mesoderm migration via PP2A activity (Madsen et al., 2015).
Deletion of the epiblast Rac-1, a classical Rho GTPase essential for cell adhesion and
motility, results in impaired mesodermal cell migration, leading to deficient paraxial
mesoderm lineage, somite formation, and cardia bifida (Machacek et al., 2009; Saykali
et al., 2019). A similar phenotype is also seen in mutants on NAP1, a regulatory
component of the WAVE complex (Rakeman and Anderson, 2006). Nap? mutants show
cardia bifida, failed neural tube closure, as well as delayed mesoderm and endoderm
migration (Rakeman and Anderson, 2006). These results suggest that the RAC-1 acts
upstream of the WAVE complex to promote mesoderm migration. These experiments,
however, compared to the study of tw9 mutants, did not address the migratory behaviors
at the cellular level.

A very recent study performing optimized high-resolution confocal imaging of
gastrulating embryos has directly visualized the movement of nascent mesoderm and
provided new insights into mesoderm migration at the cellular level (Figure 1.15)
(Omelchenko et al., 2020). This study focuses on the B-Pix, a guanine nucleotide
exchange factor (GEF) of RAC1 and CDC42 GTPases and localizes to the focal
adhesion (Manser et al., 1998; ten Klooster et al., 2006). Previous genetic studies show
that 4Pix null embryos are arrested at the late gastrulation stage without specifying the
A-P axis (Omelchenko et al., 2014). By combining membrane GFP-tagged cell labeling
and volumetric 3-Dimensional image analysis, researchers can measure the protrusions
and directionality of these nascent mesoderm cells in their native environment
(Omelchenko et al., 2020). This study shows that depleting p-Pix in the epiblast causes

disorganized cell movements in random directions (Omelchenko et al., 2020). This
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random cell movement is associated with the disorientated protrusions in mesoderm
cells and the uncoordinated cell-cell alignments (Omelchenko et al., 2020). This
observation is consistent with the findings that B-pix promotes protrusion formation in
fibroblast cells (Kuo et al., 2011). These results suggest that the collective migration of
nascent mesoderm is directed by the B-pix-dependent protrusions. -Pix regulates cell
adhesion and movement in a RAC-1 and CDC42-dependent way. The collective
migration, however, may not completely rely on the protrusions. It is possible that other
factors, such as changes of cell-matrix interaction, cell division, and cell morphology,

may also be part of the factors affecting cell migration.
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Figure1.15 The mesoderm wing migration between the wildtype and the /-Pix mutants.
(Omelchenko et al., 2020)

Formation of the DE does not end with the cell migration step. Instead of forming a
continuous layer, the DE emerges and disperses onto the surface of the embryo,
intercalating into the VE layer and generating a new layer with a mixture of VE and DE

cells (Kwon and Hadjantonakis, 2009; Kwon et al., 2008b). Unlike mesodermal cells, the
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DE progenitors undergo a partial EMT that retains E-cadherin expression (Viotti et al.,
2014). DE cells migrate from the primitive streak over the migrating mesoderm and
quickly undergo MET to re-epithelialize with the VE cells (Kwon et al., 2008b;
Nowotschin et al., 2019; Viotti et al., 2014). Therefore, the future gut, instead of being
composed of DE cells only, is a mixture of DE and embryonic VE (emVE) cells, with the
highest proportion of VE cells in the hindgut and the lowest in the foregut (Kwon et al.,

2008a; Nowotschin et al., 2019; Pijuan-Sala et al., 2019).

Recently, mechanisms behind the DE-VE intercalation have drawn a lot of attention and
some pioneering studies start to untangle this complicated process. It is proposed that to
coordinate the behaviors of DE and VE cells, DE cells need to quickly adopt epithelial
cell states like apicobasal polarity and cell-cell adhesion. The partial EMT of DE cells
might be the critical mechanism that can drive MET with a fast rate (Viotti et al., 2014).
This fast and partial EMT-MET is frequently seen in tumor progression, which may also
be the case in VE-DE intercalation (Ye and Weinberg, 2015). Meanwhile, for VE cells,
they must temporally partially disassemble, or loosen their junctions to allow DE
intercalation, and quickly resume epithelial state. Phenotypic analysis of Sox77 mutants
shows that DE cells are unable to intercalate into the VE epithelium (Viotti et al., 2012;
Viotti et al., 2014). It has been shown that before gastrulation, the VE is a rigid, cuboidal
layer epithelium (Viotti et al., 2014). As the embryo starts gastrulation and expanding,
VE cells become squamous and flattered (Viotti et al., 2014). Such morphology change
is not seen in Sox77 mutants, which may indicate that the Sox77 in VE is essential for
modulating their epithelial character that facilitates DE intercalation during the
gastrulation stage (Viotti et al., 2014). Although this theory seems plausible, it lacks

direct evidence regarding how Sox17 affects cell shape changes.
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While the mesoderm and DE undergo rapid rearrangements along the streak, cells that
stay inside the epiblast expand anteriorly and proximally and eventually give rise to the
ectoderm layer comprising NE and surface ectoderm (Arkell and Tam, 2012). NE is
considered the default stage of epiblast differentiation. Lack of BMP or NODAL signal
results in precocious neural cell fate adoption and early loss of pluripotency (Camus et
al., 2006; Di-Gregorio et al., 2007). The NE covers two-thirds of the area of the
ectoderm layer and develops into the central nervous system (Arkell and Tam, 2012;
Arnold and Robertson, 2009), displaying a pattern of regionalized neural progenitors.
Progenitors of the forebrain, midbrain, and hindbrain are localized in the respective
anterior-posterior order. The relative size of the domain of progenitors is not proportional
to the final size of the brain part. Specifically, the forebrain will undergo a wide
expansion during head morphogenesis (Arkell and Tam, 2012). This disproportional
tissue outgrowth requires rapid cell proliferation in the forebrain region and,
consequently, is very vulnerable to cell proliferation errors that lead to head truncation

(Arkell and Tam, 2012).

Maintenance of the NE fate requires sustained expression of NODAL, WNT, and BMP
antagonists. In pre-gastrulating embryos, AVE serves as the signal source to inhibit
these signals. During gastrulation, the domain previously occupied by AVE is gradually
colonized by the anterior definitive endoderm (ADE) and axial mesoderm (AME), both of
which are derived from APS (Lawson, 1999; Lawson and Pedersen, 1987; Tam and
Beddington, 1987; Tam et al., 2007). Embryos lacking APS progenitors exhibit anterior
central nervous system truncation (Dunn et al., 2004; Vincent et al., 2003). During
gastrulation, ADE and AME replace AVE as the new source expressing antagonists like
CER1, DKK1, Chordin, and Noggin to maintain NE (Arkell and Tam, 2012; Arnold and

Robertson, 2009). The ADE and AME are crucial in promoting anterior patterning as
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demonstrated in the phenotypic analysis of head truncations when ADE and/or AME
development or function is perturbed (Dunn et al., 2004; Vincent et al., 2003). The
prechordal plate (PCP) and the anterior notochord, both of which are derived from AME,
functionally interact with each other (Camus et al., 2000; Warr et al., 2008). PCP is not
maintained in the absence of the anterior notochord and is required to inhibit the ectopic
Gsc (Goosecoid) expression in the anterior notochord (Camus et al., 2000; Warr et al.,
2008). It has also been shown that the presence of PCP is also required for sustaining
the differentiation of the ADE (Hallonet et al., 2002). Therefore, the crosstalk between
AME and ADE is important for maintaining their tissue identity as well as the neural

characteristics of the neurectoderm.

The transcriptional activities that suppress the NODAL, BMP, and WNT signaling are
required for the anterior specification and patterning (Lewis et al., 2008; Mukhopadhyay
et al., 2001). Loss of Dkk1 causes a major disruption of head development while
reducing WNT3 activity in the Dkk7-null background can partially restore the head
formation (Lewis et al., 2008; Mukhopadhyay et al., 2001). Similarly, mutations of other
two transcription factors, Lhx1 and Otx2 also produce truncated head phenotypes (Ang
et al., 1996; Shawlot and Behringer, 1995). Dkk1, Lhx1, and Otx2 triple mutations are
associated with head truncation phenotype, although the degree of severity varies
among individuals (Ip et al., 2014). The LHX1-SSDP1-LDB1 transcription complex
regulates the expression levels of several WNT antagonists. Lack of either Ssdp? or
Ldb1 is causative to head defects and reduced expression of antagonists including Dkk1
in the prechordal plate (Mukhopadhyay et al., 2003; Nishioka et al., 2005). Similar
phenotypes are also observed in mutant embryos lacking both Cer? and Lefty1 that
show expanded mesoderm at the expense of the NE. Loss of either one of them fails to

disrupt NE, suggesting that CER1 and LEFTY1 have overlapping functions (Perea-
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Gomez et al., 2002). Finally, mutants lacking both of BMP inhibitors Chordin and Noggin,
phenocopy the head truncation phenotype (Bachiller et al., 2000). Taken together, the
integration of graded morphogen signaling and transcriptional activities in anterior signal
centers (AVE, AME, and ADE) are instrumental for anterior specification and

morphogenesis.

Zebrafish

In zebrafish, the germ layer specification is associated with the successful establishment
of the D-V axis. The localized activation of canonical Wnt signaling in the dorsal region
translocates B-catenin into the nuclei of the dorsal blastomeres (Gore et al., 2005; Lu et
al., 2011; Schneider et al., 1996; Tran et al., 2012; Yan et al., 2018). The B-catenin binds
to Lef family proteins to induce expression of dorsal-specific genes like Bozozok to
counteract the effects of BMP signaling from the ventral side, initiating mesendoderm
specification at the dorsal side (Leung et al., 2003; Melby et al., 2000; Ryu et al., 2001;
Schulte-Merker et al., 1997; Shimizu et al., 2002; Shimizu et al., 2000; Stachel et al.,
1993; Yamanaka et al., 1998). Nodal signaling induced by the B-catenin at the dorsal
side is required for mesendoderm specification and patterning (Feldman et al., 1998;
Gritsman et al., 1999; Long et al., 2003; Shimizu et al., 2000). Nodal is also essential for
the formation of the dorsal organizer, a structure that inhibits BMP signal expansion by
expressing BMP antagonists (Schulte-Merker et al., 1997). The zebrafish-specific Nodal
ligands Ndr1(Sqt) and Ndr2 (Cyclops, Cyc) are necessary for the germ layer
specification (Feldman et al., 1998; Gritsman et al., 1999; Long et al., 2003). Recent
studies have identified a new Nodal ligand, growth differentiation factor 3 (Gdf3, or Dvr1,
Vg1) that is essential for mesendoderm specification (Bisgrove et al., 2017; Montague
and Schier, 2017; Pelliccia et al., 2017). This ligand is maternally provided and can form

heterodimers with Ndr1 or Ndr2 (Bisgrove et al., 2017; Montague and Schier, 2017;
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Pelliccia et al., 2017). Thus, Gdf3 is considered to act as a cofactor to facilitate the
activation of robust signaling. Similar to the observations in Xenopus and mouse
embryos, zebrafish embryos rely on Smad2 as the main transducer of the Nodal
signaling (Dubrulle et al., 2015; Howell et al., 2001; Robertson, 2014). Mutants lacking
Smad?2 fail to form mesoderm and endoderm, identical to the phenotype of embryos with
the loss-of-function mutation in Nodal (Dubrulle et al., 2015; Feldman et al., 1998;
Gritsman et al., 1999). Upon binding of Smad4, the Smad2/4 complex is phosphorylated
and is associated with other transcription factors like Foxh11 to regulate target gene
expression. These genes include Nodal antagonists lefty1/2, mesoderm-specific genes
(goosecoid, brachyury), and endoderm specific genes (sox32) (Bennett et al., 2007;

Bisgrove et al., 1999; Dickmeis et al., 2001; Meno et al., 1999; Pogoda et al., 2000).

The ectoderm arises from more animal positions within the gastrula (Figure 1.16).
Compared to the mesendoderm specification, the ectoderm specification represents a
default developmental state that the ectoderm rises in the absence or upon the reduced
level of the Nodal signaling (Ho and Kimmel, 1993; Kiecker et al., 2016). Indeed,
repressing mesoderm formation leads to an enlarged ectoderm domain, whereas
reducing ectoderm development results in mesoderm expansion (Feldman et al., 2002;
Feldman et al., 2000; Gritsman et al., 1999; Londin et al., 2007; Thisse et al., 2000).
Ectoderm patterning requires inputs from BMP, FGF, Retinoid acid, and WNT signaling
(Schier and Talbot, 2005). Ectodermal cells progressively lose the ability to respond to
Nodal signaling, which may be the mechanism that prevents ectoderm from becoming
mesendoderm (Ho and Kimmel, 1993). The exact mechanisms that lead to the

incompetence of ectodermal cells in response to Nodal signaling are still unclear.

53



Like in Xenopus, a Nodal gradient is generated along the D-V axis. Therefore, a dose-
dependent response is established to induce different target gene expressions along the
axis, producing different tissue types. Low levels of Nodal signaling are sufficient to
induce no tail (Palles et al.) or floating head (flh) gene expression in the notochord,
whereas high levels of Nodal signaling are needed to express target genes in endoderm
and anterior axial mesendoderm (prechordal plate, ppl) such as sox32 and goosecoid
(Gritsman et al., 2000). Consistent with this observation, the transient Nodal signaling is
enough to induce notochord formation, while sustained Nodal signaling is required for
the endoderm and ppl cell specification (Aoki et al., 2002; Dougan et al., 2003; Dubrulle
et al., 2015; Gritsman et al., 2000; Hagos and Dougan, 2007). Modulating Nodal
signaling duration using photoactivable Nodal receptors reveals that extending the
exposure time of Nodal signaling lead to ppl specification at the expense of endoderm
cells (Sako et al., 2016). Recent studies have shown that the FGF signaling can activate
Nodal target genes independently, suggesting that FGF also participates in the
mesendoderm patterning (Chen and Schier, 2001; Rodaway et al., 1999; van Boxtel et
al., 2015; Van Boxtel et al., 2018). It remains to be seen how these two signal pathways

cooperate spatiotemporally in defining the mesendoderm pattern.

In the mid-epiboly stage, the mesendoderm progenitors are specified at the blastoderm
margin, creating a transient structure called the “germ ring” (Keller et al., 2008; Montero
et al., 2005; Warga and Kimmel, 1990). Internalization of mesendoderm progenitors
preferentially occurs at the dorsal side of the germ ring (Keller et al., 2008; Warga and
Kimmel, 1990). Cells move across the margin and underneath the surface ectoderm
progenitors, then spread along the germ ring margin, eventually form a shield structure
homologous to the blastopore lip in frogs (Figure 1.17) (Keller et al., 2008; Solnica-

Krezel and Sepich, 2012; Warga and Kimmel, 1990). The embryo ends up with two
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layers: the outer epiblast consists of ectoderm and pre-internalization mesendoderm
progenitors, and the inner hypoblast composes of internalized mesendoderm progenitors
(Keller et al., 2008; Montero et al., 2005; Warga and Kimmel, 1990). The internalized
mesendoderm progenitors migrate away from the germ ring margin and eventually form
the body axis along the dorsal side (Dumortier et al., 2012; Montero et al., 2005;
Montero et al., 2003; Norris et al., 2017; Pauli et al., 2014; Pezeron et al., 2008; Sepich
et al., 2005). Unlike the frog embryo, mesendoderm internalization is not affected by the
subsequent convergence and extension movements as the mutant defective of
convergence and extension movements can still internalize mesendoderm normally

(Solnica-Krezel et al., 1996).
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Figure 1. 16 Initiation of gastrulation and mesendoderm patterning in zebrafish
embryos. AP: animal position, VP: Vegetal position. Adapted from (Pinheiro and
Heisenberg, 2020)

The molecular mechanism driving mesendoderm internalization remains poorly
understood. It seems that Nodal signaling plays a dual role in mesendoderm
specification and internalization. Blocking Nodal signaling leads to the failure of
mesendoderm specification and internalization, whereas ectopic expression of Nodal
signaling at the stage prior to the gastrulation, induces endoderm specification and
internalization (Carmany-Rampey and Schier, 2001; David and Rosa, 2001; Feldman et

al., 2000; Gritsman et al., 1999; Keller et al., 2008). These results indicate that the
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mesendoderm specification and internalization may intrinsically link to each other.
However, another transplantation assay suggests that the function of Nodal signaling
may partially be separable, given the fact that ectopic induction of endoderm cells is not
sufficient to trigger cell internalization (Liu et al., 2018). Another observation points out
that the mesendoderm internalization is always initiated within the edge of the marginal
region of the germ ring, where Nodal signaling activity is the highest (Dubrulle et al.,
2015; Harvey and Smith, 2009; Keller et al., 2008; Montero et al., 2005; van Boxtel et al.,
2015; Warga and Kimmel, 1990), and dorsal marginal cells are both the first cells to
activate Nodal signaling and undergo internalization (Keller et al., 2008; Shimizu et al.,
2000; Warga and Kimmel, 1990). However, it still cannot tell whether the high Nodal

signaling activity is required for the initiation of internalization.

After internalization, mesendodermal cells move away from the margin and differentiate
into the mesoderm and endoderm lineages (Dumortier et al., 2012; Keller et al., 2008;
Matsuo et al., 2017; Montero et al., 2003; Myers et al., 2002; Pauli et al., 2014; Pezeron
et al., 2008; Sepich et al., 2005; Warga and Nusslein-Volhard, 1999). Cells located at
different positions show distinct migratory behaviors (Figure 1.17). In the dorsal domain,
the ppl cells migrate toward the animal pole in an active and collective way, contributing
to the A-P axis extension (Dumortier et al., 2012; Montero et al., 2005; Smutny et al.,
2017; Ulrich et al., 2003). The Wnt/PCP signaling is suggested to play a critical role in
dorsal mesendoderm migration (Heisenberg et al., 2000; Miyagi et al., 2004; Montero et
al., 2003; Yamashita et al., 2002; Yamashita et al., 2004). Functional loss of Wnt11, the
non-canonical Wnt ligand, and its receptor Frizzled 7 (Fz7) causes slow, not-so-well
oriented ppl migration, along with other defects (Capek et al., 2019; Heisenberg et al.,
2000; Ulrich et al., 2003). Overexpressing Wnt11 or activating Fz7 by light stimulation is

sufficient to rescue ppl migration in wnt11 or fz7 mutant embryos, respectively (Capek et
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al., 2019; Heisenberg et al., 2000). Inhibiting PDGF-PI3K signaling pharmacologically
causes a similar phenotype as shown in the wnt711 and fz7 mutants, but the crosstalk
between these two signaling pathways remains unclear (Montero et al., 2003). A recent
study shows that downregulation of Sin1, a component of the Torc2 complex, affects the
speed and the directionality of ppl migration, suggesting that Sin1 may be a key
regulator of ppl cell migration (Dumortier and David, 2015). It is not known whether the

Wnt/PCP or PDGF/PI3K also regulates Sin1 to affect ppl cell migration.

In the ventral and lateral side of the germ ring margin, mesendoderm cells first migrate
toward the animal pole from the early- to mid-gastrulation stage (Keller et al., 2008;
Myers et al., 2002; Sepich et al., 2005). Apelin signaling is recently shown to regulate
ventral-lateral mesendoderm migration (Chng et al., 2013; Norris et al., 2017; Pauli et
al., 2014). Apela, the ligand of Apelin signaling that binds to its APJ/Apelin G-protein-
coupled-receptors (GPCR), is considered to promote motility of the ventrolateral
mesendoderm cells, yet the detailed mechanism is still unclear (Chng et al., 2013; Pauli
et al., 2014). Transcriptional profiles of apela mutants do not show major changes in
gene expression during gastrulation compared to the wildtypes (Norris et al., 2017), but
apela mutants do show delayed epiboly movements (Chng et al., 2013; Pauli et al.,
2014), raising the possibility that the defective mesendoderm migration is related to the
reduced epiboly movements in the outer layer. It has been shown that the frictional
forces generated at the interface between the ppl (moving towards the animal pole) and
the neuroectoderm epiboly movements (moving towards the vegetal pole) influence
neuroectoderm cell movements and their position along the A-P axis (Smutny et al.,
2017). A similar interaction may also occur between the migrating ventrolateral
mesendoderm and the ectoderm. In general. the molecular basis of this observation

remains largely unknown.
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Figure1.17 The movements of mesendoderm cells at different positions inside the
surface layer. (Pinheiro and Heisenberg, 2020).

Migration of endoderm progenitors is a completely different story from mesoderm
progenitors that, at the early stage, instead of being a continuous monolayer, the
endoderm progenitors form a non-continuous monolayer (Warga and Nusslein-Volhard,
1999). These cells seem to undergo a random walk, simply disperse on the yolk surface,
with no rules to follow (Pezeron et al., 2008). Interestingly, the definitive endoderm cells
in mouse embryos, also disperse and intercalate into the visceral endoderm layer, a
process similar to the endoderm cells in zebrafish. It is not known whether such a
random walk is an intrinsic feature for endoderm cells. Finally, from late gastrulation, the
mesodermal and endodermal cells initiate convergence movements towards the dorsal
side of the embryo, lining the gastrointestinal tract (Pezeron et al., 2008). The Rho
GTPase Rac1 activity, which is triggered by the Nodal transcriptional target Prex1, is
required for endoderm migration at both the early “random walk” stage and late
convergence stage, while cell-matrix adhesion Cxcl12a chemokine signaling is required
specifically for dorsal convergence (Norris et al., 2017; Woo et al., 2012). The endoderm
convergence is thought to rely on the overlying mesoderm convergence as endoderm
cells are tethered to mesoderm cells through integrin-ECM adhesion (Norris et al.,

2017). Disrupting integrin-fibronectin adhesions of Cxcl12a/b signaling leads to
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prolonged endoderm migration (Latimer and Jessen, 2010; Mizoguchi et al., 2008; Nair
and Schilling, 2008; Norris et al., 2017). It is possible that the switch of migration mode
in the endoderm is a mechanism that guarantees fast cell dispersion at the early stage
and coordinates the convergence with the mesoderm convergence toward the dorsal

side at the later stage.

Conclusion marks

By comparing the gastrulation process from different species, it is not difficult to find out
that the lineage specification relies on the establishment of morphogen gradients along
the body axis. In Drosophila and Zebrafish (also in Xenopus and chick), the patterning of
progenitors starts from the morphogen gradient established along the D-V axis.
Elongation of the embryo body along the A-P axis seems always to be the last step
before gastrulation. While in mice, the concept of the D-V axis is replaced by the P-D
axis and the A-P axis is established before the gastrulation occurs. Patterning of lineage
progenitors relies on the two-dimensional morphogen gradients that are established
along the P-D axis and the A-P axis. The morphogenesis during gastrulation of different
species, though named differently, all rely on the formation of a transient structure(s).
Invertebrates rely on furrows, nonamniote vertebrates form germ rings and amniote
vertebrates form primitive streaks. The transient structure breaks the original topology of
the embryo, serving as the gateway for cells to collectively migrate (mesenchymal cells),
or invaginate (epithelial cells) to form new germ layers. The signaling pathways required
for lineage specification and morphogenesis are very conserved. Among all of them,
Nodal signaling plays a central role in embryo axis development and patterning. The
activation of Nodal signaling, however, is context-specific. So far, the molecular basis
and cellular process have been deeply investigated during gastrulation and some

common features are shared among various organisms. However, most of our current
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knowledge can help answer the questions of “how”, but not the questions of “why” in
development. Many open questions may not even have answers. For example, the
ectoderm, which is always considered a “default setting” and usually draws less attention
due to the relatively simple scenario. But why does the ectoderm, not mesoderm or
endoderm, adopt the default setting? Is it simply a matter of position? Why do the
epidermis and the nervous system share one germ layer? These open evo-devo

questions are also meaningful and worth extensive discussion.

1.4 Coordination between cell proliferation and lineage specification, embryo
patterning, and morphology

Cell proliferation is not independent of other developmental events. Instead, it can
substantially affect lineage specification, tissue patterning, and morphogenesis. Cell
proliferation participates in these events in multiple ways like increasing cell number at
different rates to coordinate with tissue patterning and morphogenesis, or undergoing
asymmetrical cell division in lineage specification. All these events are seen in different
kinds of organisms throughout the whole developmental process and are very content-

specific. In this section, we will discuss some examples to get a deep insight into the

importance of cell proliferation in embryogenesis.

1.4.1 Asymmetric cell division
Asymmetric cell division is a common and evolutionary conserved process that a mother

cell divides to generate two daughter cells with distinct developmental potentials.
Asymmetric cell division can be divided into four steps. First, the mother cell acquires
and/or re-orients a polarity axis. Second, cell fate determinants, including molecules
and/or organelles are unequally distributed inside the cytoplasm to influence the fate of
daughter cells. Third, the mitotic spindle lines up along the cell polarity axis, and fate

determinants become asymmetrically segregated at cytokinesis. Lastly, these fate
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determinants regulate a binary fate choice to implement fate asymmetry (Schweisguth,
2015). The mechanism of asymmetric division is a huge topic worth another 100 pages
of review, which will not be included in our discussion. In this section, we only bring
about the facts of asymmetric division to highlight its importance for embryonic

development across different species.

During development, asymmetric cell division plays a significant role in generating cell
fate diversity and setting up the embryonic axes. In the early embryo of C.elegans, five
asymmetric divisions produce six founder cells: AB, MS, E, C, D, and P4. The first
asymmetric division cleaves the one-cell zygote into a two-cell embryo with a larger
anterior cell (AB) and a smaller posterior cell (P1). P1 cell is divided asymmetrically,
giving rise to two blastomeres named EMS and P2. The EMS undergoes further
asymmetric divisions that produce two daughter cells MS and E, then P2 into C and P3,
and finally P3 into D and P4. Three body axes are established during these early
cleavages (Sulston et al., 1983). The A-P axis is generated from the first asymmetric
division of the one-cell embryo, with the sperm-derived centrosome determining the
future posterior side. The D-V axis is established by the four-cell stage, with EMS
marking the ventral side. The left-right (L-R) axis is defined by the location of ABal and
ABpl cells (Sulston et al., 1983). In Xenopus, the two first embryonic divisions are
perpendicular to each other and generate two pairs of blastomeres with different sizes
(Nieuwkoop, 1967). The two small blastomeres proliferate and give rise to embryonic
dorsal structures, whereas the large pair develops into ventral structure (Moody and
Kline, 1990; Nieuwkoop, 1967). In the mouse embryo at the morula stage, segregation
of progenitors of TE and ICM is realized through asymmetric cell division along a
basolateral cleavage plane at the 8-cell morula stage, as observed by the time-lapse

cinemicrography (Sutherland et al., 1990). The outer cells become the TE and the inner
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cells comprise the ICM. In Drosophila, the differentiation of neuroblasts is predominantly
controlled by asymmetric cell division. Neuroblasts are the neural stem cells critical for
the development of the central nervous system. Neuroblasts are specified during
embryonic stages 9-11 through Notch/Delta and Wingless signaling (Artavanis-Tsakonas
et al., 1995; Brand and Campos-Ortega, 1988; Chu-LaGraff and Doe, 1993; Ghysen et
al., 1993; Skeath and Carroll, 1992). Upon specification, neuroblasts undergo EMT and
delaminate from the neuroepithelium in the ventrolateral region of the Drosophila embryo
(Hartenstein et al., 1994). Delaminated neuroblasts undergo a series of asymmetric cell
divisions, producing a self-renewed neuroblast and a differentiation ganglion mother cell

(GMC). GMCs divide and give rise to glia, neurons or both (Hartenstein et al., 1994).

Asymmetric cell division is also seen in the oogenesis in both insects and vertebrate
species. In Drosophila, cyst cells are joined together, with one of them differentiating into
the oocyte and the remaining cells forming the nurse cells (Bilinski, 1998; Buning, 1993;
Blning, 1994; Jaglarz, 1998; Kubrakiewicz, 1997). The germline stem cells (GSCs)
divide asymmetrically to produce new GSCs and cystoblasts, the progenitor germ cells
(Cuevas et al., 1997; King, 1970; Pepling et al., 1999). Each cystoblast divides
synchronously four times, forming the germline cysts composed of 16 interconnected
cystocytes. Only the two central cystocytes are connected by four bridges (Ong and Tan,
2010; Pepling et al., 1999). The intercellular bridges connecting cystocytes contain
specialized cytoplasma termed fusomes (Cuevas et al., 1997). The fusomes anchor
mitotic spindles of dividing cystocytes, ensuring the orientation of the division planes,
which is indispensable for asymmetric localization of transcripts into one of the two
cystocytes with four bridges that eventually differentiate into the oocyte (De Cuevas and
Spradling, 1998; Deng and Lin, 1997; King, 1970; Lin and Spradling, 1995). The rest 15

cyst cells become highly polyploid and transcriptionally active nurse cells. In vertebrate

62



species such as Xenopus, the cyst formation is similar to Drosophila in that each
cystoblast undergoes four consecutive asymmetrical divisions with incomplete
cytokinesis, giving rise to 16 interconnected cystocytes (Kloc et al., 2004). However, in
Xenopus all 16 cystocytes enter the meiotic prophase and become the oocytes after the
breakdown of the cytoplasmic bridges (Kloc et al., 2004). Similar to Drosophila, the
intercellular bridges in Xenopus also contain fusomes, which are required for anchoring
the poles of mitotic spindles critical for asymmetric division (Kloc et al., 2004). These
findings suggest that oogenesis is a conserved process and many common features are
shared in various multicellular organisms. The asymmetric cell division plays a

fundamental role in oocyte generation.

1.4.2 Cell proliferation
In mouse development, cell number growth is correlated with some of the developmental

milestones in embryogenesis. The relationship between cell number and developmental
progression in pre-gastrulating embryos is addressed through embryological
manipulations. In blastocyst formation, inhibiting DNA replication affects the timing of
cavitation (Alexandre, 1979). Treatment of aphidicolin in embryos at the 4-8 cell stage
blocks 90% of DNA synthesis, leading to precocious cavitation at the 8-16 stage instead
of the 16-32 cell stage in the untreated embryos (Dean and Rossant, 1984). After
lineage specification, TE, EPI, and PrE exhibit differential proliferative activities. TE cells
are proliferating at a faster rate compared to EPI/PrE cells during the 5" to 6™ division
and then slow down rapidly. At the 7™ to 8" division, the EPI/PrE cells proliferate faster
than TE cells (Handyside and Hunter, 1986). At E6.5, the primitive streak becomes
apparent in the post-implantation embryos (Tam et al., 1993). Embryos enter
gastrulation typically contain an average of 1000 cells (Power and Tam, 1993). Other

embryos at the same age but have about 660 cells have yet to undergo gastrulation,
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indicating a cell-number threshold required for initiation of gastrulation (Power and Tam,
1993). Double-sized embryos, formed by aggregating two 8-cell stage morulae, undergo
size regulation before gastrulation. The double-sized embryos show an increase in cell-
cycle length compared to controls; in addition, they lack the proliferative burst that
normally occurs before gastrulation. These two modes of regulating cell proliferation
allow the aggregated embryos to reach a normal size and cell number before E7.0
(Buehr and McLaren, 1974; Lewis and Rossant, 1982) and then to gastrulate.
Conversely, undersized mouse embryos generated by removing one or two blastomeres
from the 4-cell stage preimplantation embryo, form blastocyst with a significantly
reduced number of inner cell mass cells. Post-implantation embryos derived from these
reduced embryos are approximately half-sized and show a delay in gastrulation. These
embryos have to sustain a prolonged proliferative burst until reaching the 1000 cells
before the initiation of the gastrulation (Power and Tam, 1993). Another study on size
regulation in the mammalian embryo examined the response to reduced cell number in
the early post-implantation embryo, an experimentally more refractory stage. Following
treatment with mitomycin to inhibit cell proliferation, E7.0 embryos, with ~80% of their
cells eliminated, could still recover and complete the gastrulation (Snow and Tam, 1979),

although an extended period of time is required before gastrulation.

In organ development, size control and organ morphology are tightly correlated as
demonstrated through extensive genetic studies. In Drosophila, the hindgut is the first
asymmetric organ that forms during embryogenesis. In pebble and string mutants, which
show no blastoderm mitosis and reduced cell number, the hindgut still forms
asymmetrically, though some embryos display inversion of the left/right asymmetry
(Hartenstein and Posakony, 1990; Nakamura et al., 2013). A detailed analysis of string

mutants shows that ~20% of the mutant embryos display morphological defects.
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Mutations on E-Cadherin and MYolA also affect left/right asymmetry (Nakamura et al.,
2013). Perturbations of Dpp or Hh signaling significantly alter hindgut morphology. Dpp
positively regulates endoreplication during hindgut elongation. Mutations in Dpp
pathways result in severe morphology phenotypes, while Hh mutants have a smaller gut
size with twisted left/right morphology (Takashima and Murakami, 2001). In wing
development, Dpp is essential for stimulating cell proliferation (Rogulja and Irvine, 2005).
Ectopic expression of Dpp is sufficient to drive wing growths and this growth can be

organized into partial wing duplications (Zecca et al., 1995).

Hippo signaling is always the central regulator when comes to organ growth and size
expansion. Later studies also define important roles of the Hippo pathway in tissue
morphogenesis (Pan, 2010). In mouse cardiac development, loss of Hippo pathway
components SAV1 leads to substantial cardiomegaly (Heallen et al., 2011). The change
of myocardium thickness and heart size is due to the over-proliferation of
cardiomyocytes in the absence of SAV1 (Heallen et al., 2011). Conversely, loss of YAP
in early development or cardiac muscle leads to severe myocardium hypoplasia with
severely reduced cardiomyocyte proliferation (von Gise et al., 2012; Xin et al., 2011). In
eye development, knockdown of YAP results in reduced eye size in zebrafish (Jiang et
al., 2009). Deletion of YAP in the lens at E14.5 leads to severe atrophy due to lens fiber
(LF) defect and the hypocellularity in the lens epithelium (LE) in mouse embryos (Cvekl
and Duncan, 2007). LE cells are progenitor cells and YAP is required to maintain the
self-renew of LE cells (Menko, 2002). YAP-null LE cells exit from the cell cycle and
differentiate into LF cells, causing a reduced LE cell pool important for replacing new LF
cells (Song et al., 2014). In kidney development, knockout of YAP in cap mesenchyme,
which develops into nephrons, leads to dramatic reductions in Henle’s loop, glomeruli,

and proximal tubule formation (Reginensi et al., 2013). Knocking out CDC42, an
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activator of YAP/TAZ during kidney development shows phenotypes similar to YAP

knockout (Reginensi et al., 2013).

Taken together, cell proliferation is regulated by a series of conserved signaling
pathways to coordinate the size expansion with tissue patterning and morphogenesis. It
is not uncommon to see reduced embryo size from mutations on these signaling
pathways. However, the caveat of these studies is that these signal pathways control too
many things that it is hard to tease out other defects and focus primarily on cell
proliferation. Therefore, studies targeting cell-cycle-related proteins will be potentially
more informative to look at how the cell cycle could affect embryogenesis or organ

development, which will be discussed in the next section.

Section 2 Cell Cycle

2.1 Overview of Cell Cycle
Cell cycle is a ubiquitous and complex process indispensable for cell proliferation and

tissue growth. The cell cycle can be morphologically divided into two parts, the
interphase stage, which usually occupies more than 90% of the time during the cell
cycle, and the M (mitosis) stage for cell division. The interphase contains G1, S, and G2
phases while the M phase can be subdivided into prophase, metaphase, anaphase, and
telophase. S phase and M phase are two periods when the major cell cycle events
happen: nascent DNAs are synthesized in the S phase, while the duplicated genomes
are evenly distributed when the mother cell is dividing in the M phase. The G1 and G2
phases of the cell cycle are the “gaps” occurring between the S phase and M phase. In
the G1 phase, proteins required for DNA replication are synthesized and cells are
prepared for the S phase. The G2 phase is the second gap to prepare cells entering the

M phase. Incompletely replicated genomes or any DNA damages will trigger the damage
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responses to cause a delay in G2/M transition or even cell cycle arrest in the G2 phase.
Cells that are not in the active cell cycle but with the potential for division are referred to
as GO cells such as hepatocytes. However, the concept of GO has later been loosely,
and probably incorrectly applied to any terminally differentiated cells including adult

neurons and epidermis.

The cell cycle is tightly regulated by a large group of proteins (Figure 1.18). The cyclin-
dependent kinases (CDKs) and the paired cyclin proteins are the central players in this
process (Morgan, 1997). These proteins regulate the cell cycle progression and are also
regulated by a peripheral protein network. Dysregulated cell cycle is frequently seen in a
broad spectrum of neoplasia and tumors and has always been a research hot spot in the
cancer field. In embryo development, the cell cycle is also regulated by a series of
developmental genes, mostly transcription factors critical for lineage specification and
embryo patterning. In this section, we will first discuss the principles of cell cycle
regulation in a generic view, primarily in multicellular eukaryotes. Then we will discuss
how the cell cycle is regulated in the context of developmental biology. Finally, we will
provide examples showing how the cell cycle is involved in cell fate determination in the
context of pluripotent stem cell differentiation, cell trans-differentiation, and cell

reprogramming.

2.2 Cell cycle regulation

2.2.1 CDKs and cyclins: the major players of cell cycle progression
The cell cycle is primarily catalyzed by the CDK-cyclin complexes. CDKs are a group of

serine/threonine protein kinases activated at specific time points in the cell cycle (Pines,
1995). In single-cell eukaryotes such as yeast, cell cycle progression is governed by one

CDK paired with cyclins. Cyclins are named due to their cyclic expression during the cell
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cycle (Darzynkiewicz et al., 1996). In multicellular eukaryotes, multiple CDKs and cyclins
are identified. Cyclins are important for binding and phosphorylating CDKs to activate
CDKs activities (Darzynkiewicz et al., 1996; Pines, 1991). Therefore, CDKs can be
activated only at specific times due to the cyclic expression of the cyclins. We will talk

about the activities of CDK-cyclin complexes in a time-specific manner during the cell

cycle.
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Figure1.18 Regulation of cell cycle by CDK-cyclin complexes. The CDK-cyclin
complex activity is also regulated by CDK inhibitors. Adapted from (Bury et al., 2021).

G1 phase

In the mid/late G1 phase, the cyclin D/CDK4/6 phosphorylates pRB, the retinoblastoma
tumor suppressor protein (Connell-Crowley et al., 1997; Lees et al., 1991; Zarkowska
and Mittnacht, 1997). The hypophosphorylated pRB binds to the E2F transcription factor
and represses transcription (Bandara and La Thangue, 1991; Chellappan et al., 1991;
Chittenden et al., 1991). Phosphorylation of pRB by CDK4/6-cyclin D releases E2F,
initiating the transcription of genes required for the G1/S transition (Arroyo and
Raychaudhuri, 1992; Mudrak et al., 1994). RB remains hyperphosphorylated through the

rest of the cell cycle until the end of the mitosis (Weinberg, 1995). The p16 family,
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including p15, p16, p18, and p19 are the inhibitors of CDK4 and CDK6. The p16 family
proteins bind to CDK4/6 and prevent the phosphorylation of and inactivation of pRB
(Guan et al., 1994; Hirai et al., 1995; Kamb et al., 1994; Serrano et al., 1993; Washimi et

al., 1995).

Studies in mammals have been focusing on the requirement of CDK4/6-cyclin D in the
G1/S phase transition. Cdk4” mouse embryonic fibroblasts (MEFs) initially divided
normally. However, the S phase entry is delayed when cells re-enter the cell cycle from
the quiescence (Tsutsui et al., 1999). Cdk4 null mice are viable but smaller than wildtype
mice, with defects in endocrine tissues leading to diabetes and infertility (Rane et al.,
1999; Tsutsui et al., 1999). Cdké6 null mice are viable and are of normal size but develop
hypoplasia in the spleen and thymus (Malumbres et al., 2004). Cdk6”- MEFs can
proliferate normally, but Cdk6™ T lymphocytes display a delayed response to mitogens
after cell arrest (Malumbres et al., 2004). These results suggest that genetic depletion of
Cdk4 or Cdk6 shows tissue-specific effects in mice and Cdk4 is more important than
Cdk6. Meanwhile, these studies also point out that the functions of CDK4 and CDKG6 can
be substituted, although only partially, by other CDKs in the single knockout mice to
promote G1/S transition. The Cdk4/6 double knock-out mice die shortly after birth and
display major defects in the hematopoietic system, suggesting that CDK4/6 is not
important for embryogenesis (Malumbres et al., 2004). Although Cdk4/6 null MEFs can
exit from quiescence, the cell cycle re-entry from quiescence is delayed (Malumbres et
al., 2004). pRB phosphorylation in Cdk4/6 null MEFs seems to be partially achieved by
the pairing of CDK2-cyclin D2 (Malumbres et al., 2004). Inhibiting CDK2 by shRNA
completely blocks the cell proliferation of Cdk4/6 null cells, suggesting that CDK2
becomes essential for pRB phosphorylation and cell cycle progression in the absence of

CDK4/6 (Malumbres et al., 2004).
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Mice without cyclin D1 are viable with reduced size (Sicinski et al., 1995). Ccnd1 null
mice display proliferation defects in the retina and mammary epithelium, which is
completely different from Cdk4 null mice (Rane et al., 1999; Sicinski et al., 1995; Tsutsui
et al., 1999). In Ccnd2 null mice, ovarian granulosa cells do not respond to follicle-
stimulating hormone (FSH) (Sicinski et al., 1996). Although Cdk4 null mice also display
ovarian follicular defects, the phenotype is not similar to Ccnd2 null mice (Rane et al.,
1999; Sicinski et al., 1996; Tsutsui et al., 1999). These tissue-specific defects probably
reflect the relative abundance of these cyclin D members in different tissues. Depleting
all D-type cyclins in mice leads to embryonic lethality before E17.5 of gestation (Kozar et
al., 2004). These embryos die with severe anemia and cardiac output failure (Kozar et
al., 2004). Since most tissues and organs are formed prior to E13.5, this may indicate
that cyclin D family proteins are not essential for embryogenesis. However, D-type
cyclins are essential for the expansion of hematopoietic stem cells as a deficiency in
hematopoiesis is observed in embryos losing all D-type cyclins (Kozar et al., 2004).
While other non-hematopoietic tissues can still proliferate in the absence of all D-type
cyclins (Kozar et al., 2004). Meanwhile, since CDK4/6 exclusively pairs with cyclin D,
cells null for all D-type cyclins should be resistant to p16™?, an inhibitor of CDK4 and
CDKG (Serrano et al., 1993). Indeed, introduction of p16™K@ by retroviral infection into
cyclin D null MEFs does not affect cell proliferation, whereas p27¥"', an inhibitor of
CDK4/6 and CDK2 (cyclin A and cyclin E-dependent kinase) blocks cell proliferation in
MEFs without any D-type cyclins (Kozar et al., 2004; Polyak et al., 1994a; Polyak et al.,
1994b; Toyoshima and Hunter, 1994). Like in Cdk4/6 null cells, CDK2 is important for
driving cell proliferation in Ccnd1’-Cend2”Ccnd3™ cells. Knockdown experiments using
siRNAs against CDK2 block cell proliferation in cyclin D null MEFs but not wildtype

MEFs (Kozar et al., 2004). The cyclin A/E-dependent phosphorylation of pRB is
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sufficient for cell cycle progression in the absence of all cyclin D genes (Kozar et al.,
2004). Taken together, these studies suggest that tissue-specific proliferation-associated
defects occur in cyclin D, CDK4, or CDK6 null mice. All three D-type cyclins and CDK4/6
are not essential for the G1/S phase transition in most cell types in mice, as their

functions can be mostly compensated by CDK2 and cyclin A/E.

S phase

The CDK2 and its paired cyclin A/E are found to be required for G1/S transition and
progression through S phase (Ohtsubo et al., 1995; Pagano et al., 1993; Pagano et al.,
1992; van den Heuvel and Harlow, 1993). The E2F activity, which is essential for the
G1/S phase transition, is terminated by cyclin A/CDK2 phosphorylation, which probably
results from its inability to bind the chromatin (Dynlacht et al., 1994; Krek et al., 1994).
Loss of E2F binding guarantees the completion of the S phase as constitutive E2F
binding to chromatin leads to S phase delay or arrest (Krek et al., 1995). Sequestering
cyclin A or E by neutralizing antibodies, or introducing dominant-negative CDK2 mutants
in cultured human cells blocks the S phase progression (Ohtsubo et al., 1995; Pagano et
al., 1993; Pagano et al., 1992; van den Heuvel and Harlow, 1993). In mouse studies,
CDK2 null mice are small, viable but sterile, indicating the role of CDK2 in germ cell
development and meiosis (Berthet et al., 2003; Ortega et al., 2003). Cdk2"- MEFs can
proliferate but the S phase entry is delayed (Berthet et al., 2003; Ortega et al., 2003).
Depleting CDK2 in human tumor cells using RNAi does not disrupt mitotic cell cycle
progression, suggesting that the role of CDK2 in somatic cells can be compensated by
other CDKs (Tetsu and McCormick, 2003). In frog embryos, CDK1-cyclin B can promote
S phase progression by artificially promoting nuclear entry of cyclin B, indicating that the

CDK1 may assume the functions of CDK2 in the S phase (Moore et al., 2003).
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In contrast to the loss of CDK2, depleting cyclin A2 results in developmental arrest
shortly after implantation (Murphy et al., 1997; Winston et al., 2000). Cyclin A2 is
necessary for both the G1/S and G2/M transitions, as well as centrosome and DNA
replication (Girard et al., 1991; King et al., 1994; Knoblich and Lehner, 1993; Pagano et
al., 1992). Expression of cyclin A1 is restricted to germ cells and cannot compensate for
the loss of cyclin A2 (Howe et al., 1995; Murphy et al., 1997; Sweeney et al., 1996). Loss
of cyclin A1 results in infertility in males, but not in females (Liu et al., 1998). Increased
germ cell apoptosis, defective desynapsis, and reduced levels of CDK1 activity are
observed in cyclin A1-deficient mice (Liu et al., 1998). Deletion of cyclin E1 or E2 can be
tolerated by animals (Geng et al., 2003). Cyclin E1-deficient mice appear normal,
suggesting that the function of cyclin E1 is fully compensated by other cyclins (Geng et
al., 2003). Half of the CcneZ2 null males, however, are infertile due to testicular atrophy,
suggesting that cyclin E2 is involved in meiosis and germ cell development (Geng et al.,
2003). Deletion of both cyclin E genes, however, leads to no embryogenesis in uterus
(Geng et al., 2003). Further rescue experiments in placenta indicate that the cyclin E is
critical for the endoreduplication of the trophoblast giant cells inside the placenta, which
is required for embryogenesis (Geng et al., 2003). The embryonic cells, however, do not
require cyclin E for normal proliferation (Geng et al., 2003). It is not clear why
trophoblasts specifically required cyclin E. Studies in Drosophila salivary glands provide
some hints to this question. Multiple rounds of DNA synthesis can occur in Drosophila
salivary glands without mitosis (Rudkin, 1972; Smith and Orr-Weaver, 1991). Chromatin
competent for replication is marked by the presence of minichromosome maintenance
(MCM) proteins (Su and O'Farrell, 1997). MCM binds to DNA prior to the S phase and
disengages from DNA during S phase (Su and O'Farrell, 1997). Cyclin E promotes the
loading of MCM proteins onto chromatin before the initiation of DNA synthesis

undergoing endoreduplication (Su and O'Farrell, 1998). Therefore, MCM cannot bind to
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chromatin in the absence of cyclin E (Su and O'Farrell, 1998). In support of this, the
cyclin E-/- MEFs cannot load MCM proteins onto chromatin after serum stimulation
(Geng et al., 2003). However, it seems that only cells undergoing endoreduplication rely
on cyclin E-dependent MCM loading. This function of cyclin E is exclusive and cannot be

substituted by other cyclins such as cyclin A.

G2/M phase

The G2/M transition and M phase progression in multicellular eukaryotes requires cyclin
A2 and B1 paired with CDK1. CDK1 is the most essential gene as no viable CDK1-/-
cells are produced. RNAi-mediated knockdown of CDK1 in HeLa cells displays cell cycle
arrest right before spindle formation (Harborth et al., 2001). Cyclin A2 is required at the
G1/S transition and during mitosis (King et al., 1994; Knoblich and Lehner, 1993;
Pagano et al., 1992). The embryonic lethality of cyclin A2-deficient embryos may be due
to loss of either or both functions (Murphy et al., 1997; Winston et al., 2000).
Microinjection of cyclin A/CDK2 promotes mitotic entry of human G2 phase cells while
injecting cyclin A-specific antibodies after S phase prevents mitosis progression (Furuno
et al., 1999; Pagano et al., 1992). In Drosophila cells, depleting maternal cyclin A causes
cell cycle arrest in G2 phase (Knoblich and Lehner, 1993). Cyclin B1/CDK1 complex is
involved in the suppression of RNA polymerases, which is important for mitotic
transcriptional suppression. Cyclin B1/CDK1 phosphorylates the promoter selectivity
factor SL1, which is required for Pol | gene expression (Heix et al., 1998). In RNA
Polymerase lll, one of the subunits of the basal transcription factor TFIIIB is
phosphorylated by cyclinB1/CDK1 (Gottesfeld et al., 1994). Cyclin B2 is highly
expressed during spermatogenesis in germ cells (Brandeis et al., 1998). Disruption of
cyclin B2, however, does not cause reproductive abnormalities in mice (Brandeis et al.,

1998). Instead, cyclin B1 turns out to be the essential factor for spermatogenesis, as
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shown by the phenotype of cyclin B1 null mice (Brandeis et al., 1998). These studies
indicate that cyclin B1 is able to compensate for the absence of cyclin B2, not vice versa.
A number of CDK1-cyclin B substrates have been identified as being critical for mitosis
(Ubersax et al., 2003). One of the most important targets is the anaphase-promoting
complex (APC), which is also the substrate of CDK2-cyclin A (Ohtoshi et al., 2000; Zou
et al., 1999). Phosphorylation of APC leads to the degradation of certain proteins
including securin, an inhibitor of the sister chromatid separation (Zou et al., 1999). Emi1,
an inhibitor of APC, is accumulated in cells starting from late G1 and remains high
through G2 (Reimann et al., 2001). Entry into mitosis requires the destruction of Emi1
(Reimann et al., 2001). Failure of Emi1 destruction stabilizes APC substrates, leading to
mitotic catastrophe (Margottin-Goguet et al., 2003; Reimann et al., 2001). It has been
shown that Emi1 destruction requires poly-ubiquitination by SCF-E3 ligase (Margottin-
Goguet et al., 2003). Phosphorylation of Emi1 by Cyclin B/CDK1 stabilizes the
association between Emi1 and the BTrCP, the adaptor protein inside the E3 ligase,
therefore promoting the poly-ubiquitination and destruction of Emi 1 (Margottin-Goguet
et al., 2003). Chromosomal localization of condensin, a multi-subunit protein complex, is
also phosphorylated by CDK1-cyclin B in Xenopus and humans, which is crucial for
promoting chromosome condensation in vitro (Hirano et al., 1997; Hirano and Mitchison,

1994; Kimura et al., 2001; Kimura et al., 1998).

2.2.2. Homeobox genes: a set of cell-cycle modulators in development
Homeobox genes are among the most well-studied genes during embryonic

development. These genes encode a large family of transcription factors featuring a
well-conserved DNA-binding motif (usually containing 60 amino acids) known as
homeodomain (HD) (Scott et al., 1989). The homeobox genes were initially identified in

Drosophila, where mutants show defects in body segmentation (Gehring et al., 1994;
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Scott et al., 1989). In mammals, 39 Hox genes are identified as the closest vertebrate
homologs of the genes initially identified in Drosophila (Tupler et al., 2001). For the past
two decades, numerous amounts of work have demonstrated the central role of
homeobox genes in embryonic development ranging from early embryo patterning to
organogenesis and cell-type specification. In addition to these traditional work,
homeobox transcription factors are also found to be involved in controlling cell
proliferation by modulating cell-cycle-related proteins. As cell proliferation must be tightly
controlled and coordinated with pattern signals and morphogenetic movements for
normal development, it is not surprising to see the homeobox transcription factors,
despite determining lineage specification and tissue patterning, are also the master

regulators of cell proliferation during the development.

The patterning and morphogenesis of the anterior neural plate is the most well-
characterized context for investigating the role of Homeobox transcription factors in
controlling cell proliferation in vertebrates (Wilson and Houart, 2004) (Figure 1.19). The
anterior neural plate develops into the forebrain, which gives rise to part of the central
nervous system including the telencephalon, eyes, and diencephalon (Wheeler et al.,
2005). Cells from the anterior neural plate need to undergo extensive cell proliferation in
order to expand the tissue size large enough for differentiation and morphogenesis
(Hartenstein, 1993; Korzh et al., 1993). In this region, the concomitant expression of a
few transcription factors, such as Rx and Six3 are required for anterior fate specification
and promoting cell proliferation (Andreazzoli et al., 2003; Bovolenta et al., 1998;
Casarosa et al., 2003; Kobayashi et al., 1998; Loosli et al., 1998; Oliver et al., 1995; Seo
et al., 1998; Zhou et al., 2000). Rx genes are broadly expressed in hon-amniote and
amniote vertebrates including Xenopus, zebrafish, chick, and mouse (Casarosa et al.,

1997; Furukawa et al., 1997; Loosli et al., 2003; Loosli et al., 2001; Mathers et al., 1997;
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Ohuchi et al., 1999). Gain-of-function studies in Xenopus demonstrate that Rx genes are
essential for maintaining the proliferative state of anterior neural plate cells (Andreazzoli
et al., 2003; Casarosa et al., 2003). Overexpressing xrx1, one of the Rx gene family
members, is sufficient to induce expanded expression of cyclin D1 and increased cell
proliferation (Andreazzoli et al., 2003). Meanwhile, Xrx1 also has the capacity to restrict
the expression of p27, an inhibitor of cyclin-dependent kinases (CDKs)(Andreazzoli et
al., 2003; Polyak et al., 1994b; Toyoshima and Hunter, 1994). This function has not been
clearly tested in other model organisms yet due to the early effects on morphogenesis
and eye organogenesis occurring before later defects in autonomous functions in loss-
of-function experiments (Mathers et al., 1997). In mice, conditional knock-out of Rx in
early retinal progenitors leads to reduced cell proliferation and changes in cell fate,
indicating Rx is important for maintaining the retinal progenitor pool (Rodgers et al.,
2018). However, the detailed mechanism regarding how Rx regulates cell cycle in retinal

progenitor cells is unknown.

Homeobox transcription factors Six3 and Six6 play a similar role in controlling cell cycle
progression in the anterior neural plate and other central nervous system regions. Both
genes belong to the Six/sineoculis family and are considered to be the orthologue of the
Drosophila gene optix (Kawakami et al., 2000; Kobayashi et al., 1998; Oliver et al., 1995;
Seimiya and Gehring, 2000). Six3 is expressed in the anterior neural plate and the
presumptive eye field (Bovolenta et al., 1998; Kobayashi et al., 1998; Loosli et al., 1998;
Oliver et al., 1995; Seo et al., 1998; Zhou et al., 2000). Overexpressing six3 in medaka,
a Japanese rice fish, leads to ectopic induction of eyes and retinal hyperplasia (Loosli et
al., 1999). Gain-of-function test in zebrafish also shows enlarged rostral forebrain in
response to six3 overexpression (Kobayashi et al., 1998). Six6 expression is detected in

retinal progenitor cells, ventral hypothalamus, and pituitary precursors (Jean et al., 1999;
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Lopez-Rios et al., 1999; Toy et al., 1998). Overexpression of Six6 promotes cell
proliferation in the developing eye (Zuber et al., 1999). Six3 and Six6 are considered to
act as transcriptional repressors (Kobayashi et al., 2001; Lopez-Rios et al., 2003; Zhu et
al., 2002). The CDKs inhibitor p27kip1 is identified as the potential target of Six3 and
Six6, given the fact that p27kip1 is upregulated in Six6 null retinal cells and the cell

proliferation is reduced (Li et al., 2002).

The Chx10, a paired-like homeodomain/CVC domain-containing transcription factor, is
exclusively expressed in the proliferating neuroblasts of the neuroretina and plays a
pivotal role in promoting cell proliferation (Chen and Cepko, 2000; Levine et al., 1997;
Liu et al., 1994). Mutations in Chx70 cause severe hypoplastic neuroretina in mice
without affecting cell fate specification and differentiation (Burmeister et al., 1996; Green
et al., 2003; Liu et al., 1994). Cells with Chx10 mutation have extended cell cycle
progression due to delayed G1 phase (Green et al., 2003). Studies show that Chx10
regulates p27Kip activity in a post-transcriptional mechanism (Green et al., 2003). The
Chx10 mutant can be rescued by introducing p27Kip1, indicating a genetic regulation
between a homeobox gene and a cell cycle inhibitor (Green et al., 2003). It remains

unclear what is the direct target of Chx10 in regulating p27Kip1 activity.

In contrast to the genes mentioned above, which promote cell proliferation, Prox1, plays
a negative role in cell proliferation. Prox1 is the vertebrate orthologue of the Drosophila
Prospero, which is required for asymmetric cell division and cell cycle exit (Jan and Jan,
2001; Li and Vaessin, 2000). Prospero represses transcription of the central cell cycle
genes including cdc25, cyclin E, and cyclin A in Drosophila (Jan and Jan, 2001; Li and
Vaessin, 2000). In vertebrates, Prox1 expression precedes the CDKs inhibitors such as

p27Kip1 and p57Kip2 and is involved in promoting cell cycle exit (Dyer et al., 2003). The
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detailed molecular basis, including whether Prox1 plays a direct role in cell cycle exit

remains to be investigated.
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Figure 1.19 Homeobox genes controlling cell proliferation during anterior neural plate
development. Adapted from (Del Bene and Wittbrodt, 2005).

Outside the central nervous system, there are a number of examples showing the role of
homeobox genes in regulating cell cycle. Homeobox genes Msx7 and Msx2 are crucial
for the embryonic mammary gland development (Chen and Sukumar, 2003; Visvader
and Lindeman, 2003). Both genes are expressed in the epithelium of the developing
mammary bud and have partially redundant functions (Chen and Sukumar, 2003;
Phippard et al., 1996; Visvader and Lindeman, 2003). Msx1, Msx2 double mutant mice
display developmental arrest of the mammary gland (Satokata et al., 2000).
Overexpression of Msx1, however, leads to failure in normal differentiation of mature
lobule-alveolar tubule-alveolar structures (Hu et al., 2001). It has been proposed that the
Msx1 may inhibit terminal differentiation by preventing cell cycle exit and cyclin D1 might
be the primary target of Msx1 (Hu et al., 2001). Consistent with this idea, overexpressing
Msx1 in the mammary gland leads to impaired differentiation of multiple mesenchymal
and epithelial cell types with increased cyclin D1 and CDK4 activity (Hu et al., 2001).
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Intriguingly, Msx1 overexpression does not increase cell proliferation and the cyclin D1 is
not directly activated by Msx1. These results suggest that the relationship between Msx1

and cell cycle is more complex than initially expected and worth more investigation.

In skeletal muscle regeneration, satellite cells compose the stem cell pool, re-entering
the cell cycle to proliferate and repair the tissue (Seale et al., 2001). Once the repair
process is done, some of these cells become quiescent again without terminal
differentiation, maintaining their stem-cell property (Seale et al., 2001). It has been
shown that the Pax7, a homeobox transcription factor, is required for maintaining the
satellite cell pool (Seale et al., 2000). Mice lacking Pax7 do not form satellite cells while
overexpressing Pax7 forces proliferating myoblasts to exit the cell cycle and repress
myogenic markers like MyoD (Olguin and Olwin, 2004; Oustanina et al., 2004; Seale et
al., 2000). These results indicate that the right dosage of Pax7 is crucial for maintaining
the stem cell population. It does not show, however, which cell cycle genes are the
potential target of Pax7. Another homeobox gene Gax is expressed in adult vascular
smooth muscle and embryonic cardiac, smooth and skeletal muscle (Gorski et al., 1993;
Skopicki et al., 1997). Gax is downregulated in the GO/G1 transition in response to the
mitogenic activation in in vitro experiments (Gorski et al., 1993). The Cdk inhibitor
p21Cip1 is implicated as the direct target of Gax (Gorski and Leal, 2003; Smith et al.,
1997). Under normal conditions, Gax maintains the quiescent state of the cells via direct
activation of p21Cip1 (Gorski and Leal, 2003; Smith et al., 1997). In tissue regeneration,
the Gax expression is decreased in response to vascular injury, and cell proliferation is

activated for tissue repair (Gorski et al., 1993).

Since the homeobox genes encode transcription factors, it is very natural to think that

the cell-cycle regulation by homeobox transcription factors occurs only at the
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transcriptional level, either through activation or repression of cell cycle genes. These
transcription factors can act more directly through protein-protein interaction. For
example, the homeobox protein TIx1 (also known as Hox11), which is required for
spleen development, physically interacts with the protein phosphatases PP2A and PP1
(Kawabe et al., 1997). Yeast two-hybrid experiments show that TIx1 directly binds to the
catalytic subunit of PP2A and PP1 (Kawabe et al., 1997). This interaction is further
validated in Jurkat cells (Kawabe et al., 1997). In Xenopus oocytes and mammalian
cells, overexpression of tix1 releases the G2 arrest, which can also be achieved by
selectively inhibiting PP2A and PP1 via okadaic acid treatment (Kawabe et al., 1997).
During cell cycle, PP2A and PP1 dephosphorylate and inactivate Cdc25 family proteins,
which are required for the activation of the Cdk1/Cyclin B complex that is essential for
the G2/M transition (Perdiguero and Nebreda, 2004). Some homeobox transcription
factors like Six3 and Six6 adopt a novel mechanism regulating the cell cycle by direct
binding to and inhibiting the cell cycle modulator Geminin (Bene et al., 2004; Luo et al.,
2004). Gemini is identified in two independent and parallel screens that in one screen,
Geminin can arrest cell cycle by inhibiting the initiation of S-phase (McGarry and
Kirschner, 1998). Whereas in the other screen, Geminin is shown to induce premature
neural cell differentiation (Kroll et al., 1998). Geminin inhibits S-phase initiation by
sequestering Cdt1, a key component of the pre-replicative complex (Tada et al., 2001;
Wohlschlegel et al., 2000). Two independent yeast two-hybrid screen shows that
Geminin physically binds with Six3 and other Hox proteins (Luo et al., 2004; Tessmar et
al., 2002). In medaka, the Geminin and Six3 act in an antagonistic manner to regulate
cell proliferation in the early-stage eye development (Bene et al., 2004). Overexpressing
Geminin phenocopies the Six3 loss-of-function mutant, whereas inhibiting Geminin
promotes the proliferation of retinal progenitor cells, similar to the Six3 overexpression

(Bene et al., 2004; Loosli et al., 1999). Studies have shown that Geminin binds to Hox
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proteins, preventing Hox proteins from binding to DNA (Luo et al., 2004). On the other
hand, Hox proteins can displace Geminin from Cdt1, suggesting a bi-directional
regulation between cell cycle and Hox proteins (Luo et al., 2004). Interestingly, in a
screen for human cDNAs that can rescue budding yeast from lethality caused by ectopic
expression of human cyclin E, they isolated a cDNA encoding ESXR1 (Ozawa et al.,
2004). EXSR1 is a paired-like homeobox gene mainly expressed in the placenta and
testis in human (Fohn and Behringer, 2001). ESXR1 harbors a proline-rich repeat in its
C-terminal domain and mammalian cells, and the protein undergoes proteolytic cleavage
(Ozawa et al., 2004). The C-terminal fragment stays in the cytoplasm and arrests cells in
the M-phase by inhibiting the degradation of ubiquitinylated cyclins. While the N-terminal
fragments containing the HD translocate to the nucleus and may act as a transcription
factor (Ozawa et al., 2004). These results show that a single homeobox protein may
have the capacity to “multitask” at the same time to coordinate developmental patterning

and proliferation.

2.3 Cell cycle and cell fate determination

2.3.1 G1 phase: The major time window of differentiation signal exposure
The G1 phase is the time window for cells to get exposed to induction signals. In

Dictyostelium development, amoeba becomes pre-spore cells if they sense starvation in
the G1 phase (Gomer and Firtel, 1987). The duration of the G1 phase can vary among
different cell types. In peri-implantation embryos, pluripotent stem cells (PSCs) have a
shorter cell cycle length, primarily due to the shorter G1 phase. As cells differentiate into
germ layer species, the G1 phase is extended and so does the total cell cycle (Lawson
and Pedersen, 1992; Mac Auley et al., 1993; Snow and Bennett, 1978). This trend is
also applied in cultured PSCs in that PSCs undergo rapid cell division with truncated G1

phase and G2 phase (Boward et al., 2016). Consequently, PSCs spend more than half
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of the time in the S phase. When cells differentiate into other lineages, the G1 phase
lengthens, increasing the cell cycle duration (Boward et al., 2016). The change of cell
cycle duration is primarily due to the altered regulation of CDK activity (Faast et al.,
2004; Stead et al., 2002; White et al., 2005). The prevalent model explaining the
relationship between pluripotency and cell division proposes that the low G1-phase/high
S-phase maintains pluripotency by limiting the G1 time window when cells get exposed
to differentiation signals. This model is partially supported by studies showing that
inhibiting CDK activity to selectively extend the G1 phase in human PSCs leads to
spontaneously differentiation of the PSCs (Neganova et al., 2009; Ruiz et al., 2011).
However, inhibiting CDK activity in mouse ESCs has no impact on the spontaneous
differentiation (Li et al., 2012). Whether these differences may be organism or cell-line

specific remains to be determined.

The fact that PSCs respond to specification signals in the G1 phase has been
demonstrated for a long time (Mummery et al., 1987; Pierce et al., 1984; Wells, 1982).
However, it is not until the development of the fluorescence ubiquitin cell cycle indicator
(FUCCI) reporter system that people can start to directly visualize this process in a
detailed manner (Sakaue-Sawano et al., 2008). It has been shown that the mesoderm
and endoderm lineage commitments occur in the early G1 phase, whereas ectoderm is
specified only in the late G1 phase (Pauklin and Vallier, 2013). Such difference is due to
the elevated activity of SMAD2/3 activity in the early G1 phase and the inactivation of
SMAD2/3 in the late G1 phase ((Pauklin and Vallier, 2013). The inactivation of SMAD2/3
at a late stage is dependent on the CDK4/6-cyclin D activity (Pauklin and Vallier, 2013).
These experiments demonstrate how lineage specification is partitioned into different
stages of the G1 phase. Another study focuses on changes of epigenetic events during

cell cycle (Singh et al., 2015). In human PSCs, researchers find that the H3K4
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trimethylation (H3K4me3) level in bivalent domains of developmental genes is increased
in the G1 phase, while the level of repressive H3K27me3 remains constant throughout
the cell cycle (Singh et al., 2015). Consistent with this observation, the developmental
genes with increased H3K4me3 become transcriptionally competent in the G1 phase,
suggesting that these genes are primed for activation in G1 phase and can be triggered
whenever the proper upstream signaling is on (Singh et al., 2013). Chromatin
conformation-capture (4C) assays show the formation of DNA loops connecting distal
enhancers with proximal promoters concomitant to the G1-specific epigenetic changes
and increased CDK2 activity (Singh et al., 2015). These results indicate a synergistic
effect of epigenetics, chromosome architecture, and transcription factor recruitment for
priming developmental genes for G1-specific differentiation. These activities may
potentially be coordinated by CDKs. The Cyclin D activity is also involved in G1-specific
cell fate determination in a CDK-independent manner (Pauklin et al., 2016). Cyclin D is
able to independently recruit transcriptional co-activators and co-repressors to target
developmental genes in the late G1 phase (Pauklin et al., 2016). In ectoderm
differentiation, cyclin D1 recruits the co-activator p300 to ectoderm genes and increases
H3K4me3 at these genes. Recruitment of cyclin D1 is dependent on SP1 (Pauklin et al.,
2016). In endoderm differentiation, the p300 is initially recruited to the target genes at
the early G1 phase when cyclin D1 is absent. When cyclin D1 accumulates in late G1, it
recruits histone deacetylases (HDACSs) to replace p300, leading to increased repressive
H3K27me3 and decreased histone acetylation on these genes. The cyclin D1
recruitment in endoderm is dependent on E2F (Pauklin et al., 2016). These results
suggest that the cyclin D1 can directly interact with transcription factors and the
mechanism of recruiting cyclin D1 is context-specific. In summary, these studies point
out that the cell fate decision and the cell cycle machinery are tightly linked, primarily

through epigenetic modifications.
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2.3.2 Mitotic advantage in nuclear reprogramming and cell identity switching
In contrast to the G1 phase, which plays important role in cell fate decision during cell

differentiation. Mitosis opens a time window for efficient reprogramming of terminally
differentiated cells (Campbell et al., 1996; Egli et al., 2008; Halley-Stott et al., 2014;
Soufi et al., 2012; Soufi et al., 2015). In M phase, most transcription-associated factors
are dissociated from the chromatin (Egli et al., 2008; Gottesfeld and Forbes, 1997;
Spencer et al., 2000). Global histone acetylation also disappears during mitosis, while
many repressive histone methylations are retained (Kruhlak et al., 2001; McManus and
Hendzel, 2006). The whole-genome landscape seems to be reset and ready for
rewriting. It has been shown that the condensed chromatin structure in M phases is
favored by reprogramming factors like OCT4, SOX2, and KLF4 (Soufi et al., 2012; Soufi
et al., 2015). These factors preferentially access to closed chromatin, facing less
competency during M phase (Soufi et al., 2012; Soufi et al., 2015). One hypothesis is
that these reprogramming factors bind to chromatin to mark the mitotic chromatin,
enabling gene priming immediately following exit from mitosis and prior to gene
reactivation. However, it is not known whether the priming of these factors is random or
regulated by other factors. It is hard to predict which genes will be prioritized for

activation after mitosis and whether they will be beneficial for acquiring pluripotency.

In studies of somatic nuclear transfer in Xenopus, using nuclei from actively dividing
cells promotes rapid cell cycle entry and progression, which is essential for embryo
development (Lemaitre et al., 2005). Permeabilizing mouse embryonic fibroblasts
(MEFs) to Xenopus mitotic egg extract, not interphase extract leads to decreased H3K9,
H3K4, and H4K20 di- and trimethylation as well as an increase in expression of

pluripotency-associated genes (Ganier et al., 2011). Using mouse fibroblast nuclei
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exposed to the mitotic extract for somatic cell nuclear transfer (SCNT) results in a 4-fold
increase in the reprogramming efficiency (Ganier et al., 2011). To understand why the
mitotic status of a donor nucleus can enhance the efficiency of cell reprogramming,
permeabilized adult mouse myoblast cells of different cell cycle stages are transferred
into Xenopus oocytes of which the nuclei have been removed (Halley-Stott et al., 2014).
These experiments show that transferring cells with nuclei in the late G2 or M-phase
leads to a robust increase in response to reprogramming factors in Xenopus oocytes
(Halley-Stott et al., 2014). The expression of pluripotency genes is up to 100 times faster
than observed with interphase donor nuclei (Halley-Stott et al., 2014). This phenomenon
is termed “mitotic advantage” (Halley-Stott et al., 2014). The mitotic advantage, however,
cannot be explained by histone acetylation, phosphorylation, or methylation (Halley-Stott
et al., 2014). It seems that the loss of ubiquitination on histones H2A and H2B is
necessary, but not sufficient to confer a mitotic advantage (Joo et al., 2007). Studies
using the cytoplasm of interphase cells from mouse two-cell stage embryos show that
somatic cells in SCNT can be reprogramed in the cytoplasm, as long as the donor
nucleus and recipient cytoplasm are synchronized (Kang et al., 2014). This suggests
that the mitotic advantage is a matter of cell cycle coordination, not the presence of
special proteins present in the recipient cytoplasm only, or a special chromatin
configuration of the donor nucleus. One explanation could be that the nuclear envelope
acts as the major barrier to cell synchronization, which is diminished in the mitosis and
therefore, promotes cell synchronization and cell reprogramming in SCNT (Blow and

Laskey, 1988; Campbell et al., 1993).

2.3.3 Cell cycle exit and terminal differentiation
Exit from the cell cycle in G1 phase is usually the prerequisite for terminal differentiation.

In most cases, terminal differentiation is linked to the upregulation of CDK inhibitors
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(CDKIs). CDKIs inhibit CDK activity during G1 phase and cause hypophosphorylation of
the retinoblastoma (RB) tumor suppressor protein family, repressing the E2F target
genes for further cell cycle activity (Bandara and La Thangue, 1991; Chellappan et al.,
1991; Chittenden et al., 1991). In general, the terminal differentiation and the cell cycle
progression are mutually antagonistic. In skeletal myogenesis, the myogenic
transcription factors like MYOD are inhibited by CDKs, keeping cells in an immature,
proliferative state (Guo and Walsh, 1997; Rao et al., 1994; Skapek et al., 1995). In
neurogenesis process, the CDKs inhibit pro-differentiation factors such as NGN2
(NEUROG2) (Hardwick and Philpott, 2014). On the other hand, MYOD, once expressed,
counteracts the impact of CDKs by activating the expression of genes encoding CDKIls
such as CIP1P?'and KIP2P*" (Busanello et al., 2012; Halevy et al., 1995; Parker et al.,
1995). Inhibiting CDKs leads to cell cycle arrest concomitant with the activation of
neurogenic events (Choksi et al., 2006; Li and Vaessin, 2000). In Drosophila
neuroblasts, the homeodomain transcription factor prospero inhibits expression of
central cell cycle genes such as Cyclin E and string, as well as activates transcription of
the CDKI gene dacapo, suggesting an inverse relationship between the cell cycle and
terminal differentiation (Choksi et al., 2006; Li and Vaessin, 2000). Therefore, the
balance of the CDK activity and transcription factor activity is crucial for cell fate

determination.

2.3.4 Cell cycle, not always required for cell fate changes
The cell cycle is tightly linked to cell fate decision in many cases. However, the cell cycle

is not always required for changing cell identity. Ectopic expression of NGN3
(NEUROG3), PDX1, and MAFA in mice lead to cell fate switch from exocrine to
endocrine pancreatic cells without cell proliferation (Zhou et al., 2008). Ectopic

expression of ASCL1, BRN2(POU3F2), and MYT1L in fibroblasts leads to trans-
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differentiation into neurons (Vierbuchen et al., 2010). Notably, ASCL1 drives adult
hippocampal stem cells to re-enter the cell from the quiescent state during
differentiation, whereas ASCL1 drives somatic cells to exit from the cell cycle in trans-
differentiation (Treutlein et al., 2016; Urban et al., 2016). Again, these results suggest
that the mechanisms of transcription factors regulating cell cycle and determining cell
fate can be very context-specific, probably determined by the dosage of the protein and
the pre-existing molecular landscape of the starting cell (Masserdotti et al., 2016).
Conversion of pre-B cells to macrophage-like cells can be achieved under proliferative
and non-proliferative conditions, although detailed molecular mechanisms remain
unknown (Di Tullio and Graf, 2012). Although these examples do show that cell division
is not always the pre-requisite for cell fate determination, in most cases, active cell
division plays a central role in switching cell fate. In zebrafish, cardiac regeneration is
tightly linked to cell cycle regulators including polo-like kinase 1 (plk1) in proliferating
cardiomyocytes (Jopling et al., 2010; Poss et al., 2002). Reprogramming cells back to
the pluripotent state is often impeded by the reduced proliferative capacity of the starting
cells (Hong et al., 2009; Kawamura et al., 2009; Ruiz et al., 2011; Utikal et al., 2009).
These observations raise the question that why the cell cycle re-entering is not always
required in cell fate changes. One theory proposed that whether cells need to re-enter
the cell cycle for cell fate change is determined by the barriers that cells confront when
changing cell fate. Reprogramming fibroblasts to the pluripotent cells requires erasure
and rewriting of the DNA-methylation signature, which usually occurs in the S phase
(Lister et al., 2009; Lister et al., 2011). While conversing pre-B cells to macrophage-like
cells does not require the change of epigenetic landscapes, and cells do not need to re-
enter the cell cycle (Di Tullio and Graf, 2012). So far, evidence supporting this theory is
still very limited. It is also possible that whether cells enter cell cycle for cell fate switch is

solely dependent on whether the transcription factors activate CDKs activity or not.
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Section 3 DNA replication
3.1 Overview of DNA replication

DNA replication is the fundamental biological process to transmit genetic information to
descendants. It has been recognized nowadays that eukaryotic DNA replication requires
three major polymerases for synthesizing nascent DNA, DNA polymerase a (Pol o),
DNA polymerase ¢ (Pol €), and DNA polymerase & (Pol 8). However, decades have been
taken to build the current canonical model of DNA replication. Pol a is the first
polymerase discovered and was considered to be the sole polymerase responsible for
bulk DNA synthesis during replication (Bollum and Potter, 1957). The identification of Pol
d as a new mammalian DNA polymerase with proofreading exonuclease activity breaks
the prior assumption (Byrnes et al., 1976). Studies of simian virus 40 (SV40) confirm that
both Pol a. and Pol & are required for efficient DNA replication (Lee et al., 1989; Prelich
and Stillman, 1988; Weinberg and Kelly, 1989). A third eukaryotic DNA polymerase,
which was initially categorized as Pol 3, is shown structurally distinct from Pol & and
therefore reclassified as Pol € (Chang, 1977; Syvaoja et al., 1990; Wintersberger and
Wintersberger, 1970). Pol ¢ is also essential in yeast proliferation and like Pol 6, Pol ¢
contains proofreading exonuclease activity (Morrison et al., 1990). Based on these
observations, a replication model is proposed: Pol a initiates synthesis by adding
primers onto both strands, after which Pol ¢ synthesizes the leading strand and Pol 6

replicates the lagging strand (Morrison et al., 1990; Sugino, 1995).

For the following decades, this model has been strongly supported by numerous pieces
of evidence. In Saccharomyces cerevisiae (budding yeast), a Pol € mutant strain shows
that DNA synthesis errors are specifically accumulated in a reporter gene in leading

strands, not lagging strands (Pursell et al., 2007). Another experiment using a Pol 8
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mutant strain shows that more than 90% of Pol & synthesis occurs on the lagging strand
(McElhinny et al., 2008). The same results are also seen in the later study using
Schizosaccharomyces pombe (fission yeast) (Miyabe et al., 2011). Ribonucleotide-
promiscuous polymerase variants are used to map polymerase usage during replication,
which generates higher resolution and statistically stronger data (McElhinny et al., 2010).
Ribonucleotide incorporation by a Pol ¢ variant is biased to the leading strand in budding
yeast and fission yeast, while ribonucleotide incorporation by a Pol § variant is mapped
to the nascent lagging strand (Lujan et al., 2014; Lujan et al., 2012; McElhinny et al.,
2010; Miyabe et al., 2011). In recent five years, advances in the protocols and methods
of ribonucleotide incorporation have further increased the mapping resolution (Clausen
et al., 2015; Koh et al., 2015; Lujan et al., 2016; Reijns et al., 2015). In both budding and
fission yeast, the Pol ¢ variant predominantly incorporates ribonucleotides in the leading
strand, while Pol § preferentially incorporates ribonucleotides in the lagging strand
(Clausen et al., 2015; Daigaku et al., 2015; Koh et al., 2015; Lujan et al., 2016; Reijns et
al., 2015). These data, again, support the generally accepted model that Pol £ and Pol &

are responsible for leading strand and lagging strands synthesis, respectively.

During DNA replication, a group of proteins constitutes the replisome at the progressing
eukaryotic replication fork (Figure 1.20). The DNA helicase, CMG (Cdc45-Mcm2-7-
GINS), encircles and translocates along the leading strand and excludes the lagging
strand (Fu et al., 2011; Georgescu et al., 2017). Mcm2-7 comprise the ATP-dependent
motor subunits to unwind the DNA double strand. On the lagging strand, Pol a-primase
synthesizes multiple short RNA-DNA primers before strand polymerization by Pol 5. On
the leading stand, only one RNA-DNA primer is needed for Pol e-mediated leading

strand synthesis. Pol ¢ is targeted to the leading strand by direct interaction with CMG
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(Langston et al., 2014; Sun et al., 2015). Pol2 is the catalytic subunit of Pol ¢ and
contains tandem repeats of polymerase modules. The N-terminal repeat is required for
DNA synthesis and the C-terminal repeat (with no catalytic activity) interacts directly with
Mcm2 and Mcm5 (Goswami et al., 2018). In in vitro biochemical experiments, Pol ¢ is
preferentially recruited to CMG when CMG was preloaded onto the leading strand of the
replication fork (Georgescu et al., 2014; Sun et al., 2015). The association between Pol 5
and the leading strand is not stable and can be displaced by Pol ¢ in the presence of
CMG (Georgescu et al., 2014). Pol ¢ is more intrinsically processive than Pol &
(Chilkova et al., 2007). The processivity of Pol ¢ is further enhanced by the low binding
affinity with proliferating cell nuclear antigen (PCNA), the eukaryotic sliding clamp
(Chilkova et al., 2007). On the contrary, Pol 5 binds tightly to PCNA regardless of the
presence of DNA (Johansson et al., 2004). This strong interaction allows Pol 6 to
outcompete Pol ¢ to get access to a primed DNA template in the presence of PCNA
(Burgers, 1991; Georgescu et al., 2014). Furthermore, the presence of the single-
stranded DNA binding protein RPA further slows down synthesis by Pol ¢ in the primer
extension assay (Georgescu et al., 2014). The tight interaction with PCNA and the
presence of RPA promote the recruitment of Pol 6 for the primed lagging-strand
synthesis (Georgescu et al., 2014). In addition, Pol & shows higher efficiency in strand
displacement synthesis than Pol g, an activity critical for Okazaki fragment maturation
(Balakrishnan and Bambara, 2013; Garg et al., 2004). The recent structural analysis of
DNA-bound human Pol 5-PCNA-FEN1(flap endonuclease 1) complex also supports the

idea that Pol & is suitable for the lagging-strand synthesis (Lancey et al., 2020).
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Figure 1.20 Distribution of DNA polymerases at the replication fork. Pol § (blue), Pol ¢
(red), Pol a (green) (Guilliam and Yeeles, 2020a)

Recently, origin-dependent eukaryotic DNA replication is reconstituted in vitro using
proteins purified from budding yeast (Yeeles et al., 2015). Pol 5 can partially perform
leading-strand synthesis when Pol ¢ is catalytically inactive (Yeeles et al., 2017). The
synthesis rate, however, cannot reach the maximum as seen in vivo unless the wildtype
Pol ¢ is present (Yeeles et al., 2017). Pol ¢ still preferentially synthesizes the leading
strand even the interaction between Pol € and PCNA is disrupted (Aria and Yeeles,
2019). On the contrary, Pol § is not required for rapid synthesis of leading strand but is
important for maximal lagging-strand synthesis and Okazaki fragment maturation
(Devbhandari et al., 2017; Guilliam and Yeeles, 2020b; Yeeles et al., 2017). These

studies further support the current canonical model of polymerase labor of division.

Although the prevailing model is generally accepted, a series of recent studies point out
the involvement of Pol 6 in leading-strand synthesis. For example, in genome-wide
mapping of polymerase usage in fission yeast, leading-strand synthesis by Pol § at the

initiation period is observed (Daigaku et al., 2015). In in vitro reconstitution assays, the
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total amount of leading-strand synthesis is increased in the presence of Pol 5 (Yeeles et
al., 2017). Since the CMG-coupled leading-strand synthesis by Pol € cannot be
displaced by Pol 3, the increase in DNA synthesis might be due to the involvement of Pol
d at the initiation stage before the CMG-coupled synthesis is established (Yeeles et al.,
2017). Recent ribonucleotide mapping experiments have confirmed that Pol § is present
in the initiation of leading-strand synthesis in all S.cerevisiae origins (Garbacz et al.,
2018; Zhou et al., 2019). These results clearly demonstrate that Pol & is required for the
initiation of leading-strand synthesis. A series of other in vitro reconstitution studies show
that Pol & is also involved during the elongation of the leading strand synthesis (Aria and
Yeeles, 2019; Devbhandari and Remus, 2020; Yeeles et al., 2017). An estimated 18% of
leading-strand synthesis in budding yeast is executed by Pol 6 (Zhou et al., 2019).
Apparently, more work is required to investigate the role of Pol & synthesis and to
determine whether the canonical model needs to be modified based on the incoming

discoveries.

3.2 DNA polymerase delta (Pol 6)

3.2.1 Structure of Pol 6
In budding yeast, Pol 6 contains three subunits: the catalytic subunit Pol3 and two

structural subunits Pol31 and Pol32 (Boulet et al., 1989; Gerik et al., 1998; Sitney et al.,
1989). X-ray scattering studies of yeast Pol & reveal that Pol 5 is a heterotrimer (Jain et
al., 2009). Pol31 tethers to the C-terminal cysteine-rich domain of Pol3 while Pol31 binds
tightly to Pol3 (Jain et al., 2009). In mammalian cells, Pol & consists of 4 subunits: the
catalytic subunit p125 (POLD1, corresponding to yeast Pol3), which is the core factor for
DNA polymerization; the other 3 subunits, p50 (POLD2, corresponding to Pol31), p66
(POLD3, corresponding to Pol32) and p12 (POLD4), are thought to be the regulatory

proteins to facilitate PCNA binding (Byrnes et al., 1976; Hughes et al., 1999; Lancey et
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al., 2020; Lee et al., 1984; Liu et al., 2000; Swan et al., 2009; Zhou et al., 2012). Human
POLD1 protein is encoded by the POLD1 gene, which is also known as CRCS10,
CDC2, and MDPL. POLD1 is located on chromosome 19 at q13.3-q13.4. The POLD1
transcript contains 27 exons, which translates into a 1107 amino acid (Chung et al.,
1991; Kemper et al., 1992; Nicolas et al., 2016). A detailed structure of human Pol 5 has
been deciphered through Cryo-Electron Microscopy (Cryo-EM) (Lancey et al., 2020).
During DNA synthesis, Pol & associates tightly with PCNA (Bravo et al., 1987). The p125
and p50 comprise the core mammalian enzyme capable of being stimulated by PCNA
(Wang et al., 2011; Zhou et al., 2012). At least one accessory subunit, either p68 or p12,
is required to be associated with p125/p50 core complex for DNA synthesis, as shown in
the presence of PCNA on the M13 gapped plasmid (Zhou et al., 2011). The p12 subunit
can enhance the processivity of p125/p50/p68 by up to 15-fold in vitro (Podust et al.,
2002). The p125 catalytic subunit of Pol 5 consists of two major functional domains: an
exonuclease domain close to the N-terminus with 3’-5" exonuclease activity for DNA
proofreading, and a polymerase domain near the C-terminus that catalyzes 5’-3' DNA
synthesis (Jain et al., 2009; Swan et al., 2009). The polymerase domain is divided into
the palm, finger, and thumb domains (Franklin et al., 2001; Swan et al., 2009). The palm
contacts the nascent duplex DNA, providing the catalytic side chains. The thumb domain
holds the DNA duplex to maintain the structural integrity during DNA synthesis. The
finger domain is responsible for ANTP incorporation (Franklin et al., 2001; Swan et al.,
2009). The C-terminal domain contains two cysteine-rich motifs and a subdomain critical

protein-protein interaction (Brocas et al., 2010; Cullmann et al., 1993).
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human POLD1 Asp941 corresponds to mouse Pold1 Asp939

Figure1.21 Cryo-EM structure of human POLD1 associated with DNA duplex and
PCNA. Cryo-EM structure of human POLD1 associated with DNA duplex and PCNA. (A)
Colored-coded domain structure of the POLD1-PCNA complex bound to DNA. (B) Zoomed-
in image showing the POLD1 thumb domain (red). The mutated Asp941(D941)
corresponding to mouse Asp939 (D939) residue is highlighted in lime. (C) Zoomed-in image
showing the POLD1 thumb domain. The mutated Asp 941(D941) residue is shown as the
lime stick. The protein structure information was extracted from protein data bank (PDB).
Structure ID: 6TNY. PDB DOI: 10.2210/pdb6TNY/pdb. The original protein structure was
adapted using PyMOL to convey information relevant to this study.
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3.2.2 Regulation of Pol & expression in cell cycle
During cell cycle, POLD1 transcription reaches the highest level in the late G1/S phase

when genomic DNA is replicated before mitosis. POLD1 transcription activity is tightly
regulated by a series of cell-cycle-related proteins through a series of protein binding
motifs inside its promoter region. The Sp1 (Special protein 1) and Sp3 (Special protein
3) bind to the 11-bp direct repeats to induce POLD1 expression upon serum stimulation
(Zhao and Chang, 1997). p53 competes with Sp1 binding to this site and represses Sp1-
stimulated POLD1 expression (Li and Lee, 2001). The POLD1 promoter also contains a
cell cycle element/cell cycle gene homology region (CDE/CHR) that is only 50 bp
downstream of the transcription start site. The CDE/CHR is crucial for transcription
activity in the G2/M phase (Song et al., 2009). Mutations inside this region cause defects
in regulating POLD1 activity by E2F and p21 (Song et al., 2009). POLD1 promoter
activity is also positively regulated by Forkhead family proteins such as FOXO3a (Chen
et al., 2016). Overexpression of microRNA miR-155 suppresses FOX03a expression
and inhibits POLD1 transcripts and protein expression (Czochor et al., 2016). Besides,
the POLD1 promoter can be epigenetically repressed by PRMT7 (protein arginine
methyltransferase 7) and BRG1-based hSWI/SNF chromatin remodeling complex in
response to DNA damage. Knocking down PRMT7 results in a decreased methylation
level of histone H2A and H4 in the POLD1 promoter region and increased POLD1
protein level, making cells more resistant to DNA-damaging agents (Karkhanis et al.,

2012).

3.2.3 Pol 6 in DNA replication and repair
The molecular function of Pol 6 in DNA replication is mainly addressed through

biochemical studies and yeast genetics: /n vitro DNA replication assay reveals that

plasmids containing the Simian Virus 40 (SV40) DNA replication origin can be fully
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synthesized by adding purified mammalian cell extracts containing Pol & (Tsurimoto et
al., 1990; Tsurimoto and Stillman, 1991). In fission yeast, the temperature-sensitive cdc2
(the orthologue of POLD1) mutant causes cell-cycle arrest, with about 70% of the
genomic DNA being synthesized before the cell cycle was arrested. This
thermosensitive cdc?2 allele can be complemented by wildtype Pol &+ isolated from
fission yeast. Conversely, replacing wildtype Pol & in fission yeast with the other three
Pol 6 thermosensitive conditional lethal alleles results in cell cycle arrest in the S phase,
indicating that Pol & is required for DNA synthesis (Francesconi et al., 1993). In addition,
numerous pieces of evidence supports the central role of Pol § in lagging strand
synthesis as well as its participation in leading strand synthesis, which has been

discussed before.

The high-fidelity DNA replication depends on the proofreading function of Pol 5. Wildtype
Pol § is highly accurate due to the presence of a fully functional exonuclease domain
(Byrnes et al., 1976; Morrison et al., 1993; Simon et al., 1991). When encountering
aberrant DNA structures, Pol & pauses dNTP incorporation and activates the
exonuclease activity (Meng et al., 2009). The exonuclease domain harbors the metal-
coordinating site which is essential for removing the terminal nucleoside from the primer
strand (Beese and Steitz, 1991; Lancey et al., 2020; Swan et al., 2009). Mutations in
either the coordinating aspartate or the glutamate disrupt the exonucleolytic activity
(Morrison et al., 1991; Morrison et al., 1993; Simon et al., 1991). In vitro mutation rate
measurements on M13mp2-LacZ gapped plasmid show that purified yeast proofreading-
deficient Pol & (Pol3-01, D321A/E323A) displays a 10- to 100- fold higher mutation rate
than the wildtype Pol & (Fortune et al., 2005; Jin et al., 2001; Morrison et al., 1993;

Venkatesan et al., 2006). In human Pol 8, deficient exonuclease activity also increases
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the misincorporation rate to a similar extent compared to the wildtype exonuclease
activity in the same assay (Schmitt et al., 2009). Exonuclease function can also be

triggered when dNTP concentration is high (Reha-Krantz, 2010).

The high-fidelity DNA replication not only relies on the precise removal of mismatched
nucleotides by Pol ébut also depends on its activity in the post-replicative DNA repair
system. Pol 5 heterotetramer turns to POLD1/2/3 heterotrimer when encountering DNA
damage or replication stress induced by UV irradiation or other DNA damage agents
(Lee et al., 2014; Meng et al., 2010). In human embryonic kidney 293 (HEK293) cells,
depleting POLD1 leads to cell cycle arrest in G1 and G2/M phases, indicating DNA
damage checkpoint responses (Song et al., 2015). Inhibiting POLD1 expression through
miR-155 overexpression increases the genome instability (Czochor et al., 2016). Mouse
embryonic fibroblasts (MEFs) harboring D400A amino acid change in the exonuclease
domain display impaired single-strand break repair (Parsons et al., 2007). Replication
errors that escape the proofreading process by polymerases are subject to mismatch
repair (MMR) (Kunkel and Erie, 2005; Modrich, 2006). HeLa cell nuclear extracts without
mismatch repair activity can be complemented by adding repair proficient cell extracts
together with Pol & or by purified calf thymus Pol & alone (Longley et al., 1997; Modrich,
1997). Genetic studies of MMR-deficient yeast and the biochemical assays of human
MMR proteins show that Msh2/Msh6 or Msh2/Msh3 use the interactions with PCNA
and/or the nicks at the 5’end of Okazaki fragments to identify the nascent strand (lams et
al., 2002; Pavlov et al., 2003; Umar et al., 1996). The Exol, the subdomain inside the
exonuclease may enter through these nicks to digest the regions containing mismatches
on the lagging strand (Modrich, 1997). An Exol-independent mechanism is also

proposed by the observation that Pol 6 undergoes strand displacement synthesis
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(Kadyrov et al., 2009). A nicked strand is dissociated away from the complementary
strand, creating a flap of DNA cleaved by Flap Endonuclease 1 (Fen1). Pol § then
synthesizes new DNA fragments through the flap (Kadyrov et al., 2009). Taken together,
Pol 5 plays a diverse role in multiple types of DNA repair and is essential for high-fidelity

DNA replication.

3.2.4 POLD1 in human diseases
A broad spectrum of somatic mutations has been identified in multiple cancer types,

most of which are missense mutations accumulated in the exonuclease domain and
polymerase domain. Germline POLD1 mutations in the proofreading domain have been
discovered and are considered in association with oligo-adenomatous polyposis,
endometrial cancer, and colorectal cancer (CRC) (Rayner et al., 2016). Germline POLD1
S478N is detected in patients with MMR-proficient multiple colorectal adenomas and
early-onset CRC (Palles et al., 2013). Other POLD1 germline variants, including P327L
and L474P, are detected in a multiple adenoma patient and a hereditary nonpolyposis
CRC family, respectively (Briggs and Tomlinson, 2013; Valle et al., 2014). POLD1
proofreading domain-specific mutations in hereditary CRC is dominant with high
penetrance. This condition is clinically defined as “polymerase proofreading associated
polyposis” (PPAP) (Briggs and Tomlinson, 2013). Nevertheless, the PPAP syndrome
accounts for only 0.1-0.4% of hereditary cancer cases, suggesting a low prevalence of
POLD1 germline alterations in the familial cancer predisposition (Mur et al., 2020). It has
been recently brought to the attention that POLD1 variants can be served as potential
biomarkers to select patients suitable for cancer immunotherapy (Bourdais et al., 2017).
In vitro analysis of POLD1 R689W, for example, has shown synthetic lethality with
mutations in ATR (ataxia telangiectasia and Rad3 related), a DNA damage response

regulator involved in PD-L1 regulation at the post-translational level. This could increase
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the sensitivity of CRC cells to ATR inhibitors and potentially, immunotherapeutic

treatments (Hocke et al., 2016; Job et al., 2020).

POLD1-related genetic disorders are extremely rare in the population. The mandibular
hypoplasia, deafness, progeroid features, and lipodystrophy (MDPL) syndrome is the
representative genetic disease considered to be associated with POLD 1 mutation
(Weedon et al., 2013). Patients with this multisystem disorder feature sensorineural
deafness, mental retardation, insulin resistance, progressive lipodystrophy with lack of
subcutaneous adipose tissue and accumulation of abdomen adipose tissue, as well as
low testosterone level observed in male patients (Elouej et al., 2017; Fiorillo et al., 2018;
Nicolas et al., 2016; Sasaki et al., 2018; Weedon et al., 2013). Whole-genome
sequencing of 5 unrelated MDPL patients revealed a de novo serine 605 deletion inside
a conserved motif containing the catalytic aspartate inside the polymerase activity site.
S605 deletion causes the loss of catalytic function of POLD1. Mutated POLD1 binds to
DNA strand but no polymerization occurs (Nicolas et al., 2016; Weedon et al., 2013). A
six patient carries an R507C mutation located in the highly conserved Exolll domain
(amino acid 504 - 525), the function of which has not been characterized yet (Nicolas et
al., 2016; Weedon et al., 2013). The exact molecular mechanism behind the phenotype
remains a mystery, but it does indicate that the ubiquitously expressed POLD1 gene

may have tissue-specific effects.

3.2.5 POLD1 in development and gene expression control
In contrast to detailed structure and molecular function studies of Pol & in cell extracts or

yeast genetics, the function of POLD1 in development remains largely unclear,
especially in the field of development. A preliminary study in Arabidopsis brings out the

potential function of POLD1 in gene expression control through epigenetic regulation:
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gis5 (gigantea suppressor 5) mutant isolated from Arabidopsis causes early flowering
phenotype (Iglesias et al., 2015). The gis5 harbors a C to T transition in exon 18 of
POLD1, leading to an Alanine to Valine substitution in amino acid position 707 (A707V)
(Iglesias et al., 2015). Further epigenetic analysis reveals that the SEP3 and FT genes
controlling flowering process are upregulated as a consequence of increased levels of
H3K3me3, raising the possibility that POLD1 might involve in histone rearrangement or
epigenetic modulation (lglesias et al., 2015). In animals, zebrafish mutants harboring
homozygous pold1 mutant allele flathead (fla), display specific defects in late
proliferative zones such as eyes, brain, and cartilaginous elements of the visceral head
skeleton (Plaster et al., 2006). Cells in late proliferative zones show reduced DNA
replication followed by apoptosis and can be rescued by p53 deficiency (Plaster et al.,
2006). In rodents, Pold1 homozygous null allele leads to peri-implantation lethality
(Uchimura et al., 2009). Although Pold1” blastocysts appear normal, ex vivo culture of
Pold1” blastocysts shows drastic defects in cell outgrowth, with high apoptosis and low
DNA synthesis (Uchimura et al., 2009). A few other Pold1 mutants have been generated
in mice to study tumorigenesis: In the same study, Pold1%*®*° or Pold1%**" mice
harboring D400A exchange in the exonuclease domain suffered from tumorigenesis
(Uchimura et al., 2009). Another study in heterozygous Pold 1" mice indicates that
these mice are viable and fertile but display accelerated tumor progression and reduced
lifespan compared to wildtype littermates (Venkatesan et al., 2007). In primary

embryonic fibroblasts culture, Pold1*-6%4

cells show higher chromosome aberration,
indicating increased chromosome instability (Venkatesan et al., 2007). Polq 1-604K1604K
embryos died in uterus around E8.5 post-fertilization, with no phenotype being reported
from this line (Venkatesan et al., 2007). In general, the very limited number of mouse

models makes it challenging to explore the function of POLD1 in embryonic

development.
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Section 4 Introduction to the thesis
Gastrulation is a critical developmental process required for germ layer formation and

the establishment of the body plan (Arnold and Robertson, 2009). Gastrulation initiates
with the emergence of the primitive streak in the proximal posterior epiblast. As the
streak extends to the distal tip of the embryo, epiblast cells undergo an epithelial-
mesenchymal transition (EMT) to form the mesoderm layer between the epiblast and the
visceral endoderm (VE)(Kinder et al., 1999; Lawson, 1999; Lawson et al., 1991).
Epiblast cells ingressing through the anterior region of the elongating primitive streak
intercalate into the VE to form the definitive endoderm layer, which will give rise to the
gut tube, and subsequently, the epithelium of endodermal organs, such as the pancreas
and intestine(Kwon et al., 2008b; Lawson et al., 1986; Lawson and Pedersen, 1987).
Gastrulation requires tight spatiotemporal coordination of cell number expansion, cell
migration, and cell fate determination. Despite extensive research on these topics, it has
been challenging to untangle the complex interplay among these three key components.
Previous studies used embryological methods in pre-implantation embryos to investigate
size regulation during the pre- and early-gastrulation stages. These experiments found
that double-sized embryos, formed by aggregating two 8-cell stage morula, underwent
size regulation before gastrulation. The double-sized embryos showed an increase in
cell-cycle length compared to controls; in addition, they lacked the proliferative burst that
normally occurs before gastrulation. These two modes of regulating cell proliferation
allowed the aggregated embryos to reach a normal size and cell number before E7.0
and then to gastrulate (Buehr and McLaren, 1974; Lewis and Rossant, 1982).
Conversely, undersized mouse embryos generated by removing one or two blastomeres
from the 4-cell stage preimplantation embryo, sustained a prolonged proliferative burst,

leading to an increase in cell number before the initiation of gastrulation(Power and Tam,
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1993). Another study on size regulation in the mammalian embryo examined the
response to reduced cell number in the early post-implantation embryo, an
experimentally more refractory stage. Following treatment with mitomycin to inhibit cell
proliferation, E7.0 embryos, with ~80% of their cells eliminated, could still recover and
complete gastrulation (Snow and Tam, 1979). These elegant studies suggest that
intrinsic mechanisms operate within the pre- and early post-implantation embryo to
monitor and control cell number both before and at the onset of gastrulation, supporting
regulative development as an important feature of early mammalian embryogenesis.
However, it is technically challenging to apply standard embryological and
pharmacological methods to investigate how altered cell number in the gastrulating
embryo impacts tissue patterning and morphogenesis. Therefore, to ask whether
mechanisms of size regulation continue to act during gastrulation, it is beneficial to

explore alternative approaches to perturbing cell number, such as genetic manipulation.

Although many genes encoding cell cycle-related proteins have been genetically
inactivated to explore the effects of cell proliferation on embryo size and morphogenesis,
the resulting phenotypes are generally not suitable for studies of gastrulation. For
example, Cyclin A2 (CcnaZ2) homozygous null mutants can be recovered only up to
E5.5(Murphy et al., 1997), whereas embryos lacking all D-type cyclins survive past
gastrulation, with no overt phenotypes(Kozar et al., 2004). Other targets for genetic
perturbation of cell proliferation are the polymerases that replicate DNA. DNA
Polymerase Delta (Pol 3), the subject of this report, plays multiple critical roles in DNA
replication, with functions in DNA synthesis and repair(Jain et al., 2018). In mammalian
cells, the Pol 6 contains 4 subunits: the catalytic subunit, p125 (Pold1), and three

regulatory subunits, p50 (Pold2), p66 (Pold3), and p12 (Pold4). Pold1 consists of two
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functional domains: an N-terminal 3’-5’ exonuclease with DNA proofreading activities
and a C-terminal DNA polymerase that catalyzes DNA synthesis. Several mutant alleles
have been generated for Pold1, but similar to targeted cell cycle-related genes
mentioned above, the homozygous mutants either fail to survive beyond the onset of
gastrulation or show no phenotypic defects during gastrulation. Null mutations in Pold1
cause peri-implantation lethality (Uchimura et al., 2009). Two missense mutations have
been reported for Pold1: a D400A substitution in the exonuclease domain and an L604K
substitution in the DNA polymerase activity site (Fig. S1A)(Uchimura et al., 2009;

Venkatesan et al., 2007). While developmentally normal, Pold 1°400A/D400A

mice frequently
died with swollen thymuses 3 months after birth (Uchimura et al., 2009). Pold1*-604K
heterozygous mice underwent normal development but had a reduced lifespan and
developed multiple tumor types, including lymphoma, adenoma, and carcinomas of the
liver and lung (Venkatesan et al., 2007). Although no specific phenotypes were reported
for Pold1-604L604K embryos, notably they died around E8.5, suggesting that missense

mutations in the polymerase domain might perturb cell proliferation at a level compatible

for the investigation of gastrulation phenotypes.

In this study, we report a Pold1 hypomorphic mutation identified in a phenotype-based
genetic screen for recessive mutations causing gastrulation defects in mouse embryos.
This mutation altered a conserved residue (D939Y) in the Pold1 DNA polymerase
domain, caused reduced Pold1 protein expression, and resulted in compromised DNA
synthesis. Mutant embryos could be retrieved up to E8.5; at this stage, they were small
with a siren-like morphology; hence we named the mutant tiny siren (tyrn). We
investigated embryo growth and cell lineage differentiation in tyrn mutants at
developmental stages between E6.5 and E8.5. The tyrn mutation impaired cell

proliferation without affecting anterior-posterior patterning, but severely disrupted tissue
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morphogenesis during gastrulation. Our findings suggest normal cell proliferation is
essential for mesoderm lineage allocation and is required to coordinate embryo size with

cell movement for proper morphogenesis.
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Chapter 2 Results

Section 1. Identification of tyrn mutant from ENU mutagenesis screen.
2.1.1 tyrn mutant embryos show abnormal morphology but proper anterior-posterior

?’glzigﬁy the genetic regulation of gastrulation, we performed mouse ENU mutagenesis
screens to uncover genetic disruptions in embryos with abnormal morphology at E8.5
(Garcia-Garcia et al., 2005; Hernandez-Martinez et al., 2019; Huangfu et al., 2003;
Migeotte et al., 2011). We isolated a mutant (later named tyrn) that exhibited not only a
smaller overall size, but also a striking body shape and orientation (Figure 2.1) that was
distinct from other mutant phenotypes we had observed at this stage (Bazzi et al., 2017;
Garcia-Garcia et al., 2005; Hernandez-Martinez et al., 2019; Huangfu et al., 2003;
Migeotte et al., 2011; Zhou and Anderson, 2010). Instead of forming a U-shaped embryo
with a well-extended A-P axis, the tyrn mutant embryos had a short A-P axis and lay
relatively flat along the posterior side of the yolk sac, with the head misoriented towards
the distal tip (Figure 2.1). tyrn embryos occupied approximately 25% of the total
embryos harvested from pregnant mice among various dissection stages, consistent
with the ratio predicted by Mendel’s Law (Table 2.1). To determine if the irregularly
shaped mutants had established and correctly positioned the A-P axis, we performed
whole-mount in situ hybridizations (WISH) at E8.5 to a diagnostic set of markers. We
found that although tyrn mutant embryos did not form a well-structured head, they did
express Foxg1 and Otx2, markers of forebrain and forebrain/midbrain, respectively, in
discrete overlapping regions (Figure 2.2A-B). In addition, WISH detected relatively
normal expression of T (Brachyury), which marks the posterior tail bud and notochord
(Figure 2.2C), and of Foxa2, which labels the floor plate of the neural tube, posterior
notochord, notochordal plate, and gut endoderm (Figure 2.2D). Therefore, despite

causing a highly unusual body shape, the tyrn mutation does not affect A-P patterning.
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Figure 2.1 Characterization of “tiny siren (tyrn)” phenotype recovered from ENU
Screen. (A) Top: Wildtype and tyrn embryos recovered at E8.5. Embryos were aligned as
they were in the decidua. Mutant embryos showed a shifted A-P body axis, with a small head
located at the distal tip (arrowhead) and the tail at the posterior-proximal side (arrow). Scale
Bar = 500 um. Bottom: A cartoon that shows the orientation of wildtype and mutant embryos
inside the decidua.

64(0.76) 0(0.24)
E7.5 50(0.79) 13(0.21) 63
E8.5 47(0.80) 12(0.20) 59

Table 2.1. The number and ratio of wildtype and tyrn embryos dissected at E6.5, E7.5
and E8.5 stages. The value in parentheses showed the ratio of wildtype and tyrn embryos in
total embryos. Embryos were collected from at least 5 pregnant females and were calculated
for the ratio.
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Figure 2.2 Whole-mount in situ hybridizations (WISH) of wildtype and tyrn embryos at
E8.5 stage. (A) Foxg1 labels forebrain and (B) Otx2 labels midbrain and forebrain in wildtype
embryos. Mutant embryos expressed both Foxg1 (A) and Otx2 (B) in the head region. (C)T
(Brachyury) marks the primitive streak and notochord in E8.5 wildtype and tyrn embryos. (D)
Both wildtype and tyrn embryos expressed FoxaZ2 in the floor plate, posterior notochord,
notochordal plate and gut endoderm. n = 3 embryos per genotype. Scale Bar = 200 ym.

2.1.2 tyrn is a hypomorphic allele of Pold1
To identify the causative mutation for the tyrn phenotype, we collected both wildtype and

tyrn embryos at E8.5 and performed whole-exome sequencing (Jain et al., 2017). We
found a G to T transversion at nucleotide position 2815 of the Pold1 open reading frame
that generated an aspartate to tyrosine substitution (D939Y) within the DNA polymerase
domain (Figure 2.3A). The mutated aspartate residue is highly conserved across
eukaryotic organisms from budding yeast to humans (Figure 2.3B). Sequencing results
of cDNA from wildtype and tyrn embryos showed that tyrn produces 2 cDNA fragments
around exon 23: The 400bp fragment harbours the G2815T missense mutation; the 700

bp contained unspliced intron 22-23 in addition to G2815T mutation, indicating defects in
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exon splicing. The unspliced intron 22-23 contained a stop codon, predicting the
presence of a truncated POLD1 protein. However, western blot analysis only showed a

reduced level of POLD1 in tyrn mutant embryos without any additional bands (Figure

2.3C).
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Figure 2.3 Identification of the Pold7 missense mutation in tyrn. (A) Schematic diagrams
of the murine Pold1 genomic locus (upper panel) and of the POLD1 domain structure (lower
panel). The G2815T nucleotide change (red arrow) was located in exon 23. The
corresponding D939Y amino acid substitution was located in the DNA polymerase domain
close to the C-terminal domain (CTD). exo: exonuclease domain. (B) Multiple alignments of
orthologous POLD1 amino acid sequences around D939Y among different eukaryotic
organisms. The mutated aspartate residue was highly conserved. (C) POLD1 expression
level in wildtype (left lane) and tyrn (right lane) embryos at E8.5 shown by western blot.

To confirm that Pold1 is the causative gene underlying the tyrn mutant phenotype, we
performed a complementation test using the Pold 1™ null allele, derived from embryonic
stem cells carrying a “knockout-first” tm1a allele (Skarnes et al., 2011) (Figure 2.4A). No
Pold1™m™m1b embryos were recovered at post-implantation stages, consistent with the
phenotype previously reported for Pold7 null mutants (Uchimura et al., 2009). The
Pold1¥™m® embryos produced from a Pold 1" and tyrn/+ cross failed to survive past

~E7.5 (Figure 2.4B), demonstrating that the tm1b and tyrn mutations failed to
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complement. Moreover, the phenotype displayed by Pold1Y™™"® embryos was more
severe than that of the Pold1Y™™ embryos, but milder than that of Pold 1M1t |
mutants (Figure 2.4B-C). These findings indicate that perturbation of Pold1 is
responsible for the phenotypes observed in tyrn mutants and that Pold1¥" is a

hypomorphic allele.
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Figure 2.4 Complementation test for validating Pold1 as the causative gene. (A)
Structure of the Pold1 tm1a (gene trap) allele and the tm1b (null) allele generated after CAG-
Cre-mediated recombination. Exons are represented in grey vertical blocks. (B).
Complementation test crossing strategy (upper panel). Wildtype and tyrn/tm1b embryos
acquired at E7.5 from the complementation test (lower panel). tyrn/tm1b embryos were not
able to survive past E7.5. (C) Crossing strategy to harvest homozygous mutants from

109



heterozygous mice carrying tyrn allele (upper panel). E7.5 wildtype and tyrn embryos (lower
panel). n = 3 per genotype. Scale Bar = 100 pm.

2.1.3 The tyrn mutation impairs DNA synthesis and cell proliferation
Based on the published cryo-electron microscopy structure of the human Pol 5 (Lancey

et al., 2020), the aspartate residue mutated in tyrn embryos resides in the thumb domain
of the C-terminal DNA polymerase domain of POLD1 (Figure 2.3A, Figure 1.21).
Because of the important role of the thumb domain in stabilizing Pol 5 at the primer-
template junction during DNA synthesis (Jain et al., 2018), we hypothesized that the tyrn
mutation may impair and reduce the DNA synthesis activity of Pol 5. We used a primer
extension assay and mouse EdU labeling to test Pol & polymerase activity in vitro and in
vivo, respectively. For the primer extension assay, we modeled the mouse Pold1 D939Y
missense mutation in budding yeast Pol & by introducing the equivalent mutation,
D941Y, in the yeast catalytic subunit, Pol3 (Devbhandari and Remus, 2020) (Figure
2.5A). We purified wildtype Pol & or Pol & P**'Y (with Pol3P%'Y) after overexpression in
budding yeast (Figure 2.5B). Analysis of the DNA synthesis products by denaturing gel-
analysis reveals that both overall DNA synthesis and the level of full-length DNA
products were significantly reduced in the presence of Pol3°**'Y when compared to the
wildtype Pol 5 (Figure 2.5C-E). These data demonstrate that the D941Y substitution in
Pol3, and by extension the corresponding D939Y substitution in POLD1, impairs the

DNA polymerase activity of Pol 3, possibly by decreasing its processivity.
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Figure 2.5 The effects of the D941Y mutation in Pol3 on DNA synthesis. (This assay
was performed by Dr. Sujan Devbhandari supervised by Dr. Dirk Remus.) (A) Workflow
of the in vitro primer extension assay. (B) Denatured protein gel showing the overexpressed
yeast Pol 8" and Pol §°**'Y. The Pol3"T and Pol3P%*"Y corresponds to mouse POLD1"T and
POLD1P%3% respectively. The Pol31 and Pol32 are the associated subunits in Pol &
corresponding to POLD2 and POLD3 in mouse. (C) In vitro primer extension assay showing
reduction of DNA synthesis efficiency of Pol3P%*"Y, the yeast orthologue which harbors the
corresponding D939Y mutation identified in mouse. (D) Nonlinear-fitted curves of total
amount of newly synthesized DNAs at different time points. The mean is represented by
black squares (Pol §"T) and grey squares (Pol §°°*'Y). (E) Nonlinear-fitted curves of the
percentage of full-length circular DNAs among total products. The mean is represented by
black squares (Pol 3"T) and grey squares (Pol §8°°*'Y). Error bars represent s.e.m. For all
time points in (D) and (E), n=3 per genotype. Multiple Student’s t-test, two-tailed, p<0.05.
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To test if DNA synthesis is affected in tyrn embryos, we performed in vivo EdU labeling
at E6.0, E6.5, and E7.0, the window of time during which the size difference between
wildtype and tyrn embryos emerges. We observed a significant reduction in EJU
incorporation in tyrn mutants compared to wildtype embryos at all stages (Figure 2.6A-
B). Both wildtype and tyrn embryos showed a substantial increase in cell number from
E6.0 to E7.0, but tyrn embryos exhibited a slower growth rate starting from E6.5; by E7.0
tyrn embryos had significantly lower numbers of cells compared to wildtype embryos

tyrn/tm1b

(Figure 2.7). Consistent with the observation in tyrn embryos, the Pold1 embryos
from the complementation test also showed reduced EdU incorporation and embryo size
compared to wildtype embryos at E6.5 (Figure 2.8). The reduction in cell number in tyrn
embryos is not due to increased cell death; based on cleaved Caspase-3 staining, levels
of cell apoptosis were similar between wildtype and tyrn embryos during this period
(Figure 2.9). However, mutant embryos showed increased cell apoptosis at around
E7.5, with apoptotic cells concentrated at the distal tip, the prospective location of the
abnormal small head at E8.5 (Figure 2.10). Taken together, we conclude that the
D939Y missense mutation impairs POLD1 polymerase activity, which, together with the

reduced POLD1 protein expression in tyrn embryos, impedes cell proliferation and leads

to a reduction in embryo size during gastrulation.
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Figure 2.6 Analysis of DNA synthesis in tyrn mutants. (A) EJU incorporation levels in
wildtype and tyrn embryos at E6.0, E6.5 and E7.0. Green: EdU, Blue: DAPI. n=3 embryos
per genotype. Scale Bar = 100 ym. (B) Quantification of EdU signal intensity by box whisker
plots. EdU signals of the embryos at the same stage were normalized to the maximum
intensity in that stage. Total embryos quantified per genotype: n=3. Unpaired Student’s t-test,
two-tailed. The 4 asterisks indicate p<0.0001. In all box plots, the median is represented by
the horizontal dividing line; the top and bottom of the box represent, respectively, the
seventy-fifth and twenty-fifth percentile, with the whiskers indicating the maximum and
minimum points.
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Figure 2.7 Difference of cell number growth between wildtype and tyrn embryos.
Curves of total cell number in wildtype and tyrn embryos at E6.0, E6.5 and E7.0; n=3
embryos per genotype per stage. Unpaired Student’s t-test, two-tailed, p<0.001. Within
the curve, the mean is represented by the black (wildtype) and grey (tyrn) squares. Error

bars represent s.d.
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Figure 2.8 EdU incorporation in E6.5 tyrn/tm1b embryos. Whole mount staining of E6.5
wildtype and tyrn/tm1b embryos from complementation test. EdU (Green) stained for cells
undergoing DNA synthesis. DAPI (blue) stained nucleus of all cells. n = 3 per genotype.

Scale Bar = 100 pym.
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Figure 2.9 Cell apoptosis in E6.5 tyrn embryos. Immunofluorescence staining of
Cleaved Caspase-3 in wildtype and tyrn embryos at E6.5; n = 3 per genotype. Scale Bar
=50 ym.

Wi Idtype tyrn

Figure 2.10 Cell apoptosis level in wildtype and tyrn embryos at E7.5 stage.

Whole mount staining of E7.5 wildtype and tyrn embryos with Cleaved Caspase-3 antibodies
(Red) for detection of apoptotic cells. DAPI (blue) stained nucleus of all cells. n = 3 per
genotype. Scale Bar = 100 pm.

Section 2. Phenotypic analysis of tyrn mutants during gastrulation

2.2.1 The tyrn mutation does not affect anterior visceral endoderm (AVE) positioning
The mispositioned head, and the abnormal morphology of E8.5 tyrn mutants, indicated

that the A-P axis, although established, was shifted in orientation along the proximal-

distal axis. Proper formation of the A-P axis depends on the anterior migration of a
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morphologically distinct population of VE cells from their position at the distal tip of the
E5.5 embryo (Rivera-Perez et al., 2003); by E5.75-E6.0 this cell population will reach the
anterior epiblast - extraembryonic ectoderm boundary and form the AVE (Srinivas et al.,
2004). Multiple studies have shown that defects in AVE migration can lead to abnormal
positioning of the A-P axis and mislocalized head phenotypes (Acampora et al., 2009;
Clements et al., 2011; Kojima et al., 2014; Lu et al., 2001; Martinez-Barbera et al., 2000;
Rossant and Tam, 2009b). Therefore, we asked whether the AVE resided in its normal
anterior position in tyrn mutants at E6.5. At this stage, the tyrn mutants were
morphologically indistinguishable from wildtype littermates. WISH showed that tyrn
mutants expressed two archetypal AVE markers, Dkk1 (a Wnt antagonist) and Cerl (a
Nodal antagonist), in a pattern comparable to that of wildtype embryos (Figure 2.11A-
B). We validated these findings by crossing in the Hhex-GFP transgene reporter to
fluorescently label AVE cells in tyrn mutants (Rodriguez et al., 2001). Consistent with the
Dkk1 and Cer1 in situ hybridization results, we detected the Hhex-GFP expressing AVE
cells at the anterior boundary between the embryonic and extraembryonic regions in tyrn
embryos at E6.5 (Figure 2.11C). These results indicate that AVE migration and A-P axis

establishment proceed normally in pre-gastrulation stage tyrn mutants.
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Figure 2.11 Position of Anterior Visceral Endoderm in tyrn mutants. Cer/ (A) and Dkk1
(B) were expressed in anterior visceral endoderm (AVE) in both wildtype and tyrn embryos at
E6.5. (C) Hhex-GFP was expressed in AVE in both wildtype and tyrn embryos at E6.5. n =3
embryos per genotype. Scale Bar = 50 um.

2.2.2 The tyrn mutation affects primitive streak extension and head position at E7.5
At E6.5, the AVE resided at the expected location in tyrn mutants; yet the position of the

tyrn embryo’s anterior region was shifted toward the distal tip at E7.5. We examined the
expression of multiple anterior-specific markers to visualize the organization of the

anterior region in both wildtype and tyrn mutant embryos at E7.5. As depicted in Figure
2.12A-B, wildtype embryos expressed SOX2 uniformly throughout the anterior epiblast,
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whereas the tyrn mutants expressed SOX2 in a discontinuous pattern, with more intense
staining in the distal epiblast than in the proximal/anterior region. In the wildtype E7.5
embryo in the left panel of Figure 2.12C-D, the Hhex-GFP transgene labeled anterior
definitive endoderm (ADE) as well as remaining AVE cells. In contrast, Hhex-GFP
expression was evident predominantly in the distal region of the E7.5 tyrn mutant, with
no obvious A-P asymmetry (Figure 2.12C-D, right panels). Similarly, cells expressing
Otx2, a head organizer marker, lay distally in tyrn embryos compared to their anterior

position in wildtype embryos (Figure 2.12E).

The AVE serves as a transient anterior signaling center at ~E6.5. As gastrulation
progresses, AVE cells disperse into the extraembryonic/embryonic boundary and the
anterior portion of the extraembryonic yolk sac (Lawson and Pedersen, 1987; Rivera-
Perez et al., 2003; Shimono and Behringer, 2003; Tam et al., 2007). Meanwhile, the
ADE and axial mesoderm (AME), both of which strongly express Nodal and Wnt
antagonists (Arnold and Robertson, 2009), gradually migrate anteriorly and become new
sources of anterior signaling. We hypothesized that the abnormal orientation of the A-P
axis might reflect the distal positioning of AME and ADE. This hypothesis is consistent
with the aforementioned aberrant expression pattern of Hhex-GFP, which labels both
ADE and AVE cells. Furthermore, Figure 2.12A, D, F examined the expression of
FoxaZ2, a marker of AME and ADE, in wildtype and tyrn embryos at E7.5. Emerging
Foxaz2-expressing ADE and AME cells reside in the distal anterior region in wildtype

embryos, but these cells were observed more posteriorly in tyrn mutants.
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Figure 2.12 Characterization of anterior-posterior (A-P) patterning in tyrn mutants
during gastrulation. Co-staining of SOX2 with FOXA2 (A) or with T (B). Co-localization of
Hhex-GFP with T (C) or FOXA2 (D). The anterior marker SOX2 was strongly expressed at
the distal tip in mutants. SOX2 was also expressed in chorionic ectoderm in both wildtype
and tyrn embryos. T-staining found a shortened primitive streak in tyrn mutants; based on
staining for Hhex-GFP and FOXA2 AME and ADE cells emerged from the midpoint of
posterior side of tyrn mutants, in contrast to the distal/anterior region of wildtype embryos.
(E) in situ hybridization staining of Otx2 showed that Ofx2 expression was restricted distally
in tyrn rather than anteriorly, as seen in wildtype embryos. (F) FoxaZ2 labels axial mesoderm
and definitive endoderm cells in both wildtype and tyrn embryos.

The aberrant posterior positioning of ADE and AME, both derivatives of the anterior
primitive streak (APS) (Arnold and Robertson, 2009; Lawson, 1999; Lawson et al.,
1991), suggested that primitive streak extension was defective in tyrn mutants. To
compare the organization of the primitive between wildtype and tyrn embryos, we
performed section immunofluorescence for T (Brachyury), a marker of nascent
mesoderm emanating from the primitive streak, including AME (Figure 2.12B-C). In
E7.5 wildtype embryos, T staining showed that the primitive streak had extended to the
distal tip and generated AME derivatives of the anterior primitive streak. In contrast, T
staining of E7.5 tyrn embryos indicated that the primitive streak had extended only to the
midpoint of the posterior side (Figure 2.12B-C). Whole-mount embryo
immunofluorescent staining showed that the defective primitive streak extension in tyrn
embryos started to occur at E7.0 when tyrn mutant embryos started to show smaller size
compared to wildtype embryos (Figure 2.13A-B). Taken together, these results suggest
that the impaired extension of the primitive streak in tyrn embryos causes the distal
positioning of the AME and ADE at E7.5. Mutant embryos underwent head

morphogenesis and formed a head at the distal tip with abnormal morphology.
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Figure 2.13 Defects in primitive streak extension in tyrn embryos. (A) Whole mount
immunostaining of E7.0 wildtype and tyrn embryos. mutant embryos show reduced embryo
size and the T expression area is not expanding anteriorly as long as seen in the wildtype of
the same stage. Hhex-GFP labeled the AVE and emerging gut endoderm. (B) Whole mount
immunostaining of E7.5 wildtype and tyrn embryos. T and SOX2 expression pattern were
similar to the pattern in section staining (A-C). n = 3 embryos per genotype. Scale Bar = 100
pm.

2.2.3 The tyrn mutation affects mesoderm lineage allocation
The defective primitive streak elongation in tyrn mutants raises the question that whether

the mesoderm lineage allocation is affected in tyrn embryos. Staining of E-Cadherin and
N-cadherin at E7.5 embryos showed that the mesoderm is generated between epiblast
and VE in mutant embryos, similar to the wildtype embryos (Figure 2.14A).
Immunofluorescence staining and WISH detected irregularities in the production and
positioning of paraxial and extraembryonic mesoderm. In wildtype embryos, CDX2 is
expressed in EXE and the posterior side of the embryos critical for the axial elongation

(Chawengsaksophak et al., 2004; van den Akker et al., 2002). However, in tyrn embryos,
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the expression pattern of CDX2 is restricted to the posterior end (Figure 2.14B).
Similarly, expression of Tbx6, a marker of paraxial mesoderm, was found along the
posterior side of the wildtype embryo, down to the distal tip, it was restricted to the
posterior-proximal region in tyrn (Figure 2.14D). The expression of these two markers
were consistent with the short primitive streak. Expression of KDR, a marker for a subset
of extraembryonic mesoderm including the blood island, amnion, and allantois (Sakurai
et al., 2005), was detected in a similar place in both wildtype and tyrn embryos except
the allantois, which is not seen in the tyrn embryos (Figure 2.14C). Twist expression
labels two distinct mesodermal populations at E7.5; anterior mesoderm precursors to
cranial mesenchyme and extraembryonic mesoderm of the allantois (Bildsoe et al.,
2009). Of note, the E7.5 tyrn mutant generated Twist expressing anterior mesoderm but
lacked Twist expressing cells of the allantois (Figure 2.14E). The mutant embryos also
expressed greatly reduced levels of Tbx4, another marker of allantoic mesoderm
(Figure 2.14F). Mesp1 marks cardiac mesoderm at the early-streak stage and its
expression is downregulated and restricted at E7.75 (Saga et al., 1999). The Mesp1
expression in tyrn mutants at E7.75 resembled that seen in E7.5 wildtype embryos in
published data (Saga et al., 1999), suggesting the presence of cardiac mesoderm
progenitors. However, the wildtype embryos seemed to capture a transitional stage
when the cardiac progenitors have migrated away and the emerging paraxial mesoderm
begins expressing Mesp1 (Figure 2.14G). At E8.5, Mesp1 was expressed in posterior
somites in both wildtype and mutant embryos, albeit the expression was weaker in
mutants, probably due to the small somite size (Figure 2.14H). BMP signal gradient was
observed in tyrn embryos. However, the signal occupied a higher proportion of
embryonic area in tyrn mutants compared to wildtype embryos due to the smaller size,
indicating a higher exposure of BMP signals along the streak (Figure 2.15). Taken

together, these data indicate that the mesoderm lineage allocation, especially the
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populations arising at the late streak stage, is perturbed by the small size, potentially

through the abnormal morphogen gradient in mutant embryos.
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Figure 2.14 Mesoderm lineage allocation in tyrn mutants at late-streak stage.

(A). Costaining of N-Cadherin and E-cCdherin. N-Cadherin marked both embryonic and
extraembryonic mesoderm. The mesoderm layer was formed between epiblast and VE in
both wildtype and tyrn embryos. (B) CDX2 expression was restricted to the posterior-
proximal side in tyrn embryos, whereas in wildtype embryos, CDX2 was expressed along the
whole posterior side. (C) KDR was expressed in a subset of extraembryonic mesoderm cells
located in blood island, amnion, and allantois in wildtype embryos. tyrn embryos showed
similar expression except the allantois. (D) In wildtype embryos, the paraxial mesoderm
marker Thx6 was expressed along the posterior side down to the distal tip. In tyrn mutants,
Thx6 expression was restricted to the posterior side of the embryo. (E) In wildtype embryos,
Twist expression labeled anterior mesodermal precursors to cranial mesenchyme and
extraembryonic mesoderm of the allantois. In tyrn embryos, Twist was not expressed in
allantois. (F) Tbx4 expression in allantois was strong in wildtype embryos but not detected in
mutant embryos at E7.5. (G) In wildtype embryos, Mesp1 marked the transition stage when
cardiac progenitors exited from the primitive streak while the emerging paraxial mesoderm
cells started to express Mesp1. Mesp1 expression was restricted to the cardiac progenitors
in E7.75 mutants. (H) Mesp1 was expressed in posterior somites in both wildtype and tyrn
embryos at E8.5. The signal was weaker in mutant embryos. n = 3 embryos per genotype.
Scale Bar=100 pym.

124



Wildtype tyrn

pSmad1/5/8

Figure 2.15 BMP signal gradient in wildtype and mutant embryos. pSmad1/5/8 reflected
BMP signaling pattern. In both wildtype and tyrn embryos, the BMP signal was high around
the boundary between the epiblast and extraembryonic tissues and became weaker to the
distal. n = 3 embryos per genotype. Scale Bar=100 pm.

2.2.4 Disrupting Pold1 in a single layer did not recapitulate phenotype in tyrn.
To address which germ layer mainly contributes to the phenotype observed in tyrn

embryos, we generated homozygous Pold71 conditional null alleles in either epiblast or
VE to see which germ layer, once POLD1 is depleted, will recapitulate the tyrn
phenotype. We took advantage of the mice harboring the Pold 1@ allele to

generate Pold 1" mice and crossed them with Sox2-Cre (Hayashi et al., 2003;
Vincent and Robertson, 2003) and Ttr-Cre mice (Kwon and Hadjantonakis, 2009),
respectively (Figure 2.16). No VE-specific Pold1-null embryos were retrieved as early
as the E6.5 stage, as validated by genotyping, indicating the importance of VE formation
for embryo survival at the pre-gastrulation stage. Epiblast-specific Pold1-null embryos
were retrieved at E7.5, although a great loss of epiblast and ExE tissues were observed
(Figure 2.17A-B). The remaining epiblast cells Pold1*": Sox2-Cre embryos were still
undergoing gastrulation, as shown by the sporadic T staining at the posterior side of the

embryo. The VE layer was the only layer that was relatively well maintained (Fig. 2.18A).
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The shrinkage of embryonic tissues was more severe in Pold1°"": Sox2-Cre embryos

and did not resemble tyrn embryos.
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Figure 2.16 Crossing strategy of generating Pold7 conditional null allele.

Structure of the Pold1 tm1a (gene trap) allele and the tm1c (loxP) allele generated after Flp-
mediated recombination. gene segments between loxP sites were removed after further
Sox2-Cre or Ttr-Cre mediated recombination. Exons are represented in grey vertical blocks.
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Figure 2.17 Loss of epiblast and extraembryonic ectoderm (ExE) tissues in E7.5 Pold1
conditional null embryos. (A) Reduced epiblast and ExE tissues were observed in E7.5
Pold1°%F": Sox2-Cre embryos compared to wildtype embryos by SOX2 staining. Mutant
embryos underwent gastrulation as marked by T at the posterior side of the embryo. (B)
Crossing strategy to generate Pold1°*": Sox2-Cre embryos. n = 3 embryos per genotype.
Scale Bar=100 pym.

Given the fact that the homozygous null allele causes a more severe phenotype, we
decided to combine the null allele with the tyrn allele in a layer-specific manner.
Intriguingly, Pold1¥™"*P: Ttr-Cre embryos were morphologically at the post-gastrulation
stage (E10.5, the latest time point we performed the dissection), but no Pold1¥™°: Ttr-
Cre neonates were yielded. Pold1Y™°*": Sox2-Cre embryos were morphologically
normal till E9.0 when Pold1¥™°**_Sox2Cre embryos did not undergo axis rotation at this
stage and quickly died at E9.5 (Figure 2.18). These data indicate that the severity of the
phenotype relies on the dosage of Pold1 that was perturbed. The phenotypes observed

in mutant embryos from different conditional allele crossing strategies also point out that

the tyrn phenotype is caused by a global reduction of POLD1 activity.
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Figure 2.18 Developmental progression of Pold1'°Py™: Sox2-Cre embryos at post-
gastrulation stage. (A) Pold1'?¥™: Sox2-Cre embryos were morphologically
indistinguishable compared to wildtype embryos at E8.5. (B) At E9.0, mutant embryos
showed reduced tissue amount and failed to undergo axis rotation along the dorsal-ventral
(D-V) axis. (C) Pold1°F%m: Sox2-Cre embryos embryos were smaller than wildtype embryos
and started to die at E9.5 (D) E10.5, the last stage to retrieve Pold1*P¥™: Sox2-Cre
embryos, which were already dead. (E) Crossing strategy to generate Pold1*P%™: Sox2-Cre
embryos. n = 3 embryos per genotype. Scale Bar=100 um.
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Figure 2.19 Developmental progression of wildtype and tyrn embryos between E6.5
and E8.5. At E6.5, wildtype and tyrn embryos are morphologically indistinguishable. AVE
(red) is properly localized at the normal anterior region in both wildtype and mutant embryos.
Gastrulation is initiated and a primitive streak (yellow) is formed. At E7.0. primitive streak
elongation in tyrn mutants shows a slight delay compared to wildtype embryos, and there is a
small though noticeable reduction in embryo size. In E7.5 wildtype embryos, the AME and
ADE replace the role of AVE as the new signaling center for head formation at the anterior
side of the embryo. In tyrn mutants, there is reduced primitive streak extension, and the AME
and ADE (magenta) appear at the midpoint of the posterior side instead of migrating across
the distal tip of the embryos. In addition, the head forms at the distal tip with an abnormal
morphology. At E8.5, wildtype embryos show a well extended A-P axis, whereas tyrn mutant
embryos exhibit a small, siren-like morphology with the head pointing to the distal tip of the
embryo. The white stripes indicate the reduction of extraembryonic mesoderm cells in the
allantois.
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Chapter 3 Discussion
We assessed the impact on embryo growth and morphogenesis of a hypomorphic

mutation that reduces levels of DNA proliferation at gastrulation stages. The tyrn
mutants from our ENU mutagenesis screen provided an excellent time window for us to
investigate the roles of embryo growth in gastrulation. The tyrn mutation disrupted the
polymerase function of Pold1 and caused reduced cell proliferation in vivo. Mutant
embryos did not merely exhibit a wildtype-like morphology with a proportionally reduced
size, or a random shape with no underlying logic. Instead, it showed a siren-like
morphology, with the head located closer to the distal tip rather than residing at the
normal anterior region seen in the wild types. Further phenotypic analyses from E6.5-
E7.5 stages revealed that the mispositioned head, as well as the general abnormal
morphology seen in tyrn embryos, likely resulted from the defective primitive streak
extension during gastrulation. The short primitive streak led to the distal positioning of
the AME and ADE, which caused the orientation of the anterior-posterior axis to be
shifted towards the distal-proximal axis (Figure 2.19). The fyrn mutants showed a
remarkable impact of reduced cell proliferation during gastrulation. The impaired DNA
synthesis machinery caused prolonged defects in cell proliferation, leading to a
discoordination of embryo growth with lineage specification and tissue morphogenesis.
Such discoordination resulted in embryos with abnormal morphology and incorrect
orientation inside the decidua. These results indicate that the embryo growth needs to
be highly coordinated with lineage specification and tissue morphogenesis for normal

gastrulation.

The data we collected and the conclusion we have drawn so far are very superficial. The
study of impacts of cell proliferation during embryo morphogenesis in the tyrn mutant

raises more questions worth further investigation, some of which are not limited to the
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developmental biology field. To better understand how Pold1 is involved in
embryogenesis, we may need to address these questions at molecular, genomic, and

cellular levels.

1. Characterizing the biochemical properties of Pold1 D939Y

Our in vitro primer extension assays show reduced efficiency of DNA synthesis in mutant
proteins. However, the protein we purified was the yeast orthologue of mouse POLD1
with the corresponding mutation. In the future, we can directly purify mouse POLD1P9%%Y
protein to test DNA synthesis in primer extension assay, which will be more persuasive.
Based on the structure of human and yeast Pol 8, the D939Y mutation on p125 (POLD1)
may potentially disrupt the structural integrity of replication complex on DNA single
strands. We may also test the binding affinity of p125 with other subunits to see whether

the protein-protein interaction is disrupted in POLD1P9%Y,

All the current biochemical data we have so far only focused on the reduced efficiency of
DNA synthesis by POLD1°%®", Since Pold1 is actively involved in DNA repair, it is
possible that POLD1°%**Y may cause increased genome instability. Although this
mutation is not localized on the exonuclease domain, it is not known whether it may
have indirect effects on DNA repair. Imnmunofluorescence staining of cleaved caspase 3
showed increased cell apoptosis in tyrn mutants. Replication errors may occur during
multiple rounds of cell proliferation. We may test the expression level of diagnostic
markers for DNA damage and checkpoint response such as y-H2AX, ATM/ATR by
immunoblotting or immunofluorescence staining. Notably, some very preliminary data

showed that introducing p53 homozygous null alleles into tyrn mutants did not rescue
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the phenotype, suggesting that the checkpoint response is not activated or the activated

checkpoint response is independent of p53.

2. Investigating the behavior of Pold 1Y% cells

The increase of cell number is significantly lower in tyrn mutants from E7.0. Since cell
death did not become obvious until E7.5, the lower cell number growth was mainly due
to defects in cell proliferation. Cell cycle controls the progression of cell proliferation and
there are some important questions we may need to address: Is the cell cycle duration
extended? Which phase(s) is extended during the cell cycle? Will there be more cells
arrested in the G2 phase? Usually, the cell cycle analysis is performed in cultured cell
lines. In our case, however, the biggest obstacle to performing cell cycle analysis is that
we cannot derive stable cell lines from tyrn mutants. Cells cannot proliferate in vitro due
to defective Pold1 function, which also impedes many biochemical studies. What we can
do is to pool enough embryos for analysis, which is very time-consuming and cannot
address embryos until E7.5 as wildtype and tyrn embryos are morphologically
indistinguishable before E7.5. Then we can dissociate cells directly from the embryos,
though tricky, and sort these cells based on the phases where these cells are staying.
Intuitively, we might see an increased ratio of cells staying in S phase due to the
decreased efficiency of DNA synthesis in Pold Y™™ cells. We might also see an
increase in cells trapped in the G2 phase, if replication errors are accumulated and
checkpoint responses are activated. In parallel, we can knock down Pold7 in mouse cell
lines, for example, the MEF, and perform cell cycle analysis and compare the results

from cells dissociated from embryos.

The short primitive streak and generally abnormal morphology make it worthwhile to

address the cell collective migration during gastrulation. Advances in embryo culture
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protocols, high-resolution live imaging techniques as well as computational methods
have provided strong technical support for mesoderm migration studies. By introducing
mTmG into the tyrn background, we may visualize mesodermal cell movements via live
imaging and calculate the speed and directions of individual cells. This experiment will
provide visual data to reflect the whole process and understand how tyrn embryos adopt
this morphology during these 12 hours (from E7.0 to E7.5), highlighting the importance
of the coordination of cell movement and cell proliferation for tissue patterning and

morphogenesis

3. Looking into the genome landscapes

The whole genome is duplicated during the S phase, which includes the synthesis of
nascent DNAs and nucleosome packaging. Again, since our current study only focused
on DNA synthesis. it is not known whether the epigenetic modification is affected in
Pold 1™ cells. One study brings about the idea that Pol § may affect histone
modification in Arabidopsis (Iglesias et al., 2015). We can perform ChlP-seq analysis to
compare the epigenetic modifications between wildtype and tyrn embryos. We might
observe a global change of histone modification or DNA methylation. If this is true, do
the changes of epigenetic modification lead to differential gene expression in all cell
types and subsequent embryo phenotypes? The global change of epigenetic
modification might cause regional-specific effects in unique cell types. This might be a
potential explanation for people with MDPL (mandibular hyperplasia, deafness,
progeroid, and lipodystrophy) syndrome that exhibit tissue/organ-specific defects.
However, questions still exist on the causative relationship between epigenetic
modifications and embryo phenotypes. Another study, which is also performed in

Arabidopsis, shows that Pol ¢ genetically interacts with genes involved in epigenetic
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regulations (Yin et al., 2009b). We may test whether this is also true for Pol & in mouse
embryos. We may even go one step further to see whether Pol § physically interacts with

epigenetic modifiers through Co-IP.

The cell fate of mesoderm derivatives along the primitive streak is determined by
differential combinations of morphogen signals these cells are exposed based on the
position and timing of ingression. Our results showed that the mesoderm lineage
allocation is altered in tyrn mutants, especially the extraembryonic mesoderm in
allantois. In the meantime, we also observed an expanded BMP signal zone along the
proximodistal axis in tyrn embryos. Based on these observations and the model of
mesoderm cell lineage specification, we proposed that the establishment of morphogen
gradience relies on the well-coordinated pattern signals and embryo expansion. This
proposal can be further validated by looking at the transcriptional profiling of individual
cells. The development of single-cell RNA seq allows us to look at the gene expression
profiling at single cell level. We may depict the atlas of gene expression profiling of each
cell in a high spatiotemporal resolution to get a better understanding of the cell behavior

during development.

4. Beyond gastrulation, how does cell proliferation affect organogenesis?

Cell number regulation occurs throughout different stages of embryonic development.
The effects of cell number perturbation on tissue/organ size and morphogenesis can

vary greatly based on developmental stages and tissue/organ types. The mandibular
hypoplasia, deafness, progeroid and lipodystrophy (MDPL) syndrome, a multisystem

disorder, has been associated with heterozygous in-frame deletion of Ser605 that

causes loss of POLD1 activity (Elouej et al., 2017; Fiorillo et al., 2018; Sasaki et al.,
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2018; Weedon et al., 2013). The reported patients presented growth retardation,
sensorineural deafness, loss of subcutaneous adipose tissue and insulin resistance,
indicating that decreased POLD1 activity exerts organ specific effects. Other studies
have also identified organ-specific responses to loss of tissue-specific progenitors.
Removing the embryonic limb field in amphibians or chickens has no effect on the final
limb size as the limb is capable of robust compensatory proliferation (Holder, 1981;
Summerbell, 1981), and similar compensatory growth has been observed for the
developing liver progenitors (Bort et al., 2006). In contrast, the final pancreas size is
determined by the initial pancreatic progenitor pool and there is a lack of significant
compensatory growth (Bort et al., 2006; Stanger et al., 2007). These studies
demonstrate the importance of studying cell number regulation in diverse tissue and

organ types at different stages of embryonic development.

Obviously, the current tyrn mutant is not a suitable model to address the impacts of cell
proliferation in organogenesis due to the early lethality. The CRISPR/Cas9 may
potentially provide a solution to address how Pold1 could affect organ development.
Theoretically, we can introduce D939Y mutation into organoids using CRISPR/Cas9 and
tobserve which type(s) of organoids are sensitive to Pold1 D939Y. In the future, we may
produce mice expressing tissue-specific Cas9 and gRNA targeting Pold1 to generate
D939Y mutation in an tissue-specific manner to see how POLD1 D939Y affects organ
development in vivo. An alternative way is that we may apply reverse genetic screens to
generate mice harboring mutations in Pold7 which are milder than D393Y and show
defects at later time points. This could allow us to systematically investigate the
development of all types of organs when the cell proliferation is perturbed by defective

Pold1.
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5. Investigating the role of DNA polymerases in development

There are 15 DNA polymerases in mammals, with Pol 8, Pol € and Pol a being the major
polymerases required for DNA synthesis. Most of the mouse models targeting DNA
polymerases are mainly applied in cancer study. The heterozygous or homozygous
mutants usually develop cancer in adulthood. While it remains unclear in terms of
whether and how Pol € and Pol a contribute to embryonic development, due to lack of
suitable mouse models. Homozygous deletion of Pol ¢ leads to embryonic lethality at
E7.0, which is longer than Pold1 knockout embryos with no detailed phenotype

reported . Despite Pol 8, one mouse model targeting DNA polymerase 3 was created
and provided some generic information in embryonic developments. DNA polymerase [
is essential for base excision repair. Embryo without Pol § dies with higher mortality and
increased cell apoptosis in postmitotic neurons. In conclusion, the study of DNA
polymerase function in mouse development is very limited. The phenotypic analysis is
also restricted to cell proliferation, DNA synthesis, cell cycle, cell death, etc. How these
defects are linked to embryo development, however, has constantly been neglected and
a loose conclusion is often drawn from these observations. Compared to mutations in
Pol 8, these embryos have milder phenotype and are actually very useful model to study
how reduced cell proliferation could affect organ development. In the future, more
knock-in mouse models with various defects during embryogenesis need to be created.
All the experiments we have mentioned so far can also be done in these knock-in

models to explore the function of DNA polymerases in embryonic development.

In addition to mice, other model organisms also have their unique morphogenetic events
and many of them become the classic models to study certain biological questions. For

example, in C.elegans, people use the first rounds of cell division in zygotes to study the
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mechanisms of asymmetrical divisions. In Drosophila, the ventral furrow formation and
mesoderm formation are the most well-studied developmental models for topics
including apical constriction, layer invagination, epithelia-mesenchymal transition. In
zebrafish, epiboly is a unique morphogenetic event under constant investigation. The
migratory behavior of mesendoderm cells is also a research hotspot. It will be interesting
if we introduce mutations of DNA polymerases into these model organisms to see
whether these typical morphogenetic events will be affected when DNA replication and

cell proliferation is disrupted.

6. From model organisms to human

Studies from model organisms provide many critical insights to help us understand the
developmental process in human. Although many developmental features and
underlying mechanisms have been proved to be universally shared among different
species, human embryonic development still has its own features which cannot be
recapitulated in model organisms. Very recently, the international society of stem cell
research (ISSCR) has lifted the 14-day ban on human embryo study, which allows the
extended culture of human embryos. However, it is still technically challenging to culture
human embryos past gastrulation. Therefore, people have been searching for alternative
models to mimic the early-stage developmental progress including two-dimensional disc
or organoids. The recent advances in the generation of blastoids and gastruloids from
human pluripotent stem cells offers innovative opportunities to dissect the mechanisms
of human embryogenesis. By combining single-cell transcriptomic analysis, we are able
to continuously create new versions of these human organoids that best mimic their in
vivo counterparts and recapitulate the dynamics of developmental events. In the future,
more topics which have been deeply investigated from model organisms, especially from

mouse studies, including cell proliferation in embryonic development, can be transferred
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into the human in vitro model to get the knowledge that is, theoretically, closer to what

really happens in human embryogenesis.

7. Some thoughts about this project

From my point of view, an important lesson learned from the past 7 years in the
developmental biology study is “always try to think of a mutant in different ways”. For so
many years, numerous transcription factors or related co-effectors, components of a
certain signaling pathways, or anything that may indirectly affect the expression of the
genes mentioned above, have been identified in various forward or genetic screens.
These productive findings lead us to a deeper understanding of embryogenesis.
However, it may also create a comfort zone that when something new or non-canonical
is discovered, people eagerly try to integrate it into known signal networks. At the very
beginning of this study, a lot of time has been spent on linking Pold1 into a known
signaling pathway such as Nodal, BMP, etc. For many times, | felt like going to a dead
end as it is very time consuming to go through every single pathway within a limited time
period. Finally, the author decided to jump out of the zone. Instead of sticking to a
signaling pathway, why not going back to the gene itself and think of its basic function as
a polymerase? The direct effect of defective Pold1 function is impairs, which later affects
cell cycle and cell proliferation. Everything seems normal when wildtype and mutant
embryo did not show size difference. Everything becomes abnormal when embryo
expansion starts to slow down. This observation finally led to a new idea that looking at
embryo as a whole. The embryo is the frame for all proper signaling activities. Without
normal size, the whole signaling network and cell behavior will change collectively. The
embryo size has long been neglected compared to other signaling pathway specific
studies. | am very glad that | find a new direction for this study and propose a model to

summarize my findings. It is a great pity that | will never have the chance to share my
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idea with Kathryn. The arguments between us about this mutant always brought up with
new ideas and hypotheses. Without them, | would never be able to establish the current

model.
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Chapter 4 Materials and methods

4.1 ENU Allele Isolation and Sequencing.
The tyrn allele was generated by mouse ENU mutagenesis screens using C57BL/6J

males and was identified based on its embryonic phenotype at E8.5, as previously
described (Garcia-Garcia et al., 2005). To obtain genomic DNA, E8.5 tyrn mutant embryos
were pooled into 3 sample groups and snap frozen on dry ice. Gentra Puregene kit
(QIAGEN) was used for the genomic DNA extraction of tyrn mutant embryos. Whole-
exome sequencing was performed at the MSKCC Integrated Genomics Operation. Exome
capture was performed using the SureSelectXT kit (Agilent Technologies) and SureSelect
Mouse All Exon baits (Agilent Technologies). An average of 100 million 75-bp paired reads
were generated. Sequencing data analysis was performed using the methods described
in (Jain et al., 2017). We examined homozygous exonic sequence variants shared among
all pools of phenotypic embryos, but which were not identified in cohorts of wildtype
embryo samples or separate lineages of ENU screen-derived embryos, and which were
not present in a publicly available mouse genomic polymorphism database (dbSNP), 11
potential phenotype-causing lesions were found in 8 gene annotations, 6 nonsynonymous,
of which Pold1 was one: Pold1: NM_011131: exon23: c. G2815T: p.D939Y. After
examining the known phenotypes of published alleles or functional annotations of these
candidate genes, we re-examined non-exonic and heterozygous mutations and eliminated
the read depth threshold to explore other possibilities. After going through the whole
dataset (developed by Devanshi Jain from Scott Keeney lab) (Jain et al., 2017) containing
all our exome sequencing submissions over the years to catalog universal variants we
could eliminate, we confirmed that the sole candidate variant was in Pold1. The tyrn allele
has a single G to T transversion in the 2815 nucleotide position of exon 23 in the Pold1
coding sequence (G2815T), causing a nonsynonymous missense mutation in the amino
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acid position 939 resulting in the substitution of aspartic acid to tyrosine, D939Y. The
G2815T mutation created a Rsal restriction site used for genotyping. Embryos displaying

the tyrn morphological defect were homozygous for the G2815T mutation.

4.2 Mouse Strains
Pold1™'¥* mice: The parental JM8.N4 mouse ES cell strain (strain origin: C57BL/6N,

male, black coat, non-agouti, MGI ID: 4431772) (Skarnes et al., 2011) carrying one
Pold1™m1aEUCOMMW (g 1'™72) gllele was imported from the European Mouse Mutant
Repository (EUMMCR). The selected Pold1-G09 ES cell clone passed the karyotype
analysis performed by Molecular Cytogenetics Core Facility, Memorial Sloan Kettering
Cancer Center (MSKCC). The Pold1-G09 ES cell clone was injected into the female
B6(Cg)-Tyr*®/J (albino C57BL/6J, or B6-albino, non-agouti, The Jackson Laboratory)
donor mice by MSKCC Mouse Genetics Core Facility. 14 out of the 19 pups alive were
chimeric. Male chimeras were crossed with albino FVB/NJ (FVB, containing homozygous
dominant agouti locus A/A) females to generate heterozygous offspring carrying the
Pold1™@ allele. Germline transmission was determined by the presence of agouti pups

and genotyping for the presence of the LacZ cassette present in the tm7a allele.

Pold1*™™'® mice: Mice carrying Pold1™™ (null) allele were generated by crossing
Pold1™'#* mice with CAG-Cre transgenic mice (The Jackson Laboratory) to remove the
critical exons between exon 3 to exon 10. The lacZ cassette remained in Pold1™ allele

and was used for genotyping.

Pold1'>xF"oxP mice: Pold1*"™'@ mice were crossed with mice expressing Flp recombinase

to yield Pold1*"**" offspring. The Flp recombinase removed the gene trap cassette
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between exon 3 and exon 4, leaving 2 loxP sites flanking exon 4 to exon 10. Heterozygous

1onP/onP ml ce.

Pold 1" mice were inbred to yield homozygous Pold
Other mouse strains: The Hhex-GFP strain and Tir-Cre strain were gifts from Anna
Katarina Hadjantonakis (Kwon and Hadjantonakis, 2009; Rodriguez et al., 2001)
(MSKCC). The Flp strain (Takeuchi et al., 2002) was a gift from Alexander Joyner
(MSKCC). The Sox2-Cre (Hayashi et al., 2003; Vincent and Robertson, 2003) strain was
kindly provided by Dr. Tatiana Omelchenko. The CAG-Cre transgenic mice (Sakai and

Miyazaki, 1997) were kindly provided by Dr. Angela Parrish.

4.3 Animal Crossing and Breeding
Mice were housed and bred under standard conditions in accordance with Institutional

Animal Care and Use Committee (IACUC) guidelines. The MSKCC IACUC approved the
experiments. Mice that were 8-16 weeks old were used to generate E6.5 to E8.5 embryos.
For experimental crossing, 1 male and 2~3 females were set up in one cage around 5 pm
in the afternoon. Plug check were done between 12pm to 4 pm starting from the next day.
The plugged mice were recorded as E0.5. A second plug may occasionally occur 2-3 days
after the first plug then the plugged mice were recorded as E0.5 based on the second plug
time. Pregnant females were brought down to the lab and stayed for no more than 12

hours before experiments.

4.4 Embryo and mouse genotyping
Embryos and punched ear tissues from weaned young mice (~20 days after birth) were

incubated in PCR buffer containing 15% Proteinase K at 55°C overnight to dissociate
tissues and release DNAs. Samples were heated up at 95°C to denature Proteinase K

and then diluted to 50-100 ng/ul. Sample concentration was measured by Nanodrop. For
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each PCR reaction, 1 ul DNA sample was mixed in 5.118 pl PCR mastermix, 0.575 pl
primer mix and 0.08 ul Platinum Taq DNA polymerase. Reaction was run on Eppendorf
Thermal Cycler.

Primers for different genes and allelles were listed in the table

Programs used for PCR reactions:

Pold1 tyrn

Step 1 94.0 °C 12 minutes

Step 2 X 35 cycles
94.0 °C 30 seconds
58.0 °C 45 seconds

72.0 °C 1 minute

Step 3 72.0 °C 7 minutes

Step 4 4°C ---

Pold1 loxP/WT

Step 1 94.0 °C 12 minutes

Step 2 X 40 cycles
94.0 °C 30 seconds
62.0 °C 45 seconds

72.0 °C 1 minute

Step 3 72.0 °C 7 minutes

Step 4 4°C ---

Pold1 tm1a and tm1b
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e Step1 94.0 °C 12 minutes
e Step 2 X 35 cycles
94.0 °C 30 seconds
60.0 °C 30 seconds
72.0 °C 1 minute
e Step3 72.0 °C 7 minutes

e Step4 4°C ---

Hhex-GFP
o Step1 94.0 °C 2 minutes
o Step 2 X 40 cycles
94.0 °C 20 seconds
55.0 °C 30 seconds
72.0 °C 30 seconds
o Step3 72.0°C 10 minutes

o Step4 4°C ---

o Step1 94.0 °C 2 minutes
o Step 2 X 35 cycles
94.0 °C 30 seconds
59.5°C 30 seconds
72.0 °C 1 minute
e Step3 72.0 °C 10 minutes
e Step4 4°C -

Flp-recombinase
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e Step1 94.0 °C 2 minutes
e Step 2 X 35 cycles
94.0 °C 30 seconds
59.5 °C 30 seconds
72.0 °C 1 minute
e Step3 72.0 °C 10 minutes

e Step4 4°C ---

For tyrn allele, 0.5 ul Rsal restriction enzyme, 1.5 ul enzyme buffer and 3 pl ddH.O were
added into 10 ul PCR reaction products for digestion at 37°C overnight. All PCR
products were loaded onto 4% agarose-TBE gels and ran under 120 V for 40 minutes.

Gels were exposed to UV to show the results using GelDoc system.

4.5 Embryo Harvesting and Dissections
Pregnant FVB female mice bearing embryos at E6.5-10.5 stages were euthanized by

cervical dislocation. Uteri were harvested based on an IACUC-approved mouse protocol.
Embryos were dissected from decidua inside the uterus in cold 0.4% Bovine Serum
Albumin (BSA) (Sigma-Aldrich) in phosphate-buffered saline (PBS) using fine forceps
and Leica dissection scope. Embryos were fixed in 4% paraformaldehyde (PFA) on ice
for at least 4 hours and washed with PBS for 5 minutes X 3 times at room temperature

(RT). Fixed embryos were stored in PBS at 4°C for downstream experiments.

4.6 Complementation Test
Pold1™"* females were crossed in timed matings with tyrn/+ males to produce

embryos. Embryos at E7.5 and E8.5 stages were harvested and grouped into wildtype
and mutant cohorts based on phenotype. No tyrn/tm1b mutant embryos were recovered
at E8.5 stage. The genotypes of E7.5 embryos corresponded with their morphological
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phenotypes, verifying that a lesion in Pold1 was the causative mutation of the tyrn
phenotype. Embryos with abnormal morphological phenotype genotyped Pold 1™,
whereas embryos with Pold1**, Pold1¥™* and Pold1™"** genotypes displayed wildtype

phenotypes.

4.7 Riboprobe Preparation
Plasmids containing riboprobe sequences were linearized in the correct orientation to

guarantee anti-sense probe generation. Circular plasmids were digested using desired
restriction enzyme and incubated at 37°C for 2 hours. 30 ul plasmid was used in the 100
ul digestion system. Linearized plasmids were purified using the PCR purification kit
(QIAGEN) to remove the restriction enzyme and diluted with depc-water to 70 pl.
Combine 5ul linearized DNA, 3 ul 10X Digoxigenin NTP labeling mix, 3 ul 10X
Transcription buffer, 1 ul RNase inhibitor, 2 ul T7/T3/Sp6 RNA polymerase (Sigma-
Aldrich), and 16 ul deep-water to make a total of 30ul reaction sample. Samples were
incubated at 37°C for 2.5~3 hours. 1 ul DNasel (RNase-free) was added into each
sample after incubation and samples were incubated at 37°C for another 30 minutes to
digest plasmids. Add 70 ul depc-water to sample and spin through resin column (GE)
using 100 g to remove extra DIG-NTP. Check 5 ul purified transcript on 2% agarose gel.

Add 3 ul RNase inhibitor (Sigma Aldrich) into purified riboprobes and store at -20°C.

4.8 In Situ Hybridization
Fixed embryos were sequentially dehydrated in 25%, 50%,75% methanol in depc- PBS

and 100% methanol and stored in -20°C.
Day 1: Embryos were taken out from methanol and sequentially rehydrated in 75%,
50%, 25% methanol in depc-PBS before experiments. After rehydration, embryos were

placed in 12-well plated and washed in depc-PBSTween 20 for 5 minutes X 3 times.
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embryos were then incubated in 1ug/mL Proteinase K-PBS solution for 3 to 7 minutes
based on embryo stages, After Proteinase K treatment, embryos were washed in 2
mg/ml Glycine in depc-PBSTween 20 for 5 minutes X 2 times to stop Proteinase K
reaction. Embryos were again washed in depc- PBSTween for 5 minutes X 2 times.
Embryos were refixed in 4% PFA + 0.2% Glutaraldehyde for 15 minutes at room
temperature and washed in depc- PBSTween 20 for 5 minutes X 3 times. Embryos were
later washed in 1:1 PBSTween 20: hybridization buffer for 5 minutes at RT then 5
minutes at 70°C. After that, embryos were washed in hybridization buffer for 5 minutes at
room temperature and then washed in preheated hybridization buffer for 1 hour at 70°C.
Once all washes have been done embryos were incubated in hybridization solution with

RNA probes at 70°C overnight.

Day 2: RNA probe solution was removed, and embryos were incubated in 800 ul warm,
fresh hybridization buffer in each sample well at 70°C. 400 ul of 2X SSC buffer (pH4.5)
were added into each well (without removing hybridization buffer) 3 times and embryos
were washed for 5 minutes each time at 70°C. After that the buffer mix was aspirated
and 2 ml 2X SSC buffer (pH7.0) + 0.15 CHAPS was added to each well to wash
embryos for 30 minutes X 2 times at 70°C. After SSC wash, embryos were washed with
MAB buffer for 10 minutes X 2 times at room temperature and then for 30 minutes X 2
times at 70°C. After MAB solution wash, embryos were washed in PBS for 10 minutes
and then PBSTween for 5 minutes. Embryos were incubated in blocking buffer for at
least 5 hours at 4°C. Embryos were incubated with anti-DIG Fab fragments (Roche,

1:10000) in blocking buffer overnight at 4°C.
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Day 3: Embryos were washed in PBSTween 20 + 0.1% BSA for 45 minutes X 5 times +

overnight X1 time at 4°C.

Day 4: Embryos were washed in PBSTween 20 for 30 minutes X 2 times at room
temperature. Then embryos were washed in NTMT solution for 10 minutes X 2 times.
Embryos were incubated in BMPurple (Roche) covered in foil until color was developed
(leave at 4°C overnight or overweek if necessary). Embryos were washed in PBSTween
20 for 10 minutes X 2 times at room temperature and then re-fixed in 4% PFA for 10
minutes. Embryos were washed in PBS for 10 minutes X 3 times after fixation. Embryos

were stored at 4°C before imaging.

Solution Recipe
Hybridization solution (500 ml):
¢ 5 g Roche Blocking Reagent
e 250 ml formamide
e 125 ml 20X SSC, pH7
e Heat to 65°C for about 1 hour to dissolve
e 59 ml ddH20
e 50 ml 10 mg/ml torula RNA (heat 2 minutes at 65°C to clear)
¢ 1 ml 50 mg/ml heparin (-80°C)
e 5ml10% Tween-20
e 5ml 10% CHAPS
e 5ml0.5MEDTA

store at -20°C
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depc ddH20: 0.1% diethyl pyrocarbonate (depc) in ddH-O, stir overnight at 37°C,
autoclave 40 minutes.

depc 10X PBS: 0.5 ml depc + 500 ml 10X PBS, stir overnight, autoclave 40 minutes.
depc PBSTween 20:1X depc PBS + 0.1% Tween-20

PBSTween: 0.1% Tween 20 in 1X PBS

PBS-BSA: 0.1% BSA (powder) in 1X PBS

MAB (500 ml): 5.805 g maleic acid + 4.383 g NaCl, dissolve in ddH-0O, adjust pH to 7.5.
Adjust total volume to 500 ml

20X SSC (1 L): 175.3 g NaCl + 77.4 g sodium citrate in 800ml ddH»0O, adjust pH to 7.0
with 14N HCI. Adjust total volume to 1L

2 X SSC, pH 4.5 (200 ml): 20 ml 20X SSC + 170 ml ddH»0, adjust pH to 4.5. Adjust total
volume to 200 ml.

2 X SSC, pH 7.0 (200 ml): 20 ml 20X SSC + 180 ml ddH-O.

NTMT buffer (50 ml): 5 ml 1M Tris, pH 9.5 + 1 ml 5M NaCl + 2.5 ml 1M MgCl, add
ddH-0 to 50 ml total volume.

4% PFA: 4% paraformaldehyde in PBSTween 20, lab made, stored at -80°C for long

term, -20°C for short term.

4.9 EdU labeling
EdU (5-ethynyl-2’-deoxyuridine) powder (Invitrogen) was dissolved in sterile PBS into a

working concentration of 2.5 mg/ml. Mice were weighed and injected with EAU solution
(25 mg/kg) intraperitoneally. Embryos were harvested 2 hours after injection and fixed in
4% PFA overnight. Fixed embryos were washed with PBS+3% BSA twice and then
permeabilized in PBS+0.5%Triton X-100 at RT for 20 minutes. Embryos were washed in
PBS+3% BSA after permeabilization. Embryos were incubated with the reaction cocktail

made from Click-iT™ EdU Cell Proliferation Kit for Imaging, Alexa Fluor 637 dye kit
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(Invitrogen) at RT for 30 minutes, protected from light. The cocktail was removed after

incubation and embryos were washed in PBS+3% BSA twice.

Solution Recipe
Alexa Fluor azide working solution: 70 ul DMSO + 1 vial (Alexa Fluor 647), mix well.
store at -20°C for up to 1 year.
1 X Click-iT EdU reaction buffer: 4 ml 10X Click-iT EdU reaction buffer + 36 ml ddH20.
Store buffer at 4°C for up to 6 months.
10X Click-iT EdU buffer additive: 2 ml ddH.O + 1 vial of Click-iT EdU buffer additive
powder, mix until fully dissolved. Sore at -20°C up to 1year. Discard the buffer if the color
turns brown.
Click-iT reaction cocktail (1ml):

o 860 ul 1X Click-iT reaction buffer

e 40 ul CuSO4

e 2.5 pul Alex Fluor azide

e 100 pl 1X reaction buffer additive

Add the above ingredients in the order and use cocktail with 15 minutes of preparation.

4.10 Immunofluorescence and Confocal Microscopy
Fixed embryos were store in PBS at 4°C before use. Embryos for cryosection were

dehydrated in 30% Sucrose-PBS at 4°C overnight. Embryos were embedded in Tissue-
Tek® O.C.T Compound (Sakura Finetek) and frozen on smashed dry ice immediately
after embedding. Embedded embryos were stored in -80°C before use.

Day 1: Embryos were sectioned in 10 mm using Leica CM1520 Cryostat. Section slides
were stored in -80°C before use. For whole-mount staining embryos, embryos were
permeabilized with PBS+0.5%Triton X-100 for 1 hour at RT. For section staining, slides
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were dried for 30 minutes and incubated in blocking buffer (0.1% TritonX-100, 1% heat-
inactivated donkey serum [Gemini: Bio-produces] in PBS) for 1 hour at RT. Primary
antibodies were diluted with the optimized diluting ratio in blocking buffer: Embryos and

slides were incubated with primary antibodies at 4°C overnight on rotator.

The dilution ratio of primary antibodies used in this study were listed below:

FOXA2 (Abcam,1:300), T (Cell Signaling Technology,1:400), Cleaved Caspase-3 (Cell
Signaling Technology,1:300), SOX2 (R and D Systems 1:300), N-cadherin (Cell
Signaling Technology, 1:300), E-Cadherin (Sigma Aldrich, 1:300), pSmad1/5/9 (Cell

Signaling Technology, 1:200), KDR (BD Pharmingen, 1:100), CDX2 (Abcam, 1:200).

Day 2: Embryos and slides were washed with PBS for 10 minutes X 3 times the next
day. Section slides or embryos were incubated in blocking buffer containing specific
secondary antibodies (Invitrogen,1:500) and DAPI (1:1000) for 2 hours at RT. For whole
mount staining embryos, embryos were washed in PBS for 5 minutes X 3 times and
incubated in FocusClear (CelExplorer.Co) for 20 minutes at RT, protected from light.
Embryos were mounted with MountClear (CelExplorer.Co) and stored at 4°C. For
cryosection staining, slides were washed in PBS for 5 minutes X 3 times and mounted
with ProLong Gold Antifade Mountant (Thermo Fisher Scientific) and stored at 4°C. Both
embryos and sections were imaged using Leica SP8 inverted laser scanning confocal
microscope. Confocal images were reconstructed using Fiji (ImageJ) open-source image

processing software.

4.11 Immunoblotting
E8.5 wildtype and mutant embryos were harvested and pooled separately and stored in -

80°C before experiments.
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Day 1: Tissues were homogenized in cold lysis buffer on ice. Lysate was left on shaker
at 4°C for another 30 minutes. Lysate was centrifuged at maximum speed (12000 rpm)
to collect supernatant. Protein concentration was determined through BSA-based protein
assay using Quick Start Bradford 1X Dye Reagent (BIORAD) and adjusted to 2 ug/ul.
Samples were mixed 1:1 with 2X SDS loading buffer and denatured at 95°C for 5
minutes. Samples were loaded in equal amounts onto 8% SDS-PAGE gels and ran for 2
hours under 150V in 1X SDS at RT. Proteins were transferred to PVDF membranes
under 15V overnight at 4°C. Membranes were incubated in blocking buffer containing
(TBST+5% BSA) for 1hour at RT and incubated with primary antibody in blocking buffer
at 4°C overnight: POLD1 (Abcam Cat# ab168827,1:500); GAPDH (Santa Cruz

Biotechnology Cat# sc-32233, RRID:AB_627679, 1:1000).

Day 2: Membranes were incubated in blocking buffer containing (TBST+5% BSA) for
1hour at RT and incubated with primary antibody in blocking buffer at 4°C overnight:
POLD1 (Abcam Cat# ab168827,1:500); GAPDH (Santa Cruz Biotechnology Cat# sc-
32233, RRID: AB_627679, 1:1000). Membranes were washed with 1X TBSTween and
incubated with specific secondary antibodies (1: 5000~10000) for 1 hour at room
temperature. Membranes were washed with 1X TBSTween and incubated with Pierce™
ECL Western Blotting Substrate (Thermo Fisher Scientific) for 5 minutes before film

exposure.

Solution Recipe:
lysis buffer (10 ml)
e 500 pul 1M Tris-HCI, pH 7.2

e 500 ul 5 M NaCl
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e 200 pl 200 mM EDTA

¢ phosphatase inhibitor mixture | and Il (Calbiochem)

e one tablet of Minicomplete (Roche)

e 8.8 mlddH2O
2 X SDS sample loading buffer: 4% SDS, 100 mM Tris-HCI pH 6.8, 0.2% bromophenol
blue, 20% glycerol, 200 mM B-mercaptoethanol (add before use)
10 X SDS running buffer (1 L): dissolve 30.2 g Tris-base, 144 g glycine, 10g SDS in
900 ml ddH-0, adjust total volume to 1L.
1 X SDS running buffer (1 L): 100 ml 10 X SDS running buffer + 900 ml ddH>O
10 X transfer buffer (1 L, no methanol): dissolve 30.2 g Tris-base, 144 g glycine in 900
ml ddH20, and adjust the total volume to 1 L.
1X transfer buffer (1 L): 100 ml 10X transfer buffer + 200 ml methanol + 700 ml ddH2O.
10X TBS buffer (1 L): dissolve 24 g Tris-base, 88 g NaCl in 900 ml ddH-O, adjust pH to
7.6 with 12 N HCI. Adjust total volume to 1 L
1X TBSTween buffer (1 L) 0.1% Tween 20 in 100 ml 10X TBS + 900 ml ddH20O
separation gel (8%)

e 4.7 ml ddH.O.

e 2.7 ml 30% Acrylamide/bis

e 25ml1.5M Tris-HCI, pH 8.8

e 100 ul 10% SDS

e 10 ul TEMED

o 32 ul 10% Ammonium persulfate (APS)
stacking gel (4%)

e 6.1 mlddH0

e 1.3 ml 30% Acrylamide/bis
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e 2.5ml0.5M Tris-HCI, pH6.8
e 100 ul 10% SDS
o 10 ul TEMED

e 100 ul 10% Ammonium persulfate (APS)

4.12 Primer Extension Assay
Primer extension reactions were performed at 30°C in polymerization buffer (25 mM

Tris-HCI pH 7.5, 8 MM Magnesium Acetate, 5 mM Potassium Glutamate, 5% Glycerol).
Purified proteins used in the primer extension assays were purified as previously
described (Devbhandari and Remus, 2020). DNA template for the assay was generated
by annealing a primer (5-CCCAGTCACGACGTTGTAAAACG-3') to M13mp18 single-
stranded DNA (New England Biolabs, N4040S). The assay was initiated by incubation of
1nM of DNA template with 1 mM ATP, 1 mM DTT, 80 uM dATP, 80 uM dGTP, 80 uM
dCTP and 400 nM of RPA for 5 minutes. PCNA and RFC were then added to 70 nM and
4 nM, respectively, and incubation was continued for 5 minutes. Then, 33 nM of a-32P-
dATP (3,000 Ci per mmol) and 4 nM of either Pol 8" or Pol §°*'Y was added to the
reaction resulting in a primer extension by 9 base pairs (due to lack of dTTP). After

5 min, 80 uM dTTP were added to the mix for synchronous primer extension. Equal
volume aliquots of this reaction (18 ul) were removed from the master reaction (100 pl)
at indicated times and stopped by adding EDTA and SDS to final concentrations of

40 mM and 0.25%, respectively. Products were fractionated on a 0.8% alkaline agarose
gel (30 MM NaOH and 2 mM EDTA), dried and imaged using Typhoon FLA 7000.

Quantification of the gel images was performed using the Imaged.
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4.13 Quantitation of Total Cells, EdU Signal Intensity, EdU-Positive Cells
E6.0, E6.5, and E7.0 whole mount EdU-labeled embryos were imaged using Leica SP8

inverted laser scanning confocal microscope and confocal z stacks of embryos were
generated. tyrn mutant and wildtype embryos of the same stage were imaged under the
same conditions. For each stage, 3 embryos per genotype were imaged for
quantification. Optical sections of each embryo were imported into Imaris (version 9.5,
Oxford Instruments), and 3D-reconstitution along Z-axis was performed for data
analysis. We used spots function in Imaris to automatically segment all DAPI-positive
cells (in both embryonic and extraembryonic tissues) to obtain a total cell count for each
embryo. EdU signal intensity of each segmented cell was automatically measured, and
the background signal was subtracted. Cells with EdU signal above 10 arbitrary units
were considered EdU positive and counted as EdU positive cells by the software. We
used Prism 9 (GraphPad) to perform normalization of EdU signal intensity. At each
stage, the EdU signal of each EdU positive cell was normalized to the maximum EdU
signal intensity. Data points were presented as box plots to show the distribution of EJU
signal intensity among EdU positive cell population. Within the box plot, the median is
represented by the horizontal dividing line and the top and bottom of the box represent
the seventy-fifth and twenty-fifth percentile, with the whiskers indicating the maximum
and minimum points. Two-tailed Student’s t-test was performed to evaluate the

significance of all measurements.

4.14 Statistics and Graphs
Embryo images n = 3 for all the experiments. For primer extension assay, 3 biological

replicates were performed. We used Prism 9 to perform a 2-tailed Student’s t-test to
evaluate the significance of all measurements and generated box plots and non-linear

fitted curves. For the structure of human DNA polymerase 6, the original structure was
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imported and processed in PyMOL (The PyMOL Molecular Graphics System, Version

1.2r3pre. Schrodinger, LLC)

4.15 Data availability
The structure of the human DNA polymerase delta holoenzyme was pulled from the

protein data bank (PDB). PDB DOI: 10.2210/pdb6 TNY/pdb. EM Map EMD-10539:

EMDB EMDataResource.
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Appendix

List of solutions and stocks
Name Ingredient Concentration

4% PFA solution 4% PFA (v/v), 0.1% Tween 20 (v/v),
137 mM NaCl, 2.7 mM KCI, 10 mM

NazHPO4, 1.8 mM KH2P04

APS stock solution 10% (NH4)2S20s (ammonium persulfate)
(W/iv)
Blocking buffer (immunostaining) 1% heat-inactivated donkey serum

(v/v), 0.1% Triton X-100 (v/v), 137 mM
NaCl, 2.7 mM KClI, 10 mM NazHPOs4,

1.8 mM KH2PO4
Blocking buffer (in situ hybridization) 1% heat-inactivated goat serum(v/v),

0.1% Triton X-100 (v/v), 137 mM NaCl,

2.7 mM KCI, 10 mM NazHPO4, 1.8 mM

KH2PO4

Blocking buffer (western blot) 5% milk (w/v), 150 mM NaCl, 50 mM Tris-
HCI, pH 7.6

EDTA stock solution 200 mM EDTA

MAB buffer 100 mM Maleic acid, 150 mM NaCl, pH
7.5

MgCI2 stock solution 1™

NaCl stock solution 5M

NTMT buffer 0.1 Tween 20 (v/v), 100 mM Tris HCI,

50mM MgCl., 100mM NaCl,
PBS 1 X 137 mM NaCl, 2.7 mM KCI, 10 mM

NazHPO4, 1.8 mM KH2P04
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PBS 10 X

PBS-BSA (EdU staining)

PBS-BSA (embryo dissection)

PBS-BSA (in situ hybridization)

PBS-Triton X (section slides

immunofluorescence)

PBS-Triton X (whole-mount

immunofluorescence)

PBS-Tween 20

PCR buffer 10 X

Proteinase K solution (genotyping)

Proteinase K solution (in situ
hybridization)
SDS stock solution 100X

SSC 20 X

1.3 M NaCl, 27 mM KCI, 100 mM

NazHPO4, 18 mM KH2P04
3% BSA (w/v), 137 mM NaCl, 2.7 mM

KCI, 10 mM NazHPOQO4, 1.8 mM

KH2PO4
0.4% BSA (w/v), 137 mM NaCl, 2.7 mM

KCI, 10 mM NazHPO4, 1.8 mM KH2PO4
0.1% BSA (w/v), 137 mM NaCl, 2.7 mM
KCI, 10 mM NazHPO4, 1.8 mM KH2PO4
0.1% Triton X-100 (v/v), 137 mM NaCl,
2.7 mM KClI, 10 mM NazHPOg4, 1.8 mM
KH2PO4

0.3% Triton X-100 (v/v), 137 mM NaCl,
2.7 mM KClI, 10 mM NazHPOg4, 1.8 mM
KH2PO4

0.1% Tween 20 (v/v), 137 mM NaCl,
2.7 mM KCI, 10 mM NazHPO4, 1.8

mM KH2PO,
200 mM Tris-HCI, 500 mM KCI, pH 8.4

15% Proteinase K (v/v), 20 mM Tris-HCI,
50 mM KClI, pH 8.4

0.1% Proteinase K (v/v), 20 mM Tris-HCI,
50 mM KClI, pH 8.4

10% SDS (w/v)

3 M NaCl, 0.3 M Na3CgHs07 (Sodium

Citrate), pH 7.0

158



SSC, pH 4.52 X

SSC,pH7.02 X

TBE buffer 1 X

TBE buffer 10 X

TBS 10 X

TBS-Tween 20 1 X

Tris HCI stock solution pH 7.2

Tris HCI stock solution pH 9.5

0.3 M NaCl, 30 mM NasCgHs07, pH 4.5
0.3 M NaCl, 30 mM NasCgHs07, pH
7.0

100 mM Tris-base, 90 mM Boric acid, 1
mM EDTA

1 M Tris-base, 0.9 M Boric acid, 10
mM EDTA

1.5 M NaCl, 500 mM Tris-HCI, pH 7.6
150 mM NaCl, 50 mM Tris-HCI, pH

7.6
1 M Tris-HCI, pH 7.2

1 M Tris-base, pH 9.5
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List of reagents and antibodies
Name

Catalog Number

Brand

Human/Mouse/Rat SOX2 Antibody,
Polyclonal Goat IgG

T (Brachyury) Rabbit mAb
Recombinant Anti-FOXA2 antibody
[EPR4466]

N-Cadherin (D4R1H) XP Rabbit mAb
Monoclonal Anti-Uvomorulin/E-
Cadherin antibody
Phospho-Smad1/5/9 Rabbit mAb
Purified Rat Anti-Mouse Flk-1

CDX2 (D11D10) Rabbit mAb
Anti-POLD1 antibody

Donkey anti-Rat IgG(H+L) Highly
Cross-Absorbed Secondary
Antibody, Alexa Fluor plus 594
Donkey anti-Rabbit IgG(H+L) Cross-
Absorbed Secondary Antibody, Alexa
Fluor 594

Donkey anti-Rabbit IgG(H+L) Cross-
Absorbed Secondary Antibody, Alexa

Fluor 568

AF 2018

816945

ab108422

13116T

U3254

13820

555307

12306S

ab168827

A-211209

A-21207

A-10042
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R & D SYSTEMS

Cell Signaling

Abcam

Cell Signaling

Sigma-Aldrich

Cell Signaling
BD Pharmingen
Cell Signaling
Abcam

Invitrogen

Invitrogen

Invitrogen



Donkey anti-Goat IgG (H+L) Cross-

Absorbed Secondary Antibody, Alexa

Fluor 488

Donkey anti-Goat IgG (H+L) Cross-

Absorbed Secondary Antibody, Alexa

Fluor 488

Donkey anti-Goat IgG (H+L) Cross-

Absorbed Secondary Antibody, Alexa

Fluor Plus 647

Amersham ECL Rabbit IgG, HRP-
linked whole Ab (from donkey)
4,6-diamidino-2-phenylindole
dihydrochloride (DAPI)

Rsal

Hindlll

BamHlI

Xbal

rCutsmart Buffer

NEBuffer 2

NEBuffer 3.1

Platinum Tagq DNA Polymerase
Deoxynucleoside Triphosphate Set,
PCR Grade, sodium salt
Proteinase K, recombinant, PCR

Grade

A-11055

A-32790

A32849

NA934

D9542

R0O167L

R0104S

R0136S

R0145S

B6004S

B7003S

B7002S

10966026

11969064001

3115828001
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Invitrogen

Invitrogen

Invitrogen

Cytiva Life Sciences

Sigma-Aldrich

New England Biolabs
New England Biolabs
New England Biolabs
New England Biolabs
New England Biolabs
New England Biolabs
New England Biolabs
Invitrogen

Roche

Roche



Phusion High-Fidelity DNA
Polymerase

Donor Donkey Serum

Donor Goat serum

Bovine Serum Albumin

QIAquick PCR Purification Kit
QIAquick Gel Extraction Kit
QIAquick Spin Miniprep Kit

Gentra Puregene Kit

One Shot TOP10 Chemically
Competent E.Coli

DIG RNA Labeling Mix
Anti-Digoxigenin-AP, Fab fragments
Click-iT EdU Cell Proliferation Kit for
Imaging, Alexa Fluor 647 dye
TEMED

30% Acrylamide/Bis Solution

Quick Start Bradford 1X Dye
Reagent

Gibson Assembly Master Mix

Gel Loading Dye, Purple (6X)
RNaseZap RNase Decontamination
Solution

Blocking Reagent

BM-Purple

MO0530S

101-151
100-109
A7906
28106
28706
27106
158667

C404010

11277073910
11093274910

C10340

1610800
1610158

5000205

E2611S
B7024S

AM9780

11096176001

11442074001
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New England Biolabs

GeminiBio
GeminiBio
Sigma-Aldrich
QIAGEN
QIAGEN
QIAGEN
QIAGEN

Invitrogen

Roche
Roche

Invitrogen

Bio-Rad Laboratories
Bio-Rad Laboratories

Bio-Rad Laboratories

New England Biolabs
New England Biolabs

Invitrogen

Roche

Roche



List of primers

Target gene (allele) Forward 5’-3’ Reverse 5°-3’

Pold1 (tyrn) atgcttctgacccctgcacc gagtgtcgatgggcaggctg
Pold1 (wildtype) ggagttgctcctgtggaagacc aggaatgaggtgaaccacatcccg
Pold1 (tm1a or tm1b, atcctctgcatggtcaggtc cgtggcctgattcattcc

LacZ reporter)

Cre attgctgtcacttggtcgtggc ggaaaatgcttctgtccgtttge
Hhex-GFP aagttcatctgcaccaccg tccttgaagaagatggtgcg
Pol3 Gibson Assembly | ggcgaagaattgttaattaag agttgtacaacagagctgaatac
Insertion Piece 1 agctcttaccacttagac ccattgttcgttttggaaaac

Pol3 Gibson Assembly | ttcagctctgttgtacaacttatcg cgaattcaaccctcactaaaggg
Insertion Piece 2 cggccgcaatgtctccaattttggg
Fip (flippase) gtggatcgatcctaccccttgeg ggtccaactgcagcccaagcttce
Pold1 (loxP) acgaagttatggtctgagctcgcc ggcagattcccctctgtgca
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List of chemicals

Name Catalog Number Brand

Glycine, 2kg 1610724 Bio-Rad Laboratories
SDS (Sodium Dodecyl 1610302 Bio-Rad Laboratories
Sulfate)

Agarose BP 160-500 Fisher Bioreagents
Boric Acid A73-1 Fisher Bioreagents
D-Sucrose BP220-212 Fisher Bioreagents
Ethylenediaminetetraacetic | S311-100 Fisher Bioreagents
Acid, Disodium Salt

Dihydrate

Magnesium Chloride M33-500 Fisher Bioreagents
Hexahydrate

Potassium Chloride P217-500 Fisher Bioreagents
Potassium Phosphate BP362-500 Fisher Bioreagents
Monobasic

Sodium Chloride BP358-10 Fisher Bioreagents
Sodium Citrate Dihydrate S279-3 Fisher Bioreagents
Sodium Phosphate Dibasic | BP331-500 Fisher Bioreagents
Heptahydrate

Sodium Phosphate BP330-500 Fisher Bioreagents

Monobasic Monohydrate
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Tris Base BP152-25 Fisher Bioreagents
Tris Hydrochloride BP153-500 Fisher Bioreagents
Triton X- 100 AAA160460F Fisher Bioreagents
Tween 20 BP337-100 Fisher Bioreagents
Ammonium Persulfate A3678 Sigma Aldrich
CHAPS Hydrate C3023 Sigma Aldrich
Diethyl pyrocarbonate D5758 Sigma Aldrich
Formamide 221198 Sigma Aldrich
Heparin sodium salt from H3393 Sigma Aldrich
porcine intestinal mucosa

Maleic acid MX0100 Sigma Aldrich
Ribonucleic acid from R6625-25G Sigma Aldrich

torula yeast
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