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Abstract
What cues and signals are important for the differentiation of pluripotent cells in
vitro and in vivo? During development, pluripotent cell fate decisions are spatiotemporally coordinated with changing tissue architecture. Typically, changes in
tissue architecture are thought to be a downstream consequence of changes in cell
fate, which in turn are caused by change in exposure to secreted extracellular
signalling molecules. However, recent evidence in multiple vertebrate systems
has shown that tissue architecture and tissue mechanics can influence and
causally feedback into cell fate decision-making processes. During gastrulation
in the mouse embryo the pseudostratified epithelium of the proximal epiblast
undergoes an epithelial to mesenchymal transition (EMT), forming the primitive
streak. This is accompanied by a number of changes in tissue architecture
including the loss of apical-basal polarity and cell-cell adhesion, an increase in
cell clustering and migratory behaviour, and changes in cell shape associated with
differentiation into mesodermal and endodermal derivatives. Primitive streak
formation and gastrulation are orchestrated by Nodal, BMP, Wnt and Fgf
signalling pathway activity. However, it is unclear if and how changes in tissue
architecture influence the differentiation responses in the context of this
signalling environment.
Here I set out to ask which aspects of changing tissue architecture can provide
regulatory feedback to influence cell fate decisions during gastrulation in the
mouse, and to explore the underlying mechanisms. Decoupling the contributions
of tissue architecture and the chemical signalling environment in cell fate
regulatory feedback is technically challenging in vivo. Therefore, I developed a
more controllable in vitro ECM-based mESC model in which I could manipulate
tissue architecture. Qualitative and quantitative analysis between in vitro and in
vivo cellular organisation confirmed that in vitro ECM-based models
recapitulated features of primitive streak morphogenesis. Further, I find that this
ECM-based culture model displays increased mesodermal differentiation and
demonstrates a more coherent patterning of cell fates, when compared with
monolayer cultures exposed to the same exogenous signals.
Using quantitative image analysis and further experimental manipulation of in
vitro tissue architecture, I identify a role for local cell density in promoting
mesodermal fates in ECM-based models. Finally, I demonstrate that active Nodal
and Wnt signalling are crucial in mediating enhanced mesodermal differentiation
induced by increased local cell density in ECM-based cultures. These results
highlight a potential positive regulatory feedback role for tissue architecture, in
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the form of increased local cell density, during mesodermal differentiation in an
in vitro primitive streak model. We propose that the data suggests the requirement
of a critical population size for robust and coherent mesodermal differentiation
and that this mechanism is reminiscent of a community effect.
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Lay Summary
How do embryos build tissues and organs like muscle, kidneys or hearts? How
do we learn to build those for the purposes of regenerative medicine? To treat
damaged and diseased cells, tissues and organs?
We don’t fully understand yet how it is an embryo, such as a human or mouse
embryo, starts from a single fertilised egg and goes on to generate all the
specialised cells, tissues and organs that make up our bodies. We know about
genes which code for the building blocks of biology, and the chemical signals
that help switch these genes on and off. We also know that to generate all these
specialised cells, different sets of genes need to be switched on and off in different
cells.
What we know less about is how unspecialised cells in the early embryo know
what type of specialised cells to turn into at a particular place and time. This is
because the developing embryo is a highly complex environment where the
embryos 3D architecture is constantly changing; cells and tissues grow, get
stretched and compressed, twisted and folded, fall apart and get put back together
again. It’s amongst all this dynamic complexity that cells are trying to decide their
fate, what type of cell they will specialise into. An analogous situation would be
trying to decipher directions given to you in a noisy, busy and bustling station,
over the noises of others talking or shouting, of loudspeaker announcements and
of horns and engines. Therefore, coordinating the construction of such a complex
body is a difficult task. To do so cells need to be able to talk to their neighbours,
figure out where and what they are in the crowd. They need to be able to integrate
all the information in their physical environment to make sure they are on the
right path, that they have correctly understood the given directions.
Until very recently, most research attempting to generate new cells to treat
diseased or damaged tissues would grow cells on a flat 2D surface. Whilst this
type of system allowed researchers to reproduce the diffusible chemical signals
present in a developing embryo, tissue or organ, it neglected the dynamic 3D
architecture of developing systems. As a result, we may not get as many of these
functional cells as we would hope for.
The work presented here is an attempt to help improve our understanding of these
processes. Ultimately, I am trying to understand how the 3D architecture of the
developing embryo can provide directions to cells to help them make the right
decisions. To do so, I made use of mouse pluripotent stem cells, cells derived
from early mouse embryos, that have the potential to make any cell type in the
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body. These cells can be grown indefinitely in a plastic culture dish when
provided with appropriate signals and have long been used as a model system of
real developing embryos. Doing so allows us to isolate different biological
components that contribute to a particular process in a highly controlled manner,
something that is not always possible in live animal systems. Using these cells, I
developed a system that changes the way they can build together in a dish, as they
are specialising into mesoderm – cells that can contribute to skeletal muscle, bone
and heart. If I provide cells with a 3D scaffold during this process, they are able
to build themselves, self-organise, into alternative architectures that partially
reproduce those found in similar cells in the embryo. Compared to cells grown
on a flat 2D surface, cells given the opportunity to build themselves into 3D
structure specialise into mesoderm much better. By doing so we get more of the
cells that we are looking for. Interestingly, I find that if I manipulate the size of
these structures, that is the number of cells in each structure, smaller structures
don’t specialise quite as well as larger structures. This suggests that these
communities of cells need to acquire a particular size in order to make collective
decisions on which direction to take.
I’m hoping we can use this research to better understand how changes in tissue
architecture can guide cell fate, to see if the same rules can be applied to build
new tissues, or, repair and regenerate damages tissues in humans.

9

Table of Contents

Page

Declaration

ii

Acknowledgments

iii

Abstract

iv

Lay Summary

v

Table of Contents

viii-xi

List of Figures

xii-xiv

Chapter 1 ............................................................................................................. 17
Introduction ...................................................................................................... 17
1.1 Background/Context ............................................................................... 17
1.2 Gastrulation............................................................................................. 18
1.2.1 Breaking symmetry and establishing anterior-posterior polarity ..... 18
1.2.2 Primitive-streak induction ................................................................ 21
1.2.3 Gastrulation morphogenesis ............................................................. 21
................................................................................................................... 24
1.2.4 Signalling regulation of gastrulation ................................................ 24
....................................................................................................................... 28
1.3 Pluripotency, embryonic stem cells and their differentiation................. 29
1.3.1 Pluripotency and ESC derivation ..................................................... 29
1.3.2 Transcriptional control of the pluripotent state ................................ 29
1.3.3 Extrinsic control of the pluripotent state in vitro ............................. 30
1.3.4 In vitro differentiation ...................................................................... 31
1.3.5 Stem cell models of early development ........................................... 34
1.4 Morphogenetic feedback ........................................................................ 36
1.4.1 Mechanical forces as a mechanism for morphogenetic feedback .... 37
1.4.2 Feedback through tissue architecture and multicellular organisation
................................................................................................................... 40
1.5 Quantitative image analysis .................................................................... 44
....................................................................................................................... 46

10

Aims of thesis ............................................................................................... 47
Chapter 2 ............................................................................................................. 48
Materials and Methods..................................................................................... 48
2.1. Materials ................................................................................................ 48
2.2. Methods ................................................................................................. 54
2.2.1. qPCR methods ................................................................................. 54
2.2.2 RNA methods ................................................................................... 56
2.2.3 Protein methods ................................................................................ 57
2.2.4 Embryology ...................................................................................... 58
2.2.5. Cell culture ...................................................................................... 58
2.2.6 Imaging ............................................................................................. 63
2.2.7 Image analysis .................................................................................. 65
2.2.8 Data analysis ..................................................................................... 68
Chapter 3 ............................................................................................................. 69
In vitro mESC model recapitulates changing multicellular organisation of
gastrulation....................................................................................................... 69
3.1 Introduction and aims ............................................................................. 69
3.2 Results..................................................................................................... 71
3.2.1 Image analysis of gastrulating mouse embryos................................ 71
3.2.1.1 T-Brachyury and Eomes expression in gastrulating embryos ... 71
3.2.1.2 Quantitative image analysis of gastrulating mouse embryos ..... 72
3.2.1.3 Multicellular reorganisation at the primitive streak ................... 74
3.2.2 In vitro assay development to recapitulate changes in multicellular
organisation during gastrulation ................................................................... 74
3.2.2.1 ME differentiation and organisation manipulation strategy ...... 75
3.2.2.2 ECM overlay results in gross morphological changes during ME
differentiation ......................................................................................... 77
3.2.2.3 EMT hallmarks of gastrulation observed by
immunofluorescence in ECM overlay cultures ...................................... 79
3.2.2.4 qPCR analysis confirms EMT in ECM cultures at population
level ........................................................................................................ 81

11

3.2.3 Quantitative image analysis of multicellular organisation in vitro and
in vivo ............................................................................................................ 81
3.3 Discussion ............................................................................................... 84
Chapter 4 ........................................................................................................... 104
Pro-mesodermal effects of multicellular organisation in ECM overlays ...... 104
4.1 Introduction and aims ........................................................................... 104
4.2 Results................................................................................................... 106
4.2.1 ECM cultures promote ME differentiation .................................... 106
4.2.1.1 qPCR analysis of cell fate changes .......................................... 106
4.2.1.2 Protein level analysis of cell fate changes using
immunofluorescent image analysis ...................................................... 108
4.2.2 Cell fate changes are not due to growth factors contained in Matrigel
................................................................................................................. 111
4.2.3 Mechanical environment of cell cultures do not appear to affect
differentiation or multicellular organisation in ECM cultures ................ 112
4.2.4 Investigating cell fate patterning and correlation of fate with
multicellular organisation using quantitative image analysis ................. 116
4.2.5 Increasing local cell density in absence of ECM does not replicate
cell fate changes in ECM culture ............................................................ 122
4.2.6 The role of epithelialisation in ECM culture induced cell fate
changes .................................................................................................... 124
4.2.6.1 N-cadherin knock-in cells ........................................................ 124
4.2.6.2 Type-I collagen ECM culture................................................... 126
4.2.7 Reducing ECM overlay colony size attenuates the pro-mesoderm
differentiation effect ................................................................................ 128
4.3 Discussion ............................................................................................. 129
Chapter 5 ........................................................................................................... 164
Signalling Effects of Changing Multicellular Organisation .......................... 164
5.1 Introduction and aims ........................................................................... 164
5.2 Results................................................................................................... 166
5.2.1 Signalling changes during enhanced mesodermal differentiation
following manipulation of multicellular organisation............................. 166
5.2.2 Nodal/ActivinA response in monolayer and overlay cultures ....... 168

12

5.2.3 Combinatorial roles for Nodal/Activin and Wnt pathways in ECM
culture differentiation response ............................................................... 171
5.3 Discussion ............................................................................................. 173
Chapter 6 ........................................................................................................... 186
General Discussion ........................................................................................ 187
6.1 Summary of findings ............................................................................ 187
6.2 Regulation of pro-mesodermal differentiation by multicellular
organisation................................................................................................. 189
6.3 Working model ..................................................................................... 193
6.4 Future directions ................................................................................... 194
References ...................................................................................................... 197

13

List of Figures
Page
1.1.

Establishment of proximo-distal/anterior-posterior axes and
primitive streak induction.

20

1.2.

Large scale morphological changes during gastrulation EMT

24

1.3.

Actors involved in the control of EMT

28

1.4.

ESC In vitro differentiation

33

1.5.

Morphogenetic feedback mechanisms

46

3.1.

Mesoderm emergence during gastrulation.

90

3.2.

Single cell image segmentation and strategy for computing image
features and relationships.

91

3.3.

Quantitative image analysis of T-Brachyury expression and patterning
during mesoderm emergence at gastrulation.
92

3.4.

Epithelial to mesenchymal transition during gastrulation

93

3.5.

In vitro mesoderm differentiation.

94

3.6.

Schematic of strategy to disrupt epithelial monolayers during mesoderm
differentiation.
95

3.7.

Extracellular matrix cultures induce gross morphological changes.

96

3.8.

Multiple cell layer in overlays and in vivo comparison.

97

3.9.

Hallmarks of EMT observed in ECM overlay cultures.

98

3.10. ECM overlay cultures display EMT hallmarks across differentiation
timecourse.
3.11. Quantitative measures of multi-cellular organisation.

99
100

3.12. Schematic illustrating the progression of multicellular organisation in in
vitro overlay model.
102
4.1.

Gene expression analysis demonstrates a pro-mesodermal differentiation
effect in ECM overlay cultures.
141

4.2.

Mesodermal marker expression at protein level in culture.

142

4.3.

Semi-quantitative heatmaps of nuclear segmentation visually highlight
the spatial distribution of transcription factor expression in culture. 143

4.4.

Pro-mesodermal differentiation effect confirmed at protein level using
nuclear segmentation and measurement of immunofluorescence intensity.
144

4.5.

ECM overlay cultures efficiently downregulate Nanog whilst displaying
high expression and coexpression of T-Brachyury and Eomes.
145

4.6.

Oct4 and Gata6 expression in monolayers and ECM overlay cultures. 146

4.7.

Quantitative analysis of Oct4 and Gata6 expression in monolayer and
ECM overlay cultures.
147

4.8.

Growth factor effects of Matrigel do not contribute to differentiation
effect observed in ECM overlay cultures.
148

4.9.

Culture of cells as acini in suspended Matrigel culture reproduces the
ECM overlay pro-mesodermal differentiation effect.
149

4.10. EMT in in ECM cultures is triggered in a colony autonomous manner and
is not affected by substrate stiffness.
150
4.11. Neighbour analysis reveals increased similarity in neighbour cell
expression patterns in ECM overlay cultures.

151

4.12. Measurement of the distribution of cells expression T-Brachyury, Eomes
and Nanog along ECM overlay colony Z-axis.
152
4.13. T-Brachyury expressing cells localise to regions of high density in ECM
overlays at 72h timepoint.
153
4.14. DBSCAN clustering confirms transcription factor localisation patterns in
ECM overlay cultures.
154
4.15. Colony size and local cell density positively correlate with mesodermal
marker expression at earlier timepoints.
155
4.16. Increased local cell density in the absence of ECM does not reproduce
ECM overlay effect.
156
4.17. NcKI cells displaying adhesion defects in culture reproduce pattern of
pro-mesodermal differentiation in ECM conditions compared to
monolayers.
157
4.18. Collagen-I clusters do not form apical-basally polarised epithelia.

158

4.19. Epithelialisation is not necessary for the pro-mesodermal differentiation
effect observed in ECM overlay cultures.
159
4.20. Forced reduction in local cell density attenuates the pro-mesodermal
differentiation effect in ECM overlay cultures.
160
s4.1 Gene expression analysis demonstrates a pro-mesodermal differentiation
effect in ECM overlay cultures.
161
s4.5 ECM overlay cultures efficiently downregulate Nanog whilst displaying
high expression and coexpression of T-Brachyury and Eomes.
162
5.1.

Signalling changes in major developmental pathways as a result of ECM
culture.
179

5.2.

Concentration dependent requirement of ActivinA to drive robust and
timely differentiation response in overlay cultures.
181

5.3.

Increasing ActivinA concentrations induces marked reduction single cell
expression of Nanog and increase in Eomes in overlay cultures.
182

5.4.

Combined roles for Nodal/Activin and Wnt pathways in mediated
differentiation effect in ECM overlay cultures.

5.5

Exogenous ActivinA is required to induce downstream Wnt and promote
mesodermal differentiation in ECM overlays.
185

6.1

Working Model

184

193

Chapter 1: Introduction

Chapter 1
Introduction
1.1 Background/Context
In developing systems cell fate acquisition and morphogenesis – the generation
of form – have generally been understood to lie downstream of secreted,
diffusible signals. These secreted signals form concentration gradients that are
interpreted by cells to induce spatially discrete transcriptional programmes,
orchestrating cell fate specification and morphogenesis. The coordination of both
these events requires collective cell behaviour or decision-making processes in
multicellular systems, however our understanding of how robustness is conferred
in these processes is incomplete.
Recently, there has been growing interest in how tissue architecture and
mechanics can shape or modulate interpretation of prevailing signals (Gilmour &
Leptin., 2017; Chan et al., 2017). It has been proposed that tissue architecture and
mechanical forces can regulate developmental signalling programmes through
local feedback mechanisms, enabling robust patterning of cell fates during
progressive differentiation and morphogenesis.
A paradigmatic example of closely coordinated changes in cell fate specification
and large-scale morphogenesis, in the context of overlapping morphogen
gradients, is gastrulation. Gastrulation is a process of epithelial to mesenchymal
transition (EMT) that results in the formation of the three primary germ layers:
ectoderm, mesoderm and endoderm (Arnold & Robertson., 2009). However,
disentangling the contributions of tissue architecture toward cell fate specification
from the contributions of morphogens in vivo is technically challenging.
One way to overcome this is through the use of pluripotent embryonic stem cells
(ESCs). ESCs have a remarkable capacity to recapitulate in vivo developmental

17

Chapter 1: Introduction

processes and can generate derivatives of the three germ layers using a variety of
differentiation protocols based upon factors known to be important at gastrulation
in vivo (Murry & Keller., 2008). These monolayer culture models have been
successfully used to dissect the roles of internal and external signalling
environments during differentiation, however they fail to recapitulate in vivo
tissue architecture. This has led to the development of 3D models, which are able
to undergo organisation to recapitulate features of tissue architecture found in
vivo when provided with appropriate physical environments and initial conditions
(McCauley & Wells., 2017). These pluripotent-cell-based organoid models
undergo differentiation coupled with morphogenesis and are capable of
generating tissues that are more representative of various in vivo organ systems.
These models highlight the potential of ESC systems to differentiate into cell
derivatives of all germ layers whilst undergoing complex in vivo morphogenesis.
Such an experimentally tractable in vitro system provides an ideal opportunity to
disentangle the contributions of the extracellular signalling environment and
tissue architecture on cell-fate specification.

1.2 Gastrulation
1.2.1 Breaking symmetry and establishing anterior-posterior
polarity
In early mouse development, following fertilisation the zygote undergoes several
rounds of cell division and cell sorting, resulting in the generation of three distinct
cell fates by the early blastocyst stage (E3.5): epiblast (EPI), primitive endoderm
(PE) and extraembryonic trophectoderm (TE) (Chazaud et al., 2006). Around
E4.5 the blastocyst implants in the maternal uterus mediated via the TE and at
this point the apolar EPI undergoes a morphological reorganisation to an apicalbasally polarised rosette structure induced by extracellular matrix (ECM)
secretion from the visceral endoderm (VE). This rosette structure has apical
lumen and proceeds to grow and elongate by a mechanism of hollowing caused
by electrostatic repulsion of podocalyxin molecules on apical EPI membranes
(Shabazi et al., 2017). This process results in the formation of the radially
symmetric post-implantation egg cylinder, which is organised as a
pseudostratified epithelium around the apical pro-amniotic cavity.
Starting from approximately E5.5 morphological and molecular asymmetries
begin to shape the initiation of gastrulation in the proximal-posterior of the mouse
embryo. The initiation of gastrulation proper is evidenced by the emergence of
the primitive-streak which is established through the induction of the distal-
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visceral-endoderm (DVE) and subsequently the anterior-visceral-endoderm
(AVE) signalling centres, generating the anterior-posterior (AP) axis (Arnold &
Robertson., 2009).
Nodal is expressed throughout the peri-implantation epiblast and early postimplantation epiblast, however around E5.5 a gradient of Nodal begins to form
along the proximo-distal axis with highest expression in the proximal epiblast
(Norris et al., 1999; Brennan et al., 2001). Nodal is expressed as a pro-protein in
the proximal epiblast that is then converted to a mature form by FURIN and
PACE4 convertases at the ExE-EPI boundary, increasing Nodal concentration
proximally. Further contributing to this a positive Nodal autoregulatory feedback
loop is initiated at the proximal epiblast. Proximally secreted Nodal enhances
BMP4 signalling in the ExE that in turn induces Wnt3 expression in the proximal
epiblast and VE in a SMAD-1/5/8 dependent manner (Ben-Haim et al., 2006).
Wnt3 expression in the proximal epiblast then further enhances Nodal expression
through canonical Wnt transcriptional effectors TCF/LEFs binding to the Nodal
proximal-epiblast-enhancer (PEE).
The combination of the feedback mechanisms in the proximal epiblast result in
high local Nodal concentrations. In the distal epiblast the pre-existing low Nodal
levels first induce and secondly are maintained by the induction of the DVE (Lu
& Robertson., 2004; Takaoka et al., 2017). The DVE is initially induced by low
levels of Nodal activity in the peri/post-implantation epiblast and then proceeds
to express Nodal and Wnt pathway antagonists CER1, LEFTY1 and DKK1
(Yamamoto et al., 2009; Takaoka et al., 2011). Thus, inhibition of Nodal
signalling and its transcriptional effectors SMAD2 and SMAD3 in the distal
epiblast through LEFTY1 and CER1, alongside BMP4 mediated inhibition of
DVE fate in the proximal epiblast establishes a high to low, proximal-distal Nodal
gradient, restricting DVE formation to the distal tip.
After the DVE forms, it migrates anteriorly from the distal tip of the embryo
through regulation of cytoskeletal dynamics thought to be downstream of the
WAVE complex (Srinivas et al., 2004; Migeotte et al., 2010; Omelchenko et al.,
2014). It was originally thought the anteriorly migrating DVE became the AVE,
however more recent work determined through lineage tracing that the DVE
induces AVE cell fate in the VE positioned slightly more proximal-anterior to the
DVE (Takaoka et al., 2011; Nowotschin et al., 2013).
The formation of the AVE marks the loss of radial symmetry of the postimplantation egg cylinder and demarcates the AP axis. Like the DVE the AVE
secretes CER1 and LEFTY1 and in addition it expresses the competitive Wnt
antagonist DKK1 (Kimura-Yoshida et al., 2005; Hoshino et al., 2015). The result
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of these AVE secreted antagonists is to restrict the expression and activity of
Nodal, Wnt and BMP pathways to the proximal-posterior epiblast, the site of
primitive-streak formation (Figure 1.1). Indeed, loss of CER1 or LEFTY1,
evidenced in mouse knockouts of these two genes results in the formation of
ectopic primitive-streaks (Perea-Gomez et al., 2002). Conversely, Nodal, Wnt3
and BMP4 null embryos fail to form a primitive streak in the proximal-posterior
of the embryo (Arnold & Robertson., 2009).

Figure 1.1. Establishment of AP and PD axes.

Schematic outlining the positioning and induction of the DVE, AVE and PS. A high-low gradient of
BMP4, Nodal and Wnt3 along the proximal-distal axis is localised in the proximal-posterior of the
epiblast through a positive regulatory feedback loop in combination with inhibitory signals (Cer1,
Lefty1 and Dkk1) from the DVE and AVE in the distal and anterior compartments of the early postimplantation embryo (E5.5-6.5). AVE = Anterior Visceral Endoderm, DVE = Distal Visceral
Endoderm, PS= Primitive Streak, A = Anterior, P = Posterior, D = Distal, Pr = Proximal, L = Left, R =
Right.
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1.2.2 Primitive-streak induction
The site of the primitive-streak is morphologically observable at approximately
E6.5 when gastrulation EMT begins at the proximal-posterior pole of the epiblast,
however molecular expression identifies this site prior to overt EMT.
One early marker of the future primitive streak is Wnt3. Wnt3 expression is
induced by BMP4 from the ExE and restricted to the proximal-posterior of the
embryo by the AVE. Strong Wnt3 expression is first observable in the posterior
VE at E5.5 and a short time later is observed in the adjacent EPI and marks the
initial site of cell ingression during EMT (Rivera-Perez & Magnuson, 2005).
While earlier work had identified the importance of Wnt3 in gastrulation later
work by Tortelote et al., 2013 demonstrated that expression in the VE was
dispensable however expression in the epiblast was critical for initiation and
maintenance of gastrulation and mesodermal specification.
Soon after at E6.0 the Wnt/β-catenin target T-box transcription factor TBrachyury is expressed in a domain of the epiblast that overlaps with the Wnt3
expression domain. T-Brachyury continues to mark the primitive-streak in all
mesodermal derivatives throughout gastrulation and axial elongation. TBrachyury null embryos nevertheless display relatively mild phenotypes: despite
being one of the earliest and sustained molecular markers of the primitive-streak
loss of T-Brachyury only results in the loss of the posterior-most somites as
mesoderm specified cells fail to migrate from the streak (Rashbass et al., 1991;
Wilson et al., 1995). However, recent work investigating chromatin accessibility
and targets of T-Brachyury and related T-box factor Eomes, found that
mesodermal target genes of both transcription factors largely overlapped with
each other (Tosic et al., 2019). Both T-Brachyury and Eomes are important in
binding to target genes and driving a mesodermal and endodermal programme,
as well binding to, and repressing pluripotency and neurectodermal (NE)
programme genes. Thus, the mild T-Brachyury phenotype is likely due to the
redundant effects of Eomes and the phenotypic differences in loss of posterior
somites in T-Brachyury null embryos due to the small but distinct set of
mesodermal targets.

1.2.3 Gastrulation morphogenesis
The morphological onset of gastrulation at the mouse primitive-streak,
prospectively marked by Wnt3 and T-Brachyury, begins around E6.5. The major
architectural or organisational changes occurring at gastrulation have previously
been defined in the literature as 1) a loss or degradation of the basement
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membrane ECM separating the basal EPI from the VE 2) disruption of cell-cell
adhesion and inversion of apical-basal polarity and 3) adoption of a mesenchymal
phenotype and migratory behaviour (Rivera-Perez & Hadjantonakis., 2015;
Sutherland., 2016).
In chick and rabbit, epiblast cells undergo large scale movements from the
peripheral epiblast toward the midline during primitive-streak induction and EMT
(Chuai et al., 2006; Voiculescue et al., 2007; Halacheva et al., 2011). In mouse
however there does not appear to be similar movements and cell mixing is much
more local to the site of cell ingression (Nakatsuji et al., 1986; Williams et al.,
2012). In mouse the primitive-streak progressively undergoes EMT beginning at
the proximal-posterior pole and expanding distally to the future node. Further
unlike chick or rabbit where large scale EPI cell movements are a driving force
for ingression, it has been hypothesised that in mouse single cell ingression
provides the force necessary to drive progressive EPI cell recruitment to the
ingression site (Williams et al., 2012).
The first stage of EMT requires the degradation of the basement membrane ECM,
primarily composed of laminin-511 and collagen-IV (Futaki et al., 2019). Whilst
loss of basement membrane is required for EMT to occur little is known about
how this occurs in mouse or other mammalian systems but is likely to involve the
secretion of matrix-metalloproteinases (MMPs). Work in chick found that
stabilisation of microtubules and basally localised RhoA activity plays a key role
in the maintenance of the basement membrane (Nakaya et al., 2008). Inhibition
of RhoA results in microtubule destabilisation, reduction in Integrin α6β1
expression and basement membrane loss, that can be replicated by independently
disrupting microtubules using nocodazole (Nakaya et al., 2008). Additionally, in
chick it was found that pre-streak epiblast and primitive-streak cells cultured in
ECM degradation assay expressed MMPs MMP2, (MT)3-MMP and MMP-11
(Mogi & Toyoizumi., 2010). Moreover, injection of an MMP inhibitor in the
subgerminal cavity of the chick embryo resulted in a failure of primitive streak
formation.
Following basement membrane degradation single cells of the proximal-posterior
epiblast ingress through the streak. It has been hypothesised that single epiblast
cells ingress through the streak via individual apical constriction and basally
directed soma movement generate bottle shaped cells (Williams et al., 2012).
This force generating action of single cell apical constriction results in the
formation of rosette like structure on the apical side of neighbouring epiblast
localised cells of the ingressing cell, potentially explaining the progressive
movement of epiblast cells to the streak. This ingression is concomitant with the
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downregulation of apical junctional components such as adherens junction
protein E-cadherin, and tight junction protein ZO-1, as well as the inversion of
apical polarity complex proteins such as aPKC and pericentrin (Nakaya et al.,
2008; Williams et al., 2012; Burute et al. 2017).
Recent work highlighted CRB2 (Crumbs2) as a key component regulating these
processes in mouse gastrulation EMT. Unlike in Drosophila where CRB2 is
required for the maintenance of apical polarisation, in mouse it is required to
dismantle apical domain determinants and junctions (Ramkumar et al., 2016).
Deleting CRB2 using T-Brachyury driven Cre-excision results in EPI cells failing
to complete a full EMT programme and delaminate. The primitive-streak area
basement membrane is degraded, and cells undergo apical constriction and basal
movement of the cell soma, however they remain tethered to the EPI via a long
E-cadherin positive cytoplasmic tail. Interestingly, CRB2 displays anisotropic
expression distribution on the apical side of epiblast cells located at the streak and
this is inverse to the myosin IIB expression pattern. This suggests that CRB2 is
important in regulating apical actomyosin contractility in single EPI cells to
initiate ingression at the streak and also maintain EPI integrity.
As cells move basally through the streak to the space between the EPI and
overlying VE they round up and adopt a mesenchymal phenotype and can form
cell layers up to 3 cells thick (Ferrer-Vaquer et al., 2010). The adoption of the
mesenchymal phenotype involves a cadherin switch typical of EMTs from Ecadherin to N-cadherin, and adoption of migratory behaviour. Mesenchymal
nascent mesoderm then proceeds to migrate between the EPI and VE and recent
studies have demonstrated different migratory phenotypes between embryonic
and extra-embryonic mesoderm (Saykali et al., 2019). Embryonic mesoderm
displayed meandering but overall directional posterior to anterior trajectories in
a RhoA and Rac1 dependent manner, in contrast extra-embryonic mesoderm
showed very little overall displacement.
As nascent mesodermal cells migrate toward their respective embryonic
destinations the embryo proper undergoes significant AP axial elongation, and
the cessation of gastrulation does not occur until approximately E9.5 (Ohta et al.,
2010). During this time, the primitive-streak structure is maintained, identifiable
by continual T-Brachyury expression.
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Figure 1.2. Gross-scale morphogenesis at gastrulation EMT.

A) Transverse section scanning electron micrograph of the mouse primitive streak undergoing EMT
during gastrulation. Adapted from Ferrer-Vaquer et al., 2010. B) Schematic of gross multicellular
organisation of a transverse section of the mouse epiblast at gastrulation. A&B) Cells of the
proximal-posterior epiblast undergo an EMT where there is an observed reduction in cell-cell
adhesion and a disruption of the basal lamina (magenta). Cells of the epiblast acquire a bottle shape
as they ingress through the streak and round up as they invert apical-basal (cyan-magenta) polarity.
Once through the streak cells acquire a stellate morphology and cluster into multiple cell layers.
Becoming migratory they then migrate away from the streak midline.

1.2.4 Signalling regulation of gastrulation
The morphodynamics of gastrulation are governed by key morphogen gradients,
intracellular signalling cascades and transcription factors, and the successful
execution of gastrulation morphogenesis is vital for correct cell fate specification,
tissue formation and organogenesis. As previously outlined above, the induction
of the primitive-streak is dependent on acquisition of AP polarity, the result of
which is high levels of Nodal, BMP and Wnt signalling activity in the proximalposterior of the EPI.
Whole embryo or EPI specific deletion of Nodal, BMP and Wnt ligands,
transcriptional effectors and cognate receptors result in varying degrees of
gastrulation and mesoderm specification defects (Winnier et al., 1995; Lawson et
al., 1999; Gu et al., 1999; Liu et al., 1999; Beppu et al., 2000; Lu et al., 2004;
Barrow et al., 2007). Most of these gastrulation defects are due to a failure to
initially establish AP polarity to define the primitive-streak location or due to later
defects in specific mesodermal subpopulation specification. However, one major
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gastrulation checkpoint that displays a common phenotypic defect across multiple
mutants is the timely downregulation of adhesion protein E-cadherin.
Studies have shown that the FGF signalling pathway is crucially important in
regulating E-cadherin during gastrulation EMT. FGF pathway ligands FGF4 and
FGF8 are expressed in the post-implantation EPI and expression becomes
restricted to the primitive-streak during gastrulation (Niswander & Martin., 1992;
Sun et al., 1999). Loss of expression of these FGF ligands results in an inability
to fully complete the gastrulation EMT programme, as ingressed cells do not
correctly downregulate E-cadherin and fail to migrate away from the streak.
Further, FGFR1 mutants also fail to effectively downregulate E-cadherin
expression, and it was shown that signalling through the FGFR1 receptor reduces
E-cadherin expression by regulating the transcription factor Snail (Ciruna &
Rossant., 2001). It was proposed in this mutant system that FGF also promotes
gastrulation EMT through crosstalk with the Wnt pathway, as Wnt signalling at
the streak was rescued in FGFR1 null mice, when E-cadherin levels was forcibly
lowered. It was hypothesised that FGF signalling promotes canonical Wnt
signalling in the streak and its derivatives, by liberating β-catenin from adherens
junctions and increasing its cytoplasmic concentration.
Snail is a zinc-finger transcriptional repressor expressed in the primitive streak
that binds to regulatory E-box sequences in the E-cadherin promoter and inhibits
its transcription (Battle et al., 2000; Cano et al., 2000). Snail knockout embryos
display proper primitive-streak induction and nascent mesoderm specification,
evidenced by the expression of T-Brachyury and Wnt3, however they are unable
to reduce E-cadherin expression (Carver et al., 2001). This results in the
maintenance of epithelial character and accumulation of cells at the streak and
defects in further mesodermal specification. Importantly, as well as regulating Ecadherin transcription, Snail also directly regulates the expression of tight
junctional proteins such as claudins and occludins as well as proteins belonging
to apical polarity complexes (Acloque et al., 2009).
Another layer of E-cadherin regulation at the primitive streak is provided by the
T-box transcription factor Eomes. Eomes is expressed in the posterior postimplantation, the primitive streak and subsequently mesodermal and endodermal
derivatives, alongside T-Brachyury, Eomes alters the chromatin landscape during
gastrulation to drive meso- and endo-dermal transcriptional programmes whilst
suppressing pluripotency and NE ones (Tosic et al., 2019). As well as driving
meso- and endo-dermal fate programmes, Eomes also suppresses E-cadherin
expression in a way that appears to be partially independent of Snail. Eomes null
and EPI specific deletion of Eomes results in a EMT block at gastrulation despite
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induction of the primitive streak (Arnold et al., 2008; Costello et al., 2011).
Despite ingressing streak cells expressing T-Brachyury, FGF8 and Snail, nascent
mesoderm fails to lose expression of E-cadherin and cells accumulate at the streak
causing EPI bulging into the pro-amniotic cavity. It’s uncertain how Eomes
achieves this regulation of E-cadherin particularly as Snail is expressed in null
cells, however it was shown that Eomes lies upstream of transcription factor
Mesp1, which can positively regulate Snail expression. Therefore, it may be the
case that Eomes increases Snail expression to sufficient levels via Mesp1 that
results in transcriptional suppression of Snail.
E-cadherin is also regulated at the post-translational level which allows for more
timely degradation of protein during the rapid and dynamic process of
gastrulation EMT. A forward genetic screen discovered that p38 MAP kinase and
a p38-interacting protein are both critical in the downregulation of E-cadherin
protein during mouse gastrulation (Zohn et al., 2006). The effect of suppressing
E-cadherin protein expression appeared to be downstream of NCK- interacting
kinase signalling and was independent of FGF signalling and Snail.
Whilst the previous section discussed the importance E-cadherin downregulated
during gastrulation EMT, it’s also important that this is precisely coordinated in
time to maintain EPI architecture. In embryos which were subjected to a forced
E- to N-cadherin switch in the EPI by replacing the genomic coding sequences
for E-Cadherin with those of N-Cadherin, there was disrupted EPI architecture,
EPI cell extrusion in the pro-amniotic cavity, attenuation of BMP signalling and
defective extra-embryonic mesoderm patterning (Basilicata et al., 2016). This
indicates that the cadherin-switch that operates during gastrulation is important
for controlling signalling as well as morphogenesis in the early embryo.
In addition to the role of diffusible ligands in the regulation of correct gastrulation
morphogenesis there is also some evidence for the role of local juxtacrine
signalling in EMT and mesodermal specification. Notch intercellular signalling
is mediated between membrane tethered ligands in sender cells that bind to cell
surface receptors of receiver cells which results in the cleavage of the intracellular
domain of Notch (NICD) by a membrane associated protease complex called γsecretase. The free NICD then translocates from the intracellular cell membrane
to the nucleus and complexes with cognate DNA binding proteins such as RBPJ
to activate downstream targets. Forced activation of Notch activity in the postimplantation mouse EPI results in gastrulation defects, particularly the formation
of axial mesoderm and this is thought to be due in part to ectopic Notch activity
interfering with the formation of stable Nodal morphogen gradients (Souilhol et
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al., 2015). However, it is still unclear how local juxtacrine signalling through
Notch receptors influence cell fate decisions during gastrulation in mouse.
The morphogenesis occurring at gastrulation EMT beginning in the proximal
posterior EPI continues throughout primitive-streak elongation from around E6.5,
until it is resolved in the embryonic tailbud around E9.5. The initial positions of
EPI cells relative to the primitive-streak and the time of ingression through the
streak structure is predictive of their future cell fates (Lawson et al., 1991;
Lawson., 1999). Ultimately, this is due to the relative concentration of and
exposure time to extracellular signals they experience as they transit the EPI
toward the streak. For example, higher BMP levels favouring extraembryonic and
lateral mesoderm differentiation and higher Nodal levels favouring paraxial
mesoderm and endoderm differentiation (Winnier et al., 1995; Hoodless et al.,
2001; Beck et al., 2002).
Whilst fate mapping has shown that initial EPI position is predictive of cell fate,
single cell grafting experiments have revealed that pre-ingression EPI cells
remain very plastic in their future fate specification (Beddington., 1981;
Beddington., 1982; Beddington & Lawson., 1990). However, once cells ingress
through the streak they become much more restricted in their future fate, which
is important for tissue formation and future organogenesis (Beddington., 1992).
This indicates that the initial reversible specification of cell identity may be
regulated independently of later irreversible commitment to that identity, opening
up the possibility that ‘checkpoints’ may operate to re-direct aberrant
specification events. The nature of these checkpoints is unknown.
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Figure 1.3. Actors involved in the control of EMT

A diagram of actors involved in the regulation of epithelial to mesenchymal transition (EMT) during
gastrulation, which is initiated at the primitive-streak in mouse around E6.5 by combined actions of
Wnt, Nodal and Fgf pathways (see section 1.2.4 for details). p38IP: p38 interacting protein. MMPs:
matrix metalloproteinases.
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1.3 Pluripotency, embryonic stem cells and their
differentiation
1.3.1 Pluripotency and ESC derivation
Pluripotency is defined as the ability of a single cell to self-renew and produce all
cell lineages of the adult body - ectoderm, mesoderm, and endoderm-, as well as
generating primordial germ cells. In the early mouse embryo this cell state
emerges in the EPI from approximately E3.5 until E8.0 (Nichols & Smith., 2009).
This pluripotent state of the EPI has been described to progress from a naïve
pluripotent state in the pre-implantation EPI to a primed pluripotent state in the
post-implantation EPI. These states have been defined based upon transcriptional
and epigenetic signatures, as well as functional contribution upon grafting. Much
has been learned about pluripotency from in vivo work, however our
understanding of the continuum of pluripotent states existing in vivo has been
greatly enhanced by the derivation of pluripotent cells from the early embryo that
can be maintained indefinitely in vitro.
While research into deriving pluripotent cells had been going on since the 1950s.
with the discovery of embryonal carcinoma cells derived from teratocarcinomas
that could generate cell types of all three germ layers, issues with experimental
efficiency and genome stability demanded improvements for an in vitro
pluripotency model (Stevens & Little., 1954; Kleinsmith & Pierce., 1964;
Martin., 1980). This led to the derivation of true pluripotent stem cells, termed
embryonic stem cells (ESCs), from the ICM of the pre-implantation mouse
embryo (Martin., 1981; Evans & Kaufman., 1981). It was found that these cells
could be maintained indefinitely in culture in their pluripotent state with
improved genomic stability and had the potential to generate all germ layer
derivatives. Moreover, injection of these cells into blastocysts followed by
transfer into pseudo-pregnant mice revealed they were able to resume normal
developmental programmes and contribute to germ line and somatic lineages
(Bradley et al., 1984; Beddington & Robertson., 1989).

1.3.2 Transcriptional control of the pluripotent state
Transcription factors that are expressed in the mouse pre-implantation epiblast
and in vitro pluripotent cultures, which orchestrate the gene regulatory network
maintaining pluripotency include: Oct4, Sox2, Klf4, Nanog, Stella and Rex1
(Nichols & Smith., 2012; Yeo & Ng., 2013). Within this set of transcription
factors, expression of Klf4, Stella and Rex1 are more representative of the naïve
pre-implantation state and these markers are downregulated as cells transit toward
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a primed post-implantation pluripotent state (Smith., 2017). This primed postimplantation state is characterised by the expression of Fgf5, Otx2, and Oct6 in
the EPI (Kalkan & Smith., 2014).
While in vitro pluripotent cells are broadly representative of the in vivo state there
are significant differences between the two which may relate to the fact that the
pluripotency is only transient in vivo, contrasting with the long-term maintenance
of the pluripotent state in culture. Transcription factors vital for in vitro but not
in vivo pluripotency include Tbx3 and Esrrb (Davenport et al., 2003; Luo et al.,
1997). Pluripotent cells in culture also differ from pluripotent cells in blastocysts
in their profiles of permissive H3K4me3 and repressive H3K27me3 gene
methylation, indicating relatively broad differences in regulation of gene
expression (Alder et al., 2010; Dahl et al., 2010; Rugg-Gunn et al., 2010).

1.3.3 Extrinsic control of the pluripotent state in vitro
When ESCs were initially derived they were maintained on a feeder layer of
mitotically inactivated mouse embryonic fibroblasts (MEFs), forming tightly
compacted colonies in the presence of serum (Martin., 1981; Evans & Kaufman.,
1981). It was later discovered that the key components maintaining self-renewing
pluripotency in the serum/feeder conditions were the molecules leukemia
inhibitory factor (LIF) and BMP4 (Smith et al., 1988; Williams et al., 1988; Ying
et al., 2003). LIF acts to maintain pluripotency by binding to the LIFr/gp130
receptor resulting in activation of JAK-STAT pathway and results in pluripotent
gene regulation by STAT3 (Gearing et al., 1992; Davis et al., 1993). BMP4
signals via BMP type I and type II receptors mediating the phosphorylation of
intracellular Smad proteins Smad-1/5/8 that complex with Smad-4, translocate to
the nucleus and induce expression of Id1, resulting in the suppression of
differentiation (Ying et al., 2003; Massagué et al., 2005).
Serum/LIF or BMP/LIF maintenance conditions result in heterogenous
population of cells which appear to exist in a continuum of pluripotent states due
to changes over time in the expression of naïve pluripotency transcription factors
such as Nanog (Morgani et al., 2017). This heterogeneity arises due to the
expression of pro-differentiation signals by ESCs which compete with the state
induced by LIF and BMP signalling. The pro-differentiation signal FGF4 was
discovered to underlie this effect by signalling via Erk1/2 and promoting exit
from the self-renewing pluripotency programme (Wilder et al., 1997; Kunath et
al., 2007; Hamilton et al., 2013). These observations led to the development of
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in vitro culture conditions using an inhibitor of Mek/Erk, PD0325901, and a
GSK3 inhibitor, CHIR99021, to inhibit Fgf signalling and stimulate Wnt pathway
activity, releasing pluripotency genes from TCF3-mediated repression (Ying et
al., 2008; Wray et al., 2011). This culture condition was termed 2i and enabled a
self-renewing pluripotent ESC state in the absence of serum and LIF. However,
it was noted that the addition of LIF potentiates the clonal expansion potential of
ESCs in 2i conditions (Wray et al., 2011). This ‘2i+LIF’ method of ESCs
produces a more homogeneous cell population expressing minimal germ layer
lineage markers and displaying minimal spontaneous differentiation, leading to
this state being termed ground state pluripotency (Marks et al., 2012).

1.3.4 In vitro differentiation
Given the pluripotent potential of ESCs they provide an invaluable tool to model
developmental processes in vitro. This in vitro approach offers up many
advantages including the ability to scale up self-renewing populations of cells in
culture, precisely manipulate the extracellular signalling environment under
defined conditions, and with relative ease genetically engineer cells in order to
disentangle the molecular mechanisms governing cell fate decisions. As well as
modelling development in vitro, pluripotent ESCs also provide a potential
reservoir for generating a variety of therapeutic cell types for use in regenerative
medicine (Murry & Keller., 2008).
The remarkable capacity of ESCs to generate cell types from all germ layers was
observed upon removal of LIF from initial serum/LIF culture conditions. Upon
LIF withdrawal cells were released from their pluripotent state and underwent
differentiation depending on the makeup of culture serum, and context dependent
induction of secondary signalling. Such initial conditions inevitably resulted in a
disorganised and ill-defined culture which could nonetheless produce cells
derived from all three germ layers such as neurons, cardiomyocytes, and
endodermal derivatives (Keller., 1995; Smith., 2001). It is the pluripotent
potential of these cells to differentiate into all somatic cell lineages that also
makes it challenging to effectively control their differentiation trajectory. This
led to efforts to differentiate ESCs in the absence of serum in a more defined
chemical signalling environment using knowledge gained about the signalling
environment present during germ layer specification at gastrulation in the mouse.
Much of the same knowledge base has also been applied to the culture and
maintenance of human cells since the derivation of human-ESCs (hESCs)
(Thomson et al., 1998).
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As outlined previously (see section 1.2), gastrulation involves the specification
of the three primary germ layers: ectoderm, mesoderm and endoderm, and these
cell fate decisions are governed in large part due to the gradients and activity of
BMP, Nodal, Wnt and FGF signalling in cells of the EPI. Studies have found that
by providing ligands of the above pathways or their chemical analogues, or using
inhibitors to suppress pathway activity, ESCs can be guided to differentiate into
a variety of cell types in a defined chemical background (See figure 1.3). As well
as generating potential therapeutically relevant cell types, these methods also
allowed the development of culture conditions that model primitive streak
emergence and bi-potential progenitor populations that can contribute to axial
elongation. For example, differentiating mESCs from serum/LIF conditions in
the presence of CHIRON (a Wnt signalling activator) and ActivinA (Nodal
analogue) induces a T-Brachyury expressing population of cells that undergo an
EMT process (Turner et al., 2014). Moreover, a combination of Wnt and Fgf
signalling can be used to drive mESCs through a primitive streak-like state
toward a bi-potential state that can contribute to axial neural and mesodermal
derivatives, terms neuromesodermal progenitors (NMPs)(Gouti et al., 2014).
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Figure 1.4. In vitro differentiation of ESCs.

Representative schematic of primitive streak formation, germ layer induction and tissue specific cell type
differentiation using mESCs. Major signalling pathways involved in each cell fate transition are outlined.
Annotated pathways at each step are examples and are not exhaustive. Adapted from Murry & Keller., 2008.
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1.3.5 Stem cell models of early development
While ESC culture systems provide many advantages including the reduction in
animal usage in biological experimentation and control of the extrinsic
environment, there are also disadvantages with respect to their in vivo relevance.
One of the major differences between in vitro and in vivo settings is the disparity
in topographical organisation, with in vitro cultures predominantly grown as 2D
monolayers, whereas in vivo settings are complex 3D structures. This is thought
to underlie the observation that cells in monolayer cultures are often not
representative of the in vivo situation in a variety of contexts such as drug screens
(Simian & Bissell., 2017).
In the past, the dependence of 2D monolayer organisation during ESC
differentiation was overcome by differentiating cells in floating aggregates of
varying size, termed embryoid bodies (EBs). EBs form large 3D clusters and
generate cell types of all three germ layers thereby overcoming the topographical
disparity with in vivo settings, however they are often highly disorganised and
lack robust reproducibility at the individual EB colony level (ten Berge et al.,
2008; Marikawa et al., 2009). In addition, whilst the topography was similar
between in vitro and in vivo, EBs still failed to recapitulate developmental
morphogenesis and the resulting tissue architecture found in the developing
embryo or in adult organ systems.
The recognition of the importance of tissue architecture for proper determination
of cell fate stems from a long history of the consideration between form and
function in biology. This led those working in the field of ESC biology and
differentiation to explore concepts and methods developed at the turn of the 20th
century in generating organoids. These methods were originally born of the desire
to better understand the complexities of in vivo biology by deconstructing
developmental processes into their constituent parts or modules. One of the first
examples of the generation of organoids was the development of a hanging drop
method utilising tissue fragments in order to better understand organogenesis
(Harrison., 1906). In this method spinal cord sections were suspended in a small
lymph solution and inverted on a glass coverslip to investigate nerve fibre
induction and growth.
These methods were developed further over the next century either through the
type of tissue/organ being investigated or in the physical culture techniques
themselves. However, the modern usage of organoids in stem cell biology
emerged from the observations of the clonogenic potential of single adult stem
cells to divide, grow and self-organise to generate functional tissues resembling
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in vivo adult organ tissues (Sato et al., 2009). This involved the generation of
intestinal epithelial organoids from Lgr5+ intestinal crypt stem cells, which grew
and underwent morphogenetic and cell fate changes that closely resembled in vivo
crypt-villus architecture and fate. Again, building on previous work in explanted
organoid cultures, these groups use a variety of ECM physical environments to
encourage the formation of more mature epithelial tissue architectures. Such
methods have also since been used to generate a plethora of organoid cultures
resembling spatially organised fate distribution and tissue architecture of in vivo
organs, including liver, stomach, pancreas, colon and cortical structures (Huch et
al., 2013a; Barker et al., 2010; Huch et al., 2013b; Sato et al., 2011; Eiraku et al.,
2008).
One particularly striking example of the capacity of stem cells, specifically ESCs,
to self-organise in the appropriate culture context was the formation of optic cup
organoids. Dissociated single mESCs cultured in media containing appropriate
growth factors and ECM proteins were capable undergoing clonogenic growth
and self-organising into optic cup structures, which generated all three layers of
in vivo the neural retina (Eiraku et al., 2011). Further, similar optic cup structures
have been observed when starting from hESC or iPSC populations, and the
functional capacity of these cells was highlighted when engrafting organoid into
injured primate retinas and organoid derived cells differentiated into a variety of
retinal cell types (Lancaster et al., 2013; Kuwahara et al., 2015; Shirai et al.,
2016). As well as being a good system to generate potential therapeutically
relevant cell types for regenerative medicine purposes, these organoid models
also provided potential for quantitative models of development and disease
(Lancaster & Knoblich., 2014).
The re-emergence of these 3D approaches in adult stem cell contexts and later
developmental organogenesis, also spurred interest in research seeking to model
and understand early mammalian development. These in vitro 3D ESC cultures
have been developed to model both pre- and early post-implantation development
of mammalian embryos in a more developmentally relevant context, which took
both cell fate and morphogenesis into account. Compared with standard directed
differentiations in monolayer cultures, these models have proven to display
spatially organised cell fate marker expression and formation of complex tissue
architecture comparable to that of the embryo. These embryonic-like models have
been derived from both mESC and hESCs and include blastoids, ESC and
trophoblast-stem cell (ETS) embryos, epithelial epiblast-like structures,
gastruloids and pro-amniotic-sac-like embryoids (PASE) (Shahbazi & ZernickaGoetz., 2018).
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Gastruloids for example are 3D aggregates consisting entirely of mESCs that are
models of gastrulation and axial elongation (van den Brink et al., 2014). They are
formed by aggregating a specific number of cells in non-adherent culture and
differentiating them in a defined chemical signalling environment of N2B27.
During this differentiation they are given a pulse of CHIR99021 to activate Wnt
signalling resulting in symmetry breaking demarcated by T-Brachyury
expression at the posterior pole, axial elongation and formation of the three
orthogonal axis of the embryo (anterior-posterior, dorsal-ventral and left-right).
Additionally, these aggregates are also able to generate cells belonging to all three
germ layers as in gastrulation in a spatially coherent manner, for example
displaying a posterior primitive-streak like pole, and surface localised endoderm
(Turner et al., 2016; Turner et al., 2017). Moreover, spatially resolved
transcriptomics revealed precise anterior-posterior axial cell fate patterning
shown by Hox gene expression which resembles the post-occipital axial region
of the mouse embryo (Beccari et al., 2018).
This type of work further highlights the remarkable capacity of ESC systems to
self-organise, undergo morphogenesis and spatial patterning when provided with
an appropriate environmental context. It suggests 3D tissue architecture and
morphogenesis are integral components of producing robust and coherently
patterned cell fates, something which is not observed in directed monolayer
differentiations. Moreover, these models also demonstrate the efficacy with
which ESCs can be used to model a variety of in vivo developmental processes.
These different models can be compared between one another and to the
appropriate in vivo contexts to discover similarities and differences and can
potentially disentangle discrete developmental modules that are hidden by in vivo
complexity (Martinez-Arias & Lutolf., 2018).

1.4 Morphogenetic feedback
In vivo developing systems have evolved highly coordinated processes that are
robust to environmental perturbations. These processes correctly specify spatially
localised cell populations that confer proper form and function in the organism.
Mechanisms like this, require cells within a population, such as a tissue or
embryo, are able to accurately position themselves in space. This is the basis of
tissue patterning which is a core concept in the field of developmental biology.
Two of the leading theories that have been continuously developed over the last
50-70 years in developmental biology are Lewis Wolpert’s positionalinformation model and Alan Turing’s reaction-diffusion model (Green & Sharpe.,
2015; Wolpert., 2016). The basis of both models is the secretion and diffusion of
signalling molecules over a field of cells which interpret and respond to those
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prevailing signals depending on parameters such a signal concentration and
duration. Whilst these models have been hugely successful in explaining many
tissue patterning processes- and their validity is not in question- it is currently
unclear if they can fully account for robustness in fate patterning during the
dynamic growth and morphogenesis of development (Lander., 2011). Thus, in
addition to these patterning mechanisms others based upon cytoskeletal and tissue
mechanics, cell-cell adhesion and polarity, and tissue geometry are being
suggested to further explain robust regulation of patterning (Chan et al., 2017;
Gilmour & Leptin., 2017).
The ability of ESCs to undergo complex morphogenesis and self-organise into
patterned organoids or 3D assemblies’ further hints at the importance of
multicellular organisation and morphogenesis in cell fate determination. Rather
than just being downstream consequences of changes in cell fate specific
transcriptional programmes, the self-organising capacity of ESCs suggests that
feedback loops exist between changing multicellular organisation, signalling and
cell fate decisions. That is, the physical environment associated with changing
multicellular organisation can participate in regulatory feedback to control cell
fate decisions and tissue patterning. These alternative mechanisms can broadly
be grouped into two categories: cell and tissue mechanics, and tissue
architecture/multicellular organisation – although the latter is arguably a product
of the former.

1.4.1 Mechanical forces as a mechanism for morphogenetic
feedback
Mechanical forces have long been known to be important in morphogenesis, that
is, the generation of shape or form. However, a resurgence in the interest of the
role mechanics play in developmental processes has led to recent progress in our
understanding of how these forces are sensed and transduced to affect cell and
tissue behaviours (Wozniak et al., 2009; Keller., 2012; Mammoto et al., 2013).
Mechanotransduction is defined as the conversion of sensed mechanical forces to
biochemical signals that subsequently can directly or indirectly regulate gene
expression. This process can occur either through biochemical signalling from or
initiated through cell surface receptors that result in intracellular signalling
cascades, or, through physical linkage between the extracellular environment and
nucleus via the cell cytoskeleton (Shivashankar., 2011).
Biochemical mechanotransduction is the best described mechanism of how cells
interpret mechanical forces with several key pathways and mechanotransducers
now identified. Many of these mechanotransducers are already well-known
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components of traditional ligand-receptor signalling pathways such as Wnt
pathway transcriptional effector β-catenin, or Hippo pathway effectors
YAP/TAZ, however others such as stretch-activated Piezo ion channels were
discovered in screens for mechanical transducers (Wu et al., 2017). In addition to
biochemical signalling, physical linkage of the cytoskeleton from the cell to
nuclear membrane is a key mechanism in mechnotransduction. Force induced
shape change of the nuclear lamina has been shown to upregulate lamin A
transcription and stabilise the nuclear membrane (Swift et al., 2013). This
increased nuclear stiffness can then result in the activation of YAP, SRF and
retinoic acid signalling (Tzima et al., 2005; Vartianen et al., 2007). Moreover,
mechanical forces in epidermal stem cells have been shown to result in
Polycomb-mediated silencing of transcription and differentiation through
cytoskeletal relocation of emerin domain proteins on the outer nuclear membrane,
disrupting internal polycomb complexes (Le et al., 2016).
Mechanotransduction at the cell and tissue scale has since been shown to play
regulatory roles in cell fate determination in a variety of contexts. A striking
example in which mechanical forces can regulate cell fate decisions was shown
when mesenchymal stem cells (MSCs) were cultured on substrates of varying
stiffness, (McBeath et al., 2004; Engler et al., 2006), This work found that by
mimicking the appropriate in vivo stiffness context, MSCs could be guided to
differentiate into cell types associated with that environment. For example,
culture of MSCs on soft substrates produced neurons, whereas culture on stiff
substrates led to the differentiation of osteoclasts. It was later shown that
YAP/TAZ mechanotransduction was a key mediator in these effects. Depletion
of YAP/TAZ using siRNA inhibited osteogenic differentiation on stiff substrates
and in turn promoted the emergence of soft environment cell types such as
neurons and adipocytes (Dupont et al., 2011). Indeed, nuclear translocation of
activated YAP/TAZ has emerged as an almost universal indicator of high tension
and contractility within cells and appears to be responsible mediating downstream
transcriptional effects (Halder et al., 2012; Piccolo et al., 2014).
The role of the mechanical tissue environment has also been investigated using
hESCs in the context of mesodermal specification. A recent study found that
hESCs which were cultured on compliant substrates mimicking in vivo tissue
stiffness displayed enhanced Wnt dependent mesodermal induction compared to
cells grown on stiffer substrates (Przybyla et al., 2016). This mesodermal
enhancement appeared to be due to the ability of cells on soft substrates to
accumulate β-catenin at adherens junctions, existing in a primed state, that could
be utilised when cells were exposed to pro-mesodermal extrinsic signals. Stiff
substrate culture however prevented the stabilisation of adherens junctions and
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promoted β-catenin degradation through a Src-family kinase-CBBL1 mechanism
which caused E-cadherin internalisation and subsequent β-catenin
phosphorylation. Thus, the increased pool of available β-catenin acts to increase
downstream Wnt target gene expression thereby driving mesodermal
differentiation.
Mechanical force feedback in cell fate decisions has also been observed in in vivo
developing systems, such as mouse, zebrafish and Drosophila embryos. A role
for tissue mechanics was found in the first cell fate decision of the mouse embryo
which is the specification and separation of the ICM from the trophectoderm
(TE). Around the 8-16 cell stage the mouse embryo undergoes compaction, and
cells found on the outside of the cluster become trophectoderm and inner cells go
onto generate the ICM, until recently it was unclear how cells determined their
final position. However, it was recently discovered that asymmetries in cell
surface contact between inner and outer surfaces resulted in the establishment of
an apical polarity complex at the outer contactless surface (Korotkevitch et al.,
2017). Upon further division, daughter cells that inherited the apical domain
display lower cortical contractility than apolar daughter cells. This leads to apolar
cells forming a higher contractile mass that internalises and become the ICM
whilst polar outer cell differentiates to TE (Maitre et al., 2016). Interestingly the
specification of trophectoderm requires the nuclear localisation of YAP/TAZ in
order to activate TEAD4 and induce Cdx2 expression, an essential transcription
factor in TE fate (Nishioka et al., 2009). However, this localisation appears at
odds with YAP/TAZ undergoing nuclear translocation in cells experiencing high
mechanical force or tension.
Mechanotransduction has also been suggested to play a role in mesoderm
specification in vivo during gastrulation, in addition to the in vitro evidence in
hESCs outlined above. A study in both zebrafish and Drosophila outlined
evidence for evolutionary conservation of mechanical mesoderm induction,
suggesting a conserved mechanotransductive pathway in bilateria dating back
some 570 million years (Brunet et al., 2013). This work found that mechanical
strain across cells during zebrafish epiboly – some of the earliest morphogenetic
movements associated with gastrulation – and mesoderm invagination in
Drosophila causes phosphorylation of β-catenin at the tyrosine-667 (Y667)
residue. This β-catenin-Y667 phosphorylation results in an impaired interaction
with E-cadherin, releasing β-catenin into the cytosol and allowing nuclear
translocation in mechanically stressed cells. This tissue specific nuclear
translocation was accompanied by expression of β-catenin target genes governing
mesodermal identity, these included the T-Brachyury orthologs Twist in
Drosophila and notail in zebrafish. Use of the myosin inhibitor Blebbistatin in
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these experimental systems suppressed the release of β-catenin and the expression
of mesodermal genes. However, these effects were rescued when gastrulation like
mechanical forces were locally induced using magnetic particles or mechanical
deformation through the use of a micromanipulator.

1.4.2 Feedback through tissue architecture and multicellular
organisation
It is becoming apparent that spatial heterogeneity acts to shape or modulate cell
responsiveness to signalling sources and gradients. These spatial heterogeneities
arise from the population level features of tissue architecture or multicellular
organisation such as the mechanical buckling of epithelial sheets, mesenchymal
clustering or the apical-basal polarity of epithelial cells. Many of these processes
are dynamic and vary in duration and therefore the organisation and position of
cells is constantly changing relative to signalling sources. By varying position
and duration of signalling exposure these features of changing organisation can
therefore feedback into cell fate decisions and tissue patterning.
Evidence from several developmental systems has now emerged demonstrating
important roles for changing tissue architecture in limiting the domains of
signalling activity to locally reinforce appropriate cell fates. Such an effect was
discovered in chick and mouse intestinal epithelium in order to robustly establish
the intestinal stem cell niche. During embryonic gut development intestinal stem
cells (ISCs) are initially present throughout the 2D intestinal epithelium, however
as the epithelium undergoes a stepwise process of mechanical buckling to form
villi structures ISCs are restricted to the base of villi (Shyer et al., 2013). It was
later discovered that mesenchymal cells of the villus tip cluster at the apical side
of the villi structure restricted ISCs to the basal domain (Shyer et al., 2015). Villus
cluster cells require high levels of Sonic hedgehog (Shh) signalling for their
induction, however in the early intestinal epithelium Shh is uniformly expressed
throughout by epithelial cells. Initial expression of Shh is not sufficient to induce
expression of high threshold villus cluster genes in the overlying mesenchyme,
however upon mechanical buckling of the tissue Shh becomes locally
concentrated at the highly curved villus tip. This results in villus cluster cell
differentiation in the overlaying mesenchyme and establishes a reciprocal
signalling centre of BMP, thereby forming a gradient and inhibiting ISC identity
in epithelial villi cells. The same study then went on to demonstrate expansion of
the tightly folded intestinal epithelium to ablate villi structures reduced Shh
signalling and conversely forced mechanical buckling of intestinal explants
increased local Shh signalling.
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Another example of locally constrained signalling by tissue architecture in
reinforcing cell fate decisions was found in the establishment of the zebrafish
migrating lateral line primordium. Lateral line primordia are rosette shaped
mechanosensory organs that are deposited along the lateral line from population
of cells under the regulation of FGF signalling (Lecaudey et al., 2008;
Nechiporuk et al., 2008). FGF through a Shroom3-RhoA mechanisms causes
apical constriction in a group of cells to form a rosette structure with a shared
central microlumen (Harding et al., 2012). This microlumen constrains FGF and
increases the local concentration of FGF ligands and induces downstream target
gene expression (Durdu et al., 2014). This maintains apical constriction and
rosette-like architecture to ensure timely and coordinated deposition of sensory
organs along the lateral line. The importance of this luminal signalling
mechanism was demonstrated upon 2-photon laser micropuncture of the lumen,
resulting in FGF ligand leakage, a decrease in FGF signalling activity in
surrounding cells, and a failure in sensory organ formation.
The apical-basal polarisation of epithelial cells has emerged as one of the key
features of multicellular organisation that enables morphogenetic feedback. This
is due to the ability of cells organised in an epithelium to restrict signalling
receptors to either their apical or basolateral membrane domains as well as being
able to direct signal secretion through either domain (Nelson., 2009).
The germ-line stem cell niche of Drosophila provides an example of targeted
signal secretion that is dependent on cell-cell adhesion and polarisation, resulting
in restricted signalling and cell fate domains. In this example, germ-line stem
cells require high levels of Decapentaplegic (Dpp) to maintain their stemness,
which is provided and secreted by apposed hub cells (Wang et al., 2008).
However, in the absence of functional cell-cell adhesion, via adherens junctions,
the levels of Dpp secreted by hub cells are insufficient to maintain the stem cell
niche (Michel et al., 2011). Cell-cell adhesion between hub cells and germ-line
stem cells triggers the apical-basal polarisation of hub cells enabling targeted
trafficking and presentation of Dpp to the apical domain adherens junctions. This
targeted trafficking of Dpp concentrates the ligand resulting in increased signal
reception by germ-line stem cells and effectively maintains the niche.
As well as targeting of signal secretion, cells able to form apical-basal epithelia
can preferentially localise signalling receptors and this has been well described
in in vitro studies of TGF-β signalling in human cells. In many epithelial tissues
high cell density induced cell-cell contact inhibits cell growth and proliferation,
and it had previously been reported that suppression of TGF-β through YAP/TAZ
by upstream Hippo pathway components was key in this process (Varelas et al.,
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2010). However, a later study found that in epithelial cell types contact inhibition
of TGF-β signalling and thus cell growth and proliferation lay upstream of Hippo
pathway signalling (Nallet-Staub., et al., 2015). Instead, at high density the
epithelial cell cultures formed mature apical-basal polarity with strong cell-cell
adhesion and in doing so rapidly redistributed TGF-β type I and II receptors to
the basolateral cell membrane. This mechanism thereby restricts the access of
TGF-β ligand to its cognate receptors and abolishing downstream signalling
responses. This mechanism of basolateral TGF-β localisation has since been
shown to provide morphogenetic feedback in hESCs (Etoc et al., 2016).
Micropatterns are customisable microfabricated substrates that can be
functionalised with a variety of ECM proteins to enable cell adhesion and create
colonies of precise size and geometry (Théry., 2010). These methods were used
to provide radial geometric confinement to hESCs in an attempt to better control
their differentiation into germ layer derivatives and model the disc shaped human
epiblast (Warmflash et al., 2014). It was found that upon stimulation with TGFβ family member BMP4, geometrically confined hESCs on 1mm diameter
micropatterns underwent highly reproducible radially symmetric germ-layer
patterning. This included a CDX2+ trophectodermal-like exterior ring, a TBrachyury+ mesodermal intermediate ring, and a Sox2+ ectodermal interior ring.
This pattern formation was dependent on differential signalling activity across
the colony with high TGF-β signalling activity present at the colony edge
indicated by pSMAD1 staining. Furthermore, knockdown of BMP pathway
inhibitors Chordin and Noggin resulted in expansion of the mesodermal domain
at the expense of ectodermal domain. This finding was consistent with in vivo
double knockouts, which display loss of forebrain regions due to expanded BMP
signalling domains (Bachiller et al., 2000). It was also noted from this study that
reduction in micropattern size abolished interior ectodermal fates in favour of the
expansion of mesoderm and trophectoderm. This suggested fate determination in
micropatterned colonies occurred from the outside-in. It was subsequently
discovered by the same research group that TGF-β receptor localisation was
responsible for initiating the patterning events observed in micropatterns upon
BMP4 stimulation (Etoc et al., 2016). hESCs at the interior of micropatterned
colonies were present at high densities and displayed strict apical-basal
polarisation with basolateral localisation of TGF-β receptors and were therefore
insensitive to exogenous BMP4. Edge cells however were present at lower
densities due to their exposed lateral surface and as a result displayed exposed
TGF-β receptors that were available to engage in signalling. This edge-sensing
mechanism results in high BMP signalling in exterior cells which subsequently
induces expression of its own inhibitor Noggin and establishes a reaction-
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diffusion system to sustain patterning. Importantly, this patterning effect is
abolished when cells are grown on transwell inserts and basolaterally stimulated
with BMP4. Thus, epithelial polarisation of hESCs on micropatterns causes
differential receptor localisation and resulting asymmetric signalling response
that induces radially symmetric cell fate patterning.
Micropatterns have also been utilised to understand effects of cell density on fate
determination outwith the effects of high cell density imposing apical-basal
polarity in epithelial cells. Small micro-colonies of hESCs of up to 8 cells in size
were used to investigate the role of secondary paracrine signalling in establishing
signalling domains and cell fate patterns in larger micropattern colonies
stimulated with BMP4 (Nemashkalo et al., 2017). This was to determine if BMP4
acted as a classical morphogen whereby cells directly measure its concentration
or whether subsequent fate patterns were due to secondary signals from other
pathway ligands. Micro-colony experiments demonstrated that BMP4 does not
act as a classical morphogen and only induces CDX2+ trophectodermal-like fates
until threshold cell densities and scales are reached. However, it was noted there
was inter-colony variation with the same micro-colony cultures. Some colonies
expressed more CDX2 and others expressing more SOX2 and appeared refractory
to differentiation. Despite the inter-colony variation, intra-colony variation in
transcription factor expression was low, suggesting coordination of cell fate
within colonies. It was speculated that a community-effect like mechanism may
exist in differentiating hESC colonies in order to reinforce local fate coherence
and provide pattern robustness.
The community effect was first described and coined by John Gurdon in
experiments using Xenopus animal cap cells. In experimental work investigating
the induction of animal cap cells to muscle, it was shown that individual animal
cap cells placed in a sandwich of vegetal tissue failed to initiate a muscle specific
transcriptional programme (Gurdon., 1988). However, when aggregates of
animal cap cells were placed between two pieces of vegetal tissue or cultured as
groups of cells, they were able to correctly differentiate to muscle tissue. It was
subsequently shown that this effect was dependent on local cell-cell interaction
via FGF4 signalling (Gurdon et al., 1993; Standley et al., 2001). The community
effect was thus proposed as a mechanism to maintain coherent cell fate patterns
following transient embryonic inductions. Modelling work has suggested that
basis for a community effect is simply positive feedback on the secreted,
diffusible signal within a threshold population of cells, where a threshold
population size is required in order to self-sustain a transcriptional steady state
(Bolouri & Davidson. 2010; Saka et al., 2011). In addition, a negative feedback
mechanism may be required to limit the growth of the population, although it is
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not clear if autoregulatory negative feedback is required or whether inhibition
from a juxtaposed tissue is sufficient. This work therefore suggests that
multicellular organisation in the form of threshold local cell density can regulate
the initiation of a sustained signalling environment, transcriptional programme
and generate coherent fate patterns.

1.5 Quantitative image analysis
Given the renewed interest in the importance of morphology, tissue architecture
and multicellular organisation on cell fate decisions and patterning, new imagebased methods are required to generate robust quantitative data.
Imaging datasets are becoming larger and more detailed due to the adoption of a
broad array of imaging technologies and platforms, such as confocal, spinningdisk, light sheet, and high-throughput systems. The acquisition of these images
in turn requires the development of quantitative methods to extract robust
phenotypic information (Caicedo et al., 2017). This phenotypic information can
range from the intensities of fluorescent tagged protein or antibody stains, the
distribution of marker expression over a population of cells, quantification, and
classification of cellular and sub-cellular morphology, as well as 3D spatial
relationships between cells, and groups of cells (Meijering et al., 2016). The
major advantage of these methods is the maintenance of spatial and
morphological information within the biological dataset, which is lost in standard
transcriptomic or proteomic analyses.
The general workflow for quantitative image analysis involves image acquisition,
cell segmentation, feature computation, data aggregation and downstream
analysis. Multiple different image segmentation methods are now in use, many
of which have been tailored for work with particular cell types, or in particular
organisms, as different challenges emerge during segmentation, depending on
cellular shape and organisation (Meijering., 2012). Cell segmentation typically
begins with nuclei as these are generally easier to discern and are more uniform
in comparison to the cell plasma membrane. Whilst different processes exist to
segment and expand upon nuclear segmentation such as thresholding, edge
detection and watershed transformation, most methods generally involve
segmenting on a nuclear content signal, such as DAPI. These methods work well
in biological setting where cells are regularly distributed and relative uniform
such as can be observed in an archetypal epithelium. However, when nuclear
shape and distribution become more irregular or the sample is 3-dimensional,
nuclei can become much more difficult to accurately segment. This has led to the
recent development of a novel nuclear segmentation methodology based upon a
nuclear envelope signal such as LaminB1 or Nuclear-pore-complex (NPC),
instead of a nuclear content signal (Blin et al., 2019). The method, called nuclear
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envelope segmentation system (Nessys), employs a tree-structured ridge-tracing
method and subsequently uses a user trained classifier to conduct shape ranking.
This method works well in situations where nuclei are crowded and overlapping,
as the inherent contrast between the interior, edge and exterior of the nucleus is
apparent. This also makes manual correction of segmentation errors easier due to
the ease of discerning individual nuclei by eye compared to the often irregular
texture of nuclear content staining. In addition, the computational demand is
relatively low allowing images larger than computer memory to be segmented.
These segmented images can then be imported into a number of well documented
image analysis programmes such as Ilastik, Cell Profiler and Imaris. However,
Nessys was developed as a component of a wider image analysis software called
PickCells (Blin et al., unpublished; https://pickcellslab.frama.io/docs/). PickCells
is an open-source exploratory image analysis software, developed to quantify
patterning and cell-cell interactions in complex tissues and 3D culture systems.
PickCells allows the computation of intrinsic image features such as mean
fluorescence intensities, nuclear volume and shape, neighbour interactions, as
well as allowing the creation of user defined regional associations, such as
between adjacent anatomical regions of an embryo or organ. In doing so it allows
the generation of a spatially rich high-dimensional imaging dataset to quantify
and explore a range of biological questions in different settings. Such tools are
especially useful in investigating links between multicellular organisation and
cell fate.
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Figure 1.5. Mechanisms of morphogenetic feedback.

A) Cell-cell contact between hub and germline stem is are required for adherens junction formation and apical-basal polarisation to enable
Dpp signal targeting. This enables sufficient signal reception in germline stem cells in order to maintain their stemness. In the absence of
targeted Dpp secretion stemness is lost. B) Coordinate apical constriction of cells in the zebrafish lateral line primordium results in luminal
FGF signal trapping, resulting in high local concentrations of juxtaposed cells, coordinated signalling and appropriate tissue behaviours. C)
Growth induced mechanical buckling of the embryonic mouse intestinal epithelium shapes the gradient of sonic hedgehog by locally
constraining morphogen diffusion. Higher local concentration of sonic hedgehog at the top of villi induces villus cluster genes and restrict
intestinal progenitors to the base of villi. D) In early mouse development asymmetric cell division of blastomeres results in one cell
inheriting the apical domain, producing one polarised and one apolar daughter cell. Polarised cells inheriting the apical domain display
reduced cortical contractility resulting in the internalisation of the highly contractile apolar cell. This mechanically regulated asymmetry
results in inner cells adopting the inner cell mass fate and outer cells adopting a trophectodermal fate. Adapted from Gilmour and Leptin.,
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Aims of thesis
Gastrulation is a paradigmatic example of a system undergoing precisely
coordinated dynamic morphogenesis, signalling and cell fate specification.
Previous research – outlined above – has demonstrated the ability of pluripotent
cells to undergo germ layer specification in a dish as well as being able to selforganise into complex 3D assemblies mimicking in vivo tissue architecture.
Moreover, across a breadth of in vivo and in vitro biological systems
morphogenetic feedback has been shown to provide a key regulatory role in cell
fate decisions, including gastrulation and mesoderm specification.
In this thesis I test the hypothesis that the changes in cellular organisation at the
primitive streak can amplify pro-differentiation signalling to reinforce mesoderm
commitment.
Given the technical challenges in effectively decoupling the contributions of
multicellular organisation and extracellular signalling in vivo, or in complex in
vitro systems such as gastruloids, I set out with the following aims:
1) Develop a simplified in vitro model that mimics particular features of
changing multicellular organisation as mesoderm forms during in vivo
gastrulation.
2) Determine if mimicking gastrulation-like changes in multicellular
organisation in vitro promotes mesodermal differentiation.
3) Investigate which features of multicellular organisation are responsible
for any pro-mesodermal effect.
4) Identify through which signalling
morphogenetic feedback occurs.

mediators

any

potential

Completion of these aims would provide a more complete understanding of how
robustness in cell fate determination and patterning is achieved in the mouse
embryo at gastrulation. In addition, the methods developed, and mechanisms
identified could inform more rational design of differentiation and tissue
engineering approaches.
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Materials and Methods
2.1. Materials
Table 2.1. Reagents
Product

Manufacturer

Catalogue number

Life Technologies

31350010

Accutase® solution

Sigma-Aldrich

A6964

Activin-A
(Human/murine/rat
raised in E. coli)

Peprotech

120-14E

B-27® Supplement

Gibco

17504-044

Benzyl alcohol

Sigma-Aldrich

8421

Benzyl benzoate

Sigma-Aldrich

B6630

Bovine serum albumin (solid)

Sigma-Aldrich

A3059

Chiron / CHIR 99021

Axon

1386

Chick serum

Sigma

C5405

Corning® Matrigel® Growth
Factor Reduced (GFR) Basement
Membrane Matrix, LDEV-free, 10
mL

Corning

354230

DAPI

Sigma

D9542

Dimethyl sulphoxide, dehydrated

VWR

23500.260

DMEM/F-12

Gibco

21331-020

dNTP Mix (10mM)

Invitrogen

18427-013

2-Mercaptoethanol,
(1000x)

50mM
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Donkey serum

Sigma

D9663

Doxycycline Hyclate

Sigma

D9891

Dulbecco’s Phosphate Buffered
Saline (PBS)

Sigma-Aldrich

D8537

EDTA (for tissue culture)

VWR

20301.186

Ethanol absolute 100%

VWR Chemicals

20821.330

Foetal calf serum

Life technologies

10270106

Formaldehyde solution, 37-41%

Fisher Chemical

F/1501/PB08

Gelatin, powder

Gelatin, powder

G1890

Sigma

G5154

CalBiochem

356350

Fisher Scientific

SH3053802

KnockOutTMSerum Replacement

Gibco

10828028

Leica™ Immersion Oil type F

Leica™ Microsystems

11513859

Laminin, 1-2mg/mL

Sigma-Aldrich

L2020

LDN 193189

Axon

1509

Probes

Roche

04887301001

LightCycler® 480 SYBR Green I
Master
L-glutamine, 200mM

Roche

04707516001

Invitrogen

25030-024

M2 Medium

Sigma

M7167-100mL

MEM non-essential amino acids,
100x

Invitrogen

11140-036

Methanol AnalaR Normapur®

VWR

20847.240

N-2® Supplement

Gibco

17502-048

Neurobasal® Medium

Gibco

21103049

PD 0325901

Axon

1408

Invitrogen

15140-122

Phosphate buffered saline tablets

Sigma-Aldrich

P4417-100TAB

Poly-L-ornithine solution, 0.01%

Sigma-Aldrich

P4957

ProLongTMGold
Mountant

Thermo Fisher Scientific

P36930

Invitrogen

48190-011

Glasgow
medium

minimum

essential

Glycerol
HyCloneTM Water,
biology grade

LightCycler®
Master(2X)

480

molecular

Penicillin (10,000 U/mL)
streptomycin (10,000 μg/mL)

Random Primers

/

Antifade
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RNAseOUTTMRecombinant
Ribonuclease Inhibitor (40 U/μL)

Invitrogen

10777019

RNAseZap®
RNAse
decontamination solution

Ambion

AM9780

Sodium pyruvate, 100mM

Invitrogen

11360-039

TritonTMX-100

Sigma

X100-100ML

Trypsin 2.5%, 100x

Invitrogen

15090-046

Universal Probe Library probes

Roche

Variable

Table 2.2. Plasticware and Cultureware used in preparation of thesis
Product

Manufacturer

Catalogue number

Borosilicate thin wall capillaries,
1.0mm x 0.78mm

Harvard Apparatus

30-0036

Centrifuge tubes, 15mL clear
polypropylene

Corning

430790

Costar® multiple well plates, 6well

Corning

3516

Costar® multiple well plates, 12well

Corning

3513

Costar® multiple well plates, 24well

Corning

3524

Cover glasses, 12 mm diameter

Marienfeld-Superior

0111520

CryoTubeTM Vials, 1.0mL

Thermo Scientific

377224

Microscope slides

VWR

ECN 631-1553

Micro tubes with screw cap, 1.5mL

Sarstedt

72692005

Multiply® μStrip Pro PCR tubes

Sarstedt

72.991.002

Round bottom polypropylene test
tube with snap cap, 14mL

Falcon

352059

Sterilin™ Polystyrene
Universal Containers

Thermo Fisher Scientific

128A/FS

Syringe filter unit, 0.22μm, MillexGP

Millipore

SLGP033RS

TC-treatedculture dish, 100mm

Corning

430167

U-shaped canted neck cell culture
flask, 75cm²

Corning

430720U

U-shaped canted neck cell culture
flask, 150cm²

Corning

430825

30mL
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Table 2.3. Kits used in preparation of thesis
Product

Manufacturer

Catalogue number

Absolutely RNA Miniprep Kit

Agilent

400800

M-MLV Reverse Transcriptase Kit

Invitrogen

28025

QiaQuick Gel Extraction Kit

Qiagen

28704

.
Table 2.4. Composition of standard solutions
Solution

Composition

Activin A solution, 20μg/mL

100μg/mL Activin A (Peprotech) diluted to 20μg/mL in sterile-filtered 0.1%
BSA (Sigma-Aldrich) in PBS

BABB

1:2 solution of benzyl alcoho: benzyl benzoate

Blocking solution (for ICC)

5% Donkey serum (Sigma), 0.1% TritonTMX-100 (Sigma), 0.001% sodium
azide in PBS

Formaldehyde
solution, 4%

1:10 dilution of 40% Formaldehyde solution (Fisherchemical, as supplied) in
PBS

fixative

Gelatin, 0.1%

1% gelatin (Sigma) in water and autoclaved, then dilutedto 0.1% in PBS
(Sigma)

Glutamine/Pyruvate

100mM L-glutamine (Invitrogen), 50mM sodium pyruvate (Invitrogen)

Laminin 111 coating solution,
5μg/mL

Laminin (Sigma) diluted to 5μg/mL in PBS

Leukaemia inhibitory factor,
human, 100,000 units/mL

Made in-house by tissue culture staff. Briefly, Cos7 cells are transfected with
plasmid to produce LIF. The concentration is assayed using indicator cells,
and diluted in PBS to final concentration.

PBS, non-TC

One PBS tablet (Sigma-Aldrich) dissolved in 200mL water yields 0.01M
phosphate buffer, 0.0027M KCl and 0.137M NaCl, pH7.4 at 25°C

PBST

PBS (Sigma-Aldrich) with 0.1% Triton X-100 (Sigma)

Trypsin (1:5)

0.186g of EDTA (VWR) added to 500mL PBS (Sigma) and filter-sterilised.
5mL chick serum (Sigma) and 20mL 100x Trypsin (Invitrogen) added.
Prepared by tissue culture staff. This solution was diluted 1:5 in PBS prior
to use.

Table 2.5. Primary antibodies
Epitope

Clone

Β1-Integrin
Brachyury

Polyclonal

Host

Dilution

Manufacturer

Catalogue
number

Rat

1:200

Millipore

MAB1997

Goat

1:200-400

R&D

AF2085
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E-cadherin

DECMA-1

Rat

1:200

Sigma

U3254

Eomes

Rabbit

1:200

Abcam

Ab23345

Gata6

Goat

1:200

R&D

AF1700

LaminB1

Polyclonal

Chicken

1:500

Abcam

Ab90169

LaminB1

Polyclonal

Rabbit

1:1000

Abcam

Ab16048

N-cadherin

32

Mouse

1:200

BD

610920

Nanog

eBIOMLC-51

Rat

1:200

eBiosciences

14-5761-80

Nuclear pore
complex
(NPC)

Mab414

Mouse

1:1000

Abcam

ab24609

Pericentrin

Rabbit

1:2000

Abcam

ab4448

Podocalyxin
(PCX)

Rat

1:200

R&D

MAB1556

Mouse

1:200

Santa Cruz

Sc-5279

Oct4

C-10

Table 2.6. Secondary antibodies
Host species

Species recognised

Alexa excitation
wavelength (nm)

Manufacturer

Catalogue number

Donkey

Chicken

488

Jackson Labs

703-545-155

647

Merck

AP194SA6

488

Invitrogen

A11055

568

Invitrogen

A11057

647

Invitrogen

A21447

405

Abcam

AB175658

488

Invitrogen

A21202

568

Invitrogen

A10037

647

Invitrogen

A31571

405

Abcam

AB175651

488

Invitrogen

A21206

555

Invitrogen

A31572

647

Invitrogen

A31573

488

Invitrogen

A21208

568

Abcam

AB175475

Goat

Mouse

Rabbit

Rat
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Table 2.7. qPCR primer sequences and UPL probe number
Gene

Forward sequence

Reverse Sequence

UPL probe

Axin2

TGGGGAGCAGTTTTGTGC

CGGCTGACTCGTTCTCCT

96

BMP4

ggatctttaccggctccag

tgggatgttctccagatgttc

52

Cdh1

ATCCTCGCCCTGCTGATT

ACCACCGTTCTCCTCCGTA

18

Cdh2

GCCATCATCGCTATCCTTCT

CCGTTTCATCCATACCACAAA

18

Cripto

ttttacgagccgtcgaagat

aattcaaacgcactggaaatg

47

Dkk1

ccgggaactactgcaaaaat

ccaaggttttcaatgatgctt

76

Dusp4

GCCTGGCCTACCTGATGAT

GCTGCTTGACGAACTCAAAA

25

Egr1

CCTATGAGCACCTGACCACA

TCGTTTGGCTGGGATAACTC

22

Eomes

accggcaccaaactgaga

aagctcaagaaaggaaacatgc

9

Etv4

GGGTACCTTGGTGAGCACAG

CCCTGAGGAGATGTGAAGGA

66

Evx1

cagggagaactacgtttcaagac

gccggttctgaaaccaca

66

Foxa2

aagtagccaccacacttcagg

tggcccatctatttagggac

32

Gata6

GGTCTCTACAGCAAGATGAAT
GG

TGGCACAGGACAGTCCAAG

40

Id1

TCCTGCAGCATGTAATCGAC

GGTCCCGACTTCAGACTCC

78

Kdr

CCCCAAATTCCATTATGACAA

CGGCTCTTTCGCTTACTGTT

18

Klf4

CGGGAAGGGAGAAGACACT

GAGTTCCTCACGCCAACG

62

LEF1

ccgtcagatgtcaactccaa

gggtagaaggtggggatttc

78

Lefty1

ctcagtatgtggccctgctac

aacctgcctgccacctct

76

Lefty2

gccctcatcgactctaggc

agctgctgccagaagttcac

97

Nanog

CCTCCAGCAGATGCAAGAA

GCTTGCACTTCATCCTTTGG

25

Nodal

ccaaccatgcctacatcca

cacagcacgtggaaggaac

40

Pitx2

ccttacggaagcccgagt

aaagccattcttgcacagc

40

SDHA

CAGTTCCACCCCACAGGTA

TCTCCACGACACCCTTCTGT

71

Snail

GTCTGCACGACCTGTGGAA

CAGGAGAATGGCTTCTCACC

71

Sox1

GTGACATCTGCCCCCATC

GAGGCCAGTCTGGTGTCAG

60

Sox17

CACAACGCAGAGCTAAGCAA

CGCTTCTCTGCCAAGGTC

97

T (Brachyury)

ACTGGTCTAGCCTCGGAGTG

TTGCTCACAGACCAGAGACTG

27

TBP

GGGGAGCTGTGATGTGAAGT

CCAGGAAATAATTCTGGCTCA

97

Vimentin

CCAACCTTTTCTTCCCTGAA

TGAGTGGGTGTCAACCAGA

109
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Wnt3

gccaagagtgtattcgcatcta

gatccagccgcacaatctac

48

Wnt3a

AATGGTCTCTCGGGAGTTTG

CTTGAGGTGCATGTGACTGG

53

Ywhaz

TTACTTGGCCGAGGTTGCT

TGCTGTGACTGGTCCACAAT

9

2.2. Methods
2.2.1. qPCR methods
Roche Probemaster system
Quantitative real-time PCR was conducted using the Roche LightCycler® 480
Real-Time PCR system, utilising a Taq DNA polymerase. This was coupled with
the Roche Universal Probe Library (UPL). The UPL system is based on 165, 89mer hydrolysis probes and target amplification is measured using a FRET based
system, labelled at the 5’ end with Fluorescein (FAM) and at the 3’ end with a
dark quencher dye. Following DNA polymerase extension, the 3’ end is
hydrolysed and FAM signal detected.
Primers used for qPCR were designed using the online UPL Assay Design Centre
facility from Roche. Primer sequences were checked against the Ensembl
database for the presence of any SNPs.
All qPCR experiments were carried out in white Roche LightCycler® 480, 384well plates, using a 10µl reaction volume.
Roche ProbeMaster reaction components:
Reagent

Volume/reaction (µl)

Final concentration

LightCycler® 480 Probes Master

5

1X

Nuclease free water

1.5

-

Forward primer

0.45

450nM

Reverse primer

0.45

450nM

UPL probe

0.1

100nM

Sample cDNA

2.5

-
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Roche ProbeMaster cycling conditions:
Step

Temperature (°C)

Duration (min:s)

Ramp rate (°C/s)

Number of cycles

Pre-incubation

95

05:00

4.8

1

Denaturation

95

00:05

4.8

Annealing

60

00:10

2.5

Extension

72

00:01

4.8

Cooling

40

02:00

2.5

45

1

cDNA samples were loaded onto the 384-well plate in 3 technical replicates, and
a 1:10 serial dilution of target PCR amplicon or pGem®-T Easy plasmid,
containing the target amplicon, was loaded on the same plate at known
concentrations (initial concentration 108/reaction).
Using the Roche
LightCycler® 480 software a standard curve was generated, primer efficiencies
determined, and cDNA molecules/reaction calculated.
For each gene of interest mean concentration and standard deviation were
calculated from 3 technical replicates (outliers: ±0.5 cycles from any other
value/cDNA sample, were removed, and a minimum of 2 replicates was used in
any calculation). Mean concentration values were normalised to the geometric
mean of two housekeeper genes, SDHA and YWHAZ.
Gene expression values have then been displayed in graphs as raw relative values.
SYBR Green I system
Alternatively, I used the SYBR® Green I system, which binds to the major
groove of DNA which then becomes fluorescent. Melting curves were analysed
to check amplication of single DNA species.
SYBR® Green I reaction components:
Reagent

Volume/reaction (µl)

Final concentration

4

1X

Forward primer

0.8

1µM

Reverse primer

0.8

1µM

Sample cDNA

2.4

-

SYBR®

Green I Master
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SYBR® Green I cycling conditions:
Step

Temperature (°C)

Duration (min:s)

Ramp rate (°C/s)

Number of cycles

Pre-incubation

95

05:00

4.8

1

Denaturation

95

00:05

4.8

Annealing

58

00:10

2.5

Extension

72

00:20

4.8

Acquisition

81

00:01

2.5

45

Following the 45 cycles, a melting curve was generated in order to observe
whether amplification of multiple DNA sequences had occurred. The machine
settings were as follows.
Temperature (°C)

Duration (min:s)

Ramp rate (°C/s)

Acquisition

95

00:01

4.8

None

65
95

00:10

2.5
0.11

None
Continuous
(5 acquisitions/°C)

2.2.2 RNA methods
RNA isolation
RNA isolation was performed using an Absolutely RNA Miniprep Kit (Agilent)
according to the manufacturer’s instructions. Briefly, cells were washed once
with PBS (Sigma-Aldrich), and 350µL of RNA lysis buffer (containing 2.5µL βMercaptoethanol) was added per well – this amount was scaled up or down
depending on plate confluence and culture volume. When performing the spin
steps, lab bench surfaces, tube racks and gloves were wiped with RNAse-Zap
(Ambion) to prevent RNAse contamination. RNA concentration was quantified
using a NanoDropTM Lite spectrophotometer (Thermo Fisher).
cDNA synthesis from RNA
cDNA was synthesised from RNA by using Moloney-Murine Leukaemia Virus
Reverse Transcriptase (M-MLV RT, Invitrogen) according to manufacturer’s
instructions. Briefly, 300ng of RNA, 50ng of random primers (Invitrogen), and
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1µL of 10mM dNTP mix (Invitrogen) were combined in a nuclease-free PCR
tube (Sarstedt), and nuclease-free water (Fisher 72 Scientific) was supplemented
to a total reaction volume of 12µL. In a thermocycler (Biometra), samples were
heated to 65°C for 5mins, and then cooled at 4°C for 5min. Next, the following
components were added: 4uL First-strand buffer (5x), 2µL DTT (0.1M) (both
Invitrogen) and 1µL RNaseOUT recombinant ribonuclease inhibitor (40U/µL,
Invitrogen). The reactions were incubated at 37°C for 2min. Next, 1µL (200U) of
M-MLV RT was added, and the reaction was incubated at 25°C for 10min, then
37° for 50min for the reverse transcription, and finally at 70°C for 15min for heat
inactivation of the enzymes. The reaction was then diluted in 180µL of nucleasefree water and stored at -20°C.

2.2.3 Protein methods
Immunocytochemistry
When cultured cells were ready to be fixed for imaging, the supernatant was
aspirated, cells were then washed in 1xPBS (Sigma), then 4% Formaldehyde
fixative solution was gently aliquoted onto the cells and left for 10-15 minutes at
room temperature. The fixative was then gently aspirated and taking care cells
were washed three times in 1xPBS.
Prior to antibody staining, fixed cells were incubated in blocking solution for at
least one hour at room temperature, or overnight at 4°C to block any non-specific
sites. Primary antibodies were diluted in blocking solution (dependent on
antibody and specimen, see table 2.5), with up to four antibodies used
simultaneously. Once the blocking step was complete, the blocking solution was
removed, and the cells were incubated with diluted primary antibody solution for
approximately 12h at approximately 20°C. Typically, a minimum of 3
independent biological replicates were obtained, fixed, and blocked before using
one master primary antibody solution. This was done to minimise technical error
in antibody concentration between biological replicates and thus affect data
gathering from confocal microscopy. Cells were washed three times in 1xPBS
and incubated with secondary antibodies diluted in blocking solution (see table
2.7 for dilutions). Cells were stained with secondary antibody for approximately
12h at approximately 20°C and washed three times in PBS. For cells stained in
plastic culture plates, the cells were overlaid with 90% glycerol diluted in 1xPBS
for imaging. For cells cultured on glass coverslips, all staining steps were
performed in a humidified chamber. Once staining was complete, the coverslips
were mounted onto glass slides (VWR) with ProLong Gold Antifade Mountant
(Thermo Fisher Scientific).
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Wholemount embryo immunostaining
Wholemount embryos were immunostained in a primary antibody solution of
PBST + 5% donkey serum for >12h at ~20°C on an orbital shaker, to ensure good
antibody penetrance. Good antibody penetrance was especially important in the
case of nuclear envelope markers in order to have high quality staining for
subsequent nuclear segmentation. Following this, the primary antibody solution
was carefully aspirated under a stereo microscope, and embryos subjected to
3x5min PBST washes on an orbital shaker at ~20°C. Embryos were then
incubated in an appropriate secondary antibody solution for >12h at ~20°C, after
which they were washed in PBST 3x5mins on an orbital shaker. Embryos were
then transferred into a well of an Ibidi 8-well plate containing 90% glycerol
diluted in PBS. Embryo in-well position was manipulated using a pulled glass
pipette under a stereo microscope to ensure an optimal angle for imaging.
Embryos were imaged on a Leica Sp8 confocal microscope using an oil
immersion objective so that the refractive indices between suspension medium
and objective media were comparable.

2.2.4 Embryology
Animal maintenance
Wild-type C6 mice were housed and bred in the Animal Unit of the MRC Centre
for Regenerative Medicine, in accordance with the provisions of the Animals
(Scientific Procedures) Act 1986. All work with live mice was performed by the
Animal Unit staff.
Embryo dissections
Pregnant female mice were culled by cervical dislocation by Animal Unit staff.
All subsequent embryo work was performed by Rosa Portero Migueles. The
uterus was dissected out of the abdominal cavity, and the deciduae were placed
in M2 Medium (Sigma) at room temperature. Embryos were then isolated from
the deciduae and the Reichert’s membrane was removed. Embryos were fixed for
30mins at room temperature in 4% PFA/PBST, and then incubated in 100mM
glycine solution in PBS for 5mins at room temperature. Embryos were
subsequently incubated at 4°C in blocking solution (PBST with 5% donkey
serum).

2.2.5. Cell culture
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Cell lines
Wild-type cell lines
Two wild-type (WT) mouse embryonic stem cell lines were used in this study.
The first, E14TG2a, is a male clonal stem cell line derived from ES cells
generated from 129/Ola mouse blastocysts. They are deficient for hypoxanthine
guanine phosphoribosyl transferase (HPRT) (Hooper et al., 1987). The second
cell line, E14Ju09, is a clonal stem cell line derived by the transgenics service at
our institute from ES cells generated from chimaeric embryos derived from
E14TG2a ES cells. They have the same genetic background as E14TG2a cells
and have a high propensity for germline colonisation, an observation made by the
staff at the transgenics unit (Malaguti, 2014).
N-cadherin knock-in (NcKI) cells
N-cadherin knock-in (Cdh1Cdh2/Cdh2) cells contain a Cdh2 gene knocked in to the
Cdh1 locus; the cells are negative for E-cadherin protein expression and express
N-cadherin under the control of the E-cadherin promoter (Kan et al., 2007). These
cells are referred to as “NcKI” throughout the thesis. The Cdh1 gene sequence is
not translated but is still present in these cells on the Cdh2-containing allele,
leading to Ecad occasionally being detected on the mRNA level in the cell line
by qPCR (Punovuori, 2019).
T::GFP reporter cell line
T::GFP reporter cells were generated from E14 TG2A ES cells using
CRISPR/Cas9 mediated homology directed repair using a targeting vector which
added a T2A-GFP tag to the 3’UTR of the T-Brachyury gene (Karagianni., 2016).
ES cell culture
Serum/LIF culture
ES cells were cultured at 37°C and 5% CO2 on gelatine-coated cell culture dishes.
At ~80% confluency cells were passaged at a ratio of 1:5, typically every two
days. Passage was performed by washing cells once with 1xPBS followed by
trypsin treatment at 37°C for 3min. Trypsin was quenched by addition of 5-10
volumes of medium. Cells were pelleted at 300g for 3minutes, resuspended in
media, and plated on gelatinised dishes.
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Serum/LIF media:
Component
Glasgow Minimum Essential Medium (GMEM,
Sigma)
Foetal Calf Serum (FCS, Gibco)
L-Glutamine/Sodium pyruvate solution

Volume
500ml

Final conc.
-

51ml
11ml

Non-Essential Amino Acids (NEAA, Gibco)
0.1M 2-mercaptoethanol
LIF

5.5ml
570µl
570µl

10%
L-Glutamine
pyruvate 1mM
1X
100nM
100U/ml

2mM

Sodium

2i/LIF culture
For 2i/LIF culture of naïve ES cells culture dishes were coated with poly-Lornithine for a minimum of 2h at approximately 20°C. Poly-L-ornithine coating
was removed and the dishes were subsequently coated with laminin-111 for a
further 2h at approximately 20°C. ES cells cultured in serum/LIF were
trypsinised, quenched, washed in N2B27, pelleted and resuspended in 2i/LIF
medium. Cells were plated in 2i/LIF at a density of 104 cells/cm2 and passaged
every 3 days. Cells were maintained 2iLIF medium for 3 full cell passages before
using for differentiation. For passaging, cells were washed with 1xPBS, detached
from the dish by incubation with Accutase for approximately 3 minutes at 37°C,
quenched in 2iLIF media, and replated on coated dishes at the required density,
approximately 104 cells/cm2
2i/LIF media:
Component
DMEM/F12 (Gibco)
Neurobasal (Gibco)
L-Glutamine
0.1M 2-mercaptoethanol
N2 (Gibco)
B27 (Gibco)
LIF
CHIR 99021
PD 0325901

Volume
25ml
25ml
500µl
100µl
250µl
500µl
50µl
15µl
5µl

Final conc.
2mM
100nM
0.5X
0.5X
100U/ml
3µM
1µM

Adherent neural monolayer differentiation
ES cells were plated under neural adherent monolayer conditions as described
previously in Ying et al. 2013. Briefly, ES cells cultured in 2i/LIF were washed
with 1xPBS, treated with Accutase, pelleted and resuspended in N2B27, before
being replated on laminin-111 coated wells at a seeding density of 104 cells/cm2.
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N2B27 media:
Component
DMEM/F12 (Gibco)
Neurobasal (Gibco)
L-Glutamine
0.1M 2-mercaptoethanol
N2 (Gibco)
B27 (Gibco)

Volume
25ml
25ml
500µl
100µl
250µl
500µl

Final conc.

2mM
100nM
0.5X
0.5X

Adherent early mesoderm monolayer differentiation
ES cells cultured in 2iLIF were washed with 1xPBS, treated with Accutase,
pelleted and resuspended in N2B27 + 10ng/ml BMP4, before being replated on
GFR-Matrigel coated culture wells at a bulk cell density of no greater than 20,000
cells/ml of media, incubated at 37°C. A bulk cell density of >20,000 cells/ml of
media appeared to inhibit mesodermal transcription factor expression at later
stages of the differentiation. Cells were maintained in N2B27 + 10ng/ml BMP4
for 48h from 2iLIF, then media was aspirated and cultures washed with N2B27
and cultured for a further 24-48h in N2B27 + 20ng/ml ActivinA.
Matrigel acini early mesoderm differentiation
Matrigel stored in aliquots at -20°C was thawed for ~12h on ice at 4°C to prevent
heterogeneous gelation. Differentiation media was prepared by diluting
~10mg/ml GFR-Matrigel to 800µg/ml with N2B27 media to an appropriate
volume, and then supplemented with 10ng/ml BMP4. Matrigel aliquots and tips
were always kept chilled with water ice in a class II tissue culture hood, to
minimise heterogeneous gelation. ES cells cultured in 2iLIF were washed with
1xPBS, treated with Accutase, pelleted and resuspended in 800µg/ml GFRMatrigel N2B27 solution + 10ng/ml BMP4 at a bulk cell density of no greater
than 20,000 cells/ml of media. Plates were promptly transferred to a 37°C
incubated to encourage Matrigel gelation. Full acinar structures should have
developed at 48h, at this point cells were washed with N2B27. Acini cultures
were then cultured for a further 24h in 800µg/ml GFR-Matrigel N2B27 solution
+ 20ng/ml ActivinA.
Matrigel overlay early mesoderm differentiation
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Matrigel overlay cultures were cultured as monolayers (see above) for the first
48h of differentiation. Thereafter, at the 48h timepoint, cultures were washed with
N2B27 and then an 800µg/ml GFR-Matrigel N2B27 solution + 20ng/ml
ActivinA (prepared as for acini cultures) was added to selected culture wells.
Laminin/Entactin early mesoderm differentiation
Laminin/Entactin complex is a cell ECM substrate composed of laminin-111 and
entactin extracted and purified from Engelbreth-Holm-Swarm (EHS) mouse
tumor, and containing no growth factors that can be present in GFR-Matrigel at
trace concentrations. This was used as a control for the differentiation effects of
trace amounts of growth-factors in GFR-Matrigel. As this complex is simply a
highly purified version of Matrigel, liquid handling procedures and
concentrations used were identical to those involving Matrigel (See above).
Collagen-I early mesoderm differentiation
Collagen-I gels were prepared for cell culture according to the manufactures
protocol (Corning). Briefly, the following reagents were placed on water ice:
- Corning Collagen-I
- Sterile filtered (0.22µm filter) 10X PBS
- Sterile filtered (0.22µm filter) dH2O
- Sterile filtered (0.22µm filter) 1N NaOH
Collagen-I was used at a final concentration of 800µg/ml in the experiments
conducted in this thesis. Solution volumes were calculated as follows:
1) 10X PBS volume (ml) = Final Collagen-I solution volume / 10
2) Collagen-I volume (ml) = (Final Collagen-I solution volume)(Final
Collagen-I concentration mg/mL) / Stock Collagen-I concentration
(mg/mL)
3) 1N NaOH volume (ml) = (Collagen-I volume)(0.023)
4) dH2O volume (ml) = (Final Collagen-I solution) – (Collagen-I volume)
– (10X PBS volume) – (1N NaOH volume)
Reagents 1, 3 and 4 were mixed in a clean, sterile Universal tube before adding
Collagen-I (2). The solution was kept on water ice until ready for use. When ready
the Collagen-I solution was aseptically delivered to the cell culture well and
allowed to gel at 37°C in a cell incubator for a minimum of 30mins. The correct
concentration and volume of NaOH is critical for the gelation to occur efficiently
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as specific alkaline conditions are required for cross-linking to occur. Once
gelation had completed cells were delivered to wells as previously described in
N2B27 + 10ng/ml BMP4 for 0-48h and subsequently N2B27 + 20ng/ml ActivinA
for 48-72h timepoints.
Cryopreservation of ES cells
ES cells were subjected to either trypsinisation (serum/LIF) or Accutase (2i/LIF)
treatment and pelleted as described previously. The supernatant was aspirated and
cells were resuspended in either FCS+10% DMSO (serum/LIF), or
KSR+10%DMSO (2i/LIF). Cells were frozen down in 1mL of freezing medium
at a density of >106 cells per aliquot. Resuspended cells were transferred to
cryovials and immediately placed on dry ice before being transferred to -80°C
freezers for temporary storage (<3 months) or liquid nitrogen tanks (-178°C) for
long-term storage. Individual aliquots of frozen cells were thawed rapidly in a
37°C water bath for <1 minute. Cells were carefully transferred to a 20 mL
Universal tube containing pre-warmed medium before being pelleted at 300g for
3 mins. This media was aspirated and cells were resuspended in the appropriate
medium and plated onto pre-coated culture plates.
Adherent cell culture on glass coverslips
For imaging applications requiring sample mounting onto glass slides, cells were
grown on glass coverslips in multi-well plates (Corning). Prior to use, coverslips
(Marienfeld Superior) were stored in 100% ethanol (VWR). In a sterile biosafety
cabinet (Esco), the relevant coating solution was added to the cell culture plate.
Glass coverslips were then removed from ethanol using sterile forceps and the
ethanol was rapidly evaporated by passing it through a flame, creating a charged
surface for ECM proteins to bind to. The coverslip was aired for 2-3 seconds and
immediately dropped into a cell culture well, ensuring that it was completely
covered in the coating medium. Coverslips were coated for a time appropriate
from the ECM of choice, and cells were seeded into the well following standard
protocol.

2.2.6 Imaging
General
General visual inspection of cell cultures was conducted using a Motic, AE2000
inverted phase-contrast microscope using appropriate phase rings for each
objective lens. Phase-contrast images were routinely acquired for documentation
of cell/culture morphology using an Olympus IX51 inverted microscope.
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Live imaging
All live cell timelapse imaging was performed using a Nikon TiE inverted
microscope. The microscope stage was contained within an Oko-Lab cage
incubator to regulate and maintain temperature (37°C) and CO2 concentration
(5%). The incubator was set up ~30mins prior to imaging set up to allow internal
conditions to equilibrate. For live cell imaging, cells were cultured on Ibidi
ibiTreat, #1.5 polymer coverslips either in a modified chamber or as part of Ibidi
µ-slide chamber-well culture dishes. This was to provide optimum optical
properties. When ready for imaging setup, cell cultures were placed on the
microscope stage within a humidified chamber to prevent media evaporation over
the imaging time course. For fluorescent imaging of T::GFP reporter cells,
differentiated cells at the 72h timepoint of ME differentiations were used to
calibrate laser intensity and image acquisition parameters such as exposure and
gain to prevent signal clipping. Imaging parameters were setup using the Nikon
NIS-Elements software, these parameters included, imaging time, intervals, laser
intensity, cell colony positions, number of imaging fields and focus was
established using the Nikon perfect-focusing-system (PFS). Typically, ME
cultures were imaged at 20min intervals over a period of 24h, for both phasecontrast and fluorescent imaging acquisition.
Confocal microscopy
Confocal microscopy was performed using a Leica TCS SP8 confocal
microscope and detection was made using Leica HyD hybrid detectors. Optimum
imaging parameters were established for downstream single cell image analysis
using 3D nuclear segmentation. Parameters are displayed in the table below:
Objective lens

40X – 1.25NA (oil immersion)

Bit depth

12

Format

1024x1024

Scanning

Bidirectional

Phase

##

Z-step

0.35-0.70µm

When using HyD detectors gain was set to the lowest possible default of 10% and
laser power was adjusted for each channel on a sample with the highest expected
levels of a protein marker and checked against a negative control. This adjustment
was assessed using the HiLo LUT on the Leica LAS-X software and viewing of
image histograms to ensure the full dynamic range of the detector was being used.
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Emission spectra for each fluorophore were visualised on the software to allow
channel gating that would minimise information acquisition from spectrally
adjacent fluorophores. Moreover, this was assessed by viewing adjacent channels
whilst stimulating with non-channel laser to observe any cross excitation and thus
potential bleed through. This was also done to assess cross excitation during
simultaneous acquisition of two or more channels. Typically, two sequences were
used during imaging, resulting in simultaneous detection of 2 channels, these
were:
Seq1

Seq2

488 & 633 laser

390 & 555 laser

These sequence formats were chosen to further minimise any cross excitation
spectral overlap between channels during simultaneous acquisition. The
sequences were acquired in their numeric order through the entirety of the set zstack. All imaging parameters were setup for each independent experimental
replicate.
Image presentation
For presentation purposes, images from any imaging modality (e.g., phasecontrast, fluorescent confocal) were processed using ImageJ. Image processing
included adjustment of brightness, contrast, bit-depth, look-up tables, the addition
of scale bars, the creation of composite channel images and image montages. All
images being presented as representative of a set of experiments underwent
identical processing in terms of parameters used and adjustments made to ensure
valid comparisons between experimental conditions. Unless otherwise stated, all
confocal images were presented as a z-projection of defined z-size that was
consistent between experimental conditions.

2.2.7 Image analysis
Nuclear segmentation using Nessys
Single nuclei segmentation was performed using Nuclear envelope segmentation
system (Blin et al., 2019). Nessys was developed to perform single nuclei
segmentation, based on a nuclear envelope marker, in complex 3D environments
such as embryonic tissue or 3D cell cultures. Briefly, the method makes use of

65

Chapter 2: Materials & Methods

nuclear envelope signal and employs a tree-structured ridge-tracing method and
a shape ranking training classifier, followed by 3D linkage.
In this study, confocal images were imported into Nessys as .tif or .ics files and a
suitable training image was then selected. It was important that the training image
was representative of images within that experimental condition to ensure
accurate segmentation. Confocal images of monolayer cultures and overlay
cultures were always segmented separately due to marked differences in nuclear
morphology and 3D organisation which required different parameters for
accurate segmentation. The appropriate fluorescent channel was then selected,
and a Gaussian blur step performed to smooth out heterogeneities in the nuclear
envelope signal. This image then underwent a ridge enhancement step using a
steerable filter that was adjusted using a scale parameter. Next, a ridge tracing
step was performed. This involved the selection of a series of parameters that
were generally consistent in conditions between experimental replicates, however
these may have to be adjusted depending on the staining quality. Additionally, a
shape training classifier was generated for each experimental condition and these
could be saved a reloaded for future use on a separate experimental replicate.
Following this a 3D linkage step was used to link 2D segmented regions
throughout the z-stack. Once, all parameters were finalised on the appropriate
training image, these were then run across all imported imaging files
automatically to generate segmented image files of the raw confocal files. These
segmented image files were then imported into PickCells for further analysis
(https://pickcellslab.frama.io/docs/).
Immunofluorescence signal normalisation
Signal normalisation was completed in PickCells using the utilities function and
computing variables of attributes of nuclei. The normalisation process comprised
of two steps. The first step was a normalisation for the observed loss of signal
intensity at increasing nuclear z-positions, most likely due to scattering of both
the incident and emitted light. To correct for this, fluorescent intensities of all
channels per cell were divided by the value of the fluorescence intensity of the
nuclear envelope marker which is assumed to be stably expressed in all cells per
condition. This is similar to the normalisation of transcription factor fluorescent
signal intensity using DAPI. However, in the case of nuclear envelope staining
this is likely more accurate as both primary and secondary antibodies are used
therefore binding and signal dynamics between markers are likely more similar
in comparison with DAPI.
Generating nuclear neighbour interactions
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Neighbour analysis was performed in PickCells by generating links between
adjacent objects using Delauney triangulation. Delauney triangulation is a
triangulation given a set of coordinates, in this case nucleus centroids (averaged
3D vector of nucleus), where these coordinates do not lie within the circumcircle
of triangles formed between these points. Therefore, in the context of a complex
3D tissue this method may undercount the number of neighbours that can
physically interact in reality. Moreover, this measure does not necessarily identify
physical interactions between cells, only cells in the nearest neighbourhood of
other cells.
Measurement of nuclear z-positions
Nuclear centroid z-positions were calculated per image, per experimental
condition and per experimental replicate. Nuclear centroid z-coordinates were
calculated using a normalisation process to account for differences in imaging
plane that could otherwise skew the data. This normalisation process involved
determining the minimum z-coordinate of a nucleus in a particular image. This zcoordinate value was then subtracted from the z-coordinate value for every other
nuclear centroid within that image.
Absolute nucleus density measurements
Absolute nuclear density measurements were made using PickCell’s utilities
count neighbour function. This function enabled a count of nuclear centroids
bounded by a radius around a source centroid, thus building up a database of
densities at different user defined radii for each individual nuclei within a dataset.
Density based clustering using DBSCAN
Clustering of nuclei was performed in PickCells using a DBSCAN plugin.
DBSCAN is a clustering algorithm employing density based spatial clustering of
applications with noise. The starting point of this method assumes that clusters
are dense groupings of point like objects, in this case of nuclear centroids.
Therefore, if a nuclear centroid belongs to a specific cluster it should be
adjacent/near to other nuclear centroids present in that cluster. The method uses
2 input values to perform clustering, these are: a) a minimum number of points
as a threshold for belonging to a cluster, and b) epsilon, which is a number
determining the search radius from a point to other points within a potential
cluster. The algorithm iterates until no more new points can be assigned to a
particular cluster, points that cannot assigned to clusters within these criteria are
excluded.
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Cell fate correlation between nuclei and neighbouring nuclei
Correlation between cell fate marker expression in an individual nuclei and
expression in its neighbours was made use of the links between nuclei generated
using Delauney triangulation. Using these link identifiers, it was then possible to
create a new attribute in PickCells for every nuclei, this attribute was a mean
average of neighbour nuclei expression for a particular channel. That is,
individual expression values of a nuclei’s neighbours were summed and divided
by the total number of neighbours. This process was performed for each available
channel in the dataset.

2.2.8 Data analysis
Data analysis was performed in PickCells, R and Libre Office Calc. Most if not
all experimental work carried out in this thesis was of an exploratory nature and
any statistical analysis was post-hoc and without strict initial criteria for carrying
out hypothesis testing. Whilst it is possible to perform such tests and correct for
multiple hypothesis testing the reader is encouraged to interpret data based on
measures of variation and effect size. Upon request p values have been reported
in text at relevant locations. P-values were determined using a two-tailed
Student’s t-test between specified groups, assuming unequal variance, with alpha
set to 0.05. The reader is still encouraged to interpret data more so on the
descriptive statistics presented in graphs such as measures of central tendency
and measures of variation.
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Chapter 3
In vitro mESC model recapitulates
changing multicellular organisation of
gastrulation
3.1 Introduction and aims
During gastrulation in vivo changes in cell fate specification are coupled to
changes in morphology, or multicellular organisation. As early mesoderm cell
fates are being specified at the primitive-streak in the mouse embryo an EMT
occurs (Arnold & Robertson, 2009). This EMT involves the loss of a cell’s
apical/luminal domain, cytoskeletal polarity inversion, changes in cell adhesion
mediated by cadherin switching, degradation of basement membrane, and
adoption of a migratory phenotype (Rivera-Pérez & Hadjantonakis, 2015).
Typically, changes in multicellular organisation during gastrulation are thought
to occur downstream of changes in morphogen signalling and transcription factor
expression. However, there has been recent interest in the idea that changes in
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cell morphology, cell and tissue mechanics, and multicellular organisation can
regulate, directly or indirectly, signalling and cell fate specification (Gilmour et
al., 2017; Chan et al., 2017).
Evidence for upstream roles of changing multicellular organisation directing cell
fate specification is limited in the case of mammalian gastrulation and
mesodermal specification. However, work in Drosophila and zebrafish has
demonstrated that tissue deformation and mechanical stress during gastrulation
EMT, liberates free β-catenin to directly induce Twist and notail (zebrafish TBrachyury orthologue; Brunet et al., 2013). Similarly, work in gastrulating mouse
embryos found that disruption of cell-cell adhesion through reduction of Ecadherin was required to facilitate Wnt signalling, via liberation of bound βcatenin, in FgfR1-/- mutant embryos and thereby drive mesodermal transcription
factor expression (Ciruna & Rossant, 2001). Moreover, precocious cadherin
switching (E- to N-cadherin) in the mouse epiblast has been found to disrupt
gastrulation and mesoderm specification (Basilicata et al., 2016). In vitro work
utilising micropatterning systems and culture substrates with tuneable physical
properties, have reported roles for tissue geometry, receptor localisation and
tissue stiffness, in mesodermal signalling and fate specification using hESCs
(Warmflash et al., 2014; Etoc et al., 2016; Przybyla et al., 2016). Specifically,
baso-lateral localisation of TGF-β receptors in hESCs changed cell
responsiveness to BMP signals across colonies, restricting ligand access to edge
cell receptors (Etoc et al., 2016) and hESCs cultured on less stiff, more compliant
substrates were primed for enhanced Wnt signalling and mesodermal
differentiation via de-stabilisation of β-catenin from junctional complexes
(Przybyla et al., 2016).
This research highlights the potential role morphology, mechanics and
multicellular organisation may play in directing signalling and ME cell fate
specification during gastrulation. It also highlights the limitations of traditional
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2D monolayer culture systems, which neglect the 3D organisation of the in vivo
cell and tissue environment, such as the EMT during gastrulation.
In this chapter I aim to identify and measure some of the organisational changes
that occur during ME specification at gastrulation in the mouse embryo. I also
aim to develop an in vitro ME differentiation assay that recapitulates the changes
in multicellular organisation occurring at gastrulation EMT.

3.2 Results
3.2.1 Image analysis of gastrulating mouse embryos
Initially I wanted to acquire an in vivo dataset of mouse gastrulation in order to
act as a basis of comparison for future in vitro work. Despite a wealth of literature
on primitive-streak formation, gastrulation and ME emergence in the mouse,
there was, as of yet, little quantitative measurement of ME marker expression and
distribution. Therefore, I sought to generate such measurements alongside other
measures of multicellular organisation using quantitative immunofluorescence of
gastrulation stage mouse embryos.
3.2.1.1 T-Brachyury and Eomes expression in gastrulating embryos
Mouse plugs were setup by the animal facility for embryo collection around the
E7.0 stage. This stage was chosen because it is when primitive-streak formation
and gastrulation is initiated and migratory mesoderm can be observed, but prior
to the formation of more complex ME structures that could complicate image
analysis. Embryos were dissected, fixed, and blocked prior to whole-mount
immunostaining.
Initially, embryos were immunostained for the pan-mesoderm markers Eomes
and T-Brachyury and a marker of the nuclear envelope, LaminB1, which would
subsequently be used for nuclear segmentation of the images. Brachyury was
expressed at the primitive-streak at the proximal-posterior pole of the embryo,
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and in the migratory embryonic- and extra-embryonic mesoderm (Figure 3.1A).
Furthermore, Brachyury positive cells can be noted at the distal end of the embryo
at the site of node formation. Eomes staining revealed expression in the extraembryonic ectoderm, posterior epiblast, migratory embryonic- and extraembryonic mesoderm, and visceral endoderm. Optical transverse sections also
showed a level of co-expression of T-Brachyury and Eomes in cells of the
primitive-streak and migratory mesoderm. However, it appears as if T-Brachyury
expression is lost quickly following migration from the axial midline, while
Eomes expression is maintained (Figure 3.1B). This pattern is in keeping with
reported expression in the literature (Beddington et al., 1992; Costello et al.,
2011; Tosic et al., 2019).
3.2.1.2 Quantitative image analysis of gastrulating mouse embryos
I next sought to quantify T-Brachyury expression by measuring single cell
immunofluorescence in segmented nuclei. To do this I used PickCells image
analysis software, which is a platform designed to analyse a broad array of
imaging data sets (https://pickcellslab.frama.io/docs/). Specifically, PickCells
enables the exploration and quantification of 3D spatial relationships between
biological objects, such as nuclei, within complex systems such as organisms,
organs, tissues, and in vitro 3D and 2D culture systems. I used a nuclear envelope
marker, LaminB1, for nuclear segmentation as this performs better in 3D tissues
compared to DAPI (Blin et al., 2019). Unfortunately, due to the antibody host of
Eomes (Rabbit) a monoclonal mouse anti-Nuclear Pore complex antibody had to
be used instead of rabbit-LaminB1, which does not give as clean a signal.
Therefore, it was not possible to achieve a satisfactory nuclear envelope signal
for accurate nuclear segmentation. In order to generate images with segmentable
nuclei, I chose to stain for T-Brachyury only and use the nuclear envelope marker
LaminB1, which produced much cleaner results. Figure 3.2A (left panel) shows
a typical example of a gastrulating mouse embryo that was satisfactory for
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nuclear segmentation and subsequent image analysis. Confocal images of mouse
embryos underwent nuclear segmentation (see methods 2.2.7) and segmented
images (Figure 3.2A (right panel)) were manually curated to check segmentation
quality. Curated images were then loaded into PickCells image analysis software.
Intrinsic features were computed, and 3D spatial relationships generated (Figure
3.2B).
Next, I wanted to quantify how T-Brachyury expression changed depending on
the positioning of the cell and its relationship to neighbouring cells. Using
PickCells, I measured the expression levels of T-Brachyury and its spatial
distribution, at the single cell level. Plotting T-Brachyury expression as a semiquantitative heatmap demonstrates clear patterning of T-Brachyury expression in
gastrulating mouse embryos. Higher T-Brachyury expression appears to be
localised to the origin of the primitive-streak at the proximal-distal pole and
reduces in cells in mesodermal wings and distal embryonic areas (Figure 3.3A).
Graphing single cell expression against average neighbour cell expression, and
3D nucleus coordinates quantitatively confirmed this reduction of T-Brachyury
expression as cells migrate away from the streak.
To assess the variation in T-Brachyury expression as cells migrate from the
primitive-streak, I measured local cell-cell variability in expression and its
relation to distance from the streak. Single cell level and average binned
expression values across multiple embryos demonstrate a positive correlation
between single cell level expression of T-Brachyury and the average expression
of its neighbours (Figure 3.3B & Figure 3.3C (Top)). Binning of expression levels
were used in this instance to average out the heterogeneity in expression observed
at the single cell levels across multiple embryos. Moreover, by assigning the
primitive-streak origin as the centroid of the coordinates of the top three
expressing T-Brachyury cells it can be shown that T-Brachyury expression
decreases as a function of the distance of the cell from the primitive-streak
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(Figure3.3C (Bottom)). Additionally, all three measures are correlated, that is,
single cell expression and average neighbour expression are positively correlated,
and both are negatively correlated with the distance of nuclei from the primitivestreak origin. The work described above generated a quantitative dataset of the
expression and distribution of a key ME marker during gastrulation in vivo.
3.2.1.3 Multicellular reorganisation at the primitive streak
I next wanted to assess the changing multicellular organisation at the primitive
streak and compare this with the pseudostratified epithelium (Ferrer-Vaquer et
al., 2010) of the anterior epiblast. Staining for β1-Integrin and Pericentrin
demonstrates that cells at the primitive-streak are losing their epithelial
organisation (Figure 3.4A & 3.4B). Cells of the anterior-epiblast have strong
expression of β1-integrin at the basal domain, where they are in contact with the
basement membrane and clear localisation of apical-polarity complex component
pericentrin toward the pro-amniotic cavity. This organisation is lost in the
posterior, T-Brachyury expression domain of the embryo, indicative of basementmembrane degradation and apico-basal polarity inversion (Williams et al., 2012;
Ramkumar et al., 2016) that occurs during EMT. Following, basementmembrane degradation and apico-basal polarity inversion, mesoderm formation
progresses as cell cluster at and migrate away from the primitive-streak. As this
happens, multiple cell layers can be observed at the streak and in cells migrating
between the epiblast and visceral endoderm (Figure 3.4C, red arrowheads). This
contrasts with the single layered, columnar nuclei present in the anterior epiblast.
My aim was to ask how differentiation is coordinated with changes in
multicellular organisation at the primitive-streak and for this I turned toward
developing an in vitro system.

3.2.2 In vitro assay development to recapitulate changes
in multicellular organisation during gastrulation
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As changes in multicellular organisation, signalling, and cell fate occur in parallel
in a confined environment and over a short period of time, decoupling the
contributions of each in vivo is technically challenging. An ex-vivo system gives
much more control over changes in multicellular organisation and therefore
provides a more convenient experimental system for asking how multicellular
organisation influences differentiation. To overcome this, I aimed to develop an
in vitro mouse pluripotent cell differentiation assay that would allow more precise
control of changing multicellular organisation and signalling. This would allow
for more robust inference of causal relationships relating to cell fate decisions.
3.2.2.1 ME differentiation and organisation manipulation strategy
In setting up an in vitro assay I had two main aims:
1) Provide an appropriate minimal signalling environment that
approximates the signalling environment in the proximal posterior of
the gastrulating mouse embryo
2) Establish a culture system that recapitulates the changing multicellular
organisation as the epithelial epiblast generates mesoderm during
gastrulation in vivo
A variety of in vitro differentiation protocols have been developed to direct
pluripotent cells toward mesoderm in 2D monolayer cultures (Kattman et al.,
2011; Torres et al., 2012; Morgani et al., 2018). These differentiation protocols
add recombinant proteins or chemical analogues of signalling molecules, such as
Wnts, BMP, Nodal/Activin and Fgfs, which have crucial roles in the specification
of mesoderm in the embryo (Tam & Loebel, 2007; Arnold & Robertson, 2009),
to cell culture media. Many of these protocols have been optimised to generate
specific ME cell populations in monolayer cultures using combinations of these
exogenous ligands at varying concentrations. My aim was to provide a minimal
exogenous signalling environment in vitro that established a permissive
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signalling environment for mesodermal cell fate specification. Specifically, I
aimed to capture the transition from a pluripotent epiblast to a fate-restricted
mesodermal cell population to model the events that occur in and around the
primitive streak.
Recent work in hES cells micropatterning systems has found that exogenous
BMP4 is sufficient to induce primitive-streak like patterning in colonies of
specific size (Warmflash et. al., 2014; Etoc et. al. 2016). The robust patterning of
ME fates induced by BMP4 in this context was later described to be due to BMP
sitting atop an inductive signalling hierarchy of BMP, Wnt and Nodal (Martyn et.
al., 2018). However, in mES cell systems and in mouse embryos there appears to
be a greater dependency on Nodal/Activin signalling for robust ME induction and
gastrulation (Morgani et. al., 2018). Importantly in mESC systems BMP has an
important role in promoting a robust transition from naïve to primed pluripotency
and promoting a proximal posterior identity through the helix loop helix
transcription factor Id1 (Malaguti et. al., 2013; Malaguti et. al., 2019).
Based on the findings discussed in the previous paragraph, I differentiated cells
in N2B27 supplemented with 10ng/ml BMP4 for the first 48h, from 2iLIF mESC
culture. I then differentiated cells for a further 24h in N2B27 supplemented with
20ng/ml ActivinA to mimic the onset of Nodal signalling in the mouse epiblast.
I performed immunostaining for mesodermal markers T-Brachyury (T) and
Eomes (E) and marker of primed posterior epiblast, Nanog (N). These markers
delineate a differentiation trajectory from early pluripotent epiblast (lacking
expression of N, T or E) to posterior epiblast (N+E+), to mesoderm-primed
epiblast (N+E+T+), to primitive-streak & nascent mesoderm (T+E+) (Figure
3.5A). I aimed to achieve a cell population that expressed these markers, but not
at levels that were saturating, so that potentially subtle differences in fate
specification could be accurately measured. Confocal images revealed expression
of T-Brachyury, Eomes and Nanog and displayed heterogeneous expression in
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monolayer cultures (Figure 3.5B). Therefore, the signalling environment required
for the expression of the above transcription factors was present in these
monolayer culture conditions, setting the stage for asking whether expression of
these factors can be altered by changes to multicellular organisation. After
identifying these culture conditions, I next wanted to recapitulate the changing
multicellular organisation observed at the primitive-streak in vivo. Specifically,
in vivo we observe that the pluripotent epiblast is organised into a pseudostratified
epithelium and this organisation is disrupted at the primitive-streak during
mesoderm formation. At the primitive-streak cells degrade the basement
membrane and undergo apical-basal polarity inversion, forming multi-layered
structures and migratory mesenchyme. To manipulate multicellular organisation
in vitro and disrupt epithelial monolayers I turned to an extracellular matrix rich
system. Previous reports in other cell systems observed that overlaying 2D
monolayer cultures with extracellular matrix, such as Matrigel, causes polarity
inversion, cell layering and other features of EMT (Zhang et. al., 2012; Akhtar &
Streuli., 2013; Horejs et. al., 2014). I opted to employ such a strategy to
recapitulate these EMT- like changes in organisation in the context of a
mesodermal permissive differentiation, by overlaying 48h timepoint monolayers
with Matrigel (Figure 3.6). This timepoint was chosen as cells will have exited
naïve pluripotency but will not yet be expressing mesodermal transcription
factors. Moreover, cells display an epithelial organisation at the timepoint and
therefore partially represent the pre-EMT, pluripotent epiblast. By adding ECM
to the apical surface of cell cultures as has been previously reported I aimed to
mimic the disruption of multicellular organisation at the primitive-streak by
inducing an inversion of polarity. Importantly, any changes in these ECM overlay
conditions would be compared with standard monolayer differentiations.
3.2.2.2 ECM overlay results in gross morphological changes during ME
differentiation
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I first used phase contrast microscopy to assess whether morphological changes
induced by the ECM overlay were representative of changes occurring at the
primitive-streak during gastrulation. Following the outlined protocol (Figure 3.6),
initial changes to multicellular organisation were noted from observation of
phase-contrast images. Throughout the experimental time course, monolayer
cultures displayed the expected flattened, epithelial morphological organisation
as colony size increased Figure3.7A). However, ECM overlay cultures displayed
early changes in multicellular organisation evidenced by most colonies rounding
up and displaying tightly compacted organisation at the 50h timepoint (2h postoverlay).
At this point the cellular arrangement seems at least superficially to resemble the
epithelial organisation of the post-implantation epiblast prior to gastrulation
(Williams et al., 2012; Ramkumar et al., 2016).
At around the 72h timepoint, the epithelial organisation of these colonies was
disrupted and cells with a flattened morphology were noted around the base of
these colonies. This behaviour was indicative of an epithelial to mesenchymal
transition, where epithelial tissue is disrupted and generates migratory
mesenchymal cells. This idea was further supported by phase-contrast time-lapse
imaging of overlay cultures (Figure 3.7B). Here, the initial rounding up of
monolayer colonies and the formation of an acinar structure can clearly be
observed, prior to its disruption and generation of migratory cells emanating from
the central domain of the colony. Therefore, at this 72h time point the cellular
arrangement seems at least superficially to recapitulate some of the events that
accompany the transition from epiblast to mesoderm at gastrulation (Figure 3.4;
Williams et al., 2011; Ramkumar et al., 2016).
Gross organisational differences between monolayers and overlays are further
evidenced by immunofluorescence imaging of nuclei. At the 72h timepoint in
overlay cultures, the gradual loss of acinar structure can be observed alongside
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the emergence of basal migratory cells, additionally the presence of multiple cell
layers can be clearly observed (Figure 3.8). This multi-layered structural
organisation is similar to that observed in the posterior of gastrulating mouse
embryo around the primitive-streak. In the T-Brachyury expression region, cells
lose epithelial columnar structure, as observed in the anterior of the embryo, and
round up before migrating anteriorly between the basal epiblast and visceral
endoderm.
3.2.2.3 EMT hallmarks of gastrulation observed by immunofluorescence in ECM
overlay cultures
The data described above gave a superficial indication that pluripotent cells in an
ECM overlay organise into an epithelial structure that subsequently becomes
disrupted. To examine whether this is the case I made use of markers of epithelial
and mesenchymal states.
Formation of mesoderm in the embryo at gastrulation is accompanied by an
epithelial to mesenchymal transition. To validate if an EMT was also occurring
in overlay cultures I performed immunostaining and confocal fluorescence
microscopy of markers of epithelialisation and mesenchyme. Major hallmarks of
gastrulation EMT are loss of epiblast apico-basal polarity, loss of lumenisation
and cadherin switching (Vaquer et al., 2010; Williams et al., 2012; Ramkumar et
al., 2016; Burute et al., 2017). Staining for β1-Integrin, podocalyxin, pericentrin,
E-cadherin and N-cadherin confirmed the presence of epithelial states in overlay
cultures that are disrupted to form mesenchymal states. β1-Integrin is the main βintegrin that regulates apical-basal polarity in cells and is baso-laterally localised
in the mouse epiblast (Lee & Streuli., 2014). The sialoglycoprotein podocalyxin,
regulates apical domain repulsion and lumenisation of the pro-amniotic cavity in
peri-implantation mouse embryos (Shabazi et. al., 2017). Pericentrin localises to
the centrosome in cells and has been shown to highlight apico-basal polarity
inversion during EMT at the primitive-streak in vivo (Burute et al., 2016). E-
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cadherin is expressed at adherens junctions in the pseudostratified epithelium of
the pluripotent epiblast, before cells undergo a cadherin switch and begin
expressing N-cadherin in migratory mesenchyme (Radice., 2013; Basilicata et al.,
2016).
Figure 3.9 displays XY, XZ and YZ views of monolayer cultures and epithelial
and mesenchymal states of overlay cultures, stained for the above markers.
Monolayer cultures robustly express β1-Integrin, pericentrin and E-cadherin, Ncadherin expression is present but very weak and podocalyxin does not appear to
be expressed at all. Broadly monolayers appear to be organised into an epithelial
like organisation, supported by the apical, adherens junction expression of Ecadherin. However, the lack of organised apical orientation of pericentrin and
defined basal localisation of β1-Integrin suggest only a partial epithelial state is
present.
Following disruption of the partial epithelium of monolayer cultures at the 48h
timepoint with an ECM overlay, overlay cultures progress to a complete epithelial
state that is subsequently disrupted. This complete epithelial state more closely
resembles the organisation of the pseudostratified pluripotent epiblast in vivo and
apical lumen (Bedzhov et al., 2014; Shabazi et al., 2017). The complete epithelial
state is characterised by strong basal localisation of β1-Integrin and
apically/luminally localised expression of PCX, pericentrin and E-cadherin
(Figure 3.9; Epithelial overlay).
Later in the differentiation timecourse this epithelial structure is disrupted and
displays the features associated with an EMT. (Figure 3.9; Mesenchymal
overlay). In this state a loss of apically arranged PCX, pericentrin and E-cadherin
is observed alongside a disruption of the basal localisation of β1-Integrin. As well
as the loss of apical E-cadherin there is strong expression of N-cadherin in basal
migratory cells. This E- to N-cadherin switch in cells migrating away from an E-
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cadherin expressing central domain is reminiscent mesoderm migrating from the
primitive-streak (Morgani et al., 2018).
Altogether this suggests an EMT organisational change occurs in ECM overlay
cultures but does not occur in monolayer cultures under the same exogenous
chemical signalling environment.
3.2.2.4 qPCR analysis confirms EMT in ECM cultures at population level
To validate the results in section 3.2.2.3 and to ensure a robust effect of EMT in
overlay cultures at the population level, I performed further qPCR on markers or
regulators of EMT. This qPCR analysis was conducted in monolayer and overlays
across the experimental timecourse to identify the dynamics of EMT marker
expression at the mRNA level. Looking at the data in figure 3.10, there is a
marked increase in mean Snail (p<0.05) and N-cadherin (p<0.05) expression at
the 72h timepoint in overlay cultures. Furthermore, this coincides with a
reduction in E-cadherin expression in both conditions, although the reduction in
E-cadherin expression is more modest. However, it is important to note that Ecadherin is also regulated post-transcriptionally (Serrano-Gomez et al., 2016).

3.2.3 Quantitative image analysis of multicellular
organisation in vitro and in vivo
I next wanted to perform an analysis to quantitatively support the qualitative
descriptions of changes in multicellular organisation presented earlier in this
chapter and confirm those changes across multiple biological replicates.
Following single nuclei segmentation of confocal images using NesSys, I
computed intrinsic features of nuclei and generated 3D spatial relationships
between nuclei (see methods 2.2.7). Where possible, equivalent measurements
were also made in ~E7.0 mouse embryos for comparison. This comparison was
made to observe if measures of multicellular organisation in overlay cultures were
approaching values observed in vivo. The features measured were number of
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neighbouring nuclei, inter-nuclear edge distances, nuclei Z-coordinates and
absolute nuclear density per condition. Number of neighbours, inter-nuclear edge
distances and absolute nuclear density are measures of the degree of clustering
and compaction in multicellular structures. Measuring nuclear Z-coordinates
across conditions gives a quantitative measure of multiple cell layering in in vitro
cultures.
For most in vivo measurements, the unit measured was the entire embryo. At this
point in development the gross multicellular organisation of the embryo is
relatively uniform, so that measurements in one part would be similar to those in
another. Furthermore, the primitive-streak as a structure is loosely defined and
constantly changing over time, in addition it is difficult to demarcate the edge of
the epiblast throughout the embryo from confocal images. Therefore, manually
segmenting and defining these regions could result in biased measurements.
Analysis was conducted after grouping cells into T-positive and T-negative
groups for global density measurements, however a this timepoint T-positive cells
are distributed across the anterior-posterior axis and proximo-distal axis and thus
may not be defined as the primitive-streak. Qualitative analysis of confocal
images of the primitive-streak region suggested that there were changes to nuclear
shape at the streak (especially at the proximal-posterior pole where it is clearer to
see), this may have resulted in segmentation errors that artificially alter density
measures, which is difficult to exclude.
Additionally, throughout these measurements of monolayer and overlay cultures
in vivo comparisons are made with 2iLIF ES cell cultures. 2iLIF culture is
representative of the pre-implantation epiblast and is described as being in a naïve
pluripotent state (Morgani et al., 2017). In the embryo the epiblast does not form
an epithelium until after implantation occurs and until then remains well
compacted with a high degree of cell-cell adhesion (Bedzhov et al., 2014).
Similarly, in culture 2iLIF colonies remain as isolated, clustered and dome like
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colonies displaying a high degree of cell-cell adhesion. Thus, 2iLIF cultures were
used as a control for in vitro multicellular organisation to compare monolayer and
overlay cultures organisation.
I first computed the number of direct neighbour nuclei across 2iLIF, monolayer
and overlay conditions in vitro as well as in the embryo using Delauney
triangulation of nucleus centroids. This data shows a modest increase in the
number of neighbouring nuclei in overlay conditions compared with monolayers
(Figure 3.11A & 3.11B). It also shows nuclei in overlay conditions have an
intermediate number of neighbouring nuclei between the typically clustered
2iLIF culture conditions and the in vivo setting of the embryo. However, it is
worth noting that the method of identifying neighbours is likely to underestimate
in cases where nuclei are closely compacted.
Next, compaction of nuclei was assessed by calculating internuclear edge
distances, where highly compacted cells would have reduced inter-nuclear edge
distances. Calculation of average culture level inter-nuclear distances across in
vitro conditions and in the embryo, confirmed qualitative assessment that overlay
culture inter-nuclear distances were just over half of those observed in monolayer
conditions (Figure 3.11C). As with neighbour counts above, the measured internuclear distances were more similar between overlays, 2iLIF cultures and in the
embryo. This provides confidence in the accuracy of the measurements as gross
morphological features of 2iLIF cultures, and the embryo are well described in
the literature relative to monolayer cultures (Ying et al., 2008).
The formation of 3D clusters and multiple layering in overlays, presented in
figure 3.8, was also confirmed by calculating the mean average, culture level, zcoordinates of nucleus centroids (Figure 3.11D). This data showed that 2iLIF and
overlay cultures had ~3-4-fold higher average z-coordinate relative to monolayer
cultures. Again, 2iLIF cultures colony morphology has been extensively
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described and is used as a control condition for overlays in relation to
organisation.
Finally, given some of the limitations associated with Delauney triangulation for
calculating neighbouring nuclei, I also calculated nucleus density at different radii
from a source nucleus. Single cell density data were then averaged per condition
across each biological replicate. These measurements were performed in 2iLIF,
monolayer and overlay cultures as well as in ~E7.0 gastrulating embryos
(Figure3.11E). Nucleus density measurements show that overlays and 2iLIF
cultures have increased density at more local radii, and as this radius increases,
overall culture density aligns with values observed in monolayer cultures. Values
for nucleus density in ~E7.0 embryos are consistently higher than any in vitro
culture conditions. However, it must be noted that limitations exist in defining
ground truth values in each system due to the degree of empty space in acquired
images (greater in vitro compared with in vivo samples).
With the caveats about measurements of organisation in specific areas of the
embryo at the timepoint of development, I sought to measure nuclear density at
the primitive-streak. After categorising cells as T-positive or T-negative based on
their expression of T-Brachyury, I calculated nucleus density at a range of radii
for these two groups. Overall, this data suggested a small increase in local
densities in the region of T-positive nuclei compared with T-negative cells, with
this difference decreasing with increasing search radius (Figure 3.11). However,
it should be noted here that the data is quite variable.

3.3 Discussion
The results of this chapter provide an in vitro framework to manipulate
multicellular organisation using an ECM culture system. Compared with standard
monolayer cultures, ECM cultures, in mesodermal differentiation conditions,
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undergo multicellular reorganisation and recapitulate organisational features
associated with gastrulation (Figure 3.12).
Quantitative image analysis of T-Brachyury expression in single nuclei of ~E7.0
stage gastrulating mouse embryos, provided a comparator dataset for future in
vitro work assessing cell fate decisions (Figure 3.3). Furthermore, to the best of
our knowledge it is the first example of single cell resolution, spatially quantified
expression map of T-Brachyury in vivo. Although others have mapped TBrachyury positive cells and their tracks at the single cell level using in toto light
sheet microscopy (McDole et al., 2018). This analysis revealed cells expressing
higher levels of T-Brachyury localised at the primitive-streak origin and
expression was negatively correlated with distance from the primitive-streak
(Figure 3.3C). This cohesion in patterning was further confirmed by noting a
positive correlation between single cell expression and average neighbour
expression of T-Brachyury. These protein level spatial expression patterns appear
to fit well with those generated from RNA-seq data as well as more qualitative
descriptions using in situ hybridisation and immunofluorescence (Beddington et
al., 1992; Lolas et al., 2014; Morgani et al., 2018).
Despite the ability to perform single cell level, nuclear segmentation of
gastrulating mouse embryos and subsequently compute 3D spatial relationships
between nuclei, it was not possible to robustly assess correlations between cell
fate and physical organisation. This was due to the relative uniformity of gross
multicellular organisation of the embryo at this timepoint, as well as being unable
to manually segment the primitive-streak in an unbiased manner. This was in part
due to an inability of using multiple immunofluorescence markers that would
allow the definition of nuclei, T-Brachyury expression, loss of basement
membrane and expression of mesenchymal markers. Such a combination of
markers would have allowed for a clearer delineation of the spatial boundaries of
the primitive streak to then manually segment during image analysis. Even in
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such a successful scenario, the close spatial juxtaposition of tissues could mean
that such correlations are meaningless in the absence of experimental
manipulation. However, qualitative analysis highlighted a range of changes to
multicellular organisation in the T-Brachyury expressing region of the primitivestreak during gastrulation around E7.0. At the proximal-posterior of the embryo
there is a loss of epithelial structure and apico-basal polarity of the epiblast, which
undergoes an EMT, evidenced by a loss of apical pericentrin and basal β1-integrin
expression (Figure 3.4A). This EMT appears to result in nucleus compaction and
cell clustering at the primitive-streak, resulting in the formation of multiple cell
layers compared to the pseudostratified epithelium of the anterior epiblast (Figure
3.4B).
This led me to develop an in vitro model that would allow me to decouple the
contributions of signalling and changing organisation more easily in the context
of gastrulation. Differentiation of mESC from 2iLIF in N2B27 + BMP4 for the
first 48h and ActivinA for a further 24h (48-72h) yielded a population
heterogenous for T-Brachyury, Eomes and Nanog (Figure 3.5B). The expression
of these markers suggested cells were in a state similar to cells at the early
primitive-streak in vivo (Arnold & Roberstson, 2009; Morgani et al., 2018; Tosic
et al., 2019). This raised the question of whether we could also recapitulate some
of the morphological changes that occur in gastrulation in vivo.
Addition of Matrigel to monolayer cultures at the 48h timepoint resulted in rapid
spatial reorganisation of cells (Figure 3.7 & Figure 3.8). Monolayers were
reorganised and clustered into 3D epithelialised cysts with an apical lumen, which
were subsequently disrupted and became migratory and mesenchymal in
morphology and behaviour. The dynamic behaviours observed during phasecontrast imaging were confirmed to be a result of an EMT based on expression
of characteristic EMT markers such as N-cadherin (Figure 3.9). The expression
of apical and basal markers and their behaviour over time, from the epithelial to
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mesenchymal state, is similar to what is observed in vivo during the periimplantation and early post-implantation stages (Figure 3.4 & 3.9) (Bedzhov et
al., 2014; Shabazi et al., 2017; Morgani et al., 2018). Specifically, the formation
of the pseudo-stratified epiblast with apical-basal polarity and subsequent loss of
this organisation at the proximal-posterior of the epiblast during EMT. Indeed, it
is interesting to observe that the dynamics of cadherin switching appear to be
conserved between in vitro and in vivo. In vitro N-cadherin is first expressed in
basal cells migrating away from the colony centre, in vivo N-cadherin is first
expressed after cells have ingressed through the streak and begin migrating
between the visceral endoderm and epiblast layers. The EMT behaviours
suggested a recapitulation of gastrulation-like changes in organisation, was
occurring in vitro.
EMT behaviours have been observed in several in vitro cultures attempting to
replicate aspects of mouse gastrulation (Turner et al., 2014; Morgani et al., 2018).
Turner et al., differentiate mES cells from serum-LIF conditions using 100ng/ml
ActivinA and 3µM Chiron in N2B27 between 48h-72h of the differentiation.
They report cells undergoing EMT at the edge of colonies, presenting a
mesenchymal morphology, downregulating E-cadherin protein, laying down
fibronectin and actin cable formation in migratory lamellipodia. However, cells
in these cultures appear to maintain a monolayer organisation throughout the
differentiation and it is uncertain how robust and how widespread these
behaviours are in the cultures as a whole. Morgani et al., used a micropattern
culture system to constrain the growth area of differentiating colonies. In this
system cells are differentiated to epiblast-like cells (EpiLCs) from 2iLIF and
seeded onto micropatterns and cultured in N2B27 containing 12ng/ml Fgf2,
20ng/ml ActivinA, 50ng/ml BMP4 and 200ng/ml Wnt3a. Approximately 48h
after micropattern seeding cells at the periphery begin to undergo an EMT,
evidenced by T-Brachyury and Snail expression, a cadherin switch from E- to N-
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cadherin, as well as formation of multiple cell layers. In contrast with both these
studies, which display EMT at the edges of cell colonies, the in vitro system
described here produces cells in which the entire colony undergoes an EMT.
Importantly, this appears to occur in every single colony within the culture.
Indeed, experiments have shown that cells undergo the same progression of EMT
if seeded as single colonies per well, demonstrating a colony autonomous effect
(data not shown). Additionally, the EMT effect in overlay cultures was confirmed
at the population level using qPCR of Snail, E-cadherin and N-cadherin (Figure
3.10). Moreover, in this study I prioritised the manipulation of multicellular
organisation, using an ECM overlay, in a minimal signalling environment.
Importantly, without the manipulation of organisation and in the same exogenous
signalling environment, monolayer cultures displayed no evidence of EMT.
Overall, the culture system presented in this chapter appears to produce a
bonafide EMT with EMT marker expression and 3D morphogenesis on a colonyby-colony basis.
Image analysis of in vitro culture conditions and of gastrulating embryos allowed
me to quantitatively confirm some of the qualitative observations I had previously
made regarding multicellular organisation. Measuring nucleus z-position,
neighbour counts, inter-nucleus distance and cell density confirmed observations
of multiple layering in the z-axis, increased compactness and clustering, and
higher densities at short range in overlay cultures compared to monolayers
(Figure 3.11). These measurements confirmed the robustness of the in vitro
system across multiple colonies per condition per experiment. Furthermore, it
was reassuring to observe that, where comparable, measures of multicellular
organisation were closer to embryo values than monolayers were. Moreover, the
measurement of these values demonstrates its feasibility for future applications
in correlating with cell fate.
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Overall, in this chapter, qualitative analysis, and quantitative measurement of
multicellular organisation in this in vitro system has confirmed a robust and
reproducible EMT in overlay cultures that recapitulates gastrulation EMT
organisation and behaviour (Figure 3.13). This system would allow me to
decouple the contribution of the exogenous chemical signalling environment
more easily from that of changes in multicellular organisation, on cell fate
specification. Specifically, it would allow me to assess if gastrulation-like EMT
is associated with enhanced or more directed mesoderm differentiation, compared
with standard monolayer culture in the same exogenous signalling environment.
The following chapter will assess this and describe experiments performed to
disentangle the role multicellular organisation plays in regulating mesodermal
cell fate decisions.

89

Figure 3.1. Mesoderm emergence during gastrulation.

Sagittal and transverse images of primitive streak and early mesoderm markers T-Brachyury and Eomes. Eomes is expressed
in the posterior epiblast, through to the mesodermal wings, whereas T-Brachyury expression appears more localised to the
primitive streak. (A) Sagittal and (B) transverse Z-slices of E7.0. NPC: Nuclear Pore Complex, a marker of the nuclear
envelope. PS: Primitive Streak.
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Figure 3.2. Single cell image segmentation and strategy for computing image features and
relationships.

(A) Example confocal optical section of e7.0 gastrulation mouse embryo stained for LaminB1 (grey) and TBrachyury (Magenta), alongside computer generated single cell segmentation (multicolor). (B) Example
feature computations and network relationships in image file.
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Figure 3.3. Quantitative image analysis of T-Brachyury expression and patterning during mesoderm
emergence at gastrulation.

(A) 3D computer generated images of representative e7.0 mouse embryo segmentations individual nuclei overlaid with a
heatmap of T-Brachyury intensity. (B) Cell vs neighbour cell T-Brachyury (T-Bra) intensity. Random sampling from n=4
embryos, datapoints represent individual segmented cells. (C) Single cell T-Bra intensity binned and plotted against
neighbour intensity (top) and binned T-Bra intensity plotted as a function of distance from primitive-streak origin (bottom,
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see methods). n=4 embryos. Blue lines in C are linear models using loess method with 95% CI in grey shading.

Figure 3.4. Epithelial to mesenchymal transition during gastrulation.

Transverse optical sections of (A) B1-integrin, (B) Pericentrin showing the loss of apico-basal organisation in the
posterior of the embryo compared with the pseudostratified-epithelium in the anterior. (C) Nucelar envelope
staining using LaminB1 in two reperesentative embryos. Arrowheads indicate multiple cell layering at the streak
and in migratory mesenchyme. e7.0 stage embyros.
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Figure 3.5. In vitro mesoderm differentiation

(A) Schematic showing expected trajectory of cell fates during mouse gastrulation and approximate transcription factor
expression. (B) Confocal images of monolayers immunostained for Nanog, T-Brachyury and Eomes. Cultures
were
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differentiated from 2iLIF in N2B27 + 10ng/ml BMP4 for 48h and then N2B27 + 20ng/ml ActivinA from 48h-72h.

Figure 3.6. Schematic of strategy to disrupt epithelial monolayers during mesoderm
differentiation.
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Figure 3.7. Extracellular matrix cultures induce gross morphological changes.

(A) Phase contrast images showing gross morphology over time in cultures. (B) Phase-contrast live imaging
showing dynamic multicellular reorganisation in extracellular matrix overlay cultures.
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Figure 3.8. Multiple cell layer in overlays and in vivo comparison

Transverse optical sections of gastrulating mouse embryo and confocal z-stacks of monolayer and overlay
cultures showing orthogonal profile. 3-4 cell layers can be observed in overlay cultures, which is reminiscent of
the multiple cell layering observed in the primitive-streak region of the mouse emrbyo.
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Figure 3.9. Hallmarks of EMT observed in ECM overlay cultures.

Confocal z-stacks of monolayer and overlay cultures stained for LaminB1 (nuclear envelope), B1-integrin,
PCX (podocalyxin), Pericentrin, Ecad (E-cadherin) and Ncad (N-cadherin). Overlay images are shown
progressing in time from epithelial state to a mesenchymal state.
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Figure 3.10. ECM overlay cultures display EMT hallmarks across differentiation timecourse.
qPCR gene expression data across differentiation timecourse showing control 2iLIF cultures and
monolayer and ECM overlay cultures. Differentiation conditions were 0-48h N2B27 + 10ng/ml BMP4;
48-72h 20ng/ml ±ECM. M= Monolayer, O= Overlay. N= min 4 independent experimental replicates.
Black point estimate and error bars display mean and standard deviation, and individual data points are
independent experimental replicates (points have been jittered along x-axis in R using ggplot
position_jitter function).
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Figure 3.11. Quantitative measures of multi-cellular organisation.

(A) Semi-quantitative heatmaps show spatial distribution of organisation features in culture. (B)
Mean number of direct neighbours in in-vitro cultures and e7.0 embryo, computed using Delauney
triangulation. (C) Mean z-coordinate of nuclei in different culture conditions normalised to the lowest
nuclei centroid per image. Embryo data not included as there is no effective culture dish bottom as a
reference point. (D) Mean distance in micrometers (um) between edges of nuclei in vitro and in vivo. (E)
Nuclei density in vitro and in vivo expressed as nuclei per cubic volume. (BCD) datapoints indicate
individual biological replicates or embryos. (E) n=4 biological replicates/embryos. Graphs show mean
plus/minus standard deviation.
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Figure 3.12. Schematic illustrating the progression of multicellular organisation in in vitro overlay
model.
(Top) In vivo gastrulation EMT in the proximal-posterior epiblast of the mouse embryo (Transverse
section schematic). (Bottom) In vitro overlay model. (Left) Cells organised as a monolayer at 48h of
differentiation are overlaid with Matrigel ECM in N2B27 + 20ng/ml ActivinA. This results in cell clustering and
intercalation soon after ECM overlay (50h). Cell colonies then form into epithelial cysts or acini with clear
apical-basal polarisation (55h-65h). Thereafter, epithelial colonies undergo an EMT, giving rise to basal
migratory, mesenchymal cells.
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Chapter 4
Pro-mesodermal effects of multicellular
organisation in ECM overlays
4.1 Introduction and aims
The previous chapter demonstrated that in vitro ECM overlay cultures
recapitulated aspects of multicellular organisation that were reminiscent of EMT
behaviours observed at the primitive streak in vivo. As discussed in chapter 3, in
vivo changes in multicellular organisation and cell fate specification occur
concomitantly. However, it is unclear to what extent 3D multicellular
organisation impacts upon cell fate decisions.
Regarding the relationship between changing multicellular organisation and cell
fate, in in vitro ECM overlay culture, several questions arise. Is there increased
mesodermal differentiation in an in vitro system that more faithfully recapitulates
features of gastrulation multicellular organisation? Furthermore, in such a system
is there evidence of coherent cell fate patterning or are cell fate distributed
heterogeneously as in monolayer cultures? If patterning is present is it
developmentally relevant? Previous in vitro studies that have manipulated the
multicellular organisation of cells have tended to focus on fate patterning, such
as the polarisation of primitive-streak markers in various cell aggregates (ten
Berge et al., 2010; Turner et al., 2014), rather than asking whether cellular
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organisation is associated with increased emergence of those fates. Although, a
hESC model of mesodermal differentiation utilising repeated ECM overlays
reported increased cardiac differentiation compared with monolayer culture, the
role of altered multicellular organisation was not investigated (Zhang et al.,
2012).
If changes in multicellular organisation that recapitulate aspects of gastrulation
do indeed promote mesodermal emergence and or patterning, which features of
that organisation are responsible? That is, which features of organisation
feedback into decision-making processes that specify cell fate? Previous work in
mesodermal differentiation of hESCs has demonstrated a role for tissue scale
mechanics modulating Wnt signalling in order to promote mesodermal
differentiation. Similar mechanisms have been directly observed in Drosophila
and Zebrafish, inducing T-Brachyury homologue expression (Przybyla et al.,
2016; Brunet et al., 2013). Therefore, one plausible hypothesis is that the ECM
overlay generates different physical forces compared with monolayer cultures,
and these forces directly regulate pro-mesodermal Wnt activity.
Another potentially relevant mechanism for mesoderm differentiation is that of
the community effect (Gurdon 1988). Experimental work in xenopus
demonstrated a lower threshold for the number of muscle progenitor cells
required in an ectoderm sandwich to initiate a muscle specific gene program
(Gurdon et al., 1993). This work suggested that an increase in local cell density
can result in a coherent and homogeneous differentiation programme. Later work
suggested that the mechanism explaining such community effects could depend
on self-regulatory feedback of signalling ligands such as Nodal, Wnt or FGF
(Bolouri & Davidson 2010; Saka et al., 2011). Based on this, a second hypothesis
could be that the ECM overlay increases the local cell density and that this results
in an amplification of pro-mesodermal Nodal, Wnt or FGF activity.
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In the following work I aim to identify if the manipulation of multicellular
organisation in in vitro ECM overlay cultures resulted in enhanced mesodermal
differentiation and more coherent cell fate patterning, relative to monolayer
cultures. I will also investigate the components of multicellular organisation
observed in overlay cultures that correlate with and potentially modulate cell fate
specification. To address these, I will:
1) Analyse differences in cell fate markers using qPCR and single cell
immunofluorescence analysis
2) Perform quantitative 3D spatial image analysis of in vitro cultures and
test potential mechanisms through further in vitro manipulation of
multicellular organisation.

4.2 Results
4.2.1 ECM cultures promote ME differentiation
4.2.1.1 qPCR analysis of cell fate changes
Addition of ECM (Matrigel) to cultures differentiated with agonists that promote
mesodermal fates results in robust and reproducible, multicellular reorganisation
and subsequent EMT (Figure 3.13). With the effects of the addition of ECM on
the cultures confirmed, I then set out to test the hypothesis that the changes in
multicellular organisation observed during mesodermal differentiation promote
mesodermal fates.
Differences in cell fate between culture conditions were assayed via RNA
extraction and subsequent qPCR analysis of typical pluripotency, mesodermal
and endodermal transcription factors. These were assayed from 2iLIF conditions
through 48h, 60h and 72h timepoints, although some markers were assayed at the
72h timepoint only (Figure 4.1).
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Pluripotency markers
The naïve pluripotent marker Klf4 was completely downregulated at the 48h
timepoint in both monolayer and ECM culture conditions and remained so
throughout the differentiation time course (Figure 4.1A).
Nanog is highly expressed in 2iLIF cultures and was subsequently downregulated
approximately at the 48h timepoint in monolayer and ECM overlays, before
increasing in monolayers and ECM cultures from the 60h timepoint onward.
Levels of expression were similar between all culture conditions from 60-72h.
The observation that Nanog is re-expressed in both monolayer and overlay
conditions suggested some cells are adopting a posterior epiblast identity. To
assess this, I also looked at the expression of Sox2, a marker of pluripotency in
early development that becomes restricted to post-implantation epiblast during
gastrulation (supp_Figure 4.1A). Across all differentiation conditions at 72h Sox2
expression was suppressed relative to 2iLIF baseline culture conditions.
The above findings suggested that cells within overlay cultures were adopting a
later posterior-epiblast identity which is positive for Nanog and negative for
Sox2.
Mesodermal markers
I next asked whether mesoderm differentiation was increased in overlay cultures
relative to monolayer cultures (Figure 4.1B).
T-Brachyury expression increases from the 2iLIF culture baseline, at the 48h in
monolayer and ECM overlay, and increases further throughout the 60h and 72h
timepoints. At both 60h and 72h T-Brachyury expression is increased in ECM
overlay cultures compared with monolayers (p<0.05). Similarly, Eomes
expression is increased from 2iLIF baseline at the 48h timepoint, however at the
60h timepoint there is an increase in expression in overlays compared to
monolayers, which continues at the 72h timepoint (p<0.05).
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The endodermal marker Foxa2 doesn’t show any increased expression over
baseline 2iLIF until the 60h timepoint. Here and at 72h Foxa2 expression is
higher in monolayers than ECM overlays (p>0.05). Additionally, Sox17 another
marker of endoderm is similar across conditions at 72h, whereas a dual marker of
endoderm/mesoderm, Gata6, is increased in ECM overlays compared with
monolayers (p<0.05) (supp_Figure 4.1B).
The data presented above demonstrate that there is an increase in mesodermal
differentiation in ECM overlay compared to monolayer cultures, as evidence by
the increase in T-Brachyury, Eomes, and Gata6 expression. It also suggests the
possibility that the mesodermal differentiation in ECM overlays is more coherent
than monolayers, in which endodermal marker expression is higher.
4.2.1.2 Protein level analysis of cell fate changes using immunofluorescent image
analysis
To build upon the transcript level data outlined above, I also sought to assess the
changes in cell fate at the protein level using immunofluorescent staining.
I initially stained for the pan-mesodermal transcription factors Eomes and TBrachyury, along with Nanog to mark posterior epiblast-like states. These
transcription factors were chosen to provide a reference of cell state progression
that is evident at the primitive streak during gastrulation in vivo. In the mouse
embryo at ~E6.5 the posterior epiblast is marked by both Nanog and Eomes, and
T-Brachyury marks the site of primitive-streak formation. As cells ingress
through the streak from the epiblast, Nanog is rapidly downregulated whereas
Eomes and T-Brachyury expression are maintained or increase in the nascent
mesoderm (Arnold & Robertson, 2009).
Immunostaining for Eomes, Nanog and T-Brachyury revealed protein level
expression in monolayer and overlay cultures at the 60h differentiation timepoint
(Figure 4.2). At 72h there was continued expression of the three markers in both
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culture conditions however the distribution of transcription factor expression
appeared to vary between conditions. Expression of these markers in monolayer
cultures generally appeared randomly distributed, however in overlay cultures
Nanog and T-Brachyury expression was most strongly retained in the central
clustered regions of the colonies (Figure 4.3). Eomes expression on the other hand
appeared to be stronger in the peripheral migratory cells of overlay cultures.
Single nuclei segmentation of confocal image z-stacks and subsequent image
analysis generated quantitative data from these immunostains. Data from
quantitative imaging confirmed qPCR data, showing increases in T-Brachyury
and Eomes expression relative to 2iLIF baseline and increased expression in
ECM overlays at the 72h timepoint, compared with monolayers (Figure 4.4).
Unlike the qPCR data we observe a reduction in Nanog protein expression 72h
ECM overlays compared with monolayers, suggesting more rapid posttranscriptional down-regulation. This observation is in line with data from the
embryo, which shows rapid downregulation of Nanog as cells migrate through
the primitive streak (Morgani et al., 2018).
I next wanted to observe how proportions of cells co-expressing Eomes, Nanog
and T-Brachyury changed throughout the differentiation between conditions. To
do this, I randomly sampled data from multiple experimental replicates and
plotted single cell expression level data, similar to flow cytometry data
presentation. Single cell expression level data show that at the 60h timepoint
monolayers and overlays are broadly similar with regard to co-expression of
Eomes, Nanog, and T-Brachyury (Figure 4.5). However, marked differences
between monolayers and ECM overlays were observed at the 72h timepoint. The
main observation in overlay cultures was a decrease in single cell expression of
Nanog and the proportion of cells expressing Nanog (Figure 4.5). This was
accompanied by an increase in expression and co-expression of Eomes and TBrachyury, particularly of an Eomes high T-Brachyury low population.
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Compared to the 60h timepoint however, monolayer cultures displayed a
reduction in cells expressing Eomes, an increase in cells expressing T-Brachyury,
and an increase and maintenance of cells expressing Nanog (Figure 4.5).
Interestingly, the proportions of cells co-expressing Nanog and T-Brachyury was
similar between monolayer and overlay cultures, but in monolayers T-positive
cells were Nanog-High and in overlays T-positive cells were Nanog-Low or
Nanog-Negative. This data suggests that monolayer and overlay cultures set off
on a similar differentiation trajectory however markedly diverge from 60h
onward. Cells in overlay cultures appear to progress toward a Nanog-Low state,
co-expressing T-Brachyury and Eomes before transiting toward an Eomes-High
state. This latter state would appear to apply to the migratory skirt cells observed
in overlay colonies (Figure 4.2 & 4.3).
I also looked at protein expression of mesodermal/endodermal marker Gata6 and
pluripotency marker Oct4 to further define the differentiation state in ECM
overlays (Figure 4.6). Confirming qPCR data, single cell segmentation and image
analysis showed Gata6 expression was increased in overlays compared with
monolayer culture. Interestingly, it appears that strong Gata6 expression is found
in the same cells which strongly express Eomes, based on morphology and
positioning within overlay colonies (Figure 4.7A vs. 4.2 & 4.3). Whilst average
expression of Oct4 is similar between monolayer and overlay cultures (Figure
4.7B), Oct4 expression in Eomes-High and Gata6-High migratory cells is lower,
further suggesting that these cells are progressing toward committed mesoderm
(Figure 4.7C).
Together this data suggests a general increase or enhancement of mesodermal
differentiation in the ECM overlay cultures, evidenced by an increase in the
expression of mesodermal markers and a decrease in markers of pluripotency at
transcript and protein levels. Importantly, whilst mesodermal marker expression
of T-Brachyury, Eomes and Gata6 increases over time in monolayer cultures,
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cells expressing these markers also maintain expression of Nanog and Oct4. This
data suggests that monolayer cultures stall in their differentiation and are more
representative of the pre-ingression epiblast state. In contrast, cells in overlay
cultures efficiently downregulate expression of these pluripotency markers as
mesodermal marker expression increases, suggestive of a post-ingression
committed mesoderm state. This conclusion is further supported by data on TBrachyury and Nanog co-expression at the 96h timepoint, where Nanog
expression is maintained in monolayers but not overlay cultures (supp_Figure
4.5).

4.2.2 Cell fate changes are not due to growth factors contained
in Matrigel
One of the major criticisms of drawing conclusions from results using Matrigel®
in cultures is the presence of small quantities of various growth factors within this
material (Vukicevic et al., 1992). Therefore, it was prudent to assess if these
growth factors were likely to be contributing to or causally responsible for the
changes in multicellular organisation, EMT and cell fate observed in my
experiments, rather than these changes being explained primarily by the chemical
or physical properties of ECM components within Matrigel.
To decouple the effects of growth factors from those induced by the matrix itself
I performed an overlay experiment using a purified laminin/entactin matrix in
place of Matrigel. This purified laminin/entactin matrix consists mainly of the
same matrix proteins present in Matrigel®, namely laminin-111 (Horejs et al.,
2014). The purified laminin/entactin matrix has previously been used for similar
comparisons with Matrigel® during neurosphere differentiations (Meinhardt et
al., 2014). Additionally, compared with other synthetic matrices, the
laminin/entactin matrix is the most comparable to Matrigel in terms of liquid

110

Chapter 4: Pro-mesodermal effects of multicellular organisation in ECM overlays

handling and protocol implementation for cell culture, which should aid
comparison to my previous experiments using Matrigel cultures.
Figure 4.8A shows phase-contrast images of monolayer, Matrigel overlay and
laminin/entactin overlay cultures all differentiated under the same conditions.
These images demonstrate that cells overlaid with the laminin/entactin matrix
undergo the same gross morphological changes as Matrigel cultures. I then
performed qPCR analysis on 2iLIF, monolayer, Matrigel overlay and
laminin/Entactin overlay cultures for pan-mesodermal markers Eomes and TBrachyury (Figure 4.8B). These two markers were used to broadly gauge the
efficacy of the mesodermal differentiation. Eomes and T-Brachyury expression
was similar in both Matrigel overlays and Laminin/Entactin overlays and both
transcripts displayed increased expression in the ECM conditions relative to
monolayers, as previously observed (p<0.05) (Figure 4.1B).
This data demonstrates that the changes in multicellular organisation and
enhanced mesoderm differentiation in ECM overlay cultures is not due to growth
factors contained within Matrigel.

4.2.3 Mechanical environment of cell cultures do not appear to
affect differentiation or multicellular organisation in ECM
cultures
The previous section established a clear pro-mesoderm differentiation effect in
ECM overlay cultures. How ECM overlay cultures mediate this differentiation
effect however is less clear. Possible mechanisms to explain the pro-mesoderm
effect include:
1) physical disruption of monolayer organisation at 48h
2) a direct response to addition of ECM, independent of organisational changes
3) an increase in local cell density/clustering induced by ECM.
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I first set out to ask what role the initial disruption of monolayer organisation
plays in the effect. This event is accompanied by a shift from substrate cell-ECM
adhesion to predominantly cell-cell adhesion, which in turn is likely to alter
mechanical tension across colonies. In order to test the effect of disrupting
epithelial organisation, I cultured cells as 3D epithelial cysts in Matrigel from
2iLIF/0h timepoint, this method has previously been used to generate epithelial
cysts or acini after 48h in EpiLC conditions from 2iLIF mESCs (Shabazi et al.,
2017). Therefore, suspended colonies will already have formed an epithelium
prior to the media change to N2B27 + ActivinA at 48h, and also prior to
epithelialisation in overlay colonies (~60h; Figure 3.7). It should be noted
however that this experiment did not allow me to disentangle the contributions of
direct matrix response or increased cell density in the overlay differentiation
effect.
qPCR analysis of T-Brachyury and Eomes demonstrated that epithelial cyst/acini
cultures appear to display the same pro-mesoderm differentiation effect as is
observed in overlay cultures (Figure 4.9). Although T-Brachyury expression is
slightly lower than that observed in overlay culture conditions, both Eomes and
T-Brachyury expression are increased relative to monolayer cultures (p<0.05). As
well as these fate markers, I also performed qPCR for EMT markers Snail and Ncadherin, both markers of EMT. (Figure 4.9). Snail expression was increased
relative to monolayers and similar to overlay cultures (p<0.05), however Ncadherin whilst displaying increased expression in acini relative to monolayers
was lower than overlay cultures. Thus, the initial disruption of monolayer
disruption of the overlay method did not appear to contribute to the promesodermal effect.
Given these, albeit small, disparities between overlay and acini culture I next
assessed some of the culture heterogeneity using immunofluorescence. Despite
being grown in suspended culture some colonies had become adherent and were
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identical to overlay colonies, whilst others appeared embedded in the gel at higher
positions and were fully epithelial cysts, and yet others were somewhere in
between (Figure 4.10A). The potential existence of multiple colony states was
further highlighted by immunofluorescence staining of E-cadherin and Ncadherin (Figure 4.10B). Within acini cultures following PFA fixation, it
appeared as if colonies positioned close to the culture surface had undergone an
EMT and displayed a cadherin switch, however there were other colonies that
retained a primarily epithelial acinar organisation, with no N-cadherin expression
– in line with qPCR data. From phase contrast images these appeared to be
colonies that were fully suspended in the Matrigel, and as such positioned further
from the culture surface.
These observations suggested two main possibilities, 1) only colonies near or in
contact with the tissue culture surface were competent to undergo an EMT and
differentiate, or alternatively 2) all colonies go through the same morphological
progression and differentiation and degrade the ECM, ultimately adhering and
spreading on the culture substrate. If the first were true, then this raised the
possibility of mechanical stimuli regulating the EMT in acini and overlay
cultures, with colonies closer to the stiff (c.3.6GPa) tissue culture plastic
experiencing relatively higher levels of tension (Guimarães et al., 2020).
Moreover, it would suggest that colonies which maintained their epithelial
structure were ‘shielded’ from the EMT and differentiation programme, with the
EMT programme feeding back into mesodermal differentiation.
This hypothesis is supported by literature demonstrating mechanical regulation
of mesoderm invagination and EMT in Drosophila and zebrafish, tumour
metastasis, and mechanical control over mesoderm priming of hESCs (Gilmour
& Leptin, 2017; Broders-Bondon et al., 2018; Przybyla et. al., 2016).
To examine this hypothesis, I performed immunostaining for the Hippo pathway
component and known mechanotransducer YAP, on monolayer and overlay
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cultures (Figure 4.10C) in order to test the prediction that cells in overlay cultures
experience different mechanical stress compared with monolayer cultures. Under
high mechanical stimulus YAP is known to translocate from cytosol/adherens
domains to the nucleus (Dupont et al., 2011; Dupont, 2016). Monolayer cultures
displayed predominantly nuclear localisation of YAP, which was to be expected
given cells are in immediate contact with the stiff tissue culture surface. In overlay
cultures however clear nuclear localisation was only observed in spreading
migratory cells and appeared mostly confined to the cell membrane in central
colony areas. This again highlighted the possibility of the mechanical stimulus of
the stiff culture substrate actively regulating EMT in basal cells of overlay and
acini cultures.
To test whether mechanical forces might influence the differentiation response, I
cultured acini in Matrigel atop a layer of collagen-I gel of approximately 5mm
thickness. This layer of collagen would create a relatively compliant mechanical
surface substrate at an estimated 400-600Pa based on the literature (Kural &
Billiar, 2013; Mullen et al. 2015). Despite the more compliant mechanical
environment, phase-contrast images revealed a pro-differentiation EMT
phenotype in acini cultures on top of collagen-I, similar to that seen in the absence
of this compliant matrix (Figure 4.10D). However, migratory cell morphology on
collagen-I was more elongated compared to the flattened morphology observed
in typical overlay cultures. To confirm acini cultured on top of a collagen-I gels
were undergoing a similar EMT programme to overlay cultures, I performed
qPCR for Snail and N-cadherin (Figure 4.10E). Overlay cultures and acini
cultured on top of collagen-I gels displayed similar levels of transcript expression
for Snail and N-cadherin, which were both increased relative to 2iLIF and
monolayer cultures.
The data presented here suggests that in this differentiation context, mechanical
tension does not appear to play a major regulatory role in promoting EMT
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mesodermal differentiation in overlay cultures. It does not exclude the possibility
that even higher mechanical tension exists in monolayer cultures compared with
overlays, and in that setting, inhibits mesodermal differentiation. However, given
the magnitude of change of stiffnesses present in overlay colonies versus acini,
versus acini on a thick collagen-I gel, where substrate stiffness ranges are from
1e-6GPa – 3.6GPa this seems less probable.

4.2.4 Investigating cell fate patterning and correlation of fate
with multicellular organisation using quantitative image
analysis
As it seemed unlikely mechanical forces were playing a major role in the promesoderm differentiation of overlay cultures, I then sought to determine potential
correlations between fate and other features of multicellular organisation.
Qualitative observations of transcription factor expression in overlay colonies had
indicated more coherent patterning of fates in overlays compared to monolayers
and several of these markers appeared to be localised within clustered central
colony domains. These features of fate marker patterning and clustering could
underpin a community like effect. Therefore, I set out to quantitatively define
measures of patterning within cultures and identify organisational features that
potentially regulate or contribute to cell fate decisions.
I sought approaches to quantitatively assess the degree of local coherence of
‘clustering’ of early mesoderm cells under different culture conditions. One way
of doing this is to relate expression levels of differentiation markers within each
individual cell with mean averaged expression levels across all the neighbours of
each individual cell. In other words, to ask: do cells tend to be similar or different
to their immediate neighbours? To do this, I generated a graph of neighbour
relations using PickCells’ Delauney triangulation (see methods 2.2.7) and
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computed the mean averaged expression for Eomes, Nanog and T-Brachyury for
each individual cells’ neighbouring cells. This would allow me to measure how
individual cell transcription factor expression varied with its neighbours and thus
provide a measure of patterning within cultures. Plotting single cell level
expression against mean average neighbour cell expression for the three
transcription factors outlined above revealed a common theme between
monolayer and overlay culture conditions (Figure 4.11). In both culture
conditions, expression of single cell level Eomes, Nanog and T-Brachyury
positively correlates with its own mean averaged expression in neighbouring
cells. However, this correlation is stronger in overlay cultures compared to
monolayers. Correlations between pairs of different transcription factors (e.g. T
vs Nanog, Eomes vs Nanog) are weak and show high levels of variability.
Although, the trend observed in T-Brachyury expression versus neighbour Eomes
expression tentatively confirmed qualitative observations of the separation of
Eomes and T-Brachyury expressing cells at 72h in overlay cultures. Despite the
effects of neighbouring cell transcription factor expression being subtle, the data
suggests that mesodermal cells tend to be more coherently distributed or
‘clustered’ in overlay cultures compared with monolayers.
To further assess spatial organisation of different cell fates in vitro I then went on
to measure their relation to nucleus z-coordinates, this would provide 3D
information about the organisation of fates along this axis in overlay cultures
(Figure 4.12A). As cells in overlays formed multiple layers upon ECM addition
and later developed a migratory skirt of Eomes-positive cells, I wanted to assess
if there was a positive correlation between nucleus z-position and mesoderm
formation. In other words: do mesodermal cells, for example tend to form in
regions where cells pile on top of each other? If so, do they form at the top,
middle or bottom of these piles? Plotting nuclear transcription factor expression
for Eomes, Nanog and T-Brachyury at the 72h timepoint, against nucleus z-
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position demonstrates a relatively uniform distribution of z-positions across
transcription factor expression for T-Brachyury and Nanog, in overlay cultures
(Figure 4.12B). However, cells expressing relatively higher levels of Eomes can
be found at both low Z-positions and high Z-positions, with the lowest expressing
cells being found between 10-20µm Z height. This quantification appears to be
in line with observations of confocal images and semi-quantitative heatmaps.
The measures made thus far indicated that there seemed to be a greater degree of
local coherence of mesodermal differentiation in overlay cultures compared with
monolayer cultures. Moreover, analysis of nuclear z-positions demonstrated a
degree of patterning of Eomes+ cells along this axis, but not of T-Brachyury+
cells or Nanog+ cells.
These measurement across multiple colonies and experiments is in keeping with
qualitative

observations.

For

example,

semi-quantitative

heatmaps

of

transcription factor expression appear to show the highest T-Brachyury and
Nanog expression in the clustered, more layered regions of 72h overlays, which
span multiple z-positions. I was unable to perform a similar measure of XY axes
patterning, as it was not possible to define a robust reference point for each
individual colony across experimental replicates, as I had done for the Z-axis
(where the culture surface was used to normalise Z-coordinates). However,
confocal images and nuclear segmentation give a strong visual impression that
these T+/Nanog+ regions in particular were densely packed, further raising the
possibility that local cell density could regulate transcription factor expression
and thus cell fate specification and patterning.
Locally coherent primitive streak-like or nascent mesodermal cell emergence in
regions of apparent clustering is consistent with reports of community effect-like
mechanisms. Thus, I sought to assess the degree of correlation between local cell
density and transcription factor expression to provide evidence for the hypothesis
that higher local densities promote the emergence of mesoderm.

117

Chapter 4: Pro-mesodermal effects of multicellular organisation in ECM overlays

To address this, I set about analysing the relationship between local cell density
and mesodermal marker expression using two separate image analysis methods.
The first method to investigate the effect of local cell density and differentiation
was to calculate the absolute cell density, or total number of nuclei, within a
search radius for each individual nucleus. The use of differing search radii takes
into account spatial asymmetries in the culture whereby smaller search radii
display greater heterogeneity in density, but this is reduced as the radius is
increased and encompasses an entire colony. Using this measure it was observed
from semi-quantitative heatmaps (Figure 4.13A) and graphing measurements
(Figure 4.13B) that correlations between density and transcription factor
expression were similar across all three search radii. Across these radii it was
observed that Nanog expression displayed little to no correlation with cell density
at this timepoint. In contrast, and in keeping with qualitative observations, TBrachyury expression positively correlated with increased density and Eomes
expression was negatively correlated with increased density at the 72h timepoint.
I then sought to support these findings using an independent method. To do this
I used a semi-biased data clustering algorithm called DBSCAN (density based
spatial clustering of applications with noise). Briefly, given two parameters, a set
of points and a defined space, it will group points that have many nearby
neighbours and mark as outliers’ points those which have no or few neighbours
(dependent on initial parameterisation). With respect to my datasets, the
minimum set of points and search space was defined and tested on a typical
overlay colony and then these parameters were used across all experimental
conditions and biological replicates. Figure 4.14A shows the separation of cells
in the different culture conditions into clustered and non-clustered groups.
Monolayer cultures by definition should not contain clustering analogous to
overlay cultures, however, if there are groups of cells that meet the parameters
these will be grouped as such, but such instances are rare. Looking at clustered
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versus non-clustered groupings in overlay culture conditions at the 72h timepoint
it can be observed that T-Brachyury expression is higher in clustered regions
compared with non-clustered, whereas Eomes expression is high in non-clustered
regions versus clustered (Figure 4.14B).
The ‘clustered’ organisation of T-Brachyury+ cells and the ‘un-clustered’
organisation of Eomes+ cells revealed by DSCAN analysis is in keeping with the
absolute density-based analysis described above. Both methods confirm that there
is little difference in Nanog expression between clustered and non-clustered
regions, although it is slightly increased in clusters.
Despite the correlations between T-Brachyury and Eomes expression and cell
density/clustering at the 72h timepoint, this doesn’t necessarily reflect any
regulatory role of local density on initiating cell fate specification and EMT.
Instead, given we already begin to observe differences in Eomes and T-Brachyury
expression between monolayer culture and overlay culture at the 60h timepoint
(Figure 4.1B), the EMT and patterning of cell fates could just be downstream
behaviours of cells expressing those transcription factors. However, it may
support the idea that differing cell densities have a role in maintaining and
stabilising these cell populations at the 72h timepoint.
To assess the role that local cell density plays in regulating the emergent cell
fates, EMT and patterning observed at the 72h timepoint I proceeded to analyse
cell density and differentiation at an earlier timepoint. At 60h overlay colonies
are typically compacted epithelial cysts but individual colonies vary in size, partly
due to varying size of initial monolayer colonies. Therefore, to ask whether local
cell density of a colony is potentially regulating cell fate decisions in this system,
as is speculated from the 72h data, I measured the effect of colony size versus
transcription factor expression. If increased local cell density did play a positive
regulatory role in the emergence of mesodermal fates, then a positive correlation
of Eomes and T-Brachyury with colony size should be observed.
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Quantification of colony size at the 60h timepoint in overlay cultures
demonstrated a small positive correlation between increased colony size and
increasing T-Brachyury and Eomes expression (Figure 4.15A). Little to no
correlation was observed in relation to Nanog expression. Therefore, this data
suggested that at earlier timepoints increased local cell density could positively
regulate mesodermal markers T-Brachyury and Eomes during the differentiation.
This data suggested that increased local cell density promotes mesodermal
emergence in overlay cultures as evidenced by the positive correlation of
mesodermal marker expression and local cell density. Further, in combination
with 72h data, it suggests that more mature Eomes-High mesodermal cells
become migratory leaving behind a dense T+/Nanog+ primitive streak like
region.
To further assess the dynamics changes in local cell organisation throughout the
differentiation timecourse following ECM overlay, I made use of T::GFP reporter
mESC cells (Figure 4.15B). To do this, I performed live cell imaging of overlay
colonies and measured the diameters of well-defined epithelial colonies as a
proxy for cell number and defined colonies as T-Brachyury positive if signal
increased above background. This experiment allowed me to test the prediction
that the timing of onset of T expression depends on colonies reaching a particular
critical mass.
In keeping with this prediction, graphing of individual colony level data appears
to show that smaller colonies have later T::GFP expression onset, whilst larger
colonies display an earlier onset of T::GFP expression (Figure 4.15B). In order
to monitor the timing of a later step in mesoderm differentiation, I chose to
measure the onset of EMT. I defined the onset of EMT as the time at which it was
no longer possible to measure the diameter of an epithelial structure (last
triangular data point for each colony). This confirmed that the onset of EMT, like
the onset of T-Brachyury expression, was associated with larger colony size.
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If the onset of T::GFP expression depended primarily on either an intrinsic timer
or an extrinsic global change across the culture, we would expect to see a
relationship between time of T::GFP onset and overall time spent in the culture.
However, this was not the case: we observed considerable variability in the
overall time of onset between colonies (average 20h, CoV 0.27), in contrast to
the lower variability in the size of colonies at time of T::GFP onset (average
50µm, CoV 0.2) (Figures 4.15C). This data seemed to support the idea that a
particular range of cell density was required for the onset of T::GFP expression,
and increased cell density could positively regulate the expression of TBrachyury and likely Eomes.

4.2.5 Increasing local cell density in absence of ECM does not
replicate cell fate changes in ECM culture
Based upon these quantitative measures of multicellular organisation in in vitro
ECM overlay cultures, I then sought to disentangle the components of
multicellular organisation that potentially contribute to the enhanced
differentiation effect. Quantitative image analysis suggested that increased local
cell density in ECM overlays could play a regulatory role in promoting mesoderm
differentiation, however increasing local cell density is not the only change in
multicellular organisation to occur in overlay cultures. Increased local cell density
in overlay cultures is concurrent with an ECM rich environment and the
formation of a mature epithelial cyst structure, both of which could act as
confounding variables. For example, the ECM rich environment could promote
mesoderm differentiation via ligand trapping or by direct matrix signalling
through integrin receptors (Chang, 2016; Burdsal et al., 1993; Wang et al., 2015).
Additionally, the formation of a mature epithelial structure with apical-basal
polarity would result in asymmetric distribution of cell surface receptors, and as
a result change signalling responsiveness to morphogens in the culture
environment. This effect has been shown for TGFβ receptors localisation
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affecting SMAD responsiveness to BMP ligands in hESC micropatterns and in
E6.5-E7.0 mouse embryos (Etoc et al., 2016; Zhang et al., 2019). Despite these
potential confounders, image analysis of overlay cultures and also live imaging
of T::GFP cells suggest that local cell density at the very least partially contributes
to the effect.
In order to test the effect of local cell density on mesoderm differentiation in the
absence of high exogenous ECM, I cultured cells as embryoid bodies. Embryoid
bodies (EBs) or embryoid body-like cultures are 3D ES cell aggregates grown in
non-adherent culture conditions, and have been used to model symmetry
breaking, cell fate specification and axis-elongation in early mammalian
development (ten Berge et al., 2008; van den Brink et al., 2014). As the cells
grow in aggregates with strong cell-cell adhesion they form relatively dense,
clustered structures compared with monolayer cultures. Therefore, if local cell
density has a dominant effect, in and of itself, on mesoderm differentiation in
ECM overlay cultures then we might expect to see the effect fully or partially
recapitulated in EBs.
Cells were cultured in non-adherent culture plates in the same differentiation
media as ECM overlay cultures and at the same bulk cell density, as a result cells
grew in free suspension as clusters (see methods 2.2.5). At 72h EBs and overlay
colonies had broadly similar diameters in non-EMT colonies (Figure 4.16A).
These were washed and lysed alongside 2iLIF, monolayer and overlay cultures
for qPCR analysis. qPCR of Eomes, T-Brachyury and Foxa2 in these culture
conditions suggested that EB culture did not fully recapitulate the effect of
enhanced mesoderm differentiation in overlay cultures (Figure 4.16B). Eomes
expression in EBs was approximately double compared to monolayers (p>0.05),
however this was less than half the level observed in overlays (p<0.05). TBrachyury was increased in EBs relative to monolayers (p<0.05) but was less
than that in overlay cultures (p>0.05), although the data was variable.
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Additionally, the endodermal marker Foxa2 was higher compared to both
monolayer and overlay culture conditions. This data suggested that
clustering/increased local density in and of itself is not sufficient to explain the
differentiation effect in overlay cultures. The lack of concomitant increases in TBrachyury and Eomes in EB culture, which is a key feature in overlays, and higher
expression of Foxa2 suggests a more divergent cell fate specification process is
occurring, with the emergence of multiple cell types i.e. mesoderm and
endoderm.

4.2.6 The role of epithelialisation in ECM culture induced cell
fate changes
4.2.6.1 N-cadherin knock-in cells
As increased local density in and of itself wasn’t sufficient to recapitulate the
ECM overlay effect, I then turned to investigate the role of epithelialisation, one
of the more salient factors in overlay multicellular organisation. As previously
stated, epithelialisation and apical-basal polarity results in asymmetric
distribution of cell surface receptors, therefore in overlay colonies baso-lateral
localisation of TGFβ receptors or Wnt receptors could explain the enhanced
mesoderm differentiation.
To experimentally test this idea I first made use of NcKI cells which have the Ncadherin coding sequence knocked in to the E-cadherin locus, thus knocking out
E-cadherin expression and expressing N-cadherin from this locus instead, using
the endogenous gene regulatory elements. These cells had previously been used
to test the role of adhesion in neural differentiation where it was shown that they
displayed partial defects in cell-cell adhesion (Punovuori et al., 2019). Thus, I
hypothesised that the defects in cell-cell adhesion may prevent these cells from
being able to form an epithelium in ECM cultures. If NcKI cells were unable to
form an organised epithelium in ECM cultures and epithelialisation was
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important in the wild-type overlay differentiation effect, then the effect should be
absent when using NcKI cells.
Initial pilot experiments using NcKI cells confirmed that they appeared to display
an adhesion defect in monolayer cultures compared with wild-type cells (data not
shown). I then set up experiments with wild-type cells and NcKI cells in 2iLIF,
monolayer, overlay and acini culture conditions. Acini culture conditions were
also included in the experimental workflow as this condition constrains cells from
the beginning of the differentiation, potentially allowing NcKI to form into
epithelia due to close neighbour proximity. If NcKI cells cultured as acini were
able to form epithelia, then this would provide an additional control condition
with which to compare NcKI overlay cultures and ascertain the importance of
epithelialisation.
Phase contrast images of wild-type cells and NcKI cells displays marked
differences in gross morphology and organisation between the two cell lines
(Figure 4.17A). NcKI cells in 2iLIF and monolayer conditions appeared to show
defects in cell adhesion, noted by the lack of compacted colonies in 2iLIF as we
see in wild-type cells, and cell spreading in monolayer conditions. In ECM
conditions, overlay and acini, wild-type cell cultures display the typical
progression of epithelial cysts undergoing EMT. However, in comparison, in
NcKI cell cultures, both overlay and acini colonies appear to be much more
disorganised. NcKI overlays formed colonies made up of multiple small cyst-like
clusters as well as isolated cyst-like clusters. NcKI acini appeared to form larger
cyst-like colonies where it is unclear if epithelialisation occurred, these then
appear to undergo an EMT but again lacking the organisation observed in wildtype cultures.
Performing qPCR for T-Brachyury and Eomes expression in wild-type and NcKI
cultures revealed that across monolayer, overlay and acini conditions, expression
levels were lower in NcKI cells compared with JU09 wild-types (Figure 4.17B).
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Suggesting that NcKI cells are on the whole not as competent to respond to
mesoderm inducing signals, although why this is the case is unclear. However,
when observing NcKI cells in isolation, expression levels of both T-Brachyury
and Eomes in overlays are approximately double those of monolayers, and
expression levels in acini double that of overlays. It should be noted that
expression levels of Eomes in NcKI are much lower relative to wild-type cells
compared with the same situation for T-Brachyury.
Whilst this data is variable and does not rule out epithelialisation or increased
local cell density as the component of multicellular organisation dominant in the
differentiation of ECM cultures, it does suggest that acini NcKI cultures closely
reproduce the wild-type ECM effect albeit at lower absolute levels of mesodermal
marker expression.
4.2.6.2 Type-I collagen ECM culture
To further test the role epithelialisation plays in overlay differentiation and
disentangle it from the contribution of increased local cell density in an ECM
environment, I performed the mesoderm differentiation using a collagen-I gel as
the ECM environment. It has previously been shown that mESCs cultured in 3D
gelatin gels, a degraded form of collagen, do not undergo polarisation and
lumenisation during differentiation from a naïve pluripotent state to a primed
pluripotent state (Shabazi et al., 2017). Additionally, single cell sequencing data
of mouse gastrula highlight that cells of the epiblast, primitive streak and nascent
mesoderm do not express the appropriate integrin α-subunits for collagen-I
binding (α1/ α2; Pijaun-Sala et al., 2019). Given that cells in the overlay
differentiation appear to follow this cell type trajectory – epiblast to primitive
streak to nascent mesoderm – it is unlikely that they too express the appropriate
receptors for collagen-I binding. Thus, these two pieces of evidence in the
literature suggest that mESCs would not bind to collagen-I and undergo
polarisation and lumenisation, and therefore epithelialisation. This experimental
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setup then allowed me to decouple increased local cell density/clustering in an
ECM rich environment, from epithelialisation.
Cells were differentiated as monolayers and overlays in BMP4 and ActivinA as
previously described and in addition cells were seeded and differentiated in a
cross-linked 3D collagen-I gel from 2iLIF. During differentiation collagen-I
clusters did not appear to form an epithelium and this organisation was not
evident at 72h either, where colonies presented as dense clusters of cells (Figure
4.18A). This is in comparison to the structures observed in the standard overlay
cultures, which show the expected distribution of colony states, that is epithelial
cysts and colonies undergoing EMT with migratory basal cells. No basal
migratory cells were observed spreading in any collagen-I cluster biological
replicates. To further assess the epithelial status of collagen-I clusters I performed
immunofluorescence imaging of apical-basal and cell adhesion marker proteins
(Figure 4.18B). Staining revealed strong apical localisation of E-cadherin, PCX
and ZO-1 in epithelial overlay colonies (left panel) as well as basal localisation
of β1-Integrin, which was lost upon colony EMT (middle panel). No such
localisation was observed in collagen-I clusters (right panel) where expression
was disorganised and more similar to EMT overlay colonies. This data confirms
that collagen-I clusters do not appear to form an epithelium and therefore allow
it to be decoupled from cell clustering in an ECM environment.
The status of mesoderm differentiation was assessed by performing qPCR on
mesodermal markers T-Brachyury and Eomes and EMT markers Snail and Ncadherin (Figure 4.19A). The qPCR data demonstrated that for these four genes,
collagen-I clusters (COL-I clusters) reproduced the differentiation effect
observed in the laminin-based ECM overlays at the gene expression level (p<0.05
for all genes in monolayers versus COL-I clusters). Staining for Eomes, Nanog
and T-Brachyury also confirmed their expression at protein level in collagen-I
clusters (Figure 4.19B). Interestingly, in contrast to transcript level data the
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protein level data for N-cadherin didn’t suggest a robust induction of EMT in the
collagen-I clusters (Figure 4.19C).
Overall, this data would suggest that epithelialisation is not a key requirement for
the enhanced mesoderm differentiation in overlay cultures compared to
monolayers. Although further work is required to confirm and elaborate on this,
it appears as if the differentiation effect can be explained by increased local cell
density in the context of an ECM rich environment.

4.2.7 Reducing ECM overlay colony size attenuates the promesoderm differentiation effect
Quantitative image analysis of immunostained overlay cultures demonstrated a
correlation between increased local cell density and mesodermal marker
expression (Figure 4.13-4.15). This correlation suggested the possibility of local
cell density, and therefore multicellular organisation, regulating mesodermal
differentiation. As mentioned in the introduction to this chapter, threshold local
cell density is a requirement of a community-effect mechanism, thus if such a
mechanism operates in overlay cultures, reducing local cell density should
abolish the differentiation effect.
To test the hypothesis that reducing local cell density would reduce the promesoderm differentiation effect observed in overlay cultures, I performed a cell
re-seeding experiment. This experiment involved lifting cells from the culture
dish just prior to the 48h timepoint, creating a single cell suspension and reseeding all cells. This disrupted the small multi-cell monolayer colonies that had
grown thus far and created single cell colonies, thereby effectively reducing
colony size. This resulted in standard monolayer and overlay conditions and
reseeded single cell monolayer and overlay conditions from 48h. Importantly, if
a community effect mechanism was present in overlays, then reseeding should
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reduce the differentiation effect in overlays but have minimal impact on
mesodermal marker expression in monolayers.
Phase contrast images of culture demonstrated the effective reduction in colony
size in reseeded cultures at the time of reseeding and at the 72h timepoint (Figure
4.20A). Then to test the effect of the reseeding and reduced colony size upon
mesodermal differentiation I performed qPCR for T-Brachyury and Eomes. This
analysis demonstrated that reseeding in monolayer cultures has minimal impact
upon differentiation compared with standard monolayers as T-Brachyury and
Eomes expression is similar between these conditions (Figure 4.20B). However,
reseeded overlay cultures show a large reduction in expression of both genes
compared to standard overlay cultures, however Eomes data was more variable
(p<0.05 T-Brachyury; p>0.05 Eomes).
This data further demonstrates the importance of increased local cell density in
mediating the pro-mesoderm differentiation effect of overlay cultures. By
reducing colony size, a dramatic attenuation of mesodermal marker expression is
observed in overlay but not monolayer cultures. These results are consistent with
a community effect mechanism operating in ECM overlay culture conditions to
promote mesodermal differentiation.

4.3 Discussion
The data presented in this chapter demonstrated that the ECM overlay culture
method described in chapter 3, results in enhanced mesoderm differentiation, and
cell fate patterning compared with monolayer culture. Quantitative image
analysis and in vitro experimental manipulations suggested that increased local
cell density in the context of an ECM rich environment, but not epithelialisation,
is the key component of multicellular organisation that contributes to enhanced
mesodermal differentiation and patterning. It is further proposed that these
features underpin the basis of a community effect operating in overlay cultures.
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Analysis of cell fate changes in ECM cultures by qPCR and bulk-level
quantitative immunofluorescence broadly demonstrated an increase in
mesodermal markers and a decrease in pluripotency makers relative to monolayer
conditions (Figure 4.1 & 4.4). At both the gene and protein expression level, TBrachyury, Eomes, and Gata6 expression were higher in ECM cultures relative
to monolayer conditions, and endodermal markers Sox17 and Foxa2 were
expressed at relatively low levels in both conditions, although Foxa2 was higher
in monolayers. Pluripotency markers Klf4, Sox2, and Nanog showed similar
expression profiles between monolayers and ECM cultures which were all lower
relative to 2iLIF controls, indicating an exit from naïve pluripotency and
progression beyond primed pluripotency (Hackett and Surani, 2014; Nichols and
Smith, 2009).
Protein level analysis showed that Nanog expression was much lower in overlay
conditions compared with monolayers. Furthermore, single cell level expression
data for T-Brachyury, Eomes and Nanog indicated that at the 60h differentiation
timepoint, co-expression in single cells appeared similar between conditions
(Figure 4.5). This suggested that both monolayer and overlay cultures are on a
similar differentiation trajectory up until the 60h timepoint. At this point cells in
both conditions are expressing similar levels of Eomes, Nanog and T-Brachyury,
and are likely representative of the mouse posterior epiblast/ early primitive
streak. However, overlays and monolayers subsequently diverge and there is an
increase in cells in overlays expressing both T-Brachyury and Eomes that can
efficiently downregulate Nanog. This is suggestive of cells in the early mouse
gastrula progressing from a posterior epiblast state (E+N+), through a primitive
streak-like state (E+N+T+) to generate nascent mesoderm (E+T+/E+T-/ET+)(Arnold & Roberston, 2009; Morgani et al., 2018; Tosic et al., 2019). This
contrasts with monolayers which appear unable to downregulate Nanog
expression as well as failing to upregulate Eomes expression, except in a small
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subset of cells. It is interesting to speculate that this small subset of Eomes
expressing cells in monolayers, which are low or negative for Nanog and TBrachyury, are endodermal and may explain the increased Foxa2 expression
observed relative to overlays. In addition, although no co-staining for the two
transcription factors Eomes and Gata6 were performed, observations in overlay
cultures suggest both are most strongly expressed in migratory skirt cells of
colonies (Figure 4.3 & 4.7A). This suggests the possibility that cells migrating
away from the dense colony centre following EMT are representative of early
cardiac mesoderm. Previous work in the literature has demonstrated that both
Eomes and Gata6 are critical for early cardiac specification. Eomes marks some
of the earliest cardiac progenitors in the primitive streak and lies upstream of
Mesp1, a key transcription factor in the cardiac differentiation programme
(Costello et al., 2011). Furthermore, immunofluorescence analysis of whole
mount embryos and live imaging analysis of Gata6H2B-Venus primitive streak
explants have demonstrated that some of the first cardiac progenitors emerging
from the streak are Gata6 positive (Freyer et al., 2015; Morgani et al., 2018).
Given these cells are migrating away from the central domains of overlay
colonies, this suggests that the cells constituting these central domains are
representative of the primitive-streak in the proximal-posterior of the early to
mid-gastrula.
Previous work and general assertions in the wider literature suggested that many
phenotypic effects observed in in vitro systems using Matrigel were due to growth
factor present (Vukicevic et al., 1992). Given I was specifically interested in the
contribution of changes in multicellular organisation induced by Matrigel culture,
and despite using a growth factor reduced formulation, it was prudent to
determine the extent to which growth factors confounded these effects. Using a
highly purified laminin-111/entactin ECM (Horejs et al., 2014) as had previously
been used for similar purposes in neurosphere differentiations (Meinhardt et al.,
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2014), I found that overlay cultures underwent similar if not identical changes in
cell fate and multicellular organisation as was observed with Matrigel (Figures
4.8). Therefore, features of the Matrigel ECM culture environment, other than
growth factor contribution, were at play in the observed differentiation effect.
Experiments to determine the potential role of the mechanical environment in
enhanced mesodermal differentiation in overlays found no evidence to support
this (Figure 4.9 & 4.10). However, these experiments did not rule out the
possibility of more local, colony-intrinsic mechanical forces in promoting
mesodermal differentiation and EMT. Future experiments using substrates that
have greater stiffness tunability as well as imaging methods such as atomic force
microscopy could resolve such roles. Indeed, recent evidence has suggested local
mechanical forces in hESCs differentiated on micropatterns with tunable stiffness
promote the emergence of T-Brachyury positive nodes (Muncie et al., 2020).
However, these mechanical effects can be superseded by further manipulating the
signalling environment and may only operate under specific conditions.
Using PickCells image analysis I then sought to quantitatively confirm some of
the qualitative observations of cell fate pattern in overlay cultures and identify
organisational features of cultures that may have a regulatory role in cell fate
decisions. Neighbour analysis highlighted strong positive correlations between
single cell and averaged neighbour cell expression for a single transcription factor
e.g. Eomes versus averaged neighbour Eomes, however little to no correlation
was observed for pairs of different transcription factors e.g. Eomes vs averaged
neighbour Nanog (Figure 4.11). Consistently these correlations were stronger in
overlay cultures compared to monolayers, suggesting more coherent patterning
in overlays. The observed patterning of like transcription factors between cells
and their neighbours is consistent with observations in the gastrulating embryo of
cell fate expression domains. This includes the demarcation of the early primitive
streak by a population of T-Brachyury positive cells, restriction of Nanog cells to
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the posterior epiblast and Eomes expression in the migratory mesodermal wings,
that latter of which has been observed to emerge from the streak and migrate
anteriorly in a collective manner (Arnold & Robertson, 2009; Williams et al.,
2011; McDole et al., 2018). It was initially surprising that correlations were not
evident between the expression of pairs of different transcription factors, however
these are likely not as apparent due to the scale of the colonies, their dynamic
nature as well as multiple colonies imaged in the same field of view.
Similar technical limitations were also at play when observing patterning effects
along colony z-axes. Qualitative observations suggested Eomes tended to be
found mostly in basal, low z-position migratory skirt cells, however image
analysis revealed the presence of clusters of Eomes expressing cells at high zpositions (Figure 4.12). These were most evident in semi-quantitative heatmaps
of overlay colonies, and the correlation can be observed in the measured data but
is highly variable. However, this data does suggest a phenomenon of bursts, or,
emergent clusters of Eomes expressing cells during EMT in a primitive streaklike state. It would be interesting to follow up these observations in the future in
in vitro and in vivo systems. Despite some limitations in measuring patterning in
these cultures, the available data suggests that the arrangement of cells expressing
mesodermal transcription factors is more coherent.
Using a different image analysis approach, I continued to monitor patterning
effects whilst at the same time investigating potential features of multicellular
organisation that could regulate cell fate. With the available in vitro and image
analysis tools at our disposal one of the most amenable features to investigate was
that of local cell density and clustering. Using two different approaches it was
found that in 72h overlays T-Brachyury expression tended to correlate with areas
of relatively higher local density and clustering (Figure 4.13 & 4.14). Conversely,
Eomes expression tended to be higher in areas of lower local density and in nonclustered regions 72h timepoint overlay cultures. No clear correlations were
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observed for Nanog when analysis by local density at differing radii, however
Nanog expression was observed to be somewhat more enriched in clustered
regions (Figure 4.2 & 4.3). Smaller differences relating to observed Nanog
expression are likely due to the low overall expression at protein level in 72h
overlay cultures.
This data suggested that local density could play a role in the regulation and
distribution of cell fates in overlay cultures. However, a limitation in drawing
conclusions about regulatory roles played by local cell density from this data is
that it only observed the 72h timepoint. If local density was playing a regulatory
role in the emergence of mesodermal cell fates, then it’s likely to be acting at an
earlier timepoint in the differentiation, prior to the EMT. Analysis of earlier
timepoints using the density per radius approach is confounded by the presence
of multiple colonies in an image field of view. Secondly, defining initial
conditions for clustering based on 72h overlay colonies may not be appropriate
for detecting an effect at earlier timepoints (60h). This is due to the lack of spatial
asymmetry in earlier epithelial overlay colonies, as well as differences in absolute
size (cell number). Different initial conditions could be set to run on these
colonies, however in this case, given colonies are well defined, an analysis of
colony size and cell number was more appropriate. The resulting analysis of
colonies at the 60h timepoint demonstrated a positive correlation between colony
size and expression of Eomes and T-Brachyury, although it should be noted that
data were variable (Figure 4.15A). This further suggested a role for colony size
and therefore local cell density in the coherent emergence of mesodermal fates in
overlay cultures, prior to EMT.
These observations were further supported in experiments making use of a
T::GFP reporter line to perform live imaging of overlay colonies (Figure 4.15B).
These appeared to show a negative correlation between overlay colony diameter,
or size, and time for T-Brachyury expression onset and subsequent EMT. That is,
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larger colonies expressed T-Brachyury and subsequently underwent an EMT
earlier than smaller colonies. It was also interesting to note that the variation in
measurements of colony size at the time of T-Brachyury expression was less than
the variation of T-Brachyury expression onset time itself (Figure 4.15C).
This difference suggested that colony size rather than differentiation time was
more of a determining factor in the emergence of T-Brachyury expression, a
proxy for mesodermal specification, and subsequent EMT behaviour. Previous
reports have noted the importance of cell density in several systems and contexts.
It is known to be important in the initial conditions for generation of blastoids and
gastruloids, so they can establish the necessary cellular complexity required to
model their respective in vivo analogues (van den Brink et al., 2014; Rivron et
al., 2019). With respect to mesodermal differentiation and gastrulation,
experimental work in mESCs and hESCs found that low bulk or global cell
culture density is conducive to enhanced mesodermal differentiation under
permissive conditions, but densities at the local level were not investigated
(Evans et al.; 2009; Kempf et al., 2016). In contrast and in conflict with the
findings presented here, spontaneously emerging T-Brachyury positive mESCs,
in serum/LIF conditions, cultured on asymmetric micropatterns tended to localise
in regions of low local density (Blin et al., 2018). Moreover, cell density has been
reported to regulate fate specification in cortical progenitor cells, airway epithelia
and embryonic epidermis by modulating the degree of cell-cell contacts and
mechanical forces (Tsai & McKay et al., 2000; Chacon-Martinez et al., 2018).
The latter effect of mechanical forces is intriguing, as while substrate stiffness
did not appear to regulate the differentiation effect observed in overlay cultures
(Figure 4.10), local mechanical forces generated by colonies, due to increasing
density, could reinforce mesodermal differentiation. Tentative evidence of such
an effect can be seen in Muncie et al., 2020, who observe dense T-Brachyury
positive nodes at regions of higher substrate tension, however it is unclear
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whether higher tension drives higher density, or vice versa in this hESC system
and warrants further research. This interplay between density and mechanical
forces highlights well the integration and co-dependency between features of
multicellular organisation, thus proving difficult to decouple.
When discussing the potential of local cell density to regulate signalling and
differentiation, consideration of the community effect is also pertinent. The
community effect is proposed as a mechanism that coordinates coherent gene
expression in a tissue in order to maintain tissue integrity during differentiation
and development and requires a minimum threshold of cells in a specific state
(Gurdon et al., 1990; Saka et al., 2011). It is proposed that diffusible ligands are
required to mediate the community effect and as such it is somewhat unclear why
a minimum threshold of cells are required. However, one can think of such a
system of minimum cell counting as being useful in increasing robustness in a
developmental system undergoing differentiation and morphogenesis. For
example, precocious EMT during early stages of gastrulation could disrupt the
integrity of the embryonic epiblast, alternatively a community effect could be
used as a mechanism for maintaining a progenitor population in the primitive
streak, to ensure normal axial elongation of the embryo e.g., neuromesodermal
progenitors.
Much of the work discussed in the previous section relates to performing
correlational analysis on intrinsic nuclear properties and the 3D spatial
arrangement of those nuclei. A great deal of the difficulty in drawing conclusions
from such data is the variability in measurements. This variation is likely to arise
from two main areas 1) variation inherent in the temporal development of the cell
culture system such as cell growth, division and migration, 2) variation due to
cell culture system artefacts e.g. multiple objects of interests per image,
asynchronous trajectories due to differing initial conditions at the colony level.
One way to address the first issue in future work would be the development of a
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multiplexed fluorescent reporter cell line. This line would encompass
fluorescently tagged transcription factors such as T-Brachyury and Eomes,
alongside a fluorescently labelled nuclear envelope marker. Such a tool could be
used to generate live imaging datasets on which single cell segmentation and cell
tracking could be performed. Having a record of the developmental history of a
cell would allow more accurate correlations between cell state and multicellular
organisation to be made, and average over multiple cell histories would present a
more accurate picture of how the system evolves. Progress in accounting for the
second major source of variation could be accounted for by developing a more
standardised culture system. Specifically, single colony culture systems of
defined initial size and on a suitable coordinate grid, would create a robust and
highly quantitative experimental system that removes inter-colony effects.
Several in vitro strategies were used in an attempt to disentangle the relative
contributions of features of multicellular organisation, identified from qualitative
observation and quantitative image analysis, which have potential regulatory
roles in differentiation.
To test the intrinsic capacity of increased local cell density to contribute to
enhanced mesodermal differentiation observed in overlays compared with
monolayers, I cultured cells as EBs (Figure 4.16A). EB culture has been refined
in several ways to generate structures and cell fate patterning reminiscent of
gastrulating mouse embryos, but the basis of each is the suspension of cells as
dense clusters (ten Berge et al., 2010; van den Brink et al., 2014). qPCR analysis
demonstrated that this culture setup, under the same exogenous chemical signals,
did not replicate findings in overlay cultures (Figure 4.16B). However, the data
suggested increased local cell density is likely to be a component of the effect
observed in overlay cultures, demonstrated by the partial increases in TBrachyury and Eomes expression. Given this increase is only partial, and that the
EB culture appears more heterogeneous, as evidenced by the increased expression
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of Foxa2 relative to both monolayers and overlays, it is likely other features of
multicellular organisation in overlay cultures contribute. Although, an alternative
explanation is that this method of EB differentiation did not allow sufficient local
cell density to be attained compared with overlay colonies. An analysis to
compare densities between EB and overlay colonies was not conducted and future
work using more controllable culture environments such as micropatterns may be
able to resolve this question.
As increased intrinsic local cell density didn’t appear to replicate the overlay
effect, I then sought to disentangle the contribution of density in the context of an
ECM rich environment from that of epithelialisation or apical-basal polarisation.
The latter effect of epithelialisation was an important one to consider as results
of chapter 3 demonstrated strong formation of epithelia in overlay colonies and
the effect of basolateral localisation of TGF-β receptors and their impact of
mesodermal patterning has been well documented (Etoc et al., 2016; Simunovic
et al., 2018). Initially, NcKi cells were used to test this as they had shown
adhesion defects in monolayer culture and were hypothesised to be unable to form
a mature epithelium in ECM culture (Punovuori et al., 2019). Whilst it appeared
as if NcKi didn’t form an epithelium, the range of morphologies presented in
overlay and acini cultures made this difficult to interpret (Figure 4.17A).
Moreover, potentially more problematic was the observation that even in
monolayer culture NcKi had a reduced capacity to undergo mesodermal
differentiation. This reduced mesodermal capacity may be due to differences in
the ability of the intracellular binding domain of N-cadherin versus E-cadherin to
bind with β-catenin (Loh et al., 2019). However, similar differences were
observed between monolayers and ECM conditions in NcKi cells, as is observed
in wild type cells, only at lower absolute levels (Figure 4.17B). This suggests that
despite the gross differences in multicellular organisation, features of the ECM
culture appear to enhance early mesodermal differentiation. This may be due to
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an increase in cell density in NcKi ECM cultures relative to monolayers, albeit a
disorganised one, or something separate such as the ECM environment itself.
However, due to the potentially confounding effect of the NcKi background, no
strong conclusions could be drawn.
Next, I used collagen type-I gels to cluster cells in an ECM environment with the
aim of preventing epithelialisation and disentangle the role of each of these
components in enhanced mesodermal differentiation in overlays. It was
hypothesised that cells in a collagen-I gel would be unable to epithelialise as
previous reports had noted an inability of mESCs transitioning from a naïve to
primed state to do so in a degraded collagen ECM (Shabazi et al., 2017).
Moreover, in vivo at gastrulation, cells in a similar cell state in the posterior
epiblast do not appear to express the appropriate integrin receptor subunit
combinations to enable binding to collagen-I, which is also not expressed in the
basement membrane of the posterior epiblast (Futaki et al., 2019). Figure 4.18A
displays the gross morphology of collagen-I clusters in comparison with laminin
based ECM overlays. Similar to laminin-based ECM colonies, the collagen-I
clusters displayed a variety of sizes, however unlike the former did not appear to
have apical lumens, nor did any cluster display basal migratory cells. This lack
of epithelialisation was confirmed through staining of a variety of apical-basal
markers (Figure 4.18B) which showed no apical-basal organisation in collagen-I
clusters, nor did the clusters appear to express N-cadherin at protein level.
Interestingly, gene expression analysis by qPCR demonstrated an almost identical
pattern of increased mesodermal differentiation. Expression levels of Eomes, TBrachyury, N-cadherin and Snail were comparable between overlay cultures and
collagen-I clusters – although N-cadherin was poorly expressed at protein level
(Figure 4.19A & C). This data suggested that both a robust EMT and mesodermal
transcriptional programme was underway, similarly to that observed in overlays,
but without the corresponding spatial multicellular organisation.
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Therefore, this data appeared to tentatively rule out the requirement or importance
of epithelialisation for the observed enhancement of mesodermal differentiation
in overlay cultures. Rather it supported a regulatory role for increased local cell
density in an ECM rich environment, as being a critical component of the promesoderm effect. The disparity between collagen-I clusters and EBs appears to
be due to the presence of an ECM rich environment, and it is suggested here that
the ECM could be acting as a sink and limiting the diffusion of a key morphogen.
This diffusion limitation could result in a local build-up of morphogen to a
threshold

concentration

that

triggers

subsequent

differentiation

in

a

developmentally coherent manner reminiscent of the community effect. It is not
possible however to rule out other mechanisms such as direct ECM signalling
through β1-integrin integrin receptors. Previous research has demonstrated
signalling through ILK and Src-family kinases can modulate mesoderm
differentiation through a β-catenin dependent effect (Rallis et al., 2010). A direct
ECM mechanism seems unlikely though, as colonies in collagen-I do not appear
to epithelialise which is also a β1-integrin dependent effect (Ahktar & Streuli,
2013; Behdzov et al., 2014).
After ruling out major roles for mechanical tension and epithelialisation in the
pro-mesoderm effects of overlay cultures, and mounting evidence for the role of
local cell density, I sought to test its importance by manipulating colony size.
Reseeding cultures to generate single cell colonies compared with multi-cell
colonies at the 48h timepoint, markedly attenuated the pro-mesoderm
differentiation in overlay conditions (Figure 4.20). These experiments confirmed
a key role for increased local cell density in mediating this pro-mesoderm effect,
first highlighted by correlational image analysis. However, it is possible that the
reseeding procedure selects for undifferentiated cells as these potentially adhere
better than mesoderm specified cells. This potentially confounds the explanation
of increased local cell density having a pro-mesodermal effect. A selection bias

139

Chapter 4: Pro-mesodermal effects of multicellular organisation in ECM overlays

seems unlikely however, given the similarity in expression of mesodermal
markers between standard monolayers and reseeded monolayers. If there was a
global selection bias for more pluripotent cells, the reduction in mesodermal
marker expression would be observed in both reseeded monolayer and overlay
cultures. It would be interesting in future work to assess whether these smaller
colonies are simply delayed in the pro-mesoderm trajectory or whether they have
stalled and missed the optimal signalling window to progress further. In addition,
future experiments which aimed to increase colony size following a reseeding
procedure would help to clarify the issue of selection bias.
The results contained in this chapter have demonstrated that overlay cultures,
and ECM cultures more broadly, result in an enhanced mesodermal
differentiation compared to monolayers. Quantitative image analysis consistently
demonstrated greater patterning in overlays relative to monolayer cultures and
highlighted a potential regulatory role for local cell density. Through in vitro
manipulations of multicellular organisation, higher local cell density in the
context of an ECM rich environment, was confirmed as a key component in the
enhanced mesodermal differentiation observed in overlay cultures. Future
research can add and refine experimental tools and culture systems to increase
the empirical robustness of these findings. Even so, it is suggested from these
observations that a community effect may be responsible for the coherent
mesodermal differentiation observed. This effect appears to arise from features
of multicellular organisation; however, it is unclear what signalling pathways are
affected and which morphogens/ligands are mediating this effect. An attempt to
elucidate some of these key molecular players is outlined in the following chapter.
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Figure 4.1 Gene expression analysis demonstrates a pro-mesodermal differentiation effect in ECM overlay
cultures

qPCR gene expression data across differentiation timecourse showing control 2iLIF cultures and monolayer and ECM
overlay cultures. Differentiation conditions were 0-48h N2B27 + 10ng/ml BMP4; 48-72h 20ng/ml ±ECM. A) Pluripotency
markers. B) Mesoderm and endoderm markers. M= Monolayer, O= Overlay. N= min 4 independent experimental
replicates. Black point estimate and error bars display mean and standard deviation, and individual data points are
independent experimental replicates (points have been jittered along x-axis in R using ggplot position_jitter function).
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Figure 4.2 Mesodermal marker expression at protein level in culture

Representative confocal z-stacks showing control 2iLIF cultures, monolayer, and ECM overlay cultures throughout the
differentiation timecourse stained for Nanog, T-Brachyury and Eomes. For clarity individual staining is presented in grayscale
and coloured in a merge in the right-hand panel. Differentiation conditions were 0-48h N2B27 + 10ng/ml BMP4; 48-72h 20ng/
ml ±ECM
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Figure 4.3. Semi-quantitative heatmaps of nuclear segmentation visually highlight the
spatial distribution of transcription factor expression in culture.

Nuclear segmentation and image analysis generated 3D heatmaps of transcription factor expression in
2iLIF, monolayer and ECM overlay culture conditions. Colour coding is of normalised mean
fluorescence intensity for each transcription factor with colour bar (top right) indicating range from
negative/low (purple) to positive/high (red) expression. Representative image of repeated
experimental replicates.
143

Figure 4.4. Pro-mesodermal differentiation effect confirmed at protein level using
nuclear segmentation and measurement of immunofluorescence intensity.

Quantification of nuclear immunofluorescence for T-Brachyury, Eomes and Nanog following nuclear
segmentation. Data shown is the normalised mean average expression per condition per experiment. M=
Monolayer, O= Overlay, AU= Arbitrary units. N= 3 experimental replicates 60h, min 6 experimental
replicates for all other conditions. Black point estimate and error bars display mean and standard
deviation, and individual data points are independent experimental replicates (points have been jittered
along x-axis in R using ggplot position_jitter function).
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Figure 4.5. ECM overlay cultures efficiently downregulate Nanog whilst displaying high expression and
coexpression of T-Brachyury and Eomes.

Single cell expression aggregated into bins using ggplot2 geom_hex to deal with overplotting of single cell data. Each graph
displays data from 5x103 cells after independent sampling of 1x103 cells from 5 independent experimental replicates. Cell
counts per each hex bin are displayed in the colour coded legend at the right-hand side of the graphs. Data is present as TBrachyury, Eomes and Nanog expression vs each other. M=Monolayer, O=Overlay, AU= Arbitrary units.
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Figure 4.6 Oct4 and Gata6 expression in monolayers and ECM overlay cultures

Representative confocal z-stacks showing control 2iLIF cultures, monolayer, and ECM overlay cultures throughout the
differentiation timecourse stained for Oct4 and Gata6. For clarity individual staining is presented in grayscale and coloured in
a merge in the right-hand panel. Differentiation conditions were 0-48h N2B27 + 10ng/ml BMP4; 48-72h 20ng/ml ±ECM.
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Figure 4.7. Quantitative analysis of Oct4 and Gata6 expression in monolayer and ECM overlay cultures.

A) Quantification of nuclear immunofluorescence for Oct4 and Gata6 following nuclear segmentation. Data shown is the
normalised mean average expression per condition per experiment. M= Monolayer, O= Overlay. N= 3 experimental
replicates. B) Single cell expression aggregated into bins using ggplot2 geom_hex to deal with overplotting of single cell
data. Each graph displays data from 5x103 cells after independent sampling of 1x103 cells from 3 independent
experimental replicates. Cell counts per each hex bin are displayed in the colour coded legend at the right-hand side of the
graphs. Data is present as Gata6 vs Oct4 expression. AU= Arbitrary units.
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Figure 4.8. Growth factor effects of Matrigel do not contribute to differentiation effect
observed in ECM overlay cultures.
A) Phase contrast images of monolayer, Matrigel overlay and laminin/entactin overlay cultures. B) qPCR
data for T-Brachyury and Eomes as markers for mesodermal differentiation. Expression levels are
normalised to the geometric mean of housekeeping genes SDHA and YWHAZ. Black point estimate and
error bars display mean and standard deviation, and individual data points are independent experimental
replicates (points have been jittered along x-axis in R using ggplot position_jitter function). M= Monolayer,
MG-O= Matrigel Overlay, L+E-O= Laminin/Entactin Overlay. N= 4 experimental replicates.
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Figure 4.9. Culture of cells as acini in suspended Matrigel culture reproduces the
ECM overlay pro-mesodermal differentiation effect.

qPCR expression data for T-Brachyury, Eomes, Snail, N-cadherin. Expression levels are normalised to the
geometric mean of housekeeping genes SDHA and YWHAZ. Black point estimate and error bars display
mean and standard deviation, and individual data points are independent experimental replicates (points have
been jittered along x-axis in R using ggplot position_jitter function). M=Monolayer, O=Overlay, A= Acini.
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Figure 4.10. EMT in in ECM cultures is triggered in a colony autonomous manner and is not affected by
substrate stiffness.

A) Phase-contrast image of acini cultures at 72h. (B) Confocal images of acini cultures stained for LaminB1(nuclear envelope),
N-cadherin and E-cadherin. Left panel shows top of z-stack and right panel bottom of z-stack. (C) YAP1 staining in monolayer
and overlay cultures. Red arrows highlight membrane/adherens bound YAP and white arrowheads highlight nuclear localised
YAP. (D) Overlay cultures on either a stiff or soft substrate. Stiff substrate was matrix coated tissue culture plastic and stiff
substrate was a collagen-I gel with a minimum thickness of 5mm from the base of the tissue culture dish. White 150
arrowheads mark
migratory cells. 01 & 02 example images(E) qPCR for EMT regulators and markers Snail and N-cadherin. n=2 biological
replicates.

Figure 4.11. Neighbour analysis reveals increased similarity in neighbour cell expression patterns
in ECM overlay cultures.

Neighbouring nuclei were defined by Delauney triangulation and normalised mean neighbour expression was
computed for single cells in each dataset. A) Graphs show aggregated single cell expression levels of T-Brachyury,
Eomes and Nanog plotted against neighbour expression levels of T-Brachyury, Eomes and Nanog. A Loess linear
model is fitted to the dataset and individual datapoints represent independent experimental replicates in
each expression level bin. Shading indicates 95% CI. N= 5 experimental replicates. B) Pearson correlation
coefficients after Fisher-Z transformation. Red/Green colour grading ranging from -1:1.
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Figure 4.12. Measurement of the distribution of cells expression T-Brachyury, Eomes and Nanog
along ECM overlay colony Z-axis.
A) 3D render of representative ECM overlay colony displaying distribution of cells expressing respective
transcription factors. Normalised expression levels displayed as heatmap according to legend. B) Aggregated
measurements of nuclear z-coordinates across multiple experimental replicates showing relationship between zposition within a colony and transcription factor expression levels. N= 5 independent experimental replicates.
Loess linear model with 95% CI.
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Figure 4.13. T-Brachyury expressing cells localise to regions of high density in ECM overlays at
72h timepoint.

Radius based density measurements used to correlate transcription factor expression levels with local cell density. A) 3D
render heatmaps of respective transcription factor expression levels in representative ECM overlay colony. B) Quantitative
correlation of local cell density vs expression of T-Brachyury, Eomes and Nanog across 15um, 25um and 50um search radii.
Loess linear model with 95% CI. N= 5 independent experimental replicates.
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Figure 4.14. DBSCAN clustering confirms transcription factor localisation patterns in ECM
overlay cultures.
A) 3D render displaying representative images of clustered and non-clustered regions in 2iLIF, and 72h Monolayer and
Overlay cultures. B) Quantification of transcription factor expression in clustered and non-clustered culture regions. N=
5 independent experimental replicates. Tukeys boxplots with individual datapoints shown.
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Figure 4.15 Colony size and local cell density positively correlate with mesodermal marker expression at
earlier timepoints

A) ECM overlay colony cluster size plotted against normalised mean transcription factor expression. N= 3 independent
experimental replicates. Black point estimate and error bars display mean and standard deviation, and individual data points
are independent experimental replicates. B) Representative fields of view of live imaging of T::GFP cells in ECM overlay
cultures (left) with quantification of T-::GFP expression onset and subsequent EMT relative to colony size. N= 1 independent
experimental replicate. C) Tukeys boxplots of ECM overlay colony size at time of T::GFP onset and time of T::GFP
onset. T=
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T-Brachyury.

Figure 4.16. Increased local cell density in the absence of ECM does not reproduce ECM overlay
effect.
A) Phase contrast images of Matrigel ECM overlays and embryoid bodies. B) qPCR gene expression data showing
control 2iLIF cultures and monolayer, ECM overlay, and EB cultures. Expression levels are normalised to the
geometric mean of housekeeping genes SDHA and YWHAZ. Differentiation conditions were 0-48h N2B27 +
10ng/ml BMP4; 48-72h 20ng/ml ±ECM. N= 4 independent experimental replicates. Black point estimate and error
bars display mean and standard deviation, and individual data points are independent experimental replicates
(points have been jittered along x-axis in R using ggplot position_jitter function). EB= Embryoid body.
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Figure 4.17. NcKI cells displaying adhesion defects in culture reproduce pattern of
pro-mesodermal differentiation in ECM conditions compared to monolayers.

A) Phase contrast images of representative wild-type JU09 cells and NcKI cell in 2iLIF, monolayer, overlay and
acini cultures. B) qPCR gene expression data showing control 2iLIF cultures and monolayer, ECM overlay, and
acini cultures with JU09 and NcKI cells. Expression levels are normalised to the geometric mean of
housekeeping genes SDHA and YWHAZ. Differentiation conditions were 0-48h N2B27 + 10ng/ml BMP4;
48-72h 20ng/ml ±ECM. N= 3 independent experimental replicates. NcKI= N-cadherin knock-in, WT= Wild
type JU09, M=Monolayer, O=Overlay, A=Acini.
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Figure 4.18. Collagen-I clusters do not form apical-basally polarised epithelia.

A) Phase contrast images representative of Collagen-I clusters throughout the differentiation timecourse. B)
Immunofluorescence staining of apical and basal markers in epithelial Matrigel overlay colonies, Matrigel
overlay colonies undergoing EMT, and collagen-I cluster colonies. Differentiation conditions were 0-48h N2B27
+ 10ng/ml BMP4; 48-72h 20ng/ml ±ECM Images are representative of each culture condition in N= 2
experimental replicates.
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Figure 4.19 Epithelialisation is not necessary for the pro-mesodermal differentiation effect observed in ECM
overlay cultures

A) qPCR gene expression data showing control 2iLIF cultures and monolayer, Matrigel overlay, and collagen-I clusters at the 72h
timepoint cells. Expression levels are normalised to the geometric mean of housekeeping genes SDHA and YWHAZ.
Differentiation conditions were 0-48h N2B27 + 10ng/ml BMP4; 48-72h 20ng/ml ±ECM. N= 4 independent experimental
replicates. Black point estimate and error bars display mean and standard deviation, and individual data points are independent
experimental replicates (points have been jittered along x-axis in R using ggplot position_jitter function). B) Immunofluorescence
staining in Matrigel overlay and COL-I cluster cultures for T-Brachyury, Eomes, and Nanog at the 72h timepoint. Images are
representative of N= 2 independent experimental replicates. C) Immunofluorescence staining for EMT marker N-cadherin in
epithelial and EMT overlay colonies, and COL-I clusters. Images are representative of N= 2 independent experimental replicates.
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M= Monolayer, O= Overlay, CC= Collagen-I cluster.

Figure 4.20. Forced reduction in local cell density attenuates the pro-mesodermal differentiation effect
in ECM overlay cultures.

Cells were reseeded to enforce a decrease in local cell density. A) Representative phase-contrast images of standard and
reseeded culture conditions across the experimental timecourse. B) qPCR gene expression data showing control 2iLIF
cultures, standard and reseeded monolayer and overlay cultures at the 72h timepoint. Expression levels are normalised to the
geometric mean of housekeeping genes SDHA and YWHAZ. Differentiation conditions were 0-48h N2B27 + 10ng/ml
BMP4; 48-72h 20ng/ml ±ECM. N= 4 independent experimental replicates. Black 3point estimate and error bars display
mean and standard deviation, and individual data points are independent experimental replicates (points have been jittered
along x-axis in R using ggplot position_jitter function). M= Monolayer, O= Overlay, RE= Reseeded.
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Supplementary to figure 4.5. ECM overlay cultures efficiently downregulate Nanog whilst displaying
high expression and coexpression of T-Brachyury and Eomes.
A) Quantification of nuclear immunofluorescence for T-Brachyury, Eomes and Nanog following nuclear segmentation.
Data shown is the normalised mean average expression per condition per experiment. M= Monolayer, O= Overlay, AU=
Arbitrary units. N= 3 experimental replicates. B) Single cell expression aggregated into bins using ggplot2 geom_hex to
deal with overplotting of single cell data. Each graph displays data from 5x103 cells after independent sampling of
1x103 cells from 3 independent experimental replicates. Cell counts per each hex bin are displayed in the colour coded
legend at the right-hand side of the graphs. Data is present as T-Brachyury, and Nanog expression vs each other.
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Supplementary to figure 4.1. Gene expression analysis demonstrates a promesodermal differentiation effect in ECM overlay cultures.

qPCR gene expression data for control 2iLIF cultures and monolayer and ECM overlay cultures at the 72h
timepoint. Differentiation conditions were 0-48h N2B27 + 10ng/ml BMP4; 48-72h 20ng/ml ±ECM. A)
Pluripotency marker. B) Mesoderm and endoderm markers. M= Monolayer, O= Overlay. N= min 4
independent experimental replicates. Black point estimate and error bars display mean and standard deviation,
and individual data points are independent experimental replicates (points have been jittered along x-axis in R
using ggplot position_jitter function).
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5.1 Introduction and aims
In the previous chapters I described and characterised an in vitro culture system
that undergoes multicellular reorganisation and EMT and presented evidence that
this change is coordinated with enhanced mesodermal differentiation. It appears
that the enhanced differentiation observed in overlay cultures is due in part to
increased local cell density, in the context of an ECM rich environment. However,
it is not known what molecular mechanisms are responsible for translating
information about multicellular organisation, into changes in cell fate marker
expression.
Given that we see an upregulation of mesodermal markers in overlay cultures it
seems likely that the signalling pathways mediating the enhanced differentiation
response are those involved in gastrulation in the embryo. The BMP, Wnt, Nodal
and Fgf pathways are key regulators of gastrulation, EMT, and mesoderm
specification and commitment (Mishina et al., 1995; Brennan et al., 2001; Ciruna
and Rossant, 2001; Conlon et al., 1994; Huelsken et al., 2000; Liu et al., 1999).
Therefore, it seems likely that activity through one of, or a combination of these
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pathways is manipulated as a result of changes in multicellular organisation and
culture environment, which result in enhanced mesoderm differentiation.
These developmentally relevant pathways have previously been shown to be
important mediators of cell fate, specifically in response to multicellular
organisation. BMP, Wnt and Nodal pathways have been shown to be key
mediators of gastrulation-like patterning effects due to differential receptor
localisation at the edge of colonies, position-dependent differences in adhesion
characteristics and colony geometry (See Introduction 1.#; Warmflash et al.,
2014; Etoc et al., 2016; Martyn et al., 2018; Chhabra et al., 2019). Mechanical
stimuli have also been demonstrated to be transduced through the Wnt pathway
in a variety of mesodermal differentiation contexts including hESCs, zebrafish
and Drosophila (Brunet et al., 2013; Pryzbyla et al., 2016). Moreover, others
have demonstrated Wnt pathway activation by ECM, through β1-Integrin and
ILK (Rallis et al., 2010). Furthermore, community effect-like mechanisms have
been suggested to occur in hESC micropatterned colonies, chick gastrulation and
skeletal muscle fate specification, mediated by BMP, Nodal and Fgf signalling
(Nemashkalo et al., 2017; Voiculescu et al., 2014; Gurdon et al., 1990). A
community effect is defined as the requirement for a threshold number of cells in
a like population to sustain autoregulatory paracrine signalling and promote
collective cell behaviour (Bolouri & Davidson, 2010; Saka et al., 2011).
In this chapter I aim to identify the signalling pathways that are modulated by
changes in multicellular organisation. This will be the first step towards
identifying the mechanisms responsible for mediating the effects of multicellular
organisation on cell fate specification. The focus of this process will be on the
developmentally relevant pathways outlined above, which have been shown
previously, in alternate systems, to mediate effects induced by local multicellular
organisation. Thus, I set out to answer the following:
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- Are BMP, Wnt, Nodal or Fgf pathway readouts markedly up- or downregulated following manipulation of multicellular organisation in ECM
cultures?
- Following identification of autocrine signalling pathways that respond
to manipulation of multicellular organisation, can activation or
inhibition of these pathways affect the course of differentiation in ECM
culture?
- ActivinA is the only signal added exogenously during the final stage of
differentiation in my experiments: is exogenous ActivinA required for
the pro-differentiation response?
In order to address these questions, I used qPCR analysis of a variety of pathway
target genes and performed manipulations of the culture signalling environment
using combinations of activators and inhibitors.

5.2 Results
5.2.1

Signalling

differentiation

changes

following

during

enhanced

manipulation

of

mesodermal
multicellular

organisation
To address which signalling mediators could be relaying the effect of enhanced
and coherent mesodermal differentiation in ECM cultures I performed qPCR on
readouts of the four major developmental pathways involved in gastrulation:
Wnt, Nodal, BMP and Fgf pathways. The responses of these signalling pathway
could provide information pertaining to the mechanism by which overlay cultures
promote mesodermal differentiation.
Taking the Wnt pathway first it was observed that Wnt target genes and ligands
tended to be upregulated in ECM culture conditions compared to monolayers
(Figure 5.1A). Wnt target genes Axin2, Lef1, Wnt3, Wnt3a and Dkk1 (Yan et al.,
2001; Hovanes et al., 2001; Zhang et al., 2009; Niida et al., 2004) are all
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upregulated in ECM conditions relative to monolayers at the 72h timepoint
suggesting this signalling pathway is more active in ECM cultures at this point
(p>0.05: Axin2, Lef1;p<0.05: Wnt3, Wnt3a,Dkk1). However, the increase in Wnt
target gene expression appears less marked and consistent at the 60h timepoint,
although gene expression of Axin2 and Wnt3 is increased in overlays compared
to monolayers. Overall, this data suggests that Wnt pathway activity is increased
in ECM cultures from 60h onward.
I next examined Nodal activity. As expected, addition of ActivinA to culture
media at the 48h timepoint is followed by a general increase in Nodal/Activin
pathway genes and target genes across all experimental conditions (Figure 5.1B).
There was not, however, a consistently higher activity of Nodal/Activin targets
between conditions: different targets had different responses. Cripto and Nodal
display slightly increased levels in ECM cultures at the 60h and 72h timepoint
compared with monolayers and direct Nodal target gene Pitx2 is modestly
elevated at the 72h timepoint only (p>0.05). In contrast, marked differences in
expression are observed for potent Nodal inhibitor Lefty1, which is directly
induced by Nodal signalling in a negative feedback loop (Shen., 2007). At both
60h and 72h differentiation timepoints Lefty1 expression is much higher in
monolayers compared to ECM culture conditions (p<0.05). The pattern of Lefty2
expression appears to be similar to that of Lefty1 at the 60h timepoint, however
expression in monolayers and overlays becomes highly variable at the 72h
timepoint. Whilst Nodal pathway activity increases after addition of ActivinA,
48h onward, little difference can be observed for most pathway genes between
experimental conditions. However, Lefty1 expression, an inhibitor of Nodal
pathway activity is markedly upregulated in monolayers compared with ECM
cultures.
Autocrine BMP activity, following the removal of exogenous BMP4 from culture
media at the 48h timepoint, was observed to be consistently higher in ECM
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cultures compared with monolayers (Figure 5.1C). The BMP pathway effector
Id1 and target transcription factor Evx1 are both increased in ECM cultures at
both 60h and 72h timepoints (p<0.05). This increase was not explained by
differences in expression of BMP4 ligand:

BMP4 expression was similar

between conditions and differentiation timepoints. This data therefore appears to
suggest that BMP pathway responsiveness may be higher in ECM cultures
compared with monolayers.
Finally, Fgf pathway target genes demonstrated variable responses during
differentiation in different culture conditions (Figure 5.1D). The expression of
early responder Fgf target gene Egr1 was lower in ECM cultures compared with
monolayers, although expression in monolayers was variable making these data
difficult to interpret (p>0.05). Expression of Etv4 was similar between conditions
across timepoints, whereas Dusp4 expression was similar at 60h between
conditions, but appeared lower in ECM cultures at 72h (p<0.05). Given in vivo
data suggests Fgf pathway activity is increased in primitive-streak populations
and nascent mesoderm undergoing EMT and is potentially mediated through βcatenin (Ciruna & Rossant., 2001; Arnold & Robertson., 2009), it seems unlikely
that Fgf activity is playing a key role in the observed differentiation effects in
ECM cultures. Rather it seems more likely that Fgf plays a permissive role in the
differentiation response of ECM cultures, and similar to in vivo settings may be
more important for initiating EMT and subsequent migratory behaviour rather
than cell fate acquisition.
In summary this qPCR data provides evidence that Wnt and BMP pathway
activity is increased in ECM cultures compared with monolayer cultures from
48h onward, in addition it also demonstrates that the Nodal pathway inhibitor
Lefty1 is higher in monolayer cultures than in ECM cultures.

5.2.2 Nodal/ActivinA response in monolayer and overlay
cultures
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The qPCR gene expression data in the previous section tell us that there is an
increase in both BMP and Wnt activity and a decrease in Lefty1 expression in
ECM cultures compared with monolayer cultures. Could any of these changes
explain the pro-differentiation effect of ECM culture? One possibility is that
expression of Lefty1 results in an inhibition of mesodermal differentiation in
monolayers due to blocking of EGF-CFC receptors such as Cripto (Schier., 2009;
Kim et al., 2014; Paulkin and Vallier, 2015). Inhibition of Nodal signalling in this
manner may further lead to downregulation of BMP and Wnt pathway activity in
monolayer cultures, thus inhibiting pro-mesodermal differentiation.
Given that the Nodal target gene Lefty1 has higher expression in monolayers than
ECM culture, it is possible that cells respond differently to exogenously supplied
ActivinA between these two culture conditions. This difference could be due to
different multicellular organisation between conditions or due to matrix-growth
factor interactions in ECM cultures. I hypothesised that cells in monolayer
cultures sensed a higher effective ActivinA concentration, or were more
responsive to exogenous ActivinA, driving expression of Lefty1 and inhibiting
coherent mesodermal differentiation. This hypothesis predicts that reducing or
removing exogenous ActivinA would lower Nodal pathway activation and
eliminate the difference in mesodermal differentiation between monolayers and
ECM cultures.
To test the role of exogenous ActivinA concentrations, cells were cultured either
as monolayers or overlays with the addition of the 20ng/ml (standard), 2ng/ml
(low) or no exogenous ActivinA for the differentiation period 48-72h. I would
then assess the effect of varying levels of Nodal pathway activation on
mesodermal differentiation by using quantitative immunofluorescence of Eomes,
Nanog and T-Brachyury as a readout of differentiation. Direct observation of
immunofluorescence images suggested minimal changes to expression in
monolayer cultures over the range of ActivinA levels observed (Figure 5.2A).
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The biggest difference in overlay cultures was the apparent reduction in Eomes
expressing cells and an increase in Nanog expression at lower levels of ActivinA.
Following single cell segmentation, mean nuclear fluorescence intensities were
calculated. Bulk analysis at the level of the experimental condition highlighted
that the major effect of reducing Nodal pathway activation was a decrease in
mean Eomes expression in overlay cultures only (Figure 5.2B). This analysis
showed little effect of varying ActivinA concentration on differentiation markers
in monolayer culture.
I then analysed differentiation markers in individual cells (same approach as
Figure 4.5). It can be seen that without the addition of exogenous ActivinA
(0ng/ml ActivinA), the expression of Eomes, Nanog and T-Brachyury are very
similar between monolayer and overlay cultures at the single cell level (Figure
5.3). Interestingly, increasing ActivinA concentrations in monolayer cultures
mainly appears to increase the proportion of cells expressing T-Brachyury, with
little effect on individual cell expression of Eomes or Nanog. In contrast in
overlay cultures, increasing ActivinA concentration resulted in reduction of
Nanog expression and marked increases in cells expressing T-Brachyury, Eomes
and cells expressing both. Therefore, contrary to the hypothesis above, it appears
that monolayer cultures are not more responsive to exogenous ActivinA than
ECM cultures, and indeed may even be less responsive. This would suggest that
increased Lefty1 observed in monolayer cultures is unlikely to be due to increased
Nodal pathway activity in monolayer cultures and that differential Nodal activity
is therefore unlikely to explain the pro-differentiation effect of ECM culture.
However, it does not exclude the possibility of Lefty1 contributing to attenuation
of the mesodermal differentiation in monolayers at least in the context of high
exogenous ActivinA (20ng/ml).
Overall, this data while inconclusive regarding the role of Lefty1 in monolayer
cultures, highlights the importance of exogenous ActivinA in robust mesodermal
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differentiation in overlay cultures. Furthermore, it also hints at the involvement
of the other signalling pathways mentioned above, which could be independently
regulating Lefty1 expression in ECM cultures.

5.2.3 Combinatorial roles for Nodal/Activin and Wnt pathways
in ECM culture differentiation response
The previous data highlighted the importance of the addition and concentration
of exogenous ActivinA on the observed differentiation effect in overlay cultures.
This on its own does not explain the effect as no such differentiation was observed
in monolayer culture, therefore secondary signalling effects induced by
exogenous ActivinA and then modulated by multicellular organisation are key to
understanding what maintains and drives the differentiation effect. Gene
expression analysis by qPCR, discussed above, demonstrated an increase in the
expression levels of Wnt and BMP target genes in ECM culture compared to
monolayers. Thus, I wanted to assess whether the pro-differentiation effect of
ECM culture depends, at least partially, on Wnt or BMP signalling.
To test the requirement for BMP and Wnt pathways for the pro-differentiation
effect of ECM culture, I cultured cells as monolayers and overlays and
supplemented media from 48-72h with either a Wnt pathway inhibitor or a BMP
pathway inhibitor. Wnt pathway inhibition was achieved using IWP-2 a
Porcupine inhibitor, preventing Wnt secretion (Chen et al., 2009), and BMP
inhibition was achieved using LDN-193189, an inhibitor of BMP type I receptors,
thereby preventing downstream SMAD-1/5/8 phosphorylation and activation
(Sanvitale et al., 2013). Cultures treated with N2B27 + ActivinA + 100nM LDN193189 over the 48-72h period, thus inhibiting BMP activity (Figure 5.4 (ID1)),
displayed modest reductions in T-Brachyury, Eomes, and Wnt3 in both monolayer
and overlay cultures (Figure 5.4). This suggested that BMP activity past the 48h
timepoint had only a minimal contribution to the pro-differentiation effect of
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overlay cultures. Inhibition of Wnt secretion by culturing cells in N2B27 +
ActivinA + 5µM IWP-2 over the 48-72h period, however resulted in complete
suppression of T-Brachyury and Eomes expression, alongside a reduction in Wnt3
expression (p<0.05 for 3 genes both standard conditions versus IWP-2 treated).
This data indicates that while both Wnt and BMP pathway activity are
upregulated in ECM overlay cultures, only paracrine Wnt signalling is required
for the observed pro-differentiation effect for the period 48-72h. Together with
previous data showing Nodal pathway activity is broadly similar between
monolayer and ECM cultures, this data suggests exogenous ActivinA promotes
secondary Wnt signalling to drive the differentiation effect.
Given the apparent role for Wnts in driving the pro-mesoderm differentiation
effect in ECM cultures downstream of Activin/Nodal, I next asked whether
exogenous stimulation of the Wnt pathway could substitute for exogenous
ActivinA in the system. Asking this question would allow me to determine if the
role of exogenous ActivinA is primarily in inducing Wnt pathway activity, or
whether the pro-mesoderm effect is due to combined Nodal and Wnt pathway
activity. I cultured cells either as monolayers or as ECM overlays and added
exogenous ActivinA (20ng/ml) or CHIR99021 (3µM; CHIR) – a GSK3-β
inhibitor- from 48h-72h in N2B27. Monolayer morphology was similar between
conditions as assessed by phase contrast, although CHIR treated cultures
appeared slightly more compact (Figure 5.5A). Additionally, CHIR treated
overlay cultures were able to robustly form epithelial colonies, however these
appeared delayed or unable to undergo an effective EMT. Compared with
standard ActivinA treated ECM overlay cultures, CHIR treated cultures do not
appear to recapitulate the robust mesoderm differentiation in ECM overlay
cultures. The β-catenin transcriptional co-factor and Wnt target, Lef1, is
expressed at higher levels in both CHIR treated conditions compared to ActivinA
treated conditions, indicating an active Wnt pathway (p<0.05) (Figure 5.5B).
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However, when I assessed gene expression of mesodermal markers T-Brachyury
and Eomes, T-Brachyury expression was attenuated in CHIR treated compared to
ActivinA treated overlays (p<0.05), and Eomes expression was abolished
(p<0.05). Further, while in ActivinA treated cultures Nodal and Wnt pathway
ligands Nodal and Wnt3 are robustly expressed, in CHIR treated cultures
expression is effectively abolished (p<0.05 both conditions standard versus CHIR
treated cultures). Therefore, this data suggests that Wnt pathway activation is
necessary for the pro-mesoderm differentiation effect but not sufficient.
The data presented here highlights that both Wnt and BMP pathways are
upregulated in ECM compared with monolayer cultures, however upon pathway
inhibition Wnt but not BMP is required for the pro-mesoderm differentiation
effect. Further, exogenous ActivinA is required for this effect and cannot be
substituted by exogenous activation of the Wnt pathway. Overall, this suggests a
combinatorial role for Nodal and Wnt pathway activation in mediating the effects
of changing multicellular organisation on pro-mesoderm differentiation.

5.3 Discussion
The work presented in this chapter set out to uncover signalling mechanisms that
may play a role in mediating the effects of multicellular organisation in ECM
cultures on pro-mesoderm differentiation. Through qPCR gene expression
analysis and manipulation of the exogenous signalling environment I identified a
combined role for Nodal and Wnt in mediating these effects.
Gene expression analysis by qPCR of the major developmental pathways
involved in primitive-streak and nascent mesoderm formation in vivo (Bardot &
Hadjantonakis., 2020), highlighted increased levels of BMP and Wnt pathway
activity in ECM cultures (Figure 5.1A&C). Additionally, there appeared to be
little difference between conditions in expression of Nodal or Fgf pathway
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components, with the exception of Nodal inhibitor Lefty1, which was expressed
at increased levels in monolayer cultures.
Increased BMP and Wnt activity is in line with the emergence of the primitivestreak and nascent mesoderm in vivo. In the early post-implantation embryo
BMP4 is induced by Nodal signalling in the proximal-posterior epiblast, which
in turn induces Wnt3 in the proximal-posterior visceral endoderm (Arnold &
Robertson., 2009; Bardot & Hadjantonakis., 2020). Therefore, it was not
unexpected that the BMP and Wnt pathways were increased in conditions
undergoing more robust mesodermal differentiation. However, the increased
expression of Lefty1 in monolayer cultures was interesting as it suggested a
possible direct mechanism for the reduced mesodermal differentiation observed
in this culture relative to ECM overlays (Figure 5.1B). Particularly as compared
to Nodal, Lefty1 is highly diffusible and could therefore spread over a larger field
of cells in culture making them refractory to pro-mesoderm signal like Nodal
(Almuedo-Castillo et al., 2018). Given that Lefty1 has previously been shown to
be expressed in cells that also express high levels of Nodal or are the first to
express Nodal (Takaoka et al., 2017), it stood to reason that monolayer cultures
saw an effective higher dose of ActivinA and thus Nodal pathway activity was
greater compared to ECM culture. However, in experiments where I reduced or
removed exogenous ActivinA there was little difference in cell fate outcomes in
monolayer cultures (Figure 5.2 & 5.3). This suggested that Lefty1 played a
minimal role in inhibiting differentiation in monolayers. This was further
supported by later experiments showing robust pro-mesoderm differentiation in
conditions where Lefty1 expression was increased in monolayer and ECM
cultures relative to standard monolayers (Figure 5.4). This result suggests that in
standard differentiation conditions the activity of Wnt and BMP likely suppresses
Lefty1 expression in overlay cultures. Moreover, the minimal reduction of TBrachyury and Eomes expression following BMP inhibition, suggest that Lefty1

173

Chapter 5: Signalling Effects of Changing Multicellular Organisation

plays little role in inhibiting the differentiation effect in monolayer cultures as
suggested by previous experiments
Reducing exogenous ActivinA in ECM cultures did however result in a marked
reduction in pro-mesoderm differentiation, highlighting its importance in this
effect. However, just the addition of exogenous ActivinA was not sufficient to
robustly increase mesodermal marker expression and this was not observed until
higher concentrations of ActivinA were added (Figure 5.2 & 5.3). It would be
interesting to test whether the observed change in cell fate marker expression
from 2ng/ml to 20ng/ml of ActivinA, was due to absolute concentration or due to
the rate of change of ligand concentration detected by cells. Previous work in
hESCs demonstrated that many Nodal pathway genes responded to the rate of
ligand concentration change instead of absolute concentration and that pathway
activation was saturated above 5ng/ml ActivinA (Heemskerk et al., 2019). The
dependence on exogenous ActivinA also highlights a difference between mESC
and hESC system, as in the latter Nodal pathway activation can be inhibited using
SB431542 and mesodermal differentiation is relatively unaffected (Martyn et al.,
2019).
Following on from this, as I had identified that BMP and Wnt pathway
components were upregulated in ECM cultures, these seemed like prime
candidates for mediating the effects of changing multicellular organisation.
Indeed previous in vitro work utilising mouse and human pluripotent cell systems
to manipulate tissue geometry and tissue mechanics, found that the BMP and Wnt
pathways were the primary mediators of mesodermal differentiation in these
contexts. For example, hESCs and mESCs cultured on micropatterns display
germ layer patterning with mesodermal domains around colony peripheries and
these domains are associated with increased in pSMAD-1/5/8 staining and LEF1
staining – readouts of active BMP and Wnt signalling respectively (Warmflash et
al., 2014; Etoc et al., 2016; Martyn et al., 2018; Morgani et al., 2018). The
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increase in BMP signalling pathway activity was explained due to baso-lateral
localisation of TGF-β receptors and thus increased accessibility at colony edges.
Wnt pathway activation at the periphery was explained due to decreased or
disordered expression of E-cadherin, again liberating β-catenin and sensitising
cells to Wnt activation, which was then sustained by an inward EMT wave.
Moreover, others have found by manipulating and measuring tissue stiffness that
more compliant substrates and increased cell adhesion allow the liberation of βcatenin from adherens junctions through the actions of ILK and pSFKs to drive
Wnt pathway activation and mesodermal specification (Pryzbyla et al., 2016;
Muncie et al., 2020). Using inhibitors of these pathways I discovered that from
48-72h continued BMP signalling activity is not required for the differentiation
effect but Wnt paracrine signalling is (Figure 5.4). This was surprising given the
reports of BMP mediated patterning in micropattern systems and the fact that the
multicellular organisation of cells within ECM overlay cultures would promote
ligand access to basolateral surfaces. However, this data did suggest that the role
of exogenous ActivinA was in inducing expression of Wnt pathway components
such as Wnt3 (Figure 5.4), as SMAD2/3 – transcriptional effectors of Nodal
signalling- are known bind to multiple regulatory elements of these genes (Senft
et al., 2018).
To test if activation of Wnt pathway activity was all that was required to generate
the pro-mesodermal differentiation observed in ECM cultures I sought to activate
Wnt pathway activity independently of ActivinA. To do this I made use of a
GSK3-β inhibitor, CHIR, routinely used to activate Wnt signalling in ES cell
systems to achieve mesoderm differentiation (Turner et al., 2014). CHIR
treatment effectively activated the Wnt pathway in cultures as demonstrated by
increased Lef1 expression, however this condition did not reproduce the effect
observed upon ActivinA treatment (Figure 5.5). This was concluded based on the
attenuated expression of T-Brachyury compared to ActivinA treated ECM
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overlays and the abolishment of Eomes expression. Furthermore, unlike ActivinA
treatment, CHIR treatment fails to upregulate expression of Nodal and Wnt3
despite the latter being a component of the Wnt pathway. This data suggests that
the pro-mesoderm effect in ECM culture is dependent on combined active Nodal
pathway activity and paracrine Wnt signalling rather than on active Wnt pathway
activity in and of itself.
The above data is consistent with a model in which the combinatorial actions of
Nodal and Wnt pathway activation mediate the effects of changing multicellular
organisation on mesoderm differentiation. It appears as if Activin/Nodal pathway
activation enables the expression of Wnt paracrine signalling genes such as Wnt3,
presumably due to SMAD2/3 targeting of these loci. Wnt3 expression is
consistently upregulated in ECM conditions that undergo robust mesodermal
differentiation, whereas it is lower or suppressed in conditions that do not display
increased levels of T-Brachyury and Eomes. In the mouse embryo Wnt3 is a key
component in AP axis specification - alongside Nodal- and mesodermal
specification throughout gastrulation (Arnold & Robertson., 2009). Wnt3-/embryos do not specify an AP axis and arrest at gastrulation and knockout of
Wnt3 using a Sox2Cre reveals an epiblast specific requirement for Wnt3, as
embryos fail to form mesoderm, do not complete gastrulation, and are reabsorbed
at E9.5 (Liu et al., 1999; Tortelote et al., 2013). In addition, epiblast specific
deletion of Nodal using a Sox2Cre also results in a failure to express Wnt3 in the
proximal-posterior of the embryo, a failure to specify mesoderm and subsequent
gastrulation arrest (Lu & Robertson., 2004). In the embryo this is likely because
Nodal initiates a feedforward loop with BMP4 and Wnt3. Nodal expression in the
promixal-posterior epiblast accumulates and matures in a FOXH1 dependent
matter and upregulates BMP4 expression in the ExE, this in turn induces Wnt3
expression in the proximal-posterior epiblast and VE of the embryo (Ben-Haim
et al., 2006). Wnt3 then maintains high Nodal expression via the Nodal proximal
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epiblast enhancer (PEE), a TCF/LEF-dependent 5’ Nodal enhancer. In ECM
overlay cultures however it appears as if Activin/Nodal signalling can induce
Wnt3 expression independently of BMP4 as inhibition of BMP signalling from
48-72h only moderately reduces Wnt3 expression (Figure 5.4). Furthermore, the
Activin/Nodal dependency of Wnt3 expression in ECM overlay cultures can be
observed when exogenous ActivinA is not present, even in the presence of CHIR
(Figure 5.5).
Wnt3, induced by Activin/Nodal signalling then emerges as a candidate
signalling molecule that potentially mediates the pro-mesodermal differentiation
induced by multicellular organisation. Wnt3 contains a lipid modification that
renders it effectively insoluble in the aqueous environment of the extracellular
space (Fuerer et al., 2010). As a result of this it is mainly thought to act at short
ranges in tissues to induce downstream signalling, as has been shown in the
intestinal stem cell niche (Farin et al., 2016). Therefore, such a secreted ligand
has the potential to interact with more cells and induce downstream signalling, in
a highly clustered environment such as in ECM overlays compared to cells
organised as a monolayer. However, recent work has demonstrated that Wnts and
their homologues have the ability to diffuse relatively long distances
(Stapornwongkul & Vincent., 2020). One way in which this is thought to occur
is through reversible interactions between ligands/growth factors and heparin
sulfate proteoglycans (HSPGs). Additionally, glypicans – GPI-linked HSPGshave been demonstrated to shield the lipid moieties of Wnts allowing them to
diffuse through an otherwise aqueous environment (McGough et al., 2020). Such
molecules are present in ECM matrices such as Matrigel, and HSPGs have also
been shown to be induced by ECM culture allowing their accumulation (Morris
et al., 1994). Therefore, ECM overlay cultures may increase the diffusivity of
Wnt3 in comparison to monolayer cultures. Accelerated ligand spread through a
group of cells, such as in ECM overlays, may then result in a more coherent
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cellular response in a population. This mechanism is analogous to that found in
rosettes of the lateral line primordium in zebrafish. Here, Fgf ligands are
concentrated in the apical lumen where the ligand then maximises contact with
cells and efficiently coordinates the coherent deposition of progenitor sensory
organs (Durdu et al., 2014).
Finally, Wnt3 is a strong molecular candidate in mediating a community effect in
ECM overlay cultures as outlined in chapter 4. The theoretical basis of a
community effect depends upon the self-activating feedback loop of a gene that
expresses extracellular ligands which mediate cell-cell communication in a
threshold population size (Saka et al., 2011). Wnt3 fits this profile as it is a
secreted extracellular ligand which can orchestrate downstream changes in cell
fate, moreover it is present in a self-regulatory feedback loop with Nodal and
BMP. In addition, it has also been shown that the proximal promoter of the Wnt3
gene has Tcf/Lef binding sites (Tortelote et al., 2013). Stimulation of MEF cells
with Wnt3 was shown to increase β-catenin occupancy at these sites. Therefore,
there are multiple mechanisms through which Wnt3 could maintain its own
expression in a population of cells to coordinate robust and coherent
differentiation.
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Figure 5.1. Signalling changes in major developmental pathways as a result of ECM culture.

qPCR readouts of several gene targets representative of A) Wnt pathway, B) Nodal pathway, C) BMP pathway, D) Fgf
pathway. Black point estimate and error bars display mean and standard deviation, and individual points are separate
experimental replicates (points have been jittered along x-axis in R). n= 5 experimental replicates (except 48h conditions;
n = 4).
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Figure 5.2. Concentration dependent requirement of ActivinA to drive robust and timely
differentiation response in overlay cultures.
A) Immunofluorescence staining of Eomes, Nanog and T-Brachyury in ActivinA. B) Mean average quantification of
nuclear fluorescence intensities for each marker per condition, per experiment. Black point estimate and error bars
display mean and standard deviation, and individual points are separate experimental replicates (points have been
jittered along x-axis in R). n = 3 experimental replicates.
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Figure 5.3. Increasing ActivinA concentrations induces marked reduction single cell expression
of Nanog and increase in Eomes in overlay cultures.
Single cell expression aggregated into bins using ggplot2 geom_hex to deal with overplotting of single cell
data. Each graph displays data from 5x103 cells after independent sampling of 1x103 cells from 3 independent
experimental replicates. Cell counts per each hex bin are displayed in the colour coded legend at the righthand side of the graphs.
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Figure 5.4. Combined roles for Nodal/Activin and Wnt pathways in mediated differentiation effect
in ECM overlay cultures.

qPCR quantification of cell fate markers and signalling readouts of Wnt and Nodal/ActivinA pathways.
Black point estimate and error bars display mean and standard deviation, and individual points are separate
experimental replicates (points have been jittered along x-axis in R). n = 3 experimental replicates . M= Monolayer,
O= Overlay.
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Figure 5.5 Exogenous ActivinA is required to induce downstream Wnt and promote mesodermal
differentiation in ECM overlays.

A) Phase contrast images of culture conditions indicated at the 72h timepoint. B) qPCR quantification of cell fate
markers
and
signalling
readouts
of
Wnt
and
Nodal/ActivinA
pathways.
Black point estimate and error bars display mean and standard deviation, and individual points are separate
experimental replicates (points have been jittered along x-axis in R). n = 3 experimental replicates . MA= ActivinA
treated Monolayer, OA= ActivinA treated Overlay, MC= Chiron treated Monolayer, OC= Chiron treated Overlay.
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Chapter 6
General Discussion
6.1 Summary of findings
The work in this thesis set out to investigate the role that changing multicellular
organisation could play in regulating mesodermal specification during
gastrulation. The understanding of cell fate decisions during gastrulation has
primarily focussed on the roles of extrinsic secreted signals and resultant
intracellular signalling cascades. However, recent evidence has highlighted the
potential importance that mechanical forces and tissue architecture can play in
regulating cell fate decision during mesodermal specification and gastrulation, as
well as across a variety of other systems.
I initially performed staining for primitive-streak marker T-Brachyury, apicalbasal markers, nuclear markers in early gastrulating mouse embryos to conduct
quantitative image analysis (Chapter 3). This analysis showed that T-Brachyury
expression was highest at the primitive-streak where EMT was occurring, and
expression decreased as cells migrated away. This suggested very precise
temporal control of T-Brachyury expression at the primitive-streak, as cells in the
posterior EPI slowly increase T-Brachyury expression, peaking as they detach
from the EPI, and downregulate expression as they become migratory. This data,
in addition to the evidence of morphogenetic feedback in the literature (Chapter
1.), made it interesting to speculate that changes in multicellular organisational at
the primitive-streak could provide an additional layer of regulation in mesoderm
commitment or at least T-Brachyury expression.
The difficulties in disentangling the contributions of multicellular organisation in
vivo from the extrinsic signalling environment led me to develop an in vitro model
that could recapitulate organisational changes of gastrulation during mesoderm
permissive differentiation. I achieved this using an ECM overlay method which
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had previously been reported to induced EMT like changes in mammary
epithelial cells and hESCs (Zhang et al., 2012; Ahktar & Streuli., 2013). I found
that ECM overlay colonies underwent multicellular reorganisation establishing
apical-basal polarity and undergoing lumenogenesis to form an epithelial
cyst/acini that subsequent underwent a robust and reproducible EMT. This
sequence of events faithfully mimicked the formation of the pseudo-stratified
epithelium of the post-implantation EPI and its subsequent gastrulation EMT at
the proximal-posterior pole. Whilst gastrulation-like EMT behaviours have
previously been observed in monolayer mesoderm differentiations, these have
been induced through the specific external signalling environment (Turner et al.,
2014; Morgani et al., 2018; Martyn et al., 2018). In contrast, the in vitro ECM
overlay model presented here mimicked in vivo multicellular changes in
organisation, in an external signalling environment that does not induce similar
changes in cellular organisation in monolayer cultures.
I next used a combination of gene expression and imaging analysis of in vitro
cultures, to determine if the manipulation of monolayer multicellular
organisation, using the ECM overlay method, promoted or enhanced mesodermal
differentiation. I discovered that the gastrulation-like EMT in ECM overlay
cultures was associated with an increase in mesodermal transcription factor
expression, at both the transcript and protein level, compared to standard
monolayer culture. Additionally, whilst ECM overlay cultures were able to
effectively downregulate Nanog expression, cells within monolayer cultures
appeared unable to efficiently do so and were more reminiscent in their
expression pattern of mesoderm-primed Epiblast-stem-cells (Tsakaridis et al.,
2014). This data suggested that cells in ECM overlay culture were progressing to
a committed mesodermal cell state, whereas cells in monolayers had stalled at a
mesoderm specified or primed state.
Using a combination of quantitative image analysis and in vitro experimental
manipulation I then went on to investigate which features of multicellular
organisation play a regulatory role in mesodermal differentiation. This analysis
revealed that mesodermal transcription factor expression was positively
correlated with increased cell density in ECM overlays from 48h onward,
moreover an enforced reduction of colony size attenuated the enhanced
differentiation in ECM overlays. Furthermore, the positive correlation between
local cell density and a pro-mesodermal effect only appeared to hold for colonies
in ECM rich environment, as densely clustered EBs did not reproduce the effect.
Interestingly, despite the formation of a mature epithelium in ECM overlay
colonies, changes in apical-basal polarity did not appear to play a role in the
enhanced differentiation observed. This finding was surprising given the reported
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effects of epithelial cell polarisation in mediating meso- and endo-dermal
signalling and fate in micropatterns (Etoc et al., 2016; Martyn et al., 2018).
Finally, I investigated the signalling environment and response in ECM overlay
cultures compared to monolayers to understand how cell fate decisions were
mediated by changing multicellular organisation. qPCR analysis demonstrated an
increase in BMP and Wnt target gene expression in ECM overlay cultures
compared with monolayers. However, upon BMP and Wnt pathway inhibition it
was found that Wnt but not BMP activity is required for the pro-mesodermal
effect post-48h. Further, despite broadly similar expression of Nodal pathway
targets in monolayer and ECM overlay cultures, exogenous ActivinA is necessary
for the pro-mesodermal overlay effect and cannot be substituted by independent
exogenous activation of the Wnt pathway. This suggests a combinatorial role for
the Nodal/Activin and Wnt pathway activity in mediating the pro-mesoderm
effect in overlay cultures. From this data it is suggested that Wnt ligand
expression, such as Wnt3, crucial for gastrulation and mesodermal differentiation
in vivo, lies downstream of Nodal signalling in overlay cultures.

6.2 Regulation of pro-mesodermal differentiation by
multicellular organisation
Evidence in this thesis, obtained from quantitative image analysis and in vitro
experimental manipulation, has highlighted a role for local cell density in
regulating pro-mesodermal differentiation in ECM overlay cultures. Image
analysis of ECM overlay cultures showed, despite measurement variability,
positive correlations between density and mesodermal transcription factor
expression. These correlations were validated by experimental manipulation of
ECM overlay colony size, whereby enforced reduction in local cell density
attenuated the pro-mesoderm effect.
Local cell density has now been shown to be a relevant component of cell fate
decisions in a variety of in vitro and in vivo contexts. Micropatterning studies
using hESCs have previously suggested the importance of local cell density in
mediating the balance between pluripotency maintenance and extra-embryonic
endoderm, and the emergence of germ layer derivatives (Peerani et al., 2007; Lee
et al., 2009; Nemashkalo et al., 2017). Moreover, local cell density has also been
shown to enable efficient reversion of EpiSCs to a naïve ESC state, through
multicellular confinement enhanced JAK-STAT signalling (Onishi et al., 2012).
In vivo work has also demonstrated the importance of local cell density in
Xenopus muscle differentiation and oral ectoderm formation of the sea urchin
(Gurdon ; Boulouri & Davidson; 2010). Several of these studies and additional
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theoretical work have suggested that a community effect underlies the effect of
increased or threshold local cell density upon cell fate decision and patterning
(Boulouri & Davidson., 2010; Saka et al., 2011; Nemashkalo et al., 2017). The
theoretical basis of the community is an evolving mathematical framework;
however, it is based upon intra-domain cell-cell communication via diffusible
signalling ligands that provide positive feedback to transcriptional programmes
(Saka et al,. 2011). The key characteristics of the community effect are as follows:
1) A requirement for a threshold local cell density
2) Cells must be local and cannot be spread over a large field
3) After transient induction transcriptional programmes must become selfsustaining
The first two points are fundamental to the community effect, without a threshold
population of cells within a spatially localised area, transcriptional programmes
are unable to reach a steady state. This effect is based upon the synthesis and
degradation rates of transcripts and proteins involved in the signalling cascade,
as well as the diffusivity of the secreted ligand. The self-sustaining requirement
for the community effect can be mediated through auto-regulatory feedback of
the secreted ligand or indirectly through induction of target transcription factor
expression; with the only requirement being the presence of target site within the
cis-regulatory element of the secreted ligand (Bolouri & Davidson., 2019; Saka
et al., 2011). Thus, in a field of cells, cells secreting a ligand not only induce a
signalling cascade in neighbouring cells to activate transcription of the ligand
gene, secreting cells also receive the ligand to enact the very same signal
transduction pathway. This mutual activation results in a positive regulatory
feedback loop producing coherent transcriptional programmes across a
population.
The findings presented in this thesis suggest that a similar mechanism may be at
play in ECM overlays to drive a coherent pro-mesodermal differentiation
response. This is due to the positive correlation between local cell density and
mesodermal transcription factor expression/EMT, the attenuation of mesodermal
marker expression/EMT upon reduction in colony size, and the expression of promesodermal ligands such as Wnt3, which are known to act locally at short range
(Farin et al., 2016). This data, combined with the observations that both
Activin/Nodal signalling and secreted Wnts are necessary for the ECM overlay
pro-mesodermal effects suggests the following model:
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1) ECM overlay allows self-organisation into locally dense multicellular
assemblies
2)

Exogenous ActivinA induces pro-mesodermal transcriptional programme
including Wnt3 expression

3) Wnt3 is secreted reciprocally by cells and initiates a positive regulatory
feedback loop in neighbouring cells
4) ECM overlay colonies grow until a local cell density threshold is met and
a pro-mesodermal programme becomes self-sustaining in a steady state
Wnt3 is an attractive candidate for a signalling ligand that mediates a community
effect in ECM overlay cultures. As mentioned above, in a community effect
mechanism the ligand responsible for cell-cell communication must activate a
positive feedback loop over the field of cells. Wnt3 has the potential to satisfy
this condition through at least different methods; positive auto-regulation and
indirect positive regulatory feedback. Tortelote et al., 2013 reported the presence
of TCF/LEF binding motifs in the proximal promoter element of Wnt3, and
further demonstrated through CHIP-qPCR that β-catenin bound these motifs in
the proximal EPI and primitive streak cells of the gastrulating mouse embryo.
Therefore, secreted Wnt3 could activate canonical Wnt signalling in neighbour
cells causing β-catenin activation, nuclear translocation, and binding to
regulatory motifs in the Wnt3 promoter to upregulate transcription.
Another means to achieve the require positive feedback loop could be through
reciprocal interactions between Wnt and the transcription factor Eomes. Wnt
signalling is required for robust Eomes expression, however a recent study
investigation cardiogenic differentiation in hESCs discovered that Eomes directly
binds regulatory elements of Wnt3 to drive expression (Bardot & Hadjantonakis
2020; Peiffer et al., 2018). This cardiogenic model described a positive interplay
between Wnt signalling, Eomes activity and Wnt3 expression during a period of
cardiac differentiation. Furthermore, loss of SMAD2/3, Nodal pathway
transcriptional effects and Eomes transcriptional cofactors, leads to a loss of Wnt3
expression in mESCs (Senft et al., 2018). Therefore, these data in the literature
also suggest the possibility that a positive feedback loop between Eomes and
Wnt3 could sustain a community effect in ECM overlay cultures.
It is thought that the community effect has evolved in biological systems as a
mechanism to confer robustness in gene expression external environmental
perturbations. Furthermore, whilst not a complete patterning mechanism in and
of itself - due to the predicted requirement for a pathway inhibitor to limit the
spread of the community effect across a field of cells (Boulouri & Davidson.,
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2010) – it could act to buffer noise or conflicting signals at the boundaries
between divergent cell fate populations.
Given the in vitro model laid out in this thesis was used to model the events of
mesodermal specification at gastrulation in vivo, it is worth asking why such a
community effect mechanism would be employed in the embryo. I have discussed
the community as a mechanism that enables coherent determination of cell fate
domains, which are robust to external environmental perturbations. Therefore, in
the post-implantation mouse embryo the community effect, mediated by
multicellular organisation in the form of local cell density, may be a module
acting as a developmental checkpoint. For example, the community effect may
be used as a ‘cell counting’ mechanism during primitive streak induction in the
proximal posterior of the embryo. The expression of Nodal, Wnt3 and BMP4 in
the proximal posterior of the embryo demarcating the primitive streak is evident
prior to the morphological onset of gastrulation EMT (Riviera-Perez &
Hadjantonakis., 2015); it is interesting to speculate that a community effect
mechanism could exist to prevent the premature onset of EMT. In this instance
potentially acting as a checkpoint to ensure the EPI is of a sufficient size to
maintain epithelial integrity in the anterior EPI whilst providing a sustainable
source of cells to the streak itself. Indeed, in the chick EPI a community effect
and ‘neighbourhood watch’ model have been proposed to explain the positioning
and formation of the primitive streak throughout gastrulation (Voiculescu et al.,
2014; Lee et al., 2021). In addition to the induction of the primitive streak or
EMT, a community effect could also be useful in the maintenance of the primitive
streak itself throughout axial elongation during gastrulation. The community
effect in primitive streak cells would enable a self sustaining transcriptional
programme that is robust to morphogenetic movements that shift the relative
positions of initial inductive signalling sources.
Whilst there appears to be a solid basis for a community effect-like mechanism
operating in ECM overlay cultures, increased local cell density in overlays in and
of itself is not sufficient to promote mesoderm formation in the absence of ECM.
This observation is based upon the differentiation of EBs under the same
exogenous signalling conditions as was present in monolayers and ECM overlays
but in the absence of exogenous matrix (Chapter 4). Despite displaying a high
degree of clustering compared to monolayer cultures, EBs showed little to no
upregulation of T-Brachyury, Eomes or Wnt3. It therefore seemed probable that
additional features of the ECM overlay condition were contributing to the promesodermal effect. It is known that growth factor and other secreted ligands can
interact with ECM proteins in a variety of different ways that can retard or enable
extracellular diffusion or receptor presentation (Stapornwongkul & Vincent.,
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2021). This is particularly relevant for Wnt proteins which are lipidated with a
palmitoleate on a conserved serine residue, rendering Wnt proteins hydrophobic
(Willert et al., 2003; Takada et al., 2006). Therefore, Wnts have poor solubility
in the extracellular space and yet are known to act over many cell diameters, while
short range action is sufficient in the mouse intestinal crypt they are thought to
act over longer ranges in Xenopus and in the Drosophila wing (Kiekcer & Niehrs.,
2001; Farin et al., 2016; Alexandre et al., 2014). A recent study in Drosophila
indicated that glypican proteins present in the ECM are able to undergo
conformational changes when binding Wnt peptides that results in a hydrophobic
pocket shielding of the Wnt lipid moiety (McGough et al., 2020). This enables
the solubilisation of Wnts in the aqueous extracellular space and forms a
signalling competent pool of Wnt protein that can engage cell surface signalling
receptors. ECM products such as Matrigel contain glypicans therefore it is
possible that the ECM rich environment of overlays and potentially the in vivo
environment facilitate the solubilisation of Wnt protein. In doing so this could
help enable increased diffusivity and signalling range over a field of cells as well
as acting as a reservoir for signalling competent Wnt thereby increasing local
protein concentrations, both of which are consistent with a community effect.

6.3 Working model
The data presented here has demonstrated that manipulation of multicellular
organisation using ECM overlay cultures promotes coherent mesodermal
differentiation in comparison to standard monolayer cultures.
Based on this data and the wider research literature it is proposed that ECM
overlays cultures promote coherent mesodermal differentiation via a community
effect-like mechanism (Figure 6.1). In a mesodermal permissive signalling
environment ECM overlay culture reorganises multicellular arrangement in
culture to increase local cell density, meeting one of the fundamental
requirements of a community effect. Activin/Nodal signalling induces Wnt3
ligand secretion, which is readily solubilised in the ECM rich environment,
enhancing diffusivity and increasing local protein concentration. Wnt3 secretion
drives a reciprocal positive feedback loop of pro-mesodermal signalling in
neighbouring cells, reinforcing a coherent transcriptional programme. Once a
threshold community size is acquired cells undergo robust and coherent
differentiation toward committed mesoderm. In contrast, monolayer cultures
exposed to the same exogenous signalling environment progress to a posteriorEPI state but stall and fail to progress to committed mesoderm. This is observed
in culture as heterogenous distribution of transcription factor expression
representing posterior EPI markers and early primitive streak markers.
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Figure 6.1. Working model.

Proposed community effect model of coherent mesoderm differentiation in ECM overlay cultures.
ECM overlay causes multicellular reorganisaion resulting in cell clustering, in addition ECM also
promotes the retention and concentration of pro-mesodermal signalling ligands, such as Wnt3.
Wnt3 drives a reciprocal positive feedback loop via transcription factor Eomes, or an autoregulatory feedback loop, or both, reinforcing a coherent transcriptional programme. Local cell
density increases until the population threshold size is reached, and a steady state acquired, cells
then undergo robust and coherent mesoderm commitment. Incoherent mesodermal differentiation in
the absence of ECM/clustering e.g., monolayer or embryoid body differentiation.

6.4 Future directions
Building on the data presented here it will be important for future investigations
to validate the existence of and further characterise the proposed community
effect in ECM overlay models.
Whilst it is clear from the work presented here that local cell density is an
important aspect of the pro-mesodermal effect in overlay models, it is unclear
what the community effect threshold is or whether there is an upper bound at
which point divergent fates arise. That is, what is the range of local cell densities
which enable a community effect to promote coherent mesodermal commitment?
One way to assess this is through the use of micropatterning techniques to
precisely control the size and geometry of cell colonies. By monitoring cell fate
outcomes using immunofluorescence or live imaging of fluorescent reporter cell
lines it would be possible to determine the lower and upper bounds of local cell
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density that are conducive to a community effect. It would also be useful and
interesting to extend the ideas developed from in vitro models to in vivo
gastrulation. Here the key question would be whether local cell density is
important in the induction of gastrulation EMT and maintenance of the primitive
streak. Would a partial reduction in posterior EPI or primitive steak populations
delay gastrulation until a threshold community size is achieved? Whilst
technically challenging, multi-photon laser ablation single cells in the mouse preimplantation mouse epiblast has been used to investigate coupling between cell
fate choice and lineage size and could be extended to the post-implantation
embryo (Saiz et al., 2020).
It would also be prudent for future work to investigate a broader repertoire of
signalling candidates than has currently been assayed in this study.
Transcriptomic and proteomic approaches such as RNA-sequencing and mass
spectrometry would provide a more complete picture of the signalling changes
that occur in ECM overlays as a result of changing multicellular organisation.
This would allow the determination of the most promising signalling mediators
of the community effect in the context of wider pathway activity. The role of
these candidate ligands could then be tested in vitro and in vivo using a variety of
genetic engineering approaches. This would include knockdown of target ligands
and deletion of promoter regulatory elements in an attempt to disrupt the positive
feedback loops of the community effect. For example, to test the role of Wnt3 in
the community effect of overlay colonies, CRISPR/Cas9 technology could be
used to delete binding sites of Eomes or β-catenin in the Wnt3 promoter (Tortelote
et al., 2013; Peiffer et al., 2018). Doing so should disrupt the positive selfregulatory feedback loop formally required in a community effect. Additionally,
another interesting means of testing Wnt3’s role in a community effect would be
to engineer a morpho-trap system. For example, overexpression of a GPI-tethered
glypican could in principle bind an active pool of lipidated Wnt3 in a non-ECM
rich culture system, such as ECM free embryoid body cultures. This would test
the ability of Wnt3 at high local concentrations to sustain a community effect in
the context of high local cell density and the absence of ECM. A glypican
overexpression system such as this has already been demonstrated in Drosophila
(McGough et al., 2020). Moreover, to understand the synchronisation of
transcriptional programmes across local cell populations, generation of multilevel
fluorescent reporters would be useful in understanding ligand spreading,
intracellular signalling response and resultant cell fate marker expression.
These measurements would allow the creation of a formalised framework
describing a pro-mesodermal community effect that could be extended to other
relevant biological settings. For example, the potential importance of cell

194

Chapter 6: General Discussion

population size in the context described here may be applicable to classical tissue
engineering approaches. External modulation of initial cell population sizes in a
tissue engineering system may allow for more coherent differentiation and
patterning of mesodermal tissue and organ derivatives, when coupled with
modulation of the chemical signalling environment. Moreover, given the
similarities in regulation between developmental and tumorigenic EMT
programmes, it would be interesting to extend this framework to the analysis of
tumorigenesis (Chen et al., 2017). 3D micropatterning approaches could be
employed to test the role of local cell density in pre-neoplastic cells and assay
how this affects an EMT/metastasis phenotype. Further, this would also allow
investigation of whether similar molecular mechanisms are at play between
mesodermal and tumorigenic EMT, which could be therapeutically exploited.
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