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ABSTRACT

Cell proliferation and differentiation are tightly regulated processes required for
the proper development of multi-cellular organisms. To understand the effects of cell
proliferation on embryo patterning in mice, we inactivated Aurora A, a gene essential for
completion of the cell cycle. We discovered that inhibiting cell proliferation leads to
different outcomes depending on the tissue affected. If the epiblast, the embryonic
component, is compromised, it leads to gastrulation failure. However, when Aurora A is
inactivated in extra-embryonic tissues, mutant embryos fail to properly establish the
anteroposterior axis. Ablation of Aurora A in the epiblast eventually leads to abnormal
embryos composed solely of extra-embryonic tissues. We took advantage of this
phenomenon to generate embryonic stem (ES) cell-derived mice. We successfully
generated newborn pups using this epiblast ablation chimera strategy. Our results
highlight the importance of coordinated cell proliferation events in embryo patterning. In
addition, epiblast ablation chimeras provide a novel in vivo assay for pluripotency that is

simpler and more amenable to use by stem cell researchers.
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CHAPTER I

GENERAL INTRODUCTION



The main goal of developmental biology is to understand how a single fertilized
egg becomes an adult organism that is able to produce the offspring of the next
generation. The mouse has been utilized as a model organism for developmental
biologists who are interested in studying mammalian development because it is the most
amenable animal model for understanding human development. The mouse takes only 9
weeks from fertilization to maturity and this is a relatively short period compared to
humans. It also has been commonly utilized due to abundant genetic knowledgement
and well-established methods for the generation of novel mutants.

The peri- and early post-implantation stages of the mouse development are
important periods for proper embryogenesis and survival of the embryo because this is
the time when the embryo establishes its basic body plan including the anteroposterior,
dorsoventral, and left-right axes and gives rise to its primary germ layers, eventually
producing the progenitor cells for all the tissues of the fetus. It is known that 30% of all
human pregnancies stop at early post-implantation stages (Macklon et al., 2002) and
that the occurrence of abnormalities during this period gives rise to embryonic lethality,
or conjoined twins with heart defects (Alikani et al., 2003). Therefore, it is critical to
investigate the developmental processes of embryo patterning and axial specification
during early post-implantation development to create better solutions to multiple human

diseases including pregnancy problems.



Pre-implantation embryonic development in the mouse

The implantation of the mouse embryo into the uterine wall of the mother is a
crucial step for further development and its continued survival to birth. The pre-
implantation development encompasses stages from fertilization to the implantation.

Fertilization takes place in the ampulla inside the oviduct of the female. After
fertilization, the newly created zygote undergoes several cell divisions known as
cleavage, then undergoes compaction and reaches the blastocyst stage at around
embryonic day 3.5 (E3.5) (Fig. 1. 1A). The blastocyst consists of a fluid-filled cavity
called blastocoele and two groups of cell types, the inner cell mass (ICM), which later
forms the epiblast and the primitive endoderm, and the trophectoderm (TE), which forms
extra-embryonic ectoderm and ectoplacental cone at early post-implantation stages.
Both the extra-embryonic ectoderm and the ectoplacental cone contribute to the
formation of the placenta. These tissues allow nutrient uptake, waste removal, and gas
exchange through maternal tissues that connect the developing embryo to the uterine
wall of the mother. The epiblast forms the fetus, while the primitive endoderm gives rise
to two extra-embryonic tissues: parietal endoderm and visceral endoderm (Fig. 1. 1B).
The parietal endoderm becomes part of the parietal yolk sac (PYS) and the visceral
endoderm comes to lie on the outer side of the visceral yolk sac (VYS) and the epiblast
and extra-embryonic ectoderm of egg cylinder stage embryos.

At around E4.0, the blastocyst hatches from the zona pellucida and attaches to
the uterine wall, initiating the post-implantation period (Arnold and Robertson, 2009;

Beddington and Robertson, 1999; Tam et al, 2006).



Figure 1. 1

Figure 1. 1. Schematic representation of pre-implantation stages during early
mouse embryogenesis. (A) Development from fertilization to blastocyst stage. (B)

Summary of the derivatives of the tissues that constitute the blastocyst.



Post-implantation embryonic development in the mouse

At the time of implantation, the inner cell mass has already given rise to two cell
types: the primitive ectoderm or epiblast and the primitive endoderm. The latter tissue
forms an epithelium on the surface of the ICM facing the blastocoele cavity. The
trophectoderm contacting the epiblast, known as polar trophectoderm, forms the
ectoplacental cone and the extra-embryonic ectoderm. The mural trophectoderm, which
surrounds the blastocoele, gives rise to the trophoblast giant cells, which participate in
many processes essential for a successful pregnancy such as blastocyst implantation,
remodeling of maternal decidua, and secretion of hormones that regulate the
development of fetal and maternal compartments of the placenta (Gardner et al., 1973).
At this time, the epiblast elongates distally into the blastocoele cavity and becomes a
cup-shaped structure that develops an internal cavity called proamniotic cavity. The
primitive endoderm expands distally to form the parietal endoderm layer that attaches to
the luminal surface of the mural trophectoderm. The primitive endoderm also produces
the visceral endoderm that expands concomitantly with the epiblast and the extra-
embryonic ectoderm to end up covering both tissues (Fig. 1. 2). Because of its crucial
functions in nurturing the embryo and mediating the activities of signaling molecules
such as transforming growth factor-g (TGF-f3), bone morphogenetic protein (BMP),
Nodal, and Wnt3 for proper patterning of the body axis during early post-implantation
development, the visceral endoderm has been highly investigated over the past two
decades (Tam et al., 2006; Tam and Loebel, 2007; Rivera-Perez and Hadjantonakis,
2013). Studies of its epithelial architecture, regionalized gene expression patterns, and
the pattern of morphogenetic movement during early post-implantation have shown that

the visceral endoderm can be divided into several subpopulations and that these



Figure 1. 2

Figure 1. 2. Schematic representation of early post-implantation stages during

early mouse embryogenesis.



populations act as major signaling centers for coordinating embryonic patterning and
axial specification (Kemp et al., 2005; Kemp et al., 2007; Kimura-Yoshida et al., 2007;
Yamamoto et al., 2004; Pfister et al., 2007; Rivera-Perez et al., 2003; Srinivas, 2006). In
addition, a recent finding provided evidence that the visceral endoderm contributes to
the embryonic tissues of the growing embryo (Kwon et al., 2008). This finding is
surprising because it contradicts the prevailing view that the visceral endoderm
contributes only to the extra-embryonic tissues and important because it suggests the
existence of unknown subpopulation in the visceral endoderm that could be viewed as a

fourth germ layer in mammals.

Axial specification during early mouse development

The establishment of the anteroposterior (AP) axis is a fundamental step that
defines the three main axes of the embryo, which in turn serve as the frame on which
the fetus is built. The establishment of the AP axis is linked to the shift of distal visceral
endoderm (DVE) to become anterior visceral endoderm (AVE). At E5.5 the appearance
of a local thickening of the visceral endoderm in the distal region of the egg cylinder,
called visceral endoderm thickening (VET), heralds the appearance of the DVE (Fig. 1.
2). The DVE expresses Hex, a divergent homeobox gene (Thomas et al., 1998). Lineage
tracing of the cells of DVE together with the analysis of gene expressions in the visceral
endoderm revealed that DVE shifts to the prospective anterior pole of the conceptus
where it is referred to as anterior visceral endoderm (AVE) (Rivera-Perez et al., 2003;
Thomas and Beddington, 1996; Torres-Padilla et al., 2007; Srinivas et al., 2004). It has
been suggested that the location of the AVE determines the position of the primitive

streak at the opposite end of the epiblast, establishing AP axis in the embryo. The



location of the AP axis, together with the previously established position of the
dorsoventral (DV) axis defines the left-right (LR) axis, forming the basic frame on which
the rest of the fetus will be constructed.

Results from embryological studies and the analysis of mutant embryos have
suggested several mechanisms that drive the anterior displacement of the DVE to form
the AVE. For example, embryonic growth is shown to be associated with the movement
of DVE into prospective anterior region to become AVE (Rivera-Perez et al., 2003).
Time-lapse experiments of DVE cells expressing GFP have provided the evidence that
DVE cells actively migrate to the future anterior region of the embryo (Srinivas et al.,
2004). The shift of DVE has also been proposed to be caused by regional differences in
the rate of visceral endoderm cell proliferation, which is itself associated with the level of
Nodal signaling activity (Yamamoto et al., 2004). This shift appears to be from the region
of high Nodal activity, which exhibits elevated cell proliferation, to the region of low Nodal
activity. Wnt signaling activity also has been suggested to be involved in driving the
displacement of the visceral endoderm. In this case, the DVE is displaced away from a
region where Wnt activity is high towards a region of low Wnt activity where dickkopf 1
(DKK1) antagonizes Wnt signaling by blocking the function of the Wnt co-receptor LRP6

(Kimura-Yoshida et al., 2005).

Cell proliferation and embryonic patterning in model organisms
Embryonic development is composed of many different cellular behaviors such
as cell proliferation, death, migration, and differentiation and it requires the coordination

of these processes to execute proper embryonic patterning and morphogenesis. Cell



proliferation is essential to provide sufficient cell numbers for proper development and
has been widely studied in different model organisms.

In Caenorhabditis elegans, an analysis of cell proliferation patterns was
conducted with the purpose of getting information of embryonic cell lineages. Embryonic
cell lineages were traced from fertilization to the hatched larval stages. This was
possible because of the small number of total cells present during embryogenesis (671
cells) of C. elegans (Sulston et al., 1983). It has been found that embryonic cell lineages
are highly invariant in this organism, indicating that cell proliferation has an important
role in embryonic patterning and differentiation of each cell type by providing appropriate
number of cells in right timing.

By contrast, in other organisms such as the fruit fly Drosophila melanogaster and
the amphibian Xenopus laevis, it is difficult to trace each cell because of rapidly
increasing cell numbers during embryogenesis. In the fruit fly, rapid and meta-
synchronous mitotic events occur at the beginning of development and specific embryo
patterning occurs with different mitotic kinetics of diverse cell types by differentiation
(Foe, 1989). In the amphibian, the mitotic kinetics were not analyzed in time and space
as extensively as in the fruit fly, but it has been reported that inhibition of cell proliferation
before the onset of gastrulation in Xenopus laevis leads to severe developmental defects
such as developmental arrest at mid-gastrulation, whereas inhibition after the beginning
of gastrulation results in mild morphological alterations (Cooke, 1973a; Cooke, 1973b).

It also has been shown that proper cell proliferation is essential for embryonic
patterning and morphogenesis in the plant Arabidopsis thaliana (Hemerly et al., 2000).

For example, overexpression of a dominant-negative Cdc2a gene in Arabidopsis led to
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altered frequency of cell divisions during embryonic development causing diverse

phenotypes like distorted apical-basal patterns in seedlings.

Cell proliferation in embryonic growth and patterning during mouse development

In the mouse embryo, the initial cell cycles of the embryo and somatic cell cycles
seem to follow similar general steps. For example, the lengths of the cell cycle from
somatic cells and pre-implantation mouse embryos are comparable.

The mouse zygote needs 84 hours (3.5 days) to reach the blastocyst stage.
During this period, the number of cells increases from one to 64 cells. This means that
the average time for each cell division is approximately 14 hours (Ciemerych and
Sicinski, 2005). However, the first two cell cycles are slower and each of them takes 18
to 20 hours (Flach et al., 1982). The third and fourth cell cycles are faster, each of them
taking approximately 12 hours (Harlow and Quinn, 1982; Smith and Johnson, 1986),
indicating that cell cycle parameters in the mouse embryo exhibit a high degree of
flexibility depending on the stage. More pronounced differences in the dynamics of cell
proliferation are observed at a time the embryo reaches the blastocyst stage. For
example, cells of the polar trophectoderm, which are located in close contact with ICM,
divide more rapidly than cells of the mural trophectoderm, which are in contact with the
blastocoele.

Early post-implantation development in mice is associated with a dramatic
increase in proliferation rates and with the start of differentiation within the embryo. This
is concurrent with morphogenetic changes in egg cylinder structure, axial specification
and gastrulation (Solter et al., 1971; Snow, 1977; MacAuley et al, 1993). Previous

studies showed that there is a rapid increase in cell numbers of the epiblast and the
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visceral endoderm between E5.5 and E6.5 when the embryo establishes its
anteroposterior axis and gets ready for gastrulation. At E5.5, the mouse embryo contains
an average of 120 epiblast and 95 visceral endoderm cells (Snow, 1977). Over the next
24 hours, the cell numbers of the epiblast and the visceral endoderm increase to 660
and 250, respectively. In fact, it was calculated that the cell cycle rate in the epiblast
could be as short as four and a half hours (Snow, 1977).

During gastrulation, the three primary germ layers are generated from epiblast
cells and each germ layer proliferates with different rates. The doubling time of
embryonic ectoderm cells, which give rise to the skin, the brain and spinal cord, and
neural crest, was estimated to be 5 hours at E6.5 and 8 hours at E7.5. The doubling time
of embryonic mesoderm cells, which form the notochord, skeletal structures, muscle,
connective tissue, kidney, heart, and blood etc., was calculated to be 14 hours at E7.5
(Snow, 1977). Later in development, during organogenesis, the length of the cell cycles
increases again and becomes similar to those of most proliferating adult tissues

(Ciemerych and Sicinski, 2005).

Utilization of mouse chimeras in biological research

A chimera is an animal composed of genetically distinct cells derived from two
different zygotes. Embryonic chimeras of the mouse have been generated and
established as tools for studying mouse development (Tam and Rossant, 2003). The
analysis of chimeras generated from normal and mutant cells have been useful for
determining the function of specific genes in the specification of certain lineages during
embryogenesis. In other cases, chimeras were generated to determine the essentiality

of specific genes in embryonic versus extra-embryonic tissues for proper embryo
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patterning. Chimeras were also utilized to determine if specific genes function in cell-
autonomous or non-cell-autonomous manner by analyzing the ability of wild type cells in
a chimera to rescue a mutant phenotype.

The first experimental mouse embryonic chimeras were made more than 50
years ago by Andrzej Tarkowski (Tarkowski, 1961), who aggregated two eight-cell stage
embryos after removing the zona pellucida. These aggregates became viable live
chimeras after transfer into surrogate females. Another method for making mouse
embryonic chimeras was devised by Richard Gardner and Ralph Brinster, who injected
foreign cells into blastocysts (Gardner, 1968). The advent of pluripotent embryonic stem
(ES) cells, derived from the inner cell mass of the blastocysts (Evans and Kaufman,
1981; Martin, 1981), expanded the use of this methodology coupled with gene targeting
technology (Doetschman et al., 1988; Thomas and Capecchi, 1987). Generation of
chimeras by using mutated ES cells, where a specific gene was targeted by homologous
recombination, became a critical step for producing knockout mice (Bradley et al, 1984),
accelerating the increase of our biological knowledgement of gene function.

The methods to generate mouse chimeras can be modified to manipulate the
levels of chimerism in different embryonic lineages (Table 1. 1). When two diploid eight-
cell stage embryos are aggregated together, chimerism is observed in both embryonic
and extra-embryonic tissues. By contrast, when ES cells are utilized for the generation of
chimeras by aggregation or injection, chimerism will be detected only in the embryonic
tissues including germline cells and some extra-embryonic tissues such as the amnion,
the allantois, and the extra-embryonic mesoderm of visceral yolk sac, which are

derivatives of the epiblast.
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Tetraploid embryos can also be utilized for the production of chimeras. These
embryos are composed of cells that have their developmental potential compromised by
the doubling of their DNA contents (Tarkowski et al, 1977). In chimeras composed of ES
cells and tetraploid embryos, the ES cells contribute the embryonic components and
some extra-embryonic tissues derived from the epiblast, whereas embryonic cells from
tetraploid embryo only contribute to the extra-embryonic tissues, all derivatives from the
primitive endoderm and the trophectoderm. This method is called tetraploid embryo
complementation assay. The tetraploid complementation assay is possible not because
tetraploid cells are unable to contribute to the epiblast derivatives, but because they are
outcompeted by the ES cells in the epiblast lineage, which exhibits high proliferative
activity.

Using tetraploid complementation chimeras, it was shown that it is possible to
generate embryos derived from ES cells (Nagy et al., 1990; Nagy et al., 1993; Wang et
al., 1997). This finding has led to the generation of ES cell-derived newborns or adult
mice with alterations in specific genes. Mutant ES cell-derived mice can be used for the
immediate analysis of phenotypes without the need of breeding between heterozygous
mice, which saves time and money in the generation and maintenance of mouse lines.
In a similar way, the technique to generate fully ES cell-derived mice changes the
conventional system of generating knockout mice by omitting the intermediary breeding
step to generate germline targeted offspring from chimeras. Recently, with the advent
reprogrammed induced pluripotent stem (iPS) cell lines, this technique has received
special attention from stem cell researchers, since it is considered the most stringent

method to test the potency of stem cell lines.



Table 1.1

Chimera components Lineage compaosition
Embryo | Yolk sac Yolk sac Placenta’s
A B
proper | mesoderm | endoderm | trophoblast
Diploid Diploid AB AB AB AB
embryo embryo
Tetraploid Diploid B B AB AB
embryo embryo
ES cells Diploid AB AB B B
embryo
EScells | 'cvaploid A A B B
embryo

14

Table 1. 1. Contribution of chimera components to different embryonic lineages in

different types of chimeras (Nagy et al., 2003)
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Aims of this Dissertation

As described earlier in this chapter, regulation of the kinetics of cell proliferation
is essential for appropriate morphogenesis during development. However, whether and
how the proliferation of epiblasts or visceral endoderm cells is involved in the embryo
patterning and gastrulation of the mouse embryo remains to be determined.

This dissertation describes the outcome of experiments designed to affect cell
proliferation in the epiblast or in the visceral endoderm layers of the mouse conceptus
during early post-implantation development using ablation of the Aurora A gene in a
tissue-specific manner (CHAPTER II). It will also provide the description on a novel
technique called epiblast complementation assay, the idea of which originated from the
experimental results described in chapter Il (CHAPTER IlI). This technique could be
utilized to generate mice composed solely of ES cells and be an alternative to the
tetraploid complementation assay. In addition to these two main chapters, | will describe
preliminary work on the analysis of the contribution of visceral endoderm cells to fetuses
and adult mice (APPENDIX ).

These studies will extend our understandings of early post-implantation mouse
development by addressing how cell proliferations of the epiblast and visceral endoderm
are involved in developmental processes for proper embryonic patterning. Furthermore,
it will provide a useful novel technique for studies of mammalian embryogenesis and a

practical approach for stem cell researchers.
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Preface

The work shown in this chapter has been published in the journal Developmental
Biology. All of the work described here has been designed and performed by myself.
The group of Terry Van Dyke generated Aurora A conditional knockout mice and

provided them to us for our tissue-specific knockout experiments.
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Abstract

Cell proliferation and differentiation are tightly regulated processes required for
proper development of multi-cellular organisms, ensuring adequate numbers of cells at
specific stages of the development. It has been reported that a threshold number of cells
are required for the progression of gastrulation and that differential cell proliferation
accounts for the shift of distal visceral endoderm (DVE) towards the future anterior side
of the embryo at pre-gastrulation stage, suggesting that cell proliferation plays an
important role in the completion of gastrulation and proper embryonic patterning.

Aurora A is a mitotic kinase essential for cell proliferation. Ablation of Aurora A
results in mitotic arrest and pre-implantation lethality due to defects in centrosome
separation and chromosome segregation. In the present study, we report the effects of
Aurora A ablation on embryo patterning at early post-implantation stages using a tissue-
specific knockout strategy.

For our analysis, we generated epiblast and visceral endoderm (VE)-specific
Aurora A knockout embryos using Sox2Cre- and TtrCre-mediated recombination,
respectively. Analysis of mutants showed that inactivation of Aurora A in the epiblast or
visceral endoderm layers of the conceptus leads to cellular apoptosis and inhibition of
embryo growth, eventually causing lethality and resorption at approximately E9.5. The
effects on embryo patterning, however, were different depending on the tissue affected
by the mutation of Aurora A gene. Embryos with an epiblast ablation of Aurora A
properly establish the anteroposterior axis but fail to progress through gastrulation. In

contrast, mutation of Aurora A in the visceral endoderm leads to failure to elongate the
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anteroposterior axis and posteriorization of the conceptus (i.e., expansion of the primitive
streak to the anterior region) due to defects in DVE movements.

In conclusion, our study suggests that Aurora A plays similar roles at pre- and
post-implantation stages at the cellular level but that abolition of its function gives rise to
different outcomes at the organism level depending on the tissue affected. Our study
also reveals a new way to induce apoptosis and to ablate cells in a tissue-specific

manner in vivo, providing novel opportunities for the future experiments.
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Introduction

During the development of a multi-cellular organism, cell proliferation and
differentiation are tightly regulated processes (Conlon and Raff, 1999). In particular, cell
proliferation is essential for generating proper numbers of cells at the appropriate stages
during development.

In mouse embryos, the importance of appropriate cell numbers in embryogenesis
has been tested by experimental manipulations of the embryos at pre-implantation
stages. For example, when one blastomere is ablated from a four-cell stage embryo, the
resulting conceptus shows a 12 hour delay in gastrulation, a critical step in the formation
of body plan during embryogenesis (Power and Tam, 1993). A similar result was
observed when cell numbers were reduced in pre-implantation mouse embryos by
treatment with Mitomycin C, an alkylating agent that kills the cells (Tam, 1988). In the
converse experiment, fusion of several morulae to produce a chimera leads to reduction
in the rate of cell proliferation such that gastrulation can be achieved with similar number
of cells at an expected stage (E6.5) (Lewis and Rossant, 1982). It has also been
suggested that DVE movement for axial specification correlates with embryonic growth
at E5.5 to E6.0 (Rivera-Perez et al., 2003)

The mouse embryo at early post-implantation stages is composed of the epiblast,
a pseudostratified epithelium that forms the fetus at later stages, and several extra-
embryonic components that include the visceral endoderm, the extra-embryonic
ectoderm and the ectoplacental cone (Fig. 1. 2). These extra-embryonic components are
known to play roles in nurturing the embryo during embryogenesis. At E5.5, the embryo

contains an average of 120 epiblast and 95 visceral endoderm cells (Snow, 1977). Over
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the next 24 hours, there is rapid cell proliferation that gives rise to 660 epiblast and 250
visceral endoderm cells before gastrulation initiates. Because of the fundamental
importance of proper cell number at specific embryonic stages during embryonic
development, we wondered if inhibiting cell proliferation of the mouse embryo would lead
to any defect in developmental processes for embryonic patterning such as gastrulation
and DVE movement for axial specification and decided to examine the effects of
reduced cell number on the development of early post-implantation embryos utilizing
tissue-specific genetic ablation of Aurora A.

Aurora A has been identified as a mitotic regulator and putative oncoprotein that
is overexpressed in many human tumors (Katayama et al., 2003). Multiple in vitro
studies showed that Aurora A kinase has roles associated with cell proliferation such as
centrosome maturation, mitotic spindle assembly, mitotic entry, centrosome separation,
chromosome segregation, and mitotic exit during the cell division cycle (Berdnik and
Knoblich, 2002; Giet et al., 2002; Conte et al., 2003; Du et al., 2004; Hirota et al., 2003;
Yang et al., 2005). It has also been reported that ablation of Aurora A in primary mouse
embryonic fibroblasts leads to delayed mitotic entry and accumulation of mostly
tetraploid cells (Cowley et al., 2009), indicating that Aurora A is essential for cell
proliferation.

Recently, several groups showed that Aurora A null mouse embryos have
defects in mitotic spindle assembly and chromosome segregation, which leads to mitotic
arrest, cell proliferation failure and embryonic lethality at pre-implantation stages
(Cowley et al, 2009; Lu et al, 2008; Sasai et al, 2008).

Here, we take advantage of a conditional allele of Aurora A to bypass the early

embryonic lethality of Aurora A mutants and investigate the essential function of Aurora
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A in the development of early post-implantation embryos. We induced Cre-mediated
tissue-specific null mutations to determine if the function of Aurora A is essential in the
epiblast or in the visceral endoderm for proper embryonic development and furthermore
to assess the effects of Aurora A knockouts in these tissues on axial specification and

gastrulation.
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Results

To determine the function of Aurora A (AurA) in the epiblast of early post-
implantation embryos, we utilized a mouse line carrying a floxed allele of AurA (AurA™)
(Cowley et al., 2009). In this allele, exon 2 of the AurA gene is flanked by LoxP sites and
a null allele (AurA®?) is generated by Cre-mediated recombination (Fig. 2. 1A). Deletion
of exon 2 causes a frameshift mutation that results in a non-functional truncated protein.
Mice heterozygous or homozygous for the AurA™ allele and mice heterozygous for the
AurA® allele are shown to be viable and fertile with no overt phenotype. To obtain
epiblast-specific AurA knockout (Epi-KO) embryos, we crossed homozygous AurA floxed
females (AurA™™) with males heterozygous for the AurA® null allele and heterozygous

for the Sox2Cre transgene (AurA®*:Sox2°""°

) (Fig. 2. 1B). The embryos carrying
Sox2Cre transgene express Cre recombinase only in the epiblast at early post-
implantation stages at around E5.0. In this transgenic allele, a 12.5 kb
enhancer/promoter element from the Sox2 gene drives the expression of Cre
recombinase specifically in the epiblast layer of the conceptus (Hayashi et al., 2002).
Therefore, for the embryos with a conditional mutation of AurA in the epiblast
(AurA%™:50x2°"") the rest of the conceptus, which includes the visceral endoderm

(VE) and extra-embryonic ectoderm, still retains a functional allele of AurA (AurA™) (Fig.

2. 1B) (Cowley et al., 2009).
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Figure 2. 1

Figure 2. 1. Generation of epiblast-specific AurA knockout embryos.

(A) Schematic representation of AurA wild-type (AurA*), floxed (AurA™), and null (AurA%?)
alleles. Yellow triangles represent LoxP site, the orange oval represents a FRT site.

(B) Mating strategy for generating epiblast-specific AurA knockout (Epi-KO) embryos.

Red region represents the epiblast layer of the conceptus.
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Aurora A is essential for epiblast growth

Using this mating strategy, we recovered multiple Epi-KO embryos and found
that Epi-KO embryos were smaller than control littermates at E6.5, indicating that AurA
ablation in the epiblast leads to the inhibition of embryo growth. Particularly, the epiblast
was reduced in size and cellular debris was visible in the proamniotic cavity (Fig. 2.2A).

To determine the extent of the epiblast, we immunostained Epi-KO embryos
using an antibody against Oct4, a gene known to mark the epiblast, a pluripotent tissue
in early post-implantation embryo (Ovitt and Scholer, 1998). Immunofluorescence
analysis revealed that the size of the epiblast in Epi-KO embryos was reduced to
approximately one third of the size of control littermates and that the extra-embryonic
region of these mutants appeared to be enlarged compared to ones of controls (Fig. 2.
2A,B). This morphological abnormality was also demonstrated by performing
wholemount in situ hybridization using a probe for Wnt7b gene. Wnt7b is expressed
exclusively in the extra-embryonic ectoderm layer of early post-implantation mouse
embryos (Kemp et al., 2007). Wnt7b in situ hybridization analysis in Epi-KO embryos
confirmed that the epiblast size is smaller and extra-embryonic ectoderm region was
elongated distally (Fig. 2. 2C). These results demonstrate that Aurora A is essential for

epiblast growth in early post-implantation embryos.
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Figure 2. 2

Figure 2. 2. Growth of the epiblast is inhibited in epiblast-specific AurA knockout
embryos. (A and B) DIC (A) and fluorescent (B) images of E6.5 embryos stained with
anti-Oct4 antibody to demarcate the extent of the epiblast (red). Arrow in A indicates
cellular debris. (C) E6.25 embryos hybridized with a Wnt7b probe to detect Wnt7b
transcripts. Wnt7b marks the extra-embryonic ectoderm (purple). The epiblast portion
(arrow) of Epi-KO embryo is smaller than that of control embryo. The extra-embryonic
ectoderm is elongated towards the embryonic region. Arrowheads indicate the boundary
between embryonic region and extra-embryonic region. Embryos are shown at the same

scale, scale bar, 50 um.
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Aurora A knockout in the epiblast leads to progressive cellular ablation

As demonstrated in Fig. 2, AurA Epi-KO embryos show the accumulation of
abnormal cellular debris in the proamniotic cavity, suggesting that epiblast cells were
affected by the lack of AurA function. To determine if this cellular debris was derived
from the epiblast, we marked epiblast cells in blue using the ROSA26 reporter (R26")
mouse line. R26" mice carry a LoxP-STOP-LoxP-LacZ cassette targeted into the
ubiquitously expressed ROSA26 locus (Zambrowicz et al., 1997; Soriano, 1999) and
have been generally utilized for lineage tracing experiments. We crossed AurA floxed

mice homozygous for R26" allele (AurA™*; R26™) with mice heterozygous for the AurA

Ad2/+ 2Cre/Cre

null allele and homozygous for Sox2Cre (Aur ;SOX ) to generate Epi-KO
embryos with epiblast cells labeled by activation of LacZ gene and production of 8-
galactosidase (AurA%™;Sox2°"®"°:R26™).

In E6.5 Epi-KO embryos, cellular debris positive for f-galactosidase activity was
detected in the proamniotic cavity (Fig. 2. 3A), indicating that these are epiblast
descendant cells and are displaced into the proamniotic cavity of Epi-KO embryos after
losing the function of Aurora A gene in the epiblast. Furthermore, -galactosidase
activity analysis of E7.5 Epi-KO embryos revealed that few epiblast cells remained in the
conceptus, indicating that the epiblast descendants were gradually ablated from the
embryo with only extra-embryonic tissues remaining intact (Fig. 2. 3B). Interestingly,
some remnants of epiblast cells (in blue) were found in the region of extra-embryonic
ectoderm and visceral endoderm, suggesting the possibility that dying epiblast cells are

eliminated by neighboring extra-embryonic ectoderm or visceral endoderm cells through

the process of phagocytosis.
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Figure 2. 3. Genetic ablation of AurA in the epiblast causes progressive epiblast
loss through apoptosis. (A) E6.5 embryos with the epiblast component labeled by -
galactosidase activity (blue), derived from R26 reporter allele (R26"). In the Epi-KO
embryo, cellular debris accumulates in the proamniotic cavity (arrowhead). (B) The
epiblast of Epi-KO embryos is almost ablated by E7.5. Remnants of epiblast cells (blue)
were also found in the region of extra-embryonic ectoderm and visceral endoderm
(arrows) (C and D) DIC (C) and fluorescent (D) images of E6.5 embryos stained with
anti-cleaved Caspase-3 antibody. Apoptotic cells in Epi-KO embryo (red) were detected
in the proamiotic cavity (arrows). Panels C and D are shown at the same scale. Scale

bars, 50 um.
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Epiblast cells deficient for Aurora A function undergo apoptosis

Previous studies have reported that AurA knockout in mouse embryos leads to
embryonic lethality at pre-implantation stage due to increased apoptosis (Cowley et al.,
2009) and that RNAi-mediated knockdown of AurA leads to apoptosis in pancreatic
cancer cells (Hata et al., 2005). Therefore, we wondered if Epi-KO embryos exhibit
apoptotic events as well. To address this, we performed wholemount immunostaining
experiments using an antibody against cleaved (activated) Caspase-3, a marker for
apoptosis (Elmore, 2007). Interestingly, Epi-KO embryos exhibited strong staining of
cleaved Caspase-3 in the proamniotic cavity (Fig. 2. 3C,D). The stained area in the
proamniotic cavity exactly overlaps with the region where we detected multiple displaced
epiblast cells in Epi-KO embryos, which has been demonstrated by the staining of p-
galactosidase activity (Fig. 2. 3A). This indicates that these apoptotic cells are derived
from the epiblast and that ablation of AurA leads to apoptosis in mouse embryos.

From these results, we conclude that Aurora A is essential for epiblast survival
and that AurA knockout in the epiblast leads to cellular ablation via apoptosis, giving rise

to embryos devoid of epiblast at later stages.

Aurora A Epi-KO embryos establish the anteroposterior axis, but fail to progress
through gastrulation

A previous study reported that embryo growth is correlated with the shift of the
anterior visceral endoderm (AVE) towards the prospective anterior side of the embryo,
an essential process for establishment of the anteroposterior axis (Rivera-Perez et al.,
2003). The phenotype of Cripto mutant embryos also suggests that embryo growth is

necessary for the shift of AVE towards one side of the embryo (Ding et al., 1998). The
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AVE normally marks the prospective anterior side of the embryo and is located opposite
to the position of the primitive streak, which marks the caudal end of the embryo at E6.5.
In Cripto mutants, which show less mitotic index compared to control littermate embryos
(Stuckey et al., 2011), the AVE fails to reach the anterior side of the embryo and remains
at the distal tip of the epiblast, leading to expansion of the primitive streak to anterior
regions of the epiblast (Ding et al., 1998). Cripto, a member of the epidermal growth
factor-Cripto, FRL1, Cryptic (EGF-CFC) gene family, is expressed exclusively in the
epiblast and is also known to be over-expressed in a number of human cancer cell lines
(Salomon et al., 2000), suggesting that epiblast growth by the proliferation of epiblast
cells is involved in the process of DVE shift to become AVE.

Because the size of the epiblast in Epi-KO embryos is reduced to one third of its
normal size at the onset of gastrulation, we hypothesized that axial specification is
affected in Epi-KO embryos. To determine if the axes of Epi-KO embryos were correctly
specified, we examined the positions of the AVE and the primitive streak in AurA Epi-KO
mutants. To examine the extent of AVE formation and its location in Epi-KO embryos,
we conducted wholemount in situ hybridization experiments using a probe for Hex, a
gene expressed specifically in the AVE (Thomas et al., 1998). Hex is also expressed at
the anterior tip of the primitive streak at mid-streak stages, marking the emerging
definitive endoderm lineage. Analysis of Hex expression in E6.5 Epi-KO embryos
revealed that the AVE was properly located on one side of the epiblast, extending from
the tip of the epiblast to its junction with the extra-embryonic ectoderm (Fig 2. 4A). In
these embryos, however, we did not detect the expression of Hex on the posterior side
of the embryo, suggesting a failure in gastrulation, a crucial process of generating the

three primary germ layers (ectoderm, mesoderm and endoderm) during embryogenesis.
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Figure 2. 4. Epiblast-specific AurA knockout embryos establish the
anteroposterior axis, but fail to progress through gastrulation. (A) Hex expression
in embryos dissected at E6.5 marks the anterior visceral endoderm (AVE) (red
arrowheads) and newly emerging definitive endoderm at the tip of the primitive streak
(black arrowhead). The Epi-KO embryo reveals normal AVE position in one side, but
absence of Hex expression in the primitive streak. (B) Brachyury (T) expression in
embryos dissected at E6.5. Expression is evident in the extra-embryonic ectoderm
(black arrows) as well as in the posterior region of epiblast, marking the primitive streak
(red arrows). (C and D) Expression of Fgf8 (C) and Axin2 (D) mark the formation of
mesoderm in the posterior region of the embryo (red arrows) at E6.5. Pictures are shown

at the same scale. Scale bar, 50 pm.
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Experiments in which the number of blastomeres was reduced by manipulation of
four cell stage embryos at pre-implantation stage have also suggested that a specific
threshold number of epiblast cells need to be reached for the gastrulation to progress
completely (Power and Tam, 1993). To determine if the primitive steak was specified
properly in the posterior region of Epi-KO embryos and to examine the process of
gastrulation in Epi-KO embryos, we performed wholemount in situ hybridization using
probes for Brachyury (T), a well-known marker of the primitive streak (Wilkinson et al.,
1990). T also marks the distal portion of the extra-embryonic ectoderm circumferentially
in early post-implantation embryos (E5.5~E6.5) (Perea-Gomez et al., 2004; Rivera-
Perez and Magnuson, 2005). Analysis of T expression in E6.5 Epi-KO embryos revealed
that T is expressed strongly in a small area on one side of the epiblast (Fig 2. 4B),
indicating that the primitive streak was specified properly in the posterior region of Epi-
KO embryos. We also observed the expression of T in the distal area of extra-embryonic
ectoderm in those mutants, suggesting that T expression in that region was not affected
by Aurora A knockout in the epiblast.

We also analyzed the expression of Fgf8 and Axin2, two markers for mesoderm
lineage that emerges during gastrulation at E6.5. We observed the expression of both
Fgf8 and Axin2 in the posterior region of Epi-KO embryos, but the areas covered by this
expression were smaller compared to wild type control littermates (Fig. 2. 4C,D). Thus,
Epi-KO does not affect the initiation of mesoderm formation during gastrulation.

These results demonstrate that Epi-KO embryos are able to establish an
anteroposterior axis properly due to no defect of AVE shift in these mutants and specify
the primitive streak and mesoderm in the posterior region. However, Epi-KO embryos

cannot advance to mid-streak stages and fail to complete the gastrulation likely due to
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decreased number of epiblast cells. This result suggests that Aurora A is not essential in
the epiblast for the initiation of mesoderm formation at the onset of gastrulation, but is

required for normal progression and completion of gastrulation.

Aurora A in the visceral endoderm is essential for embryonic growth and survival

Visceral endoderm is a functional layer of the conceptus that surrounds both the
epiblast (embryonic visceral endoderm) and the extra-embryonic ectoderm (extra-
embryonic visceral endoderm). To determine the role of Aurora A in the visceral
endoderm (VE) and how cell proliferation defects in the visceral endoderm would affect
the embryonic patterning at early post-implantation stages, we generated VE-specific
knockout embryos utilizing TtrCre transgenic mouse line. The embryos carrying TtrCre
allele express Cre recombinase only in the visceral endoderm at early post-implantaton
stages (E5.0) (Kwon and Hadjantonakis, 2009; Kwon et al., 2008). To generate VE-KO
embryos, we crossed homozygous AurA floxed mice (AurA™™) with transgenic TtrCre
mice carrying a null allele of AurA (AurA%*;Ttr°"®®) (Fig. 2. 5A). VE-KO embryos fail to
express AurA in the visceral endoderm only, but retain a functional allele of AurA
(AurA™) in the rest of the conceptus.

To determine the morphological defects in VE-KO embryos, we isolated VE-KO
embryos at E6.25, E7.5 and E9.5. We found that VE-KO embryos were slightly smaller
than control littermates at E6.25 (Fig. 2. 5B), indicating that genetic ablation of Aurora A
in the visceral endoderm affects the growth of early post-implantation embryos. In
mutant embryos, the visceral endoderm surface was rough and cellular debris was
observed. Interestingly, the embryonic portion of the conceptus seemed to be more

affected. The smaller size, representing the defect in embryo growth, was more
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Figure 2. 5. AurA knockout in the visceral endoderm inhibits embryo growth and
causes lethality. (A) Mating strategy for generating visceral endoderm-specific
knockout (VE-KO) embryos. Red region represents the visceral endoderm layer of the
conceptus. (B) Control and AurA visceral endoderm knockout (VE-KO) embryos
dissected at E6.25. The VE-KO embryo is smaller than the control embryo. Cell debris
(arrowheads) was observed on the surface of the visceral endoderm. Arrows indicate the
boundary between the embryonic region and extra-embryonic region.

(C) Embryos dissected at E7.5. The smaller size of VE-KO embryos (red asterisks) is
evident, revealing the growth inhibition by AurA knockout in mutants. (D) At E9.5, VE-KO
embryos (white asterisks) are in the process of resorption. Scale bars, 50 um, 200 um,

and 500 um in A, B, and C, respectively.
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pronounced at E7.5 (Fig. 2. 5C), suggesting that mutant embryos fail to grow further due
to absence of Aurora A function in the visceral endoderm. Expectedly, mutant embryos
were in the process of resorption by E9.5 (Fig. 2. 5D). These results show that function
of Aurora A is also essential in the visceral endoderm for embryo growth and survival of

early post-implantation embryos.

A mutation of Aurora A in the visceral endoderm leads to cellular ablation

We labeled AurA-deficient VE cells using the ROSAZ26 reporter allele (R26") and
TtrCre-mediated recombination of VE cells to investigate the fate and integrity of visceral
endoderm cells. B-galactosidase activity assays of E6.5 embryos revealed that mutant
visceral endoderm cells lose cell-cell contacts and mutant embryos exhibit multiple
protrusions on the surface of the visceral endoderm layer (Fig. 2. 6A). Analysis for E7.5
embryos demonstrated the prevalence of mutant visceral endoderm cells in the extra-
embryonic region but not in the distal area of the conceptus (embryonic region) (Fig. 2.
6B). These results indicate that most of visceral endoderm cells overlying the epiblast
(embryonic visceral endoderm cells) were ablated from the embryo and that visceral
endoderm cells overlying the extra-embryonic ectoderm are more tolerant to the

absence of Aurora A function than visceral endoderm cells overlying the epiblast.
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Figure 2. 6. AurA knockout in the visceral endoderm affects cellular integrity and
leads to cellular ablation. (A) Embryos stained with X-gal after dissection at E6.5, with
visceral endoderm cells marked by p-galactosidase activity (blue). The VE-KO embryo
shows cellular protrusions on the surface of the visceral endoderm layer (arrowheads).
(B) Embryos dissected at E7.5, with visceral endoderm cells marked by p-galactosidase
activity (blue). Marked visceral endoderm cells in AurA VE-KO embryos are more
prevalent in the visceral endoderm overlying the extra-embryonic ectoderm portion of the
conceptus and mostly absent in the distal area (bracket) of the conceptus. Arrows
indicate the boundary between the embryonic region and extra-embryonic region. Scale

bars, 50 um and 100 pum in A and B, respectively.
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Aurora A ablation in the visceral endoderm leads to apoptosis

From the observation of cellular ablation in embryonic visceral endoderm, we
wondered whether ablation of Aurora A leads to apoptosis in visceral endoderm cells as
well. To determine if visceral endoderm cells in VE-KO embryos were undergoing
apoptosis due to absence of Aurora A, we conducted wholemount immunofluorescence
analysis using anti-cleaved Caspase-3 antibody and observed the extensive apoptosis
event in the visceral endoderm layer of VE-KO embryos at E6.5 (Fig. 2. 7A,B).
Interestingly, the apoptotic events demonstrated by cleaved Caspase-3 staining were
mostly restricted to the embryonic portion of VE-KO mutants. This result is consistent
with our previous observation that visceral endoderm cells lacking Aurora A are more
prevalent in the extra-embryonic region of the conceptus (Fig. 2. 6B), suggesting that
embryonic visceral endoderm cells are more sensitive to the absence of Aurora A
function than extra-embryonic visceral endoderm cells. Furthermore, it indicates that
affected mutant embryonic visceral endoderm cells are gradually eliminated from the

embryo through apoptosis.

Axial development is affected in Aurora A VE-KO embryos

Nodal is a secreted signaling molecule of transforming growth factor-beta (TGF-
B) family, involved in many essential processes during early mouse development. These
include AVE formation and movement, mesoderm induction, and left-right (LR) axis
specification (Brennan et al., 2001; Schier, 2003; Varlet et al., 1997).

It has been reported that Nodal signaling promotes cell proliferation in the
visceral endoderm whereas Nodal antagonists such as Leftyl and Cerl inhibit cell

proliferation (Yamamoto et al., 2004) and Nodal null embryos exhibit defects in AVE
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Figure 2. 7

Figure 2. 7. VE-specific AurA knockout leads to apoptosis. (A and B) DIC (A) and
fluorescent (B) microscopic images of E6.5 embryos immunostained with cleaved
Caspase 3 antibody. AurA VE-KO embryo shows apoptotic events (red) in the visceral

endoderm cells overlying the epiblast (arrowhead in B). Scale bar, 50 um.
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shift to the anterior side of the embryo (Norris et al., 2002). These studies suggest that
cell proliferation in the visceral endoderm is involved in AVE movement. Therefore, we
hypothesized that AurA VE-KO embryos would have defects in AVE movement for axial
specification. To address this question, we performed wholemount in situ hybridization
using Hex and T RNA probes. Analysis of Hex expression revealed that the position of
the AVE in VE-KO embryos assumes two different patterns. In some embryos, it
remained at the distal tip of the embryo (Fig. 2. 8A), while in the others it shifted to one
side of the epiblast although it failed to reach the boundary between the epiblast and the
extra-embryonic ectoderm (Fig. 2. 8D). Analysis of T expression exhibited the correlation
with the pattern of Hex expression. In some mutant embryos, the primitive streak was
expanded towards the anterior side around the junction of epiblast with the extra-
embryonic ectoderm (Fig. 2. 8B,C), likely due to the position of AVE in the distal tip. In
others, T expression was localized properly in the posterior side of VE-KO embryos,
indicating that these mutants established the anteroposterior axis in right direction.
However, these mutants exhibited a failure in the elongation of the anteroposterior axis
(Fig. 2. 8E,F), which usually occurs between E6.0 and E6.5 in wildtype embryos
(Mesnard et al., 2004; Perea-Gomez et al., 2004).

Together, these results support our hypothesis that ablation of Aurora A in the
visceral endoderm leads to abnormal establishment of the anteroposterior axis of early

post-implantation mouse embryo.
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Figure 2. 8. VE-specific AurA knockout causes axial defects. (A and D) Hex
expression in embryos dissected at E6.5. The AVE in VE-KO embryos remains at the
distal tip of the embryo (A) or shifts to approximately half of the anterior epiblast (D).

(B and C) Side view (B) and posterior view (C) of embryos hybridized with Brachury (T)
probe to mark the primitive streak after dissection at E6.5. The AurA VE-KO embryo
shows expansion of the primitive streak towards the anterior region of the epiblast (arrow
in B). (E and F) Side view (E) and posterior view (F) of control and AurA VE-KO embryos
hybridized with Brachyury (T) probe after dissection at E6.5. In VE-KO embryo, T
expression remains in one side of the short axis of the conceptus, indicating that these
mutants established the anteroposterior axis in right direction, but that the axis of

mutants failed to elongate. All images are shown at the same scale, scale bar, 50 um.
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Discussion

Ablation of Aurora A in mice causes apoptosis and embryonic lethality at pre-
implantation stages (Cowley et al., 2009; Lu et al., 2008; Sasai et al., 2008). Our current
study reveals similar essential roles for Aurora A at early post-implantation stages of
mouse embryogenesis. We found that genetic ablation of Aurora A in the epiblast or in
the visceral endoderm layer of post-implantation embryos using the Cre-LoxP system
leads to apoptosis, inhibition of embryo growth and embryonic lethality. The knockout of
Aurora A, however, was shown to impact embryonic development differently depending
on the tissue affected.

Mutation of Aurora A in the epiblast leads to progressive loss of epiblast cells and
gastrulation defects, resulting in a conceptus composed mostly of extra-embryonic
tissues by E7.5. The presence of epiblast debris in the region of extra-embryonic
ectoderm and visceral endoderm suggests that dying epiblast cells in the proamniotic
cavity are gradually eliminated by neighboring cells of the extra-embryonic ectoderm and
the visceral endoderm through the process of phagocytosis without affecting other extra-
embryonic tissues. Interestingly, despite the severe reduction of epiblast cells, the axes
of the embryo are properly established, suggesting that the defects of gastrulation
observed in embryos lacking Aurora A in the epiblast are due to a paucity of epiblast
cells rather than patterning defects. Previous studies have shown that a threshold
number of cells are required for the gastrulation to proceed (Power and Tam, 1993;
Tam, 1988). Our results are consistent with these observations. However, the initial
specification of the primitive streak, the engine of gastrulation, appears to be less

dependent on a cell number threshold because we observed the expression of
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Brachyury, a marker gene for the primitive streak, in the posterior region of Epi-KO
mutants even though it was detected in smaller area.

In contrast, lack of Aurora A function in the visceral endoderm leads to defects in
establishment of the anteroposterior axis. Analysis of Hex expression in VE-KO embryos
revealed the position of the AVE in the distal tip, which is correlated with the expansion
of the primitive streak toward anterior regions of the epiblast in mutants. This phenotype
is consistent with previous observations that the AVE regulates the extent of the
primitive streak by antagonizing the expansion of the primitive streak. For example, a
double knockout of Cerll and Leftyl, two known genes expressed in the AVE, leads to
the formation of multiple primitive streaks (Perea-Gomez et al., 2002). Also, mutations
that abolish the shift of the AVE to the anterior side of the epiblast lead to anterior
expansion of the primitive streak (Ding et al., 1998; Perea-Gomez et al, 2001). We
believe that the expanded or radialized primitive streak observed in AurA VE-KO
embryos is due to improper positioning of the AVE. How the ablation of Aurora A in the
visceral endoderm leads to the defect in shift of the AVE to one side is still an open
guestion. One possibility is that a specific threshold number of visceral endoderm cells
provided by proper cell proliferation in visceral endoderm are required to allow proper
positioning or movement of the AVE towards the anterior side of the conceptus. Another
possible explanation is that AurA-deficient visceral endoderm cells become functionally
abnormal and cannot fulfill their normal roles for embryonic patterning (i.e. AVE
migration) during development.

Interestingly, in some VE-KO embryos, the anteroposterior axis was specified
correctly but it failed to elongate anteroposteriorly. Our analysis of T expression revealed

that VE-KO embryos have short anteroposterior axis compared to wild type control
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littermates, indicating that the elongation process does not occurs properly in mutant
embryos during the pre-primitive streak stages (E6.0 ~ E6.5). This suggests that less
visceral endoderm cells or affected visceral endoderm cells in VE-KO embryos constrain
the growth of the epiblast due to the defects in provision of nutrients to embryonic
tissues of the embryaos. This constraint or inhibition of epiblast growth might prevent the
elongation of the anteroposterior axis of the embryo, supporting the notion that growth of
the epiblast within the visceral endoderm layer allows the elongation of the
anteroposterior axis in wild type embryos (Tam, 2004).

It will be interesting to address the question of why in some VE-KO embryos the
AVE remains at the distal tip of the embryo whereas other VE-KO mutants show slight
shift toward one side. One possibility is that mutant embryos show different phenotypes
depending on their stage of development. In other words, younger embryos might tend
to show distal AVE whereas older embryos exhibit a slight shift of the AVE toward one
side because older embryos have more chances of changing the position of AVE
compared to younger ones. This hypothesis could be addressed in the future by
comparing the AVE location of older embryos and younger embryos. Another possibility
is that AVE randomly moves without any specific direction in VE-KO mutant embryos
and thus each embryo has a different position of AVE. This possibility could be tested by
time-lapse fluorescence microscopy of mutant embryos carrying Hex-GFP transgene in
culture (Rodriguez et al., 2001).

Examination of the fate of mutant visceral endoderm cells in E6.5 and E7.5 AurA
VE-KO embryos and wholemount immunofluorescence analysis of apoptosis events in
E6.5 VE-KO embryos revealed the prevalence of visceral endoderm cells in the extra-

embryonic region. This variability of consequences between embryonic visceral
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endoderm and extra-embryonic visceral endoderm is not due to failure to ablate Aurora
A by Cre-mediated recombination in the extra-embryonic region since recombination of
the ROSA26 reporter allele (shown in blue) indicated Cre recombinase activity in VE
cells of this region as well (Fig. 2. 6A). The differences in tolerance to Aurora A ablation
may be caused by inherent differences between two groups of visceral endoderm cells,
which are morphologically and molecularly distinct. This speculation is consistent with
several findings for extensive cellular heterogeneity within the visceral endoderm (Pfister
et al., 2007; Rivera-Perez et al., 2003; Mesnard et al., 2004; Thomas and Beddington,
1996). Another explanation is given by the observation that visceral endoderm cells in
embryonic region have more proliferative capacity than ones in extra-embryonic region,
which barely proliferate (Huang and Rivera-Perez, unpublished; Stuckey et al., 2011). As
the apoptotic phenomenon by Aurora A deficiency seems to be tied to cellular
proliferation events with the evidence that it is overexpressed in many human tumors
and plays major roles during cell division cycle (Sen et al., 1997; Marumoto et al., 2005),
lower proliferation activity in the extra-embryonic visceral endoderm cells could cause
fewer apoptotic events induced by Aurora A deficiency and consequently lead to better
survival rates of these cells.

Even though we proposed that the phenotypes of VE-KO embryos are caused by
defects of cell proliferation in visceral endoderm, we did not provide evidence that cell
proliferation of visceral endoderm was inhibited by Aurora A mutation in VE-KO
embryos. To determine the cell proliferation defects in VE-KO embryos, we
immunoassayed the embryos using antibody against phospho-histone H3 (PH3), a
commonly used mitotic marker (Hendzel et al., 1997). We found that there is not a

significant difference in the extent of PH3 staining between VE-KO mutants and wild
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type control littermates (not shown). This does not necessarily indicate that there is no
difference in cell proliferation level because Aurora A deficiency leads to mitotic arrest
and arrested cells could be positive for PH3 staining even if they are not dividing. This
uncertainty prevented further trials using PH3 antibody.

Analysis of VE-KO embryos also raised the possibility that the phenotype could
be caused indirectly by defects in the epiblast brought about by abnormal function of
visceral endoderm cells with Aurora A deficiency. Because the visceral endoderm plays
a role in nurturing the embryo, especially the epiblast during early post-implantation
stages, defective visceral endoderm by Aurora A mutation might lead to defects in
epiblast growth or epiblast cell proliferation alongside visceral endoderm cells defects,
eventually generating axial specification problems. However, it needs to be determined
whether this is true.

In conclusion, our study demonstrates that Aurora A plays similar roles at pre-
and post-implantation stages at the cellular level but that interference with its function by
genetic ablation has different outcomes depending on the tissue affected. It also reveals
that proper growth of embryonic and extra-embryonic tissues is essential for appropriate
embryonic patterning during early post-implantation development and continued survival
during embryogenesis.

A practical consequence of our study is that mutation of Aurora A can be utilized
as a way to induce apoptosis in a tissue-specific manner in vivo. It will be interesting to
examine the process of apoptotic events in live embryos in culture via time-lapse
microscopy of fluorescent markers. In other hands, it will be possible to investigate the

functionality of specific cell types in the embryo or in the mouse using diverse Cre lines.
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Materials and Methods

Embryo staging and dissection

Embryo stages were determined morphologically as described previously
(Downs and Davies, 1993; Rivera-Perez et al., 2010) after dissection or in terms of
dissection time. Noon of the day when a mating plug was observed was considered
embryonic day 0.5 of development (E0.5). Dissections of post-implantation embryos
were performed as described previously (Nagy et al., 2003).
Mouse strains and genotyping

The AurA™ conditional mouse line was previously described (Cowley et al.,
2009). Females carrying AurA™ allele were crossed to Sox2Cre transgenic males to
generate mice carrying AurA% allele. In this allele, exon 2 is excised, leading to a null
allele. Sox2Cre (Hayashi et al., 2002) and ROSA26 reporter (R26") (Soriano, 1999) mice
were purchased from the Jackson Laboratory (Stock No. 003309 and 004783,
respectively). TtrCre transgenic mouse line was previously described (Kwon and
Hadjantonakis, 2009) and was kindly provided by Dr. Anna-Katerina Hadjantonakis.
Mice were genotyped using PCR on genomic DNA samples obtained from tail tips. For
genomic DNA sample preparation from each mouse, a piece of tail tip was placed into
200 pl of PCR lysis buffer (50 mM KCI, 10 mM Tris-HCI, 10 mM Tris-HCI, 2.5 mM MgCls,
0.1 mg/ml Gelatin, 0.45% v/v IGEPAL and 0.45% v/v Tween-20, 100 yg/ml Proteinase
K) and incubated overnight at 56°C. The next day, after heat inactivation of the
Proteinase K at 95°C for 5-8 min, half or one microlitter of samples was used for PCR

amplification.
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Embryos were genotyped retrospectively after wholemount in situ hybridization,
immunostaining or -galactosidase assay procedures. For each conceptus, the
ectoplacental cone was removed using forceps and placed in 20 ul of PCR lysis buffer
and incubated overnight at 56°C. After heat inactivation of the Proteinase K at 95°C for
5-8 min, one or two microlitters of spin-downed samples were used for PCR
amplification. Each allele was confirmed using the following primers: AurA™ and AurA*
alleles, forward primer: 5-CCT GTG AGT TGG AAA GGG ACA TGG CTG-3/, reverse
primer: 5'-CCA CCA CGA AGG CAG TGT TCA ATC CTA AA-3', 2). AurA® allele,
forward primer: 5'-CAG AGT CTA AGT CGA GAT ATC ACC TGA GGG TTG A-3/,
reverse primer: 5'-GAT GGA AAC CCT GAG CAC CTG TG AAC-3' 3). Sox2Cre and
TtrCre alleles, forward primer: 5'-TCC AAT TTA CTG ACC GTA CAC CAA-3', reverse
primer: 5'-CCT GAT CCT GGC AAT TTC GGC TA-3'

Wholemount immunofluorescence analysis

Dissected embryos were fixed for 1 hour in 4% paraformaldehyde in phosphate
buffered saline (PBS) right after the dissection. After fixation, embryos were washed
three times in PBS for 10 min each and once in PBT (1% BSA and 5% Triton X-100 in
PBS) for 10 min. After incubating in blocking solution (5% normal goat serum in PBT) for
1 hour, embryos were incubated with primary antibodies in blocking solution for
overnight in 4°C. Then, embryos were washed three times in PBT for 10 min each, and
incubated with secondary antibodies for 1 hour. After secondary antibody incubation,
embryos were washed three times in PBT for 10 min each, once in PBS for 5 min,
equilibrated in serial Glycerol/PBS solutions (25%, 50%), and analyzed in an inverted
fluorescence microscope (Leica. DMI4000). The following antibodies were utilized.

Primary antibodies: rabbit anti-Oct4 (Abcam, Cat. No. ab19857) diluted with 1:1000;
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rabbit anti-cleaved Caspase-3 (Cell Signaling, Cat. No. 9664) diluted with 1:500.
Secondary antibody: Alexa Fluor 594 goat anti-rabbit antibody (Invitrogen, Cat. No.
A31631) diluted with 1:2000 in PBT.
Wholemount in situ hybridization

The wholemount in situ procedure was adapted and modified from the protocol of
Henrigue and co-workers (Henrique et al., 1995). Dissected embryos were fixed
overnight in 4% paraformaldehyde in PBS at 4°C. After fixation, embryos were
dehydrated in a methanol/PBT (0.1% Tween-20 in PBS) series (25%, 50%, 75% and
100%) and stored at -20°C in 100% methanol. For rehydration, embryos were washed
with the opposite direction.
Embryos were treated with Proteinase K for 8 min, pre-hybridized at 70°C for a minimum
2 hours, and incubated with RNA probes overnight at 70°C. The next day, embryos were
washed in MABT (50 mM maleic acid, 75 mM NacCl, 0.1% tween-20), incubated in
blocking solution (10% blocking reagent in MAB) for 1 hour, incubated in NGS-blocking
solution (10% normal goat serum in blocking solution) for a minimum of 2 hours, and
incubated overnight with alkaline phosphate-conjugated antibody against digoxigenin
(Roche Cat. No. 11 093 274 910) diluted 1:2000 in NGS-blocking solution at 4°C. After
overnight incubation with antibody, embryos were washed four times in MABT for 30 min
each, washed twice in NTMT (0.1 M NacCl, 0.1 M Tris-HCI pH 9.5, 50 mM MgCl, 0.1%
tween-20) for 10 min each and stained with 20 ul/ml NBT/BCIP stock solution (Roche
Cat. N0.681451) in NTMT for color reaction. The color reaction was allowed to proceed
for 12-48 hours. After that, embryos were washed twice in PBT for 10 min each, fixed in

4% paraformaldehyde for 20 min, and cleared in glycerol/PBT.
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Preparation of RNA probes
The following probes were utilized: Hex (291-818 cDNA; 528bp) (Thomas et al.,

1998); Brachyury (T) (full length cDNA; 1784bp) (Herrmann, 1991); Wnt7b (full length
cDNA; 3396bp) (Image consortium, ID 6817404); Fgf8 (full length cDNA; 1100bp) (Guo
and Li, 2007) and Axin2 (2420bp cDNA piece containing part of exon 2, exons 3-9 and a
portion of exon 10) (Jho et al., 2002). For RNA probe preparations, DNA constructs
containing cDNA were linearized by overnight reaction with restriction enzymes. DNA
constructs were kindly provided by Drs. Frank Costantini (Axin2), James Li (Fgf8), and
Tristan Rodriguez (Hex). 1 ug of linearized DNA were used as a template in 20 ul in vitro
transcription reactions (1X Transcription buffer, 1X digoxigenin RNA labeling mix (Roche
Cat. No. 1277073), 0.01 M DTT, 1 U/ul RNAse inhibitor (RNAsin, Promega N2611), 2
U/ul T3, T7 or SP6 RNA Polymerase).
Wholemount B-galactosidase activity assay

Dissected embryos were fixed in fixation solution (0.2% glutaraldehyde, 2% formalin, 5
mM EGTA, 2 mM MgCI2 in 0.1 M phosphate buffer, pH 7.3) for 5-10 min, washed three
times in rinse solution (0.1% deoxycholate, 0.2% IGEPAL, 2 mM MgCI2 in 0.1 M
phosphate buffer, pH 7.3), and stained overnight in staining solution (1 mg/ml X-gal, 5
mM potassium ferricyanide, 5 mM potassium ferrocyanide in rinse solution) at 37°C.
The next day, embryos were washed twice in rinse solution for 5 min each, twice in PBS
for 10 min each, fixed in 4% paraformaldehyde in PBS at room temperature for 20 min

and cleared in glycerol/PBS.
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Preface

The idea for the work shown in this chapter originated from the results described
in Chapter Il. This work was in collaboration with the laboratory of Dr. Steve Jones. |
collected embryos, generated tetraploid embryos and analyzed the data. The laboratory
of Dr. Jones provided embryonic stem (ES) cells, injected ES cells into blastocysts and
conducted embryo transfer surgeries. Joy Riley, our lab member, took over blastocyst
injections and embryo transfers after she joined our laboratory. All the chimeras were
obtained with the combined effort of Joy Riley, Judith Gallant, Marilyn Keeler, and
myself. | collected and analyzed the chimeras and interpreted the data. Statistical
analysis of chimera data was performed with the help of Dr. Oliver King, an assistant

professor in our department.
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Abstract

In the past, many researchers have been interested in generating embryos or
mice composed solely of pluripotent cells such as embryonic stem (ES) cells or induced
pluripotent stem (iPS) cells. There are multiple advantages for the generation of ES cell
or iPS cell-derived embryos or mice. First, it saves time and money during the
generation of knockout mouse lines. Second, it makes possible the direct analysis of
embryos derived completely from mutant ES cells. Third, it is the most stringent way to
test the potency of newly derived or reprogrammed ES or iPS cell lines.

Previously, we found that mutation of Aurora A in the epiblast leads to
progressive depletion of the epiblast lineage through apoptosis, resulting in a conceptus
composed only of extra-embryonic tissues that remain basically intact. From these
results, we hypothesized that epiblast-specific Aurora A knockout (Epi-KO) embryos
(that is, the genetically unaffected extra-embryonic tissues of mutants) were able to
support the development of ES cell-derived embryos to term. We tested this hypothesis
by injecting ES cells into host Epi-KO blastocysts. Four different ES cell lines, AB1, R1,
KT4 and v6.5, were used in these experiments and we were able to generate E9.5 ES
cell-derived embryos as well as ES cell-derived pups at E18.5. The majority of these
pups died at birth and only one survived to adulthood and sired 4 pups, demonstrating
that it was fertile.

As an alternative strategy, we took advantage of inducible Diphtheria toxin A
(DTA)-mediated epiblast ablation to generate epiblast-ablated embryos. This strategy
recapitulates the events of progressive epiblast depletion, observed in Aurora A epiblast-

specific knockout mutants. Using this strategy, we were able to recover multiple E18.5
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pups derived from two ESC lines tested (v6.5 and PC3) at 29% and 17%, respectively.
However, none of the newborn pups survived to adulthood and interestingly, the majority
exhibited abnormal features that included open eyelids, craniofacial defects and extra
digits in the forelimbs.

We also have treated pregnant females with folic acid diet supplementation to
test the hypothesis that folic acid supplementation would change the genomic
methylation pattern and help fix the morphogenetic defects. However, folic acid
supplementation did not rescue the phenotypic defects.

In conclusion, we were able to generate newborn mice derived from ES cells
using our novel technique, called ‘epiblast complementation assay’. This technique
suffices as a stringent tool for testing the pluripotency of any newly derived or
reprogrammed line of ES cells or iPS cells and offers a simpler alternative to the
tetraploid embryo complementation method. However, it is still necessary to conduct
additional experiments to successfully generate adult mice composed of ES cells using

the epiblast complementation chimera technique.
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Introduction

A chimera is an animal composed of genetically distinct cells derived from two
different zygotes. Since the first chimera experiment was performed to generate mouse
chimeras by aggregating two eight-cell mouse embryos in the 1960s (Tarkowski et al.,
1961), chimeras have been utilized as valuable tools for studying mouse genetics and
development. Currently, the most important use of chimeras is in the generation of
knockout mice. Traditionally, targeted ES cells produced by homologous recombination
have been aggregated with diploid embryos (Wagner et al., 1985; Nagy et al., 1990;
Wood et al., 1993) or have been injected into diploid host blastocysts to achieve
germline transmission of the mutated allele to the offspring (Bradley et al., 1984).

Because the generation of knockout mice using targeted ES cells takes
considerable amount of effort, several researchers have tried to generate embryos or
mice derived fully from pluripotent cells. The tetraploid complementation assay is one of
the methodologies that have been utilized for this purpose (Nagy et al., 1990; Nagy et
al., 1993; Wang et al., 1997) and is considered to be the most stringent tool to test the
pluripotency of stem cells.

There are multiple advantages for generating mice solely from stem cells. First, it
saves time for generating knockout mouse lines because it does not require the
generation of intermediate chimeras to get gene-targeted offspring. Second, it is more
economical because less monetary resources would be required for husbandry
expenses. Third, it is possible to analyze the embryos derived completely from mutant

ES cells without any breeding steps to generate mutant embryos. Fourth, it is the most
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stringent methodology to test the pluripotency of any newly derived or reprogrammed
lines of ES cells or induced pluripotent stem (iPS) cells.

As described in chapter Il, we observed that genetic ablation of Aurora A in the
epiblast layer of the conceptus (Epi-KO) leads to gradual epiblast depletion through
apoptosis at early post-implantation stages, resulting in a conceptus composed solely of
extra-embryonic tissues that remain basically intact. We hypothesized that the extra-
embryonic tissues of Aurora A Epi-KO embryos would sustain the capacity to direct the
differentiation of stem cells for appropriate embryonic patterning and development.

In the current study, we addressed this hypothesis by injecting pluripotent stem
cells into host Epi-KO blastocysts. In essence, we created chimeras composed of ES
cells and embryos devoid of epiblast tissue and asked if the injected ES cells could
substitute for epiblast-derived tissues. Using this strategy, we were able to generate ES
cell-derived embryos and mice. We also used an alternative strategy in which the
epiblast of post-implantation embryos was depleted by conditional expression of
Diphtheria toxin A specifically in the epiblast (Epi-DTA). Using this strategy, we were
able to generate ES cell-derived embryos and newborn mice. We found that this
alternative strategy is easier to perform and more efficient in producing ES cell-derived
newborns than the tetraploid complementation assay, which has been commonly used

for in vivo assay for pluripotency.
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Results

Extra-embryonic tissues of AurA Epi-KO embryos support the development of
embryonic stem cell-derived embryos

As described in Chapter Il, mutation of Aurora A in the epiblast leads to
progressive epiblast ablation through apoptosis, giving rise to a conceptus composed of
extra-embryonic tissues that remain basically intact (Fig. 2. 3B). This observation made
us hypothesize that the extra-embryonic tissues of AurA Epi-KO embryos are
functionally capable of supporting ES cell-derived embryos to develop to term.

To address this question and to test whether we could generate ES cell-derived
embryos or mice by making chimeras between AurA Epi-KO embryos and pluripotent
embryonic stem (ES) cells, we devised and performed the strategy illustrated in Fig. 3.1.
First, we generated AurA Epi-KO blastocysts by mating females homozygous for a

floxed allele of AurA (AurA™™) to males heterozygous for a null allele of AurA and

Ad2/+ 2Cre/Cre

homozygous for Sox2Cre transgene (Aur. ;SoX ). Then, we injected pluripotent
ES cells into these blastocysts and transferred them into pseudopregnant recipients,
allowing them to develop to the desired embryonic stages or to develop to term.

To generate chimera intermediates, we first injected wild-type AB1 and R1 ES
cells into Epi-KO blastocysts marked by the recombination of R26 reporter allele
(AurA®™R26":S0x2°"®") using the mating strategy described in Table 3.1. The AB1
cell line was established from the blastocysts generated by 129/Sv cross (McMahon and
Bradley, 1990) and results in agouti coat color in chimera pups. The R1 ES cells were

derived from (129X1/SvJ x 129S1) F1 blastocysts and also give rise to agouti coat color

in chimera mice (Nagy et al., 1993).
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Figure 3. 1. Strategy for generating ES cell-derived embryos or mice using AurA
Epi-KO embryos. (A) First, we generated AurA Epi-KO blastocysts from the cross
between females homozygous for a floxed allele of AurA (AurA™™) and males

heterozygous for a null allele of AurA and homozygous for Sox2°"®

transgene
(AurA®*;:Sox2°"®C™) (B) After collecting AurA Epi-KO blastocysts at E3.5, we injected
ES cells (marked in beige) into these blastocysts and transferred them into
pseudopregnant recipient females (E2.5), allowing them to develop. (C) At E6.5, the
epiblast is composed of epiblast cells derived from injected ES cell (beige) and host

epiblast (blue). (D) We could recover embryos at E9.5 or (E) allow them to develop to

term, generating fully ES cell-derived mice.



Table 3. 1

Cross Male Female aneCte.d Chimerism assay
ES cell line
. Contribution by host
AurA®™: fxifx. e blastocyst
L Sox2Cre/Sox2Cre AurA™"; R26 ABL RL (B-galactosidase activity
assay)
AurAd2+ Contribution by ES cells

2 Sox2Cre/Sox2Cre AurA™™ KT4 (R26"%) | (B-galactosidase activity

assay)

3 AurA%2- AurAX™ Coat color (Agouti) by
(Coat | Sox2Cre/Sox2Cre | R2gMMme/MTme v6.5 fI|ES cells b
color) (Albino) (Albino) (Agouti) Green fluorescence by

host blastocyst
Table 3. 1. Mating strategies for generating ES cell-derived mice and the
chimerism analysis.
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Initially, we created chimeras by injecting AB1 and R1 ES cells into LacZ-marked
blastocysts. B-galactosidase activity assays for embryonic chimeras dissected at E9.5
revealed that the injected ES cells rescue the developmental defects of AurA Epi-KO
embryo, which usually exhibits empty yolk sac with no embryonic s tissue at E9.5 (Fig. 3.
2A), to generate normal AB1 and R1 ES cell-derived embryos at organogenesis stages.
Compared to control chimeras, which exhibited high percentage of stained cells derived
from host blastocyst, ES cell-derived embryos (experimental chimeras) contained only
few stained cells in embryonic tissues, indicating that injected non-LacZ ES cells
substitute most of the ablated epiblast, derived from host embryos (Fig. 3. 2B, C).

In the converse experiments, we injected KT4 ES cells into non-LacZ Epi-KO
blastocysts (AurA%™;R26"*;:S0x2"®") (See the Table 3.1). KT4 ES cells, derived from
mouse blastocysts carrying the ROSA26 LacZ gene trap (Tremblay et al., 2000),
constitutively express a cytoplasmic form of g-galactosidase and their contribution in
chimeras can be traced by p-galactosidase assays. Using this strategy, we were also
able to generate normal KT4 ES cell-derived embryos of organogenesis stages at E9.5.
B-galactosidase assays revealed that the whole embryonic tissues were derived from
injected KT4 ES cells (Fig. 3. 3B). Even extra-embryonic mesoderm tissue, which would
be derived from the epiblast lineage during embryogenesis, was completely derived from
injected KT4 ES cells, indicating that injected KT4 ES cells took over the roles of host
epiblast that had already been ablated due to knockout of Aurora A.

These results demonstrate that the extra-embryonic tissues of AurA Epi-KO
embryos can support the development of ES cell-derived embryos through gastrulation

and early organogenesis stages and that injected pluripotent ES cells were able to



Figure 3. 2
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Figure 3. 2. Extra-embryonic tissues of AurA Epi-KO embryos support the
development of ES cell-derived embryos to organogenesis stages.

(A) Control and AurA epiblast knockout embryos dissected at E9.5. The AurA Epi-KO
embryo has been resorbed leaving the extra-embryonic components intact and giving
rise to an empty visceral yolk sac (VYS). (B) Chimeric embryos generated by injection of
AB1 ES cells into control blastocysts (left) or AurA Epi-KO blastocysts (right). The
descendants of the host blastocyst are marked by R26"* in the epiblast (blue). The
chimera derived from an AurA Epi-KO blastocyst is composed mostly of injected AB1 ES
cell-derived tissuess (non-blue), whereas the chimera derived from a control blastocyst
is composed mostly of the host blastocyst-derived tissues (blue). A few blastocyst-
derived cells, marked by p-galactosidase activity, are visible in the gut region of the Epi-
KO chimeras (arrows). (C) Chimeric embryos generated by injection of R1 ES cells into
control blastocysts (left) or AurA Epi-KO blastocysts (white asterisks). The descendant

cells of the host blastocysts are marked by activation of R26"*

in the epiblast (blue).
Chimeras derived from AurA Epi-KO blastocysts are composed mostly of injected R1 ES
cell-derived tissues (non-blue), whereas chimeras derived from control blastocyst are
composed mostly of host blastocyst-derived tissues (blue). A few blastocyst-derived

cells, marked by p-galactosidase activity, are still visible in the gut region and visceral

yolk sacs (VYS). Images are shown at the same scale. Scale bar, 500 um.
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Figure 3. 3. Extra-embryonic tissues of AurA Epi-KO embryos support the
development of KT4 ES cell-derived embryos to organogenesis stages.

(A and B) A chimeric embryo with its extra-embryonic tissues, visceral yolk sac (VYS),
amnion (Am) and placenta (P) generated by injection of KT4 ES cells into control
blastocysts (A) or AurA Epi-KO blastocyst (B). Descendants of injected KT4 ES cells are
marked by the presence of the R26““* allele (blue). A chimera derived from an AurA Epi-
KO blastocyst is composed mostly of injected KT4 ES cell-derived tissues (blue),
whereas a control chimera is composed of both host blastocyst-derived tissues (non-
blue) and injected KT4 ES cell-derived tissues (blue), revealing a normal chimeric

embryo. Images are shown at the same scale. Scale bar, 500 um.
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rescue the gastrulation failure and embryonic lethality at E9.5, previously observed in

AurA Epi-KO embryos.

Extra-embryonic tissues of AurA Epi-KO embryos support the development of ES
cell-derived embryos to term

After the successful generations of E9.5 ES cell-derived embryos using multiple
ES cell lines (AB1, R1, KT4), we decided to test if ES cell-derived embryos could
develop to term. For this purpose, we injected KT4 ES cells into AurA Epi-KO
blastocysts, transferred them into pseudopregnant recipients and recovered them at
E18.5 by Caesarean section (C-section). Surprisingly, we found that most of ES cell-
derived embryos were resorbed before E18.5. A few of the pups were stillborn and were
composed solely of injected KT4 ES cells, as shown by -galactosidase assays in all the
tissues of the pups including the skin (Fig. 3. 4A) and internal organs (Fig. 3. 4B).
However, we were not able to recover any live KT4 ES cell-derived pup at E18.5 using
this strategy.

Since the lack of survival to term may be due to problems with the potency of
KT4 ES cells, we utilized another ES cell line called v6.5. This is a C57BL/6 x 129/sv F1
hybrid line that has already been reported to generate live ES cell-derived pups via
tetraploid embryo complementation and nuclear transfer cloning methods (Rideout et al.,
2000; Eggan et al., 2001). To detect the contribution of injected v6.5 ES cells, we used
coat color and GFP fluorescence to distinguish the contribution of ES cells and host

blastocyst to the chimera.
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Figure 3. 4

Figure 3. 4. Extra-embryonic tissues of AurA Epi-KO embryos support the
development of KT4 ES cell-derived embryos to term. (A and B) pg-galactosidase
assay for the skin (A) and internal organs (B) from a KT4 ES cell-derived pup recovered
at E18.5. This pup was generated by injection of KT4 ES cells into AurA Epi-KO
blastocysts. Analysis of B-galactosidase activity reveals that the whole pup is fully

composed of injected KT4 ES cell descendants.
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(See Table 3.1). The coat color of ES cell-derived pups should be completely agouti
without albino coat contribution from the host blastocyst. These pups also should not
contain green fluorescent tissues, derived from the host blastocyst, which carries the
R26™™¢ and Sox2°™ transgenes. Based on this strategy, we were able to demonstrate
the birth of v6.5 ES cell-derived pups recovered by C-section at E18.5. However, except
for one male mouse, the majority did not survive to adulthood. This mouse was entirely
agouti as demonstrated by coat color examination (Fig. 3. 5A, B), and had no green
fluorescent tissue (Fig. 3. 5C, D). This animal sired 4 pups after mating with wild-type

CD1 females (Fig. 3. 5E), revealing that it was fertile.

Diphtheria toxin A expression in the epiblast recapitulates the epiblast ablation
phenotype of AurA Epi-KO embryos

The generation of ES cell-derived mice using AurA Epi-KO embryos (Fig. 3.1) is
inconvenient in that it requires a genotyping step to identify the chimeras derived from
AurA Epi-KO blastocysts (AurA™92:50x2°") or control littermates (AurA™*;Sox2°"").
This strategy is also inefficient because AurA Epi-KO blastocysts represent only half of
the embryos collected and control chimeras have higher survival rates over epiblast-
ablated ES cell-derived ones.

To correct these problems, we devised an alternative strategy, depicted in Fig. 3.

6. In this strategy, we take advantage of diphtheria toxin A (DTA)-mediated cellular

DTA cre
6 2

ablation to generate epiblast-ablated embryos using R2 and Sox mice. The

R26°™ line carries a floxed Diphtheria toxin fragment A cassette targeted to the

ROSA26



Figure 3. 5
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Figure 3. 5. AurA Epi-KO embryos support the development of v6.5 ES cell-derived
embryos to term. (A) Male pups recovered at E18.5. One mouse (red arrow) exhibits
agouti color, indicating that it is a v6.5 ES-derived pup. The rest exhibit a few patches of
agouti color, revealing that they are chimeras derived from control blastocysts. (B)
Female pups recovered at E18.5. Both show little agouti color. (C) Tail tips from pups
shown in A and B. The yellow arrow indicates the tail from the agouti mouse shown in A.
(D) Fluorescence visualization of the tail tips shown in C. The tail from the agouti mouse
does not exhibit any green fluorescence signal, indicating that there is no contribution
from the host blastocyst. The rest show strong green fluorescence, an indicator of host
blastocyst contribution. (E) v6.5 ES cell-derived pup produced live agouti offspring,

demonstrating its fertility and germline transmission.



Figure 3. 6
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Figure 3. 6. Alternative strategy for generating ES cell-derived embryos or mice
using epiblast-ablated embryos generated by DTA expression. (A) First, we
generate blastocysts, expressing DTA in the epiblast, from crosses between females

6°™°T™) and males homozygous for the

homozygous for a floxed allele of DTA (R2
Sox2°" transgene (Sox2°"°"). (B) Blastocysts collected at E3.5 (marked in blue), will be
injected with ES cells and transfered into pseudopregnant recipients. (C) In E6.5
chimeras, the epiblast is composed of injected ES cells (beige) and host epiblast cells
(blue). The epiblast cells would be ablated from the chimera due to the expression of
DTA in this tissue. (D) By E9.5, ES cells take over the embryo with no host epiblast

contributing to the embryonic tissue. (E) Injected blastocysts will be allowed to develop

to term, generating ES cell-derived mice.
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locus (Voehringer et al., 2008). The cross between females homozygous for R26°™

allele (R26°™P™) and males homozygous for Sox2"® (Sox2°"°"®) would give rise only to

DTA/+ Crelo
6 2

double heterozygous blastocysts (R2 ;SOX ), obviating the need to genotype
each chimera.

To confirm that this strategy recapitulates the phenotype of AurA Epi-KO
embryos and leads to empty yolk sac at E9.5, we performed morphological analysis of
double heterozygous embryos (R26°™*:Sox2“"®") at E6.5, E7.5 and E9.5. As expected,
E6.5 and E7.5 mutant concepti exhibited less epiblast (Fig. 3. 7A, C) and E9.5 mutants
consisted of empty yolk sacs with no embryonic tissue (Fig 3. 7D), mimicking the
phenotype of AurA Epi-KO mutants (Fig 3. 2A). This was also confirmed by wholemount
immunostaining experiment using an Oct4 antibody. Interestingly, the epiblast ablation in
Epi-DTA mutants seems to progress more quickly than the one in AurA Epi-KO mutants.

More than half of the epiblast has been already ablated in E6.5 Epi-DTA embryos (Fig.

3. 7A, B).

Epiblast-ablated embryos generated by DTA expression can support the
development of ES cell-derived embryos to term

After confirming that the Epi-DTA strategy leads to epiblast ablation, we tested
the ability of Epi-DTA embryos to support the development of ES cell-derived pups using
two ES cell lines, v6.5 and PC3. As shown before, the v6.5 cell line has been tested in
AurA Epi-KO embryos and proved to have the potential to produce ES cell-derived adult
mice. The PC3 line has been utilized in the generation of chimeras (Sluss et al., 2004)

and tested without success in tetraploid embryo complementation assay by the
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Figure 3. 7. DTA expression in the epiblast recapitulates the epiblast depletion
phenotype of AurA Epi-KO embryos. (A and B) DIC (A) and fluorescence (B) images
of E6.5 embryos stained with anti-Oct4 antibody to mark the epiblast. The epiblast of
Epi-DTA embryo is reduced to about one third of the size of control embryo. (C)
Embryos dissected at E7.5. In Epi-DTA embryos, the epiblast has been depleted but
extra-embryonic tissues are intact. (D) Epi-DTA embryos progress into empty yolk sacs

by E9.5. Scale bars, 50 um in A and B, 200 um in C, and 500 um in D.
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laboratory of Steve Jones previously. After multiple trials, we found that both lines were
able to give rise to E18.5 ES cell-derived pups at a rate of 29% and 17%, respectively
(See the Table 3. 2), indicating that the new strategy works successfully in both cell lines
without significant difference (p>0.05). ES cell-derived pups were identified easily by
examining the eye pigmentation of pups recovered by C-section at E18.5 because both
ES cells were established from pigmented mice and were injected into blastocysts
derived from albino parents. Some of pups were recovered alive and looked
morphologically normal (Fig. 3. 8A, C).

We also found that the increase in the number of injected ES cells (from 10-15 to

18-20) led to significant improvement in recovery rate of newborn pups (p<0.05).

ES cell-derived pups exhibit morphological defects

The maijority of recovered ES cell-derived pups died at birth (Fig. 3. 8B, D) and
exhibited abnormal features such as abnormally big placenta, post-axial polydactyly
specifically in the forelimbs, craniofacial defects and open eyelids (Fig. 3. 9; also table 3.
3). The penetration and expressivity of these phenotypes varied. For the large placenta
phenotype (Fig. 3. 9A), the v6.5 cell line showed 100% penetration (3/3) whereas PC3
had 50% penetration rate (4/8). The penetration rates for open eyelid phenotype (Fig. 3.
9B) were 82% (9/11) in v6.5-derived pups and 11% (1/9) in PC3-derived pups. The
polydactyly phenotype consisted of one digit-like protrusion on the posterior side of the
forelimbs that could be bilateral or restricted to one forepaw. The extra digit phenotype
(Fig. 3. 9 C, D) was present in 80% (12/15) of the v6.5-derived pups and in 70% (7/10)

of the PC3-derived pups.



Table 3. 2

: ES cell line | No. of injected No. of .
Experimental Recovery | Survival
condition (I\!O: of cells [ transferred pups rate (%) | rate (%)

injected) embryos at E18.5

1 v6.5 (10-15) 51 5 10 0

2 v6.5 (18-20) 48 14 29% 0

3 PC3 (18-20) 59 10 17° 0

4* v6.5 (18-20) 50 11 22° 0

v6.5: F1 129Sv X C57BL ES cell line, PC3: 129Sv ES cell line

* Folic acid diet supplementation

a. Exp. 1 vs. Exp. 2. Fisher’s exact test. p<0.05
b. Exp. 2 vs. Exp. 3. Fisher’s exact test, p>0.05
c. Exp. 2 vs. Exp. 4. Fisher's exact test. p>0.05

Table 3. 2. Summary of Epi-DTA chimera experiments
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Figure 3. 8

Figure 3. 8. Epiblast-ablated embryos generated by DTA expression can support
the development of ES cell-derived newborn pups. (A) Control and v6.5 ES cell-
derived pups recovered at E18.5. (B) Stillborn v6.5 ES cell-derived pups. (C) Control and

PC3 ES cell-derived pups recovered at E18.5. (D) Stillborn PC3 ES cell-derived pups.
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Figure 3.9

Figure 3. 9. ES cell-derived pups show developmental defects. (A) Control (left) and
v6.5 ES cell derived (right) pups recovered at E18.5. ES cell-derived pup shows bigger
placenta (P). (B) Control (left) and ES cell derived (right) pups recovered at E18.5. ES
cell-derived pup show eyelid-closing defects. (C and D) Right forelimbs from control and
ES cell-derived pups. Both v6.5 and PC3 ES cell-derived pups exhibit post-axial

polydactyly in forelimbs (red arrows).



Table 3. 3
No. of pups Morphological abnormalities
ES cell line re(t:oEvleSreSd
a oy Bigger Extra digits in Open eyelid
(%) Placenta (%) | forelimbs (%) (%)
v6.5 14/48 (29.2) 3/3 (100) 12/15 (80) 9/11 (81.8)
PC3 10/59 (16.9) 4/8 (50) 7/10 (70) 1/9 (11.1)
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Table 3. 3. Morphological abnormalities in ES cell-derived pups recovered at E18.5
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Folic acid supplementation diet does not rescue the defects of ES cell-derived
pups

Previous studies have shown that the anomalies observed in ES cell-derived
pups are likely due to epigenetic alterations in imprinted genes of ES cell lines (Dean et
al, 1998). One example is the extra digits phenotype, which has been observed in
mutants for Igf2, one of well-studied imprinted gene (Wang et al., 1994). In addition,
open eyelids were reported in cloned mice (Shimozawa et al., 2002), where aberrant
gene expressions or methylation of imprinted genes are responsible for this phenotype.

Folate is a methyl donor in biological methylation reactions such as the DNA
methylation process (Lucock, 2000; Crider et al., 2012) and dietary folate deficiency has
been reported to decrease genome-wide methylation both in human and animal models
(Choi and Mason, 2002). On the other hand, folic acid supplementation has been
observed to increase genomic DNA methylation globally and has been shown to help
prevent neural tube closure defects (Pufulete et al., 2005; Gonda et al., 2012; Zhao et
al., 1996).

In an attempt to prevent the morphological defects of ES cell-derived pups, we
supplemented the surrogate mothers with folic acid from the day of embryo transfer
surgery to pup recovery at E18.5. However, our results revealed that folic acid
supplementation did not significantly rescue the morphological defects of v6.5 ES cell-
derived pups and that the recovery rate was not improved compared to regular food
supplementation (Table 3. 2). On the contrary, it seemed to have adverse effects in that

pups recovered at E18.5 were much more affected (Fig. 3. 10).
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Figure 3. 10

Figure 3. 10. Folic acid supplementation does not rescue the defects of ES cell-
derived pups. v6.5 ES cell-derived pups recovered at E18.5 after dietary
supplementation with folic acid during pregnancy. The first 4 pups are derived from v6.5
ES cells, as shown by eye pigmentation. The three pups in the right were stillborn and

more developmentally compromised. Scale bar, 1 cm.
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The epiblast complementation assay is more efficient than the tetraploid
complementation assay

The main reason for our interest in developing epiblast complementation
technology is the need of an alternative protocol to tetraploid embryo complementation
assay, which is currently the most stringent assay for pluripotency. Compared to the
tetraploid complementation assay (depicted in Fig. 3. 11A), our epiblast
complementation assay is technically simpler. It does not require electrofusion or
embryo culture to blastocysts for chimera production. Therefore, it is important to
determine if this novel technology is more efficient to generate ES cell-derived embryos
or mice than the tetraploid complementation assay.

To address this question, we generated tetraploid complementation chimeras
using the same ES cell lines (v6.5 and PC3) that we tested to generate epiblast
complementation chimeras and analyzed the resulting pups after recovering them by C-

section at E18.5. In these experiments, we utilized R26™ ¢

mice to generate the host
tetraploid embryos, making it possible to distinguish the tissues derived from the injected
ES cells from the ones derived from the host tetraploid embryo.

In experiments using the PC3 cell line, we were not able to generate any E18.5
pups (0/12). We observed only resorbing embryos consisting of placental tissues that
were identified by the presence of red fluorescence (not shown). In experiments using
the v6.5 ES cell line, we were able to generate only one live ES cell-derived pup (1/24),
which was found dead the day after fostering to a surrogate mother (Fig. 3. 11B).

Interestingly, we observed post-axial polydactyly in this pup, similar to the phenotype of

epiblast complementation chimeras (Fig. 3. 11C, D). Consequently, the



Figure 3. 11
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Figure 3. 11. Generation of ES cell-derived pups using the tetraploid
complementation assay. (A) Schematic representation of tetraploid embryo
complementation method. Two-cell stage embryos were collected at E1.5 and
electrofused to generate tetraploid (4N) embryos. After 2 days in culture, we injected
embryonic stem cells into the 4N blastocysts generated. ICM, inner cell mass. (B)
Control (left) and ES cell derived (right) pups generated by tetraploid complementation
assay. (C) ES cell-derived pup exhibited post-axial polydactyly in the forelimb (yellow

arrow). (D) Both forelimbs have extra digit (red arrows).
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recovery rate of the tetraploid complementation assay is lower than our epiblast
complementation assay (29% vs. 4%).

In conclusion, our novel epiblast complementation assay suffices for generating
stem cell-derived pups and provides a practical method for testing the pluripotency of
newly derived or reprogrammed ES cells or iPS cell lines, replacing the tetraploid

complementation assay.
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Discussion

In this chapter, we show that it is possible to generate ES cell-derived newborns
using host embryos deprived of epiblast either by AurA knockout or DTA expression.
These results reveal that the extra-embryonic tissues of post-implantation embryos,
devoid of the epiblast, are sufficient to guide and support the development of ES cells
into fetuses. This observation is consistent with the notion that extra-embryonic tissues
are responsible for patterning the embryo as well as for nutrition and protection during
early post-implantation stages (Stern and Downs, 2012). However, we could not rule out
the possibility that residual epiblast cells existing at earlier stages of development
provide injected ES cells with non-cell autonomous signals which direct the
differentiation of ES cells into a fully patterned embryo. It will be interesting to determine
how epiblast cells from host embryo and injected ES cells communicate or compete with
each other in chimeric embryos.

We also found that we could not generate adult mice derived solely from ES cells
with one exception using AurA Epi-KO embryos and that ES cell-derived pups exhibited
major defects including a larger placenta, open eyelids and post-axial polydactily. These
findings raised two questions: 1) Why are the ES cell-derived pups generated through
our epiblast complementation assay not able to survive to adulthood? 2) Why do these
pups show morphological defects?

Previous reports give some clues to answer these questions. The defects found
in our newborn pups were also observed in ES cell-derived fetuses produced by
tetraploid complementation assay and these abnormalities have been reported to be

associated with aberrant expression of imprinted genes such as Igf2r, H19, Igf2, and
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U2afl-rsl in ES cells and ES cell-derived fetuses (Dean et al., 1998). The finding that
mutants for Igf2 gene exhibited the post-axial polydactyly in the forelimbs supports this
notion (Wang et al., 1994). Thus, it suggests the possibility that the ES cells utilized in
our experiments might have alterations in the expression of imprinted genes and that
abnormal expression of these genes is responsible for the defects observed in ES cell-
derived pups produced by epiblast complementation assay. However, whether the ES
cell lines that we utilized in our studies have alterations in the expression of imprinted
genes remains to be determined in the future.

There is also a possibility that our epiblast complementation assay leads to
defects of ES cell-derived pups because of limited capability to support the ES cell-
derived embryos. The capacity of extra-embryonic tissues left behind after ablating
Aurora A function or after inducing the expression of DTA in the epiblast might not be
enough to differentiate the injected ES cells into ES cell-derived pups in a proper
manner during embryogenesis. This possibility is supported by the fact that we were
able to generate an adult ES cell-derived mouse using the Aurora A Epi-KO strategy.
The Epi-DTA strategy seems to ablate epiblast cells at earlier stages and in a faster
manner. This likely created a different environment than that of AurA Epi-KO chimeras. It
is also important to mention that the sole pup surviving to adulthood in AurA Epi-KO
chimeras, could have been derived from a control chimera that was overtaken by ES
cells.

There is also a possibility that the Sox2Cre transgene is activated ectopically in
the extra-embryonic tissues of epiblast-ablation chimeras leading to compromised
development of support tissues such as the placenta. DTA expression swiftly Kills the

cells expressing this gene whereas Aurora A deficiency in extra-embryonic cells would



93

be more tolerated because its effect is more severe in proliferating cells and extra-
embryonic cells divide more slowly than epiblast cells. An alternative to solve this
problem would be to use a different driver of Cre in the epiblast.

It also remains to be determined whether a diminished potency of the ES cell
lines or limited capacity of the extra-embryonic tissues of AurA Epi-KO embryos or Epi-
DTA embryos prevents the survival of ES cell-derived pups. This question could be
addressed by using intact inner cell mass (ICM) cells isolated from blastocysts via
immunosurgery (Solter and Knowles, 1975). The ICM is the source of ES cells and is
regarded as a pure pluripotent tissue. Depending on the results of this ICM cell test, we
would be able to attribute the failure to generate surviving ES cell-derived adult mice to
our ES cell lines or the epiblast ablated embryo host.

We observed similarity in the patterns of abnormalities in pups derived from two
different cell lines, v6.5 and PC3. These results suggest that the ES cell lines are
affected in similar ways during manipulations in culture. In other words, these results
suggest epigenetic rather than genetic defects in ES cells. To prevent these defects, we
supplemented the diet of surrogate mothers with folic acid expecting that folic acid would
change the methylation patterns of affected imprinted genes such as Igf2 or others
favorably and rescue the morphological defects (Pufulete et al., 2005; Gonda et al.,
2012). However, this treatment did not prevent the lethality of ES cell-derived pups and
the survival rate was not improved (Table 3. 2). Therefore a more reliable method is
required to determine if fixing the methylation pattern of imprinting genes would fix the
defects of ES cell-derived fetuses or pups. One exciting possibility is the treatment of ES

cells with vitamin C. A recent study reported that vitamin C could revert the methylation



94

pattern of ES cells in culture to a more similar state to that encountered in ICM cells
(Blaschke et al., 2013).

To compare our epiblast complementation technique with the tetraploid
complementation assay, we performed tetraploid complementation assays using the
same ES cell lines. Using the PC3 ES cell line, we could not generate any ES cell-
derived pups through tetraploid complementation assay. In experiments using the v6.5
ES cell line, we were able to generate only one live ES-cell derived pup, which died the
next day. These results indicate that our epiblast complementation assay is much more
efficient than tetraploid complementation in the generation of newborn pups.

In conclusion, we were able to generate newborns derived from two different
pluripotent ESC lines (v6.5 and PC3) using our novel technique of epiblast ablation,
which is called ‘epiblast complementation assay’. Despite several drawbacks, this
technique suffices for testing the pluripotency of newly derived or reprogrammed line of
ES cells or iPS cells and offers a simple alternative to the tetraploid complementation

technique, generally accepted as a most stringent in vivo assay for pluripotency.
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Materials and Methods

Mouse strains and genotyping

The AurA™ conditional mouse line was obtained from Dr. Terry Van-Dyke
(Cowley et al., 2009). Females carrying the AurA™ allele were crossed to Sox2°™
transgenic males to generate AurA% mice. The AurA® allele lacks exon 2 and it is a null
allele of AurA . Sox2“"® (Hayashi et al., 2002), ROSA26 reporter (R26") (Soriano, 1999),
and R26°™P™ (voehringer et al., 2008) mice were purchased from the Jackson
Laboratory (Stock No. 003309, 004783, and 009669, respectively). The R26™ ™ mouse
line was previously described (Muzumdar et al., 2007) and genotyped by the presence
of red fluorescence in a tail tip biopsy. The rest of the mice were genotyped using PCR
on genomic DNA samples obtained from tail tips. For genomic DNA sample preparation
a piece of tail tip was placed into 200 pl of PCR lysis buffer (50 mM KCI, 10 mM Tris-
HCI, 10 mM Tris-HCI, 2.5 mM MgCl,, 0.1 mg/ml Gelatin, 0.45% v/v IGEPAL and 0.45%
viv Tween-20, 100 pg/ml Proteinase K) and incubated overnight at 56°C. The next day,
after heat inactivation of the Proteinase K at 95°C for 5-8 min, a half or one microlitter of
sample was used for PCR amplification.

Embryos were genotyped retrospectively after wholemount in situ hybridization,
immunostaining or p-galactosidase assay procedures. For each conceptus, the
ectoplacental cone was removed using forceps and placed in 20 ul of PCR lysis buffer
and incubated overnight at 56°C. After heat inactivation of the Proteinase K at 95°C for
5-8 min, one or two microliters were used for PCR amplification. Each allele was

confirmed using the following primers: 1) AurA™® and AurA* alleles, forward primer: 5'-

CCT GTG AGT TGG AAA GGG ACA TGG CTG-3/, reverse primer: 5'-CCA CCA CGA
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AGG CAG TGT TCA ATC CTA AA-3, 2) AurA® allele, forward primer: 5-CAG AGT CTA
AGT CGA GAT ATC ACC TGA GGG TTG A-3/, reverse primer: 5-GAT GGA AAC CCT
GAG CAC CTG TG AAC-3’ 3) Sox2Cre allele, forward primer: 5-TCC AAT TTACTG
ACC GTA CAC CAA-3', reverse primer: 5'-CCT GAT CCT GGC AAT TTC GGC TA-3
4) R26°™ and R26" alleles, forward primers: 5'-CGA CCT GCA GGT CCT CG-3’, 5'-
CGT GAT CTG CAA CTC CAG TC-3', reverse primers: 5-CTC GAG TTT GTC CAA
TTA TGT CAC-3’, 5-GGA GCG GGA GAA ATG GAT ATG-3'.
Collection of blastocysts and embryonic stem (ES) cell injection

Blastocysts were collected from uteri of pregnant females on E3.5 or generated
by culturing electrofused tetraploid embryos. Collection of blastocysts was performed as
described previously (Nagy et al., 2003). Noon of the day when a mating plug was
observed was considered embryonic day 0.5 of development (EO0.5).
Collection of two-cell stage embryos and electrofusion

Two-cell stage (E1.5) embryos were collected from oviducts of pregnant females
in the morning on day 2. To generate tetraploid embryos, two-cell stage embryos were
electrofused as described previously (Nagy et al., 2003). Two-cell embryos were
equilibrated in 0.3 M mannitol solution (0.3 M mannitol, (Sigma M4125), 0.3% BSA
(Sigma A3311)) before being placed between two platinum electrodes (GSS-250,
Biochemical Laboratory Service, Budapest, Hungary) in 0.3 M mannitol solution. Two-
cell stage blastomeres were given an electric pulse at 30 V for 40 ysec using CF-150B
pulse generator (Biochemical Laboratory Service, Budapest, Hungary). The resulting
fused embryos (tetraploid embryos) were placed in a tissue culture incubator (5% CO2,
5% 0O2) and cultured for 2 or 3 days.

Wholemount immunofluorescence analysis
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Dissected embryos were fixed for 1 hour in 4% paraformaldehyde in phosphate
buffered saline (PBS) right after dissection. After fixation, embryos were washed three
times in PBS for 10 min each and once in PBT (1% BSA and 5% Triton X-100 in PBS)
for 10 min. After incubating in blocking solution (5% normal goat serum in PBT) for 1
hour, embryos were incubated with primary antibodies in blocking solution overnight in
4°C. Then embryos were washed three times in PBT for 10 min each, and incubated
with secondary antibodies for 1 hour. After secondary antibody incubation, embryos
were washed three times in PBT for 10 min each, once in PBS for 5 min, equilibrated in
serial Glycerol/PBS solutions (25%, 50%), and analyzed in an inverted fluorescence
microscope (Leica. DMI4000). The following antibodies were utilized. Primary
antibodies: rabbit anti-Oct4 (Abcam, Cat. No. ab19857) diluted with 1:1000. Secondary
antibody: Alexa Fluor 594 goat anti-rabbit antibody (Invitrogen, Cat. No. A31631) diluted
with 1:2000 in PBT.

Wholemount pB-galactosidase activity assay

Dissected embryos were fixed in fixation solution (0.2% glutaraldehyde, 2%
formalin, 5 mM EGTA, 2 mM MgCI2 in 0.1 M phosphate buffer, pH 7.3) for 5-10 min,
washed three times in rinse solution (0.1% deoxycholate, 0.2% IGEPAL, 2 mM MgCI2 in
0.1 M phosphate buffer, pH 7.3), and stained overnight in staining solution (1 mg/ml X-
gal, 5 mM potassium ferricyanide, 5 mM potassium ferrocyanide in rinse solution) at
37°C. The next day, embryos were washed twice in rinse solution for 5 min each, twice
in PBS for 10 min each, fixed in 4% paraformaldehyde in PBS at room temperature for

20 min and cleared in glycerol/PBS.



Statistical analysis
We used Fisher’s exact test to compare the different experimental conditions

used to generate chimeras.
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The study of developmental biology encompasses the processes of cellular
growth, differentiation and morphogenesis that give rise to all the tissues and organs of
an organism (Wolpert et al., 1998). The peri- and early post-implantation stages are
extremely important for proper embryogenesis and continued survival of the embryo this
is because abnormalities happening during this period of time would give rise to major
developmental defects. In the worst case, they will lead to embryonic lethality but in
other cases, they can cause conjoined twins or other major abnormalities such as heart
defects or spina bifida. Therefore, it is paramount to investigate the early developmental
processes that shape the embryo such as axial specification and gastrulation.

As a vital part of embryo growth, cell proliferation has major roles in
embryogenesis. For example, it was previously shown that reducing the number of cells
or inhibiting cell proliferation at pre-implantation stages leads to failure or delay of
gastrulation (Tam, 1988; Power and Tam, 1993). Several reports also suggested the
possibility that cell proliferation defects would have devastating consequences during
early post-implantation development (Ding et al., 1998; Rivera-Perez et al., 2003;
Yamamoto et al., 2004). The genetic analysis of the effects of abnormal cell proliferation
at post-implantation stages has been precluded in the past by the lethality caused by
mutations that affect the cell cycle. These mutations typically arrest embryo development
at the time of implantation when the maternal supply of proteins and RNA is depleted. In
addition, there have been no efforts to study the effects of cell proliferation arrest in the
different components of the post-implantation embryo. The recent generation of a
conditional floxed allele of Aurora A, a molecule essential to complete the cell cycle, and
the availability of novel Cre driver lines now provide the reagents to address these

guestions.
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The first part of my thesis focused on understanding the effects of deregulated
cell proliferation on axial specification and embryonic patterning in early post-
implantation mouse development. We hypothesized that defects in cell proliferation in
the epiblast or the visceral endoderm would affect the process of axial specification and
gastrulation, the two major patterning events of early post-implantation stages. To
address this hypothesis we utilized a conditional allele of Aurora A to induce cell
proliferation defects specifically in the epiblast or in the visceral endoderm components
of the early mouse conceptus.

Analysis of tissue-specific mutant embryos showed that inactivation of Aurora A
leads to apoptosis, failure of embryonic growth and eventually embryonic lethality. These
results are identical to the effects of AurA ablation in pre-implantation embryos (Cowley
et al., 2009; Lu et al., 2008; Sasai et al., 2008), indicating that Aurora A is essential for
cellular growth and survival regardless of the tissue affected.

The effects on embryonic patterning were different between AurA Epi-KO and
VE-KO mutants. The ablation of Aurora A in the epiblast led to drastic depletion of
epiblast cells and gastrulation failure but it did not affect the initial establishment of the
anteroposterior axis. In contrast, embryos with a mutation of AurA in the visceral
endoderm failed to properly establish their anteroposterior axis and exhibited
posteriorization of the conceptus resulting in the expansion of the primitive streak to the
anterior region. These axial defects are associated with defects of DVE movement.
These results are quite interesting if we consider that the in both cases it is the same
mutation that led to such different outcomes. In the case of Aurora A ablation in the
epiblast, the failure to complete gastrulation can be directly linked to low numbers of

epiblast cells. This is similar to experiments in which the number of blastomeres is
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reduced at pre-implantation stages, leading to delayed gastrulation, that suggest that the
embryo pauses during development until a critical number of cells is reached to allow the
progression of gastrulation. In AurA Epi-KO mutants, however, the events that initiate
gastrulation are in place but the embryo cannot complete gastrulation because it is not
able to compensate for the sudden and massive cell death brought about by the
absence of Aurora A in the epiblast.

The patterning defects observed in VE-KO embryos may be indirectly related to
cell death in the visceral endoderm. During the analysis of mutant embryos, we noticed
that the AVE failed to shift or only partially shifted toward the anterior side of the embryo.
The AVE is known to prevent the expansion of the primitive streak to the anterior side of
the embryo, restricting the location of the primitive streak to the posterior region of the
embryo. One possibility is that visceral endoderm cell death leads to reduction in visceral
endoderm cell numbers, leading to failure to reach the critical cell numbers necessary to
support the movement of the AVE. Eventually, this defect would allow the expansion of
the primitive streak towards the anterior epiblast region, causing the posteriorization of
the embryo.

Intriguingly, the analysis of AurA VE-KO mutants also revealed that the
embryonic visceral endoderm, the visceral endoderm overlying the epiblast, was more
severely affected than the extra-embryonic visceral endoderm, the layer of tissue that
envelops the extra-embryonic ectoderm. We believe that these differences may be due
to differences in the rate of cell proliferation between these two subpopulations of
visceral endoderm with the extra-embryonic VE proliferating at a slower rate and thus
leading to fewer apoptotic events in these cells and prolonged survival of the tissue. An

interesting implication of this possibility is that inactivation of Aurora A in combination
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with a floxed reporter and specific Cre drivers could be used to identify stem cells in vivo.
This is because stem cells are quiescent and unlike proliferating cells would be resistant
to the apoptotic effects produced by Aurora A inactivation.

One of the original goals of our study was to determine if inhibiting cell
proliferation in the VE or epiblast would affect the shift of the AVE to the anterior side of
the embryo. This required us to generate embryos in which cells of the VE or epiblast
are unable to divide but otherwise normal. Unfortunately, we were unable to achieve this
goal because ablation of AurA resulted in cell death. This question still remains and
requires further investigation using novel strategies. One possibility is to utilize the
conditional knockout of HDAC1. HDACL1 is a protein that has histone deactylase (HDAC)
activity (Vidal and Gaber, 1991; Taunton et al., 1996) and it has been reported that
HDAC1 knockout embryos have proliferation defects and exhibit increased level of
cyclin-dependent kinase (CDK) inhibitors such as p21 and p27 (Lagger et al., 2002).
Interestingly, HDAC1-deficient embryos do not exhibit elevated apoptosis levels when
compared to wild type embryos. Therefore, it would be exciting to pursue our original
aim using HDAC1 conditional mice in place of mice with an AurA conditional allele.
Another possible strategy is to lessen cellular death in the epiblast using the Mox2“"®
allele (Tallquist and Soriano, 2000) in combination with the AurA floxed allele. This
approach will lead to mosaic recombination in the epiblast at E5.0, resulting in reduced
epiblast cell numbers and allowing us to study the link between cell numbers and
anterior AVE movement. There are some caveats to this possibility; for example, it
remains to be determined if the activity of Mox2“"™ transgene results in reduced epiblast
cell numbers or whether the non-recombined epiblast cells would compensate for the

reduced cell number and produce a normal embryo.
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The second part of my thesis was devoted to test a novel idea to generate mice
completely derived from stem cells. This idea arouse from our AurA Epi-KO studies. In
this technique termed “epiblast complementation chimera assay”, blastocysts in which
the epiblast is genetically ablated are injected with ES cells and allowed to develop to
term to determine if the injected ES cells can take over the epiblast lineage and produce
viable offspring. Currently, the only way to achieve this goal is through the use of
tetraploid complementation chimeras. This technique, however, is laborious and
inefficient because it requires two critical steps: the generation of tetraploid embryos by
electrofusion at the two-cell stage and the culture of tetraploid embryos in the incubator.
In our experience, this technique has high attrition numbers and leads to delayed
development of blastocysts.

In this study, we were able to generate newborns completely derived from ES
cells by using our novel epiblast complementation assay. Unfortunately, with the
exception of one case, we could not generate an ES cell-derived adult mouse by utilizing
the ES cell lines that have been proved to be pluripotent previously. ES cell-derived
pups died at birth and exhibited morphological defects such as post-axial polydactyly in
forelimbs, open eyelids and overgrown placenta. Why are ES cell-derived pups
generated through epiblast complementation not able to survive to adulthood? This
guestion can likely be addressed by answering the next question; what is the source of
the morphological defects of ES cell-derived pups? Previous findings provide some hints
for the answers. Mutants for Igf2, one of well-studied imprinted genes, exhibit post-axial
polydactyly in the forelimbs, a phenotype highly similar to the phenotype of our pups
(Wang et al., 1994). This morphological defect has also been found in tetraploid

complementation chimeras alongside enlarged placenta.
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The hypertrophic placenta in ES cell-derived pups points out a malfunctioning
embryonic-maternal connection. This could lead to nutritional deficiency in the embryo,
methylation defects and aberrant expression of imprinted genes such as Igf2r, H19, Igf2,
and U2afl-rs1 (Dean et al., 1998). Also, it is known that the neural crest, a tissue
responsible for the formation of most of the components of the head, is particularly
sensitive to nutritional defects because of its accelerated rates of cell proliferation during
embryogenesis (Crane and Trainor, 2006; Gray and Ross, 2009; Trainor, 2010). Thus,
the defects observed in ES cell-derived pups could be due to abnormal function in the
extra-embryonic tissues of epiblast ablated host embryos. This, in turn, may point to the
defects in the potency of ES cells because as replacement of the epiblast lineage, ES
cells are the source of several extra-embryonic tissues including extra-embryonic
mesoderm, which gives rise to important components of the visceral yolk sac, placenta
and umbilical chord (Nagy et al., 2003).

Our results indicate that the morphological defects of ES cell-derived pups are
independent of the ES cell lines utilized. Thus, it is possible that epigenetic anomalies of
ES cell lines acquired in culture or that occur in ES cell-derived fetuses during
embryogenesis are responsible for the morphological abnormalities. Future investigation
should focus on determining if methylation patterns in imprinted genes are altered in ES
cells or embryos and if aberrant expression is really responsible for the abnormalities
observed in ES cell-derived pups. If this were the case, the ability to produce adult mice
derived from ES cells routinely would depend on our ability to correct epigenetic defects
in ES cells in culture or in the developing embryo. This would provide another significant
criterion for determining the level of the pluripotency or quality of experimentally and

clinically applicable ES cells and iPS cells in the future.
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It is important to note that although the cell lines used in our experiments were
previously shown to be pluripotent, they had been used at lower passage stages
compared to our experimental ES cells. This indicates that the ES cells used in our
experiments have drifted farther from the normal epigenetic state encountered in the
ICM, their tissue of origin resulting in embryo malformations. One way to address this
possibility would be to use cell lines with low passage number or to utilize inner cell
mass-derived cells in our epiblast complementation experiments because ICM is the
tissue that ES cells are originally derived from and regarded as a pure pluripotent tissue.

Despite the drawbacks encountered in our epiblast complementation
experiments, one significant ramification of our experiments is that epiblast
complementation chimeras can be used to test the potency of ES cells or iPS cells by
determining if they are be able to generate fully ES or iPS cell-derived newborn pups.
Because of its simplicity, this assay should be highly advantageous over the tetraploid
complementation assay that many researchers currently depend on for testing
pluripotency.

Altogether, the work described in this dissertation thesis has already extended
our understanding of early post-implantation development in mammals and provided a
novel technique to generate stem cell-derived newborn mice. Our studies have
generated multiple novel questions that offer exciting challenges for mouse

developmental biologists and the stem cell researchers in the future.
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APPENDIX:
ANALYSIS OF VISCERAL ENDODERM FATE
AT FETAL AND ADULT STAGES
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Preface

The work described in this chapter was initiated and executed by myself. It

describes preliminary data that needs to be expanded in the future.
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Introduction

During development, gastrulation is one of the most important events and has
been highly investigated by many developmental biologists. In the mouse, the process of
gastrulation gives rise to three primary germ layers from the pluripotent epiblast cells.
These are the mesoderm, endoderm and ectoderm that generate all the tissues of the
adult individual, allowing its survival and proper development. Before the initiation of
gastrulation, the embryonic component of the early post-implantation mouse conceptus
consists of the epiblast and the overlying visceral endoderm. The epiblast gives rise to
the fetus and extra-embryonic membranes such as the amnion and the extra-embryonic
mesoderm, which contributes to the visceral yolk sac. The visceral endoderm has been
reported to be involved in patterning the epiblast (Stern and Downs, 2012) as well as in
nutrient uptake and transport during early post-implantation stages (Cross et al, 1994).

According to previous cell fate studies, definitive endoderm cells, which give rise
to the embryonic gut tube, emerge from the anterior primitive streak and displace the
visceral endoderm into the extra-embryonic region where it becomes part of the visceral
yolk sac (Lawson et al., 1986; Tam and Beddington, 1987). Therefore, the visceral
endoderm is considered an extra-embryonic component of the conceptus because it
contributes only to the outer endoderm layer of the visceral yolk sac.

Surprisingly, a recent paper reported that visceral endoderm descendants
contribute to the embryonic gut tube of the embryos at stages earlier than 20 somites
(~E8.75) (Kwon et al., 2008). This study argues that visceral endoderm cells intercalate
with newly emerging definitive endoderm cells during the process of gastrulation and

differentiate into embryonic tissues together with neighboring definitive endoderm cells
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instead of being displaced completely into the extra-embryonic area. This finding
contradicts the prevailing view that the VE cell lineage does not become part of the
embryo and that it only contributes to extra-embryonic tissues. However, it still remains
to be determined whether the visceral endoderm cell descendants in embryonic tissues
are maintained in fetuses or adult mice and if they play essential roles during mouse
embryogenesis and after birth.

Here, we took advantage of genetic labeling strategies to trace the descendants
of visceral endoderm cells during embryogenesis and to the adulthood. We provide the
evidence that visceral endoderm-derived cells contribute to the liver, pancreas, lung,
stomach and heart of fetus, perinatal and adult mice, revealing that visceral endoderm

cells can contribute to the fetuses and survive even to the adulthood.
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Results

Analysis of visceral endoderm cell descendants in the fetus, newborns and adult
mice using genetic labeling

To determine the fate of visceral endoderm descendants in fetuses and mice, we
utilized the reporter line called R26™ ™°. This mouse line carries a floxed tandem
dimmer Tomato (tdTomato) fluorescent protein, one of the RFP variants targeted to
membrane (mT), followed by membrane targeted GFP (mG) in the ROSA 26 locus
(Muzumdar et al., 2007) (Fig. A. 1A). The R26™"™° allele labels all the cells of the
embryo or mouse with red fluorescence in the absence of Cre-mediated recombination.
Once Cre-mediated recombination occurs, all recombined cells become labeled with
green fluorescence protein (GFP). To differentially label VE and epiblast cell
descendants, we took advantage of a cross between R26™ ™ and Sox2°"" transgenic
mice, which drive the expression of Cre recombinase specifically in the epiblast. This
mating strategy would result in labeling epiblast cell descendants with green
fluorescence by the expression of GFP and labeling the descendant cells of visceral
endoderm with red fluorescence by the expression of membrane targeted tdTomato
gene (Fig. A.1B).

Using the above mating strategy, we were able to generate R26™™° and
Sox2°"™" double heterozygous mice, identified by looking at the presence of green
fluorescence in the tail tip. We collected liver, pancreas, stomach, heart, lung and other
organs from these mice and analyzed them under fluorescence microscopy.

Analysis of organs from perinatal mice (5 days old) demonstrated that liver,

pancreas, heart and stomach contain some red fluorescent cells in their tissues (Fig. A.
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Figure A. 1

Figure A. 1. Schematic representation of the strategy to differentially label visceral
endoderm and epiblast cells using R26™"™° reporter line. (A) Schematic
representation of R26™ ™ transgenic cassette. R26™ ™€ carries a floxed membrane-
targeted Tomato gene (mT), followed by membrane-targeted GFP (mG) in the ROSA26
locus. Cre-mediated recombination drives expression of the mG gene, making the cell
fluoresce green. (B) Mating strategy for labeling visceral endoderm descendants and

6™ M mouse lines. Sox2Cre

epiblast descendants differentially using Sox2Cre and R2
and R26™"™ double heterozygous embryos or mice would contain epiblast cell
descendants marked with green fluorescence and visceral endoderm cell descendants

marked with red fluorescence.
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2A), indicating that visceral endoderm cells contribute to these embryonic tissues of
mouse embryo and that these cells still persist even after birth. These results expand the
previous view that visceral endoderm descendants contribute to the gut tube at stages
earlier than 20 somites (~E8.75). We also found that even the heart contained a few
visceral endoderm cell descendants. Interestingly, we found that the liver and the
pancreas contained much more visceral endoderm cell descendants compared to other
organs, suggesting that these cells have a critical function in these organs.

To confirm that these visceral endoderm cell descendants perdure the adulthood,
we performed similar analysis for adult mice (3 months old). Similarly, we observed that
the liver, pancreas, lung and stomach contain some of red fluorescent cells in their
tissues (Fig. A. 2B). In these tissues of adult mice, the visceral endoderm cell
descendants appear to be more scattered compared to the ones from perinatal mice,
suggesting the possibility that visceral endoderm-derived cells present in young mice are
gradually diluted and distributed by intermingling with epiblast-derived cells during
growth. This also indicates that VE descendants are proliferating at a slower rate than
other epiblast descendants.

To independently confirm our previous results, we utilized another reporter line
called Tg(Z/EG), which expresses LacZ gene ubiquitously in the absence of Cre-
mediated recombination and expresses enhanced GFP (eGFP) upon Cre-mediated
recombination (Novak et al., 2000) (Fig. A. 3A). By crossing between Tg(Z/EG) and

S 0X2Cre/o

transgenic mice, we were able to label the epiblast cell descendants labeled
with green fluorescence by the expression of eGFP and the VE descendant cells labeled

in blue using p-galactosidase assay (Fig. A. 3B).
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Figure A. 2
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Figure A. 2. Visceral endoderm cells contribute to the embryonic tissues of

perinatal and adult mice (Sox2“®°; R26™T™¢*

). Merged images of analyzed organs for
5 days old (A) and 3 months old mice (B) carrying Sox2°"°; R26™ ™" double
heterozygous alleles. Both mice contain visceral endoderm cell descendants in the liver,

pancreas, heart and stomach. Red fluorescence and green fluorescence represent

visceral endoderm descendants and epiblast descendants, respectively.
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Figure A. 3

Figure A. 3. Schematic representation of the strategy to differentially label visceral
endoderm and epiblast cells using Tg(Z/EG) reporter line. (A) A schematic
representation of Tg(Z/EG) reporter line. Tg(Z/EG) line carries p-galactosidase-
neomycin fusion gene (B-geo), followed by enhanced GFP (eGFP) gene under the
control of the ubiquitous pCAGGS promoter. (B) Mating strategy for labeling visceral
endoderm descendants and epiblast descendants differentially using Sox2Cre and
Tg(Z/EG) mouse lines. Sox2Cre and Tg(Z/EG) double heterozygous embryos or mice
would contain epiblast cell descendants marked with green fluorescence and visceral

endoderm cell descendants marked by LacZ gene expression.
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Using this strategy, we were able to collect Tg(Z/EG) and Sox2°"®° double
heterozygous embryos, identified by the presence of green fluorescence in the whole
embryonic body (Fig. A. 4A, B). p-galactosidase activity assay for these embryos
demonstrated the presence of non-recombined visceral endoderm cell descendants in
embryonic tissues of E9.5, E10.5 and E11.5 embryos (Fig. A. 4C, D, E, respectively).
Interestingly, most of visceral endoderm cell descendants were detected in the liver and
heart, consistent with our previous observations that visceral endoderm cells contribute
to the tissues in the liver and the heart of perinatal mice (Fig. A. 2A).

We also investigated organs such as liver, pancreas, stomach, heart, lung of
Tg(Z/EG) and Sox2°"" double heterozygous perinatal and adult mice. Analysis of -
galactosidase activity in the organs of perinatal mice (5 days old) demonstrated that the
liver (not shown), pancreas, heart, lung and stomach contain some cells with blue spots
(Fig. A. 5A), indicating that visceral endoderm cells contribute to perinatal mice,

confirming the results obtained using R26™"™¢

reporter line (Fig A. 2A).

We performed similar analysis for adult mice (3 months old) and found that
pancreas, heart, lung and stomach contain some cells stained blue (Fig. A. 5B). In these
tissues from adult mice, visceral endoderm cell descendants appear to be more
scattered compared to the ones observed in perinatal mice, similar to the studies using
R26™™¢ mice. However, we were not able to detect any visceral endoderm-derived
cells in the liver. This may be due to the fact that Tg(Z/EG) transgene is not expressed in
the liver of adult mice (Novak et al., 2000).

In the experiments described above, the VE was passively labeled because the

Sox2Cre allele recombines the reporter only in the epiblast. Therefore, we decided to do

the reciprocal experiment by expressing Cre in the VE using TtrCre mice, which express
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Figure A. 4
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Figure A. 4. Visceral endoderm cells contribute to the embryonic tissues of mouse
fetuses (Sox2°"®°; Tg(Z/EG)). Bright field (A) and green fluorescence (B) images of
E10.5 Sox2°"°; Tg(Z/EG) double heterozygous embryo. Sox2Cre allele drives the
expression of Cre recombinase in the epiblast, leading to green fluorescence in all of
epiblast cell descendants. In this embryo, only visceral endoderm cell descendants
express LacZ gene because of the absence of Cre recombinase activity in this tissue.
Analysis of B-galactosidase activity in E9.5 (C), E10.5 (D), and E11.5 (E) Sox2°"";
Tg(Z/EG) double heterozygous embryos. Blue spots indicate visceral endoderm cell

descendants. Scale bars, 100 um in A and B, 200 um in C, D, and E, respectively.
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Figure A.5
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Figure A. 5. Visceral endoderm cells contribute to the embryonic tissues of

perinatal and adult mice (Sox2°"®°; Tg(Z/EG)). Analysis of f-galactosidase activity in
tissues of 5 days old (A) and 3 months old mice (B) double heterozygous for Sox2¢"°
and Tg(Z/EG) alleles. Both mice contained visceral endoderm cell descendants in the

tissues of pancreas, heart, lung and stomach. Blue spots in the tissues indicate the

presence of visceral endoderm cell descendants.
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Cre recombinase only in the visceral endoderm at around E5.0. Using this approach,
when we cross Ttr°™ mice with R26™ or R26™™¢™TM¢ reporter lines, the visceral
endoderm-derived cells would be recombined directly by the presence of Cre
recombinase at early post-implantation stages (~E5.0) and would be marked by the
presence of blue precipitates after g-galactosidase assay or green fluorescence.

Analysis of B-galactosidase activity of E11.5 Ttr®®”:; R26"* double heterozygous
mouse embryos demonstrated the blue staining in visceral yolk sac (VYS), a well-known
tissue derived from visceral endoderm component (left in Fig. A. 6A), confirming the
validity of this approach. The existence of blue staining in the heart and liver of the same
embryo (right in fig. A. 6A) supports the notion that visceral endoderm cells contribute to
these tissues in mouse fetus.

Similar results were obtained by analyzing E14.5 embryos carrying the Ttr";
R26™ ™% alleles. We found that these embryos contain green fluorescence in the
tissues of visceral yolk sac, liver, pancreas, stomach and heart (Fig. A. 6B), indicating
the contribution of visceral endoderm cell descendants to these tissues.

In conclusion, these results demonstrate that visceral endoderm-derived cells
contribute to the tissues of the liver, pancreas, lung, stomach and heart of fetuses,
perinatal and adult mice, suggesting that visceral endoderm cells play an important role

in these tissues.

Analysis of visceral endoderm cell fate using transient Cre-mediated visceral
endoderm labeling strategy

The experiments described above provided the evidence that visceral endoderm

Cre

cells contribute to the fetus and perinatal and adult mice. However, the Ttr" transgene
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Figure A. 6
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Figure A. 6. Visceral endoderm cells contribute to the embryonic tissues of mouse
embryos. (A) Analysis of p-galactosidase activity of E11.5 Ttr°"®°; R26" double
heterozygous mouse embryos. Blue staining in visceral yolk sac (VYS) (left) confirm the
visceral endoderm lineage identity and blue staining in the heart and liver (right)
represent visceral endoderm descendants in these tissues. (B) Ttr°"®°; R26™ ™" double
heterozygous E14.5 mouse embryo contain green fluorescence in the VYS, liver,
pancreas, stomach and heart. Green fluorescence in the tissues represents the

presence of visceral endoderm cell descendants.
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is expressed in the liver and potentially other tissues of the fetus and adult mouse.
Hence, it is possible that the putative labeled visceral endoderm cells observed in the
fetus or adult mouse are not descendants of the visceral endoderm cells but rather are

" transgene in epiblast descendants at later stages.

produced by reactivation of Ttr

To exclude this possibility, it is necessary to exclusively label visceral endoderm
cells during a limited time period using transient expression of Cre recombinase only in
the visceral endoderm layer of the conceptus between E5.5 and E6.5. The idea for this
strategy came from a previous report, which shows that most of the plasmid DNA/lipid
complexes delivered to post-implantation embryos through tail vein injection of pregnant
females are trapped in the visceral endoderm lineage (Kikuchi et al, 2002).

To test this idea, we performed tail vein injection of a plasmid containing a Cre
expression cassette into pregnant females carrying embryos heterozygous for the

6™™%) at E5.5. We anticipated that only visceral endoderm

reporter alleles (R26', R2
cells of post-implantation embryos would take up the plasmid DNA and that those cells
would be labeled by Cre-mediated recombination after the expression of Cre
recombinase. We were able to detect the injected plasmid DNA in embryos by PCR (not
shown), indicating that plasmid DNA was taken by the embryo.

However, we were not able to detect Cre-mediated recombination events in the

embryos carrying the reporter alleles (R26', R26™ ™

), suggesting that there is no Cre
activity or expression of Cre recombinase in those cells where the plasmid DNA was

delivered.
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Discussion

A recent paper reported that visceral endoderm cells contribute to the embryonic
gut tube of mouse embryo; however, the question remained on whether these cells
persist to adulthood.

To address this question, we utilized several reporter lines for the analysis of the
visceral endoderm lineage. We also took advantage of Sox2°" and Tt"°™ transgenic
mice to label visceral endoderm and epiblast cells differentially and observed that
fetuses, perinatal and adult mice contain visceral endoderm cell descendants. Our
results support the original finding that visceral endoderm cells contribute to the gut tube
of embryos with less than 20 somites and led to the suggestion that visceral endoderm
cells contribute even to the tissues of adult mice.

However, our study depends on transgenic Cre lines such as Sox2“" for
inducting the recombination specifically in the epiblast lineage and Ttr“" for the
recombination specifically in the visceral endoderm lineage. Therefore, if the activity and
specificity of these transgenes were not as expected, the resulting findings would give

rise to false-positive or false-negative events. For example, if the Sox2°'™

transgene
does not induce the recombination in all of the epiblast cells and gives rise to non-
recombined epiblast cells at early post-implantation stages, the descendants of these
non-recombined cells are not distinguishable from non-recombined visceral endoderm
cell descendants at later stages, leading to false-positive results. In a similar way, if the
Ttr' transgene induces the recombination in epiblast cell descendants at later stages

during development, newly labeled epiblast-derived cells are not distinguishable from

already recombined visceral endoderm-derived cells, producing false-positives.
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Therefore, although our experiments indicate that VE cell descendants contribute to
fetuses, perinatal and adult mice, we cannot prove conclusively these results.

We tried to solve this problem by delivering plasmid DNA into visceral endoderm
cells of early post-implantation embryos through the maternal circulation to the embryos,
but failed to genetically label visceral endoderm cell descendants, preventing further
investigation.

In future experiments, more efficient methods for delivering plasmid DNA into
visceral endoderm of early post-implantation mouse embryos or methods for making
delivered DNA expressed efficiently in visceral endoderm cells would be required.

Another possibility is to use an inducible Ttr""®

mouse line such as TtrCre-ER, making it
possible to induce recombination only in visceral endoderm during a specific time period
by intraperitoneal injection of tamoxifen. This experiment would provide the best
alternative to fate the visceral endoderm, because early post-implantation embryos
develop rapidly, it is very difficult to control the effects of injected tamoxifen in a spatio-
temporal manner at early post-implantation stages.

Even if the presence of VE in adults can be determined inequivocally in the near

future utilizing more reliable techniques, the role that the tissues derived from visceral

endoderm cells play during embryogenesis or in adult tissues, will remain.
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Materials and Methods

Mouse strains and genotyping

Sox2°™ transgenic (Hayashi et al., 2002) and ROSA26 reporter (R26") (Soriano,
1999) mice were purchased from the Jackson Laboratory (Stock No. 003309 and
004783, respectively). The Ttr®™ transgenic mouse line was previously described (Kwon
and Hadjantonakis, 2009) and was kindly provided by Dr. Anna-Katerina Hadjantonakis.
Tg(Z/EG) transgenic reporter mice (Norvak et al., 2000) were kindly provided by Dr.

JeanMarie Houghton. R26™"™°

mouse line was previously described (Muzumdar et al.,
2007) and identified by the presence of red fluorescence in a tail tip. The other mice
were genotyped by PCR using genomic DNA samples obtained from tail tips. For
genomic DNA sample preparation from each mouse, the tail tip was placed into 200 pl of
PCR lysis buffer (50 mM KCI, 10 mM Tris-HCI, 10 mM Tris-HCI, 2.5 mM MgCl,, 0.1
mg/ml Gelatin, 0.45% v/v IGEPAL and 0.45% v/v Tween-20, 100 ug/ml Proteinase K)
and incubated overnight at 56°C. The next day, after heat inactivation of the Proteinase
K at 95°C for 5-8 min, a half or one microlitter of sample was used for PCR amplification.
Each allele was confirmed using the following primers: 1) Sox2Cre and TtrCre alleles,
forward primer: 5'-TCC AAT TTA CTG ACC GTA CAC CAA-3', reverse primer: 5'-CCT
GAT CCT GGC AAT TTC GGC TA-3' 2) R26" and R26" alleles, forward primers: 5-AAA
GTC GCT CTG AGT TGT TAT-3', 5-GCG AAG AGT TTG TCC TCA ACC-3’, reverse
primer: 5-GGA GCG GGA GAA ATG GAT ATG-3'. 3) Tg(Z/EG) allele, forward primer:
5'-AAG TTC ATC TGC ACC ACC G-3, reverse primer: 5-TGC TCA GGT AGT GGT

TGT CG-3".



129

Wholemount fluorescence microscopy

Dissected embryos or tissues from mice were washed three times in PBS for 5
min each and analyzed in an inverted fluorescence microscope (Leica, DMI4000) for red
fluorescence (RFP) and green fluorescence (GFP).
Wholemount B-galactosidase activity assay

Dissected embryos or tissues from mice were fixed in fixation solution (0.2%
glutaraldehyde, 2% formalin, 5 mM EGTA, 2 mM MgCI2 in 0.1 M phosphate buffer, pH
7.3) for 5-10 min or 30 min, respectively, washed three times in rinse solution (0.1%
deoxycholate, 0.2% IGEPAL, 2 mM MgCI2 in 0.1 M phosphate buffer, pH 7.3), and
stained overnight in staining solution (1 mg/ml X-gal, 5 mM potassium ferricyanide, 5
mM potassium ferrocyanide in rinse solution) at 37°C. The next day, embryos were
washed twice in rinse solution for 5 min each, twice in PBS for 10 min each, fixed in 4%
paraformaldehyde in PBS at room temperature for 20 min and cleared in glycerol/PBS.
Tail vein injection of plasmid DNA

For ubiquitous expression of the injected Cre gene, we utilized pCreEGFPNuc
plasmid DNA, generated by Dr. Jaime Rivera. In this construct, Cre expression is under
the control of the CMV promoter, which drives expression of CreEGFP fusion protein
containing a nuclear localization signal (NLS) sequence. To prepare the solution
containing pCreEGFPNuc DNA/lipid complex, 40 ul of FUGENE HD transfection reagent
(Promega, E231B) was diluted with 60 pl of PBS without Ca®* and Mg®*, pH7.2 and 20
pg of DNA plasmid was dissolved in 100 ul of PBS.

200 pl of the solution with the mixture of 100 pl ofpCreEGFPNuc DNA and 100 ul
of FUGENE HD transfection reagent were injected into the tail vein of each pregnant

female carrying the R26™" ™" or R26™" embryos at E5.5 after anesthetizing them with
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avertin. At E7.5 or E9.5, the embryos were dissected and analyzed for the presence of
plasmid DNA by PCR and recombination events by fluorescence microscopy or f3-

galactosidase assay of the embryos.
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