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Summary

A cell’s perception of its position within the tissue critically underlies spatially
patterned differentiation and ultimately drives development. However, our understanding of
the molecular mechanisms by which individual cells acquire and transmit positional
information remains incomplete. By using the mouse model, the present thesis demonstrates
how developmentally controlled adhesive interactions enable position-sensing by cells to
pattern the preimplantation embryo.

The mouse embryo is initially a cluster of transcriptionally and geometrically
equivalent cells. During the 16-32-cell stage, however, spatial differences emerge, closely
followed by the first lineage segregation. Outer cells become trophectoderm (TE)-specified
while inner cells give rise to the inner cell mass (ICM), which go on to form the
extraembryonic tissues and the embryo proper, respectively.

While outer cells are marked by a polarised apical domain on the cell-free surface,
inner cells are enveloped by adhesive cell-cell interfaces. By characterising and manipulating
the adhesive environment of early embryonic cells, the work presented here illustrates that
stage-specific activity of integrins and the extracellular matrix (ECM) at these cell-cell
interfaces distinguish the embryonic interior. Immunosurgical isolation of inner cells prior to
their lineage commitment removes existing intercellular adhesions and subsequently drives
TE specification. In marked contrast, however, provision of exogenous ECM components
induces ICM specification instead, and this response is dependent on integrin $1 activity.

Our findings suggest that interactions between integrins and their ECM ligands
convey inner positional information for inside-outside patterning of the preimplantation
embryo. Furthermore, even in the presence of molecules that mediate direct intercellular
adhesion, the ECM is required at the cell-cell interface to prompt position-sensing. While
cell-cell and cell-ECM adhesions are commonly considered to be spatially distinct, the
present work indicates that ECM components are also present at the cell-cell interface to
critically influence patterning. Given the ubiquity of the ECM among metazoans, we predict
that future studies would increasingly uncover morphogenetic requirements for intercellular

ECM.






Zuzammenfassung

Die Wahrnehmung der Position einer Zelle innerhalb des Gewebes liegt der rdumlich
strukturierten Differenzierung kritisch zugrunde und treibt letztendlich die Entwicklung
voran. Unser Verstandnis der molekularen Mechanismen, mit denen einzelne Zellen
Positionsinformationen erfassen und iibertragen, bleibt jedoch unvollstidndig. Anhand des
Mausmodells zeigt die vorliegende Arbeit, wie entwicklungsgesteuerte adhésive
Wechselwirkungen die Positionserfassung durch Zellen erméglichen, um den
Préaimplantationsembryo zu strukturieren.

Der Mausembryo ist zunédchst ein Cluster von transkriptionell und geometrisch
dquivalenten Zellen. Wihrend des 16-32-Zell-Stadiums treten jedoch rdumliche Unterschiede
auf, dicht gefolgt von der ersten Abstammungstrennung. AuBere Zellen werden zum
trophectoderm (TE) -spezifiziert, wahrend innere Zellen die innere Zellmasse (ICM) bilden,
welche das extraembryonale Gewebe bzw. den eigentlichen Embryo bilden.

Wihrend 4dullere Zellen durch eine polarisierte apikale Doméne auf der zellfreien
Oberfldche markiert sind, werden innere Zellen von adhésiven Zell-Zell-Grenzfldchen
umgeben. Durch die Charakterisierung und Manipulation der adhésiven Umgebung friither
embryonaler Zellen zeigt die hier vorgestellte Arbeit, dass die stadienspezifische Aktivitit
von Integrinen und der extrazelluldren Matrix (ECM) an diesen Zell-Zell-Grenzflichen das
embryonale Innere unterscheidet. Die immunchirurgische Isolierung innerer Zellen vor ihrer
Bindung an die Abstammungslinie entfernt vorhandene interzelluldre Adhésionen und treibt
anschliefend die TE-Spezifikation voran. In deutlichem Gegensatz dazu induziert die
Bereitstellung exogener ECM-Komponenten stattdessen die ICM-Spezifikation, diese
Reaktion hingt von der Integrin-1-Aktivitét ab.

Unsere Ergebnisse legen nahe, dass Wechselwirkungen zwischen Integrinen und ihren ECM-
Liganden innere Positionsinformationen fiir die Innen-Auflen-Strukturierung des
Praimplantationsembryos vermitteln. Selbst in Gegenwart von Molekiilen, die eine direkte
interzelluldre Adhasion vermitteln, ist die ECM an der Zell-Zell-Grenzfliche erforderlich, um
die Positionserfassung zu veranlassen. Wihrend Zell-Zell- und Zell-ECM-Adhésionen
tiblicherweise als rdumlich verschieden angesehen werden, zeigt die vorliegende Arbeit, dass
ECM-Komponenten auch an der Zell-Zell-Grenzfliche vorhanden sind, um die
Strukturierung kritisch zu beeinflussen. Angesichts der Allgegenwart der ECM bei Metazoen
sagen wir voraus, dass zukiinftige Studien zunehmend morphogenetische Anforderungen an

die interzelluldre ECM aufdecken werden.
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Introduction
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The development of multicellular organisms entails dynamic proliferation and organisation
among cells as diverse arrays of gene expression signatures, spatial patterns, and
morphologies arise. Coordinating the emergence of such diversity requires that cells perceive
and interpret information from their immediate microenvironment as well as global cues
across the embryo. In particular, the question of how a cell commits to a specific fate relative
its neighbours is a fundamental one, which the present thesis aims to address using the early

mouse embryo as a model system.

Positional information in fate regulation and pattern formation

Classical models of pattern formation

At the organismal level, a body plan follows spatial coordinates along a set of axes to
guide morphogenesis during development. In addition to cell differentiation, processes such
as proliferation, movement and growth vary between anterior-posterior, dorsal-ventral, and
left-right regions of an embryo. Moreover, each of these axes are determined at
chronologically distinct periods as the geometry of the embryo evolves. Therefore, a system
to provide and process spatial cues is constantly at work over increasing scales during
development.

The notion of ‘positional information’ in morphogenesis was first brought to
prominence by Lewis Wolpert to explain how genetic information leads to spatial patterns of
cell differentiation (Wolpert, 1969). In his words, positional information is the specification
of physical position, while polarity is the direction in which positional formation is measured.
Positional information may be provided in several ways. These include quantitative variation
in the concentration of a chemical substance, and wave-like propagation of pacemaker
activity as proposed by Goodwin and Cohen (Goodwin and Cohen, 1969) (Figure 1A). In
response, the genetic makeup and developmental history of a cell determine its
‘interpretation’ of the given positional information, as well as subsequent ‘conversion’ of this
information into a particular behaviour. Ultimately, Wolpert stipulated that patterns emerge
at the tissue level from spatial gradients.

Prior to Wolpert’s gradient model, Alan Turing introduced the concept of
‘morphogens’ as diffusible chemical substances that react with each other to determine the

anatomical structure of an organism in his reaction-diffusion (RD) model (Turing, 1952).
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Turing’s chief interest was to explain the emergence of instability and subsequent complexity
from an originally homogenous system through the activity of chemical reactions. He
reasoned that even a symmetrical system exhibits stochastic fluctuations in its component
reactions. Once amplified, these fluctuations promote a state of instability, leading to a new
equilibrium by breaking symmetry, and thus prompts pattern formation (Figure 1B). The RD
model is distinct from Wolpert’s gradient model in that the former’s chemical ‘peaks’ are not
unique to a specified position but emerge locally through self-organisation. In contrast, the
gradient model assumes a prior asymmetry in the tissue to drive complex patterning.
Nevertheless, the relationship between these two models is not one of mutual exclusion. The
RD model could impart symmetry-breaking and robustness through self-organisation, while
the resulting spatial asymmetries drive pattern formation according to the gradient model

(Green and Sharpe, 2015; Kondo and Miura, 2010; Wolpert, 1969).

A B

= Activator
A = |Inhibitor

Y

Morphogen conc.

Y

Space

Figure 1. Schematic representation of the classical models of patterning.

A.In Wolpert’s gradient model, a polarised boundary generates a directional gradient that encodes
positional information. Just as a French flag retains its tricolour regardless of size, a relative
gradient is preserved despite changes in the size of the “positional field” to maintain patterning.
Concentration thresholds (77, T2) of morphogens determine fate along the field of cells.

B. In essence, Turing’s reaction-diffusion model proposes that two diffusible substances
interacting with each other can generate patterns. Molecular fluctuations and auto-activation drive
symmetry-breaking. In this case, an activating morphogen (red) induces expression of an inhibitor
(blue). The more rapidly diffusing inhibitor creates a zone of inhibition around the activator peak.
However, new activator peaks can from beyond this inhibition zone as reaction-diffusion
propagates, resulting in pattern formation. Schematic adapted from Green and Sharpe, 2015.
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Distinct spatial cues are integrated to govern pattern formation

Although little was known of the molecular basis of patterning at the time of Turing
and Wolpert’s writing, the current literature describes a myriad of different positional cues.
In plants, for example, several aspects of patterning are regulated by the phytohormone auxin.
Sites of auxin biosynthesis are localised to specific parts of a plant, and active transport of the
hormone sets up concentration gradients that organise the plant body. Auxin produced in the
shoot apex drives stem elongation while inhibiting development of lateral buds, thus
establishing ‘apical dominance’ to promote vertical growth of the plant (Barbier et al., 2017).
In addition, auxin drives asymmetric growth in response to directional light by preferentially
accumulating in ‘shaded’ regions of the plant. This enables a positive phototrophic response
whereby the plant bends and grows towards the light source (Figure 2A) (Holland et al.,
2009). As such, localised availability and regulation of auxin provide positional information
necessary to distinguish different regions of the plant and pattern its growth in response to the

external environment.

Ectoderm

2y
o)

< |

Shh
Notochord

Cell elongation

Figure 2. Spatial cues direct growth and patterning.

A. Asymmetric exposure to light leads to preferential auxin accumulation in shaded regions of the
plant to drive phototropic growth through selective cell elongation. Localised production and polar
transport of auxin coordinates plant body development.

B. Ventral-to-dorsal gradient of Sonic hedgehog (Shh) directs cell differentiation in the vertebrate
neural tube. Additional positional information is provided by site-specific interactions with
surrounding tissues to guide development along the length of the neural tube.
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Similarly, pattern formation in a variety of animal systems is regulated by positional
information encoded in morphogen gradients. One prominent example of morphogen activity
is Sonic hedgehog (Shh) signalling in the neural tube. Following neurulation in vertebrate
embryos, Shh secreted from the notochord and the ventral portion of the neural tube spreads
in the dorsal direction (Figure 2B) (Marti et al., 1995; Roelink et al., 1995). Through a series
of transcription factors controlled by graded Shh availability, cells of the neural tube attain
distinct positional identity, resulting in spatially segregated specification of neuronal subtypes
along the dorsoventral axis (Fig 2B) (Briscoe et al., 1999; Ericson et al., 1997; Yamada et al.,
1993).

This classical model, however, has been extended by observations made through in
toto live-imaging of neural development in zebrafish (Xiong et al., 2013). Although graded
Shh certainly guides the general direction of fate specification, authors report considerable
spatial noise in the response of neural tube cells to the morphogen gradient. Fate
specification occurs in an overlapping and intermingled ‘salt-and-pepper’ manner, and
sharply delineated progenitor domains are established only after cell sorting. Therefore, the
outcome of graded morphogen signalling as a function of position is not smooth, and cell-cell
interactions provide additional positional information to refine pattern formation. The
response to different sources of positional information can be again tuned by multiple
parameters, including duration of signalling and physical changes in the environment brought
by cell movement and tissue growth (Dessaud et al., 2007; Harfe et al., 2004; Sagner and
Briscoe, 2017). For example, the neural tube is flanked by pairs of somites that are
themselves rhythmically produced by a clock and wave mechanism based on molecular
oscillators (Aulehla et al., 2008), and inter-tissue interactions critically affect bilateral
symmetry of the neural tube (Guillon et al., 2020). In this way, spatiotemporal changes in the
biochemical and physical environment of a cell, as well as changes to competence of the cell
itself, present a slew of context-dependent factors that influence position-sensing and

subsequent patterning during development.

Spatial asymmetry underlies position-specific cell differentiation

An inherent feature of pattern formation is an underlying asymmetry that facilitates
differential regulation of cell behaviour within a given space. Therefore, as Turing alluded
to, patterning requires that symmetry first be broken within the system, either through

external cues or by intrinsic processes (Li and Bowerman, 2010; Turing, 1952). Subsequent
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propagation of the initial asymmetry begets a host of downstream asymmetries that provide
distinct spatial cues and progressively pattern the embryo.

In many invertebrates, parental factors are asymmetrically deposited to establish
distinct embryonic regions prior to the first cell division. In Caenorhabditis elegans, the site
of sperm entry determines the posterior pole of the embryo. A microtubule organising centre
(MTOC) deposited by the sperm initiates actomyosin-dependent cortical flows that result in
polarised anterior-posterior distribution of Par proteins in the zygote (Kemphues et al., 1988)
(Munro et al., 2004; Nance et al., 2003). Par protein polarisation leads to asymmetric
localisation of several molecules that influence cell fate, including ribonucleoproteins known
as P-granules (Cheeks et al., 2004; Kemphues, 2000). At every division up until the 16-cell
stage, these P-granules are segregated to only one daughter cell, which becomes the germline
precursor (Hird et al., 1996; Strome and Wood, 1982). Therefore, the asymmetry induced by
sperm entry, via amplification through other embryonic components, sets up the body plan
and establishes the germline.

Likewise, mRNA molecules transcribed from maternal effect genes in Drosophila
melanogaster are asymmetrically transported along the anterior-posterior axis during
oogenesis (Nusslein-Volhard et al., 1987; Riechmann and Ephrussi, 2001; Roth and Lynch,
2009). Upon fertilisation and translation of these mRNAs, corresponding protein gradients
are set up, which ensures spatially distinct regulation of downstream segmentation and
homeotic genes to pattern the whole embryo (Clyde et al., 2003; Gavis and Lehmann, 1994;
Rongo et al., 1995).

In adult tissues, a variety of stem cell niches highlight the relationship between
position-dependent cellular interactions and cell differentiation states (Li and Xie, 2005).
Schofield was the first to propose that a population of stem cells occupies a specific
anatomical ‘niche’ (Schofield, 1978). A niche provides a physical anchor as well as
specialised support cells that produce extrinsic signals to regulate stem cell self-renewal and
differentiation.

In the hermaphroditic gonad of C. elegans, the germline niche is governed by the
distal tip cell (DTC) where germline stem cells (GSCs) are in direct contact with the somatic
DTC (Crittenden et al., 2006; Kimble and White, 1981). Interaction between the DTC and
GSCs activates a Notch-like signalling cascade that promotes self-renewal and represses
differentiation (Austin and Kimble, 1987). Conversely, as progeny move further away from

the DTC, they transition from a mitotic to meiotic phase to form differentiated germ cells
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(Cinquin et al., 2010). Therefore, increasingly differentiated cells are found at more proximal
locations within the niche. In mammals, well-known niches include the intestinal crypt and
the trabecular bone surface that guard intestinal and haematopoietic stem cells, respectively
(Lander et al., 2012). Position-specific signals received and interpreted by cells in these
structured microenvironments regulate differentiation state, proliferation and migration to

ultimately preserve tissue integrity.

Early mammalian development

Early mammalian embryos exhibit regulative patterning

In contrast to worms and flies, there is little convincing evidence to suggest that
parental factors have an instructive role in establishing spatial asymmetry during mammalian
development (Alarcon and Marikawa, 2005; Dietrich and Hiiragi, 2007; Hiiragi and Solter,
2004; Louvet-Vallée et al., 2005). In fact, early development of mouse, rabbit and sheep are
regulative, as these systems can adapt to perturbations in size to preserve embryonic
patterning. In these model systems, halved and quartered embryos generated by removal of
blastomeres after the first or second cleavage division can result in the birth of viable progeny
(N. W. Moore, Adams, & Rowson, 1968; Tarkowski, 1959; Willadsen, 1981). Therefore,
rather than relying on prepatterned asymmetries, cells of the mammalian embryo dynamically

sense their relative position to ensure robust patterning.

Three distinct cell lineages are established in the preimplantation mouse embryo

Mouse preimplantation development spans the first four days following fertilisation as
the embryo traverses through the oviduct before implanting in the uterine epithelium.
Towards the end of this stage, the embryo becomes a blastocyst consisting of a fluid-filled
cavity surrounded by cells of three distinct lineages: trophectoderm (TE), epiblast (EPI) and
primitive endoderm (PrE) (Figure 3A).

The divergence of TE and inner cell mass (ICM) during the 16-32 cell stage marks the
very first lineage segregation event in mouse development (Marikawa and Alarcon, 2009).
The Cdx2-expressing TE cells form an outer epithelial layer that will facilitate embryo-uterus

interactions during implantation, and eventually give rise to the bulk of extraembryonic
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tissues including the placenta (Collins and Fleming, 1995; Strumpf et al., 2005). Meanwhile,
increased SOX2 levels in the embryonic interior mark the ICM, and nascent blastocoel fluid
begins to accumulate between cells through transport of ions (Kawagishi et al., 2004;
Manejwala et al., 1989; Wicklow et al., 2014; Wiley, 1984).

As the blastocyst matures, a mutually exclusive ‘salt-and-pepper’ pattern of EPI and
PrE-specific markers emerges within the ICM. Soon thereafter, PrE cells are sorted to the
ICM surface lining the cavity, while the EPI remain sandwiched between the PrE and the
overlying TE (Chazaud et al., 2006; Plusa et al., 2008). Sorted PrE cells mature into a
polarised epithelial monolayer, similar to the TE, and its derivatives eventually contribute to

the yolk sac (Saiz et al., 2013).

A

8-cell Morula Blastocyst
TE BN EPI PrE
External environment

- Blastocoel fluid

Figure 3. Schematic representation of mouse preimplantation development.

A. During preimplantation development, the mouse embryo undergoes cleavage divisions, and
extracellular fluid accumulation results in an expanded cavity that characterises blastocysts. The outer
trophectoderm (TE) is the first lineage to be specified in the morula (16-32-cell stage), and the
epiblast (EPI) and primitive endoderm (PrE) emerge from the inner cell mass (ICM) in the embryonic
interior. EPI and PrE cells arise in an intermingled ‘salt-and-pepper’ pattern, but these become
spatially sorted as the blastocyst matures.

B. The direction of polarity is reversed between the TE and PrE. The apical side faces the external
environment in the TE, while it faces inwards towards the blastocoel cavity in the PrE.
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Despite shared epithelial features, the TE and PrE exhibit inverted polarity with
respect to each other (Figure 3B). The apical surface of PrE cells faces the blastocoel cavity
while their basal side is in contact with adjacent EPI cells. In contrast, it is the basal surface
of TE cells that faces the cavity while the apical domain is exposed to the external
environment. Given that most epithelial tissues in the body, such as the gut and lungs, exhibit
apical polarisation towards the internal lumen, the orientation of TE polarity is a curious
anomaly (Roignot et al., 2013). Although efforts to compare TE and PrE polarities have been
sparse, the differences may bear significant implications for the fate and function of each
lineage.

Encapsulated between basal surfaces of the TE and PrE, the EPI remains apolar
during preimplantation development. The surface of each EPI cell is bound by contact with
adjacent neighbours, thus lacks direct exposure to the blastocoel cavity or the external
environment. These enclosed cells give rise to the embryo proper and serve as a source of
pluripotent embryonic stem cells (ESCs) when isolated and cultured in vitro (Evans and
Kaufman, 1981; Martin, 1981).

The TE, PrE and EPI are marked by clear morphological and positional differences as
they emerge in the preimplantation embryo. By the 64-cell blastocyst stage, cells of these
three lineages are distinguishable by their gene expression profile (Guo et al., 2010; Ohnishi
et al., 2014). Since the mouse zygote lacks prepatterned asymmetry, however, these

differentiation events must be preceded by symmetry-breaking within the early embryo.

Compaction and polarisation break symmetry in the 8-cell stage embryo

Prior to symmetry-breaking in the mouse embryo, the first three cleavage divisions
generate morphologically and functionally equivalent cells whose fate is neither predictable
nor restricted to a particular lineage (Kelly, 1977; Tarkowski & Wrdéblewska, 1967).
Analysis of mRNA levels for lineage markers indeed confirm that no distinguishing features
are apparent between blastomeres in 2-, 4-, and early 8-cell stage embryos (Guo et al., 2010).
Intracellular differences then emerge as a result of two major morphogenetic events:
compaction and polarisation (Ducibella and Anderson, 1975; Ducibella et al., 1977;
Lehtonen, 1980). Blastomeres enlarge contact with adjacent cells through compaction and
assemble a polarised apical domain on their cell-free cortex (Figure 4A). As a result, the
outer surface of the embryo becomes distinct from its inner regions. This asymmetry

provides crucial positional information for subsequent patterning of the embryo.
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Compaction

During compaction, adjacent cells flatten against each other and their membranes
become tightly apposed, decreasing the proportion of free surface exposed to the external
environment. Intercellular adhesion between blastomeres is strengthened by calcium-
dependent interactions mediated by E-cadherin, encoded by Cdhl (Ducibella and Anderson,
1975). Embryos that lack E-cadherin, as well as those cultured in calcium-free medium, fail
to compact (Ducibella and Anderson, 1975; Larue et al., 1994; Shirayoshi et al., 1983;
Stephenson et al., 2010). This in turn impairs formation of a junctional permeability seal and
prevents blastocoel fluid accumulation. Embryos that are unable to compact thus fail into
mature into blastocysts.

Actomyosin-mediated cortical contractility is another an important driver of
compaction (Maitre et al., 2015). Measurements of interfacial tension revealed that cortical
tension at the cell-medium interface increases during compaction. Conversely, tension
decreases at cell-cell interfaces, coupled to local reduction in the levels of actin and myosin.
Furthermore, pharmacological inhibition of actin polymerisation and myosin activity with
cytochalasin D and blebbistatin, respectively, disrupts compaction (Fleming et al., 1986;
Maitre et al., 2015). Closer inspection through live-imaging at high temporal resolution
revealed that blastomeres of the 8-cell stage display periodic travelling waves of cortical
actomyosin contractions, and that the propagation of these waves is dampened at sites of
intercellular contact and the apical domain (Figure 4B-D) (Maitre et al., 2016). Therefore,
compaction generates intracellular mechanical asymmetry through differential actomyosin

activity and cell adhesion (Anani et al., 2014; Maitre et al., 2016; Samarage et al., 2017).

Polarisation

Around the time of compaction, cells polarise along the radial axis of the 8-cell
embryo by forming an apical domain on their outer surface (Ziomek and Johnson, 1980).
Reminiscent of differentiated epithelial cell systems with distinct apical and basolateral
regions, the embryonic apical domain is characterised by a concentration of microvilli and
localisation of Par6, atypical protein kinase C (aPKC), and phosphorylated ERM (Ezrin,
Radixin, Moesin) proteins (Fleming et al., 1986; Plusa, 2005; Rodriguez-Boulan & Macara,
2014; (Dard et al., 2001; 2009a; Pauken and Capco, 2000; Vinot et al., 2005). Although the
molecular mechanism of this polarisation is not precisely understood, the Rho GTPase family

member Cdc42 is known to be critically required (Etienne-Manneville, 2004; Korotkevich et
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al., 2017). Functional analyses in budding yeast and epithelial cell cultures show that Cdc42
can recruit proteins that crosslink and bundle actin filaments, interact with other apically
localised proteins, and regulate vesicular trafficking by interacting with the Rab family of
GTPases (Aceto et al., 2006; Adamo et al., 2001; Wedlich-Soldner et al., 2003). There is also
evidence that cell adhesion stimulates Cdc42, leading to spatial regulation of its activity (Kim
et al., 2000). While these processes are yet to be studied in mouse development, Cdc42-
deficient embryos fail to polarise and consequently degenerate during the preimplantation

period (Korotkevich et al., 2017).
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Figure 4. Symmetry-breaking occurs during the 8-cell stage.

A. During this stage, both mechanical and biochemical asymmetry emerges as the mouse embryo
undergoes compaction and polarisation. The late 8-cell stage exhibits increased cell-cell adhesion,
and the outer surface of each blastomere is marked by an apical domain that contains microvilli and
proteins including pERM, aPKC, and Pard6b. Notably, symmetry-breaking and subsequent patterning
can be recapitulated by individual blastomeres isolated from the early 8-cell stage (B-E).

B. Early 8-cell blastomeres exhibit waves of cortical actomyosin activity.

C. The apical domain recruits microtubule organising centres (MTOCSs) and directs spindle
orientation for asymmetric cell division.

D. Since the cortical contractility is suppressed by the apical domain, asymmetric inheritance of
polarity between daughter cells results in mechanical differences that drive differential cell sorting as
represented in E.
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Apical domain assembly is observed in dissociated 8-cell stage blastomeres,
suggesting that polarisation is cell-autonomous (Figure 4C) (Korotkevich et al., 2017;
Lorthongpanich et al., 2012). Nevertheless, the incidence of isolated polarisation is
considerably lower compared to conditions where a contact interface is shared with a
neighbouring cell (Korotkevich et al., 2017). In the latter, the apical domain tends to
assemble on the cortical region furthest from the adhesive interface. This contact cue
therefore potentiates polarisation and also guides its orientation. Notably, given that the
effects of cell-cell adhesion can be reproduced by contact with biologically inert beads and
potentially display a force threshold, the role of this ‘contact’ may not be limited to
biomolecular cues but also extend to mechanical interactions (Korotkevich 2017; Bun et al.,

2014).

Interplay between cortical contractility and polarity directs cell positioning

Compaction and polarisation break symmetry by establishing mechanical and
biochemical differences between inner and outer regions of the 8-cell embryo. While both
processes are sensitive to intercellular adhesion, there is also evidence for more direct
interplay between cortical contractility and the apical domain in the preimplantation embryo.
During the late 8-cell stage, surface contractility is reduced at the embryo periphery,
suggesting local suppression of actomyosin by the apical domain (Figure 4C-D) (Maitre et
al.,2016). Later, as the blastomere prepares to divide, the apical domain recruits MTOCsS to
align the spindle along the radial axis of the embryo (Fig 4C-E) (Korotkevich et al., 2017).
This drives a strong bias towards asymmetric cell division where the apical domain is
inherited by one daughter cell but not the other (Anani et al., 2014; Johnson and Ziomek,
1981; Korotkevich et al., 2017; Maro et al., 1991). As a result, upon 8- to 16-cell stage
transition, the embryo is composed of cells that differ in their polarity as well as actomyosin-
mediated tension. Experiments with 2/16 doublets and physical modelling have demonstrated
that this differential tension is sufficient to drive cell sorting behaviour where apolar cells are
internalised by polarised cells (Anani et al., 2014; Maitre et al., 2016; Samarage et al., 2017).
This interplay between cortical tension and polarity therefore instructs the initial inner-outer

configuration within the embryo.
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Models to explain TE/ICM specification

The breaking of embryonic symmetry and subsequent inner-outer sorting of cells is
imperative to TE/ICM specification. Historically, two models were proposed to explain the
mechanism of TE/ICM specification: the Inside-Outside model and the Polarity model. The
Inside-Outside model stipulates that cell position within the 16-32 cell stage embryo
determines fate, with outer cells becoming TE and inner cells ICM. Researchers noted that,
although a given blastomere isolated from an early embryo at the 2-, 4-, or 8-cell stage is
capable of recapitulating preimplantation patterning, the incidence of blastocyst formation
decreases with dissociation at later stages (Tarkowski and Wréblewska, 1967). The rest
instead forms “trophoblastic vesicles” where a single layer of TE-specified cells surrounds a
cavity devoid of an ICM. The explanation for these observations was that the later the
dissociation, fewer cells are present at the time of cavitation, which imposes geometric
constraints against complete envelopment of a cell by its neighbours. The Inside-Outside
model proposes that inner and outer cells receive distinct microenvironmental cues to govern
fate, and therefore positional differences underlie TE/ICM specification.

On the other hand, the Polarity model states that the TE and ICM are specified upon
asymmetric division during the 8- to 16-cell stage (Johnson and Ziomek, 1981). Using
blastomeres from dissociated 8-cell embryos, authors of this model found that the majority of
1/8 to 2/16 cell divisions result in asymmetric inheritance of the apical domain.
Concurrently, they observed in whole embryos that polarised cells remain on the peripheral
surface enclosing apolar cells. These led to the proposal that positional differences are a
corollary to asymmetric division, and the presence and absence of polarity determines TE and

ICM specification, respectively.

The apical domain marks the outer cells of the embryo

Decades of research continued to build on these two models to elucidate the
mechanism of TE/ICM specification. One prominent difference between the TE and ICM is
the activity of the Hippo signalling pathway (Cockburn et al., 2013; Hirate et al., 2013;
Nishioka et al., 2009; Wicklow et al., 2014). The Hippo pathway, first identified in flies with
overgrowth phenotypes, integrates a host of upstream signals to regulate cell fate and tissue
growth. In addition to growth factors and nutrients, the pathway is also sensitive to cell
adhesion and mechanical forces in the surrounding microenvironment. Given such breadth,

this highly conserved pathway is well suited to transmit positional information. In inner cells

23



of the morula, junction associated protein Amot is localised to adherens junctions and
activates the Hippo pathway, leading to phosphorylation and cytoplasmic retention of YAP
(Yes-associated protein) (Figure SA) (Hirate and Sasaki, 2014). In outer cells, Amot localises
to the apical domain, and Y AP translocates to the nucleus where it activates Tead4 (Anani et
al., 2014). Tead4 in turn induces the expression of TE-specific genes such as Cdx2 and
Gata3. For this reason, differential localisation of YAP is often used in the literature as a
proxy marker for TE/ICM fate.

Importantly, however, Hippo signalling is not strictly dependent on cell position. In
fact, differential YAP localisation is also observed between cells occupying similar positions
within the embryo. In 16-cell embryos, geometric constraints often allow only one or two
cells to be completely internalised, thus apolar cells are often found on the outer surface.
Some of these apolar cells have high levels of phosphorylated YAP (pYAP) despite their
outer position. Therefore, asymmetric Hippo signalling better mirrors asymmetric inheritance
of the apical domain rather than cell position (Figure 5B). Cells that have an apical domain
display high levels of nuclear YAP while the phosphorylated form prevails in the cytoplasm
of apolar cells (Anani et al., 2014).

Critically, even if a cell does not inherit an apical domain, it can polarise de novo if
positioned outward. Such cells subsequently decrease cytoplasmic YAP and upregulate
Cdx2, just as those that had directly inherited the apical domain from the parental 8-cell stage
blastomere. As a result, the outer surface of the preimplantation embryo remains consistently
polarised from the 8-cell stage onwards. This indicates that cell positioning is not
predetermined. Rather, blastomeres are able to dynamically sense their position, such that
outer cells are marked by polarity regardless of their division history from the 8-cell stage

onwards (Dard et al., 2009b; Korotkevich et al., 2017; Watanabe et al., 2014).
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Figure 5. Hippo signalling differentially active in polar and apolar cells.

A. In inner cells junctionally localised Amot activates Hippo signalling, and YAP is
phosphorylated by the kinase Lats. Phosphorylated Y AP remains cytoplasmic. In polarised outer
cells, Amot is apically localised and Hippo signalling is inactive. Y AP translocates to the nucleus
and binds with Tead4 to drive expression of TE-specific genes.

B. An apical domain can be pinched off from a polarised 8-cell stage blastomere and grafted onto
an apolar 16-cell stage blastomere. This apical domain graft is sufficient to inactivate Hippo
signalling, as indicated by nuclear translocation of YAP (Korotkevich et al., 2017).

The apical domain is necessary and sufficient for TE fate

The polarised outer cells in the preimplantation embryo form the TE. Knockdown of
Pard6b, a component of the PAR-aPKC complex that regulates apicobasal polarity, results in
Y AP phosphorylation and downregulation of Cdx2 in outer cells (Alarcon, 2010). More
severely, the TE layer fails to form at all in embryos that lack Cdc42, a Rho GTPases family
member critically involved in polarisation (Korotkevich et al., 2017). To unequivocally
examine sufficiency of the apical domain in promoting TE specification, Korotkevich and
colleagues employed a reduced experimental system using isolated 8-cell stage blastomeres
(1/8) and doublets equivalent to the 16-cell stage (2/16) (Figure 5B). The apical domain
pinched off from a polarised 8-cell stage blastomere was transplanted onto an apolar cell of a
2/16 doublet. This transplantation induced sequestration of Amot to the grafted apical region
and nuclear accumulation of YAP, reminiscent of events that occur in outer cells of the
embryo as they become TE-specified. In this way, it was elegantly demonstrated that the

apical domain is both necessary and sufficient to direct TE specification.
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Inner positional cues remain elusive

As described above, embryonic polarity prescribes the spatial bearings that ensure
outer cells are TE-specified. Furthermore, the signalling events that bridge polarisation and
upregulation of Cdx2 in the morula are relatively well understood. In contrast, however,
much less is known about the signals that inform inner cells of their position and direct ICM
specification.

Studies of ICM specification are hindered by several factors. Asynchrony of
divisions, dynamic cell sorting, and transcriptional heterogeneity within the embryo lead to
variable timing of inner cell emergence and ICM specification (Anani et al., 2014; Dietrich &
Hiiragi, 2007; Fleming, 1987; Guo et al., 2010). Moreover, inner cells are fewer in number
compared to outer cells in the morula, and upregulation of ICM markers is generally delayed
compared to TE counterparts. Consequently, the microenvironmental cues pertinent for ICM

specification thus far remain ambiguous.

‘Contact’ is required for patterned TE/ICM specification

Generally, the microenvironment of apolar inner cells is characterised by enrichment
of intercellular contacts. To examine the influence of intercellular contact on TE/ICM
specification, Lorthongpanich and colleagues separated blastomeres of the 2-cell stage
embryo and continued separating daughter cells after each round of division during
preimplantation development (Lorthongpanich et al., 2012). All positional cues were thus
removed from each cell. Although the resulting gene expression profile showed an overall
“TE-like’ signature, these cells were neither TE nor ICM -specified, suggesting that positional
information provided through cell contact is required for establishment of lineage-specific

gene expression.
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Adhesive interactions in pattern formation

Cell-cell interactions govern cell sorting: the differential adhesion hypothesis

While early discussions on positional information were mainly concerned with global
cues for pattern formation, a growing body of work was detailing the importance of adhesive
interactions in multicellular organisation. It was reported more than a century ago that cells
dissociated from siliceous sponges self-assemble into syncytial masses to give rise to new
sponges (Wilson, 1907). Similar observations were made in amphibian and avian embryos,
highlighting a remarkable ‘self-organising’ ability of cell mixtures to approximate mature
tissue structures (Moscona and Moscona, 1952; Townes and Holtfreter, 1955).

These eventually led to Steinburg’s differential adhesion hypothesis, which stipulates that
cells bind to cells of similar adhesion strength or surface tension to produce a
thermodynamically stable structure, thus contributing to morphogenesis through cell sorting
(Figure 6A) (Steinberg, 1963; Townes and Holtfreter, 1955). The differential adhesion
hypothesis thus offered a physical explanation for patterning, even before adhesive molecules
were discovered. In the decades that followed, adhesive contacts became molecularly defined
and broadly categorised into two types: cell-cell adhesion and cell-extracellular matrix

(ECM) adhesion (Figure 6B).

Cell-cell adhesion mediated by E-cadherin plays key roles in early development

Cell-cell adhesion is generally mediated by the cadherin family of proteins. The
founding member E (epithelial) -cadherin was first described by Masatoshi Takeichi as a
calcium-dependent adhesion molecule that holds epithelial cells together (Figure 6C)
(Takeichi, 1977; Yoshida and Takeichi, 1982). Observing morphological changes in cells
upon calcium modulation, Takeichi went on to correctly predict that cadherins not only let

cells stick to one another, but also collectively regulate morphogenesis during development.
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Figure 6. Adhesive interactions underlie pattern formation.

A. The differential adhesion hypothesis stipulates that cells sort according to relative surface
tension, which is determined by their adhesive strength, to achieve a state of minimal interfacial
free energy.

B. A typical epithelial cell engages in two types of adhesive interactions with its
microenvironment: cell-cell adhesion with adjacent cells (green), and cell-ECM adhesion with the
underlying basement membrane (magenta).

C. Cadherins are mediators of cell-cell adhesion. Calcium ions to stabilise the extracellular
domains of cadherins to facilitate homophilic trans interactions that underlie cell-cell adhesion. On
the cytoplasmic side, cadherins are linked to the actin cytoskeleton via various adaptor proteins.
D. Integrin heterodimers, consisting of an o and 3 subunit, are major ECM receptors that mediate
cell-ECM adhesion. A diversity of integrin heterodimers allows recognition of different types of
ECM proteins and drives a broad repertoire of bidirectional signalling events.

In gastrulating zebrafish embryos, E-cadherin is required for epiboly and convergent
extension. Deficiency in E-cadherin disrupts the spreading and coordinated movement of
cells required for dorsoventral patterning, leading to embryonic lethality (Shimizu et al.,
2005). In mouse embryos lacking E-cadherin-mediated adhesion, compaction and
epithelialisation of the TE layer is severely disrupted (Ducibella and Anderson, 1975; Larue
et al., 1994). Cells often exhibit broad distribution of apical proteins around the entire
membrane as adhesions weaken. Since inside-outside patterning is lost, these mutant
embryos do not survive beyond the preimplantation stage. Cadherin-mediated adhesion is

thus critical for guiding pattern formation, and ultimately required for survival.
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The ECM is a major regulator of cell behaviour

The second type of adhesive interactions found in multicellular tissues occurs between
cells and the ECM, commonly via integrin receptors (Figure 6D). Historically, the
recognition of connective fibres in tissues actually preceded cell theory. It was not until the
mid 1800s that tissues were found to be made out of cells, and as collagen became
characterised early in the last century the term ‘extracellular’ matrix appeared (Clark and
Schaad, 1936; Schmitt et al., 1942). Other major protein components of the ECM — including
fibronectin and laminin - were subsequently discovered alongside various
glycosaminoglycans (Meyer and Palmer, 1934; Meyer et al., 1956; Ruoslahti and Vaheri,
1975; Timpl et al., 1979).

The evolutionarily conserved ECM is found in all phyla of metazoans as a key
mediator of multicellularity (Ozbek et al., 2010; Whittaker et al., 2006). Each protein
component comprises a family of multiple isoforms, and their constituent polypeptide chains
assemble into oligomeric or polymeric complexes. The myriad of ways in which ECM
components are combined and crosslinked produce matrices unique in their chemical,
structural, and mechanical properties. Among its numerous roles, the ECM provides physical
scaffolding for cellular interactions, carries soluble components to regulate signalling, and
relays topographical information about the microenvironment (Ohashi et al., 1999; Rahman et
al., 2005; Yayon et al., 1991). Accordingly, ECM structures are actively engaged in crosstalk
with cells. Multiple pathways and proteases are involved in their turnover and remodelling as
they regulate a host of processes spanning cell movement, survival, polarisation, division and
differentiation during morphogenesis (Palecek et al., 1997; Willingham et al., 1977; Yamada
et al., 1976).

The requirement for ECM during development

During oogenesis in Drosophila, the initially spherical egg breaks symmetry by
elongating along the anterior-posterior axis to become ellipsoid in shape (Roth and Lynch,
2009). The developing egg is enclosed in a follicle epithelium, which migrates in a
circumferential direction orthogonal to the anterior-posterior axis (Went, 1978). Since the
follicle epithelium is a geometrically continuous structure, this collective migration results in
global rotation of the whole tissue over its underlying ECM substrate (Haigo and Bilder,
2011). As aresult, sparsely distributed collagen IV chains in this matrix become organised

into dense circumferentially oriented fibrils (Cetera et al., 2014). This polarised ECM
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subsequently forms to a ‘molecular corset’ that constrains egg growth in the dorsoventral
direction and drives elongation along the anterior-posterior axis. In this way, cells modulate
ECM structure, which in turn mechanically regulates egg shape and thereby facilitates
asymmetric deposition of maternal factors as described earlier.

In vertebrates, neural crest cells delaminate from the midline and migrate extensively
within the vertebrate embryo, giving rise to various cell types including neurons, glia,
melanocytes and craniofacial cartilage (Duband et al., 1995). Spatiotemporally controlled
interactions with the ECM microenvironment critically underlie their highly patterned
migratory behaviour and spatially coordinated differentiation (Duband and Thiery, 1987;
Erickson and Weston, 1983; Pietri et al., 2004). Regionally specific combinations of ECM
components function as permissive, non-permissive, or inhibitory cues to migration, and even
influence its timing and rate (Henderson and Copp, 1997; Lallier et al., 1992; Strachan and
Condic, 2008). For example, cranial neural crest cells migrate faster than trunk neural crest
cells on laminin, but not on fibronectin (Strachan and Condic, 2003). Furthermore,
conditional knockout of the laminin a5 chain results in expansion of neural crest migratory
streams and is linked to the craniofacial abnormalities in mice (Coles et al., 2006).

Similarly, heart morphogenesis in the zebrafish requires ECM-dependent migration of
myocardial precursors from the left and right sides of the embryo towards the midline
(Stainier et al., 1993; Trinh and Stainier, 2004). Upon arrival at the midline, they mature into
polarised epithelia and fuse with endocardial cells to form the heart tube. Mutation in the
gene encoding fibronectin disrupts both polarisation and migration of myocardial precursors,
resulting in cardia bifida, the formation of two separate hearts in the lateral regions of the

embryo (Trinh and Stainier, 2004).

Integrin receptors sense the ECM

Indispensable for the function of the ECM is the cell’s ability to perceive its
components and thus deduce the chemical and mechanical milieu. This ‘sensing’ is mainly
achieved through binding of integrin receptors to their cognate ECM ligands. Integrins were
first identified by Tamkun and colleagues as transmembrane glycoproteins mediating
adhesion between fibronectin and the cytoskeleton of chicken fibroblasts (Tamkun et al.,
1986). Discovery of integrins across various species including mammals, birds, and insects
followed soon thereafter (Hynes, 1987; 2004). Integrins are a family of heterodimeric ECM

receptors, each consisting of an a and 3 subunit (Figure 6D) (Haas and Plow, 1996). There
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are 19 o subunits and 8 3 subunits known to date, which combine to form at least 25 different
heterodimers in mammals. Specific ECM components are often recognised by multiple
integrin heterodimers, and conversely, a particular integrin heterodimer may bind to several
different ECM components.

Besides mediating cell-ECM adhesion, integrins serve as bidirectional signal
transducers (Bazzoni et al., 1998; Hughes et al., 1996; O'Toole et al., 1991; Takagi et al.,
2002). Upon integrin ligation, extracellular signals can be relayed to the cytoplasm to
regulate a variety of cellular events, and vice versa. In general, the extracellular domain of
the o subunit confers ECM ligand specificity, while the cytoplasmic domain of the 3 subunit
regulates intracellular signalling activity (Xiong et al., 2002). Furthermore, affinity
modulation through integrin conformational changes, clustering on the plasma membrane, as
well as endosomal trafficking dynamics, add to the complexity of integrin-mediated cell-
ECM interactions (Arjonen et al., 2012; Bazzoni et al., 1998; Li et al., 2003; Miyamoto et al.,
1995; Tadokoro et al., 2003; Yauch et al., 1997).

On the cytoplasmic side, integrins interact with cytoskeletal adaptors such as talin and
vinculin that bind to actin (Calderwood et al., 1999; Humphries et al., 2007; Kanchanawong
et al., 2010; Pfaff et al., 1998). In this way, the cells become mechanically linked to the
surrounding matrix, and forces can be sensed and exerted bidirectionally. Furthermore,
although integrins do not have catalytic activity of their own, they can engage a range of
enzymes including focal adhesion kinase, integrin-linked kinases, and Rho GTPases (Clark et
al., 1998; Hannigan et al., 1996; Huveneers and Danen, 2009). The mechanosensitive
signalling platforms assembled as such are indispensable for spatiotemporally controlled cell

behaviour throughout development.

Integrins and laminin are expressed early during preimplantation development

An assortment of cell-ECM interactions features in the preimplantation mouse
embryo. Among the major ECM components, laminin is the earliest to be expressed,
followed by nidogen, collagen I'V and fibronectin (Figure 7) (Cooper and MacQueen, 1983;
Dziadek and Timpl, 1985; Futaki et al., 2019; Georges-Labouesse et al., 1996; Klaffky et al.,
2006; Leivo et al., 1980; Wu et al., 1983). Laminin is a cross-shaped, heterotrimeric
disulfide-bonded complex of a, 3, and y polypeptide chains. The amino-terminals of the
three chains mediate intermolecular interactions that lead to network assembly in the

extracellular space. At least 16 different laminin heterotrimers are reported in mammals, and
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the main isoforms implicated in preimplantation development are laminin-111 and laminin-
511, consisting of chains ac1B1y1 and a5B1y1, respectively (Klaffky et al., 2006; Tzu and
Marinkovich, 2008).

The earliest detection of a full heterotrimer of laminin is reported at the 16 cell stage
(Leivo et al., 1980). The trimer is initially found in the cytoplasm and extracellular space in a
granular distribution pattern, and its expression progressively increases thereafter. By the
blastocyst stage, laminin is found in the basement membrane underlying the TE layer, as well
as within the ICM. However, the actual transcription of the laminin f1and Y1 mRNAs are
reported to occur as early as the 2-cell stage, while the expression of laminin a1 lags behind
by appearing at the 16-32 cell stage (Cooper and MacQueen, 1983). Notably, the reported
onset of laminin a1 expression and trimerisation temporally coincides with the emergence of
the first ‘inner’ cells within the embryo that become ICM-specified.

Therefore, laminin may be a major component of the embryonic ‘inner’
microenvironment that provides positional cues to direct ICM fate. Although the functional
role of laminin in TE/ICM specification is not yet known, embryos lacking zygotic copies of
laminin chains 1 or y1 do not survive beyond embryonic day (E) 5.5 (Miner et al., 2004;
Smyth et al., 1999) . In these mutant embryos the basement membrane is absent, and spatial
organisation between the TE, EPI, and PrE is severely disrupted, indicating impaired
transduction of positional information.

In fact, studies in other epithelial systems have demonstrated that laminins are
certainly involved in directing polarisation as well as differentiation. Antisera against
laminin inhibits polarisation and differentiation of kidney tubule epithelium in in vitro
cultures of induced metanephric mesenchyme and whole kidney explants (Klein et al., 1988;
Sorokin et al., 1990). Likewise, loss of laminin in the retina disrupts apicobasal polarity of
glial cells that support retinal neurons, resulting in retinal dysplasia (Pinzén-Duarte et al.,

2010).
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Figure 7. Expression of ECM components during preimplantation development.

A variety of ECM components are expressed in a spatiotemporally controlled manner as the
embryo develops. Laminin chains are the first major protein components of the ECM to be
expressed. While laminin chain expression is detected as early as the 2-cell stage, the formation of
a full afy heterotrimer is reported to occur around the morula (16-32 cell) stage.

The major integrins known to bind to laminin are integrin heterodimers o331 and
a6B1 (Belkin and Stepp, 2000; Cooper et al., 1991; Sorokin et al., 1990). Similar to reports
on laminin deficient mouse embryos, those lacking the integrin 31 subunit display a
disorganised mass of cells in the inner region of the embryo and do not survive beyond E5.5
(Figure 8A, B) (Fissler and Meyer, 1995; Stephens et al., 1995). Furthermore, laminin
receptor integrin o631 is one of the primary integrins to be expressed by ICM-derived ESCs,
and cell adhesion assays show that ESCs strongly adhere to laminin substrates (Aumailley et
al., 1990) (Cattavarayane et al., 2015). Accordingly, blocking the integrin $1 subunit inhibits
ESC adhesion and impairs pluripotency.

In 3D, suspension of ESCs gives rise to smooth spherical embryoid bodies (EBs) that
mimic EPI and PrE differentiation and sorting in vitro. Wildtype EBs consist of a polarised
outer layer of PrE cells enclosing a core of EPI cells. In comparison, EBs derived from
Itgb1-/- ESCs that lack integrin 1 exhibit an uneven surface interrupted by clusters of
outgrowths (Figure 8C) (Li et al., 2002). These are also smaller in size, and surface polarity
is disrupted as PrE cells fail to sort to the periphery (Li et al., 2002). In addition, the
basement membrane lining the PrE-EPI boundary is underdeveloped (Aumailley et al., 2000;

Moore et al., 2014). These observations altogether suggest that ECM-integrin interactions are
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important determinants of cell differentiation state, spatial sorting, polarisation, as well as
basement membrane maturation. Therefore, their involvement in patterning in vivo,
particularly as the first lineages are laid down in the mouse embryo, warrants close

examination.
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Figure 8. Integrin 1 is required for embryonic survival and patterning.

A. Immunofluorescence staining against laminin-111 shows a wildtype E4.5 embryo implanted in
the uterine tissue. Befitting this stage of development, the embryo exhibits patterned arrangement
of ICM, visceral endoderm (ve), parietal endoderm (pe), and trophoblast (te) cells.

B. In contrast to A., embryo deficient in zygotic lzghl exhibit reduced size and disorganised
arrangement of cells. Images in A. and B. are taken from Stephens et al., 1995.

C. Embryoid bodies lacking integrin 31 fail to form organised spheroids. Small clusters of PrE
cells are observed at the periphery instead of forming a continuous, polarised layer. Both apical
polarisation and basement membrane deposition is severely disrupted compared to wildtype (WT)
EBs.
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Much progress has been made over the last decades to identify factors that pattern the
early mouse embryo. However, our understanding of the functional relationship between
each of these components is incomplete. While spatially distinct engagement of polarity and
cortical contractility are important positional cues leading to TE/ICM specification, their
direct relationship have not been examined in full. Furthermore, although earlier studies
provide valuable insight into TE specification of outer cells, the interior the embryo has been
relatively overlooked. High-resolution transcriptional maps gained from single cell studies
allow distinction of lineages, yet fail to capture the functional relevance of cell-cell
interactions during initial fate specification. More than half a century has passed since
Tarkowski and Wroblewska proposed the Inside-Outside model, but the molecular
constituents of the positional information underlying TE/ICM specification remain to be
elucidated.

Therefore, the overarching goal of this study is to understand how position-sensing is
robustly achieved to affect cell fate specification and ultimately pattern the preimplantation
mouse embryo. We hypothesise that asymmetric cell-cell interactions and the ECM provide
positional information that distinguish between inner and outer regions of the embryo.
Moreover, we predict that modulation of the adhesive environment by provision of
exogenous ECM components can alter preimplantation patterning, particularly ICM
specification. To explore these possibilities, reduced systems, immunosurgery, and Matrigel
culture are utilised as described below.

The preimplantation mouse embryo has remarkable regulative capacity, which makes
it an experimentally amenable system that can adapt to perturbations such as removal of cells.
Single blastomeres isolated from the 2-, 4-, 8-cell embryo can recapitulate all the hallmarks of
preimplantation development, including patterned specification of the three lineages (TE,
ICM, PrE) and formation of a blastocoel cavity. Likewise, inner cells isolated from 16-32-
cell embryos develop into ‘mini-blastocysts’ that retain features of full blastocysts. In fact,
individual blastomeres up until the 16-32 cell stage are totipotent, having the potential to give
rise to every cell type found in the adult mouse as well as the extraembryonic tissues that
support its in utero development (Suwifiska, Czotowska, Ozdzefiski, & Tarkowski, 2008;
Tarkowski, Suwifiska, Czotowska, & Ozdzefiski, 2010). Such regulative capacity emphasises
how major morphogenetic processes persist regardless of the number of cells present, driven
by a temporal clock whose mechanism is unknown (R. Smith & McLaren, 1977). Moreover,

given that complex interactions entwine factors spanning cell polarity, shape, adhesion, and
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contractility in whole embryos, such ‘reduced’ systems and isolated cells enable more
deliberate examination of individual parameters that contribute to patterning.

Doublets formed by division of 1/4 or 1/8-blastomeres are particularly useful in the
present study for examining the relationship between cortical contractility and the formation
of the apical domain (Figure 9A). One the other hand, isolation of inner cells through
immunosurgery allows perturbation of inner-outer positional identities. Immunosurgery
involves sequential incubation of embryos in antibody and complement, resulting in the
selective lysis of outer cells while inner cells remain intact (Figure 9B) (Handyside & Barton,
1977; Solter & Knowles, 1975). The isolated cluster of inner cells, which would have
remained apolar and upregulated SOX2 within the whole embryo, adapt to immunosurgery
by undergoing de novo polarisation on their outer surface (Stephenson et al., 2010; Wigger et
al.,2017). These newly polarised cells upregulate CDX2 while SOX2 is limited to the
interior of the cluster as division continues.

To mimic and modulate cues potentially provided by the ECM, Matrigel culture is
used. Matrigel is an ECM-rich secretion from Engelbreth-Holm-Swarm mouse sarcoma cells
known to be rich in laminin, fibronectin, and collagens (Orkin 1977). In conjunction with a
range of available transgenic mouse lines and imaging tools, experimental manipulations
discussed above enable careful examination of the adhesive interactions that provide

positional information to pattern the preimplantation embryo.
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Figure 9. Experimental strategy: reduced systems & immunosurgery.

A. Given the regulative capacity of early blastomeres, individual cells dissociated from 4-and 8-
cell stage embryos can be used to manipulate and recapitulate preimplantation patterning at a
reduced, more experimentally amenable scale.

B. Immunosurgery isolates inner cells through selective complement-mediated lysis of outer cells.
Reduced systems in A. and the inner cell cluster isolated from the morula in B. can go on to from
‘mini-blastocysts’ that recapitulate the patterning and lineage specification seen in whole

blastocysts.
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Animal work

All animal work was performed in the Laboratory Animals Resources (LAR) facility
at the European Molecular Biology Laboratory with permission from the institute’s
veterinarian overseeing the operation. The LAR facility operates according to guidelines and
recommendations set by the Federation for Laboratory Animal Science Associations. Mice

were maintained in pathogen-free conditions under 12-hour light-dark cycles.

Mouse lines

Wildtype (WT) embryos were obtained by crossing F1 (C57Bl/6xC3H) females and

males. Furthermore, the following transgenic mouse lines were used in this study:
Myh9 moRsad (floxed) yac6bellj et al., 2010), Irgh 1™ ElU (loxed) (Raohavan et al., 2000), Zp3-

Cre (de Vries et al., 2000).

To generate maternal zygotic Myh9 knockout embryos, Myhotloxed/floxed 7,3 oot/

females were crossed with Myh9+/ “males. To obtain zygotic ItgbI knockout embryos,
yg y

ItghI*" females were crossed with IzghI*" males.

Superovulation

Superovulation was induced in females prior to mating to increase the number of
preimplantation embryos obtained per mouse. Intraperitoneal injection of SIU of PMSG
(Intervet, Intergonan) and hCG (Intervet, Ovogest 1500) were carried out, with a 48-50 hour
interval between the two injections. Each female mouse was put in a cage with a male

immediately following hCG injection for mating.

Dissection of reproductive organs

Timing of sacrifice post-hCG injection depends on the developmental stage relevant
for the experiment. Given 11AM hormone injections for superovulation, 4- and 8-cell stage
embryos were recovered in the afternoon of E1.5 and in the morning of E2.5, respectively.
To obtain 16-32 cell stage embryos, recovery was performed in the afternoon or E2.5.
Blastocysts were obtained on E3.5. Female mice were sacrificed by cervical dislocation.

Following lateral incision at the ventral midline, the peritoneum is cut and the gut is moved
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out of the way to locate the uterine horns. The first cut is made between the oviduct and the
ovary, and the second cut is made between the oviduct and long the length of the uterus,
depending of the expected stage of development of the embryos. For example, at least lcm
of the upper part of the uterus is collected oviduct to obtain E2.5 embryos. Oviducts
dissected out of the mice are transported submerged in KSOM (potassium Simplex Optimized
Medium; (Lawitts and Biggers, 1991)) containing HEPES (H-KSOM; LifeGlobal, LGGH-
050) in 1.5ml Eppendorf tubes.

Embryo work

Embryos for all experiments are handled with a mouth pipette: an aspirator
mouthpiece connected to a flame-pulled glass capillary (Blaubrand intraMARK 100ul,
7087144) by rubber tubing. To shape glass capillaries, the glass is heated over a Bunsen
burner until soft, then quickly pulled at both ends to produce a tube with an internal diameter
of approximately 200um. The two halves are broken apart and the tips are fire-polished to
prevent damaging the embryos.

All live embryos were handled under a stereomicroscope (Zeiss, Discovery.v8)
equipped with a heating plate (Tokai hit, MATS-UST2). All live embryos were cultured
inside an incubator (Thermo Fisher Scientific, Heracell 2401) with a 37°C humidified

atmosphere of 5% CO2 and 95% air.

Flushing to obtain preimplantation embryos

The oviduct and its attached segment of the uterus is laid out on a 35-mm petri dish
under a stereomicroscope. A flushing needle, attached to a 1ml syringe filled with H-KSOM,
is slid into the opening of the oviduct (infundibulum). The oviduct is flushed with 100-200pul
of medium, and the embryos exit the reproductive tract through the opening on the uterus
side. Embryos are collected by mouth pipetting and transferred through several
microdroplets of H-KSOM for washing. Collected embryos are subsequently cultured in
10pul microdroplets of KSOM in 35mm sterile plastic culture dishes (Falcon, 353001) with a

mineral oil (Sigma, M8410) overlay. The oil overlay stabilises the medium and minimises
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evaporation and changes in pH and temperature. Micromanipulations outside the incubator

were carried out in H-KSOM.

Dissociation of embryos to isolate single blastomeres

Zona pellucida were removed from embryos with 3-4 min pronase (0.5% w/v

Proteinase K, Sigma P8811, in H-KSOM supplemented with 0.5% PVP-40) treatment at

37°C. Subsequently, embryos were washed and incubated in Ca>* and Mg”* -free KSOM
(Biggers et al., 2000) for 10 minutes at 37°C to weaken cell-cell adhesions. Effect of Ca’*

and Mg2+ -free KSOM is evident by decompaction of the embryo. Blastomeres are then
separated by mouth-pipetting with a glass capillary that has an opening smaller than the

diameter of the embryo. Dissociation of 4-cell and 8-cell stage embryos yield “1/4” and “1/8”

reduced systems, respectively.

Blebbistatin treatment of embryos and blastomeres

Powdered blebbistatin was reconstituted in DMSO (Sigman, D2650) at 25mM.
Embryos and isolated blastomeres were treated with blebbistatin (Tocris, 1852) at a final
concentration of 25uM. For assessment of myosin inhibition on polarisation, samples were
treated for 12 hours from the 4-to 8-cell stage. For assessment of myosin inhibition on

TE/ICM specification, samples were treated for 3-12 hours from E2.75-3.25.

Immunosurgery

Zona pellucida were removed from embryos with 3-4 min pronase treatment at 37°C
(as described above). Subsequently, embryos were incubated in serum containing anti-mouse
antibody (Cedarlane, CL2301, Lot no. 049M4847V) diluted 1:3 with KSOM for 30 min at
37°C. Following three brief washes in H-KSOM, embryos were incubated in guinea pig
complement (Sigma, 1639, Lot no. SLBX9353) diluted 1:3 with KSOM for 30 min at 37°C.
Lysed outer cells were removed by mouth-pipetting with a narrow glass capillary to isolate

the inner cells.
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Embedding cells in Matrigel and hydrogel

Matrigel mix consists of Matrigel (Corning, 356230) diluted in DPBS to desired
concentration. Hydrogel mix consists of 1.5% PEG-A (non-degradable hydrogel) and Factor
XIII (1U/ml) in H-KSOM. All components of the hydrogel mix, except the H-KSOM, were
gifts from Matthias Lutolf (EPFL, Lausanne) (Gjorevski and Lutolf, 2017). Both mixes were
prepared fresh for each experiment, mixed thoroughly through pipetting, and kept on ice
during immunosurgery. Upon completion of immunosurgery, isolated inner cells were
promptly resuspended in the mixes, and 15uL droplets were made on 35mm petri dishes
(Falcon, 351008). To ensure that cell clusters from different embryos do not stick together, a
closed glass capillary was used to space them apart. These petri dishes were inverted to
prevent cells sticking to the bottom of the dish, and incubated at 37°C for 30 minutes for the
mix to form a gel. After gel formation, 4ml of prewarmed KSOM was gently pipetted into

each dish to cover the gel.

Immunostaining

Embryos were fixed in 4% PFA (Sigma, P6148) at room temperature for 15 min,
washed 3 times (5 min each) in wash buffer (DPBS-T containing 2% BSA), permeabilized at
room temperature for 30 min in permeabilization buffer (0.5% Triton-X in DPBS; Sigma
T8787), washed (3 x 5 min), followed by incubation in blocking buffer (PBS-T containing
5% BSA) either overnight at 4°C or for 2 h at room temperature. Blocked samples were
incubated with primary antibodies (Table 1) overnight at 4°C, washed (3 x 5 min), and
incubated in fluorophore-conjugated secondary antibodies and dyes (Table 2) for 2 hours at
room temperature. Stained samples were washed (3 x 5 min), incubated in DAPI solution
(Life Technologies, D3571; diluted 1:1000 in DPBS) for 10 min at room temperature. These
samples were then transferred into droplets of DPBS overlaid with mineral oil on a 35mm

glass bottom dish (MatTek, P356-1.5-20-C) for imaging.
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Table 1. Primary antibodies

Epitope Host Catalogue # Company Dilution
aPKC (PKC{) Rabbit sc-216 Santa Cruz Biotechnology 1:200
CDX2 Mouse MU392A-UC Biogenex 1:200
E-cadherin Rat U3254 Sigma Aldrich 1:100
GATA4 Goat AF2606 R&D Systems 1:200
Integrin a6 Rat 555734 BD Pharmingen 1:100
Integrin 31 Rat MAB1997 Millipore 1:100
Laminin 1 Rabbit NB300-14422 Novus Biologicals 1:100
Laminin a1 Rat Gift from Sorokin Group N/A
Laminin a5 Rat Gift from Sorokin Group N/A
Laminin S1 Rat Gift from Sorokin Group N/A
Laminin y1 Rat Gift from Sorokin Group N/A
Megalin Mouse sc-515750 Santa Cruz Biotechnology 1:100
Pard6b Rabbit sc-67393 Santa Cruz Biotechnology 1:200
Phopho-YAP Rabbit 49118 Cell Signaling Technology 1:100
Phospho-ERM Rabbit 3726 Cell Signaling Technology 1:200
Sox-2 (D9B8N) Rabbit 23064 Cell Signaling Technology 1:200
Table 2. Secondary antibodies and dyes
Fluorophore | Target Host Catalogue # | Company Dilution
Alexa Fluor 488 | Goat IgG Donkey | A11055 Life Technologies 1:200
Alexa Fluor 488
Plus Rabbit IgG | Donkey | A32790 ThermoFisher 1:200
Cy5 Mouse IgG | Donkey | 715-175-150 Jackson ImmunoResearch 1:200
Cy5 Rat IgG Donkey | 712-175-153 Jackson ImmunoResearch 1:200
DAPI (DNA) - D3571 Life Technologies 1:1000
Rhodamine
phalloidin (Actin) - R415 Invitrogen 1:200
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Molecular work

Extraction of genomic DNA from mouse tails and genotyping

Tails were digested at 55°C with gentle shaking overnight in 400ul genotyping buffer
(50mM Tris-HCI (Sigma, T2663), 100mM EDTA (Fluka, 03690), 100mM NaCl, 1% sodium
dodecyl sulphate (Serva, 39575.02), Proteinase K (0.5mg/ml; Sigma P2308)). The

supernatant was mixed with equal volume of isopropanol to precipitate gDNA. Following

centrifugation, the gDNA pellet was washed with 80% ethanol and resuspended in 100ul

H.O. Extracted gDNA were used to determine the genotype of each mouse by PCR with
either Taq (Thermo Scientific, EP0402) or ExTaq (Takara, RROO1C) polymerase. Primers

relevant to the mouse strains used are listed in Table 3.

Single embryo genotyping

Transgenic mutant embryos were genotyped retrospectively after imaging. Individual

embryos were mouth pipetted into 200uLL PCR tubes containing 10uL of lysis buffer

consisting of 200pug/ml Proteinase K in Taq polymerase buffer (Thermo Scientific, B38).

Lysis reaction took place for 1 hour at 55°C, followed by 10 minutes at 96°C. Resulting

genomic DNA was mixed with relevant primers (Table 3) for determination of genotype via

PCR.

Table 3. Sequence of genotyping primers

Mouse line/locus Primer 1 Primer 2 Primer 3
TGAATATGGGCTT | CCACAACTTTCCC

Itgb1 deleted GGCAGTTA AGTTAGCTCTC
CGGCTCAAAGCAG | CCACAACTTTCCC

Itgb1 tm1Efu AGTGTCAGTC AGTTAGCTCTC
TTGCAGCCCTTCTT | GCCACATCTCAGC | CGGGAAGGAAGG

Myh9 deleted GACCTA CTAGGAT AGACACTT
ATGGGCAGGTTCT | GGGACACAGTGGA

Myh9 tmSRsad TATAAGG ATCCCTT
TGCTGTTTCACTGG | TGCCTTCTCTACAC

ZP3 Cre TTGTGCGGCG CTGCGGTGCT
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Gel electrophoresis

PCR products mixed with loading dye (Life Technologies, RO611) were separated by
electrophoresis in 1-1.5% (w/v) agarose (Lonza 50004) gel supplemented with 0.03pl/ml
DNA staining dye (Serva, 39804.01) in TAE buffer. DNA fragments were visualised under
ultraviolet light on a video-based gel document system (Intas, GEL Stick “Touch”), and
fragment lengths were measured against standardised DNA ladders (Life Technologies,

SM0323, SM0313).

Microscopy and image analyses

Stained embryos were imaged on the Zeiss LSM780 and LSM880 confocal
microscopes. For both systems, a 40X water-immersion C-Apochromat 1.2 NA objective
lens was used. Imaging was carried out with the Zen (Zeiss) software interface. Resulting
raw images were processed using ImageJ. Further quantification of fluorescence intensities

and nuclei/cell counting was performed on either ImageJ or Imaris as described below.

Quantification of fluorescence intensity of lineage markers

For measure of lineage specification, Imaris was used. Imaris Surpass allowed 3D
visualisation of the image data. Under the object toolbar of Imaris, the ‘Add Spots’ function
was used to detect each nucleus on the DAPI channel. Estimated spot (nucleus) diameter was
set to 6 um, and manual corrections were made for each image as necessary to detect all
nuclei. Mean fluorescence intensity of SOX2, CDX2 or GATA4 were measured for each

detected nucleus. Spot detection of each nucleus was also used as a cell counter.

Quantification of fluorescence intensity of apico-basal markers

Fluorescence signal intensity of cortical pERM and integrin B1 was used as a measure
of apical and basal polarity, respectively. Images of samples co-stained for both proteins
were analysed on ImageJ. To reduce noise, the Gaussian filter was applied to smooth the
image. For each z-stack, a mid-slice was selected, and a line (width = 5 pixels) was traced
along the perimeter of the smoothed image. A plot profile along the line was obtained for the
pERM and integrin 1 channels. Individual data points were exported from ImagelJ for

statistical analysis.
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Quantification of apical domain positioning in 2/8-doublets

Quantification of apical domain positioning was performed on ImagelJ using its angle
function. For each z-stack, a mid-slice was selected, and a line was drawn bisecting the
doublet perpendicular to the cell-cell interface. A second line was drawn connecting the
geometric centre of the cell and the centre of the apical domain. The angle at the intersection

of these two lines was measured.

Statistical analysis

Statistical analyses and graph generation was performed using the ggplot2 package in
R and Microsoft Excel. Comparison of the distribution of fate marker intensities was
performed by the Mann-Whitney U test. Differences in cell count, cell-cell contact diameter,
and angle of apical domain assembly was assessed using the student’s 7-test. Statistical
dependence between diameter of cell-cell contact and apical domain positioning was assessed

by Pearson correlation.
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Results
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ICM specification takes place in fully enclosed cells

Following symmetry-breaking in the 8-cell stage embryo, inner-outer configuration
emerges during the 16-32-cell stage. Inner cells, which are entirely enclosed by adjacent cell
surfaces, arise asynchronously and become ICM-specified. The transcription factor SOX2 is
the first ICM-specific marker to be expressed (Wicklow et al., 2014). Even as CDX2-high
and -low cells become distinguishable between outer and inner regions of the early morula,
the embryo remains SOX2 negative or express barely detectable levels of the protein (Figure
10A). Likewise, upon asymmetric division of 1/8-blastomeres, TE marker asymmetry
precedes differential SOX?2 expression between daughter cells during the late 16-cell stage
(Figure 10B). In such doublets, appreciable SOX2 expression is detected in fully enclosed
cells (Figure 10C). While the apical domain marks the outer surface and initiates TE-
specification upon the 8- to 16-cell transition, ICM specification appears comparatively
delayed until a cell is geometrically closed off from the external environment. These

observations suggest that a fully internalised microenvironment facilitates ICM specification.

Laminin and integrin are enriched at the cell-cell interface of morulae

To understand how occupying an inner position within the embryo leads to ICM
specification, we examined the molecular composition of the cell-cell interface during
preimplantation stages. Consistent with earlier studies, low levels of E-cadherin are
distributed on the surface of each blastomere until the 8-cell stage. As the embryo undergoes
compaction, however, the protein increasingly accumulates at the cell-cell interface and
remains enriched between all cells for the remainder of preimplantation development (Figure

11A) (Larue et al., 1994; Shirayoshi et al., 1983).
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16-cell stage

2/16-doublet

2/16-doublet

Figure 10. SOX2 is upregulated in geometrically fully enclosed cells

A. While the earliest ICM marker SOX2 is barely detectable in the early morula, nuclei in outer
regions of the embryo express higher levels TE marker CDX2 compared to those located interiorly.
Asymmetry in CDX2 expression is observed earlier than SOX?2 upregulation, suggesting that the
TE specified earlier than the ICM. N = 3, 16 embryos.

B. A blastomere isolated from the 8-cell stage embryo divides asymmetrically and gives rise to a
doublet of cells equivalent to the 16-cell stage (‘2/16’). Mechanical asymmetry between cells
results in inside-outside sorting. In these doublets, the polarised outer cell expresses higher levels
of CDX2 than the inner cell. The apical domain is marked by phosphorylated ezrin, radixin,
moesin (pERM) proteins. Similar to the whole embryo in A., SOX2 is barely detectable.

C. In a 2/16-doublet where the inner cell is fully enclosed by the outer cell, SOX?2 upregulation is

observed in the nucleus of the internalised cell. Scale bars, 20 pm.
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Figure 11. E-cadherin, laminin and integrin a6p1 are present at the cell-cell interface.

A. The cell-cell adhesion protein E-cadherin is initially expressed at low levels around the cell
cortex until the early 8-cell stage. From the 8-cell stage onwards, however, it is upregulated at the
cell-cell interface and remains mutually exclusive with the apical domain that lines the exterior
surface of embryo. The apical domain is marked by pERM proteins.

B. Laminin chains a5, 1, yl are enriched within the ICM region of the blastocyst. These chains
are components of the laminin-511 heterotrimer.

C. Laminin chains a5 and ylare enriched at the cell-cell interface of 16-32-cell stage embryos.
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D. Integrin subunits a6 and B1 are enriched at the cell cortex of 16-32-cell stage embryos. By the
blastocyst stage, these line the basal side of the TE and are enriched at the cell-cell interface in the
ICM region. The integrin a6f1 heterodimer is a well-known receptor of laminin.

E. Imaging of 8-16 cell embryos at high spatial resolution reveals integrin a6 and 1 localisation at
the embryo periphery as well as at the cell-cell interface. Integrin subunits a6 and B1 are also
found in pockets of extracellular space between blastomeres, suggesting their trafficking to the cell-
cell interface. Scale bars, 20 um.

In addition to cadherin molecules, the narrow extracellular space between adjacent
cells is lined by the ECM. The literature indicates that laminin is the first major ECM
component to be synthesised during mouse development, specifically, laminin chains a1, a5,
B1,and y1 (Klaffky et al., 2006). Immunostaining for each chain showed enrichment of
laminin a5, B1, and y1 in the ICM of blastocysts as expected (Figure 11B). Testing for a
working laminin a1 antibody is currently underway. Further examination of 16-32 cell stage
embryos revealed enrichment of laminin a5 and B1 at cell-cell junctions, coinciding with
inner cell emergence (Figure 11C). Signals from pan-laminin antibody, however, was
variable between embryos and exhibited diffuse localisation. While the fidelity of each
antibody may differ, our observations confirm the presence of laminin-511 (a5B1y1) at the
cell-cell interface of morulae.

The integrin family of heterodimeric transmembrane proteins is the major receptor for
ECM proteins. Among the known variety of integrin heterodimers, the 31 subunit is the most
ubiquitously expressed (Humphries et al., 2006; Villa-Diaz et al., 2016). Immunostaining
shows that integrin 1 accumulation spatiotemporally resembles that of laminin. It is
enriched between blastomeres of the 16-32 cell stage embryo, as well as around the cortex of
ICM cells in the blastocyst (top panels, Figure 11D).

Earlier studies have identified integrin o631 as a laminin-specific receptor, and given
the deposition of laminin heterotrimers in the embryo, integrin o6 subunit was considered the
most likely candidate to heterodimerise with the detected 1 subunit (Aumailley et al., 1990).
Indeed, the pattern of integrin a6 localisation closely resembles that of $1 in both morulae
and blastocysts, suggesting integrin 61 heterodimer formation during preimplantation
development (bottom panels, Figure 11D). Integrin a6p1 clearly lines the surface of inner
cells and the basal side of TE cells, but its signal intensity is weak at the ICM-cavity

interface. These blastocysts had not developed enough to exhibit a sorted PrE layer, but
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observations are consistent with late maturation of the PrE epithelium and reversed axes of
polarity between TE and PrE lineages.

In order to examine how integrin o631 becomes enriched at cell-cell interfaces and
around the ICM, localisation of both subunits was imaged at high spatial resolution with the
Airyscan detector on the Zeiss LSM880 confocal microscope. Images revealed that during
the 8-16 cell stage, both the a6 and 1 subunits are weakly enriched at the apical surface of
the embryo. However, accumulation of a6 and B1subunits are also seen in pockets of
extracellular space between cells, suggesting that integrin may be trafficked from the embryo
periphery to cell-cell interfaces prior to ICM specification (Figure 11E) (Caswell et al., 2009).

The enrichment of laminin and its cognate receptor integrin o631 at the cell-cell
interface is delayed compared to E-cadherin upregulation. However, the timing of their
accumulation coincides with the emergence of inner cells within the embryo. Therefore, we
hypothesised that laminin, by signalling through integrin a681, may be a functional
component of the inner microenvironment that relays positional information and instructs

ICM specification.

Itgbl plays a key role in patterning the embryonic interior

In order the assess how laminin-integrin interaction generally affects preimplantation
development, embryos lacking Izgb1, which encodes the integrin B1 subunit, were examined.
Previous characterisation of /tgb1 knockout (KO) embryos reported embryonic lethality
shortly after implantation at around E5.5 (Stephens et al., 1995). The authors noted that
maturation into blastocysts appeared normal and that defects emerged around the time of
implantation. Despite the presence of laminin-positive cells, degeneration of the inner
embryonic region and failure of cells to sort to fate-appropriate positions were observed in
these mutants. However, due to technical limitations at the time, these preimplantation I1gb/
KO embryos were not thoroughly characterised, and the origins of their post-implantation
defects remained unknown.

Zygotic Itghl KO embryos were generated by crossing ltgb1-/+ parents, and
recovered during the 16-32-cell stage to assess TE/ICM patterning. Cell number and
fluorescence intensity of CDX?2 and SOX2 were measured through imaging, and each embryo
was genotyped individually to retrospectively identify knockout mutants. In the absence of

zygotic integrin 31, cell adhesion and compaction appeared normal, and TE/ICM
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specification persisted in a spatially segregated manner (Figure 12A). However, the overall
levels of CDX2 and SOX?2 were significantly reduced (Figure 12A-B). Low expression of
fate markers may indicate that upstream positional cues are weak in inducing TE/ICM
specification among Itgbl KO cells. Given that Itghl KO embryos consisted of fewer cells
than age-matched wildtype (WT) counterparts, though this difference was statistically non-
significant, the reduced CDX?2 and SOX2 intensities may also be due to a developmental
delay (Figure 12C). Alternatively, the phenotype of these mutants may be attenuated by
maternally contributed integrin 1 or compensation by dystroglycan, a major non-integrin
laminin receptor (Williamson et al., 1997). While the data can be interpreted in a few
different ways, the phenotype of the mutants suggest that zygotic expression of integrin B1 is
not strictly required for overall TE/ICM segregation in whole embryos.

When Itgb1 KO embryos were examined at E4.0, embryos appeared as mature
blastocysts with fully expanded fluid-filled cavities as previously reported. Detailed analysis
at cellular resolution, however, revealed aberrant spatial arrangement of ICM derivatives PrE
and EPI (Figure 12D). In mature WT blastocysts, the PrE consisted of a single layer of
GATA4-postive cells facing the blastocoel cavity and lining the OCT4-high EPI cells. In
contrast, /tgbl KO embryos displayed a multi-layered PrE, where GATA4-positive cells
appeared clustered. As a result, the ICM resembled a rounded ball of cells while WT
blastocysts exhibited an ICM flattened and spread out against the overlying TE. In addition,
mutants consisted of significantly fewer cells, again suggesting developmental delay (Figure
12E). These findings demonstrate that despite seemingly mild effect of integrin 1 deficiency
during the preimplantation stage, reduced cell number and spatial disorganisation among

inner cells precedes the embryonic lethality reported post-implantation.
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Figure 12. Itgbl-deficient embryos exhibit mild patterning defects prior to implantation.

A. Patterned TE/ICM specification is preserved in WT and Izgb] knockout (KO) embryos at the 16-
32-cell stage, as these exhibit CDX2-positive outer cells and SOX2-positive inner cells.

B. Analysis of CDX2/SOX2 fluorescence intensities of individual nuclei reveal significantly reduced
levels of both transcription factors in /tgbl KO morulae. These Itgh! KO morulae also consist of
fewer cells, albeit non-significantly, compared to age-matched WT controls.

SOX2 intensity: p-value = 0.008; CDX2 intensity: p-value = 1.462¢7! 1, Mann-Whitney U test. Cell

count: p-value = 0.24, independent student’s #-test. N=1, 13 embryos.

C. Representative maximum projections of the ICM in WT and Itbg! KO blastocysts at E4.0 are
shown. Although EPI/PrE cells are segregated within the ICM of ltgbl KO blastocysts, the PrE
(GATAA4) is clustered instead of resolving into a single layered epithelium surrounding the EPI
(OCT4). Scale bars, 20 pm.

D. Itbg1 KO blastocysts at E4.0 consist of significantly fewer cells compared to age-matched WT
blastocysts. Cell count: p-value = 0.012, independent student’s ¢-test. N=1, 14 embryos.
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Figure 13. Exogenous ECM induces ICM specification following immunosurgery.

A. Immunosurgery is performed on 16-32-cell embryos on E2.5. Most inner cells are not yet
ICM-specified at this stage, as indicted by low expression of fate markers in the whole morula
compared to blastocysts at E3.5. Following immunosurgery, the outer surface of isolated inner
cell clusters swiftly becomes polarised. Even upon immediate fixation after immunosurgery, cells
may exhibit pPERM enrichment on the outer surface. These newly outer cells upregulate CDX?2.
By 15 hours post-immunosurgery, patterned specification of TE/ICM is evident in these ‘mini-
blastocysts’.
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B. Cell count 17-18 hours post-immunosurgery shows no significant difference between culture in
Matrigel and in standard KSOM medium. Graph indicates mean = S.D. Cell count: p-value =
0.36, independent student’s 7-test. N=5, 88 embryos.

C. While inner cells cultured in standard medium (control) exhibit patterned inside-outside
specification of TE/ICM, this patterning is lost in Matrigel culture. Matrigel-embedded clusters
exhibit SOX2-positive cells on the periphery. In some cases, all cells, located both inside and
outside, are SOX2-positive, as in D.

E. Analysis of CDX2/SOX2 fluorescence intensities of individual nuclei 16-18 hours post-
immunosurgery reveals a significant shift towards ICM specification in Matrigel culture.
Matrigel culture induces increased incidence and intensity of SOX2 expression, and a
considerable portion of nuclei co-express SOX2 and CDX2. SOX?2 intensity: p-value = 2.2e-16;
CDX2 intensity: p-value = 7.16e-8, Mann-Whitney U test. N=3, 43 embryos.

F. TE/ICM specification and patterning is unaffected in whole 16-32-cell stage embryos
embedded and cultured in Matrigel for 20 hours. Scale bars, 20 um.

Immunosurgery disrupts spatial coordinates by isolating inner cells

TE specification requires polarisation of outer cells. Despite reduced cell number,
successful cavitation and initiation of implantation implies that a functional TE layer forms in
Itgbl KO embryos, suggesting that outer positional signalling remains intact in mutants
(Stephens et al., 1995). In contrast, the subtle yet ambiguous defects in the ICM prompted
closer examination of the inner cell environment. In order to identify prominent cues
received by inner cells from their immediate surrounding, a top-down approach was chosen to
mimic the embryonic interior in vitro.

As a first step, the physical barrier posed by the outer TE layer was removed by
immunosurgery to access inner cells. Through selective complement-mediated lysis of outer
cells of an embryo, immunosurgery allows isolation of inner cells for direct experimental
manipulation (Handyside and Barton, 1977; Solter and Knowles, 1975). Immunosurgery was
performed on 16-32 cell stage embryos prior to lineage commitment of inner cells, as
indicated by low or undetectable levels of SOX2 (Figure 13A). Upon immunosurgery, the
newly exposed surface of the inner cell cluster undergoes rapid polarisation and eventually a
new TE layer is generated de novo (Stephenson et al., 2010; Wigger et al., 2017). Prolonged
culture of these inner cell clusters yields ‘mini-blastocysts’ replete with outer TE cells
surrounding ICM cells and usually a small fluid-filled cavity (Figure 13A).

The way in which the system adapts to immunosurgery demonstrates how robustly
blastomeres can sense changes to their microenvironment and adjust lineage commitment

according to their new spatial context. The duration of the immunosurgery protocol is
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approximately 80 minutes, and upon immediate fixation of isolated cells at the end of the
procedure, surface accumulation of apical pERM was already apparent (Figure 13A). As in
earlier stages, the apical domain thus marks outer surfaces and promotes TE lineage

commitment over the next 15-18 hours (Figure 13A).

Induction of cell-ECM contact drives position-independent ICM specification

Earlier observations in whole embryos showed that laminin is present at the cell-cell
interface, whose signals are most likely relayed by the receptor integrin a6f1. To test
whether this inner microenvironment could be mimicked in vitro by provision of ECM
components, cells were embedded in Matrigel after immunosurgery. Matrigel, a gelatinous
secretion from Engelbreth-Holm-Swarm mouse sarcoma cells, consists of a rich mixture of
ECM components including laminin (Orkin 1977). If Matrigel could sufficiently mimic the
embryonic interior, inner cells embedded within it are expected to become ICM-specified and
proliferate into a mass of SOX2-positive cells without a surrounding TE layer.

At 16-18 hours post-immunosurgery of morulae, survival and proliferation of inner
cells were comparable between Matrigel and standard culture conditions in KSOM medium
(Figure 13B). Strikingly, however, inner cells cultured in Matrigel formed a compact mass of
cells where the majority of nuclei was SOX2-positive (Figure 13C). Fluid-filled cavities
were noticeably absent. Clusters entirely composed of SOX2-positive cells were also
consistently observed across independent experiments, albeit at low frequency (Figure 13D).
Quantitative analysis of each nucleus for fluorescence intensity of SOX2 and CDX2 levels
pointed to significant increase in ICM-specification induced by Matrigel (Figure 13E). There
was also an increase in cells expressing both SOX2 and CDX2 at intermediate levels, which
may indicate cells in the midst of fate transition. CDX2-positive cells in Matrigel cultured
samples were either clustered or scattered at the periphery, lacking coherent epithelial
structure. Furthermore, in virtually every Matrigel-cultured sample, SOX2-positive cells
were observed on the outer surface of the cluster. These findings demonstrate that
exogenously supplied ECM can mimic ‘inner’ positional cues to an extent sufficient to induce
ICM specification while suppressing TE formation.

In contrast, however, when whole 16-32-cell stage embryos were embedded in
Matrigel, TE/ICM lineages were appropriately specified and segregated despite the frequent
absence or reduction of a blastocyst cavity (Figure 13F). These findings suggest that inner

and outer cells of the morula may be differentially sensitive to signals provided by the ECM.
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Mechanical constraints of gel culture only partially contribute to ICM specification

The absence of fluid-filled cavities in Matrigel culture suggested that mechanical
constraints may be exerted by the gel-like substrate to prevent blastocyst expansion.
Moreover, mechanical factors may subsequently modulate cell fate. To discern whether
Matrigel-induced effects stem from its biochemically active ECM constituents or the
mechanical constraints of gel culture, inner cells were embedded in either PEG (polyethylene
glycol)-based inert hydrogel or decreasing concentrations of Matrigel. Hydrogel exerts
mechanical constraints without providing biologically active cues (Gjorevski et al., 2016).
Conversely, diluting Matrigel attenuates mechanical constraints while biologically active
ECM components are still present, albeit at lower concentrations.

Inner cells that were cultured in hydrogel were able to divide, but fluid-filled cavities
were either reduced in size or absent altogether (Figure 14A). In terms of TE/ICM
patterning, SOX2-positive cells were occasionally observed on the surface of hydrogel
cultured clusters (arrow, Figure 14A). However, inner-outer patterning was largely
preserved, and TE and ICM lineages were clearly distinguishable based on CDX2/SOX2
levels (Figure 14B). The prevalence of CDX2/SOX?2 double positive cells seen in Matrigel
culture was not reproduced with hydrogel.

When the Matrigel concentration was reduced from the standard value of 4.5 mg/ml to
as little as 0.56 mg/ml, inner cells were no longer embedded in a gel-like matrix but
practically suspended in an aqueous environment. Despite reduced mechanical constraints,
however, the distribution of TE/ICM cells were comparable to those cultured in higher
concentrations of Matrigel (Figure 14C). Even in the absence of jelled support, an increase
in SOX2-expressing cells was observed, many of which were located on the outer surface. In
addition, cavity formation was impaired at all concentrations of Matrigel. This suggests that
impaired fluid accumulation is not only due to mechanical inhibition of expansion, but also
the absence of a TE-mediated permeability seal to prevent leakage. Although observations in
hydrogel suggest that mechanical factors may play a modest part in patterning inner cells, it is

the ECM components that provide potent biochemical cues to promote ICM specification.
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Figure 14. Mechanical constraint alone cannot induce ICM specification following
immunosurgery.

A. Cells are embedded in hydrogel following immunosurgery, and fate is assessed after 16-18 hours
of culture. Hydrogel-embedded cells generally exhibit patterned inside-outside specification of
TE/ICM, but an occasional SOX2-positive outer cell can be observed (marked by arrow).

B. Analysis of CDX2/SOX?2 fluorescence intensities in individual nuclei 16-18 hours post-
immunosurgery reveals that, despite slight increase in the distribution of SOX2-positive cells,
hydrogel culture is insufficient to drive strong ICM specification as seen with Matrigel. SOX2
intensity: p-value = 0.002381; CDX2 intensity: p-value = 0.07824, Mann-Whitney U test. N=3, 28
embryos.

C. Cells are embedded in low concentrations of Matrigel following immunosurgery, and fate is
assessed after 16-18 hours. Despite attenuation of mechanical constraints, low concentrations of
Matrigel are capable of inducing ICM specification, and SOX2-positive cells are observed on the

outer surface of clusters. N=1, 14 embryos. Scale bars, 20 pm.
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Apico-basal polarity is disrupted in Matrigel culture

As described previously, the outer surface of isolated cells polarises rapidly following
immunosurgery, and subsequently become TE-specified. In many epithelial cell systems,
integrin B1 marks the basal surface in a manner spatially complementary to the apical domain
(Rodriguez-Boulan and Macara, 2014). Indeed, when isolated and cultured inner cells were
co-stained for integrin B1 and apical domain marker pERM to assess apicobasal polarity,
these two proteins displayed non-overlapping localisation (Figure 15A). In cell clusters
cultured in standard medium, pERM labelled the outer surface of the polarised TE layer,
while integrin $1 was enriched at cell-cell interfaces. In marked contrast, integrin f1 was
enriched at both the outer surface as well as cell-cell interfaces in Matrigel-cultured clusters
(Figure 15A). Meanwhile, peripheral pERM signal was visibly diminished. Discontinuous
patches of pPERM were sometimes present on the outer surface to varying degrees, and these
generally coincided with CDX2-positive nuclei. The disruption of polarity was further
confirmed with another apical marker Pardéb, which showed similar localisation patterns as

pERM (Figure 15B).

Integrin activity is required for ICM specification

Although Matrigel is heterogenous in composition, given the upregulation of laminin
and integrin a6PB1 in whole embryos around the time of inner cell emergence, we deduced
that laminin may be the main component underlying Matrigel-induced effects following
immunosurgery. In support of this notion, integrin a6 subunit showed a similar pattern of
localisation as the B1 subunit (Figure 15C), suggesting that the laminin present in Matrigel
leads to the recruitment of integrin a6P1 to the cell-ECM interface. This negatively
correlates with cortical accumulation of apical proteins on the outer surface, ultimately

disrupting apicobasal polarity.
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Figure 15. Surface recruitment and activity of integrin 1 is required for ICM induction
following immunosurgery.

A. Apical polarisation of the outer surface post-immunosurgery is disrupted in Matrigel culture.
Where control samples peripherally accumulate pERM, enrichment of integrin 1 is instead
observed in Matrigel culture. These observations are quantitatively confirmed by comparing
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fluorescence intensities of pERM and integrin B1 around the circumference of representative
samples whose images are shown. N =3, 32 embryos.

B. Diminished peripheral accumulation of apical marker Pard6b further confirms Matrigel-induced
disruption of polarity. N =1,9 embryos.

C. Following immunosurgery and Matrigel embedding, integrin a6 exhibits a similar pattern of
localisation as integrin 31, being enriched at the cell-gel interface. N = 1, 6 embryos.

D. Administration of integrin B1-blocking antibody, Ha2/5, attenuates Matrigel-induced effects on
TE/ICM patterning post-immunosurgery. Assessment of SOX2/CDX2 fluorescence intensities of
individual nuclei quantitatively confirm this. SOX2 intensity: p-value = 0.031; CDX2 intensity: p-
value = 0.973, Mann-Whitney U test. N=1, 14 embryos. Scale bars, 20 pm.

To subsequently test whether integrin a6f31 is functionally required for ICM-
induction at the cell-gel interface, Ha2/5, a function-blocking antibody that inhibits integrin
B1, was added to the Matrigel culture. Administration of Ha2/5 almost completely attenuated
the effects of Matrigel on isolated inner cells (Figure 15D). Outer cells were TE specified
with high levels of CDX2, whereas ICM specification was confined to the interior. Although
fluid-filled cavities were less frequently observed, cell clusters embedded in Matrigel in the
presence of Ha2/5 were indistinguishable from control samples. This indicates that while
Matrigel, particularly its constituent laminin, provides ‘inner’ positional information,

interpretation of these cues for ICM specification depends on integrin 31 activity.

Matrigel disrupts spatial sorting of EPI and PrE within the ICM

Having substantiated the significance of ECM-integrin interactions in patterned
TE/ICM specification, we further examined whether this influence persists in the blastocyst.
During the latter part of preimplantation development, cells of the ICM further diverge into
two lineages: EPI and PrE. Unlike TE/ICM specification where cell position predicts and
directs differential CDX2/SOX?2 regulation, EPI and PrE lineages initally emerge without
spatial distinction. Nanog and GATAG, respective markers for EPI and PrE, are co-expressed
by cells of the ICM at first, but their expression becomes mutually exclusive in a salt-and-
pepper pattern (Chazaud et al., 2006; Plusa et al., 2008). Differential lineage marker
expression hence precedes spatial sorting of EPI and PrE cells. PrE cells line the blastocoel
cavity while EPI cells are sandwiched between the PrE and the overlying TE. Given the
aberrant organisation of the ICM within Itgb1 KO blastocysts, we predicted that exogenous

ECM would similarly alter the spatial arrangement between EPI/PrE cells.
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Figure 16. Exogenous ECM disrupts patterned PrE/EPI arrangement in the isolated
ICM.

A.ICMs were isolated from E3.5 blastocysts by immunosurgery and cultured for 20 hours.
Analysis of GATA4/SOX?2 fluorescence intensities, respective markers for PrE/EPI, reveals a slight
negative shift in the distribution of GATA4 expression in Matrigel. However, the two lineages
remain clearly distinct based on marker expression. SOX2 intensity: p-value = 0.1664; GATA4

intensity: p-value = 3.7056'6, Mann-Whitney U test. N=2, 29 embryos.

B. Spatial arrangement of PrE/EPI cells is altered in Matrigel culture. SOX2-positive EPI cells are
not limited to the interior but found on the outer surface of the ICM.

C. Polarity of the ICM is disrupted in Matrigel culture, as assessed by localisation of PrE apical
marker megalin. In control conditions, megalin lines the surface of outer PrE cells in a continuous
fashion. In contrast, irregular pockets of accumulation is observed in Matrigel-cultured ICMs.
Scale bars, 20 um.

Wildtype ICMs were immunosurgically isolated from blastocysts at E3.5 and
embedded in Matrigel. Patterning and specification of EPI and PrE lineages were examined
by staining for SOX2 and GATA4 expression, respectively. Although a statistically
significant shift in GATA4 expression was observed in Matrigel, the two lineages were
clearly separable by their marker expression (Figure 16A). More evident, however, was the
disruption in the arrangement of PrE and EPI cells in Matrigel culture. An isolated E3.5 ICM
suspended in standard culture medium typically forms a mass of cells where a single layer of
PrE cells surrounds an inner core of EPI cells. In contrast, PrE and EPI cells are either
intermingled or segregated into separate hemispheres in Matrigel (Figure 16B).

In whole blastocysts, PrE cells mature into a polarised epithelium once sorted to the
ICM surface. Polarisation becomes apparent as apical proteins such as aPKC and megalin
accumulate on the cell cortex facing the blastocoel cavity (Plusa et al., 2008; Saiz et al.,
2013). Although immunosurgery removes the blastocoel cavity by lysing the TE layer, PrE

cells nevertheless sort towards the external environment and polarise on the outer surface of
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the ICM, similar to embryoid bodies (Figure 17C) (Moore et al., 2014). While megalin is
observed near GATA4-positive nuclei, overall polarity of the ICM is disrupted in Matrigel
culture since PrE cells fail to sort to the outer surface.

These observations show that for Matrigel-embedded ICMs, the shift in fate is not as
dramatic as that described for inner cells isolated during the 16-32 cell stage. Nevertheless,
the disruption of patterning persists, suggesting that ECM components remain critical
positional cues for ICM patterning and polarisation of the PrE epithelium. Whether this

sorting defect is also driven by laminin and integrin a6f1 activity remains to be examined.

Polarisation during the 8-cell stage is unaffected by exogenous ECM

Immunosurgery followed by Matrigel culture thus far resulted in clear disruption of
polarity (Figure 15A-B, Figure 16C). Therefore, we examined whether the very first
polarisation event that occurs during the 8-cell stage is similarly affected by exogenously
provided ECM. It is worth noting that when Cooper and MacQueen described the timing of
laminin expression in preimplantation embryos, they remarked that the presence of laminin
B1 and y1 chains during the 8 cell stage may serve not only as an adhesive to hold the embryo
together, but also as a directional cue for polarisation (Cooper and MacQueen, 1983).
Although the fact that laminin-deficient embryos polarise normally suggests otherwise, this
may be attributed to maternally deposited laminin (Miner et al., 2004; Smyth et al., 1999).

In order the test this hypothesis first put forth by Cooper and MacQueen, the reduced
system was employed to minimise possible influences by variable cell contact and
asynchronous divisions within the whole embryo. Blastomeres dissociated from 4-cell stage
embryos (‘1/4’) were embedded in Matrigel and let to divide to form doublets equivalent to
the 8-cell stage (‘2/8). In contrast to observations in isolated inner cells and ICMs,
polarisation in 8-cell stage blastomeres was not affected by Matrigel culture. Apical domain
formation in 2/8 doublets, as assessed by pERM localisation, was comparable between
control and Matrigel conditions, suggesting that polarity establishment during the 8-cell stage
is refractory to exogenous ECM (Figure 17A).

Comparable polarisation in Matrigel-embedded and control doublets indicate that
ECM-independent positional signals direct symmetry-breaking during the 8-cell stage.
Importantly, this stage of mouse development coincides with two crucial morphogenetic
events: compaction and polarisation. Contractile activity of the cortical actomyosin network

and E-cadherin-mediated interactions bring cells closer together, while the outer surface
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undergoes apical polarisation for the first time (Figure 17B) (Ducibella et al., 1977; Larue et
al., 1994; Maitre et al., 2015). Spatial asymmetry is thus established within each blastomere

along the radial axis, and persists through subsequent rounds of division as inner and outer

cell identities emerge.
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Figure 17. ECM-independent cues polarise the 8-cell stage embryo.

A. Apical domain assembly in 2/8-doublets is comparable between cells in standard medium
(control) and those embedded in Matrigel, as assessed by localisation of pERM. N = 2,43

doublets.
B. Polarisation and compaction during the 8-cell stage mark symmetry-breaking. Top panels

represent the early 8-cell stage, and bottom panels represent the late 8-cell stage. In the latter,
polarisation is evident by accumulation of atypical protein kinase C (aPKC) on the outer cortex of
the embryo (marked by arrows). Compaction is evident based on increased cell-cell interface and

reduced embryonic surface area. Scale bars, 20 pm.

Polarisation of the 8-cell embryo persists does not require myosin activity

While polarisation during the 8-cell stage signifies conversion of some form of
upstream positional information, the source of this spatial cue is poorly understood. One
possible candidate is the propagation pattern of cortical actomyosin waves that emerge during
the 8-cell stage (Maitre et al., 2016). Earlier work from our group demonstrated that these
periodic waves are locally suppressed at cell-cell interfaces, evoking the phase shift model
proposed by Goodwin and Cohen (Goodwin and Cohen, 1969; Maitre et al., 2016). In this

model, wave-like propagation of local pacemaker activity synchronises a group of cells, while
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a delayed second wave provides positional information based on the phase difference
between the two events. As a result, both temporal and spatial information is conveyed
among a group of cells to coordinate cell differentiation and patterning during
morphogenesis. In the context of the 8-cell stage embryo, contact asymmetry experienced by
each blastomere may modulate cortical wave patterns to identify the cell-free surface suited
for apical domain assembly.

To examine whether cortical contractility has an instructive role for patterning,
TE/ICM specification was examined in embryos completely lacking Myosin heavy chain -9
(hereafter referred to as ‘myosin’) encoded by Myh9. Previous reports have demonstrated
that absence of zygotic Myh9 results in embryonic lethality by E7.5, but an earlier role of
myosin in preimplantation development had been obscured by compensation by maternally
deposited reserves (Conti et al., 2004). Therefore, the maternal copy of Myh9 was deleted by
Cre-lox recombination in female mice carrying oocyte-specific Zp3-Cre (de Vries et al.,
2000). Upon crossing them to Myh9+/- males, maternal zygotic (mz) Myh9 knockout (KO)
embryos were obtained. Since contractile actomyosin activity is required in several cellular
processes including cell division and cytokinesis, mz Myh9 mutants displayed multinucleate
blastomeres, and consisted of fewer cells compared to age-matched wildtype control embryos
(Figure 18A).

Nevertheless, mutant embryos polarised in the correct orientation by forming an
apical domain on the outer surface, as judged by pERM accumulation (Figure 18A). To
observe whether polarisation in these mz Myh9 KO embryos leads to subsequent TE
specification as in wildtype embryos, these were cultured until the blastocyst stage. Despite
the presence of CDX2-positive nuclei, however, the morphology of mutant embryos was
severely perturbed (Figure 18B). Instead of a single coalesced blastocoel cavity, enlarged
intracellular pockets of fluid were observed throughout the embryo. The embryo consisted of
fluid-filled cells that were often binucleate, held together by the surrounding zona pellucida.
Its CDX2-positive cells did not form an epithelial monolayer around the embryo, and such
harsh disruption of patterning indicates lethality occurs considerably earlier than the post-
implantation period reported in zygotic Myh9 KO embryos.

Given the diverse functions of myosin and the severe phenotype mz Myh9 KO
embryos, a pharmaceutical inhibitor of myosin, blebbistatin, was used to examine its
requirement for patterning in a temporally controllable manner. Consistent with the

involvement of cortical myosin activity in compaction, all treated embryos displayed
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decompacted morphology where individual blastomeres appeared more rounded compared to
control conditions. Embryos were treated both pre- and post-polarisation, but regardless of
the timing of drug administration, apical domain formation persisted on the outer surface of
the embryos (Figure 19C), as previously shown (Zhu et al., 2017). Consistent with findings
in Myh9 mutants, these observations suggest that both initiation and maintenance of the

proper polarity during the 8-cell stage does not require cortical actomyosin activity.

Merged

Control

Blebbistatin

Figure 18. Polarisation of 8-cell stage embryos does not require myosin activity.

A. Maternal zygotic (mz) Myh9 KO embryos recovered at E2.5 are polarised despite reduced cell
number, as judged by cortical pERM accumulation. N =2, 25 embryos.

B. Mz Myh9 KO embryos exhibit severely disrupted morphology at E3.5. Cell division, formation of
functional TE layer, and blastocoel fluid accumulation are impaired. N =1, 9 embryos.

C. Early 8-cell stage WT embryos are treated with myosin inhibitor blebbistatin (25uM) for 12 hours.
Polarisation is comparable between drug-treated embryos and control embryos cultured in DMSO.

Scale bars, 20 um.
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Patterned specification of TE/ICM persists upon myosin inhibition

Next, to examine fate specification in the absence of myosin activity, blebbistatin was
administered to 16-32-cell embryos. Despite impaired compaction, outer cells became TE-
specified. In both drug-treated and control embryos, outer cells were polarised, CDX2-
positive with high levels of nuclear YAP, while inner cells were apolar, CDX2-negative with
cytoplasmic YAP accumulation (Figure 19A).

Asymmetric inheritance of polarity during the 8-cell stage drives differential Hippo
signalling and Cdx2 expression (Anani et al., 2014). Moreover, asymmetric polarity affects
relative cortical tension between daughter cells to subsequently establish the inside-outside
configuration through sorting (Maitre et al., 2016; Samarage et al., 2017). Therefore, the
apical domain drives TE-specification and underlies positional differences within the embryo.

In order to examine how polarisation contributes to patterning, we decoupled the TE-
inducing and mechanical sorting functions of the apical domain by again utilising the reduced
system. Blastomeres singled from 8-cell stage embryos were left to divide to 2/16 doublets.
The majority of divisions at this stage are asymmetric, such that one daughter cell inherits the
apical domain but not the other (Johnson and Ziomek, 1981; Korotkevich et al., 2017).

Under these circumstances, local inhibition of actomyosin contractility at the apical domain
results in mechanical asymmetry between the daughter cells, such that the polarised cell
becomes stretched around the internalising apolar cell (Figure 19B). In this way, inner-outer
configuration of the whole embryo is recapitulated in in 2/16 doublets, and TE markers are
positively regulated in the outer cell.

In the presence of blebbistatin, however, differential cortical tension between daughter
cells is abolished despite asymmetric inheritance of the apical domain. As a result, inner-
outer spatial arrangement is lost and the two daughter cells remain geometrically equivalent.
In spite of this, nuclear YAP and CDX2 were prominent in the daughter cell that inherited the
apical domain (Figure 19B). These findings suggest that though myosin is involved in
several cellular processes, it is not strictly required for asymmetric TE specification while
polarity is preserved. Furthermore, even in the absence of positional differences, asymmetric
inheritance of polarity can drive differential fate specification among 16-cell stage

blastomeres.
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Figure 19. Patterned specification of TE/ICM persists despite myosin inhibition.

A. WT embryos are treated with blebbistatin (25uM) for 3 hours during the 16-32-cell stage to
assess inside-outside patterning in the absence of myosin activity. Radixin marks the apical
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domain. As fate assessment was made too early for appreciable SOX2 expression, CDX?2
expression and YAP localisation were used to examine patterning. Despite impaired compaction,
both drug-treated and control embryos in DMSO exhibit polarised, CDX2-positive cells with
nuclear YAP on the outside, while apolar, CDX2-negative cells with cytoplasmic YAP reside
inside. N =2,27 embryos.

B. 2/16-doublets were obtained by dissociating 8-cell stage embryos and letting blastomeres divide
and develop in the presence of blebbistatin (25uM) or DMSO (control) for 3 h. Upon asymmetric
inheritance of the apical domain, differences in cortical tension drive internalisation of the apolar
daughter cell, as shown in the representative control doublet. However, myosin inhibition prevents
such positional sorting. Despite lack of positional differences, however, TE marker asymmetry is
observed. The daughter cell that inherited the apical domain (right side) upregulates CDX2 and

Y AP signal is prominent in the nucleus. N =3, 51 doublets.

C. In cases where the apolar daughter is not internalised in a timely manner, de novo apical domain
assembly is observed, as judged by radixin enrichment (yellow arrow). Similar de novo apical
domain assembly was also observed with blebbistatin in B. Scale bars, 20 pm.

Outer cells retain ability to polarise without an inherited apical domain

Is it important to note however, that formation of an apical domain is not strictly
limited to the 8-cell stage. Despite asymmetric Hippo signalling and CDX2 expression, some
control and blebbistatin-treated 2/16-doublets exhibited apical domains on both cells.
Polarised cells exhibiting low levels of CDX2 and nuclear YAP were observed in 2/16
doublets where full internalisation had not taken place (arrow, Figure 19C). Studies tracking
live cell movements and polarisation in whole embryos previously showed that apolar cells
can in fact polarise de novo if they acquire a cell-free surface by occupying an outer position
(Korotkevich et al.,2017). This is also consistent with the robust polarisation that was
described earlier following immunosurgery of 16-32-cell stage embryos.

Therefore, it appears that while asymmetric inheritance of the apical domain leads to
differential TE specification, if the apolar daughter cell is exposed to the external
environment for an extended duration, its cell-free surface can be “sensed” and become
polarised. As for the eventual fate of these de novo polarised cells, they most likely become
TE-specified. This assumption is based on observations made by others that the frequency of
trophoblastic vesicle formation from 1/8 blastomeres is higher than the number of asymmetric
divisions, indicating that not all asymmetric divisions lead to ICM specification of the apolar
daughter cell (Johnson and Ziomek, 1981; Tarkowski and Wréblewska, 1967).

The retention of the ability to polarise beyond the 8-cell stage signifies that position-

sensing remains active during the early preimplantation period to robustly ensure patterned
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TE/ICM specification. As for the axis of polarity, the apical domain is consistently
assembled on the exposed surface through a yet unidentified mechanism, away from the cell-

cell interface.

Reduced cell-cell contact combined with myosin inhibition disrupts polarity

Despite cell-autonomous ability of blastomeres to polarise during the 8-cell stage, the
incidence of polarisation is low when cells are in isolation without a cell-cell interface. To
examine the importance of cellular contact in driving and orienting apical domain formation,
4-cell stage embryos were dissociated and their blastomeres (1/4) were let to divide to 2/8-
doublets that have a single cell-cell interface. As seen from earlier experiments, blebbistatin
inhibits compaction but not polarisation, and thus the drug was used to reduce the degree of
contact between daughter cells. The adhesive contact surface, as approximated by the
diameter of the cell-cell interface, was significantly reduced in drug-treated doublets
compared to untreated samples (Figure 20A).

In the presence of blebbistatin, incidence of polarisation was lower and accumulation
of the apical marker pERM was often weak compared to control doublets. Furthermore,
among drug treated cells that did show cortical pERM accumulation, the position of the
apical domain was often aberrant (Figure 20B). Enrichment of pERM in blebbistatin-treated
cells often occurred close to the cell-cell interface. In contrast, the apical domain generally
formed diametrically opposite the cell-cell interface under control conditions, despite increase
in the exposed surface area in reduced systems. For quantification of apical domain
positioning, a line was drawn perpendicular to the cell-cell interface and another through the
geometric centre of the cell and the apical domain. The angle at the intersection of these two
lines was measured, with lower values indicating better ‘centred’ apical domains. Measured
angles were significantly higher in blebbistatin treated 2/8 doublets, indicating more ‘off-
centredness’ (Figure 20C). Similar irregularities in apical domain positioning was also
observed in 2/8 doublets derived from Myh9 heterozygous embryos lacking maternally
contributed myosin (Figure 20D). Although these embryos are zygotically heterozygous for
Myh9, the reduction in myosin was sufficient to mimic blebbistatin treatment in doublets.

Notably, in both blebbistatin-treated and control doublets, the centring of the apical
domain did not necessarily correlate with size of the contact interface (Figure 20E). This
suggests that although myosin activity is not required for assembly of the apical domain per

se, it guides its positioning. While a cell-cell interface is important for efficient polarisation
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and proper positioning of the apical domain, its perception by the cell appears to require
myosin activity during the 8-cell stage.

There is a considerably smaller margin for apical domain mispositioning in whole
embryos where the cell-free surface area is physically limited. In comparison, centring the
apical domain relative to the cell-cell interface is more challenging in doublets given the
increased free surface area. As a result, the requirement for myosin in sensing the cell-cell
interface may become more stringent in 2/8-doublets, thus reconciling the discrepancies in
apical domain formation between experiments in whole embryos and the reduced system.
We speculate that myosin activity provides one form of positional information during the 8-

cell stage, but the high degree of intercellular contact can compensate for its loss in whole

embryos. Moreover, as cell proliferation continues, increased intercellular contact can correct

for mispositioned polarity, such that inside-outside patterning of TE/ICM specification is

robustly achieved.
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Figure 20. Patterned specification of TE/ICM persists despite myosin inhibition.

A.2/8-doublets were obtained by dissociating 4-cell stage embryos and letting individual

blastomeres divide and develop in the presence of blebbistatin (25uM) or DMSO (control) for 12
hours. The contact surface, as measured by diameter of the cell-cell interface, is significantly

reduced with blebbistatin treatment. Graph shows meant S.D. p-value = 5.2896'18, independent

student’s #-test. N = 3, 70 doublets.

B. pERM enrichment indicates apical domain assembly. In drug-treated 2/8-doublets, the apical
domain is typically ‘off-centre’ relative to the cell-cell interface, and the pERM signal is often
weak. Therefore, representative apical domain in treated sample is shown with enhanced contrast.
C. Positioning of the apical domain relative to the cell-cell interface is significantly altered with
blebbistatin treatment. For quantification of apical domain positioning, a line was drawn
perpendicular to the cell-cell interface and another through the geometric centre of the cell and the
apical domain. The angle at the intersection of these two lines was measured, with lower values
indicating better ‘centred’ apical domains. The mean angle is significantly higher with blebbistatin
treatment, indicating that the apical domain is less ‘centred’. Graph shows meant S.D. p-value =
0.0074, independent student’s #-test. N =3, 70 doublets.

D. Similar to blebbistatin-treated doublets, those derived from genetic mutants lacking maternal
contribution of Myh9 exhibit off-centred apical domain assembly. N = 1, 23 doublets.

E. Although blebbistatin treatment impairs compaction and apical domain positioning, the size of
the cell-cell interface does not strongly correlate with apical domain centring. For drug-treated
group, r = 0.252. For control group, r =0.206. N = 3,70 doublets, Pearson correlation. Scale bars,
20 pum.
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The present study examined which positional cues contribute to embryonic patterning
during preimplantation development of the mouse. Guided by contact asymmetry, the apical
domain, either passed down through cell division or assembled de novo, consistently marks
the embryonic outer surface from the 8-cell stage onwards. Soon thereafter, laminin-integrin
adhesive interactions in the embryonic interior distinguish inner cells from polarised outer
cells. By transducing position-specific cues from the microenvironment, polarised outer cells
and adhesion-rich inner cells become TE and ICM-specified, respectively. Moreover,
mimicking the inner microenvironment through combining immunosurgery with Matrigel

culture potently drives ICM specification in an integrin 31-dependent manner.

Integrin-ECM interactions promote ICM specification

Earlier studies of ICM specification placed heavy emphasis on transcriptional changes
that occur in individual cells of the early embryo. While these provide valuable insight into
gene expression changes and the regulatory factors involved in lineage divergence, they lack
spatial resolution as dissociation of the embryo disrupts cell-cel/ECM adhesions. The
significance of events that occur at the cell-cell interface was thus overlooked with these
approaches. In addressing this vacuum, the most striking outcome from Matrigel-induced
changes following immunosurgery is the increase in ICM specification. The effects of
Matrigel are dependent on integrin 1 activity, which likely functions in a heterodimer with
integrin a6. A major question prompted by this finding is how interactions at the cell surface
can result in transcriptional changes that dictate cell fate.

Differentiation of various types of stem cells is governed the mechanical properties
and adhesive interactions fostered by the culture substrate (Chowdhury et al., 2009; Engler et
al., 2006; Hazenbiller et al., 2017). Even the upregulation of pluripotency genes, including
Sox2, is sensitive to the physical surrounding during reprogramming of somatic cells to
induced pluripotent stem cells (Downing et al., 2013). It is well-established that integrins not
only sense the mechanical microenvironment, but are mechanically linked to the nucleus via
the cytoskeleton and a host of interacting partners (Huveneers and Danen, 2009;
Lammerding, 2011; Maniotis et al., 1997). Therefore, it is plausible that tensional forces
applied to integrin may be transferred to discrete regions of the nuclear envelope via
cytoskeletal filaments to affect transcription of lineage markers in the early embryo.

Although our experiments with hydrogel and diluted Matrigel suggest that substrate stiffness
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plays a relatively minor role in promoting ICM specification, this is far from conclusive as
quantitative measures of mechanical parameters are lacking.

To understand which processes bridge integrin activity at the cell surface to
transcriptional changes, one may also identify its downstream effectors. While intracellular
signalling is mainly mediated by the cytoplasmic tail of the integrin B1 subunit, how these
affect the epigenetic landscape to upregulate ICM-specific genes is unknown. Complications
lie in the fact that ICM specification is poorly understood even in the context of unperturbed
embryos, let alone in experimentally manipulated systems. To gain clearer understanding of
the events leading to ICM specification, future endeavours should aim to correlate how
transcriptional dynamics spatially evolve with the changing microenvironment. In addition,
the role of individual ECM components that emerge with the ICM should be re-assessed with

advanced imaging and analysis tools available today.

Itgbl is required for patterning the embryonic interior

If transduction of ECM signals from the cortex is necessary and sufficient as the inner
positional cue to direct ICM fate, absence of ECM receptors would be expected impair ICM
specification. However, Itgbl KO embryos develop to expanded blastocysts, albeit with
slightly reduced cell number, indicating that patterned TE/ICM specification persists in the
absence of zygotic integrin B1. Although polarisation during the 8-cell stage was not
examined in Itgbl KO embryos, we can surmise from their blastocyst formation that
compaction and polarisation are most likely intact. As preimplantation development
proceeds, expression of integrin o681 and laminin chains becomes prominent in the ICM
region of the blastocyst. Accordingly, the effect of IrgbI deficiency is more discernible at
this stage. In mutant blastocysts, the PrE fails to sort into a monolayer around the EPI.
Instead, cells of each lineage are segregated in clusters and thus a multilayered PrE is
observed. Matrigel culture of ICMs isolated from E3.5 blastocysts recapitulates this sorting
defect. These findings suggest that EPI/PrE patterning within in the ICM relies on ECM-
integrin interactions.

As for the mild phenotype of I/tgbl KO morulae with respect to TE/ICM patterning,
preservation of the polarity in outer cells, combined with contact mediated by other adhesive

proteins such as E-cadherin, may compensate for Itgb/ deficiency. Alternatively, rescue by
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maternally deposited integrin 31 may mask defects from zygotic deficiency. For this reason,

future experiments should examine TE/ICM patterning in maternal zygotic /tgb/ mutants.

The influence of the ECM is developmental stage-dependent

Although Matrigel was chiefly used to mimic the inner microenvironment of the
embryo to affect lineage segregation, it also provides clues to how the ECM affects
apicobasal polarity. Immunosurgery allowed manipulation of the existing contact
microenvironment within preimplantation embryos. Inner cells that became newly exposed
underwent polarisation and adjusted their fate to generate a TE layer. In contrast, apical
polarisation and TE specification was visibly suppressed in cells embedded in Matrigel.

Despite such pronounced effects on inner cells of the morula, however, Matrigel had
little visible impact on polarity establishment in 8 cell stage blastomeres. Both the assembly
and positioning of the apical domain in 2/8-doublets were unaffected by Matrigel culture.
Since neither laminin nor integrin subunits are appreciably expressed at cell-cell interfaces
until the 16-32 cell stage, it is perhaps not surprising that polarisation in 8-cell stage
blastomeres is refractory to Matrigel. Studies in ESCs have demonstrated that adhesion and
thus response to Matrigel is mainly mediated by a 31 subunit-containing integrin heterodimer
(Moore et al., 2014). Therefore, positional information that instructs polarisation may be
spatiotemporally controlled by regulating the cell’s interpretation of the cell-cell interface as
well as its receptivity to the ECM.

Yet another speculation is that differences in material properties between 4-8 cell
stage blastomeres and isolated inner cells dictate how they respond to external ECM cues.
Parameters such as baseline stress, stiffness, cytoskeletal structure, and endogenous
contractility are known to contribute to the material properties or mechanical wiring of the
cell (Humphrey et al., 2014). In support of this notion, cell spreading response is much more
sensitive to stress applied through integrins in soft embryonic stem cells compared to their
stiffer differentiated counterparts (Chowdhury et al., 2009). Whether inner cells of the
morula are softer than outer cells or early blastomeres and hence more sensitive to
exogenously provided ECM, remains to be examined.

The difference in sensitivity to Matrigel between 8-cell stage blastomeres and inner
cells of the E2.5 morula indicates that the mechanism of initial polarity establishment for
symmetry-breaking may differ from de novo polarisation that occurs at later stages. During

the 8-cell stage, all blastomeres share the same overall geometry. Each blastomere has a cell-
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free portion of the cortex and an adhesive interface shared with its neighbours. The
polarisation programme is turned on in every cell for apical domain assembly. However, as
divisions continue and the contact environment becomes varied between blastomeres, the
polarisation programme must be selectively engaged in outer cells during the 16-32 cell stage.
As a means of achieving spatial distinction, we propose that inner cells depend on the
evolving ECM microenvironment, particularly interactions between laminin and its receptor
integrin a6PB1. Our findings show that polarisation is suppressed where there is enrichment

of laminin-integrin a631.

Polarisation in the 8-cell embryo does not require myosin activity

Although embryos were refractory to exogenous ECM cues prior to the 16-32-cell
stage, some form of asymmetry must be present in earlier stages to initiate patterning. During
mouse development, polarisation breaks symmetry along the radial axis of the 8-cell stage
embryo. This feat is twofold. In addition to the assembly of the apical domain, each cell
must appropriately orient the polarity axis to ensure coherent patterning of the embryo. In the
wildtype embryo, the apical domain is positioned on the cell-free outer surface. Similarly,
apical domain assembly persists on the outer surface of myosin-inhibited whole embryos.
Despite decompacted morphology, apical proteins accumulate on the outer cortex of
blebbistatin-treated embryos as well as mzMyh9 mutants. As expected from the various
functions of myosin, the morphology of mzMyh9 mutants is severely impaired during the
latter half of preimplantation development. However, our observations at the 8-16-cell stage
suggest that apical polarisation of the outer surface is independent cortical contractility.
Furthermore, polarisation occurs in a temporally controlled manner regardless of cell number

or size, as reported previously (Korotkevich et al., 2017).

Myosin activity orients the apical domain upon reduced cell-cell contact

Only upon combination with drastic removal of cell-cell contact does myosin
inhibition lead to aberrant polarisation. As studies with embryos that lack E-cadherin have
previously shown, intercellular contacts are critical for proper positioning of the apical
domain, but not for its cortical assembly per se (Larue et al., 1994; Stephenson et al., 2010).
Through unknown mechanisms, adhesive interfaces locally suppress apical domain formation

and thereby spatially restrict it to the cell-free surface. In our reduced system where the
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embryo is quartered at the 4-cell stage, intercellular interactions are reduced to a single cell-
cell interface and the cell-free surface area is increased. With little variation in positioning,
however, apical domain formation in these 2/8-doublets is mostly restricted to the cell
hemisphere further from the cell-cell interface. This implies that the influence of the cell-cell
interface in guiding polarisation is not limited to the immediate vicinity of cell contact but
spans across the whole blastomere.

Cortical waves of contractile actomyosin activity may be one way to sense a contact
interface across the cell (Goodwin & Cohen, 1969; Maitre et al., 2016). These waves
periodically travel through the cortex of 8-cell stage blastomeres. Since the propagation of
these waves is locally suppressed at intercellular junctions, their pattern may convey relative
distance between a cell-free surface and the cell-cell interface. Where contact cues are
scarce, as in the reduced experimental system, there may be an increased dependence on these
contractile waves to perceive contact asymmetry and designate the outermost surface for
polarisation. This would explain why the apical domain generally forms furthest from the
cell-cell interface in 2/8-doublets under control conditions, but in an ‘off-centred’ manner
upon myosin inhibition.

Although blebbistatin prevented compaction of 2/8 doublets, the degree of ‘off-
centred’-ness did not inversely correlate with contact area between cells within the treatment
group. Under normal conditions, provision of a contact interface is known to potentiate
polarisation, as polarisation is considerably more efficient in doublets compared to isolated
1/8 blastomeres. Therefore, the comparatively weak polarisation with blebbistatin treatment
further suggests that rather than simply a decrease in the physical contact area, the perception
of contact itself is impaired when actomyosin waves are inhibited. The discrepancy in
polarisation observed between blebbistatin-treated whole embryos and 2/8-doublets indicate
that, although myosin activity is one means to detect contact, its absence can be robustly
overcome if sufficient cell contact is present. Thus, contact cues may direct apical domain
assembly through more than one mechanism.

Once assembled, the functional capacity of the apical domain to direct TE
specification is preserved under myosin inhibition. Although these embryos exhibit
decompacted morphology, their outer cells are marked by increased nuclear intensity of YAP
and CDX2. Likewise, cells with strongly labelled apical domain in drug treated 2/16 doublets

express TE markers. Therefore, as much as myosin activity is important for cell division,

82



compaction, and mechanical sorting among cells, polarisation can robustly overcome myosin

deficiency, especially where TE specification is concerned.

Polarised domains are critical positional hallmarks in the embryo

Observations described here and by others indicate that the apical domain robustly
marks cell-free surfaces during preimplantation development. In whole embryos, blastomeres
with exposed surfaces exhibit an apical domain, either inherited or assembled de novo, such
that the outer surface of the embryo remains polarised from the 8-cell stage until
implantation. In reduced systems, both cells of a 2/16-doublet may exhibit polarity despite
asymmetric inheritance of the apical domain if the apolar surface is sufficiently exposed to
the external environment. For this reason, apical proteins can be found on the outer surface
of CDX2-low cells in both blebbistatin-treated and untreated 2/16-doublets where neither cell
is completely internalised. Although live-imaging data is not available, such de novo
polarisation presumably promotes TE specification despite initially low levels of CDX2 and
nuclear YAP. This would reconcile earlier observations that culture of 1/8 blastomeres more
often gives rise to ICM-free trophoblastic vesicles despite the majority of 1/8 to 2/16
divisions being asymmetric (Johnson and Ziomek, 1981; Tarkowski and Wréblewska, 1967).
Similarly, inner cells that become exposed to the external environment by immunosurgery at
E2.5 or E3.5 also undergo robust surface polarisation (Stephenson et al., 2010; Wigger et al.,
2017).

It must be noted for the latter, however, that polarisation seen after immunosurgery at
different stages may not necessarily be achieved through the same mechanism. In vivo,
emergence of TE and PrE polarities are spatiotemporally dissimilar. Despite shared markers
of the apicobasal membrane domains, their orientation is reversed with respect to the
blastocoel cavity. Moreover, while polarisation precedes TE fate specification in outer cells,
it follows PrE specification and sorting within the ICM (Chazaud et al., 2006; Korotkevich et
al., 2017; Ralston and Rossant, 2008; Saiz et al., 2013). Since the central fluid-filled cavity is
removed by immunosurgery at E3.5, PrE cells that sort to the periphery of the isolated ICM
are polarised towards the external environment in lieu of the blastocoel fluid. Future
comparative analyses between TE and PrE would inform how positional information is

differentially provided and interpreted to direct polarity during preimplantation development.
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The ECM at the cell-cell interface is a critical source of positional information

In multicellular systems, the pattern of cell-cell/ECM interactions critically underlies
spatial arrangement amongst different populations of cells. However, despite dynamic
bidirectional signalling between cells and their surrounding ECM, there is an implicit
tendency to regard the ECM as a separate structural entity. As a result, while numerous
developmental studies have revealed its function as adhesive substrates, physical boundary
between tissues, and guidance cues for growth and migration, the ECM has been mostly
overlooked at the cell-cell interface in favour of cadherin-mediated interactions. Although
contact geometry was long recognised as an important determinant of patterned TE/ICM
specification, earlier studies in mouse development were inclined to focus on cadherin-
mediated adhesions rather than the ECM.

While the outer surface is marked by a polarised domain across different stages and
experimental manipulations, events at the cell-cell interface are subtler. The present work has
demonstrated that the ECM and its receptor integrins are present alongside E-cadherin at the
cell-cell interface of the preimplantation embryo. Moreover, these molecules are not merely
glue to hold cells together, but critically direct cell differentiation and affect embryo
morphology. In particular, laminin-integrin a6f31 ligation potently drives ICM specification
during the morula stage. As the embryonic geometry evolves, cells are able to sense and
distinguish signals from the cell-free and adhesive surfaces. Just as the apical domain
identifies outer surfaces, we propose that ECM components at the cell-cell interface provide

positional information imperative to patterning of the embryonic interior.
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Outstanding questions
How is information from adhesive contacts recognised and integrated by the cell?

Our observations indicate that direct cell-cell adhesions and cell-ECM adhesions can
share the same contact interface. Both types of adhesions can serve as sensors of the
biochemical and physical environment to convey positional information. Nevertheless, little
is known about the relationship between these two types of adhesions, and how their
activities may influence one another to drive cell behaviour.

Both integrins and cadherins are intracellularly linked to the actin cytoskeleton, which
they dynamically remodel by regulating of the Rho family of GTPases. They also share
several downstream effectors, among them vinculin, an anchor protein that binds to actin
filaments as well as other junctional proteins including talin, actinin and paxillin
(Kanchanawong et al., 2010; Sehgal et al., 2018). Engagement of cadherin or integrin leads
to phosphorylation of distinct tyrosine residues in vinculin, and submembrane ‘plaques’ form
to stabilise adhesive interactions. In mouse, vinculin is detected around the cell cortex in pre-
compacted embryos, and becomes selectively enriched at cell-cell interfaces between
flattened outer cells and adjacent inner cells during the morula stage (Lehtonen and Reima,
1986). Detailed characterisation of vinculin localisation alongside integrin 31 and E-
cadherin, as well as how its distribution changes in Matrigel culture and in /rgb! and Cdhl
mutant embryos, may reveal distinct and shared functions of these two types of adhesions.
Feedback interaction between cell-cell and cell-ECM adhesions may be in place to ensure
robust maintenance of the inner cell identity during preimplantation development.

Studies in other systems indeed point to reciprocal regulation between cadherin and
integrin-mediated adhesions, where strengthening of one opposes formation of the other (Mui
etal., 2016). Induction of integrin-mediated adhesion in monolayers of endothelial cells
results in weakening of VE-cadherin-mediated junctions (Wang et al., 2006). From a
mechanical standpoint, such balancing of forces transmitted from cadherin and integrin-
mediated adhesions may be important for tensional homeostasis and subsequent regulation of
downstream mechanosensitive processes. Conversely, in ESCs, controlled force application
by ferromagnetic beads revealed that although both integrin and cadherin are
mechanosensitive, only integrin-mediated force transduction lead to transcriptional changes
that affect differentiation state (Uda et al., 2011).

Both cadherins and ECM components are highly conserved among metazoans and

critically required for tissue integrity and function. Therefore, spatial overlap between these
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adhesions may be found in a myriad of cell-cell interfaces. To what degree their
contributions are shared or distinct, and how their activities at the cell cortex are integrated to

affect transcriptional changes are important questions for future work.

What are the biomechanical features of the embryonic ECM microenvironment?

From a mechanical standpoint, the ECM can simultaneously function as a source of
mechanical force as well as a stress sensor. Both roles converge on integrin-mediated
signalling to guide cellular behaviour, and the cell can in turn remodel its ECM
microenvironment. However, mechanical characterisation of the ECM in the embryonic
interior and its effect on lineage decisions are yet to be come. Parameters such as traction
force generated at cell-ECM adhesions, matrix stiffness, elasticity, as well as its precise
structural composition could provide significant insight into morphogenesis of the early
embryo (Humphrey et al., 2014; Mammoto and Ingber, 2010). Although the present study
emphasises the biochemical role of laminin, Matrigel is a heterogeneous mixture of ECM
components and therefore it is difficult to pinpoint its effect to a single molecule.

Furthermore, other ECM components such as collagen IV, nidogen, and fibronectin
are also secreted during preimplantation development. Each confers distinct mechanical
properties to the matrix, and specific cross-linking interactions add further complexity to the
extracellular microenvironment. The combined effect of ECM-mediated force may deform
the nucleus and bring about changes in nuclear stiffness, nucleoplasm rheology, as well as
chromatin state. Future experiments should prioritise replacing Matrigel with a biochemically
and mechanically defined combination of ECM components, and better characterise how

mechanosensitive processes in blastomeres affect cell fate specification.

What mechanisms underlie apical domain formation at different stages?

While the literature and the evidence presented thus far clearly illustrate that surface
polarisation conveys outer positional information, the molecular mechanism underlying
apical domain assembly on the cell-free surface is largely unknown. Although disruption of
the actin cytoskeleton is known to suppress polarisation in the mouse embryo, it is difficult to
untangle which of its myriad of cellular roles is specifically involved in apical domain

assembly (Ducibella and Anderson, 1975; Fleming et al., 1986; Zhu et al., 2017).
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Studies in other polarised cell systems indicate that assembly of a specialised
membrane domain requires directed intracellular trafficking and activity of small GTPases of
the Rho and Rab families (Kreitzer and Myat, 2017). The apical domain does not form in
mouse embryos deficient in Rho family member Cdc42, which is heavily involved in actin
remodelling, trafficking of vesicles, as well as cell cycle progression (Korotkevich et al.,
2017). In order to understand how the outer surface polarises during preimplantation
development, it would be necessary to dissect how intercellular adhesions spatiotemporally
modulate Cdc42 activity and intracellular trafficking, with or without influence by myosin
(Kim et al., 2000; Osmani et al., 2010). These are no trivial tasks as perturbation of either
would interfere with not only polarisation, but a slew of other cellular processes including
cytoskeletal remodelling and cell division. Reduced systems coupled to optogenetic control
of small GTPases may be necessary to understand how blastomeres execute apical domain
assembly in future studies (Tischer and Weiner, 2014). Moreover, given the differences
observed between polarisation in 8-cell stage blastomeres, isolated inner cells from the
morula, and sorted PrE cells, it would be necessary to examine how the mechanism of apical

domain formation evolves during development.

Concluding remarks

Embryonic development entails specification and patterned arrangement of diverse
lineages of cells. This requires that cells sense and transduce cues from their
microenvironment to spatiotemporally coordinate their behaviour. In understanding these
processes, the distinction between positional information and the interpretation of positional
information is significant. While adhesive interactions are highly conserved, being both
ubiquitous and indispensable for multicellular organisation, there are a myriad of variations in
the type of receptors and ligands available. Additionally, the ability of cells to sense and
respond to geometric cues are varied. In this way, conserved mechanisms of cell-cell and
cell-ECM interactions give rise to diverse outcomes.

In the early mouse embryo, contact, polarisation, and cell-ECM asymmetry are
spatiotemporally controlled to achieve patterning. In particular, the emergence of an ECM-
rich microenvironment within the embryonic interior facilitates laminin-integrin a6p31
interactions that potently induce ICM specification. Therefore, the present study joins the

increasing body of work uncovering an active role of ECM in embryonic patterning.
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A recent study highlights how the complex interplay of adhesive interactions brings
about neural tube closure and body elongation in zebrafish. The major ECM component
fibronectin functions as a ‘glue’ that attaches the folding tube to the surrounding tissue
(Guillon et al., 2020). The strength of this attachment must be finely controlled. If it is too
adhesive, it is difficult for the neural tube to curl up and converge, if too weak, bilateral
symmetry of the tissue is impaired. In fact, the authors found that cells locally remodel
fibronectin deposition to concentrate it where mechanical stress is high. This remodelling is
dependent on integrin activity, which is in fact modulated by N(neural)-cadherin (Jiilich et al.,
2015; Lele et al., 2002). Therefore, cooperative and dynamic regulation of cell-cell and cell-
ECM activity critically underlies neural tube morphogenesis and body elongation at the tissue
level. Subsequently, a different set of positional information dorsoventrally patterns cellular
differentiation in the neural tube upon its closure, as described briefly in the introduction of
this thesis

While many questions remain as to the mechanism of position-sensing and the
transduction of cell surface events — both biochemical and mechanical — to behavioural or
transcriptional responses within individual cells, these are undoubtedly pertinent to
understanding spatial patterning in biology. Moreover, improved comprehension of adhesive
interactions at the tissue level will aid identification of specific questions relevant to
intracellular regulatory phenomena. Principles of positional information and patterning
uncovered here may carry broad implications for appreciating morphogenesis in other model

systems and disease processes in the adult.
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