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Abstract

My research focuses on the role of ASPP2 (Apoptosis-stimulating of p53 protein 2, encoded
by the TP53BP2 gene) during early post-implantation development. ASPP2 has multiple
important biological functions, including roles in the control of cell polarity, tight junction
formation, cell proliferation, differentiation and apoptosis.

To study the molecular basis of ASPP2 function in post-implantation development, | generated
a mouse line in which exon 4 of ASPP2 is flanked by LoxP sites. Using genetic crossings, this
allowed me to generate various mouse lines that were used to study the function of ASPP2 in
the whole embryo and in specific tissues.

My results indicate that gastrulation is able to proceed in ASPP2”- embryos — all 3 germ layers
appear to form correctly. However, the embryo becomes progressively more disordered as
development proceeds, resulting in embryonic lethality by E9.5. Somites are present at E8.5
and E9.5, showing that mesoderm-derived structures can form. The somites, however, are
smaller than their wildtype counterparts. Additionally, instead of the normal structure of a
single layer of somitic cells surrounding a central cavity, the somites have a disorganised
structure with multiple cell layers and often lack a cavity.

Heart formation is also affected in these mutant embryos. By E9.5, there is no heart structure,
with the absence of a beating heart. | crossed the ASPP219X mouse line to a line expressing
CRE under the Mespl promoter, which controls early cardiac progenitor formation. These
mice developed normal hearts at E8.5 and E9.5, implying that the perturbation in cardiac
development is a secondary defect, likely caused by disturbances to the surrounding tissues
meaning that the cardiac progenitors do not receive the signals they require to continue
developing.

Thus, my research has indicated that ASPP2 is essential for post-implantation embryonic
development. The mesoderm initially forms correctly but as the embryo continues to develop,
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the mesoderm-derived somites become disrupted, indicating a role for ASPP2 in regulating the
epithelial architecture of the somites. Similarly, as seen in the heart, the disorganisation of
structures leads to secondary defects later in development, ultimately resulting in embryonic
lethality. These results demonstrate the importance of ASPP2 and shed light on some of the

functions that it may play in development.
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Chapter 1: Introduction

1.1 ASPP2 and cell polarity

Embryogenesis involves the gain of polarity to allow the determination of axes and the
patterning of the embryo. In addition, the cells must proliferate and differentiate as
development progresses. ASPP2 may act as a linking factor between polarity, proliferation and

differentiation, thus potentially playing a crucial role in embryogenesis.

1.1.1 ASPP2 and its binding partners

ASPP2 is also known as p53-binding protein 2 (53BP2) as it was originally identified in a yeast
two-hybrid screening as a binding partner of tumour suppressor p53 [1]. ASPP2 is a protein
composed of 1134 amino acids and belongs to the evolutionarily conserved ASPP family of
proteins, thus named due to the fact that these proteins are apoptosis-stimulating proteins of
p53, and are ankyrin repeat-, SH3 domain- and proline-rich region-containing proteins [2].
These proteins, as the name suggests, regulate the activity of p53 and contain signature
sequences in their C-termini; ankyrin repeats, a SH3 domain and a proline-rich region. ASPP2
and related protein ASPP1 also have RAS-association domains located at their N-termini [3].
Therefore, ASPP2 is able to bind both active RAS and p53. It cooperates with the former to
stimulate the apoptotic function of the latter [2], [3]. In doing so, ASPP2 may act to regulate
cell proliferation.

Other proteins that ASPP2 may bind include apoptotic regulator B-Cell lymphoma 2 (Bcl-2)
and NF-kp subunit p65, a protein that is involved in a diverse array of functions including cell
transcription and cell death [4], [5]. The activity of p65 can inhibit apoptosis induced by

ASPP2, further adding to regulatory cell death mechanisms that ASPP2 may be involved in.



Additionally, ASPP2 may bind APCL, a brain-specific homologue of the Adenomatous
polyposis coli (APC) tumour suppressor, and the two may form a complex in the perinuclear
region (although this interaction was shown using over-expression and is yet to be confirmed)
[6]. APCL interacts with Wnt effector B-catenin and targets it for degradation. It can also bind
cytoskeletal proteins, thus playing a role in actin assembly, cell-cell adhesion and microtubule
network formation. Furthermore, ASPP2 partially co-localises and forms a complex with [3-
catenin itself, negatively regulating its transcriptional activity [7], [8].

As will be discussed in more detail subsequently, ASPP2 also binds polarity protein Par3, and
the transcriptional co-activators Yes-associated protein (YAP) and Transcriptional co-activator
with PDZ-binding motif (TAZ), and to PP1 [9]-[11]. Through these binding partners, ASPP2
plays an important role in cell proliferation and differentiation in the mouse embryo (Figure

1.1).

1.1.2 ASPP2 and the Hippo pathway

The Hippo pathway is a conserved signalling pathway that acts as a major regulator of tissue
growth and organ size, controlling transcriptional events involved in both cell proliferation and
apoptosis [12]-[15]. In mammalian cells, Mammalian sterile 20-like kinase 1 and 2 (MST1
and MST2; homologs of Hippo in Drosophila) bind to Salvador 1 (SAV1) (Figure 1.2). This

activates the kinase activity of MST1/2, which then phosphorylates Lats1/2.
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Figure 1.1. ASPP2 and associated polarity components involved in the maintenance of apicobasal polarity in epithelial cells and the establishment
of membrane domain identity. A) ASPP2 forms a complex at tight junctions through its interactions with PAR3. PARS3 in turn interacts with many
other polarity proteins including aPKC and PARG. B) ASPP2 acts as a scaffold at tight junctions for PP1 and YAP. PP1 is able to dephosphorylate
and thus activate YAP. AJC, adherens junction complex; ALD, apicolateral domain; ALJ, apicolateral junction; TJ, tight junctions.

Figure adapted from Royer & Lu, 2011 [16] and Royer et al, 2014 [11]
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A B Figure 1.2. Hippo signalling pathway in mammals. A)
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Figure adapted from Li et al, 2016 [153]
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TEAD drives the expression of a multitude of genes, including pro-growth, pro-migratory and
anti-apoptotic genes [17]-[19]. In addition to this role in cell survival, one of the key functions
of YAP/TAZ and TEAD in the mouse embryo is the control of cell differentiation, particularly
in the first cell fate choice where cells either become TE or ICM (as described further in section
1.2.1 Pre-implantation embryogenesis).

Protein phosphatase 1 (PP1) dephosphorylates YAP/TAZ to promote its nuclear translocation
and disrupts YAP/TAZ binding to E3 ubiquitin ligase to inhibit its degradation [10]. ASPP2
assists this by forming an apicolateral complex at tight junctions (TJs) in in polarised epithelial
cells, acting as a scaffold for PP1 and YAP (Figure 1.1) [10], [11], [20]. ASPP2 and YAP have
similarly been shown to co-localise at TJs in VE of early (E5.5) post-implantation embryos
(Figure 1.3) [Unpublished, C. Royer & Srinivas group]. Therefore, ASPP2 may link apicobasal

polarity with YAP activity and the Hippo pathway in the mouse embryo.

12



(o

YAP/Phal
/DAPI YAP/DAPI Phal/DAPI /Phal/DAPI /DAPI/ alf
Raof EoV G 7 AN % LIS T T L : Yo lave

( A & & /; N { 73 '): ¥ & Y

Figure 1.3. E5.5 wildtype embryos. Immunostainings for ASPP2 (magenta), YAP (cyan), DAPI (green), Phalloidin (yellow). Note how ASPP2

and YAP co-localise at tight junctions (white arrows). Imaged at 40X using confocal microscopy with the LSM 880 Zeiss microscope, as detailed
in Section 2.6. Data and images from C. Royer & Srinivas group [unpublished]
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1.1.3 ASPP2 and polarity

As mentioned previously, ASPP2 plays a role in apicobasal polarity. Polarity is defined as an
asymmetry in the spatial distribution of cellular components, structure and functions.
Establishment and maintenance of polarity is essential for development and homoeostasis in
all metazoans. There are several types of polarity, including planar polarity and apicobasal
polarity. The former refers to polarity oriented within the plane of the tissue whereas apicobasal
polarity describes the polarization of cells perpendicular to this plane.

Apicobasal polarization results in the generation of two distinct plasma membrane domains,
termed the apical and the basolateral domains. These biochemically and structurally different
domains are separated by the presence of apicolateral junctional complexes (AJCs), which are
comprised of adherens junctions (AJs) and tight junctions (TJs) [21]. TJs are composed of three
families of transmembrane proteins (occludin, claudins and junctional adhesion molecules
(JAM)), which form a selective barrier regulating diffusion of molecules into the paracellular
space, and between the apical and lateral surfaces. AJs are composed of components including
nectins, nectin-like molecules and cadherins. AJs form just below the apical surface, encircling
the epithelial cell basally to the tight junctions.

The initiation of polarity begins with cell-cell contact and attachment between adjacent cells
via the interaction of their E-cadherin molecules in a Ca?* dependent manner [22]. Integrin and
extracellular matrix interactions, in addition to nectins and nectin-like molecules, are also
thought to play a role in this initial cell-cell contact. This contact acts as a spatial cue for
apicobasal polarity and leads to the formation of nascent adherens junctions at the contact sites
[23].

The initiation of cell polarization also leads to the recruitment of TJ components, such as zonula

occludens 1 (ZO-1), to the apical domain. ZO-1, ZO-2 and ZO-3 there act as scaffolds to recruit

14



further TJ components, including claudins and occludin, thus directing the formation of TJs
[24], [25].

The establishment and maintenance of polarity in epithelial cells is controlled by three groups
of proteins, highly conserved from yeast to mammalian cells: the PAR system, the Crumbs
CRB/PALS1/PATJ complex and the Scribble SCRIB/DLG/LGL complex [22]. The PAR
system is thus named because it was first identified in a screen of partitioning-defective (PAR)
mutations in C.elegans.

The E-cadherin-mediated cell-cell attachment activates Cdc42 from its GDP-bound inactive
state to its GTP-bound active form [26]. When Cdc42 and Racl, both members of the Rho
family of small GTPases, are activated, they are able to bind PAR6 [27]. This induces a
conformational change in PAR6, meaning that it is able to bind aPKC [28].

The PAR6-aPKC complex can then interact with LGL, which is phosphorylated by aPKC at
specific residues [29]. The phosphorylated LGL dissociates from this complex and localizes to
the basolateral membrane, where it interacts with DLG/SCRIB and acts together with these
proteins to restrict apical components to the apical domain [22], [30]. When LGL is released
from the PAR6-aPKC complex, aPKC is then able to bind PAR3, allowing for the active PAR
complex to form and localize to the apical TJs [31]. The Crumbs complex binds with the PAR
complex via several interactions (e.g. PAR6 and CRB) and acts to maintain the stability of
polarity [32]. CRB and PAR3 also redundantly function to restrict LGL to the basal domain
[33], [34].

When components of these conserved polarity complexes are knocked down or overexpressed,
there are defects in polarity and in junctional formation. For example, when PATJ is
downregulated in epithelial cells, ZO-1, ZO-3 and Occludin no longer localize to and assemble
tight junctions [35], [36]. Likewise, cells that lack PAR3 have a profound disruption in tight

junction formation [37].
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ASPP2 is linked to cell polarity through its aforementioned ability to form complexes at tight
junctions. ASPP2 binds PAR3 and controls its apical/junctional localization in an
interdependent manner: depletion of either one causes a defect in the localization of the other
[7], [38]. Depletion of ASPP2 or disruption of the interaction between ASPP2 and PAR3 in
epithelial cells causes defects in cell polarity, disrupting the formation of tight junctions and
the maintenance and development of apical membrane domains. Thus ASPP2 plays a crucial
role in controlling cell polarity. This is important in embryogenesis as polarity directs key
developmental processes such as cell fate specification and tissue organisation, as will be

discussed in the following sections on early mouse embryogenesis.

1.2 Early mouse embryogenesis

The mouse embryo begins as one cell — a fertilized egg — and proliferates to become a
gastrulating embryo. As development proceeds, body axes are generated and cells divide,
migrate and differentiate to create an increasingly sophisticated embryo. The heart and somites
are among the first of the more complicated embryonic structures to form. As ASPP2 is
important in epithelial cell polarity and cell polarity is essential for the formation and
structuring of embryonic tissues and their features, | hypothesised that ASPP2 would play a

critical role in early embryogenesis.

1.2.1 Pre-implantation embryogenesis
Within 24 hours of fertilization, the single-celled zygote divides to give rise to the 2-cell
embryo. At intervals of approximately 12 hours, the embryo undergoes two further divisions

to produce an 8-cell embryo made up of blastomeres that are non-polarized and symmetrical.
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Before the next cell division occurs, the embryo undergoes a Ca?*-dependent compaction
leading to an increase in cell-cell contact. This promotes cell adhesion and thus initiates the
generation of apicobasal cell polarity in each of the blastomeres [39], [40]. Factors including
atypical protein kinase C (aPKC) and PAR3 and PARG6 localize asymmetrically to the apical
side of the blastomeres of the compacted embryo and establish tight junctions. Other proteins,
including PAR1, Lethal giant larvae 2 (Lgl2) and E-cadherin, are found at the basolateral
membrane of blastomeres [41]-[43]. Thus apicobasal polarity is acquired at E2.5 (embryonic
day 2.5).

Subsequently, the blastomeres undergo two rounds of cell division, taking the embryo from 8
to 16 cells (resulting in the generation of the morula) and then from 16 to 32 cells. At this stage,
two distinct populations of cells arise: polar ‘outside’ cells, with the apical side exposed to the
outside of the embryo, and apolar ‘inside’ cells, which are surrounded completely by outside
cells. These outside and inside cells give rise to the trophectoderm (TE) and inner cell mass
(ICM), respectively (Figure 1.4).

TEAD4 and downstream effectors of the Hippo pathway YAP and TAZ act to interpret the
positional information of a cell to restrict expression of Cdx2 and TE fates to outside cells [44],
[45]. In outer cells, Hippo signalling remains inactive and YAP/TAZ are thus located in the
nucleus (Figure 1.4). Here, they bind TEADA4, resulting in the expression of TE-specific
transcription factors including CDX2 and GATAS [44]. In inner cells, the Hippo pathway is
activated, leading to the exclusion of YAP/TAZ from the nucleus. The inner cells thus adopt
ICM fate. As previously discussed, ASPP2 is also able to bind YAP/TAZ and may thus play

an important role in cell fate decisions through this interaction.
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Figure 1.4. Early development of the mouse embryo. A) Preimplantation late stage blastocyst at 4.5 days post-fertilization. The trophectoderm forms the outer
layer of the blastocyst. The inner cell mass, made up of the epiblast and primitive endoderm, forms the inside of the blastocyst, along with a fluid-filled cavity
termed the blastocoel. B) Peri-implantation egg cylinder at 5.5 days post-fertilization. The trophectoderm invades the maternal endometrium during the process
of implantation. The mural trophectoderm gives rise to polyploid trophoblast giant cells and the rest of trophectoderm becomes the ectoplacental cone. The
epiblast divides further to produce the extraembryonic ectoderm and the epiblast (embryonic ectoderm). The primitive endoderm migrates to cover inner surface
of mural trophectoderm to become the parietal endoderm, and to cover epiblast to become the visceral endoderm. C) Post-implantation egg cylinder at 6 days
post-fertilization. By this stage, the embryo has developed further and is cup-shaped, with the epiblast positioned distally in the embryo. D) Gastrulating embryo.
Gastrulation takes place with the formation of the primitive streak.

Figure adapted from Wolpert - Principles of Developmental Biology’ 5™ edition [46]
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A crucial role of the TE is the formation of the blastocoel. As the TE matures, its epithelium
polarizes and epithelial AJCs are generated, which create an intercellular permeability seal
[47], [48]. Cavitation is then initiated around the 32-cell stage by the transport of water across
osmotic gradients through aquaporins on the apical and basolateral sides of TE cells [49], [50].
With the formation of this blastocoel, the embryo is now termed a blastocyst.

The formation of the blastocoel directs the generation of the embryonic-abembryonic axis in
the early embryo. The ICM cells are positioned on one side of the blastocyst with the blastocoel
cavity opposite, giving rise to embryonic (ICM side)-abembryonic (blastocoel side) polarity.
The embryonic-abembryonic axis corresponds to the long axis (the proximal-distal axis) of the
embryo at pre-gastrulating E5.5 stage, which in turn corresponds to the dorsal-ventral axis.
After the ICM and the TE regions of the embryo have been established, a second differentiation
event must take place, segregating the ICM into primitive endoderm (PrE) and the epiblast.
The former contributes to the visceral endoderm (VE) and parietal endoderm (PE) of the post-
implantation embryo, whereas the latter gives rise to the three germ layers (endoderm,
mesoderm and ectoderm) at gastrulation and thus generates the somatic tissues and the germ
cells of the fetus.

Nanog, which is associated with maintaining pluripotency, is initially uniformly expressed in
the ICM. However, at E3.5, expression becomes restricted to one of two subpopulations of
cells found within the ICM in a ‘salt-and-pepper’ pattern [12]. The other subpopulation of cells
expresses Gata6. Knockdown studies have shown that Nanog is necessary for epiblast
formation and Gata6 is required for PrE formation [13]-[15]. The ‘salt-and-pepper’ pattern of
expression at E3.5 suggests that by this stage the ICM cells have already been determined to
PrE or epiblast fate, with FGF/ERK signaling likely being the mechanism behind this [51].
By E4.5, the ICM has clearly segregated into the two cell types — the PrE and the epiblast. The

cells of the PrE are positioned in a layer on the surface of the ICM, separating the epiblast cells
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from the blastocoel cavity, while the epiblast cells are positive for Nanog and Oct3/4. Thus by
E4.5, mutually exclusive positions and markers are firmly established and the blastocyst is

ready for implantation.

1.2.2 Peri-implantation development

When the epiblast, PrE and TE cell lineages have been segregated, the blastocyst hatches from
the zona pellucida. In the mouse embryo, the now-exposed mural TE (that surrounds the
blastocyst cavity) makes the first contact with endometrial epithelium and terminally
differentiates into primary trophoblastic giant cells (TGCs). The TE interacts with and adheres
to the uterine luminal epithelium, triggering the apoptosis of the latter and thus allowing the
penetration of the TE into the endometrial stroma [52], [53]. Promoted by factors secreted by
the TGCs, the stromal cells then differentiate into decidual cells, which support the
development of the growing embryo [54].

Contrary to the terminal differentiation fate of the mural TE cells, the polar TE (that surrounds
the outer surface of the ICM) is the source of multipotent trophoblastic stem cells (TSC). After
implantation, the polar TE proliferates and differentiates into the extraembryonic ectoderm
(EXE). At the proximal tip of the EXE, furthest from the epiblast, the cells differentiate into the
ectoplacental cone (EPC). These cell populations build the proximal half of the egg cylinder
and later give rise to the placenta.

At EA4.5, the PrE gives rise to the PE and the VE (Figure 1.4). The PE migrates from the epiblast
to contact the inner surface of the TE where, together with TGCs, they secrete basement
membrane proteins to form the Reichert's membrane [55]. From this, a transient parietal yolk
sac develops but is degraded following the establishment of the chorioallantoic placenta. The
VE is an epithelial sheet that remains in contact with the embryo and will later develop into the

endoderm of the visceral yolk sac.
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During peri-implantation, the epiblast reorganizes from a ball of non-polarized cells to a
polarized cup-shaped epithelium, positioned distally within the embryo (Figure 1.4). The
columnar epithelium surrounds the proamniotic cavity, which forms the hollow of the egg
cylinder. Apoptosis was previously thought to be the mechanism by which this cavity forms,
however, more recent studies have indicated that cell death is in fact not required [56]. Instead,
cavity formation may occur as the epiblast reorganises into a rosette-like structure, with the
basement membrane transmitting polarisation cues through integrin signalling. Lumenogenesis
then occurs as the apical domain constricts. A lumen also forms in the EXE via a similar
mechanism, and both lumens merge at E5.5-E5.75 to form the mature pro-amniotic cavity [56],

[57].

1.2.3 Patterning early post-implantation embryo

By E6.5, anterior-posterior (AP) polarity is firmly established with the formation of the anterior
visceral endoderm (AVE) on the future anterior side of the embryo.

There are two waves of Leftyl expression; the first begins in a subset of blastomeres in the
ICM at E3.5 [58]. The biological relevance of these cells is currently unknown — it may be
required to initiate the second wave of Leftyl expression. The second wave takes place in
Gata6-positive cells between E3.75 to E4.0 and produces cells that contribute to the DVE [59].
These Leftyl-positive cells become asymmetrically located at the upper side of the PrE soon
after E4.0, where they maintain Leftyl expression. At E5.5, the DVE-fated cells change from
cuboidal to columnar and begin expressing other DVE markers (such as Cerl and Hhex) until
E5.5 [60]. Once these cells are fully differentiated into DVE, they begin to migrate proximally,
towards the future anterior side of the embryo. However, upon reaching the embryonic/extra-
embryonic junction at E6.0, they migrate laterally and rapidly lose expression of DVE markers

[59].
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The extra-embryonic ectoderm has been found to play an important role in regulating the
formation of the AVE, expressing signals such as Bone morphogenic protein (BMP) that inhibit
AVE formation [61]. VE cells at the distal tip are furthest from the inhibitory signals, and can
therefore start to express AVE markers. Differentiated AVE cells at the distal end then migrate
towards the proximal side, while new AVE cells continue to be generated at the distal tip. By
E6.5, the AVE is fully formed at the future anterior side) of the embryo. When these early cells
are genetically ablated, the later AVE is able to be generate but unable to migrate [59].

At the future anterior side, Nodal inhibitors (including Leftyl and Cerl) and Wnt inhibitors
(such as Dkk1) are expressed and act on the adjacent epiblast cells to specify them as the future
head of the embryo, repressing posterior markers such as T/Brachury and Cripto. The opposite

region of the epiblast is furthest from these signals and is thus specified as the future tail [62].

1.2.4 Gastrulation

Gastrulation is the process by which the three germ layers (endoderm, mesoderm and
ectoderm) are generated. It is initiated at the primitive streak, which forms in the epiblast at the
extraembryonic-embryonic boundary opposite the AVE at E6.5 (Figure 1.5). Wnt3 acts to
induce streak formation; it is initially expressed in the proximal region of the epiblast and the
adjacent VE at E5.5 [63]. At E6.0, it becomes restricted to the future posterior side of the
embryo and Eomes, which was previously expressed only in the extraembryonic ectoderm, is
induced in the posterior side. Nodal is necessary for the activation of both these genes [64].
Wnt3 and Eomes initiate the expression of genes such as fibroblast growth factor 8 (Fgf8) and
Brachyury/T in the proximal posterior region of early primitive streak embryos [65], [66].

As gastrulation initiates, cells of the epiblast migrate through the streak and generate two cell
types: the mesoderm, which is mesenchymal, and the definitive endoderm, which is epithelial.

This epithelial-to-mesenchymal transition (EMT) involves the columnar epithelial cells of the

22



primitive streak ingressing by elongating and acquiring a bottle-shaped morphology. In order
for the cells to do this, apically constriction is key [67]. Subsequently, the cells lose their
apicobasal polarity and downregulate junctional and basement membrane proteins, enabling
them to be able to migrate away from the streak, forming a new mesenchymal, mesoderm cell
layer. Fgf receptor 1 (Fgfrl) and Fgf8 are not required for initiation of EMT but are necessary
for migration away from the streak and maintenance of the mesenchymal state [68], [69].
However, the exact mechanisms for this are still unknown. The cell layer that does not ingress
into the primitive streak is referred as ectoderm and becomes restricted to the epidermal and
neural lineage by the end of gastrulation. The events at this stage and the following steps of
gastrulation are summarized in Figure 1.6.

The primitive streak elongates distally until it reaches the tip of the embryo at E7.5 and the
different lineages arise from different regions of the streak, beginning with the most posterior
end [70] (Figure 1.7). At this region in the early streak stage, the extraembryonic mesoderm is
generated, which later gives rise to the mesoderm of the yolk sac, chorion and blood islands.
BMP4, expressed from the EXE, plays a role in the development and patterning of the
extraembryonic mesoderm [71]. Cells from middle and middle-anterior regions of the streak in
the late gastrula stage embryo then ingress and give rise firstly to the rostral structures such as
heart and forebrain mesoderm, then to the rest of the cranial mesoderm and lastly to the paraxial
and lateral mesoderm of the trunk [72]. Finally, the last cell population emerges at the anterior
primitive streak and gives rise to the node and the definitive endoderm, which forms the internal

mucosal lining of the embryonic gut and its associated organs.
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Figure 1.5. Mouse gastrulation. The primitive
streak forms at E6 and coexpresses
transcription factors including Brachyury in
the posterior region and Brachyury and Foxa2
in the anterior region. Epiblast cells enter the
proximal primitive streak (black arrows at the
top of the embryo) and move through the
streak, spreading forward and laterally
between the ectoderm and the visceral
endoderm to form the mesoderm. The
primitive streak elongates distally until it
reaches the tip of the embryo at E7.5.

Figure from Murray et al, 2009 [154]
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Figure 1.6. Post-implantation and post-gastrulation mouse embryogenesis. A) At E7.2, the primitive steak has elongated and the node has formed
at its anterior tip. B) By E7.7, the notochord has formed anterior to the node and head folds have formed. C) By E8.0, neural folds have formed
and the embryonic endoderm internalizes to form the gut. D) Between E8.5 and E9.5, the mouse embryo undergoes a large-scale complex
conformational change (‘turning’) to bring the endoderm to the inside of the embryo and the ectoderm to the outside. The embryo becomes
completely enclosed in the protective amnion and amniotic fluid.

Figure adapted from Staveley, Memorial University of Newfoundland [73]
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Figure 1.7. Gastrulation occurs at the opposite posterior proximal
pole of the embryo to the site of the anterior visceral endoderm
(red). Cells of the epiblast (pink) converge towards the posterior of
the embryo and ingress at the primitive streak to form the nascent
embryonic mesoderm (violet) and extraembryonic mesoderm
(purple). As the primitive streak expands to the distal tip of the
embryo, cells that are present in the anterior primitive streak give
rise to the definitive endoderm (yellow), which emerges on the
surface of the embryo and gradually replaces cells of the visceral
endoderm (light green). Cells that remain in the epiblast cell layer
by the end of gastrulation constitute the neuroectoderm (orange). A
specialized population of cells at the anterior tip of the primitive
streak form the node (light blue), an important signalling centre for
embryonic patterning.

Figure from Arnold et al, 2009 [74]
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The prospective definitive endoderm cells must undergo EMT to enable migration but then
transition back to epithelial cells after egression from the primitive streak. They are then
incorporated into the pre-existing VE epithelial cell layer [75], [76]. The population of
definitive endoderm expands anteriorly and laterally from the site of integration, mixed with
cells of the VE [77].

Cells ingress from the node to form the axial mesoderm, which later develops into the
notochordal plate - a precursor to the notochord. The notochord is the source of inductive
signals that specify and pattern the neurons, somites and gut. The node and notochord express
many genes that are involved in this organizer activity. For example, several of the genes
expressed bind and block specific ligands of the Wnt and transforming growth factor  (TGFp)
signalling pathways [78]. These ligands are expressed in extraembryonic tissues, the proximal
ectoderm and the primitive streak. Thus blocking their signalling activity creates gradients that
may direct cells to adopt distinct developmental fates.

Along with the generation of the three germ layers, gastrulation involves large-scale changes
in the structure of the mouse embryo. The embryo initially develops “inside-out', with the
ectoderm being formed internally, surrounded by the mesendoderm [79]. After gastrulation,
the germ layers must invert to bring the ectoderm to the outside of the embryo, with the
endoderm on the inside and the mesoderm between these two layers. At around the 7-somite
stage (approx. E8.5), turning is initiated in the head and tail folds, with the clockwise rotation
of each around its long axis. This converts the embryo from a lordotic to a fetal conformation

by E9.0 (Figure 1.6).

1.2.,5 Early cardiac development
Cardiac precursors are found in the splanchnic mesoderm shortly after gastrulation, with the

cardiac mesoderm first occupying the area between the head folds and the extraembryonic
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region (Figure 1.8) [80]. At E7.5, the outermost rim of the cardiac mesoderm, closest to the
extra-embryonic region, differentiates into cardiomyocytes, with contractile sarcomeric
machinery assembled in these cells, and the cardiac crescent of the first heart field is formed
[80], [81]. The rest of the cardiac precursors, positioned posteromedially and adjacent to the
cardiac crescent, are known as the second heart field and remain undifferentiated at this stage
[82].

As the embryo turns, the cardiac region becomes placed in position posterior and ventral to the
head folds. The first heart field gives rise to the primitive heart tube, which initially remains
open at the dorsal side but by E8.25, the heart tube has lengthened and closed as the two sides
of the cardiac crescent fuse together (Figure 1.9) [82]. This in turn gives rise mainly to the left
ventricle and part of the atria, whereas the second heart field progressively contributes cardiac
precursor cells to the poles of the heart tube, from which the right ventricle, the majority of the
atria, the outflow and the inflow tracts are derived [82]-[84]. As the heart tube lengthens, heart
looping occurs from E8.5, where the cardiac tube undergoes morphological changes to bring
the right ventricle primordium and left ventricle to their definitive positions.

Maintaining an equilibrium between undifferentiated cells and cardiac precursors from the
secondary heart field is crucial for proper heart formation. A negative feedback loop between
Nkx2-5 and BMP2/Smad1 has been found to be involved in controlling cardiac induction and
progenitor proliferation [85]. In the cardiac precursor cells, BMP acts to initiate expression of

Hopx, which then inhibits the Wnt pathway and so promotes cardiomyogenesis [86].
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Figure 1.8. Upper panel: diagram depicting the development of the mouse heart. Cells, which
give rise to the heart, are in green. Bottom panel: diagram depicting the differentiation steps
that heart embryonic stem cells undertake to become beating cardiomyocytes.

Figure from Bernado et al, 2014 [87].
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Figure 1.9. Early cardiogenesis in the mouse embryo. During gastrulation, cardiac progenitors migrate to the splanchnic mesoderm to form the

cardiac crescent. At E7.5, the cardiac crescent can be divided into two heart fields — the first heart field (red) and the second heart field (yellow) —
based on the gene they express and their subsequent contribution to heart. At E8.0, the primitive linear heart tube has formed from the first heart
field. This gives rise later to the left ventricle. The second heart field contributes primarily to the poles of the heart, from which the right ventricle,
the majority of atria and the outflow and inflow tracts develop. Cardiac looping occurs from E8.5, along with the formation of the primitive atrium.
This looping is associated with uneven growth of cardiac chambers By E9.5, the common atrium has moved superior to the ventricles and is
separated by a distinct atrio-ventricular canal.

Figure adapted from Epstein et al, 2015 [88]
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By E9.5, several segments can be observed, including a common atrial chamber, the primitive left
ventricle and the primitive right ventricle [89]. An atrioventricular canal connects the common
atrial chamber and the primitive left ventricle. The future right and left ventricles are connected
via the bulboventricular canal and the outflow tract connects the future right ventricle to the aortic

sac. The beating heart can be clearly observed by this stage.

1.2.6 Somitogenesis

Segmentation is initiated in the mouse embryo with the formation of somites, which begins at E8.0
and ends at E13.0. The paraxial or presomitic mesoderm is divided up into segments of bilaterally
symmetrical blocks of epithelial cells to form somites, in an anterior-to-posterior direction. This
occurs in a periodic manner, with oscillating signals driving the segmentation process. The model
suggested to be responsible for this has been described as a ‘clock and wavefront’ model (Figure
1.9) [90]. The clock determines the time at which somites form and the wavefront determines
where segmentation is initiated.

Segmentation clock genes Hairy and enhancer of split 1 (Hesl) and Hes7 are expressed
periodically at the posterior end of the mouse embryo, which is cooperatively regulated by Fgf and
Notch signalling [91]-[93]. Fgf signalling is required to initiate Hes expression and both signalling
pathways are necessary for the maintenance of Hes propagation [92]. Notch signalling also

activates another Notch target Lunatic fringe (Lfng), a modulator of Notch receptors [94].
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Figure 1.10. Somitogenesis. A) Somites form
cyclically and sequentially by budding off the anterior
region of the presomitic mesoderm (PSM). The
boundary of the new somite is thought to be determined
by the clock and wavefront model. B) A segmentation
clock is periodically activated as the oscillation of gene
expression in the PSM (represented by the blue shading)
provides temporal information for somitogenesis. A
wave of segmentation clock activity travels from
posterior to anterior PSM. The wavefront provides
positional information. As the body axis elongates
posteriorly, the wavefront regresses posteriorly. A new
somite is generated at the anterior PSM after exiting the
wavefront.

Figure adapted from Yabe & Takada, 2016 [155]
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In addition, Notch activity is crucial for synchronising oscillations between neighbouring cells
[95]. Expression of Hes and Lfng then propagates anteriorly. Hes represses its own and Lfng
expression, resulting in oscillations in the expression of the two proteins [91], [93], [96]. Lfng acts
on Notch receptors to inhibit Notch activity, leading to oscillation of Notch activity [94]. Together,
these inhibitory interactions are thought to establish a negative feedback loop that results in stable
oscillatory expression of the clock genes.

Many other genes are also thought to be involved in controlling the clock; evidence suggests there
is a highly complex oscillatory network [97]. For example, Wnt signalling components, such as
Whnt3a, oscillate and are strongly expressed in somite precursor cells [98]. Wnt3a is required for
maintaining oscillatory activity of genes including Notch.

Presomitic mesodermal cells are maintained in an immature state, until the maturation wavefront
passes through. Upon exiting the wavefront, they undergo a mesenchymal-to-epithelial transition
to mature as somitic cells at the anterior end of the presomitic mesoderm. Posterior-to-anterior
gradients of Fgf8 and nuclear B-catenin are opposed by an anterior-to-posterior gradient of retinoic
acid (RA) [99]-[101]. Together, these gradients intersect to form a transition point, known as the
‘determination front’, where the signalling pulse from the oscillating clock is translated into the
spatial periodic pattern of segments.

Fgf8 acts posterior to the determination front to maintain cells in their immature state through its
inhibition of Mesoderm posterior 2 (Mesp2) [102], [103]. Mesp2 expression is periodically
activated by Notch signalling from the clock in a Thx6-dependent manner just anterior to the
determination front. Transcription factor Thx6 defines the anterior border of the somite [103]-
[105]. During the segmentation cycle, Mesp2 is maximally expressed in a one-somite-length

fashion. Mesp2 then activates downstream target effector Ripply2, which degrades Tbx6, thus
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preventing further expression of Mesp2 [105]. The degradation results in a new anterior border
(more posterior in position that the previous border) of Thx6, which marks the next anterior somitic
boundary for the next wave of Mesp2 expression. Mesp2 also activates expression of mastermind-
like 1 (MamL1) which represses Notch activity, forming a negative feedback loop [103]. In the
newly forming somite, Mesp2 is gradually restricted to the rostral half before finally disappearing
and Notch activity is maintained in the caudal half via a positive feedback loop [104], [106].

At the rostral tip of the new somite, Mesp2 plays a crucial role in boundary formation. The Eph
family of receptor tyrosine kinases and their Ephrin ligands are expressed in a Notch signalling-
dependent pattern in the rostral presomitic mesoderm [107]. Mesp2 upregulates expression of Eph
activity at the rostral border of the new somite, which activates Ephrin in the anteriorly juxtaposed
cells [108]. The Ephrin reverse signal induces cell epithelialization and the formation of a furrow
[109]. This Ephrin-dependent process involves the acquisition of columnar morphology, the
formation of apical adherens junctions and the clustering of integrins at the somite boundary. This
in turn binds to fibronectin, which recruits other extracellular matrix proteins to the forming border
[110].

Newly formed somites consist of an outer shell of polarised epithelial cells surrounding an inner
cavity, the somitocoel, that is filled with mesenchymal cells [111]. The epithelial cells have a
bottle-like morphology, with necks that extend to the somitocoel, where they form the apical
surface of the epithelium. Somites exhibit a phenomenon termed interkinetic nuclear migration
[112]. This is where interphase nuclei may be observed throughout the epithelium but mitotic cells
are found only at the apical surface, because the nuclei undergo division at the apical surface but

migrate basally during interphase. The somites eventually differentiate to form the dermatome
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(dermis), myotome (skeletal muscle) and sclerotome (axial skeleton, ribs and vertebrae), with the

somitocoel cells contribute to the sclerotome.

1.3 Research aims

My research aims to elucidate the role of ASPP2 in post-implantation embryos. Through its ability
to bind many factors, ASPP2 has the potential to link cell polarity, proliferation and differentiation.
These processes are essential for embryogenesis. Previous studies have indicated that ASPP2 plays
an essential role in embryogenesis, however, little research has been carried out on this. My
research thus aims to develop a deeper understanding of the function that ASPP2 has in
development.

In order to do this, I aimed to create gene knockout mouse models with both full deletions and
conditional deletions of ASPP2 in mouse embryos. The creation of these mouse lines is described
in detail in Chapter 3. Following from the creation of these mouse models, | analysed post-
implantation embryos containing these gene knockouts to deduce the role that ASPP2 may play in
development. These analyses are detailed fully in Chapter 4. Together, these results should shed
light on the importance of ASPP2 in development and the embryonic processes that ASPP2 may

be involved in.
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Chapter 2: Materials and methods

2.1 Mouse husbandry

The work undertaken using mice during this project was undertaken in accordance with the
Animals Scientific Procedures Act, 1986. All mice were held under the project license 30/3420.
All regulated procedures were carried out under the PIL 1505DCE16 (Christophe Royer) and the
PIL 1A5F65F26 (Elizabeth Sandham).

Mice were maintained on a 7am-7pm light-dark cycle and housed in sterile, temperature-controlled
conditions. Mice were weaned at 3 weeks of age and bred from 6 weeks of age. Mice in breeding
pairs were checked daily for plugs; if a plug was observed at 1pm, this would be designated as 0.5
days post-coitum and thus the embryo would be staged accordingly as E0.5. All mice, including
pregnant females to be dissected for embryo collection, were culled by cervical dislocation or
carbon dioxide inhalation (Schedule 1 of the Animals Scientific Procedures Act). A second

schedule 1 method was used to confirm death.

2.2 Mouse lines

The following mouse lines were used:

ASPP2** Wildtype mice with no mutation in the ASPP2 gene were used for
breeding.
ASPp2+/iox Mice that were heterozygous for floxed ASPP2 exon 4 were used

for conditional gene knockout experiments and for the creation of

ASPP2-null embryos, as described in Chapter 3.
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ASPP2+/+ TgSoxe-Crelso2-Cre Mjce that did not contain a mutation in the ASPP2 gene but did
contain the Sox2-Cre transgene were used to target gene knockout
in tissues expressing Sox2-Cre.

ASPP2+/* Tg*Mespl-Cre Mice that did not contain a mutation in the ASPP2 gene but did
contain the Mesp1-Cre transgene were used to target gene knockout

in tissues expressing Mesp1-Cre.

2.3 Genotyping

DNA for genotyping adult mice was obtained from ear biopsies. Both the ear biopsies and embryo

samples were lysed to prepare the DNA for genotyping following a crude lysis protocol.

2.3.1 DNA preparation by crude lysis

The crude lysis protocol for ear biopsies is as follows:

Ear biopsies were lysed in 150uL lysis buffer supplemented with 0.5uL Proteinase K (Sigma
Aldrich) at 55°C for a minimum of 3 hours. These were centrifuged at 14000 rpm for 1 minute and
then incubated the lysate at 95°C for 15 minutes to heat inactivate the Proteinase K. Subsequently,
these were centrifuged again at 14000 rpm for 1 minute. The lysate was stored at -20°C.

For embryos, the quantity of lysis buffer and Proteinase K used depended on the size/stage of the
embryo. For E9.5 and E8.5 embryos, 10uL of lysis buffer and 0.035uL Proteinase K were used.
Embryo lysates were incubated at 55°C for 1 hour instead of 3 hours, then at 95°C for 5 minutes

instead of 15 minutes. For E3.5 embryos, S5uL of lysis buffer and 0.015uL Proteinase K were used.
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Lysis buffer: Stock Quantity

50mM Tris HCI (pH8-8.5) 1M 5mL
1ImM EDTA 0.5M 200pL
0.5% Tween 20 500uL
H20 94.3mL
Total 100mL

After preparing the lysis buffer, the buffer was syringe filtered and stored at -20°C.

2.3.2 Genotyping using polymerase chain reaction (PCR)

MegaMix (Microzone) was used for PCR reactions. MegaMix contains Tag polymerase
(recombinant) in 1.1x reaction buffer (2.75 mM MgCI2) with 220 uM dNTPs & stabiliser. A
standard PCR reaction used 14.1uL MegaMix, 0.3uL DNA, 0.3pL Primer 1 and 0.3uL Primer 2
(primers from a 10uM stock). If necessary, this was adjusted depending on the reaction and number
of primers to improve sensitivity. The full list of appropriate primer and reaction conditions can
be found in the table below.

A nested PCR was used to improve sensitivity when genotyping embryos for the ASPP2 mutation
as the small amount of DNA present in these lysates proved a challenge for the non-nested PCR
to amplify sufficiently to detect both the ASPP2 wildtype and the ASPP2-null alleles

simultaneously.

38



Table 2.1. PCR genotyping primer and reaction conditions

Gene

targeted for

genotyping

Primers used

Primer reagent

guantities

PCR conditions

PCR product

ASPP2 (adult

mice)

Primer A (common forward primer):
5-
TCTACCCTGTGGGTCCATGA-3’

Primer B (ASPP2-floxed/wildtype
reverse primer): 5°-
GCTCGAGTCACTCAACAATGG-
3,

Primer C (ASPP2-null reverse
primer): 51-
TTTCCTGGAACTTGCCAAAC-3'

14.1uL MegaMix
0.3pL Primer A
0.3uL Primer B
0.3puL Primer C

0.1uL DNA

3 mins at 94°C,

35 cycles of 30 seconds at
94°C, 30 seconds at 61°C,
30 seconds at 72°C

7 mins at 72°C

Primers A and B
form a 304bp band
indicating wildtype
ASPP2 allele or a
470bp band
indicating floxed
ASPP2 allele.
Primers Aand C
form a 400bp product
indicating ASPP2-

null allele.
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Primers A, B and C as detailed
above.

Primer D (common forward primer):
5’-ATCTCCACATAGCCCACGC-
37

Ran as a nested PCR.
Reaction 1: 14.1uL
MegaMix

0.3pL Primer D
0.3pL Primer E

0.3pL Primer F

Reaction 1:

3 mins at 94°C,

25 cycles of 30 seconds at
94°C, 30 seconds at 60°C,

30 seconds at 72°C

Reaction 1:
Primers D and E form
a 625bp product.

Primers D and F form

ASPP2 Primer E (wildtype reverse primer): | 0.1uL DNA 7 mins at 72°C.
5’- a 719bp product.
(embryos) ACTGCTGTTTGATACTTGGGT- | Reaction 2: 14.1uL Reaction 2:
3 Reaction 2:
MegaMix 3 mins at 94°C,
Primer F (ASPP2-null reverse Primers A, Band C
primer): 5°- 0.3uL Primer A 35 cycles of 30 seconds at
TGGGCTCTGAAAAGAACACCT- form the products
3’ 0.3pL Primer B 94°C, 30 seconds at 61°C,
indicated above.
0.3pL Primer C 30 seconds at 72°C
0.1uL of primary 7 mins at 72°C
reaction product
Primer G (FLP forward primer): 5°- | 14.1uL MegaMix Primers G and H
FLP CACCACCTAAGGTGCTTGTTC- 3 mins at 94°C,

3’

0.3uL Primer G

form a 372bp product
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Primer H (FLP reverse primer): 5°-
TCTACCCTGTGGGTCCATGA-3’

0.3pL Primer H

0.3uL DNA

35 cycles of 30 seconds at
94°C, 30 seconds at 64°C,
30 seconds at 72°C

7 mins at 72°C

if the FLP transgene

is present.

Primer I (CRE forward primer): 5°-

14.1uL MegaMix

3 mins at 94°C,

32 cycles of 30 seconds at

Primers | and J form

iLTCGCAAGAACCTGATGGAC 0.3uL Primer | a 300bp product
CRE 94°C, 30 seconds at 65°C,
Primer J (CRE reverse primer): 5°- 0.3pL Primer J 30 q 790C when the CRE
CTAGAGCCTGTTTTGCACGTTC seconds at .
3 0.3uL DNA _ transgene is present.
7 mins at 72°C
3 mins at 94°C,
Primer K (Rd8 forward primer): 5’- | 14.1uL MegaMix Primers K and L form
GCCCCTGTTTGCATGGAGGAA 35 cycles of 30 seconds at
ACTTGGAAGACAGCTACAGTT | 0.3uL Primer K a 244bp product
Crb1/Rd8 CTTCTG-3’ 94°C, 30 seconds at 64°C,
0.3pL Primer L when the Crb1/Rd8

Primer L (RdS8 reverse primer): 5°-
GTGAAGACAGCTACAGTTCTG
ATC-3

0.3uL DNA

30 seconds at 72°C

7 mins at 72°C

mutation is present.
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2.3.3 Genotyping by qPCR

As described in Chapter 3, the mouse line containing the Sox2-Cre transgene was interbred to
produce a homozygous line (TgS®%Cre/ Sox-Crey “In order to confirm this, quantitative PCR
(gPCR) was employed, with Gusb as a control.

The qPCR protocol is as follows:

Cre forward primer: GCG GTC TGG CAG TAA AAACTATC

Cre reverse primer: GTG AAA CAG CATTGC TGTCACTT

Gusb forward primer: AGCTAAGGCTGGCCTTGAATTCCT

Gusb reverse primer: TGTGAGAGAGCACACTGCAATCCT

Each single 20puL reaction contained 10puL SYBR green, 0.4uL forward primer, 0.4uL reverse
primer (primers from a 10pL stock) and 4.2uL H20. 16pL of this was pipetted into each gPCR
plate well, followed by 4uL of DNA lysate, resulting in a total of 20uL in each well. The plate
was then sealed and centrifuged briefly. The samples were run in a StepOne™ (Thermo Fisher
Scientific) machine using the following settings: 95°C for 20 seconds, followed by 40 cycles
of 95°C for 3 seconds, 60°C for 30 seconds. This was succeeded by a melting curve stage where
the samples are held at 95°C for 15 seconds, 60°C for 1 minute and then 95°C for 15 seconds,

after which the programme stopped and held at this temperature.

2.4 Embryo collection

In order to collect their embryos, pregnant mice were euthanized by cervical dislocation and
the abdominal cavity was cut open. The uterine horns were cut out and placed in a dish
containing M2 medium. From this point, embryo collection was carried out under a bright-field

microscope. For E3.5 embryos (pre-implantation), a 27G needle was inserted into each of the
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uterine horns and M2 media was flushed through each horn to release the E3.5 embryos into
the medium. A mouth pipette was then used to collect the E3.5 embryos and place in a new
dish of fresh M2 media. For the collection of E8.5 and E9.5 embryos (post-implantation), the
decidua were dissected out of the uterine horns. Each deciduum was then teased apart with fine
forceps to release the embryo inside. The Reichert’s membrane was then mechanically
removed using fine tungsten needles. A full detailed pictorial guide of the dissection of post-

implantation egg-cylinder stage embryos was published by Srinivas, 2010 [113].

2.5 Immunohistochemistry and staining of embryos

2.5.1 Antibody staining protocol

After collection, E8.5 and E9.5 embryos were fixed in 4% paraformaldehyde (PFA) at room
temperature for 40 minutes to 1 hour (depending on the size of the embryo). The embryos were
then washed three times for 15 minutes in 0.1% Triton X-100 in phosphate-buffered saline
solution (PBS), then permeabilized for 40 minutes to 1 hour in 0.25% PBS-Triton-X100.
Following this, the embryos were washed again three times for 15 minutes in 0.1% PBS-Tween
20 (PBS containing 0.1% Tween 20). The embryos were incubated in blocking buffer for

around 24 hours at 4°C.

Blocking solution:
0.1% PBS-Tween 20
3% BSA

2.5% Horse serum
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Following incubation in blocking buffer, the embryos were incubated in primary antibody at a

concentration of 1:100 in blocking buffer for 24 hours at 4°C. The unbound primary antibody

was subsequently washed away by washing three times for 15 minutes in 0.1% PBS-Tween

20.

The embryos were then incubated in secondary antibody at a concentration of 1:100 in blocking

buffer for 24 hours at 4°C. If required, Atto-conjugated Phalloidin (Sigma Aldrich) was added

at this stage. Following the incubation, unbound secondary antibodies (plus Phalloidin) were

washed away by subjecting the embryos to three washes for 15 minutes in 0.1% PBS-Tween

20.

The embryos were subsequently incubated in Vectashield containing 4’°,6-diamidino-2-

phenylindole, dihydrochloride (DAPI) mounting medium for a minimum of 24 hours at 4°C.

2.5.2 Antibodies and conjugated dyes

Table 2.2. Primary antibodies

Antibody Source Host

ASPP2 Sigma HPA021603 Rabbit

FoxC2 Santa Cruz ~ sc515234 Mouse
Santa Cruz ~ sc17320

Sox2 Goat

Sarcomeric a-actinin Abcam ab68167 Rabbit
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Table 2.3. Secondary antibodies and conjugated dyes

Antibody Source Emission Spectra
Donkey anti-rabbit 1gG Invitrogen A-21206 Alexa Fluor 488
Donkey anti-goat IgG Invitrogen A-21082 Alexa Fluor 633
Donkey-anti-mouse IgG | Invitrogen A-31570 Alexa Fluor 555
Phalloidin Sigma 65906 Atto 647

2.6 Confocal microscopy of fixed embryos

Following the incubation of fixed and stained embryos for a minimum of 24 hours in DAPI-
Vectashield (Vectashield containing DAPI), embryos were mounted individually on glass
slides in a small quantity (around 3uL) of DAPI-Vectashield. To prevent the three-dimensional
structure of the embryos from being disturbed by the weight of the coverslip, standard
laboratory tape was used as a spacer between the slide and the coverslip. The coverslips were
sealed used nail varnish.

The stained embryos were imaged used a LSM 880 Zeiss microscope. The 5X (0.16NA) and
10X (0.3NA) objectives were used for locating the embryos and taking low-resolution images
of the whole embryo whereas the 20X (0.6NA) and 40X (1.2NA) objectives were used to take
detailed, high-resolution images of the embryo and specific areas of the embryo. The 405nm,
488nm, 561nm and 633nm lasers were used to excite the fluorophores within the stained
embryo. Image stacks of the entire embryo were taken at 2 um axial resolution. The Zeiss 880
confocal settings were adjusted for each embryo to ensure the best image quality — this included

alterations in the laser power, gain and digital offset to ensure no pixels were saturated. When
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imaging embryos from the same litter in order to compare mutant and wildtype embryos, all
embryos of that litter were imaged using the same settings. When capturing large, detailed

images of the embryo, tiling was used.

2.7 Image analysis

Image acquisition, including tile scan stitching, was carried out using Zen software. Image
analysis was carried out using Volocity software (Improvision). FIJI was also used to process
and analyse images.

To calculate embryo size along the rostral-caudal axis, | used the middle image from the Z-
stack taken of the entire embryo. This image was analysed in FIJI using the outline function to
find and then calculate the cross-sectional area of the embryo at its largest point. The size of
the somites and the size of the somitocoel in the embryos was calculated in the same manner.

To calculate the anterior:posterior ratio of the embryos, the point at which the most rostral
somite was visible was used as the boundary between the anterior and posterior regions. FIJI

was used to outline and calculate the cross-sectional areas in reference to this region.

2.8 Statistical analysis

Statistical analyses were performed using the two-tailed Student’s t-test with unequal variance
using R software. Statistical significance was calculated using p<0.05 as the significance level

(* p < 0.05, ** p < 0.01, *** p < 0.001).
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Chapter 3: Generating the mouse transgenic tools required to study ASPP2

function during embryogenesis

3.1 Introduction

ASPP2 plays an essential role in embryogenesis due to its ability to link cell polarity,
proliferation and differentiation. However, there have been relatively few studies on this
subject, especially at early stages of development. In this chapter, | discuss my generation of
mouse lines that can be used to elucidate the function of ASPP2 during early development.

I am using a knockout approach to study gene function. The principle behind this is to
inactivate a gene to identify its role in development and deduce its function in normal
physiological homeostasis. To take this a step further, tissue-specific knockout can be carried
out, where the gene is deleted in a particular tissue rather than the entire embryo. This allows
the study of gene function in one specific organ, tissue or cell type. By analysing results from
various different tissue-specific knockouts, a more detailed overview of the role of a gene can
be gathered.

Many tissue-specific models rely on the Cre-Lox system. In this system, the allele of the target
gene has been edited so that it is flanked by LoxP sites. These mice can then be crossed to a
line that is heterozygous or homozygous for a Cre recombinase gene under the control of the
tissue-specific promoter. In the resulting offspring, Cre directs the LoxP sites to recombine and
thus excise the target gene [114], [115]. However, it can only do this in cells where it is
expressed, meaning that cells that do not express the particular promoter are heterozygous for

the gene deletion.

3.1.1 Previous studies of ASPP2 in embryogenesis
In order to investigate the role of ASPP2 in post-implantation embryogenesis, I utilised mouse

lines in which exon 4 of ASPP2 has been deleted. These differ from the two previously
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published lines that have aimed to characterise the function of ASPP2 in development in that
this mutation was designed to create a large-scale frameshift upon deletion of exon 4.

Vives et al. first generated ASPP2-null embryos in 2006 where exon 3 and a 2kb upstream
region were replaced by a neomycin resistance (neoR) cassette to form allele tm1la (the targeted
trap allele in EUCOMM (European Conditional Mouse Mutagenesis Program) ES cells, that
has been generated by targeting yet functions as a gene-trap knockout) [116]. However, the
deletion of exon 3 meant that the sequence of exon 4 was in-frame with exon 2. Thus, this is
not a full knockout and is in fact more akin to a hypomorphic allele.

Homozygous deletion of exon 3 (ASPP24%) was found to be lethal in a pure C57BL/6J
background as no such pups were born. In a mixed 129SvxC57BL/6J background, only around
6.4% of pups were homozygous for the mutant allele — far less than the expected Mendelian
segregation of 25%. All these pups died before weaning, due to severe defects in the central
nervous system (CNS) including hydrocephalus. Timed-mating experiments showed that at
E18.5, ASPP2%% embryos were found in the expected percentage of 25%, suggesting they die
shortly before birth. Interestingly, in a Balb/c background, ASPP2*3 pups were born at the
expected Mendelian ratios, with the majority surviving after weaning, although they also
exhibited severe CNS defects [7].

Kampa et al. generated an alternative ASPP2-null mouse line in 2009, where exons 10-17
where replaced with a neoR gene [117]. This disrupted the binding domains of many proteins,
including p53. Western blot analysis showed there was an approximate 2-fold reduction in
ASPP2 protein levels in heterozygous mice. However, ASPP221%1" mice are not viable due to
an uncharacterized early embryonic lethal event. ASPP22%-1" homozygous embryos were not
found as early as E6.5. ASPP221%17 homozygous embryos could not be generated in a Balb/c
background. This is particularly surprising since previous work had shown that ASPP2

mutations result in less severe phenotypes in a Balb/c background [7]. The ASPP221%-17 does
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not disrupt the first 9 exons, thus it is possible that some short isoforms of ASPP2 are produced.
Furthermore, the addition of the neoR cassette may have off-target effects on development.
The ASPP221%17 line was originally intended to be used by the Srinivas group for studying the
role of ASPP2 in mouse embryogenesis. It was deposited at Jax laboratories, from where our
group received it. After carrying out some initial experiments with this line, it was found that
the line we had received was in fact not the correct line and instead contained another mutation
rather than the intended ASPP2 gene disruption. Therefore this mouse line was not available
for study in any case.

The mouse lines | used were designed to create a large frameshift in the sequence of ASPP2

while adding minimal excess nucleotides.
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Figure 3.2. Edited ESCs are injected into blastocysts, which are injected into ‘foster mothers’
to generate chimeric mice (with red representing the edited allele and yellow representing the
wildtype allele in the figure) that are able to transmit the mutated gene to their progeny.

Figure adapted from Cappuchi et al [118]
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3.1.2 General mouse gene targeting strategy

The EUCOMM and Knockout Mouse Program (KOMP) are founder members of the
International Knockout Mouse Consortium (IKMC). THE IKMC aims to produce a collection
of mouse ESC lines that in total (over this entire collection) include a knockout of every gene
in the mouse genome. The broad strategy of IKMC involves editing the genes of mouse ESC
using the CRISPR/Cas9 system.

CRISPR delivers nuclease Cas9 complexed with a synthetic guide RNA (gRNA) to the desired
location in the genome (Figure 3.1) [119], [120]. The CRISPR-Cas9 with its guide RNA are
delivered to mouse ESC by microinjection or electroporation. The genomic target can be any
DNA sequence of around 20 nucleotides that meets two conditions: The sequence must be
unique so that other sections of the genome are not targeted and the target is present
immediately adjacent to a Protospacer Adjacent Motif (PAM). PAM is a short sequence of 2-
6 nucleotides that serves as a binding signal for Cas9 [119]-[121].

Cas9 nuclease acts as a pair of genetic scissors and opens both strands of the targeted sequence
of DNA to introduce the modification [119]-[121]. In this case, knock-in mutations were
generated that incorporate exogenous DNA by using it as a repair template, facilitated by
homology directed repair (HDR). In the case of IKMC-generated edited ESCs, a cassette
containing the target exon flanked by loxP sites, as well as encoding the lacZ gene, neoR
(neomycin resistant) gene and FRT sites is incorporated into the genome by HDR (Figure 3.3).
The alternative method of DNA repair involves knock-out mutations that repair the double-
stranded break by means of non-homologous end joining (NHEJ) (Figure 3.1). NHEJ does not
require a template. Instead, the single-stranded overhangs on the ends of the double-stranded
breaks caused by Cas9 recombine in an imperfect manner. This frequently leads to random
nucleotide deletions but may cause insertions (and sometimes even translocations). Therefore

gene functionality is deleted or disrupted.
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Edited ESC can be selected using the lacZ and neoR genes in the cassette as only edited cells
will express lacZ and be resistant to neomycin. When the edited ESC have been developed and
selected, chimera are created using these ESC by injecting the edited cells into a blastocyst-
stage mouse embryo (Figure 3.2). The blastocysts are injected into a ‘foster mother’ mouse to
permit the full development and birth of mice carrying the edited allele. The first generation
of mice will be chimeric for the allele. Mice carrying this edited allele are then bred to

homozygosity.

3.1.3 Generation of initial mouse line

Cre/loxP technology was employed to generate ASPP2-null mice. Derived from the P1
bacteriophage, Cre recombinase recombines a short pair of target sequences; the loxP sites
[114], [115]. This system can be utilised to excise any region of DNA placed between the sites.
The loxP sites can thus be placed around a target exon in a gene, resulting in mice that contain
the floxed (flanked by loxP sites) allele but are phenotypically wildtype until they undergo
recombination upon induction by Cre.

ESC from a C57BL/6N background were engineered at Harwell (from the EUCOMM/KOMP
resource) in the manner described previously in which exon 4 of the ASPP2 gene was floxed.
The targeting cassette also contained elements encoding the lacZ gene, neoR gene and FRT
sites (Figure 3.3). As detailed in Table 3.1, the only known structured domains encoded by
exons 1 to 3 of the ASPP2 gene are a Ubiquitin-like domain and a hypothetical alpha-helix
domain; therefore, even if the initial part of this protein can be produced following the deletion
of exon 4 and resulting frameshift of the remainder of the ASPP2 gene, it is highly unlikely

that this would be able to carry out any of the usual functions of ASPP2.
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Figure 3.3. The tmla allele contains FRT sites and loxP sites. Crossing this to a line
expressing FLP will result in recombination between the FRT sites, excising this
section and leaving behind one FRT site. This produces the tmlc allele. The tmlc
allele does not contain lacZ and neoR genes but exon 4 of ASPP2 remains intact,
flanked by loxP sites. Crossing the tmlc allele to mice expressing Cre will lead to
recombination between the loxP sites, excising the targeted exon and thus preventing
the expression of ASPP2. This produces the tml1d allele. The tm1d allele does not

contain the targeted exon 4 but does contain one FRT and one loxP site.
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Table 3.1. Known domains and exons of ASPP2

. Amino acid Amino acid
Domain/exon Source
start end
Phosphatidylinositol 3-kinase 4 89 Gene3d (3.10.20.90)
Catalytic Subunit (Ubiquitin-like
fold)
Exon 1 1 9 NCBI
Conserved lysine K48 (lysine 10 89 Conserved Domains
involved in chain linkage in Database (cd17225)
ubiquitin)
Ubiquitin-like domain 10 91 SuperFamily
(SSF54236)
Exon 2 10 49 NCBI
Exon 3 50 96 NCBI
Exon 4 97 124 NCBI
Exon 5 125 158 NCBI
Exon 6 159 217 NCBI
Exon 7 218 277 NCBI
Exon 8 278 332 NCBI
Exon 9 333 409 NCBI
Exon 10 410 445 NCBI
Exon 11 446 494 NCBI
Exon 12 495 649 NCBI
Exon 13 650 908 NCBI
Exon 14 909 954 NCBI
Ankyrin repeat-containing domain 910 1134 Gene3D (1.25.40.20)
superfamily
Ankyrin repeat-containing domain 936 1058 SuperFamily
superfamily (SSF48403)
Anykrin-repeat region 942 1022 Pfam (PF12796)
Exon 15 955 999 NCBI
Anykrin-repeat region 964 993 Smart (SM00248)
Anykrin-repeat region 964 995 Prosite profiles

(PS50297)
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Anykrin-repeat region 964 996 Prosite profiles
(PS50088)

AnyKrin-repeat region 997 1024 Prosite profiles
(PS50297)

AnyKrin-repeat region 997 1026 Smart (SM00248)

AnyKrin-repeat region 997 1026 Prosite profiles
(PS50088)

Exon 16 1000 1055 NCBI

Exon 17 1056 1121 NCBI

Exon 18 1122 1134 NCBI

SH3 domain 1063 1123 Prosite profiles
(PS50002)

SH3 domain 1065 1125 SuperFamily
(SSF50044)

SH3 domain 1066 1124 Smart (SM00326)

SH3 domain 1070 1118 Pfam (PF14604)
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Chimera were generated using the genetically engineered, ASPP2-floxed ESC and the edited
allele was able to be transmitted to the germline. The resulting mice can be crossed to a line
expressing FLP recombinase to excise the tmla allele and create the tm1c allele (Figure 3.3).
FLP directs recombination between the FRT sites, thus excising this section and leaving behind
one FRT site. The tm1c allele has deletions of the lacZ and neoR genes but exon 4 of ASPP2
remains intact, flanked by loxP sites. Thus, the tmlc allele is suitable for conditional
mutagenesis upon excision by Cre. Crossing mice expressing the tmlc allele to mice
expressing Cre will lead to recombination between the loxP sites. This removes the targeted
exon, deleting ASPP2, and creates a tmld allele with only one FRT and one loxP site
remaining.

The mouse line initially produced was heterozygous for the tmla allele. The sperm from these
mice were used in IVF and crossed to ova expressing a FLP-recombinase, which causes
recombination between the FRT sites and excision of the lacZ/neo cassette. These resulting
mice were heterozygous for the tm1c allele and were my start point for generating mouse lines
in which exon 4 of ASPP2 is deleted.

As aforementioned, the mice received from Harwell were engineered in a C57BL/6N
background. The mouse lines that I used in crosses for conditional deletion of ASPP2 had a
C57BL/6J background. These mice are both derived from the same inbred strain of mice. An
inbred strain is defined as a population of mice resulting from at least 20 consecutive
generations of brother—sister matings, producing animals that are almost clones of each other,
with very limited genetic variability. It has become clear that the strain may influence the
phenotype of mutant embryos, as seen in ASPP2*® embryos [7], [116]. However, a
comprehensive genomic and phenotypic comparison between these two mouse substrains has
recently revealed a range of sequence variation and significant phenotypic differences, despite

the fact that they belong to the same overall strain [122].
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One of the major differences between the two strains is that a single nucleotide deletion,
creating a frameshift mutation, in the Crb1 gene on chromosome 1 is present in homozygous
form in all C57BL/6N substrains, but not in the C57BL/6J mouse lines [123]. This mutation,
termed the retinal degeneration 8 or rd8 mutation due to the retinal defects mice homozygous
for this mutation develop, leads to a premature stop codon that truncates the transmembrane
and cytoplasmic portion of CRB1 [124]. CRB1, one of three mammalian homologues of the
Drosophila Crumbs protein, has been shown to regulate apical-basal polarity in complex with
other proteins, such as Pals1/Patj and Par3/Par6/aPKC [125], [126]. In addition, it has been
found that deficiency in CRB2, another Crumbs homologue, leads to disrupted polarity of the
epiblast cells at the primitive streak, leading to defects in gastrulation and thus in mesoderm
and endoderm formation, resulting in embryonic lethality by E12.5 [127].

As ASPP2 plays a role in apical-basal polarity (as described in Introduction section 1.2.3,
ASPP2 and polarity), it is possible that the rd8 mutation in CRB1 could have a compounding

effect on the phenotype, exaggerating any phenotypic variation.

3.1.3 Aims of this chapter
The broad aim of this thesis is to study the function of ASPP2 in different embryonic germ
layers. In order to do this, | needed to generate several mouse lines. The aims of this chapter
were:

e To generate a reasonably congenic ASPP2 conditional line (that does not contain the

Rd8 mutation or FLP transgene)
e To homozygose this line to facilitate tissue-specific experiments
e To generate a line heterozygous for the ASPP2-null mutation and homozygous for a

epiblast-specific Cre (Sox2-Cre), in order to produce epiblast-specific null embryos
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e Togenerate a line heterozygous for the ASPP2-null mutation and heterozygous for Cre
specific to mesoderm including cardiac progenitors (Mesp1-Cre), in order to produce

cardiac mesoderm-specific null embryos in crosses with ASPP2 conditional mice.

3.2 Results

3.2.1 Generation of uniform genetic background

As mentioned previously, the mice that | received from Harwell (FO) were from a C57BL/6N
substrain and the mice | was to be carrying out breeding experiments with were from the
C57BL/6J substrain. Present in homozygous form on chromosome 1 of all C57BL/6N
substrains, but not found in the C57BL/6J mouse lines, is the rd8 mutation. In addition to this
mutation, the FO mice received from Harwell differed in other genetic aspects to the C57BL/6J
mice lines. The floxed mouse line was originally designed with a lacZ-neoR cassette flanked
by FRT sites. At Jax laboratories, IVF was carried out to cross this mouse line with a mouse
line expressing FLP to drive recombination between the FRT sites and excise the lacZ-neo
cassette. Thus, the floxed FO mouse line I initially began working with contained both an FRT
site and FLP.

In order to make the genetic background more uniform and reduce the possibility of the genetic
variance influencing the phenotype of the ASPP2 mutant embryos, | bred the mice received
from Harwell into a C57BL/6J background for 4 generations (from FO to F4). Females received
from Harwell (ASPP2*/Mo% Crp1"88 TqgFLP) in the C57BL/6N background were bred with
wildtype males (ASPP2**) in the C57BL/6J background to produce mice that were
heterozygous for the floxed ASPP2 mutation (ASPP2*1%) in the C57BL/6J background. |
chose to cross the floxed females with wildtype males because there is some evidence that

recombination occurs more frequently in females [128]. Thus | hoped that the Crb1 mutation,
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the transgene and the C57BL6/N background would be bred out more quickly through the use
of females being crossed into wildtype males.

| bred out the FLP transgene from the mouse line by breeding mice in generations F1, F2 and
F3 that were heterozygous for the floxed mutation (tmZ1c allele) but did not contain the FLP
transgene (where possible). This selection was done using a genotyping via polymerase chain
reaction (PCR) to identify the presence (or absence) of the floxed allele (Figure 3.4) and FLP
gene (Figure 3.5). Breeding out the rd8 mutation was more difficult due to the fact that both
CRB1 and ASPP2 are found on chromosome 1 (24.06 centimorgans apart). | assayed for
segregation in the same manner as that for FLP: using genotyping via PCR to identify the
presence or absence of the rd8 mutation (Figure 3.6). After a further 4 generations (from F4 to
F8), I succeeded in segregating out the rd8 mutation and thus generated a reasonably congenic

mouse line, ready for conditional experiments.

3.2.2 Generation of heterozygous ASPP2-null line

After carrying out the backcrosses detailed above, | crossed the F8 ASPP2*/1%* mice, now in a
C57BL/6J background, to a mouse line expressing Cre under the control of a Sox2 promoter
(ASPP2*+/* TgSox2-Crel Sox-Crey algg jn a C57BL/6J background which led to recombination
between the loxP sites and excision of exon 4. Therefore the floxed gene becomes a null gene
in the presence of tissues expressing Cre (ASPP2*M° pecomes ASPP2*"). As Sox2 is
expressed in the entire epiblast, including the germline cells, the mice produced from this cross
will have exon 4 deleted in all their tissues. Thus the subsequent generation (F9) contains mice
that are heterozygous for the ASPP2-null mutation (tm1d allele) and for the Sox2-Cre transgene
(ASPP2*, Tg*/5%2-Cre) in the epiblast tissue. The identification of mice that were heterozygous

for the null mutation was done using PCR genotyping (Figure 3.4). | subsequently backcrossed

60



this line to wildtype C57BL/6J mice for 1 generation (to F10) to segregate out the Sox2-Cre
transgene, resulting in mice heterozygous for ASPP2-null and without the Sox2-Cre transgene.
This was assayed, as before, using PCR genotyping to establish the presence or absence of Cre
(Figure 3.7). The resulting heterozygous F10 ASPP2*" mice can then be interbred to produce

ASPP27- embryos.

3.2.3 Generation of homozygously floxed ASPP2

To facilitate the conditional excision experiments, in which ASPP2 is knocked out in various
tissues of the mouse, | interbred the heterozygous ASPP2*/M* (F8) mice to produce
homozygous ASPP2119¥ox mice. These mice were assessed via genotyping as seen in Figure
3.4. Unlike the ASPP2*M°* mice, these mice do not contain the wildtype band, only the tmlc

allele.
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Figure 3.4A. PCR genotyping of the ASPP2-floxed tmlc allele [figure legend on next

page]
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Figure 3.4B. PCR genotyping of the ASPP2-null tm1d allele [figure legend on next page]
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Figure 3.4C. PCR genotyping of the ASPP2-floxed tm1c and the ASPP2-null tm1d alleles
on same gel [figure legend on next page]
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Figure 3.4. Genotyping of the ASPP2-floxed tm1c allele and the ASPP2-null tm1d allele. The
floxed tm1c allele produces a 470 bp (base pair) product in comparison to the 304bp product
of the wildtype (WT) allele (examples labelled at the right-hand side of the gel). It can be seen
in Figure 3.4A that many of the mice contain both of these bands, indicating that they are
heterozygous for the floxed allele. The mice containing only the smaller band are wildtype.
The ASPP2-null tm1d allele produces a 400 bp product (examples labelled at the right-hand
side of the gel). Figure 3.4B shows that around half of the mice genotyped here contain both
of these bands, indicating that they are heterozygous for the null allele. The mice containing
only the smaller band are wildtype. Figure 3.4C demonstrates the size difference between the
tmlc and tml1d bands; mice 1-3 are heterozygous for the floxed tmlc allele and mice 4 is
heterozygous for the slightly smaller ASPP2-null tm1d allele. All mice contain the wildtype

band. The negative control (labelled -) contained lysis buffer in the place of a DNA sample.
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Figure 3.5A. Genotyping via PCR of parental FO mice from Harwell for FLP
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Figure 3.5B. Genotyping via PCR of F2 generation mice for FLP
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Figure 3.5. Genotyping for the FLP transgene. 3.5A) The parental FO generation mice from
Harwell all contained the FLP transgene and thus all 9 mice genotyped were positive for FLP
when they underwent genotyping via PCR. 3.fB) The F2 generation mice had undergone two
generations of breeding in the process to remove the FLP transgene. By this generation, the
FLP transgene was still present but over half (7) of the 12 mice no longer contained the
transgene, facilitating future breeding out of the transgene over the subsequent generations.
The positive control (labelled +) contained a DNA sample known to contain the FLP transgene

and the negative control (labelled -) contained lysis buffer in the place of a DNA sample.
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Figure 3.6. Genotyping for the rd8 mutation. The rd8 mutation was initially present in all of
the FO mice received from Harwell. As this PCR gel shows, after 5 generations of breeding
(F5), two of the six mice in this generation still contain the rd8 mutation. This is an
improvement but shows that at this stage, further breeding was required to segregate out this
mutation. The positive control (labelled +) contained a DNA sample known to contain the rd8
mutation and the negative control (labelled -) contained lysis buffer in the place of a DNA

sample.
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Figure 3.7. Genotyping for Cre. This shows the PCR gel for Cre from the F10 generation of
mice. The previous F9 generation was heterozygous for the Sox2-Cre transgene. Breeding to
wildtype mice generated the F10 mice, which were either heterozygous for the transgene or
null for the transgene. The positive control (labelled +) contained a DNA sample known to
contain the FLP transgene and the negative control (labelled -) contained lysis buffer in the

place of a DNA sample.
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3.2.4 Deletion of ASPP2 in Mespl-positive mesoderm progenitor cells

| used a mouse line expressing Cre under the control of a Mespl promoter to wanted to
investigate the role of ASPP2 in tissues derived from MESP1-positive mesoderm cells,
including the heart. Mespl is expressed in almost all precursors of the cardiovascular system
and plays an essential role in cardiac morphogenesis [129], [130]. Expression begins at E6.5
and at E7.5, it is expressed in the extraembryonic mesoderm and cranial-cardiac embryonic
mesoderm. By E9.5, Mespl is strongly expressed in the heart.

For use in these Mespl-positive ASPP2 knockout experiments, | crossed the aforementioned
F10 heterozygous ASPP2-null (ASPP2*") mice to a mouse line expressing Mespl-Cre to
generate compound heterozygotes. These ASPP2*~, Tg*Mesp1-Cre mijce were then crossed to the
ASPP2flo¥filoxmice described in Section 3.2.3, resulting in excision of exon 4 solely in the region
in which Mespl is expressed: namely the cardiac tissue. Thus this allowed me to investigate

the tissue-specific requirement of ASPP2 in the early cardiac lineage.

3.2.5 Generation of epiblast-specific ASPP2 knockouts

Sox2-Cre is expressed in both the epiblast as well as the extra-embryonic visceral endoderm
[131], [132]. To study the role of ASPP2 in the epiblast, ASPP2 can be specifically knocked
out in the epiblast using the Sox2-Cre mouse line.

Mice from the F9 cross that were heterozygous for ASPP2-null and for the Sox2-Cre transgene
(ASPP2*, Tg*/Sox2-Cre) were crossed with mice that were homozygous for the Sox2-Cre
transgene and wildtype for ASPP2 (ASPP2*/*, TgSox2-Cre/Sox2-Cre) 19 produce F10 mice that were
heterozygous for the ASPP2-null mutation and homozygous for the Sox2-Cre transgene
(ASPP2*/-, TgSox-CrefSox2-Crey | confirmed homozygosity for Sox2-Cre using quantitative PCR
(qPCR), as shown in Figure 3.8. These mice could then be crossed to the ASPP2o¥/flox mice

described in Section 3.2.3. As Cre is expressed under control of the Sox2 promoter in the
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epiblast, it is here that recombination and excision of exon 4 will occur. Thus in epiblast-
specific knockouts, the epiblast will be ASPP27 but the majority of extra-embryonic tissues

will be ASPp2-/flox,

3.3 Discussion

3.3.1 ASPP2-null embryos

The generation of the heterozygous mouse line ASPP2*"- will permit the characterisation of
ASPP2-null embryos, thus allowing us to study the requirement for ASPP2 in development.
As discussed previously, the ASPP2-null mutation is embryonically lethal when homozygous.
However, this characterisation took place in a pure C57BL/6J background. Studies on ASPP23
have found that the background affects the severity of the phenotype, being embryonically
lethal in a pure C57BL/6J background but with pups surviving post-weaning in a Balb/c
background [7], [116]. Thus, it is conceivable that the background could also affect the
phenotype with this exon 4 deletion mutation. The C57BL/6J ASPP2*" mouse line could
therefore be crossed to a different background to see if the mutation still results in embryonic
lethality. If it does not, or if the embryos are less severely affected and survive until a later
stage, this would allow the analysis of ASPP2 during later embryogenesis — perhaps including
late organogenesis (E12-E14).

Thus, it is clear from experiments already carried out that there is an absolute requirement for
ASPP2 in embryogenesis as ASPP2-null embryos undergo an early embryonic lethality event.
However, much characterisation remains to be done to find out when ASPP2 is required and

the function it has in development.

68



RQ vs Sample

17,500
15,000 1
12,500 4

10,000 4

RQ

7.500 4

5,000 4

2,500 1

Figure 3.8. Quantitative PCR of Cre. This shows gPCR results from the F10 generation of
mice resulting from a cross of mice that were heterozygous for ASPP2-null and for the Sox2-
Cre transgene (ASPP2*- Tg*/5®2-Cr®) and mice that were homozygous for the Sox2-Cre
transgene and wildtype for ASPP2 (ASPP2*/*, TgSox-Cre/ Sox2-Crey - Although this example shows
less than exact results (less Cre expression than expected in most of the samples), it is clear
that the first mouse genotyped is homozygous for Sox2-Cre as it contains over double the
quantity of Cre expression as the heterozygous control. A sample known to be heterozygous

(HET) and a sample known to be wildtype (WT) were used as controls.
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3.3.2 Epiblast-specific knockout experiments

The epiblast-specific knockouts rely on expression of Cre from a Sox2 promoter to delete
ASPP2 in the epiblast region of the embryo. Sox2 is expressed in all epiblast cells at E6.5 with
little or no activity in extraembryonic cells at this time [132]. Analysis of Sox2-Cre expression
with a lacZ reporter showed that all epiblast cells were lacZ-positive at E6.5, but there were
no lacZ-positive cells in the VE or the EXE. At E7.5, all three epiblast-derived germ layers
were lacZ-positive and lacZ-positive cells were also observed in the epiblast-derived
extraembryonic membranes; the amnion, allantois, and mesoderm of the yolk sac and chorion.
A low level of lacZ positive cells were observed in non-epiblast derived chorion cells.
However, this only occurred in around 3% of cells, meaning that Sox2-Cre acts as an effective
tool for removal of target gene expression in the early epiblast. It is unlikely that the small
amount of chorion cells that may be negative for ASPP2 expression will affect the overall
phenotype of the epiblast-specific knockout.

At this stage of my research, the epiblast-specific knockout was yet to be characterised. It is
probable that it will exhibit a similar phenotype to the ASPP2-null embryos. Due to the
potential function of ASPP2 in linking cell polarity, proliferation and differentiation, deleting
its expression in the epiblast will likely lead to similar severe defects seen in the full null
embryos. As discussed further in Chapter 4, ASPP27- embryos exhibit defects in yolk sac
formation, with the embryo forming outside the yolk sac instead of being surrounded by it. As
the yolk sac is formed from both a VE layer and an epiblast-derived extra-embryonic
mesoderm layer, it will be interesting to see if defects in the yolk sac still exist when ASPP2

is knocked out solely in the epiblast and its derivatives.
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3.3.3 Further conditional experiments

The generation of the ASPP2M1¥oX mouse line permits the carrying out of conditional
experiments (including the aforementioned epiblast-specific knockouts), where Cre under
control of tissue-specific promoters can be used to analyse the requirement for ASPP2 in that
tissue.

As discussed previously, | have generated a compound heterozygote ASPP2, Mespl-Cre
mouse line for use in Mesp1 progenitor knockout experiments. Characterisation of this will be
discussed in Chapter 4.

The Cre and ASPP2f1o¥flox system is highly flexible, meaning that Cre can be expressed under
the control of a wide variety of promoters to examine the function of ASPP2 in a large range
of tissues. Thus, it is not only the epiblast and the cardiac region that can be analysed. For
example, future conditional experiments could include using Cre under the control of a
Transthyretin (Ttr) promoter. Reporter systems have shown that Ttr is expressed throughout
the VE in early (E5.5) embryos and in the visceral yolk sac and fetal liver of later stage (E9.5)
embryos [77]. Thus, using this experimental technique, the requirement for ASPP2 in the VE
could be investigated.

In addition to tissue-specific deletion, conditional knockouts can consist of temporal
inactivation of the target gene, under the control of ligand-dependent chimeric Cre
recombinases [133]. These are comprised of Cre fused to mutated hormone-binding domains
of the estrogen receptor (ER) and are so known as CreER recombinases. The CreER
recombinases are inactive but can be activated by ER ligand tamoxifen, thus meaning Cre
activity is temporally controllable.

Recent work from our laboratory has shown that ASPP27 embryos die at a relatively early
stage and exhibit severe defects by E8.5 [134]. Thus, temporal gene inactivation would allow

us to study the requirement for ASPP2 later in development. CreER could be expressed from
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a ubiquitous promoter such as Rosa26 to elucidate the function of ASPP2 at a given timepoint
in the entire embryo. Further, CreER could also be expressed from tissue-specific promoters to

look at the role of ASPP2 in those developing tissues at specific timepoints.

3.3.4 Embryoid body experiments

Embryoid bodies (EBs) are derived from embryonic stem cells (ESCs), when ESCs aggregate
together and differentiate to form a three-dimensional structure, mimicking post-implantation
embryonic tissues [135]. EBs present similarities to post-implantation egg-cylinder stage
embryos, exhibiting a single layer of outside endoderm cells and an inside epiblast-like inner
cell layer [136], [137]. They retain many of the same lineage specific differentiation
programmes and patterns of gene expression as that those seen in early embryogenesis [135].
Therefore, EBs are a good model for studies into early embryonic development as they
circumvent the difficulties of carrying out experiments on early stage embryos (such as the
inaccessibility of the embryos, and the time-consuming and technically challenging nature of
experiments using in vivo embryos as opposed to this in vitro model). They also provide
sufficient material to allow biochemical approaches that are not feasible using early post-
implantation embryos.

ESCs can be derived from ASPP2fo¥flox plastocysts. Cre can then be used to induce
recombination in this cell line to produce a line of ASPP27 cells, from which EBs can
subsequently be generated. Immunostaining, Western blots and qRT-PCR can be carried out
to see if the gene expression profiles of these EBs differ to EBs generated from control lines.
Comparisons of protein-protein interaction studies can be carried out to identify possible novel
binding partners. Similarly, as a change in phosphorylation status normally indicates a change
in protein activity, phosphoproteomic experiments can be carried out on the EBs. Together,

these interaction profiles may reveal previously unidentified downstream targets of ASPP2.
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Various molecular inhibitors may then be used to attempt to disrupt the interaction in control

EBs and the resulting phenotype can be analysed to study the importance of this interaction.
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Chapter 4: A preliminary characterisation of the role of ASPP2 in the

embryo

4.1 Introduction

The function of a protein cannot usually be fully determined by analysing amino acid motifs
or analysing the role of similar proteins in similar organisms. Gene inactivation is the best
method of elucidating the role of a protein. In this chapter, | discuss preliminary
characterisations of the function of ASPP2 in embryogenesis as determined from gene

knockout experiments.

4.1.1 Knocking out ASPP2 in mouse embryos

As discussed in more detail in Chapter 3, | have produced mouse lines in which exon 4 of
ASPP2 is deleted or is floxed and thus ready for deletion upon crossing with a Cre-expressing
line. This mutation causes a frameshift downstream and eliminates expression of ASPP2. This
permits characterisation of the role of ASPP2 during embryogenesis.

Although other mouse models for ASPP2 deletion exist, its function in development has not
previously been fully characterised. The ASPP22/%17 experiments were unable to find any
ASPP2-null embryos even as early as E6.5 and therefore characterisation could not be carried
out (although stages earlier than E5.5 were not investigated) [117].

The ASPP2%? studies carried out in a Balb/c background resulted in pups that survived post-
weaning. Experiments on these embryos at E13.5 showed morphological abnormalities in the
retina and brain, with cells losing their normal orientation (indicating a loss of polarity), being
less organized than their wildtype counterparts and exhibiting deregulated growth [7].
However, as discussed previously, ASPP2** is a hypomorphic mutation rather than a full

mutation.
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Therefore, characterisation of my exon 4 deletion model of ASPP2-null embryos will be the

first full mutation of ASPP2 examined during embryogenesis.

4.1.2 Distribution of ASPP2 in mouse embryos

ASPP2 acts as a scaffold by binding to many other proteins, including polarity protein PAR3.
It binds to PARS at tight junctions where it is able to interact with many other factors such as
PP1 and YAP/TAZ. Protein phosphatase 1 (PP1) dephosphorylates YAP/TAZ to promote its
nuclear translocation and activation [10]. YAP/TAZ has a wide range of functions during
embryogenesis, including the promotion of cell growth and proliferation and the attenuation of
apoptosis [138]-[140]. ASPP2 and YAP have been shown to co-localise at TJs in VE of early
(E5.5) post-implantation embryos (Figure 1.9) [Unpublished, C. Royer & Srinivas group].
However due to the broad functions of ASPP2 and its large range of binding partners [2], [3]
[4], [5] [6][7], [8], it is expected that ASPP2 would have a broad expression and localization

pattern within embryos.

4.1.3 Preliminary experiments of ASPP2-null in mouse embryos

The ASPP2-null mutation described in this thesis is embryonically lethal. Preliminary
experiments at Harwell found that no homozygous mutants are born and there is a 2:1 ratio of
heterozygotes to wildtype, instead of the expected Mendelian percentages of 50% and 25%
respectively (unpublished work).

At E3.5, ASPP2-null embryos can be detected at the expected frequency (25% from
heterozygous crosses described in Chapter 3) and these embryos have no obvious defects in
development. Thus ASPP2 may not be required during pre-implantation embryogenesis.

However, it is likely that it is required during the later stages of peri-implantation and in early
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postimplantation. Exactly when this requirement begins will require further characterisation.
Here, | begin to characterise its requirements in early post-implantation mouse embryos.

Preliminary results by C. Royer have indicated that ASPP27- embryos at E6.5 have disrupted
development, including a thickened, disorganized posterior side of the embryo (possibly due
to over-proliferation, disruption of cell junctions and/or dysregulation of cell division)
[Unpublished, C. Royer & Srinivas group]. Thus ASPP2 plays an important role at the very
early stages of post-implantation development. However, these embryos still appear to be
largely normal, with no major defects. Thus | have characterised a later stage to see how
development progresses and gain more information on the possible role of ASPP2 in early post-

implantation mouse embryos.
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Results

4.1.4 Overall morphology of ASPP2-null embryos

In my preliminary experiments, | began by imaging wildtype embryos to form an overview of
how ASPP2 is distributed in the embryo and how E8.5 and E9.5 embryos are structed. | found
that ASPP2 localises at tight junctions in E8.5 and E9.5 embryos, although it is found
throughout the entire embryo (Figure 4.1). ASPP2 is most clearly observed at the apical
surfaces of epithelial cells, where ASPP2 localisation appears as distinct puncta (Figure 4.1,
Figure 4.2). This is particularly obvious at the apical surface of the somite epithelial cells that
form the lumen of the somite (Figure 4.2, Figure 4.3).

| have carried out preliminary characterisations of ASPP27- embryos at E8.5 and E9.5. At both
these stages, the null embryos exhibit gross abnormalities in morphology. One major defect
that can be observed clearly in mutant embryos at E8.5 (Figure 4.4, Figure 4.5) and in some of
the E9.5 mutants (Figure 4.8, Figure 4.9) is the unusual way in which these embryos protrude
from the yolk sac. In wildtype E8.5 (Figure 4.6, Figure 4.7) and E9.5 embryos (Figure 4.10,
Figure 4.11), the yolk sac surrounds the embryo proper. However, in the ASPP2”- embryos, the
embryo proper is positioned outside of the yolk sac. This is presumably the result of a defect
in rostral folding, but further experiments at earlier stages will likely be needed to verify if this
is the case.

Some E9.5 mutants exhibit this yolk sac defect, but others are so disturbed in morphology that
even distinguishing between the various types of embryonic tissue is a challenge (Figure 4.12,
Figure 4.13). These embryos were clearly advanced in the process of resorption, with the
majority of the fetal tissue being ectoplacental cone and a minimal amount being fetal
membrane tissue [141]. In addition, although the allantois is visible in ASPP2-null embryos,

the amnion is not present in these embryos.
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ASPP2-null embryos also have a clear difference in size in comparison to wildtype embryos.
Comparisons of the cross-sectional area of the embryo proper of ASPP27 and wildtype
embryos at both E8.5 and E9.5 show that the former are smaller than the latter (Figure 4.14).

Some of this size discrepancy may be due to the noticeably smaller anterior portion of the
embryos. The anterior half of the embryo is far less developed in ASPP2-null embryos, as
indicated by analysis that revealed that the proportion of anterior:posterior in these mutant
embryos is far lower (Figure 4.15). This is more clearly seen at E8.5 than E9.5 because the
ASPP2-null embryos at E9.5 are generally too disturbed to permit proper analysis of tissue
morphology. The mutant embryos at E8.5 lack obvious cardiac (as will be discussed in more

detail later) and foregut regions, and have greatly reduced head and midgut regions.
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Figure 4.1. ASPP2 distribution in wildtype E9.5 embryos

Phalloidin

Figure 4.1. ASPP2 is distributed throughout wildtype embryos, as seen in Figure 4.1A. It is
particularly concentrated in puncta at apical membranes. Immunostaining for ASPP2
(magenta), somite marker FoxC2 (cyan), nuclear marker DAPI (grayscale) and actin marker

Phalloidin (gold). Scale bars =300 pm.

79



Figure 4.2. ASPP2 distribution in wildtype E9.5 embryo somites

Phalloi'ain .

Figure 4.2. ASPP2 is particularly concentrated in puncta at apical membranes in E9.5 embryos,
which can be seen most clearly in the somites (examples are demonstrated with white arrows).
Immunostaining for ASPP2 (magenta), somite marker FoxC2 (cyan), nuclear marker DAPI

(grayscale) and actin marker Phalloidin (gold). Scale bars = 150 um.
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Figure 4.3. Examples of ASPP2 puncta at the apical surface of the lumen of
somites in wildtype E9.5 embryos

Figure 4.3. The concentration of ASPP2 in puncta at apical membranes is most clearly in the
somites. This figure shows a close-up of somites in a wildtype E9.5 ASPP2 embryo. White
arrows mark out examples of where ASPP2 is found in distinct puncta. Immunostaining for

ASPP2 (magenta). Scale bar = 100 um.
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Figure 4.4. ASPP2-null embryo at E8.5 (split channels)

Phalloidin

Figure 4.4. This figure depicts an ASPP2-null at E8.5, with separate microscope channels. The ASPP2-null embryo is developing outside of the
yolk sack (YS) and is noticeably deformed. It has fewer somites that the wildtype embryo and these somites are disrupted in structure. The ASPP2-
null embryo also has a majorly disturbed anterior region and no discernible heart. Immunostainings for Sox2 (magenta), paraxial and somitic

mesoderm marker FoxC2 (cyan), nuclear marker DAPI (grayscale) and F-actin marker Phalloidin (gold). Scale bars = 200 pm.
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Figure 4.5. ASPP2-null embyro at E8.5 (merged channels)
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Figure 4.5. This figure depicts an ASPP2-null at E8.5, with merged channels. The ASPP2-null embryo is developing outside of the yolk sack (YS)
and is noticeably deformed. It has fewer somites (examples of somites were outlined in red) that the wildtype embryo and these somites are
disrupted in structure. The ASPP2-null embryo also has a majorly disturbed anterior region (anterior, A and posterior, P, halves separated by green
dotted line) and no discernible heart (H). Immunostainings for Sox2 (magenta), paraxial and somitic mesoderm marker FoxC2 (cyan), nuclear

marker DAPI (grayscale) and F-actin marker Phalloidin (gold). Scale bars = 200 pum.
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Figure 4.6. Wildtpye embryo at E8.5 (split channels)

Phalloidin

Figure 4.6. This figure depicts wildtype embryo at E8.5, with split channels. Here, the somites,
heart structure, anterior and posterior regions have all formed as normal. Immunostainings for
Sox2 (magenta), paraxial and somitic mesoderm marker FoxC2 (cyan), nuclear marker DAPI

(grayscale) and F-actin marker Phalloidin (gold). Scale bars = 200 pm.

84



Figure 4.7. Wildtype embryo at E8.5 (merged channels)

Figure 4.7. This figure depicts wildtype embryo at E8.5, with merged channels. Here, the
somites (outlined in red), heart structure (H), yolk sac (YS), anterior (A) and posterior (P)
regions have all formed as normal. Immunostainings for Sox2 (magenta), paraxial and somitic
mesoderm marker FoxC2 (cyan), nuclear marker DAPI (grayscale) and F-actin marker

Phalloidin (gold). Scale bars = 200 pum.

85



Figure 4.8. ASPP2-null embryo at E9.5 (split channels)

Figure 4.8. This figure
depicts an  ASPP2-null
embryo at E9.5, with split
channels. The ASPP2-null
embryo is developing outside
of the yolk sack, as is typical
for ASPP2-null embryos,
although this embryo is
partially contained within the

yolk sac. The ASPP2-null

embryo exhibits severely disturbed morphology; it has far fewer somites than the wildtype embryo and the somites it does have are abnormal. The

ASPP2-null embryo also has a majorly disturbed anterior region and no discernible heart, although there is a small region staining positive for

cardiac marker Sarcomeric a-actinin. The fact that features are still able to be analysed and somites still form means that this is one of the more

advanced examples of ASPP2-null embryos at E9.5; other ASPP2-null embryos at E9.5 have already started to undergo resorption.

Immunostainings for cardiac marker Sarcomeric a-actinin (magenta), somite marker FoxC2 (cyan), nuclear marker DAPI (grayscale) and F-actin

marker Phalloidin (gold). Scale bars = 200 pum.
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Figure 4.9. ASPP2-null embyro at E9.5 (merged channels)

Merged

Figure 4.9. This figure depicts an ASPP2-
null embryo at E9.5, with merged
microscope channels. The ASPP2-null
embryo is developing outside of the yolk
sack (YS), as is typical for ASPP2-null
embryos, although this embryo is partially
contained within the yolk sac. The
ASPP2-null embryo exhibits severely
disturbed morphology; it has far fewer
somites (examples outlined with a dashed
red line) than the wildtype embryo and the
somites it does have are abnormal. The
ASPP2-null embryo also has a majorly
disturbed anterior region (anterior, A and
posterior, P, halves marked by green
dotted line) and no discernible heart,
although there is a small region (marked

with blue arrow) staining positive for

cardiac marker Sarcomeric a-actinin. The fact that features are still able to be analysed and

somites still form means that this is one of the more advanced examples of ASPP2-null embryos

at E9.5; other ASPP2-null embryos at E9.5 have already started to undergo resorption.

Immunostainings for cardiac marker Sarcomeric a-actinin (magenta), somite marker FoxC2

(cyan), nuclear marker DAPI (grayscale) and F-actin marker Phalloidin (gold). Scale bars =

200 pm.
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Figure 4.10. Wildtpye embryo at E9.5 (split channels)

Phalloidin

Figure 4.10. This figure depicts wildtype embryo at E9.5, with split channels. The wildtype
embryo has been dissected from its yolk sac to facilitate staining. Here, the somites, heart
structure, yolk sac, anterior and posterior regions have all formed as normal. Immunostainings
for cardiac marker Sarcomeric a-actinin (magenta), paraxial and somitic mesoderm marker
FoxC2 (cyan), nuclear marker DAPI (grayscale) and F-actin marker Phalloidin (gold). Scale

bars = 200um.
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Figure 4.11. Wildtype embryo at E9.5 (merged channels)

Figure 4.11. This figure depicts wildtype embryo at E8.5, with merged channels. The wildtype
embryo has been dissected from its yolk sac to facilitate staining. Here, the somites (outlined
in red), heart structure (H), yolk sac (YS), anterior (A) and posterior (P) regions have all formed
as normal. Immunostainings for Sox2 (magenta), paraxial and somitic mesoderm marker
FoxC2 (cyan), nuclear marker DAPI (grayscale) and F-actin marker Phalloidin (gold). Scale

bars =200 pm.
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Figure 4.12. ASPP2-null E9.5 embryo in the early stage of resorption

Phalloidin

Figure 4.12. ASPP2-null E9.5 embryo in the
process of resorption. Due to this process, this
embryo exhibits an even higher degree of
disturbance that the ASPP2-null E9.5 embryo
featured in Figure 4.8 and Figure 4.9. This embryo
still has some discernible features and thus is in an
earlier stage of resorption. There is no heart region
or somites but an anterior region (a rough anterior (A)/posterior (P) boundary is marked in the
merged image with a green dashed line) can still be identified. Immunostainings for endoderm
marker Sox2 (magenta), somite marker FoxC2 (cyan), nuclear marker DAPI (grayscale) and

F-actin marker Phalloidin (gold). Scale bars = 250 pm.
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Figure 4.13. ASPP2-null E9.5 embryo in the later stage of resorption

Figure 4.13. ASPP2-null E9.5 embryo in the process of resorption. This example of resorption
is further along than that depicted in Figure 4.12, with no discernible features. Instead, it
appears as an unorganised mass of fetal membranes. Immunostainings for endoderm marker

Sox2 (pink), nuclear marker DAPI (white) and actin marker Phalloidin (gold). Scale bars = 250

pm.
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Figure 4.14. ASPP2-null embryos are smaller than wildtype embryos
Comparisons of the cross-sectional area of the embryo proper at E8.5 and E9.5 revealed that
ASPP2-null embryos are smaller at both stages (t-test, p<0.01 at E8.5 (ASPP2-null n=6,

wildtype n=11), p<0.05 at E9.5 (ASPP2-null n=5, wildtype n=14)).
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Figure 4.15. ASPP2-null embryos have a significantly lower anterior:posterior ratio
Comparisons of ratio of anterior:posterior between ASPP2-null and wildtype embryos showed
that the former have a much lower ratio. This is due to the anterior region being far less

developed and highly disturbed in ASPP2-null embryos (t-test, p<0.005 (ASPP2-null n=6,

wildtype n=8)).
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4.1.5 Somites in ASPP2-null embryos

Somites of wildtype embryos are comprised of an outer layer of epithelial cells with a bottle-
like morphology that surround the somitocoel, which is filled with mesenchymal cells [111].
One major phenotype of the ASPP2” embryos is a disruption to somite formation and
morphology.

Firstly, the number of somites in ASPP2-null compared with wildtype embryos is greatly
reduced at E9.5. There is an average of 18.9 somites in wildtype embryos at this stage,
compared to 3.4 in mutant embryos (Figure 4.16). Many of these embryos are undergoing
resorption, where the fetus has died and the fetal tissue is being degenerated and resorbed.
Although somites can be found in some ASPP2-null embryos at E9.5, the resorption process
means that in other embryos have already begun to break down and thus somites cannot be
identified in these.

On the other hand, there is no significant difference in number of somites between wildtype
and ASPP2-null embryos at E8.5, with the former having an average of 5.9 per embryo and the
latter having an average of 6 (Figure 4.16). Thus, somitogenesis may be initiated correctly.
However, even though the number of somites does not differ significantly at E8.5, the
morphology of the somites does. Somites at this stage are significantly smaller (Figure 4.17).
In ASPP2-null that do possess somites at E9.5, a similarly large difference in size exists (Figure
4.17).

In addition to being smaller, the somites of ASPP27- embryos exhibit gross abnormalities in
structure. The somites of these embryos are often highly disrupted (Figure 4.18), rather than
having an organised layer of epithelial cells around a central cavity as observed in wildtype
embryos (Figure 4.19). Instead of a single layer of cells, the epithelial cells are multi-layered,
with some having the classic bottle-shaped morphology but others lacking this. Furthermore,

many of the somites have an abnormal shape, being less spherical than their wildtype
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counterparts, and are also less clearly delineated from the surrounding tissue. The proportion
of abnormal somites, characterised here by a large, observable disruption in shape and
epithelial integrity, is far higher in ASPP2-null embryos than wildtype embryos (Figure 4.20).
ASPP2-null somites are also more likely to lack the central cavity (Figure 4.21). In the somites
that have cavitated, the size of the cavity between wildtype and ASPP2-null embryos is
significantly different (Figure 4.22). The somites that can be identified in E9.5 ASPP2-null
embryos exhibit the same defects as those observed in E8.5 ASPP2-null embryos (Figure 4.23).

For comparison, examples of E9.5 wildtype somites are shown in Figure 4.24.
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Figure 4.16. ASPP2-Null embryos at E9.5 have a greatly reduced number of somites

Comparisons of the number of somites at E8.5 found no significant difference between ASPP2-
null embryos and wildtype embryos (t-test, p>0.5 (ASPP2-null n=6, wildtype n=11)).
However, at E9.5, there was a significant difference, with wildtype embryos having many more

somites than the mutant embryos (t-test, p<0.005 (ASPP2-null n=5, wildtype n=11)).
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Figure 4.17. The somites of ASPP2-Null embryos are significantly smaller

Comparisons of the cross-sectional area of somites at E8.5 found a significant difference
between ASPP2-null embryos and wildtype embryos at E8.5 (p<1x10*® (ASPP2-null n=34
somites from n=6 embryos, wildtype n=58 somites from n=10 embryos)). A similarly large
difference was also observed at E9.5 (p<1x10° (ASPP2-null n=15 somites from n=2 embryos,

wildtype n=217 somites from n=14 embryos)).
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Figure 4.18. Somites of ASPP2-null E8.5 embryo

Phalloidin

Figure 4.18. This figure depicts the somites of an ASPP2-null embryo at E8.5. Some ASPP2-
null somites develop normally - an example of this is outlined with a dashed red line. These
somites have a central somitocoel (example marked with a pink arrow) surrounded by a
monolayer of epithelial cells. However, others lose this organisation (an example is outlined
with a dashed yellow line). In addition, the boundaries between the somites (example marked
with green arrow) are less distinct and the somites have a less uniform shape. Immunostainings
for somite marker FoxC2 (cyan), nuclear marker DAPI (grayscale) and actin marker Phalloidin
(gold). Scale bars = 100 pum.
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Figure 4.19.

Somites of wildtype E8.5 embryo

Figure 4.19. This figure depicts the
somites of a wildtype embryo at E8.5.
An example of a normal somite example
outlined in dashed red with the central
somitocoel with a pink arrow,
surrounded by a monolayer of epithelial
cells. The boundaries between the
somites (example marked with green
arrow) are distinct and the somites have
a uniform shape. Stained for somite
marker FoxC2 (cyan), nuclear marker
DAPI (grayscale) and actin marker

Phalloidin (gold). Scale bars = 100 pum.
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E8.5 embryos
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Figure 4.20. A large proportion of the somites of ASPP2-Null embryos are disturbed

The percentages of abnormal somites, characterised by a large, observable disruption in shape and
epithelial integrity, were compared between ASPP2-null embryos and wildtype embryos at E8.5.
ASPP2-null embryos have a much higher proportion of disrupted somites (p<0.001 (ASPP2-null

n=6 embryos, wildtype n=11 embryos)).
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E8.5 embryos
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Figure 4.21. A lower proportion of the somites of ASPP2-Null embryos form a somitocoel
The percentages of somites that had formed a somitocoel were compared between ASPP2-null
embryos and wildtype embryos at E8.5. ASPP2-null embryos have a lower proportion of cavitated

somites (p<0.05 (ASPP2-null n=6 embryos, wildtype n=11 embryos)).
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Cross-sectional area of somite cavity
of E8.5 embryos
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Figure 4.22. The somitocoels of ASPP2-Null embryos are smaller
The cross-sectional area of the somitocoels in somites of ASPP2-null and wildtype embryos at
E8.5 were compared. ASPP2-null embryos have smaller somitocoels (p<1x108 (ASPP2-null n=34

somites from n=6 embryos, wildtype n=58 somites from n=10 embryos)).
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Figure 4.23. Somites of ASPP2-null E9.5 embryo

'Phalloidin ¢ Figure 4.23. This figure depicts
’ " i the somites of an ASPP2-null
embryo at E9.5. Only some
ASPP2-null embryos at E9.5 have
somites that are distinguishable.
One or two of these may develop
normally - an example of this is
outlined with a dashed red line.
These somites have a central
somitocoel (example marked with
a pink arrow) surrounded by a
monolayer of epithelial cells.
Most somites distinguishable in
ASPP2-null E9.5 embryos have
lost this organisation (an example
is outlined with a dashed yellow
line). In addition, the boundaries
between the somites (example

marked with green arrow) are less

100 pym distinct and the somites have a

less uniform shape. Immunostaining for somite marker FoxC2 (cyan), nuclear marker DAPI

(grayscale) and F-actin marker Phalloidin (gold). Scale bars = 100 pm.

103



Figure 4.24. Somites of wildtype E9.5 embryo

Figure 4.24. This figure

Phalloidin

B& depicts the somites of a
wildtype embryo at E9.5.
An example of a normal
somite is outlined in
dashed red, with the central
somitocoel (marked with a
pink arrow) surrounded by
a monolayer of epithelial
cells. The boundaries
™ between  the  somites
(example marked with
: green arrow) are distinct
and the somites have a
uniform shape.
Immunostainings for
somite  marker FoxC2

(cyan), nuclear marker

DAPI (grayscale) and F-

actin marker Phalloidin (gold). Scale bars = 100 pm.

104



4.1.6 Cardiac development in ASPP2-null embryos

A noticeable feature of ASPP2”- embryos is that they lack a heart structure. No heart tube structures
can be observed in these embryos, despite being an obvious feature of wildtype embryos. There
was little staining with cardiac marker sarcomeric alpha-actinin observed in these embryos at E9.5
(Figure 4.8, Figure 4.9). However, some sarcomeric organization does seem to be present in the
mutant, suggesting that cardiomyocytes can differentiate despite the lack of tissue structure.

To investigate the cause of this absence of cardiac region, | generated knockout embryos with a
deletion of ASPP2 in Mespl-positive mesoderm progenitor cells. As discussed in Chapter 3, |
crossed ASPP2*", Tg+/Mespl-Cre mjce to the ASPP2191X mice to knock out ASPP2 expression in
the cardiac tissue. Mespl is expressed in almost all cardiovascular precursors at E6.5, in the
extraembryonic mesoderm and cranial-cardiac embryonic mesoderm at E7.5, and in the entire
heart by E9.5 [129], [130]. It drives expression of Cre and therefore the excision of exon 4 of
ASPP2 in these regions.

Interestingly and unexpectedly, the embryos that are ASPP2-null in the cardiac lineage appear to
be morphologically normal at E9.5 (Figure 4.25). Like wildtype embryos, they have a heart and

also stain strongly for sarcomeric alpha-actinin. There are no obvious defects in these embryos.
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Figure 4.25. Embryo (E9.5) that is ASPP2-null in the cardiac lineage from
Mespl

Figure 4.25. Example of a

Phalloidin

E9.5 embryo that is ASPP2-
null in the cardiac lineage
resulting from the
expression of Cre in Mesp1-
positive mesodermal cells.
There are no noticeable
defects, even in the heart,
which appears to be normal.
The embryo is

indistinguishable
morphologically from
wildtype E9.5 embryos (as
seen in Figure 4.25).

Immunostainings for

cardiac marker  Sarcomeric  a-actinin
(magenta), paraxial and somitic mesoderm marker FoxC2
(cyan), nuclear marker DAPI (grayscale) and F-actin marker

Phalloidin (gold). Scale bars = 300 pum.
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Figure 4.26. Wildtype E9.5 embryo
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Figure 4.26. Example of a wildtype E9.5 embryo for comparison with the example that is ASPP2-
null in the cardiac lineage from Mespl shown in Figure 4.25. Immunostainings for cardiac marker
Sarcomeric a-actinin (magenta), paraxial and somitic mesoderm marker FoxC2 (cyan), nuclear

marker DAPI (grayscale) and F-actin marker Phalloidin (gold). Scale bars = 300 um.
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4.3 Discussion

4.3.1 Gross abnormalities in embryo proper of ASPP2-null embryos

Major defects in the embryo proper of ASPP2-null embryos include the disruption of body axis
elongation and an overall reduction in size when compared to wildtype embryos at E8.5. Given
the many downstream effectors of ASPP2, a large variety of factors likely contribute to this
phenotype.

For example, it is probable that the function of ASPP2 in controlling YAP plays a role in the small
size of the ASPP27- embryos. ASPP2 induces the dephosphorylation and activation of YAP at tight
junctions by forming a complex with PP1 [10], [11]. After activation, nuclear YAP has a wide
range of important functions in the developing embryo, including the promotion of cell growth
and proliferation and the attenuation of apoptosis [138]-[140]. Thus, ASPP2 may indirectly
control these processes through its role in activating YAP.

When ASPP2 expression is knocked out, activated YAP levels are predicted to be lower. ASPP2-
"~ embryos may therefore have a similar phenotype to YAP”- embryos. As YAP has such a crucial
role in growth of tissues, it is unsurprising that YAP” embryos are significantly smaller than
wildtype embryos at E7.5 and later stages [142]. This size defect was also observed in E8.5 and
E9.5 ASPP27 embryos, so it is conceivable that ASPP2’s function in YAP activation may be an
explanation (at least in part) for this abnormality.

Interestingly, YAP”- embryos also exhibit defects in body axis elongation but, conversely to
ASPP27- embryos, it is the caudal region rather than the rostral region that is most affected. In the
YAP-null embryos, although the anterior portion of the embryo is still disrupted, the tail end is
much shorter due to the failure to maintain a posterior epiblast-like epithelium. The ASPP2-null

embryos, on the other hand, show severe anterior defects, with a very shortened rostral region.
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Partial knock-out ASPP24% embryos show over-proliferation in neural progenitors and do not
exhibit the shortened anterior phenotype [7]. Overexpression of ASPP2 in zebrafish embryos
results in a shortened body but a normal size head [143]. This contrasts to my results, which
demonstrate shortened anterior regions and an overall reduction in size upon deletion of ASPP2.
Thus, there is some conflict with the current literature that makes the phenotype difficult to fully
explain. However, the common factor of these phenotypes is that ASPP2 plays a crucial role in
regulating tissue growth, resulting in disrupted growth when overexpressed or knocked out. In
addition to binding growth-promoting factor YAP, ASPP2 also binds pro-apoptotic factors,
including p53 [2]. Therefore, when ASPP2 is knocked out, the resulting phenotype may be a
balance of the reduced apoptosis and the reduced activation of pro-growth YAP. The partial
knockout ASPP2%3 model favour the pro-growth function of ASPP2, possibly by still allowing
some binding to YAP. My model may knockout both the pro-growth and anti-apoptotic function
of ASPP2, meaning that the CNS and anterior region of the embryo is majorly reduced in size
rather than having an over-proliferation of cells.

Furthermore, some YAP-null at E8.5 are able to develop anterior somites and others are not.
However, the somites that do form look similar to wildtype somites and do not exhibit the defects
seen in the somites of ASPP2-null embryos. Some YAP-null embryos at E8.5 have initiated heart
development similar to wildtype embryos. Others appear similar to ASPP2”- embryos and have no

cardiac structures.

4.3.2 Gross abnormalities in extra-embryonic membranes of ASPP2-null embryos
A major defect of the ASPP2-null embryos is the highly disrupted yolk sac that develops with the

embryo growing outside the yolk sac rather than being surrounded by it. This abnormality appears
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to be highly unusual; it might be the result of a defect in rostral folding, an idea supported by a
roughly similar phenotype in BMP2 mutants [144]. YAP”- embryos have yolk sac defects, but this
is a very different phenotype, with the embryos instead having a distinctive rippled yolk sac
appearance, coupled with the failure of yolk sac vasculogenesis [142].

Abnormal or absent yolk sacs are associated with spontaneous abortions in both mice and humans
[142], [145], [146]. It is thus unsurprising that the ASPP27- mutation is embryonically lethal. At
earlier stages, | did not observe any mesoderm migration defects and so the extraembryonic layer
should be able to form.

Spontaneous regression of the yolk sac (and embryonic death) has been observed in humans. One
case report found the presence of a yolk sac at 8 weeks 3 days into the pregnancy but by 10 weeks
5 days, the yolk sac was absent [147]. It is also conceivable that the yolk sac defects observed in
the ASPP2-null mice could also be incidences of spontaneous yolk sac regression. The mouse yolk
sac differs anatomically from human yolk sacs. In human development, the yolk sac is attached to,
but does not envelop, the embryo. Therefore, it is difficult to compare abnormalities of the two
structures. If the yolk sac did envelop the human embryo and then underwent this regression, it is
possible that this would resemble the defect seen in ASPP2-null embryos, with the embryo proper
located outside the yolk sac.

The yolk sac in E9.5 mutant embryos persists at least in small portions even when the embryo
proper is highly disrupted and the embryo is clearly in the process of resorption. It could be the
case that the yolk sac defect adds to the severity of the defect in the embryo, perhaps triggering
the breakdown of other embryonic tissues as they become exposed and no longer surrounded by
the yolk sac. In a study of spontaneous embryo resorption in mice, one particular case at E9.0

observed the resorbing embryo still surrounded by its amniotic membrane but located outside the
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yolk sac [148]. Additionally, in several embryonic resorption cases at both E8.0 and E9.0,
embryonic membranes including the yolk sac were absent. Therefore, it is possible that the yolk
sac may begin to breakdown, and thus allow the embryo proper to burst through, as part of the

resorption process.

4.3.3 Disruption of somitogenesis

Somitogenesis is another process that is clearly disturbed in ASPP2-null embryos. This process
appears to be initiated correctly because at E8.5, there is no significant difference in the number
of anterior somites between ASPP2-null and wildtype embryos. On the other hand, at E9.5,
somitogenesis has progressed caudally in the wildtype embryos but ASPP2-null embryos exhibit
very few to no somites. This may be due to the broad morphogenetic defects that seem to occur in
ASPP2-null embryos at this stage. However, it may also be due to a halting in the process of
somitogenesis. A possible mechanism linking ASPP2 and somitogenesis lies in B-catenin.
ASPP2 binds to B-catenin, preventing it from entering the nucleus and activating gene expression
[8]. ASPP2 carries out this function by forming a complex of 3-catenin—E-cadherin, which anchors
B-catenin at cell-cell junctions. ASPP2 may also acts indirectly, potentiating RAS signalling, thus
inhibiting B-catenin N-terminal phosphorylation [3], [8]. Knockdown of ASPP2 leads to higher
levels of nuclear -catenin and Wnt signalling.

A posterior-to-anterior gradient of nuclear B-catenin is crucial for defining the spatial periodic
pattern of segments [99]. The expression of B-catenin can be stabilized in the presomitic
mesoderm, by deleting the sequence recognized by complexes that targets [-catenin for
degradation. This results in elevated nuclear pB-catenin throughout the presomitic mesoderm

(PSM). In these mutant embryos, only up to four irregular somites form in the most anterior part
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of the paraxial mesoderm. However, in most cases, no somites form at all and there is no
morphological boundary formation along the PSM. The anterior PSM shows signs of maturation,
with expression of somite markers such as Raldh2, but this expression lower than that of wildtype
embryos. The accumulation of nuclear B-catenin also leads to an anterior shift of the determination
front and delays the activation of Mesp2 expression, preventing expression of downstream targets
of Mesp2. The requirement of a downregulation of nuclear B-catenin in order to activate Mesp2
downstream targets may explain the absence of morphological boundary formation in mutant
embryos.

Thus, this may explain the somitogenesis phenotype observed in the ASPP2-null embryos, as
ASPP2 knockdown leads to higher levels of nuclear B-catenin so it can be deduced that ASPP2
deletion will also cause nuclear B-catenin accumulation. The phenotype observed in the ASPP2-
null embryos was very similar to that observed in the overexpressed B-catenin mutants, with some
irregular anterior somites forming and boundary formation appearing to be disturbed. The -
catenin mutants have a stronger somite phenotype, likely due to functional redundancy in its

upstream targets compensating for the loss of ASPP2 in the ASPP2-null mutants.

4.3.4 Morphological abnormalities of somites in ASPP2-null embryos

Some of the morphological abnormalities of somites in ASPP2”- embryos could be attributed to
the defects resulting from nuclear B-catenin accumulation as described above. The small number
of irregularly shaped somites with unclearly defined boundaries is a phenotype also seen in the
overexpressed B-catenin mutants [99].

The maturation of somitic cells involves a mesenchymal-to-epithelial transition. ASPP2-null

somites exhibit defects in epithelial organisation, with many epithelial cells lacking the classic
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bottle-shape morphology and the cells forming a multi-layered structure rather than a single layer
organised around the somitocoel, which is filled with mesenchymal cells.

ASPP2 plays a role in MET, also through a nuclear B-catenin pathway. By reducing its nuclear
accumulation, ASPP2 prevents B-catenin from activating the zinc finger E-box binding homeobox
1 protein (ZEB1) [8]. When ASPP2 is knocked down, ZEB1 levels are increased and E-cadherin
is reduced, and EMT rather than MET is promoted. The somite morphology phenotype observed
in ASPP2”- embryos may be due in part to this failure to properly execute MET. MET is important
for establishing cell shape and organisation and thus this may be a contributing factor to the
disrupted somites.

Providing more support for this theory is the evidence from paraxis mutants. Paraxis is a basic
helix-loop-helix transcription factor, expressed in the PSM and somites. Paraxis-null mice are
unable to form epithelia [149]. This phenotype is stronger than that observed when ASPP2 is
deleted or knocked down. In the latter, EMT may be promoted but epithelia is still able to form
[8]. Interestingly, in the Paraxis-null mutants, no epithelial somites form but the embryo is still
able to segment into loose mesenchymal sections with approximately the correct size and
periodicity of somites [149]. The fact that the somite-like sections are still roughly the same size
and have boundaries forming in the correct location (albeit less sharply demarcated) indicates that
disrupted MET is not behind the somitogenesis phenotype observed in ASPP27 embryos.
However, the somites of the Paraxis-null embryos do resemble the somites of ASPP2-null
embryos in that there is a loose bunch of cells, rather than an organised single layer, and the
somitocoel is absent.

The Paraxis-null somites are more disrupted than the ASPP2-null somites: in ASPP2-null

embryos, the somitocoel is absent in some somites but does form in others, although it is smaller
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than that of wildtype somites. In addition, there is still some polarisation in the somite cells of
ASPP2-null embryos. Although the cells may be arranged in a multi-layered fashion and often lack
a bottle-shaped morphology, they are generally still focused around a central point. On the other
hand, the somite cells of Paraxis-null embryos have no organisation and exist as a loose sphere of
cells [149].

Therefore, the disruption, but not complete failure, of MET may be behind the abnormalities in

somite and somite cell morphology in ASPP2-null embryos.

4.3.5 The role of ASPP2 in cardiac development

ASPP?2 is critical in cardiac development as ASPP2-null embryos do not develop a heart. However,
when ASPP2 was deleted in the lineage resulting from the Mespl-expressing early cardiac
progenitors, these embryos developed normal hearts at E8.5 and E9.5. This implies that the
perturbation in cardiac development is a secondary defect, likely caused by disturbances to the
surrounding tissues meaning that the cardiac progenitors do not receive the signals they require to
continue developing.

Once again, it is possible that B-catenin plays a role in this phenotype. When j-catenin is deleted
in the definitive endoderm, multiple hearts form all along the anterior-posterior axis of the embryo
[150]. This indicates that deletion of B-catenin changes cell fate from endodermal to precardiac
mesoderm fate. Knockdown of ASPP2 causes accumulation of nuclear -catenin, driving target
gene expression [8]. Thus, ASPP2-null embryos likely have higher levels of B-catenin throughout
the embryo. This may cause expansion of the endoderm at the cost of the precardiac mesoderm.
Cardiac mesoderm formation is thought to be promoted by signals from the anterior endoderm;

when precardiac mesoderm from chick embryos is cultured in the absence of anterior endoderm,
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cardiomyocytes fail to differentiate [151]. Also in chick embryos, it was found that Wnt inhibitor
Crescent is present in the anterior endoderm [152]. These results suggest that cardiogenesis is
induced in the precardiac mesoderm at a region of high BMP and low Wnt activity [152]. Knocking
down ASPP2 leads to higher levels of Wnt signalling [8]. Deleting ASPP2 may therefore prevent
cardiogenesis by increasing Wnt activity.

The ASPP27, Tg*Mespl-Cre mice are ASPP2-null in the cardiac lineage but ASPP2-positive in the
endoderm. In these mice, the endoderm should be specified normally and have normal levels of -
catenin and Wnt signalling, whilst the cardiac lineage may have higher levels of nuclear -catenin
and Wnt signalling due to the ASPP2 knockout. In ASPP2-null embryos, the ubiquitously higher
levels of nuclear B-catenin and Wnt signalling may prevent there from being a region of low Wnt
activity to induce cardiogenesis. However, in the cardiac progenitor knockouts, the anterior
endoderm will still be lower in Wnt activity and therefore, although the precardiac mesoderm has
higher Wnt activity than usual, the high BMP/low Wnt region that is necessary for the induction
of heart formation will still be present and so the heart will still form.

Therefore, Wnt inhibitors, such as Crescent, that are present in the anterior endoderm may be the
critical factor of this phenotype. In ASPP27- embryos, higher levels of Wnt signalling in the
anterior endoderm may mean that, although inhibitors are still produced, the inhibitors are depleted
in the anterior endoderm. Thus, Wnt signalling in the precardiac mesoderm remains high and
cardiogenesis cannot occur. However, in ASPP27-, Tg*/MesPL-Cre empryos, Wt signalling is normal
in the anterior endoderm and so the inhibitors produced here can instead act on the neighbouring
precardiac mesoderm, reducing Wnt in the precardiac mesoderm and therefore inducing heart

formation.
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Conclusions

My research focused on elucidating the role of ASPP2 in post-implantation mouse embryogenesis.
In order to do this, my project had two main aims. The first was to create mouse lines that would
enable full and conditional gene knockouts of ASPP2 in mouse embryos. The second was to
analyse the embryos produced by these mouse lines to deduce the effect of deleting ASPP2
expression as a whole and in individual tissues. By doing this, the importance of ASPP2 and the
potential functions that it may have in embryogenesis could be deduced.

| produced several mouse lines to complete the first aim of my project. | then used these lines to
perform initial characterisations of the role of ASPP2 in the post-implantation embryo. My results
suggest that ASPP2 does not play a major role in gastrulation as all three germ layers are able to
form correctly, however, it is likely that ASPP2 is important in patterning the mesoderm and
regulating its epithelial architecture. When ASPP2 was knocked out and the resulting E8.5 and
E9.5 embryos were analysed, | found that the somites did not form correctly, being smaller than
their wildtype counterparts and lacking the organised structure of a monolayer of cells surrounding
the somitocoel. Heart formation was also perturbed, with the mutant embryos lacking a heart
structure. Overall, development appeared to become progressively more disordered as it
proceeded, resulting in embryonic lethality by E9.5.

Recently, Royer, myself and the Srinivas lab have shared a manuscript (titled ASPP2/PP1
complexes maintain the integrity of pseudostratified epithelia undergoing remodelling during
morphogenesis, available at bioXriv doi:10.1101/2020.11.03.366906, shown at the end of this
thesis) on our work analysing the role of ASPP2, as well as its binding partner PP1, in

embryogenesis. This paper supports the findings shown in my thesis, as it demonstrates that the
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ASPP2/PP1 complex is essential for post-implantation embryogenesis, in particularly during
gastrulation in the primitive streak, in somites and in the head fold region, as was observed in the
embryos analysed in this thesis. The results from my thesis and this manuscript suggest that there
is a requirement for the ASPP2/PP1 complex in maintaining pseudostratified epithelial integrity
during morphogenetic events characterised by intense tissue remodelling and high cell
proliferation. Further investigations showed that the ASPP2/PP1 complex achieves this via its
function in maintaining the integrity and organising the F-actin cytoskeleton at apical surfaces of
dividing cells.

Overall, my results demonstrate clearly that ASPP2 is vital for embryogenesis in post-gastrulation
mouse embryogenesis. This is likely because of its functions in maintaining apicobasal polarity
and epithelial structure. There is still much work to be done to fully understand the functions that
ASPP2 may have in embryogenesis. The mouse lines I produced will aid with this as they may be
utilized in further conditional knockout experiments under the control of different tissue-specific
promoters, or at different embryonic stages (such as E6.5 and E7.5). This would enable the
investigation into exactly when embryogenesis appears to be perturbed. We could also deduce in
what regions of the embryo and what developmental processes ASPP2 is essential for. Therefore,
there is plenty that remains to be done to gain further insight into the role of ASPP2 in

embryogenesis.
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ABSTRACT

Dwring development, pseudostratified epithelia
underge  large scale momphogenstic  events
associated with increased mechanical stress.
The molecular mechanisms that maintain tissue
integrity in this context are poorly understood
Using a vanety of genetic and imaging approaches,
we uncover that the ASPP2IPP1 complex ensures
proper epiblast and proamniotic cavity architecture
via a mechanism that specifically prevents the most
apical daughter cells from delaminating apically
following cell division events. The ASPP2IPP1
complex achieves this by maintaining the integrity
and organisation of the F-actin cytoskeleton at the
apical surface of dividing cells. ASPPAPH is also
essential during gastrulation in the primitive streak,
in somites and in the head fold region, suggesting
that this complex is reguired across a wide range
of pseudostratified epithelia during morphogenetic
events that are accompanied by intense tissue
remodelling and high cell proliferation. Finally,
our study also suggests that the interaction
between ASPP2 and PP is essential to the tumour
suppressor function of ASPP2 which may be
particularly relevant in the context of tissues that
are subject to increased mechanical stress.

INTRODUCTMIN

Pseudosiratified epithelia are common  bulding
blecks and organ precursors throughout embryonic
development in 3 wide amay of organisms’. As in other
epithelia, their cells establish and maintain apical-
basal polarty. Howsewer, ther high nuclear density,
high proliferation rate and nwclei movement during
interkmetic nuclear migration  {IKMM) make them
unigue. As [KNM procesds, mitotic cells round up at
the apical surface of the epithelum before dividing.
Cwring this process. mitotic cells generate enough
force to locally distort the shape of the epithelium?
or accelerate inwagination’. Dwring development
pseudosiratiied epithelia are also subject to large
scale morphogenstic events that dramatically affect
their shape and crganisabon. This is particulary true
during gastrulation when cells apically consfrict in the

primitive streak as they push their cell bady basally 1o
eventually delaminate into the underlying mesoderm
cell layer™ or when the ectoderm is reshaped to form
the head folds. The combined mechanical strains
dug to IKMM and morphogenstic events poses an
incredible challenge for pseudostratfied epithelia to
rridintain tisswe integrity during development. However,
the molecular mechanisms that allow them to cope with
increased mechanical stress are poory defined.

During these morphogenetic events, epithelial celis
continually rely on apical constrictions involving specific
F-actin ecytoskeleton organisation and  actomyosin
contracility to modify tissue shape and onganisation®™®.
As cells apically constrict, the coupling of apical
junctions to the actomyosin network is essential in
transmitting forces across tissues™. Reciprocally,
as apical constriictions reshape the apical domain
of epithelial cells, apical junctions must be able to
withstand the forces generated to maintain tissue
integrity. Apicalbasal polarty components, swch as
Pard, are vital for apical constrictions™ and the integrity
of apical junctions'®. However, it remains unknowm how
components of the apical-basal polarity machinery
maintain tissue integrity = conditions of ncreased
miechanical stress as morphogenstic events ocour

ASPP2 is a Pard interactor and component of the
apical junctions™ ™. Here, using a vanety of genetic and
imagingappreaches, weshowthatduringmoerphogenetic
events crucial for the normal development of the eariy
post-implantation embryo, ASPP2 maintains epithelial
integrity in pseudostratified epithelia under ncreased
mechanical stress. ASPP2 is required for proamniotic
cavity formation, the maintenance of primitive streak
architecture, somite structure and head fold formation.
In the proamniotic cavity, ASPP2 maintans epithelial
architecture by preventing apical daughter cells from
escaping the epiblast Mechanistically, we show that
this is achiewed via the ability of ASPP2 to directly
recruit protein phosphatase 1 and through its essential
role in maintaining F-actin cytoskeleton crganisation at
the apical junctions. Our results show that ASPF2 is an
essential componant of 3 system that maintains tissue
integrity under conditions of increased mechanical
siress in a broad range of tissues.
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RESULTS

The phosphatase and polarity functon of ASPP2
are not required for trophecroderm development

ASPP2 can regulate both apical-basal c=ll polanty
and the phosphorylation status of YAP/TAZ through its
interaction with Par3'** and PP 1'%* respectively. Both
c=ll polanty and the phosphorylation of YAP and TAZ
are crucial to trophectoderm (TE) development'™'. We
therefore started with the hypothesis that ASPP2 may
be important for outside cell polanisation and TE fate
determination during preimplantation development.
In support of this, we found that ASPP2 could start
to be detected as early as E2.5 at cell-cell junctions
(Figure S1A). As seen in other examples of pdanseo
epithelia® 2= ASPP2 was strongly localised to the
apical junction in the TE from the 32-c=l stage onwards
(Figure 1A). This localisation pattemn was simiar n
human blastocysts, suggesting that ASPP2 behaves n
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a simdar way across mammals (Figure S1B)

A Previous study revealed that ASPP2 may play a
role during early embryogenesis, as ASPPZ-mutant
embryos in which exons 10-17 were deleted could not
be recovered at E6.5° However, the phenotype of
these embryos was not described, and earlier stages
were not examined. To investigate the role of ASPP2
during preimplantation development we generated
ASPP2-null embryos in which exon 4 was deleted
(ASPpP2utescd) resulting in a frameshift and early stop
codons. To be able to distnguish between phenotypes
relating to ASPP2's PP1 regulatory function and other
functions, we also generated embryos homozygous for
a mutant form of ASPP2 that was specfically unable
to associate with PP1 (ASPP2RVARSAN  ASPP2sv
L4 and ASPPZFAARNA blastocysts appeared to be
morphologically normal with properly formed blastocyst
cavites (Figure 1B and S1C). YAP was dearly
nuclear in the TE and cytoplasmic in the inner cell
mass {ICM) suggesting that the ICM and TE lineage

Cross secton

3D opachty

Figure 1: The ASPP2/PP1 complex Is not required during praimplaniauon development. A. ASPP2 was deteci2d by
Indiract Immunofiuorescence In E3.5 embryos at the eany biastocyst stage to analyse its localisation pattem. A cross section
through the equatorial plane of 3 representative embryo Is shown (top row), 35 wel as 3 30 opacity rendering of the same
£moryo (bottom row). The F-actin cytoskeieton and nuckel were visualised using Phalloidin and DAPI respectively. A magnified
Image of e dashed area Is shown on the right. Note how ASPP2 colocalises with F-actin 3t the apical junciions in c2lis of
the wophectodemn (TE) (whit2 arrowneads). This Is quanifiad in the juxtaposed graph showing ASPP2 and F-actin signal
Int=nsity along the apical-basa axis of caii-cal junctions. AJ: apical junction; B: base of the trophectodem. Scale bars: 20 pm
and 5 pm (for the magnification). B. The locaisation pattem of YAP and Par3 wers analysed In wild type and ASPPIRvARsA
£moryos by indrect mmunofiuorascance. A cross section of reprasentative emoryos through the equatonal plane shows the
localisation of YAP In the nuciel of the TE in both wild type and ASPP2AVARAA embryos. Maximum intensity projections of
these embryos show the jocalisation of Par3 3t the level of apical jJunctions In the TE. Scale bar: 20 ym. C. ASPP2 knockdown
In £3.5 embryos using SIRNA 3galnst ASPP2 mMRNA. ASPP2 knockdown was confimed by Indiract Immunofiuorascencs.
Note how signal at the apical junctions Is specific to ASPR2. Note how YAP Is normaly localised % the nuciel of TE celis In
ASPP2-gepleted embryos. Scale bar: 20 uym.
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were propery allocated (Figure 1B). The polanty
protein Pard (Figure 1B) and F-actin cables (Figure
S1C) were strongly localised at the apical junctions,
suggesting that polarity and overall cell architecturs
were nomnal. |t was sometimes possible to ses
some residual ASPP2 protein at the apical junction
in early ASPPMCees hlastocysts, potentially due to
residual maternal ASPP2 expression. To eliminate
the possiblity that perdurance of matemally encoded
ASPP2 compensates for the zygolic mutations, we
micrainjected 1-cell embryo with siRMA against ASPP2
and cultured them to the blastocyst stage. Conbrod
and ASPP2-depleted embryos were morphologically
indistinguishable. The bocalisation of YAP was simillar
bebween control and ASPP2-depleted embryos (Figure
1C). YAP phosphorylation at Serine 127 was stronger
in the cytoplasm of ICM cells in comparison to the TE
in both controls and ASPP2-depleted embryos (Figure
S10). Taken together, these results show that neither
ASPP2's polanty function norits PP 1 regulatory function
are required during preimplantation development.

ASPP2PPY interaction is required for proamniogic
cavity architecture
Since it has previously been shown that deletion of
ASPP2 may be embryonic lethal arcund EG.52, we
next investigated whether ASPP2 was reguirsd at early
post-implantation stages. To test this, we gensrated
ASPP2sest ambryos  at  different stages and
examined the localisation of Pard and F-actin fo assass
apical-basal polanty and overall tissue coganisation,
respectively. At ESS, ASPP2MM embryos did not
exhibit obvicws morphelogical defects in comparison
to wild type and heterozygous Fter mates. Polarised
Par could be detected at the apical membrane in the
visceral endoderm (VE) and the epiblast, suggesting
that both cell layers propery polarised (Figure S24). In
contrast, E8.5 ASPP2IEN embryos exhibited strong
morphological defects in comparison to wild type and
heterozygous Bter mates. The proamnictic cavity either
enfirely failed to form (6 emboyos out of 10 mutants)
or was greatly reduced in size at ES5 (4 embryos
out of 10 mutants) (Figure 24) and akways absent at
E7.5 {Figure 528} In embryos lacking a proamnictic
cawity, the epiblast was disorganised, and instead of
being a pseudostratified epithelium, appearsd mult-
layered. This sesmed to b= the result of an ectopic
accumulation of cells from the epiblast in place of the
proamniotic cavity. The ectopic cells in the centre of the
emizrnys exhibited a complete lack of polamsed Pard and
in embnyos with reduced cavity size, the accurmulated
cells showed reduced apical Pard (Figure 28). This
sugpgested that the ectopic accumulation of cells wherns
the proamniotic cawvity cught to be was accompanied by
a progressive koss of cell polanty in the epiblast. F-actn
localisation was also profoundly abnomnal in thess
cells (Figure 2B). In wild type embryos, F-actin was
enriched at apical pnctions, whersas in ASFP28svatd
emibryos it was distibuted more uniformly across the
apical swface (Figure 2C). This suggests that ASPP2
is required for organising the F-actin cyloskeleton at
the apical pnctions.

Because signals from the bassment membrans
are believed to be essential for proammiotc cawity

formation™, we examined the bocalisation of Laminin
and found it unaltered in ASPP2254%™ embryos. This
suggested that the loss of cell polanty and ectopic
accurmulation of cells was not accompanied by, or dus
to, breakage in the basement membrane (Figure 200
and 2E). Finally, when we examined the basolateral
membrane marker SCRIB. we obsernved that its
basolateral localisation was unaffected in ASPP2es
4 embryos. However, SCRIE was also stongly
expressed at the apical junctions in the epblast of
wild type embryos. This particular kecalisation pattemn
was intemmittently disrupted in ASPPARS ambryos,
specifically at the interface between cells of the epiblast
and celis ectopically accumulating in the proamnictic
cawity (Figure 2F and 2G). Topether, these results
suggest that the apparent loss of apical cell polanty
seen is ASPP2ANEN embryos onginates from defiects
specific to the apical junctions rather than at the lewvel
of the basolateral or basement membranes.

The outside VE monolayer epithelium also nommally
expresses ASPP2 (Figure 5& and 55A and B) but
was infact and exhibied apical Pard in ASPP225Y
224 mutants (Figure 24), suggesting that its epithelial
architecture and integrty was maintaned and that
ASPP2 s required specifically in the epiblast at this
stage. To verify that an epiblast specific requirement for
ASPP2 led to the failure of proamnictic cavity formation
in ASPP2e84RN embryos, we conditionally ablated
ASPP2 expression in just the epiblast (ASPP2rseraars
embnyos) (Figure S2C). These embryos phenocopied
ASPP24TE embryos, demonstrating that at this stage,
ASPP2 is required only in the epiblast.

To test whether this requirement for ASPP2 is
rooted in its ability to recruit and regulate PP, we
analysed ASPPZR82 embryos at EGS. We found
that ASPP2RAASMA ambryos, similardy to ASPP2ecaars
embnyos, exhibit either reduced proamnictic cavity size
or mo cavity at all. This was again accompanied by a
reduced apical Pard in the epiblast when the proamnictic
cawity was of reduced size and absence of apical Pard
when no cavity was present (Figure 2H and 21). The
basclateral localisation of SCRIB once again was not
affected. whereas its bozalisation at apical unctions was
severely disrupbed in ASPP2SARYR embryos (Figure
S20 and 52E). This shows that at EG.5, ASPPI
RAEA mutant embryos have an identical phenctyps to
ASPP2ATEE mutant embryos. demenstrating the key
role of the ASPP2PP nteracton in regulating epiblast
and proammictic cavity architecture,

ASPP2 controls apical daughtercell reincorporation
into the epiblast.

Clur results so far show that ASPP2 i essential for
the architecture of the epibdast and the formation
of the proamnicte cavity. When ASPP2's function
is mmpaired, apolar cells accwmulate ectopically in
place of the proamniotic cavity. Howewer, it remained
unclzar how this occurred and what biological process
ASPP2 actually comtrols in the epiblast Amongst
possible explanations is that the phenotype was the
consequence of epibdast cells delaminating apically inte
the proamniotic cavity because of a drastic shift in the
proportion of crthogonal cells divisions, a breakdown
of the apical junction domain, a failure of dauwghter
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reglons shown In panel A. Blue armowheads highiight the enrichment of F-actin at apical junctions In the epibiast. Note how
F-actn Is not enriched at apical junctions but Is Instead more homogenously distributed across the apical surface of epibiast
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cells reincorporating basally following cell divisions or
a combination of these. To answer this question, we
generated ASPP2EM embryos with fluorescently
labelled membranes, which enabled us to follow the
movernent of epiblast cells in these embryos by time-
lapse confocal microscopy (Figure 34 and Mowie 1)
In wikd type and heterozygous embryos, we could
obsene the movement of cell bodies along the apical-
basal axis during interkinetic nuclear migration (IKNM),
with mitotic cells rounding up at the apical surface of
the epiblast before dividing as previously described™.

¥e first analysed the orentation of cell divisions but
could mot detect differences in overall cell division angle
in ASPP2e04t embryos in comparison fo controls
(Figure 53A), even when division events were binned
into categories as “orthogeonal”, “parallel” or “obfigque”.
To determine if there was a defect n IKMNM, we also
analysed the distance at which cell divisions ocourmed
from the basement membrane of the epiblast. Again,
there was no notable diference between ASPF2es4
224 and wild type embryos. suggesting that even in the
absence of apical-basal polarty and the proamniotic
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Frgure 3: ASPP2 15 required for apical daugher call RIMCorparanon inte the epdiast folfowing cell divISion avanis.
A Time laose Imaging of wik 1yps and ASEP2S4 ampnns, mTimG-abelied cell membranes wers used 1 manually rack
cedl mowement. Yelow sots highlght mother calls at Me apical surfacs of the eplbiast Immediataly pricr to a call division event.
Gresn and magenta sols igemitly the resuling caughier cels. Mote how both daughtars relntegrate the eplblast n the wild
type wheraas ane of e two daughiers falls 1o 0o 50 I the absence of ASPP2 even afer a prolonged penod of tme (I=32.57].
B. Diagram lllusirating the method wsed to guantty daughier call movement following ceil divislons. Dawghier c2ll movement
was characiensed by both the distance travelied (0) and the direction of travel (8) expressed a5 e angk between the
reference vecior (the green vechor starting from the Inltial posiion of the mother cell prior tothe division event b the centre of
thie embryaniz regian) and the vestor charactensing absolute daughter call mavemsant (he red veetor staring from the intiad
pasliion of the mother eell prior fo the divislon event to the final position of the dawughier eall). The left panal llustrates the case
of 3 daughier moving basaly to reincorporate the eplbilast and the right panel describes abnomal daughiter cel movement
ftowards the centre of the embryonic ragion such 35 5een In ASPP2E«s: amrycs. C. Graph quanifying cell movement In
wiid type [n=3 embryos, 56 celis) and ASPF2EEM ampruns (n=32 emboyos, 56 cells). For a given palr of daugiter cells, each
daughter was dafined as “apical” or “basal™ depending on thelr respactive position relative to the centre of the embryonic
region Immegately after 3 cell division event D. Proponiion of daughter celis with an overall apical or basal movement in wild
type and ASPPZEMAS ampnyos. Left panel Quantification of the proportion of dawghier cels with an overall apksal (@ from
0* 1o 50%) or basal maovemant (B mom 907 to 130°) In wikl fype and ASPPMME ambnyos. Right panal: quantication of the
propartion of apical and basal daughters with an overall apical (& from 0° to 907) or basal movement & from 907 o 150°) In
wikd type and ASPP MMM arnnyos, ** p<0.0001, NS non-slgrificant (Fisher's exact test of Indepentanca).
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cawity, cells of the epiblast were albde to proceed with
IKMM (Figure 53B).

¥We next booked at the behaviowr of daughter cells
after cytokinesis. In wild type embryos, following o=l
divisicns, the cell body of both daughters moved
basally so that they came to span the entire height
of the epithelium along the apicalbasal extent of
the epiblast. In contrast, in ASPP2AEAN embryos,
divading c=lis moved towards the embryonic centre as
nomal, but wpon division, daughter cells delaminated
apically towards the centre of mass of the embryonic
regicn {Figure 3A). This suggested that ASPP2 may
be specfically required for the retention of daughter
cells within the epiblast To further characterise this
falure of dividing cells to reintegrate into the epiblast
epithelium, we quantified the mowernent of daughter
cells from the initial point of cell division (Figure 3B-
0} We found that in wild type and heterozygous
eminyes, this moverment was almost always basal for
both daughters (51/56, 81.1%). In confrast. in mutant
embryes, for half the daughter cells (3388, 50%) the
movernent was apical (Figure 3C and 30). We found
that in the majority of cases (28/33, 37 0%, it was the
daughter that was relatively more apically positionsd
with respect to its sister that abnomnally moved apically
following cell divisions (Figure 30). This suggests that
ASPP2 is inwolved in @ nowel mechanism specifically
required for apical daughter cell reintegration into the
pseudostratified epiblast following cell division, which
is crucial in maintaining the anchitecture of the epiblast
and proarmmictic cawvity.

ASPPYPPY complexes mainzain epithelial integrity
in regions of high mechanical stress.

COwr results all point to an important rode for ASPP2
in regulating tisswe architecture, possibly wia the
regulation of F-actin organisation at the apical pnction.
Howrewer, this was difficult to study in ASPP24E4E gnd
ASPPFAansit ambryos on a CSTBLS background
because of the relative sewerty of the defect We
therefore bred ASPP2REARES mtation inte a BALBJ:
backgrownd, fo take adwantage of the fact that
ASPP2 phenotypes are often not as dramatic in this
backgrownd™. Consistent with this, BALBJ/z ASPP2
R43 homozygous embryos completely bypassed the
phenctype at E6S observed in CS57BLE ASPP2ZNN
RU% embryos. Instead, the phenotype of these embryos
was mider, and they were only grosshy different
from wild type and heterczygous embryos one day
later, at EV.5. ASPPIMUARME ambrpos exhibited two
distinct phenotypes. The majorty (341, 32.0%),
that we termed type | embryos, exhibited a strong
accurmulation of cells in their postenior, suggestive of
a defect in the primitve streak (Figure 544 and 44). A
minarity (741, 17.1%), that we termed type |l embryos,
were developmentally delayed but did not exhibit any
structural defects.

Given that ASPPMEsEd gnd ASPP2RAENRARA in a
Bl background showed striking abnommalities in the
localisation of F-actin, we examned the kocalisation
of F-actin in the posterior of fype | ASPPZFAARAR
emibnyes at E7.5 (Figure 4B and Figure 52C). In wild
type embryos, we were able to clearly identify cells
apically constricting and pushing their cell body basally

towards the nascent mesodermnal cell layer This
is characteristic of cells in the primitive streak in the
process of delaminating basaly'. t was also evident
that F-actin was enniched at the apical pnctions in these
cells (Figure 4C). In contrast, ASPP2SVARA embryos
exhibited a clear ectopic accumulation of cells apical
to the primitive streak as visualised by T expression
(Figure 4B). In these cells. F-actn was abnommally
uniformly disturbed along the apical surace. with
no cear apicaljunction enrichment (Figure 4C) To
investgate this further, we perioemed Ainyscan super-
rescéution imaging of these embryos (Figure 40-F ). This
revealad that the mesh-like structure nommally formed
by F-actin at the apical junctions in celis of the epiblast
was severely dismupted in the postenor of ASPPZew
FAEA empbryos. Instead, F-actin appeared to form spike-
like struchwres at the swface of cells in this region
(Mowie 2} (figure 4E and 4F). This profound disnsption
of F-actin localisation indicates that the PP regulatory
funchion of ASPP2 is required for F-actin organisation
in the cells of the primitive streak.

The epitlast specific requirement for ASPP2 despite
its broad expression (Figure 1A and 8A-C) and the
localisation of the phenotype primarily to the posterior
regicn of the epiblast i the BALB'c background
suggest that specific epithelia or epithelial regions are
more sensitve to ASPP2 deficiency than others. We
hypothesised therefore that ASPP2 may be mportant
particularly for dividing c=lls to reintegrate within
epithelia subject o ncreased mechanical stress at the
apical junction, for example during the apical carving
required to form a cavity. In support of this hypothesis,
phospho-myosin levels were higher in dividing cells in
the epiblast, in particudar at the apical junctions. This
shows that actomyosin confractility increases at the
apical junctions of dividing cells, which might result in
increased mechanical stress (Figure 5A). One prediction
of this hypothesis is that increasing the mechanical
stress in Type | ASPPIRSAREE embryos in a BALB/:
background maght mduce an eardier or more severe
phenctype reminiscent to that seen in the CETBLE
background. To test this prediction, we cultured EG.S
BALB: wid type and mutant emboyos (a day before
any phenotype is evident in mutants) within the confines
of cylindrical cavibies made of biocompatible hydrogels,
in crder to alter their shape™ and subject the epiblast
epithelium to higher levels of mechanical stress [Figure
5B). Wikd type embryos elongated without showing any
sign of disrupted tissue integrity (0 out of 4 embnyos).
Conversely, ASPP2RUR embryos showed reduced
cawvity size with a clear accumulation of cells (2 cutof 2
embryos), phenocopying ASPE2S4ALS gnd A SRR 2w
RUA mutant embryes ina CSTELYS background (Figure
5C). Interestingly, F-actin and Myosin were abnommally
distributed at the apical surface of cells accumaudating
ectopically i ASPP2SARSE  mutant  embryos,
suggesting that actomyosin contractility was disrupted.
Together, This indicates that afthough ASPPZ
RS mutants in & BALBM: background can bypass the
proamniotic cavity phenotype, moreasing mechanical
stress is sufficient to make them again susceptible to it
and suggests that ASPP2 may be required in response
to increased mechanical stress to mamtain epithelial
tissue integrity.
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Figure 4: ASPP2 Is required for epitheital Integrity in the primimve streak. A Postarior thickening In E7.5 ASPPIAvARAA
embryos In 3 BALBIC background. Left panel: the anteroposterior axis was defined using AMOT locallsation pattem. Right
panel: comparison of tissue thickness In the anteror (3 measurements per embryo) and the posterior (3 measurements per
£moryo) of wild fype (n=S embryos) and ASPPZMARNA embryos (n=5 embryos). * p<0.0S, ***"p<0.0001 (nested ANOVA).
B. Cells accumuiate In the primitve streak reglon of ASPP2AWASAA ambryos. Immunofiuorescance of E7.5 wikd type and
ASPP2Rs ampryos using a T (Brachyury) antibody. C. Cefis ectopically accumuiating In the prmitive streak reglon are
unable to apically constrict and do not have enrichad F-actin at the apical junctions (orange arrowhead) In comparison to wild
type (biue armow heads). Magenta dottad ines highlight cells apically constricting 1o push their cell bodies basally towards
the underying mesoderm cail layer. Right panel: quantification of F-actin signal intansity along the apical surface of eplbiast
celis In the primitve sreak ragion of wid type (n=3 embryos, S celis per embryo) and ASPPIMWARYA ampryos (n=3 embryos,
S calls per embryo). Measurements were made on cross sections along the apical domain of individual epiast cells from
apica Junction to apica junction (represented with 3 blue background In the graph). D-F. Alryscan imaging reveals the
extent of F-actin disorganisation at the surface of cels accumulating ectopically In the primitive streak ragion of ASPP2*

. D. 3D opacity rendering of optical haives, enabling visualisation of the apical surface of epibiast celis
In the proamniotic cavity. Note the absence of e typical F-actin mesh pattem at the apical surface of calis In the posterior
of ASPP2rvara embryos (green dotted iine). E. F-actin localsation pattem In the primitve streak reglon of wild type and
ASPP2ANASIA ambryos. F-actin was ensichad at the apical junctions of wild fype embryos (blue amowheads). Orange
arowheads highlight the formation of F-actin spike-Ike structures at the contact-free surface of ASPP2AMWASMA ambryos. F.
En face view of the epibiast's apical surface In the posierior of an ASPP2WWARYS ampryo. Green dotted ines demarcate the
@sorganisad apical ragion of the posterior and the more organisad iateral ragions of the epibiast. Right panel: magnificaton of
the epiblast’s apical surface In the posterior of an ASPP2AWASSA ambryo showing F-actin forming spike-like structures. Nuciel
and the F-actin cytoskeleton were visualised with DAPI and Phaliolain respectively. Scale bars: 20 pm.

ASPP2 maintains the architecture of the F-actin
cytoskeleton during cell division events via its PP1
regulatory function.

To understand how the absence of ASPP2 specifically
regulates apical daughter cell reintegration into the
epiblast, we analysed in detail its localisation pattem.
ASPP2 was localised at the apical junctions in the VE
(Figure BA and Figure S5A and B) and the epiblast
(Figure 88 and see Fig S2C for antibody specificity). In

the former, ASPP2 was uniformly distributed along the
apical junctions forming a regular mesh at the surface
of the embryo (Figure 8A and Figure S5A and B). In the
epiblast however, ASPP2 appeared enriched at specific
locations along the apical junctions (Figure 88). The
high curvature of the inner apical surface of the epiblast
makes it difficult to examine fom standard confocal
volumes. We therefore computationally ‘'unwrapped™
the apical surfaces of the VE and epiblast so that we
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Figure 5; 4ASPP MU ambryo are More Susceprible 1o mechanical sTess. A Phospho-myosin levels are higher &t the
apleal unciions of dividing celis In the eplblast (white amoaheads). B. wild type (n=3) and ASPRIAREE N3 emibryos were
growen for 30° In cyindncal cavities made of biocompatible hydrogels. The localisation patiem of GATAG and Myosin was fien
anaysed by Immunofiuorescance. C. Magnification of the embryos shown In E. The green dothed line highlighs the ectopic
accumulation of cells seen In ASPPIRERRSA embryas. The orange arrowhead polnis io the abnommal dstribution of Myosin
al the apical surface of these cells. Nuclel and the F-aclin cyloskedeton were visuallsed with DAPI and Phalloddin respectively.

Scale bars: 20 pm.

could more directly compare them (Figure 8C). This
revedled that although ASPP2 was uniform n s
distribution along all junctions in the VE, in the epiblast,
it was enriched specifically at F-actin-rich trcellular
juncticns.

The enrichment of ASPP2 in regions of high
F-actin and the disruption of F-actin localisation n
mutants suggests that ASPP2 may somehow be
linked to the F-actin cyloskeleton. Because ASPP2
does not possess any known F-actin binding domain,
we looked if previcusly identified ASPP2 binding
partners could provide this ink. Interestingly, ASPP2
has been fownd to interact with Afadin in a number
of protecmic studies™*. Afadin is an F-actin-binding
protein that has previously been shown to not only
be enriched at tncallular pnciions but to also regulate
their architecture®. Moreower, at ET.5. Afadin-nul
embryos display a phenotype reminiscent of the
phenctype cbserved in ET.S ASPP2A4 ambryos
(Figure 528} with cells accumulating in the proamniotic
cawity™, supggesting that Afadin and ASPP2 have
owerlapping funclions. To confirn that ASPP2 and
Afadin can be found within the same protein complex,
we immunoprecipitated endogencus Afadin in Caco-2
cells, a colorectal cancer cell Bne with strong epithelial
characteristics that retains the abilty to polarse.
ASPP2 co-immunoprecipitated with Afadin, indicating
that they are indeed founmd i the same proten
complex (Figure 60Y). To further investigate where this
complex might form, we analysed the localisation of
endogenous ASPP2 and Afadin in Caco-2 and MDICK
cells using super-resolution Ainyscan microscopy. We
foamd the proteins colocalised primanly at tncellular
junctions, where F-actin was also enriched, including in
divading cells in metaphase (Figure 8E and 55C). Their

expression patiem also partially overdapped at bicellular
juncticns {Figure 55C). Interestingly, Afadin was also
found at the mitotic spindles (Figure 6E) and cleavage
fumow (Figure 550), where ASPP2 was juxtaposed
with Afadin. In EG.5 embryos, Afadin showed a smilar
localisation pafttern to ASPP2, at the apical junchion of
cells in the epiblast and VE (Figure 8F and S5E). In the
epiblast, smilarfy to ASPP2, it was more abundant at
the F-actin-rich tricellular junctions.

Together, these results highlight the importance
of the localisation pattern of ASPP2 in the epiblast,
suggesting that it may be able to interact with F-actin at
the apical junctions via its interaction with Afadin. They
also suggest that this interaction might be mportant
in dividing celis. To test this possibility, we generated
ASPPINARNA ambryos in a CHTBL'YS background
camying a LifeAct-GFP transgene™ that allowed us
to visualise F-actin in lving embryos with time-lapse
confocal microscopy (Figure 6G and H and Figure
SEF). Dwning cell division evenks, following mitotic
rounding. apical F-actin kocalisation was disrupted in
ASPPIANARNE embryos whereas it was maintained in
wild type embryos (Figure 6G) This was followed by
an ectopic accumulation of cells at the apical surface
of the epiblast, reducing fhe size of the proamnictic
cavity (Figure 8H). These results suggest that the PP
regulatory function of ASPP2 is required to maintain
the architecture of apical F-actin, particularty during cell
divisicn ewents in the epiblast.

ASPP2 supports tissue infegrity across a vanety of
pseudostratified epithelia
Mext, we investigated whether ASPP2 was only

required in the epiblast or whether it also functioned in
other tisswes undergoing morphogenesis. To this end,
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Figure 6: the ASPP2PP1 complex Is requirad for F-acun organisauon during cell division evenis. A. 3D opacity
rendering showing the locallsation of ASPP2 In E5.5 wiki type embryos at the apical junctions of the viscaral endoderm where
It coiocalises with F-actin. B. Cross section (top row) and 3D opacity rendering (botiom row) of the proamniofic cavity showing
the localisation pattern of ASPP2 anad F-actin at the apical juncions (white arrowhead). C. The outer surface of he VE and
apical surface of the epibiast were computationally ‘unwrapped, revealing the enrichment of ASPP2 and F-actin at tricelluiar
|unctions in Me epibiast (green amowheaads). D. The Interaction batween endogenous ASPP2 and the F-actin-bin@ing pro=in
Afadin was examinad In Caco-2 cells Dy codmmunopracipitation. E. The localisation pattem of endogenous ASPP2 and
Afadin In Caco-2 calls was examined by Immunofiuorescence. The botiom row represents the magnified reglon highiighted
by 3 dotted box and shows the enrichment of ASPP2 and Afadin at triceliular junctions. ASPP2, Afadin and F-actin signal
Intensity was quaniifiad across tricefiular junctions (graph on the right). F. The localisation pattem of Afadin In the proamniotc
cavity was analysed by Immunofiucrescence In E6.S wild fype embryos. Afadin colocalised strongly with F-actin at triceliusar
|unctions (blue amowhead). G. The localsation patiem of F-actin was analysed by time-lapse microscopy In wild type and
ASPP2owARNA |iteAC-GFP positive embryos. Note how apical F-actin is disrupted In ASPP2RARMA LifeACt-GFP positive
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emoryos following a cel dhision event (orange amownead). H. At later ime points, the ectopic accumulation of cells In the
eplbiast of ASPPRerssw | fapct-GFP postive emoryos was evident (dotted Ine). Nuciel and the F-actin cytoskeketon ware
visualised with DAPI ared Phalioidin respectively. Scale bars: 20 pm.

we examined ASPP25Y embryos at later stages
of development arcund the time of gastrulation. At
E7.5, during late primitiee streak stages, mesoderm
formation (marked by expression of T) and migration
were broadly comparable between ASPP2etvans
erninyss and wild type litermates, despite the absence
of a proamnictic cavity and the dramatic aceurmulation
of cells now filling the entirety of the space inside the
ernirnycs (Figure T4, Movie 3). Furthermore, there was
no difierence in the welocity, directionality and distance
travelled by mesoderm cells migrating from wild typs
and ASPP2ME mesodem explants (Figure S84 and
Maovie 4). This supggested that ASPP2 was not required
for mesoderm specification or migration.

To test whether further patteming of the mesoderm
opccurmed in the absence of ASPP2Z, we examined
ASPP2usest embryos at EE.S. Momphologically, these
emibrycs were severely disrupted, shorer along the
ankerior-posterior axis and without head folds (Figure
7B Howewer, using the cardiac progenitor marker
MEX2.5, we found that this population of cells was able
to migrate rostrally despite the dramatic morphological
defects present in ASPP2254™ embryos (Figure TB).
At ER.5, some cells in the anterior of these embryos
were also positive for alpha sarcomenc g-actinin,
suggesting that the MKX2-5 positive cells could
differentiate into cardiomyocytes (Figure TC and S6B).
Mext, we analysed whether the mesoderm could go
on to form strechrally nomal somites. Using FOXC2
as a marker of somitic mesoderm, we were able to
identify distinct somite-lke strucheres in ASPP2essard
emioryss (Figure 70D and S6B). However, we found
that these somites were smaller than nomal (Figurs
TEL Compared to wild-type contrel soemites, a large
proportion of mutant somites eshibited dissupted
epithelial onganisation (Figure 7D and 7F } and areduced
proportion formed cavities (Figure 80 and 65). The
relative size of the somitccoel in ASP 4 embryos
was also significantly reduced in companson to wid
type controds (Figure TH). Impertantty, somites with
disnupted epithelial onganisation and lacking cavities
had features reminiscent of ASPP225448Y epiblasts:
cells could be seen accumulating in the centre resulting
in the obliteration of the somitocoel (Figure TO). These
cells also displayed a lack of apical Pard, suggesting
that as im the epiblast, in the forming somites, apical-
basal polanty was disnupted (Figure T1).

These results suggest thatASPP2 is required not onlby
in the epiblast, but more gensrally in pseudostratified
epithelia™. To inwestigate this further, we tested the
requirement for ASPP2 in lumen formation during
cystogenesis. We derived embryonic stem celis (ESC)
from embryos with exon 4 of ASPP2 flanked by two
LoxP sites. To generate ASPP2MEEd ESC they
wene infected with a3 CRE-recombinase-expressing
adencowirus. When grown in Matrigel, we found that
the majority of ASPP2sren ESC-derived cysts failed
to form lumens in comparson to controd cysts (Figure

SEC). Simidarly, ESC derived from ASPP2Rsanss
embnyos failed to form kemens i comparison to wild
type ESC, suggesting that the formation of lumens
during cystogenesis requires ASPP2/PP1 interaction
{Figure S80).

Since our data suggests that ASPP2 is required
in regions wndergoing ncreased mechanical stress
(Figure 5A and B). we wanted to examine further
the potential importance of ASPP2 during head fold
formation. We tock advantage of the ASPPIAAMGRMR
embnyos in a BALB/: background as their phenctype
is. milder and they develop a proamnictic cavity (Figure
4A), reducing the likelihood that phenctypes observed
in the head fold region are secondary defects due
to owverall tissue disorganisation. At E3.5, wild type
embnyos exhibited fully formed head folds (Figure 7J).
In contrast, ASPFIRUARAS ambryos failed to form head
fiolds in the rostral region of the ectodem. In this region,
the epithelium buckled locally, without being able to fully
complete head fold morphogenesis. Interestingly. this
was accompanied by a loss of organisation of F-actin
at the apical pnchion, smmilarly to what was observed
in the proammectic cawity of ASPP222M embryos
and in the primitve streak of ASPP2RMAREA embryos
in a BALB/C background (Figure 7J). These results
strongly suggest that ASPP2 is reguired to maintain
tisswe integrity by regulating F-actin organisation at
the apical junchons as tensions increase in the rostral
region of the ectoderm dwring head fold formabon.
Together, these results also reinforce the idea that
ASPP2, and its mteraction with PP1. are required
during morphogenetic events that result in increased
tensicns at the level of apical junctions in epithelial
tisswes.

DISCUSSION

Chur shudy urvelds a central role for ASPP2 in maintaining
psewdostratified epithelial ntegrty wnder increased
mechanical stress during major morphogenetic events:
in the formation of the proamniotic cavity, the prmitive
streak during gastrulation, somite formation and in the
head fold regicn.

Strikingly, ASPP2 confrols proamniofic  cavity
formation via a mechanism that, following cell divisions,
specifically prevents the most apical daughter cells
from delaminating apically. ASPP2 achiewes this by
mamntaining the mtegrity and organisation of the F-actin
cytoskeleton at the apical swface of dividing cells.
This mechanism is consistent with ASPP2 playing a
role in mamtaining epithelial integrity under increased
mechanical stress considering that mitotic rounding
results in forces sufficient to contract the epithelium in
the apical-basal axs and mechanically contribute to
expansicn of the lumen®. Howewer, it remains wnclear
why it is only the more apically localised daughter
cells that are affected in ASPP2 mutant embryos.
Cine possibility is that these daughbters do not inherit
the basal process that tethers cells to the basement
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Figure 7: The ASPP2/PP1 complex Is required for TISSU6 INTBQIMy across a vanely of highly proiferaive
pseudostraufed epithella. A. The primitive streak expands comparatively In E7.5 wild type and ASPP2M:™ embryos.
Measoderm celis were labelled by immunofiuorescance using an antibody against Brachyury (T). B. Patteming proceeds
nomnaly In the absence of ASPP2. The ectoderm and cardiac progenitors were iabeliad In £3.5 wild type and ASPP2¥«
4% embryos with antibodies against SOX2 and NKX2.5 respectively. ys: yoik sack, at akantols, s: somites, hf: haad fold,
am: amnion, pc: proamniotic cavity. C. Cardiac proganitors can differentate Info cardiomyocytes In E9.5 ASPP2uved
embryos. The presence of the contractie machinery (magenta arrowheads) was assessad In wild type and ASPP2ueed
embryos using an antbody against sarcomeric a-actinin. D. Somite architecture is disrupted In ASPP24#4%< ambryos. The
dotted line highlights the contour of 3 somite In an ASPP244“% empryo. The star Indicates the ectopic accumulation of
calls in the centre of this somite. Arrowheads point 1o mitotic figures. E-H. Quantification of somite characteristics In wila
type (n=10 embryos, S8 somiles) and ASPP24444 (nef embryos, 35 somites) embryos 3t E8.5. * p<0.05, ***"p<0.0001
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[Students T-esth L Aplca-basal polarty s defective In the somites of ASPPZE%S emnryos, Park localised aplcally In
wikd type somites [amowhead) whereas iE was absent In A SPP2esati ambayos {siar). e definiive endaderm. J. Head fold
formation ks defective In ASPPIRERRAS embryos. The arganisation of apical F-actin was disorganisad locally In the anterdor
ecindem of ASPPIAAASAES ambryos (orange dotted line). F-acin signal Intensity along the apleal surface of ectodsrm cells In
disruptad areas In A SPPaRRRA amgryos (=3 embryos, S cells perembryd) was compared o wid type calis [n=3 embryos,
& cels per embiyo). Measurements were made on cross sections along the aplcal domain of Individuwal ecioderm cels from
aplcal junction to apical Junction {represanied with a blue background In the graph). Nuckel and Te F-actin cytoskeleton were
visualised with DAR and Phalloidin respectvely. Scale bars: 50 pm (D, 1), 50 pm (A, C), 100 pm (8, J).

membrane in pseudostratified epithelia. However, the
idea that the basal process is inherited asymmetrically
is controversial™. Other mechanisms, such as the
extent of cell-cell nteractions between neighbouring
cells and apical daughter celis in comparison fo the
more basal daughters may be involved.

It has been sugpested that the purpose of interkinetic:
nuclear migration s to enswre that cells divide
apically to safeguard the mtegrity of pseudostratified
epithelia®. Here we show that this is not sufficent to
maintain tissue integrity as, in the absence of ASPP2,
the apical-basal movement of nuclei and the position
of cell divisions during IKMM proceeds wnhindered.
COur observations also swggest that the organisation
of the F-actn cyloskeleton at the apical junctions is
nict required for nuclear movement during IMEKM and
that intact basolateral domain and attachment to the
basement membrane are sufficient instead.

Gen that e ASPP2 interactors Pard™F and
Afadin®, tricelular junctions', as well as fissue
tension©® hawe all been shown to determine c=ll
diwision orentation to some extent, it was mportant
to explore whether ASPP2 could play a role in this
process. Howewver. our results indicate that ASPP2
does not control the orientation of cell divisions in the
epiblast. Samilarly to previcus work™, we also find no
bias towards cell divisions orientated in the plane of
the epithelium, suggestng that, at these sardy stages
of development, planar cell polarty may not play a
rale in directing cell division arientation. We therefore
cannot rubs out that, in a different context, ASPP2 might
control cell division omentation in conjunction with
Afadin. In fact, laker in development in ES.G ASPP2R
RU% embryos, cells sometimes delaminated basally in
the anterior regions of the ectoderm, reminiscent of
the phenotype obsarved in SCRIB- and DLG-depletad
Crosophia wing dises, where cell divisions are nomnally
orientated in the plane of the epitheliurm by cell-c=ll
junctions toe maintain epithelial integrity*.

Cur results highlight the prewvicwsly underappreciated
localisation of ASPPZ at fmeellular junctions in
epithelial c=ls, in particular of the epiblast, and
reveal the unknown biclogical funcion of ASPP2PP1
complexes in the regulation of F-actin organisation at
the apical junction. Censidering that Afadin regulates
the architecture of triceldar penctions in response
to tensions™", the interaction between Afadin and
ASPP2 strongly suggests that ASPPZ may exert
its. F-actin funcBon at tricelular junctions via Afadin.
The role of Afadin in regulating the linkage between
F-actin and junctions duning apical constricions48
sugpests that ASPP2 may also be impertant in this
process, which may be parbScularly relevant in the

primitive streak. Tricellular punction are emerging as
a particularly important aspect of tissue homeostasis,
at the intersection between actomyosin contractility
and apicalbasal organisation in the context of tissue
tensions*®. We therefore suggest that ASPP2 may be
directly involved in the response to tissue tension by
interacting with Afadin at the level of tnicellular pncions
to mantain F-actin onganisation.

Our study also suggests that the interaction
between ASPP2 and PP1 might be essential to the well
documented emour suppressor function of ASPP2%-22,
Simply abrogating the ability of ASPP2 to recruit PP
is enough to induce the formation of abnomal discrete
clusters. of cells in the epibdast reminiscent of tumours.
This suggests that mutations i ASPP2 that interfere
with its interaction with PP1 might, in conjunction with
mechanical stress, lead to tumour development. These
mutabons cowld bein the canonical PP1-binding domain
of ASPP2, but also in other key domains which have
been shown to contribute to the interaction™. Recent
findings support the idea that ASPP2 mautabions could
lead to fumorigenesis in the presence of mechanical
stress. Using insertional mutagenesis in mice with
mammary-specfic  nactivaton of Cdhl. ASPP2
was identified as part of a mubually exclesive group
containing three other potential fumowr suppressor
genes (Myh@, Pppiri2a and Pppiri2k). suggesting
that these genes target the same process™. With our
finding that ASPP2 confrols the organisation of the
F-actin eytoskeleton, it now becomes apparent that, in
addiion to three of these genses being PP 1-regulatony
subamits, all four are in fact F-actin regulators.
Biological studies to test specific mutations found in
ASPP2 in cancer and ebecidating the substrates and
specific phospho-residues targeted by the ASPP2Y
PP1 complex will therefore provide new insights nto
the twmour suppressor role of ASPP2 and might help
developing new approaches to cancer treatrment.

MATERIALS AND METHODS

Mouse siraks and emivyn gensration

All animal experiments complied with the UK Animais
{Scentfc Procegures) Act 1986, were approved by the
local Biological Senvices Ethical Review Process and were
perfmed under UK Home OMce project licenses PPL
3073420 and PCBAEF1BL.

All mice were malrisined on @ 12-hour Bght, 12-howr
dark cycie. Moon on the day of inding 3 vaginal plug was
designated 0.5 dpc. For preimplantation stages, embryos
were flushed using M2 medium (Sigma MTi67) at the
ndicated stages. For post-implantation stages, embryos of
the appropriate stage were dissected In M2 medium with fine
forcaps and tungsten nesdies.
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We orginally ooEned ASFPZ mutamt mice Inowhich exons
10-17 were reglaced with a negr gens™ from Jackson
Laboratony. Afer careful characiensation of Mis mouse ne,
'we fiound that the Meo cassstie was nod Inserted In The ASPP2
locus. As @ cOnssquence, we used a diferent strategy o
gener@ie ASPP2 mutant mice. CSTEL'EM-TmpS3bp2<imila
[EUCOMM) heterozygous sperm (obfained from the Mary
Lyon Centre) was inffially us=d to ferilise ACTE:FLPe BEJ
hOMOZYQOUS DOCYES (Jackson Laboratory). This resulbed
In the removal by the filppase of the LacZ and neo-r region
flanked oy FRT shes and the generation of helermcygous
mikze with one alizle of ASPP2 In which exon 2 was flanked by
LoxP sites. Those mice were brad In 3 CSTBLE background
Tor oeer fiouwr generafions 1o breed ouf the mé mutation In the
CREB1 gene found In the C57ELSH background and ellminaie
the remalning FRT sie Ieft behind. They wene then crossad
o generale mice homozygous for the ASPPZ conditional
alliele In a CSTELG) background (A SPP2®4% mica) These
mice were akso crossed with Sox2Cre mice®™ to generate
mikze with Exon £ excised In one alele of ASPP2 (A SPP2eT
s mice). ASPPIWIE: mice were suDsequently backerossed
Into wildtype CSTBLSJ mice to segregate out the Sox2Cre
transgens.

ASPPIWRE mice were used fo generate SRR
EMINyDs. To produce epllastspeciic ASPP2-mill emDryos
[ASPPIEEELES ambryog), ASPPI¥TE mica homozygous Tor
the Soa2Cre transgens were orossad wih ASPPIEY mica
To genarate ASPF2utaE smonyos with luorescently laneled
membranes, we estabiished ASPPIY8 mice hel2rooygous
for the mT!mS transgens™ and crossed them with A SRp2eT
B mige.

The ASPPITRSE mice were made by ING2nious Targeting
Labs (Ronkonkoma, NY). A BAC clne containing exon 14
of the frpS30p2 gene was subcioned Into a ~2.4Kkb backbone
veotor (pSPT2, Promega) cortaining an amglcliin sekction
CasEeTe Tor refransformation of the consinuci prior o
glepfroporation. & pSK-go2 FRT Meo cassette was Insehad
Indo the gene. In the targeting wactor, the wild type GTS ASA
TTC was mutated o GG Ass GCC by overlap extension
PCR and Iinfroduced Imtp CSTBLE X 129/5vEv ES cels by
glacroporation. Inzlusion of the mutations in posilve ES cel
clones was confimed by PCR, sequencing and Southem
bliotiing. ES cells wene microinjecied Inio CSTEL'E Masiosysis
and resulling chimeras mated with CS7TELYS FLP mice o
remove the Meo cassette. The presence of e muiation
was confimmed by seguencing. Mics wers then back-crossad
with BALBicOlaHsd or CSTBLE) mice for at least elgnt
generations to oblain fie RAKA mutation In the respective
pure background., ASPPIASARSL cmbryos weTe generated
from helerozygols corosses. To gensrats  LEeAst-GFR-
posiive ASPPIMNAESE embryos, We Qenemisd ASPPIT
=HE milce heterozygous for the LifeAC-GFP fransgens™.

SIRNA microinjections
SIGENOME RISC-Free Control siRMA (Dharmacon) and
Sllencer Select Pre-designed sIRMAS against mouse ASPPZ
[Ambion) were resuspended In nucieass-ree sterle water
and used at 20 pM. For zygotes, 3 to 4 week old CD-1 females
{Charles River UK) were Injected Intraperttoneally with 5 1U
of PMSG (Intervet) and 48 h Iater with 5 1U of NCG (intervet),
and were palred with CSTBIE) malke mice (In house). Zygoles
wene retrieved from oviductal ampullae at 20 hours post-hCG.
Cumuls-encdosed Tygotes were denuded by exposure to 1
mgimL hyaluronidase [Sigma) n modied mHTF {Lide Global)
containing 3mg'mi BSA for 3-6 min and cultured I LGGG-
020 (ife Giobal) containing 3mgimi BSA In Me presence of
53 COZ at 37"C. Micrinjection of Zygotes commenced 2
hours afer release fimm cumeius M3ss. I}'QEITEE- with a
nonmal morphoiogy were microinjactad Into the cytoplasm In
30yl drops of modiied HTF media containing 4mgimi BSA

using 3 PMM-150FU Plezp Impact drive [Primetech) using
homemade glass caplilares wih 510 pL of sIRMNA. Zygoies
were retumed tp LGGGE-020 contalning 3mgiml ESA In the
presence of 5% CO2 at 37°C untl analysls.

Human Eml:'.’}'l:l calection

Human embryos were donated from patlents atiendng the
Crford Ferility with approval from the Human Fartiizabion
and Embryoiogy Aushority (centre DI3S, project RO19E) and
the Ouxfordshiie Research Ethics Committee [Reference
number 145C0011). Infonmed consent was atained from
all patients. Embryos were flxed In 4% paraformaldenyoe,
washed twice and kept In PES contalning 2% bovine
Sefum albmin (PBS-BSA) at 4°C untl they were used for
Immunohisiochemishny.

Whalemount Immunohistochemisty
Post-implantation embryos were flxedin 4% parafmaidehyde
In phosphate-buffered salne (PES) at room temperature for
20 to 45 minutes depanding on emoryD siages. Embryos
were washed twice for 10 minutes In 0.1% PES-Tween (PSS
containing 0.1% Tween 20). Embryos wera then pemmeabillzed
whih 0.25% PBS-Triton (PES containing 0.25 Triton X-100) for
25 minutas to 1 hour depending on embiyo siages and Men
washed twice fior 10 minubes In 0.1% PBS-Tween. Embryos
were Incubated ovemight In a blocking solution (3% Bovine
serum abumin, 2.5% donkey senum In 0.1% PBS-Tween).
The next day, primary antibodies were dised In blocking
solution and added to the embryos ovemight. The following
day, embryos were washed three imes for 15 minutes In 0.1%
PES-Tween and then Incubated with secondary antbodies
and Phalkoian diuted I bocking soiution overnight. Finally,
Efﬂtl[}'ﬂ-ﬁ- weare washed four Umes In 0L1% PES-Twesn and
kept In DAPcontaining VECTASHIELD Antfade Mounting
Madium [Vector Laboratonas) at 4°C untll used for Imaging.
Shodt Incubation steps were cammied out In wells of a 12-wel
piate on a rocker at room iemperate and owemight steps
were carmied out In 1.5 mL Eppendor ubes at 4°C.

For preimplantation embnyos, Mxation and pemeaolizaton
times were refuced 03 15 minutes and 2% PBS-BSA (PES
gontalning 2% Bovine serum albuming was used for washing
steps. Elocking and secondary antibody incubation steps
were reduced o one hour. Embryos were fransfemed
batween solufions Dy mouth-pipeting. e ambryos were
mounted In 3-well chambers In droplels consisting of 0.5 pL
DAFRcomaning VECTASHIELD and 0.5 pL 2% PBS-O5A.
Afier mouriting the embryos were ket In the dark at £°C unil

they were Imagad.

mmunocytochemisty
Caco-2 and MDCK.2 cells were maintained In Dulbecco's
modiied Eagie's medium containing 10% fetal bovine samum,
penicillin, and streplomyein at 37°C n a 5% CO2 aimosphere
Incubator. In preparation for Immunaocytochemistry, Caco-
2 cells were seeded onto coversips In 24-well plates with
fresh medium. 4B hours later, cells were flxed with 4%
paraformaldehyde (In PSS) for 10 minutes, washed twice
In PBS, and then permeablizad with 0.1% Triton X-100 In
PBS for £ minutes. Cells were washed twice In PBS and
2% PBS-BSA was then used 3s a biocking solution for 30
minutes prior fo Incubation with pimary antibodies. Primary
antibodies were diuted In 2% PBS-5SA and applied o cells
for 40 minutes. Cells were then washed firee imes with PBS.
Secondary antibodies [1:400), DAPI {1:2000, Invirogen) and
Phailoidin {1:4D0) were diluled In 2% PBS-B3A and appled
to cells for 20 minutes. Coverslips were then washed three
times with PBS and mounted onio glass siides with a smal
grop of Fluoromout-G {Southemktech). They were air-gried
before being sealed with nall vamish. All Incubation steps
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were camied out at room temperature on & rocker. Samples
were kept In the dark at £C unill they were imaged.

Angbodies and phaliokiin conjugates

The following antibodies were used at the stated diutions:
rabbit ani-ASPP2 (Sigma, HPADZ1603), 1:100-1:200 (HC);
mouse ant-ASPP2 (Sania Cruz Blotechnologles, sc135818),
1:100 {ICC), 1:1000 (IB; mouse ani-YAP (Santa Cnz
Biotechnoiogy, c-101199), 1:100 (IHC); rabblt ant-pYAP
5127  [Call Signaling, 4511), 1:100 IHC); rabbi ani-Par3
[Millpore, 07-330), 1:100 {IHC) rabblt ant-Pard6b (Santa
Cruz Blotechnology, sc-67393), 1:100 (IHC) rabolt ant-
SCRIB (Santa Cruz Blotechnology, 5c26737), 1:100 (IHC);
goat ant-Brachyury [Santa Cruz Blotschnology, sci7745),
1:100 HC); rabbit ant-Sarcomeric g-aciinin [Abcam,
aEE167), 1100 (IHCK mouse am-FOXCZ [Santa Crz
Biotechnology, 56515234), 1:100 {(IHC) rabbd ant-S0X-2
[Millpore, ABSE03), 2 pL per mg of cell lysate {co-IP), 1:100
[IHC; goat ant-N2.5 [Santa Cruz Blotechnodogy, SCEE9T),
1:100 {IHC); rabbit ant-Afadin [Sigma, ADZ24), 2 Pl per mg
of cell lysate {co-dP), 1:100 (IHC, ICC), 1:1000 (IB); rabbit
ant-Laminin {Sigma, L9393), 1:200 (IHC); goat ant-AMOT
[Santa Cruz Blotechnologles, scA2491), 1:200 (IHC) goat
ant-GATA-6 (R&D Syslems, AF1700), 1:100 (IHCY rabbst
ant-Myosin Ila (Cell Signaling, #3403), 1:100; rabbit ant-
phospho-Myosin light chaln 2 (Call Signaling, 23674), 1:100.
The following were used at 1:100 for IHC and 1:400 for ICC:
Alexa fluor 555 donkey-anb-mouse (Invirogen, A-31570),
Alexa fluor €47 goat-ant-rat {Inviirogen, A-21247), Alexa
fluor 488 donkey-ant-raboit (Invitrogen, AZ1206), Phaloldin-
Ao 483 (Sigma, 43409), Phalokin-Aln 647N (Sigma,
E5906).

Confocal micrscopy, Image analysis and quanificaion
Sampies were Imaged on 3 Zelss Alnyscan LSMW 580 confocal
microscope with a C-Apochromat 201 .2 W Kom M27 water
Immersion objacive or a Plan-Apochromat &3wH.4 OIL NG
M7 objective. For supsryesplution Imaging, an Alryscan
datector was used™. Voplooly (version 6.3.1, PerkinElmer)
and Zen [Zelss) software were used o produce maxmum
Intensity projectons and 3D opacily renderngs. Image
andysls was perfonmed on optical sscons. For skignal
In=nsity proflies along the aplcakbasal axis and 3cross
ricellular juncions, the amow ool In the Zen soffware was
usad. Anteror and posierior embryo widihs measurements
were made wsing the line fool In Voloaity.

For F-actin signal Intensity profiles across the aplcal surface
of eplblast or ectodern cels, FI's freehand line ool wih
a whith of *3" was used. Because the size of the aplcal
domain was offerent for each cell measured, diStaNcEs were
expressed a6 percenages, with 100% represening e total
disiance across the apical domaln, To account for depth-
gependent signal atteruation, F-actin signal Intensiy at the
apical domaln was nomalzad by mean F-actin nbersky In
the nucleus of the cell measwred. In each experiment, for
gach genotype, thres emibnyos wers used for measuraments
and 5 celis were analysed per embryo. The LOWES method
was usad to it 2 line fo the data

Mouse embryo cuiture for Wve Imaging and Image analysis

To resirain embnyo movement during Imaging, lanes were
constructed Inside E-wel Lab-Tek Il chamber slide (Nunc),
u=ing glass mds made from hand-drawn giass capllaries.
Shorter FI|'E{EE weare Eed as Spaces betwaen two rods D
create a space siightly wiger than an emoryo. Slicone grease
was used 10 malrtain the rods together. Each well was filed
with medium containing 50% phanol red-free CMRL [PAN-
Biotech, Germany) supplemenied with 10 mM Ligiutaming
[Sigma-Aldrich) and 50% Knockout Serum Replacement

{Life Technologies, England). The chamber was equillbrated
at 37°C and an amosphere of 5% CO2 for at least 2 h prior
to use. Freshiy dissecied embryos were placed In the lanes
batween two mods and allowed to setiie prior 10 Imaging
on a Zelss LSM 880 confocal microscope equipped wih
an emvinonmental chamber 1o mainialn condlions of 37°C
and 5% COZ2. Embryns were imaged wih 3 C-Apochromat
4M¥M.2 W Ko M27 water Immersion objective. Using a
laser excitation wavelength of 561 nm, embryos labelied
WHh mMTimG were |IT'|¥E{| avery 7.5 minutes and for each
time point, nine z-secfons were acquined every 3 pm anound
the midsagltial plane for up to 10 hours. For LifeAct-poshive
embryos, 3 laser excitation wavsiength of 468 nm was used,
and embryos were Imaged avery 15 minubss fior 6 hours. For
gach fime polrd, 12 z-sections every 1.5 pm were collected
amund the midsagital plane.

Daughter call movement was quantifled wsing the FIJi plugin
TrackMate {¥5.2.0). Timepoints were registerad using FI).
Jittering was accounted for by comecting call coordinates
relatively to ihe cantre of the embryonic reglon. The distance
travelied by daughter cells (d) was analysed by calculating the
@stance between the coordinaies of thelr Ainal posion and
the coordinates of thelr respective mother cell Immediatesy
peior call diision. The direction of daughier call movement
{8) was analysed by calculating the angle betwean tha vector
geccribing cell movement (ihat is the vector originating from
the coordinatas of the mother cell Immediaiely prior cel
@vision o the coordinates of the daughter cali at Its final
position) and the vector from the coordinaies of the mather
cell prior cell division o the cocrdinates of the embryonic
reglon's centre. To estabish the angie of cell division, we first
gefined 3 vector starting at the coordinates of one daughter
and ending at the coordinates of the other Immediately after
cell dvision. We then defined a second vector originating
halfway between the two daughiers and teminating at the
centre of e embryonic region. The angle of cell division
was fgafined as the EﬂglE- b=hween Tose two veclors. The
relative posttion of cell divisions was defined as the distance
batween the position of the mother cell Immediately pror io
cell division and the base of the epiblast.

Embryo cuiture in channels
Channeis were formed by casting a 5% (which comesponded
o approximately 4.2kPa siifness™) acrylamide hydrogel
jcomtaining 3901 bisacrylamide) around S0 pm wires
whhin the confinement of 3 two-part moukd [10x10x 1mm).
Ammonium persuiphate (D.1%) and TEMED (1%) ware
added o polymerze polyacrylamide. The winss were men
removed 1o form cylindrical cavities within hydrogel pleces.
The nydrogels were carefully washed and equiibrated In
embryo culture media at 37°C and 5% CO2. The embryos
were then Insertad Info the channeis using a glass capilary
wih a dlameter siightly larger than the embryo iisell. It was
ised fo sireich the hydrogel channel before Injecting the
Eml:-r].'aa and |Eﬂ|l1g the channels relax and deform the
embryos. Cell wiablity In channels had previously been
assested without any noticeable difference Wil comtrod
embryos”. After 30 minutes, embryos wera flxed Insite the
hydrogess with 4% PFA for 35 minutes. Once fved, embryos
were remaved from the hydrogel channels and whalemount
iImmunohisiochemistry was performed.

Co-mmunoprecipliation and S05-PAGEAmmunohicting

For Immunoprecipiiation experdments, Caco-2 cells from
confluent 10 cm diameter dishes were washad twica with PSS
and then lysed In 500 pL of 3 bufer containing 51 mM Tris-
HCI at pH 3, 150 mM NaCl, 1 mM EDTA, Comglete Protease
Inhibior Cockiall (Roche) and 1% Triton X-100. Lysates weare
ieft on Ice for 30 minuies, briefly sonicated and SpUn down
at 21,000 x g for 30 minutes at 4°C. The supematant was
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transfemed 1o another fube and proteln concentration was
measwured [Bradford, Bio-Rad). 1 mg of protain lysate was
used par condfon. Lysates were precisaned using 20 L
proteln G Sepharose 4 fast flow (1:1 In PSS, GE Healthcare)
for 30 minues at 4°C on a shaker. The supematant was
Incubated for 30 minutes at 4°C on a shaker wih 2 pL of
the Indicated ariibody. 30 uL proteln G Sepharose 4 Fast
Fiow {1:1 In PBS) was atded 1o each condison and samples
were Incubatad D'!'EITIEH'I at 4% on 3 sEhaker SIHFIEE- ware
washed 5 imes with Ice coid Iysls bufier. 25 yL sample buffer
was aded and samples wene Incubated at 95°C for 5 minuies
before being subjecied to SOS-PAGEAMMUNobioting.

Mesoderm explants and mesoderm cel migration
ASPRZEREA mica  heterozygous for the LHsACt-GFP
transgene weare crossed and E7.5 embrycs were dissscted
In M2. Embrycs werz then incubated In a 2.5% pancreatin
mixture on lee for 30 minutes. Using tungsten nesdies,
the visceral endoserm layer was remaoved and fien the
mesodermal wings were separaied from the undenying
eplbiast. Mesodermal tissue was grown In flbmonectn-
coabed S-well Lab-Tek N chamiper slides and culhwed In
DMEM contalning 10% fetal bovine semum, peniciling, and
streptomycin at 37°C and 5% CO2%. Samples wene Imaged
on a Zelss LSM 350 confocal microscope equipped with an
environmental chamber to malntain condiions of 37C and
5% CO2. A laser excitation wavelengmh of 456 nm was used,
and explanis were Imaged every S minutes for S hours. For
gach time point, O z-section with 1 pm sien were collecied.

Ingividual cells migrating away from the explants were fracked
uEing the manual fracking plugin In FI. The movement,
velocly and directionality of Individual cells was analysed.
Movement represenied the total distance traveled In pm by
an Individual cell. Velocty represenied the average spead In
pmimin of 3 geen cel. Direcionally was 1sad 35 3 Measure
of how direct of convolted a cell's Paﬂ'l wWas and was
calculated a5 e ratio between the iotal distance traveled
and the distance In a stralght Ine between a3 caifs start and

end postion®.

Embryonic stem cel-derved cysis
Using smal-molecule Inhibliors of Erk and Gsk3 signalling™,
ASPPITAES gy ASPRJANARSA (3nd A SRRV contris)
ESC were generaied from flushed E2.5 embryos ootained
frOMm CrDE5E5 betwesn ASPPE: and A SPPJs TR mice,
respeciivedy. Briey, emonyDs were grown for bwo days In organ
culture dishes, containing pre-squilbrated preimplantation
embryo culsure media supplemented with 1 pM PDO325001
and 3 pM CHIRD9021 (Slgma-Akirich). Embyos were grown
one more day In MO 227 meda [Takara) supplementad
with 1 uM PDO325901 and 3 yM CHIR9SO21 [NDIT + 2).
The frophectodsrm was removed Dy Immunoswgery and
*eplolasts” wers grown In gelabinised dishes In the presence
of MDIT + 21 and ESGRO [recombinant mouse LIF Protein,
Millpore) to establsh ESC ines.

ASPFFES ES were Infecied with an AS-CMWHCE
adenovinus [Wector Ekolabs) io delete exon 4 of ASPPL
Deletion of exon 4 was assessed by POR. Mon-nfected
ASPPzessss ER0 were used a5 conmols. Wild type ESC
gertved from Iifer mates were used as controls for ASPPRes
ENAESC. To Torm Cysi5, 4500 ESC were resuspanded In 150
WL Matrigel (354230, Coming) and plated Into a well of an
B-well Lab-Tek Il chambser slide. The gel was |eft io sat for 10
minutes at 37" C bafore 300 yL dferentation medium [DMEM
supplemented wih 15% FCS, 1% Penicllin/Sirepomyci,
1% Glutaming, 1% MEM non-2ssentlal amino acks, 0.1 mM
Z-mescapioethansd and 1mM sodium pyruvate) was abded.
ESC were groan Tor 72 hours al 37°C and 5% C02 before
Immunostaining was performed.
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Figure S1: ASPP2 Is not required during preimplantation development A. Locallsation pattern of ASPP2 In 16-cel
EmDryos. A cross saction through the equatorda plane of a representative embeyo s shown. The F-actin cyloskaleton and
nuciel were visualisad using Phalloldin and DAPI respectively. The dashed area Is magnified on the right. The white armowhaad
shows ASPP2 and F-actin colocalising at an apical junction between two oulsige celis. Scale bars: 20 pm (left panel) ana
S um (right paned). B. localisation pattem of ASPP2 In human biastocysts. The top panel shows a cross section through the
c—quatonal plane of a representative embryo. The dashed area is magnified on the right to highiight the colocalisation betweaen

ASPP2 ang F-actin at the level of apical junctions In the trophectoderm (TE) (white arrowheads). The bottom row shows
3 30D opacity rendering of the same embryo In iis totalty (left panel) and a focus on Its Inner cell mass (right panel). TE:
trophectoderm; ICM: Inner c2ll mass. Scale bar: 20 ym. C. F-actin Is nomally dis¥ributed 3t the level of apical junctions in the
TE of ASPP2%4%4 ambryos. Maximum intensity projections of representative wild fype and ASPP 2445 ampryos stained with
Phalokdin and DAPI. D. ASPP2 knockdown in £3.5 embryos using sIRNA targeting ASPPZ mRNA. Note that the localisation
patiam of pYAP S127 was similar In control and ASPP2-gepieted embryos. Scale bar 20 pum.
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Control siRNA

AE4RES
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Figure S2: ASPP2 Is required specifically In the epiblast duning proamniouc cavity formauon. A. Immunofiuorescence
of wiki type and ASPP2444% £5 5 embryos using an ant-Part antibody. 5. Phenotype of ASPP244#« ambryos at E7.5.
Brachyury (T) localisation was analysed by indrect Immunofiuorescence. The ectopic accumuiation of celis In the proamniotic
cavily of ASPP2steess emdryos Is Indicated by a green star. C. ASPP2 expression was conditionally prevented In the epibiast
to test whether ASPP2 was specifically required In the epibiast (ASPPI%UEAS ambryos). ASPP2 expression patiem was
anaysed by Indirect Immunofiucrescence. ASPP2 proteins were completely absant at the apical junction of epiblast celis
In ASPpteusesss Note that the ASPP2 antibody results in non-specific nuciear signal (also seen In Figure 1C
when depleting ASPP2 by sIRNA). The dashed area highlights the ectopic accumulation of celis In the epibiast. D. SCRIB
expression patiem was analysed by indirect immunofiuorescance In wid type and ASPPZMARSA ambryos. The ectopic
accumulations of cels In the epibiast of ASPP2RwARMA embrycs was highlighted by a dashed line. E. Magnification of the
corresponding reglons in D. The biue amowhead points 10 the enrichment of SCRIS at the apical junctions. Red amowheads
point to basolateral SCRIB. The F-actin cyloskeleton and nuciel were visuaised using Phallokdin and DAPI respectively. Scale
bars: 20 pm.
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Figure S3: The angle of cell division and thetr relative posimion from the base of the epiblast is unaffected In the
absence of ASPP2. A. Quantfication of cell division angles In the apiblasts of wiid type (n=3 embryos, 28 celis) and ASPP 24
484 embryos (n=3 embryos, 33 c2lis). Left panel: Comparison of 3l cell ghvision angles In wild type and ASPP2444% ambryos.
NS: non-gignificant (nested ANOVA). right panei: Cell division angies were defined 3s etther parallel (0° o 30°), oblique (30°
to £0%) or orthogonal (60° to 90°). NS: non-significant (Fisher's exact test of independence). B. Position of cali division events
In wid type and ASPP245 ¥ embryos. The rlative position of cell division events was expressed 3s the distance between
momer call position Immediately prior 1o 3 division event and the base of the epithellum. NS: non-significant (nested ANOVA).

m unesuea Typeli

Hg«noSksmsmmAsWomuyosmaBALMmcwmnELiA.Bngttleldmagesofm
type and type | (34i41, 52.9%) and type 1l (7/41, 17.1%) phenotypes observed In ASPP2AVARNA empryos. Type | embrycs
exnhibited a strong accumulation of c2lis In thelr posterior. B. Celis ectopically accumuiating In the primitive sireak reglon are
unadle to apically constrict and do not have enriched F-actin at the apical junctions (orange arrowhead) In comparison to wild
type (blue amow heads). The F-actn cyloskeleton was visualised using Phalolain. Scale bars: 20 pm.
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Figure S5: ASPP2 is required for the Integmty of the F-actin cyroskelston In the epibiast 3s cells divide. A. The
localisation pattem of ASPP2 was andysed In wild fype E5.5 embryos by Immunofiuorascence. B. Magnification of the boxed
region In A, showing the locaksation pattem of ASPP2 In the VE at the apical junctions (biue arrowhead). Node that ASPP2's
nuciear signal Is non-specific. C. Super-resolution Alryscan Imaging of MDCK celis immunostained for ASPP2 and Afadin.
Crange arrowheads highlight the colocalisation of Afadin and ASPP2 at tricebular junctions. D. The localisation pattem of
ASPPZ and Afadin was anaysad in Caco-2 cels. Afadin and ASPP2, In acdition to being enriched at tricliular junctions, could
aiso be found colocalising at bicelular junctions (Diue amowhead) and were In ciose proximity at the cleavage furrow (orange
arownead). E. 30 opacity rendering showing the localisation at the apical junctions of the VE in an £6.5 wid type embryo.
F. Time-iapse Imaging of wild fype and ASPP2WWARA | fa Act-GFP positive embryos. Note how apical F-actin is disrupted
In ASPP2rvaRa LifeAct-GFP posiiive embryos following a cell division event (Diack arrowhead). Nuciel and the F-actin
cytoskeleton were visualised with DAPI and Phailoidin respectively. Scale bars: 20 pm.
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Figure S8: ASPP2 Is required for cavity architecture In ESC cys1s. A. Mesoderm c2ll migration Is unaffected In the absence
of ASPP2. Cell movement, velocity, and directionailty from wild type (n=£ explants, 3 cells per explant) and ASPP2IAMARNA
(n=4 explants, 3 celis per expiant) mesoderm explants were quantified. NS: non-slgnificant (nested ANOVA). B. E9.5 wila
type and ASPPZ¥4% ambryos labeled by Immunofiuorescence with antibodies against FOXC2 (somitic mesoderm) and
sarcomeric g-actnin (sarcomeras In cardiomyocytes). Nuciel and the F-actin cytoskeleton were visualised with DAP! and
Phatiokdin respactively. Scale bars: 200 ym. C. Quantification of the proportion of ASPP2%4%4 ang ASPP24# =4 ESC-derived
cysts with lumens affer three days In cuiture In Matrigel. D. Represantative Images of wiid type and ASPPIwARNA ESC-
gerived cysts afier three days In culture In Matrigel. The biue star Indicates the presence of a cavity In the wiid type cyst. E.
Ceils from the ectogenn occasionally delaminate basally Info the underlying mesodenm in E8.5 ASPPIAVARMA ambryos. The
F-actn cytoskaleton was visualised with Phalioldin respectively. Scale bars: 20 pm.
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MOVIE LEGENDS

Movie 1: Thme [apse iImagmg of witd Type and 4 SPPFE6ES gmbneos with mTimG-labeled cail membranes

Movie 2: Ayscan imaging and 30 rendenng of F-acTn In the pIMITVe Seak reqion of represantanve wikd ype and
ASPRIsEAR gmbryos

Movie 3: D rendenng showing that the prmmve smeak expands comparamvely in ET.5 wild Type and 45 jievasd
embryos. Mesodem calls were |aoelled by Immunofluoressance using an antibody against Erachyury (T). NMudlel and the
F-acin cyloskaieion were visualsed with TPl and Phalloidin respscivaly.

Mowie 4: Tima lapse imaging of wikd 1ype and ASPPJRARel mazogerm explants posiwve for the LifadcT-GFP
IrEnsgang
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