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Abstract

Human pluripotent stem cells (hPSC) have the capacity to differentiate to all
functional somatic cell types, which offers enormous potential for regenerative
medicine and further understanding into the molecular mechanisms that drive
early development. These cells however exhibit heterogeneity when grown in
culture, with respect to cell surface antigen expression, gene expression patterns
and functional properties such as clonogenicity. The central hypothesis of this
project is that the heterogeneity exhibited in culture is the result of hPSC existing
in different states within the undifferentiated stem cell compartment. The aim was
then to determine whether cells occupying particular states exhibit a bias in their
propensity to differentiate along alternative lineages. This project focused on cells

that may be biased towards the mesoderm lineage.

One strategy to isolate cells occupying different sub-states was to use cell surface
antigens, specifically the well-defined antigens CD9 and SSEA3 and a novel
monoclonal antibody-defined antigen, BF4. Subsets of hPSC were isolated
based on levels of expression that showed different propensity for differentiation,
despite being able to form colonies and self-renew. In single cell transcriptome
studies, the SSEA3/CD9 subsets exhibited heterogeneity in respect to genes
associated with mesoderm/endoderm. Functionally, the SSEA3 High/CD9+
subset exhibited increased propensity to differentiate towards mesoderm
derivatives in embryoid body conditions. In contrast, cells defined as being
SSEA3+/CD9- exhibited increased propensity to differentiate towards ectoderm

derivatives in these conditions.

An alternative strategy to identify and isolate a mesoderm biased population was
to use a combination of SSEA3 and a BRACHYURY (T) gene reporter, involving
a histone 2B- Venus fluorescent protein knock-in to the BRACHYURY locus. In
KOSR/MEF self-renewal conditions, the SSEA3+/BRACHYURY+ subset
demonstrated increased expression of genes associated  with
mesoderm/endoderm differentiation, as well as exhibiting increased propensity
to mesoderm  differentiation in Neutral EB  conditions. This
SSEA3+/BRACHYURY+ subset was recreated in a defined system, that while it

13



could self-renew and clone similarly to the KOSR/MEF subset, it differed at the

transcriptome level and through propensity for differentiation.

Taken together, the results obtained in this thesis provide evidence that SSEA3+
cells are heterogeneous containing many potential states with different
propensities for differentiation. It also provides evidence for lineage-biased sub-
states of hPSC that can be maintained and analysed, providing a tool for further

study into early fate determination of hPSC.
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Chapter 1 : Main Introduction

1.1 Foreword

Human pluripotent stem cells (hPSC) contain characteristics that distinguish
them from their differentiated counterparts. One crucial characteristic is their
capability to self-renew indefinitely under appropriate growing conditions, while
maintaining the capacity to differentiate to derivatives of the three germ layers.
This capacity to differentiate to any somatic cell type in the body is what makes
the stem cell such a desirable tool in regenerative medicine and studies in early
development. Such applications can range from furthering understanding into
early developmental processes, through to translational applications in making
specific cell types for clinical applications. However, to achieve these desired
applications, it is necessary to efficiently and reproducibly differentiate these
cells. While there are many examples in the literature of directed differentiation
of pluripotent stem cells, the underlying mechanisms of early fate determination
from the pluripotent stem cell compartment is poorly understood. Consequently,
one of the biggest technical difficulties in working with these cells is achieving
reproducible and efficient results in generating specific cell types. This can
become a very problematic and expensive concern when applied to translational
applications, such as industrial scale up for generating large quantities of
differentiated derivatives. These applications demand protocols that are cost-
effective and achieve high purity and yield of a desired cell type. This
consequently points to a need to understand the cellular and environmental ques

that are driving heterogeneous cell fate decisions.

There is growing evidence in the literature that heterogeneity is present within
stem cell culture. This is demonstrated with differences in cell surface antigen
expression and gene expression patterns that can directly correlate to differences
in cellular behaviour. Although there is evidence in these studies of cells
expressing genes associated with lineage specification, there is very little
evidence on the functional consequences of these expression patterns and how

it relates to stem cell fate decisions.
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This work presented is based on exploring heterogeneity within the stem cell
compartment through identification of subsets of cells using a combination of
various techniques that can allow analysis of the transcriptome, as well as
functionally. The objective is to identify subsets of cells with bias to differentiation
to mesoderm. The purpose is to understand the molecular mechanisms involved
in creating this bias in culture, so it can be controlled and maintained in culture.
This will allow greater understanding of the molecular processes involved in fate
determination, as well as serving as a tool that could be used in regenerative

medicine to improve yield and purity of differentiation to a desired cell type.

1.2 Origin of Pluripotent Stem Cells From in vivo to in vitro

The human body is a complex network of specialised cell types that serve specific
roles depending on their location. The intricate interactions between the different
cells in this network result in the development of the human body from a single
cell through to a complex structure of tissue and organs. Indeed, this single cell,
the zygote, is formed from the fertilisation of a maternal egg with a paternal
sperm, resulting in a single cell that contains the genetic information required to

form a fully functioning human body.

This process starts once fertilisation occurs, where the zygote undergoes a series
of cleavage events until it reaches the 16-cell stage which results in a structure
called the morula. After a few days post fertilisation, the totipotent morula forms
a cavity from the movement of sodium ions and water from trophoblast cells,
resulting in a 32-cell structure called the blastocyst. The blastocyst stage is the
first evidence of cell lineage specification, where the outer cells of the blastocyst
develop into the first epithelium known as the trophectoderm. During this, the
cells that are within the interior of the blastocyst form what is known as the inner
cell mass (ICM), a mass of cells that are pluripotent 1. This capacity for being
pluripotent means that these cells can form all functional somatic cell types in the
adult. But crucially, they are the source of cells that when isolated and grown in
vitro, gave rise to the human embryonic stem cell lines that are used the world

over.
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1.3 Embryology: From the ICM to Formation of the Three
Primary Germ Layers

Human pluripotent stem cells have the capacity to differentiate into any derivative
of the three primary germ layers. To understand the processes that form these

cells, information can be gathered from the embryo in development.

Following formation of the blastocyst and ICM, in week 2 of implantation, the
trophoblast layer that was formed with the blastocyst penetrates further into the
endometrium. The ICM proceeds to form a bilaminar embryonic disk comprising
of the epiblast and embryonic endoderm. The epiblast is the structure that will
give rise to the three primary germ layers of the mesoderm, endoderm and

ectoderm through the procedure of gastrulation 2 .

Gastrulation marks the creation of a trilaminar embryo through the conversion of
the two-layered epiblast into the three primary germ layers through a series of
morphological changes, cell proliferation and differentiation 23. This gastrulation
process features recruitment of cells from the embryonic ectoderm of the epiblast
forming a transient structure called the primitive streak. This primitive streak is a
grooved structure that extends from the midline of the bilaminar disk 2. To form
this, cells from the midline ridge of the epiblast undergo an epithelial to
mesenchyme transition (EMT) that arrange along this midline creating the left-
right and cranial-caudal embryonic axis 2. Additionally, these epiblast cells
proceed to ingress through the primitive streak, firstly forming the mesoderm and
definitive endoderm 2. As the primitive streak reaches its mid-stage, it marks the
beginning of formation of the head mesoderm, somites, intermediate, paraxial
and lateral plate mesoderm 2. As well at this mid-stage, it marks the formation of
the notochord, a rod-like structure laying on the anteroposterior axis 2 that
induces the formation of the neural plate that forms the basis of formation of the

nervous system 4.

Clonal analysis has shown that epiblast cells do not exhibit lineage commitment
prior to ingression through the primitive streak °. Indeed, mesendodermal cells
demonstrate a lineage choice between the mesodermal and endoderm. Fate
mapping analysis of the primitive streak has shown that cells of the axial

mesoderm and anterior definitive endoderm ingress through the most anterior
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region, where as the paraxial mesoderm, lateral plate mesoderm and extra-
embryonic mesoderm emerge from the anterior third region, the middle region
and the posterior region respectively 6. Effectively, the time and site of ingression
influences the allocation of cells to specific tissue types and their destination

along the anterior-posterior-axis ”8.

As described, the process of ingression is essential for cells to undergo the EMT
and ingress through the primitive streak to form lineage specific cells. Cell
signalling processes (which will be described in more detail within this
introduction) play a key role in cell movement through the primitive streak. In
respect to FGF signalling, FGFR-1 mutant embryos result in epiblast cells that
are unable to undergo the EMT and consequently fail to ingress through the
primitive streak °. These FGFR-1 mutant embryos have also shown to have
reduced expression of TBX6 and T (BRACHYURY) which also affects movement
of the mesoderm. In these embryos, high E-cadherin activity results in a reduction
of nuclear localisation of B-Catenin. This results in a down-regulation of
BRACHYURY expression, a direct target of WNT/ B-Catenin signalling °. In the
chick embryo, mutations in FGF8 results in accumulation of mesenchyme in the
primitive streak, highlighting its role in supporting ingression through the primitive

streak 10,

Movement of both mesoderm and endoderm cells through the primitive streak
can be affected by different genes. Indeed, it was shown that mutations in
embryos for the gene MESP1, resulted in negatively affecting mesoderm
ingression, but not endoderm . In respect to endoderm formation, mutant
embryos for the mesendoderm gene MIXL1, resulted in fewer definitive
endoderm cells being recruited to the endodermal layer 12. Additionally, mouse
MIXL1-null embryos were shown to have complex defects in both the axial
mesoderm and formation of gut endoderm 3. In MIXL1-null embryos,
BRACHYURY expression was also affected, where its expression localised in a
poorly organised structure that resembled the notochordial plate 22
BRACHYURY’s role in formation of the notochord was also shown in
BRACHYURY null embryos, where the result was defective primitive streak

formation and notochord morphogenesis 4.
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Formation of different mesoderm and endoderm cells depends on different levels
of Nodal and Wnt signalling within the primitive streak. It has been demonstrated
that loss of Nodal signalling results in a failure to form the axial mesoderm,
paraxial mesoderm and definitive endoderm 17, Conversely, increased Nodal
signalling results in an over expression of mesoderm associated genes 20,
Formation of definitive endoderm relies on activation of MIXL1 to down-regulate
Nodal signalling 3. Other signalling pathways such as BMP signalling have
shown to have a role in mesoderm formation. BMP -/- mutant embryos were
shown to be deficient in posterior derivatives of the primitive streak such as the
haematopoietic and extra mesodermal lineages ?'. In respect to the paraxial
mesoderm, it has also been shown to be affected by Wnt signalling. It was shown
that in WNT3A null mutant mice, neuroectoderm formed in place of somites 22. It
therefore highlights that formation of the middle-primitive streak is a result of co-
operation between the Nodal, FGF and Wnt signalling pathways 23, whereas the

posterior-primitive streak depends on BMP signalling activity.

Evidence of early lineage bias to the mesoderm and endoderm can be seen both
in vivo at this stage of development and comparatively in Epiblast Stem Cells
(EpiSC) and ES cells in vitro. Within embryo analysis in vivo, BRACHYURY and
OCT4 were observed to be expressed in the pre-streak and early-streak
embryos, where in the latter, it marked the posterior epiblast prior to formation of
a nascent layer of mesoderm 24, Single cell analysis of early post-implantation
embryos revealed that a subset of cells identified as being from a day 6.5 embryo,
co expressed both OCT4 and the endoderm associated gene GATAG. Clusters
of these cells expressed genes associated to both the mesoderm and definitive
endoderm, suggesting the majority of these cells represented those of the
mesendoderm 25, During development, a key process during formation of the
mesoderm and endoderm, is the co-expression of the mesendoderm gene MIXL1
with the pluripotency associated gene, OCT4 26, It was shown in differentiating
ES cells, that there existed a sub population of cells that co-expressed MIXL1
and OCT4, along with other primitive streak associated genes. It was proposed
that these cells were the in vitro equivalent of primitive streak cells in vivo 25,
EpiSC have been shown to be undifferentiated cells, yet they heterogeneously
exhibit co-expression of pluripotency associated genes such as OCT4 with

lineage associated genes such as BRACHYURY 2728, It was shown by (Tsakiridis
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et al., 2014) 2° that primitive-streak like EpiSC exhibit a lineage bias to mesoderm
and endodermal fates, while maintaining pluripotency. The primitive streak like
characteristics of EpiSC were mediated by endogenous Wnt Signalling, while
elevated Wnt signalling restricted the EpiSC to primitive streak like cells with
mesendodermal and neuromesodermal characteristics. In another study, (Song
et al., 2016) 28 showed that BRACHYURY Positive EpiSC co-expressed OCT4
while being maintained as undifferentiated. The BRACHYURY Positive EpiSC
exhibited a lineage bias to differentiate to the mesendoderm, while BRACHYURY
Negative EpiSC exhibited a bias to differentiate to the neural ectoderm.

During development, the process of formation of cells of the brain and spinal cord
arrive from the procedure of neurulation that is divided into two sections, primary
and secondary neurulation 0. At the primary neurulation stage, the derived
ectoderm is divided into two neural plate cells, the epidermis and the neural crest.
In the mouse, the neural crest is formed along almost the entire axis at the neural
plate border. Here, neuroepithelial cells from the neural tube proceed with their
own EMT, resulting in delamination and migration to the periphery of the neural
tube. After this migration step, it marks the formation of the four neural crest
populations of the cranial, cardiac, vagal and trunk 2. These four progenitor
populations of neural crest will continue to further differentiate into various

derivatives, including neural, cartilage and bone for the cranial neural crest 3132,

In summary, the above describes the basic procedures of the transition of the
ICM through to gastrulation and forming of the neural plate. However, as briefly
described, the process within the embryo involves a complex network of
signalling cascades and gradients to give rise to specific derivatives. These
signalling cascades are recapitulated in stem cell fate determination in culture,
both for maintaining the pluripotent state as well driving differentiation.
Understanding the mechanisms that control these signalling networks is integral
to understanding fate determination mechanisms of pluripotent cells. However, a
lot of our early knowledge of pluripotency came from other sources, such as the
malignant counterpart of the hPSC, the embryonal carcinoma (EC) cell.
Furthermore, prior to the derivation of hPSC lines, mouse pluripotent stem cell
lines were derived and were used for understanding early developmental
processes. A research field which continues to this day. As well as providing

knowledge for characterising pluripotency, these different cell types provide tools
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for comparison with hPSC and are necessary contextual background for this

study.

1.4 Prior Research to hPSC: Embryonal Carcinoma (EC) cells

1.4.1 Mouse EC cells

Prior to the use of human embryos for cell line derivation in 1998 33, a lot of the
knowledge of the mechanisms and hallmarks that define pluripotency and
differentiation were learnt from embryonal carcinoma (EC) cells. The origin of
these pluripotent cells came from a type of malignant tumour, known as the

teratocarcinoma.

The teratocarcinoma and its non-malignant counterpart, the teratoma, have been
of research interest for many decades as these tumours have biological
comparisons to the early embryo. Within these tumours, cell types can be
observed that are derived from the three germ layers in embryo development.
What was intriguing with the teratocarcinoma however, was that it also contained
a clonogenic, pluripotent cell type that became known as the EC cell. One of the
first reported studies of stable growth and maintenance of these cells in vitro was
that of Finch and Ephrussi 34. Here it was demonstrated that the use of a sub-cell
line derived from a teratocarcinoma of mouse testis origin, could be maintained
on a layer of irradiated, senescent mouse embryonic fibroblasts (MEF) with
Dulbecco’s Modified Eagle’s Medium (DMEM) and fetal calf serum. This use of a
layer of MEF was proposed to be important for the maintenance of these cells as
undifferentiated, presumably through providing the necessary factors for self-
renewal. Following this study, many more EC lines were derived that all contained

the key characteristics of being able to self-renew and being pluripotent.

It was considered whether EC cells were equivalent to cells of the ICM, as
evidenced by the generation of chimeric mice that were formed through injections
into mouse blastocysts 3. Another example of the similarity of these cells to those
of the ICM was shown in embryoid body (EB) differentiation, three-dimensional
aggregates that resemble the inner cell mass of embryos in vitro. A study by

(Martin and Evans) ¢ showed that EB formed by EC cells resulted in the
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generation of a variety of differentiated cell types of different lineages. Their
capability to differentiate to specific lineages was demonstrated through the
addition of retinoic acid to the F9 EC line, providing evidence that these cells
could respond to exogeneous signals that would influence their fate decision ¥’.
This F9 line would become prevalent in a further study that showed that these
cells expressed a cell surface antigen, known as the F9 antigen. Here it was
shown that this antigen was only expressed on cleavage stage embryos and not
on differentiated derivatives 3. Following the derivation of monoclonal antibodies,
an antibody known as MC-480 or SSEA1l, was shown to have a similar
expression pattern to that of F9 39, This observation led to the hypothesis that
there were other cell surface antigens whose expression was lost following
differentiation. Nevertheless, this evidence that the mouse EC cells resembled
that of the mouse ICM was a major driving force for deriving the human

equivalent.

1.4.2 Human EC cells

Following the identification and characterisation of mouse EC cells, growing
interest in the human equivalent resulted in derivation of human EC cell lines that
were successfully maintained and expanded in vitro 4%41. Intriguingly,
characterisation of the human EC cells highlighted phenotypic differences
between them and the mouse equivalent. Through the use of monoclonal
antibodies, it again was apparent that there were differences in the expression
patterns of these cell surface antigens. Human EC cells were shown to express
the surface antigens SSEA3, SSEA4, TRA160, GCTM2, THY1 and MHC.
Though conversely, mouse EC cells were shown to not express these markers,
but instead expressed SSEAL, which was not expressed on human EC cells %2,
While the reason for this difference in expression is unknown, hypotheses have
considered whether it is a result of species differences or the cells corresponding
to different embryonic cell stages. However, through discovery of transcription
factors associated with the maintenance of pluripotency, namely OCT4, SOX2

and NANOG, these were shown to be expressed in EC cells of both species 43~
46
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Aside from the evidence of these EC cells corresponding to those of the ICM,
studies using human EC cells also contributed to understanding mechanisms in
early development. Indeed, it was shown using the NT2/D1 line that adding
precise concentrations of the morphogen Retinoic Acid (RA), induced HOX gene
expression that resembled HOX gene patterning in the embryo. This was shown
with the generation of cells corresponding to those of the hind brain or spinal cord
at lower or higher concentrations of RA respectively 47. In addition to studying
early development, EC cell lines were also used in early attempts at regenerative
medicine. Such an example is the use of neurons that were derived from the
NT2/D1 line being transplanted in patients that had suffered a stroke “8.However,
one of the limitations of EC cells observed is that some of the lines were variant,
with the cells being nullipotent 42, leading to questions as to whether these cells
truly behaved like those of the ICM. This concern would have direct implications
to studies involving early development, especially involving those in early fate
determination or in the mechanisms behind self-renewal and maintenance of
pluripotency. Additionally, being of tumour origin, the cells may have inherent
malignant properties which render their potential use in transplantation
procedures risky. Consequently, future studies began focusing on cells that were

shown to be derived directly from the ICM, firstly in the mouse.

1.4.3 Prior Research to hPSC: Mouse Embryonic Stem cells

Following the characterisation of EC cells, attention turned towards isolating cells
that were derived directly from the ICM. However, the procedure for isolating the
cells and maintaining them in vitro was shown to be technically difficult. A study
by (Evans and Kaufman,1981) 4° followed a hypothesis that isolating enough cells
at the necessary stage of the developing embryo and growing them in the
appropriate culture conditions would allow expansion and maintenance of these
cells in vitro. By isolating day 2.5 mouse blastocysts and culturing them, they
gave rise to trophoblast cells and egg-like cylinder structures, that were
postulated to have been derived from the isolated cells from the ICM. To verify
this, these cells were cultured on a senescent fibroblast layer, in a similar way to
the EC cell lines previously and were found to adopt a morphology that resembled
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the previously derived EC lines. In another study by (Martin, 1981) %0 these ICM
derived cells were maintained in conditioned media that were used in maintaining
teratocarcinomas. This study provided the term of “embryonic stem cell” due to
the cells direct derivation from the blastocyst. These landmark studies paved the
way for a new field of research to study and characterise early developmental

mechanisms and processes in vitro.

New approaches utilised the advancing technologies in genetic engineering from
insertional mutagenesis using viral vectors °1, through to precise gene targeting
using homologous recombination 5253 to characterise these newly derived cells.
Further studies involving deciphering of the regulatory network governing
pluripotency, identified that similarly to EC cells, the transcription factors OCT4
43, SOX2 44 and NANOG “¢ were important for the maintenance of the pluripotent
state in these embryonic stem (ES) cells. Furthermore, study into the signalling
networks that are involved in the maintenance of pluripotency revealed a role for
Leukemia Inhibitory Factor (LIF), a member of the interleukin 6 family 5%
Following binding of LIF to its target receptor, a signalling cascade is triggered
that results in activation of JAKs (Receptor associated Janus Kinases) and
phosphorylation of STAT3 (Signal Transducers and Activators of Transcription
3). This in turn results in STAT3 translocation into the nucleus to activate
transcription. One such gene target for STAT3 was GABP (GA-binding protein)
which has a direct role in regulating expression of the pluripotency associated
transcription factor, OCT4 5,

The mouse is an experimental model that has provided much insight into early
development, both in terms of understanding the mechanisms in embryogenesis
as well as early developmental processes in vitro using ES cells. Together with
EC cells, these cells have provided much of the knowledge that was gained on
the characterisation of pluripotency prior to the derivation of the human ES cell
equivalent. However, while mouse ES cells have and continue to provide a model
for studying early development, the question remained on how relevant species
differences were in respect to the mechanisms involved in pluripotency and early
development. For understanding the mechanisms of early development in
humans, it was hence necessary to attempt to derive and utilise the human

equivalent of the mouse ES cell.
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1.5 Human Embryonic Stem Cells

Following the success of derivation of cells isolated directly from the mouse ICM,
attempts at achieving the same using human embryos were underway. The first
successful derivation was achieved in the study by (Thomson et al. 1998) 33
where in a similar vain to previous derivations using mouse and human EC cells,
a mouse fibroblast layer was used as the matrix. Though this was not the only
similarity, as once derived, these human ICM derived cells were shown to have
the same self-renewal and differentiation capabilities of their mouse cell
counterparts. Further characterisation of these newly derived human ES lines
revealed a similar trend to their EC cell counterparts in that they expressed the
cell surface antigens SSEA3, SSEA4 and TRA-160, but again similarly to EC
cells, they lacked expression of SSEA1 33, This observation provided the first
insights into the potential species differences between mouse and human ES
cells and inspired future studies into characterising the mechanisms involved in

human ES cell pluripotency.

Studies into the signalling networks involved in regulating pluripotency in these
cells, revealed that unlike mouse ES cells, human ES cells did not LIF for
maintaining pluripotency 23. Furthermore, studies into the role of BMP signalling,
which features prominently in maintaining pluripotency in mouse ES cells, were
shown to induce differentiation in human ES cells 6. These studies provided
justification for further study in to understanding the differences in early human
development and provided platform to understand the signalling networks

involved in maintaining pluripotency and driving differentiation.

25



1.6 Signalling Pathways Involved in Self-Renewal and
Differentiation of Human Embryonic Stem Cells

In order to understand early fate determination process of human pluripotent cells
in culture, it's necessary to understand the signalling cascades involved in
maintenance of pluripotency as well as drivers of differentiation. By activating or
repressing precise signalling pathways, transcription factors can be expressed
that drive expression of genes involved in either maintaining the stem cell state
or leaving it to a differentiated derivative. Important pathways involved in early
stem cell fate determination include the BMP, TGF-B, FGF, WNT and HIPPO
pathways, where co-ordination of these pathways can directly influence stem cell
fate decisions.

1.6.1 TGF-B Signalling Role in Maintaining Pluripotency

The TGF-B signalling pathway is one that features prominently in both the
developing embryo and the adult. It is also involved in a variety of cellular
processes ranging from stem cell maintenance and differentiation through to cell
growth and apoptosis. TGF-f is a cytokine and a member of the transforming
growth factor (TGF) superfamily. The superfamily can be divided into two
functional sub-group of ligands. The first set consists of Activin A, Nodal and TGF-
B where the signalling cascade resembles that of the JAKs pathway, where a
type 2 receptor kinase phosphorylates its target type 1 receptor kinase
equivalent, resulting in activation of a signalling cascade °’. Here, the cytoplasmic
signalling molecules SMAD2 and SMAD3 are activated following signalling
through the ALK4/5/7 receptors (known as ACVR1B, TGFBR1 and ACVR1C
respectively) %85 where they become phosphorylated at the C-terminal serine
residue 6. Following this process, this phosphorylated SMAD 2/3 complex forms
a trimeric complex with SMAD4, which permits translocation into the nucleus
where it can serve as an activator for target genes. The second set involves the
BMP receptor family where signalling proceeds through the type 1 receptors
ALK1,2,3 and 6 (known as ACVERL1, ACVER1, BMPR1A and BMPR1B
respectively) resulting in phosphorylation of SMAD1 and SMAD5 which again
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forms a trimeric complex with SMADA4, where it can translocate to the nucleus

and serve in activating target genes. 596162,

Specific to human ES cells, the TGF/Activin/Nodal activation of the SMAD2/3
signalling cascade has been shown to have a role in the maintenance of the
pluripotent state. Such examples include the pluripotency associated gene
NANOG, which has been shown to be regulated by TGF/Activin/Nodal signalling
63, Conversely, studies involving the inhibition of this signalling pathway using the
ALKS5 chemical inhibitor SB431542 resulted in down-regulation of NANOG and
consequent differentiation 3. Furthermore, studies into the TGF- B/Activin/ Nodal
pathway through activation of the SMAD 2/3 signalling cascade using Activin A
as a protein ligand, showed that it served a role in maintaining the pluripotent
state %°. However, while these studies highlight the role of TGF-B super family in
maintaining pluripotency, there is also evidence in the literature for this signalling
network serving a role in driving differentiation.

1.6.2 TGF-B Signalling Role in Driving Differentiation

As well as having a prominent role in maintaining pluripotency, the TGF-$3
signalling pathway has also show to feature within mesoderm formation and
patterning. One of the earliest recorded examples evidencing this was performed
in a Xenopus embryo %4, In this study a truncated form of the Activin type 2
receptor was cloned and integrated into the embryo. This resulted in defects at
the gastrula stage in development which resulted in a loss of mesoderm
specification and an increase in ectoderm differentiation. This receptor has also
been shown to feature within the BMP signalling network, where mutations
resulted in inhibition of the BMP signalling cascade 5. Activin A had also been
shown to have a role in endoderm formation, where in low serum conditions,
addition of Activin A at 100ng/ml resulted in up to 80% SOX17+ cells 6.

The SMAD 2/3 signalling cascade which, as previously described, has a role in
maintaining the pluripotent state, has also been shown to have a role in
differentiation. This has been shown through the anterior/posterior patterning of

the epiblast in the mouse embryo through regulating formation of the primitive
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streak 67:%8, In addition, it had also been shown that loss of SMAD 2/3 results in
loss of mesoderm formation due to a failure for the embryo to proceed into
gastrulation ©°, In addition to the SMAD2/3 cascade, TGF-f signalling was shown
to have a prominent role in mesendoderm specification. It was shown that
expression of the TFG-3 antagonists Lefty and Cerberus or inhibition of the ALK

receptors using SB431542 resulted in increased neural ectoderm differentiation
70

These studies highlight the prominent role TGF-f signalling has in both promoting
maintenance of pluripotency, as well as promoting mesendoderm differentiation
both in vivo and in vitro. The contrast, highlights the complexity underlying cell
fate decisions in early development. This is further highlighted when studying the
co-operation of this signalling network with other signalling pathways. Such an
example can be seen with the PI3K/Akt pathway, where cell fate choices are
altered depending on the level of activity of the signalling network. At higher levels
it results in promotion of the Activin A/ SMAD2/3 pro-self-renewal network,
whereas at lower levels, it results in promotion of a Wnt-induced SMAD2/3 pro-
differentiation network 1. This complexity of cell fate decisions promoted by these
signalling cascades can be seen in another member of the TGF-f signalling

family, BMP signalling.

1.6.3 BMP Signalling Role in Driving Differentiation

The BMP signalling cascade, a member of the TGF-3 family, has similarities to
the TGF-B signalling cascade, but differs through its mechanism. In this pathway,
binding of the BMP ligands to both type 1 and type 2 receptors, results in the
phosphorylation of SMAD1/5/8 that forms a trimeric complex with SMAD4 before
translocation to the nucleus. Such an example of this cascade at work can be
seen in formation of trophoblast cells, where supplementation of recombinant
BMP4 ligand in culture results in differentiation of human ES cells to this lineage
2. BMP4 has also been shown to have a role in formation in other cellular
derivatives such as the mesendoderm. Here, through activation of the TGF-
B/Activin/Nodal pathway, this ligand results in down-regulation of the pluripotency
gene associated gene and early ectoderm gene SOX2, to drive a endoderm cell
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fate 3. This drive towards the mesendoderm can also be seen through its role in
activating gene expression of genes associated with the Wnt signalling pathway,
such as WNT3, resulting in early mesoderm/mesendoderm specification . Co-
ordination between the BMP pathway and the Wnt pathway is associated with
formation of either neural crest or early mesendoderm 7°. Here, a combination of
the level of activity of the Wnt signalling cascade with inhibition of the BMP
pathway, resulted in differing cell fate decisions to either the neural crest or
mesendoderm respectively. This again is another example of the complexity in
the co-ordination of these signalling cascades to influence cell fate decisions.

This complexity can also be seen in comparison to other species.

As mentioned previously, the role of the BMP signalling cascade in the mouse
has a contrasting effect where it promotes maintenance of the pluripotent state
76 While not the same in human ES cells, it was however shown that in
conjunction with FGF signalling, the BMP inhibitor Noggin could block the pro-
differentiation effects of BMP signalling ’”.However, independently, Noggin was
shown to be essential for driving neural induction in the Xenopus @ 7° as well as
driving neural ectoderm differentiation in hPSC 8%, As an alternative to Noggin,
chemical inhibitors such Dorsomorphin were discovered that could work in a
mechanistically similar way, as well as improving the efficiency of neural
differentiation in hPSC 8. However, by adding inhibitors of the TGF-
B/Activin/Nodal pathway such as SB431542 which inhibits ALK5 7°, neural
differentiation was further improved. This co-ordination of the two signalling
pathways to improve the efficiency of differentiation was further demonstrated by
Chambers 8 where using a combination of Noggin and SB431542, the
percentage of PAX6+ cells generated was increased relative to the percentage
generated from using either inhibitor independently. Mechanistically, this co-
ordination could be described by three processes. Firstly, by inhibiting the TGF-
B/Activin/Nodal pathway, the NANOG regulated pluripotency network becomes
destabilised, allowing generation of ectodermal cell types 638, In the second
stage, inhibition of the BMP cascade would prevent prolonged BMP signalling,
resulting in trophectoderm differentiation 6. Finally, the result of inhibition of both
the TGF-B/Activin/Nodal pathway and BMP pathway would mean both mesoderm
and endodermal cell fates would be unfavoured. This is due to both signalling

pathways being shown to feature within early mesendoderm differentiation 9682,
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Further adding to the complexity of these signalling networks is the co-ordination

with another signalling pathway, the FGF pathway.

1.6.4 FGF Signalling Role in Maintaining Pluripotency

The FGF family of ligands are growth factors that feature in a variety of cellular
functions including angiogenesis and early embryogenesis 8. Specifically, to
human pluripotent cells, FGF2 (otherwise known as bFGF) features prominently
as a media component as it serves a role in maintenance of the pluripotent state
when in combination with agonists of the TGF- pro-self-renew signalling network
85, FGF2 has also been shown to have a role in promoting stem cell survival post-
dissociation and in the presence of oxidative stress, though the exact mechanism
is not elucidated &°.

Within human pluripotent cells, FGF signalling proceeds through two pathways,
the MEK/ERK pathway and the PI3K pathway. The role of ERK signalling
independent is subject to debate within the field as contrasting reports reveal it
can serve in promoting both self-renewal 88 and differentiation °. In
combination with the PI3K signalling cascade, these two pathways have been
proposed to regulate WNT signalling. It was demonstrated that when the PI3K
cascade is inhibited and the ERK cascade is activated, the result is a loss of
GSK3B and the triggering of the release of p-catenin, resulting in target gene
expression . In contrast, when both PI3K and ERK are inhibited, GSK3p is not
lost, resulting in a failure of B-catenin to accumulate and drive mesoderm
differentiation 1. The PI3K pathway has been shown to prominently have a role
in maintaining the pluripotent state when in combination with the TGF-
B/Activin/Nodal pathway. It has been shown that inhibition of the PI3K signalling
cascade through the chemical compound LY294002 results in pro-differentiation

gene expression L.
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1.6.5 FGF Signalling Role in Driving Differentiation

As described through the co-operation of the PI3K and ERK pathways, FGF
signalling can serve a role in both promoting self-renewal or promoting
differentiation. In the developing embryo, FGF signalling has been shown to have
a role in gastrulation. Using the Xenopus as a model, it has been shown that
expression of a mutant version of the FGF receptor results in abnormalities and
a failure to successfully complete gastrulation °2. In mice it was also shown that
knockout of the FGFR-1 gene that encodes the Fibroblast Growth Factor
Receptor 1, results in abnormal patterning of the mesoderm in the developing
mesoderm resulting in a loss of formation of somites °3. Though in human cells,
it has also been shown that FGF features prominently in driving lineage
specification in a dose-dependent manner. Depending on the level of FGF
signalling, human ES cells would differentiate towards different endoderm fates
with higher levels driving the cells towards hepatocytes and lower levels towards

pancreatic fates respectively .

Further elaborating on the complexity of these signalling pathways in tandem, it
has been shown that FGF signalling through the MEK/ERK pathway can guide
BMP induced differentiation towards mesendoderm fates through regulation of
NANOG expression . This again highlights the co-ordination of these pathways
and the complexity on their influence in cell fate decisions. Another pathway
which has been described in passing in this section which features prominently

in pro-differentiation of hPSC is the Wnt pathway.

1.6.6 Wnt Signalling Role in Driving Differentiation

Wnt signalling features in a variety of cellular functions and consists of three
distinct cellular pathways, the canonical B-catenin pathway and the non-
canonical, cell polarity and Wnt/calcium pathways. Within hPSC, the canonical -
catenin pathway is the one that has been most intensely studied and has been
shown to feature prominently in differentiation of hPSC. In this pathway, the

mechanism of activation involves regulation of 3-catenin. When Wnt signalling is
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not active, B-catenin becomes phosphorylated by the protein kinase GSK3,
resulting in B-catenin being targeted for ubiquitination and degradation by the
proteasome. When Whnt signalling is active through the binding of Wnt ligands to
the Frizzled and LRP5/6 receptors, it results in GSK3p being dissociated from its
complex with Axin, resulting in an inability to phosphorylate [-catenin.
Consequently, the stabilised B-catenin can accumulate in the cytosol and
translocate into the nucleus where it can bind to its transcription transactivation
partner, TCF, and activate target gene expression. As well as interacting with -
catenin, TCF has also been shown to interact with SMADA4, suggesting a potential

role in TGF-B signalling .

Though while mechanistically, the canonical-Wnt is well defined, species specific
differences can be seen once this pathway is active. Culturing mouse ES cells in
serum free conditions has shown to be stable with the addition of two inhibitors,
a MEK1/2 inhibitor and a GSK3 inhibitor. Within human ES cells, the inhibition
of GSK3 results in the activation of the canonical Wnt pathway resulting in
differentiation °"%8, This observation is supported by evidence that active Wnt
signalling can lead to increased gene expression of early mesendoderm
associated genes in hPSC 9. Conversely, the use of the endogenous Wnt
inhibitor IWP2, supports long term maintenance of hPSC in culture, as well as
causing more uniform morphology 74. However, contrastingly, there is some
evidence to support the use of GSK3- inhibitors to support self-renewal of hPSC,
100 Though in this example, the explanation could be attributed to the culture
conditions used, as one method to derive human naive ES cells is to inhibit
GSK3-B and activate Wnt signalling 101-193, Together these examples elaborate
the complexity of the regulation of these pathways and their influence on cell

behaviour.
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1.6.7 HIPPO Signalling Role in Maintaining Pluripotency

The HIPPO signalling pathway is involved in the regulation of organ size during
development and has shown to be highly conserved across the species 104-106,
Considered a kinase cascade, the pathway proceeds from the activation of
HIPPO/MST1/MST2 resulting in phosphorylation of YAP and TAZ where it can
translocate to the nucleus and activate target gene expression 197, One of the key
functions of YAP/TAZ is as transcriptional activators as evidenced for its role in
activating gene expression for the TEAD family of transcription factors 105106
which feature within mammalian development including regulation of proliferation

and apoptosis 1%,

In contrast to the other described signalling pathways, this pathway does not
appear to require the use of extracellular ligands and receptors to initiate
activation. Rather, it utilises a network of upstream components that are involved
in the regulation of cell adhesion and cell polarity 196109110 However, there is
evidence suggesting that there is co-ordination with other established signalling
pathways. Therefore, the HIPPO pathway is better described as a complex
signalling network 19, Within human ES cells, the HIPPO pathway has shown to
interact with the TGF- pathway. This has been observed with YAP/TAZ with the
SMAD2/3 complex which features in TGF-B signalling. Impairment of TAZ
translocation has shown to result in sequestration of TAZ and SMAD2/3 in the
cytosol 1. Additionally, nuclear YAP/TAZ has shown to form a complex with
SMADZ2/3 in binding to TEAD transcription factors 112, as well the pluripotency
associated transcription factor, OCT4 123, In respect to BMP signalling, YAP has

also been shown to interact with SMAD1 following activation of BMP 114,

YAP/TAZ have also been shown to feature in regulation of Wnt signalling. As
described, Wnt signalling features prominently in driving differentiation of human
ES cells. It has been shown that YAP/TAZ activation results in sequestration of
B-catenin in the cytoplasm 5. YAP/TAZ has also been shown to interact with the
dishevelled/DVL, resulting in inhibition of target Wnt-related gene expression
116,117 The tyrosine phosphatase SHP2 features within B-catenin mediated gene
expression dephosphorylates CDC73 and in turn binds to B-catenin to form a

CDC73/B-catenin complex to drive Wnt target gene expression 11811° SHP2 has
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shown to move between the cytoplasm and nucleus, however it is excluded from
nuclear localisation in the presence of phosphorylated YAP/TAZ in the nucleus.
This suggests that there is a dynamic where cytoplasmic YAP/TAZ inhibits Wnt
signalling, whereas nuclear YAP/TAZ promotes it. To further add to this
complexity, it has also been observed that YAP is a B-catenin target gene 2°,
meaning that an increase in Wnt-signalling can result in an increase in YAP
expression and hence increased transcriptional activity that would feedback into
regulating Wnt- signalling. In addition to other signalling pathways described, this
is a clear example on how the co-operation of signalling pathways can directly

influence the fate choices on human ES cells.

1.6.8 Using the Knowledge of the Signalling Pathways to Guide Cell
Fate

Through characterising these numerous signalling pathways, our understanding
into the processes that drive cell-fate decisions become apparent. Differentiation
protocols consist of the addition of compounds and ligands that can activate or
inhibit these pathways at specific times during the protocol to guide cell fate
choices in a specific direction. However, when assessing differentiation efficiency
in respect to both purity and yield, it becomes apparent that the decisions that
these cells make in culture is not uniform across the population. There is
increasingly growing evidence to suggest that hPSC do not reside in culture as a
homogeneous population, but in fact exist as a heterogeneous population that
respond differently to the extrinsic cues provided. How the combination of cell
signalling, gene expression and metabolic processes all coincide to influence this

heterogeneity is a sub-field of research that is currently being explored.
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1.7 Heterogeneity and States Within the Pluripotent Stem Cell
Compartment

When considering pluripotent stem cell fate choices, their fate determination
decision can be separated into four choices. These are self-renewal,
differentiation, apoptosis and quiescence 2. However, these fate choices can be
further complicated when lineage specification is applied, as a differentiating
stem cell can become a derivative of any of the three primary germ layers. What
does connect these different cell fates is that they are regarded to be largely
governed by specific gene expression patterns. This is evidenced during
development when a stem cell existing within a pluripotent state, transitions into
a differentiated cell that is now residing within a restricted state determined by its

lineage 2.

One of the earliest depictions of cell states was the famous image of the “ball
rolling down the landscape” 1?2, In this image, the ball (which represents the cell)
is rolling down a sloped hill containing several branching routes with these routes
representing final stable states. This model was expanded on by (Andrews, 2002)
123 where rather than the ball rolling down the hill at a smooth trajectory, the ball
divots. This represents the cells entering separate meta-stable states down the
landscape, that in terms of biology, represent the cells entering different
intermediate cell types, such as progenitor cells (Figure 1). Within the landscape,
these intermediate states are impressions along the landscape, which in a real-
world context, can be modelled mathematically as attractors. These attractors
represent dynamic states in an evolving system over time. Within a biological
context, an attractor would represent the most stable state that the cell could
reside in at that moment, as shown by their stable gene expression network.
Therefore, within development, these different cell states with their own distinct
stable gene regulatory network, represent points of equilibrium within a

progressive dynamic system that continues to evolve 2,

Within the context of the stem cell compartment however, there is evidence to
suggest that cells can exist within separate states, or sub-states that extend along
the spectrum of cell fate choices. In culture, the hypothesis is these sub-states

are interconvertible meaning a cell could transition between one state or another
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and that they represent the probability of a cell making a fate choice, such as
lineage specific differentiation and this probability alters, depending on the sub-
state the cell is residing in 121, Within the attractor model, a cell could conceptually
exist within a state that is at the bottom of the attractor and would therefore
represent the most stable state at that given time (Figure 1). Conversely, the cell
could exist within a state that is at the top of the attractor and would therefore
represent an unstable state within the stem cell compartment. In a biological
context, this would be reflected by the gene expression profile that the cell was
exhibiting. Within the attractor model, the cell could transition within the states as
depicted by the ball circulating around the attractor. The cause of this could be
attributed to the stochastic network of signals within the system resulting in
heterogeneity, as shown by the gene expression levels in that network 124, This
concept has been shown to be presented in the adult stem cell system, in both
the erythroid and myeloid lineages prior to terminal differentiation to either the

erythroid or granulocytic lineages respectively 12°,

Within the pluripotent stem cell field, one of the most documented examples of
cells existing with separate states within the stem cell compartment is the naive
and primed states. Within the mouse biological system, the naive cells are
thought to be akin to the cells of the ICM with distinct functional characteristics
such as increased cloning efficiency compared to the primed cells, that were

thought to be akin to the late epiblast °7126,

Within the human biological system, naive and primed states have also been
proposed 101-103.127 - Although the naive and primed states are different to the
proposed sub-state hypothesis, as interconversion is not seamless and requires
a reprogramming process to convert the primed cells to naive cells 128, There is
however growing evidence in human ES cells, that within the so called “primed”
state, there are heterogeneous sub-states containing cells with differential cell
surface antigen and gene expression patterns. This has been evidenced in
studies in which subsets of hPSC with different functional properties can be
separated based on Positive or Negative antigen expression using SSEA3 and
TRA160 124129 or by levels of antigen expression in the case of CD9, EPCAM
and GCTM2 130131 However, what was similar with these studies was the
expression of pluripotency associated genes in the sorted populations,

suggesting that despite the differential antigen profiles, the cells sorted contained
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undifferentiated cells. Furthermore, there is evidence that within these antigen
sorted subsets, there is differential expression of lineage specific genes,
suggesting a readiness to differentiate in that direction 13°-132, Within the attractor
model, the hypothesis would be that the cells expressing the highest levels of
pluripotency associated genes and the lowest level of lineage specific genes
would be at the bottom of the attractor. Conversely, those cells with the lower
levels of pluripotency associated genes and higher levels of lineage specific
genes would be at the top of the attractor near the commitment barrier. This was
demonstrated by (Tonge et al. 2011) *?° who found the SSEA3 “High” cells were
more clonogenic and had the least amount of spontaneous neural differentiation
compared to the SSEA3 Low and SSEA3 Negative (-ve) cells. Heterogeneous

pluripotentstates have also been shown in vivo.

Within the mouse system, it was shown that while NANOG has an important role
in maintaining the pluripotent state of ES cells 4. It was shown to be
heterogeneously expressed within the mouse embryo in day 3.5 ICM cells 133, |t
was also shown that NANOG Negative expressing cells could interconvert to
NANOG Positive cells, although these were more prone to differentiation 34,
Although not conclusive, it could otherwise suggest that these interconverting

NANOG Negative cells were still pluripotent 22,

Together this evidence suggests not only the existence of heterogeneity, but that
heterogeneity has a role in fate determination of ES cells in culture, resulting in
non-homogeneous differentiation and differing cell numbers post-differentiation.
The central hypothesis of this project is that by identifying and characterising this
heterogeneity, it would be possible to understand the mechanisms involved in
early fate determination of hPSC. This knowledge could be applied to a multiple
of applications from understanding early development processes, as well as

serving as a useful tool for differentiation applications in culture.
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Figure 1: Heterogeneity and states within the stem cell compartment

The central hypothesis of this study is that pluripotent cells exist within separate states
within the stem cell compartment. This is depicted as an energy landscape (bottom left)
which contains different stable states (attractor) that a cell could exist within. Within an
attractor (bottom right) the cell (ball) can exist within any position within the attractor, but
which relates to the cell either self-renewing at the bottom of the attractor or committing
to differentiation out of the attractor. These probabilities are linked to specific marker
expression, such as the antigen expression of SSEA3 and TRA-160. In this example,
loss of SSEA3 and expression of TRA-160 is a state closer to differentiation.

An attractor

~~~~~
Ry

Commitment

A basin of attraction

Stem Cell States, Fates, and the Rules of Attraction 12
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1.8 Aims

The central aim of the research described in this report was to assess whether
subsets of cells can be identified, using antigens or gene reporters, that exhibit a
lineage bias to mesoderm. Once identified, the next aim was to create a defined
system using cross antagonism of signalling pathways that allows recreation and
maintenance of this lineage biased state of cells in culture. By achieving this, a
platform will be created that will allow the study of the mechanisms that underlie
the formation of the biased state as well as a tool for differentiation to mesodermal
derivatives. This will aid our understanding into early developmental processes

involved in lineage fate determination of hPSC.
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Chapter 2 : Methods and Materials

2.1  Cell culture

2.1.1 Human pluripotent stem cell culture

Human pluripotent stem cells (hPSC) were cultured in both feeder and feeder-
free conditions, dependent on specific experimental requirements as described
below. In both culture systems, hPSC were incubated at 37°C in a 5% CO:2
humidified incubator.

Table 1: Cell lines

Name Type of cell | Origin/ Construction Notes
line
2102ep Embryonic Human Testicular | 4°
Teratocarcinoma
Carcinoma
H9 hPSC Fresh embryo, Isolated ICM | 135
plated
HES3 hPSC Frozen embryo 136
NCRM1 iPSC CD34+ Cord Blood NIH CRM Lonza
Contract
Reprogrammed with
Episomal Plasmid
HOTVD3 H9 Roger A. Pedersen Venus-H2B fusion to
BRACHYURY BRACHYURY locus
University of Cambridge
reporter
137
SHEF4-GATAG6- | SHEF4 GATA6 | Andrew Smith Zinc Finger nuclease
GFP GFP reporter targeted locus of GATA6
University of Edinburgh
NCRM1- NCRM1 Konstantinos Anastassiadis | BAC ~ Recombineered
MSGN1-Venus MSGN21 Venus | Biotechnology Center of the | Venus-targeted MSGN1
reporter TU Dresden (BIOTEC) locus
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Media was made under sterile conditions and filtered using a 500ml Stericup
(Millipore) before being stored at either 4°C and used within 1 week or frozen as

aliquots at -20°C and used within 2 weeks.

Table 2: Composition of Knock-Out Serum (KOSR) media for MEF culture

Component Final volume (ml) | Supplier Cat #
Knockout DMEM 400 Life Technologies | 10829018
Knockout Serum | 100 Life Technologies | 10828010

Replacement

1% NEAA 5 Life Technologies | 11140035
1mM L-Glutamine 5 Life Technologies | 25030081
0.1mM B-mercaptoethanol 1 Life Technologies | 31350010
4ng/ml Human bFGF 0.5 RnD Systems 233FBO1M
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Media was made in-house using the following reagents based on the protocol
from 138, Media was made under sterile conditions and filtered using a 500ml
Stericup (Millipore) before being stored at either 4°C and used within 1 week or

frozen as aliquots at -20°C and used within 2 weeks.

Table 3: Composition of Essential 8 (E8) media for MEF-free culture

Component Concentration per | Supplier Cat #
Litre
DMEM/F12 Sigma D6421
L-ascorbic acid 64mg/L Sigma A8960
Sodium selenium 14ug/L Sigma S5261
Insulin 19.4mg/L Sigma 91077C
NAHCO3 543mg/L Sigma S5761
Transferrin 10.7mg/L Sigma T0665
Glutamax 10ml/L Thermofisher 35050038
FGF2 100ug/L Peprotech 10018B
TGFB1 2ug/L Peprotech 100-21

2.1.2 Mouse embryonic fibroblast (MEF) preparation

Human pluripotent cells were grown on mitomycin inactivated mouse fibroblasts
(feeders) from laboratory stocks prepared from MF1 outbred mice. Fibroblasts
were expanded through approximately 4 population doublings in DMEM (Sigma
cat # D6046) and 10% FBS (Hyclone, GE Life Science Cat #5V30160.03). The
cells were then inactivated with Mitomycin C (Sigma, cat # M-4287). The
mitomycin C was diluted in DMEM/ 10% FBS at a concentration of 1ug/ml and
incubated at 37°C for 2 hrs. After incubation, the cells were washed with 1x PBS
(w/o Ca?*, Mg?*) (diluted from 10x Sigma, cat # D1408)
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three times and incubated with 0.25% Trypsin/ 0.2% EDTA for 2 minutes at room
temperature to achieve a single cell suspension, followed by inactivation of the
enzyme with DMEM/10% FBS at a ratio of 1:10 media. The cell suspension was
then transferred to a falcon tube and centrifuged at 200 RCF for 4 minutes to
pellet and the supernatant aspirated. The pellet was then mixed with a freezing
solution of 10% DMSO (Sigma cat # D2650) and 90% FBS, prior to approximately
3x1068 cells being aliquoted as a 0.5m solution into cryovials and frozen at -80°C
for 24 hours. The following day, the frozen cryovials were stored in liquid nitrogen
for long term storage.

2.1.3 Vitronectin preparation

Human pluripotent stem cells were cultured on Vitronectin (Stem cell
technologies) for feeder-free condition experiments. The vitronectin was thawed
at room temperature and diluted 1:50 with 1xPBS (w/o Ca?*, Mg?*). The solution
was coated to tissue-treated plastic-ware and incubated at room-temp for 1hr

prior to plating.

2.1.4 Growing hPSC in KOSR/MEF culture

To prepare culture-ware for MEF plating, T-25 flasks were coated with 0.1%
Gelatin (Sigma cat #G2500) and left to incubate at room temperature for 1hr.
Following incubation, the gelatin was aspirated and MEF were thawed and
seeded at a density of 14000 cells/cm? in DMEM/10% FBS and left to
attachovernight prior to use at 37°C and 10% CO2. On day of passage, the
DMEM/FBS was aspirated and replaced with KOSR media to equilibrate. To
passage, KOSR media was aspirated and the cells were incubated with
1ml/12.5cm? of Img/ml collagenase IV (Sigma) for 7 min at 37°C. After incubation,
the collagenase was aspirated and replaced with 3ml KOSR media. The cells
were then scraped with a Pasteur pipette and split typically at a ratio of 1:3. Based

on the protocol by 3,
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2.1.5 Growing hPSC in MEF-free culture

For MEF-free cultures, hPSC were cultured in E8 media and grown on
Vitronectin. Cells were passaged by firstly washing with 1x PBS (w/o Ca?*, Mg?*)
and incubated briefly with 0.25ml/cm? RelLeSr (Stem Cell Technology cat #
05873). After approximately 10 seconds, the ReLeSr was aspirated and the cells
were left to incubate at room temperature for 6 minutes. Following incubation, E8
was added to the cells to create a cell suspension consisting of small clumps.
The clumps were then transferred to freshly prepared, vitronectin coated plastic-
ware following aspiration of the vitronectin solution and replaced with E8 media.
The hPSC colony clumps were typically passaged at a ratio of 1:3.

2.1.6 hPSC freezing

hPSC grown on KOSR/MEF conditions were frozen and banked for long-term
storage. The cells were separated into clumps following the same protocol as
stated above. Once separated into clumps, the cells were centrifuged at 200 RCF
for 4 min to pellet. Once pelleted, the supernatant was aspirated and the cells
were resuspended gently as clumps in freezing media. The cells were aliquoted
into cryovials and placed in Isopropanol freezing containers and placed into -80°C
overnight. The following day, cells were transferred to liquid nitrogen for long term

storage.

2.1.7 hPSC thawing

The hPSC lines were thawed into KOSR/MEF growing conditions. Once the pellet
was thawed in KOSR media, the cell solution was pelleted at 200 RCF for 4 min.
Once pelleted, the supernatant was aspirated and replaced with fresh KOSR
media. The cell suspension was then aliquoted into a MEF culture vessel
(typically a single well of a 6 well plate) with the addition of 10uM of the Rho
Kinase inhibitor Y-27632 (Tocris) for improved viability 4.
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2.1.8 Single Cell dissociation

To create single cell suspensions when required, hPSC were incubated with
0.25% Trypsin/ 0.2% EDTA for 1 minute at room temperature prior to enzyme
inactivation with DMEM/ 10% FBS at a ratio of 1:10 of media. The single cell
suspension was then transferred to a falcon tube and centrifuged at 200 RCF for
4 min to pellet. Once pelleted, the cells were resuspended in the appropriate

media for the required downstream application and used accordingly.

2.2 Antibody Assays

2.2.1 Flow Cytometry analysis

For flow cytometry, hPSC were dissociated into a single cell suspension as stated
above. The cells were then counted with a haemocytometer and centrifuged at
200 RCF for 4 min. Once pelleted, the supernatant was aspirated and
resuspended in FACS buffer (DMEM/ 10% FBS) at a density of 1x10’/ml. For
analysis, 100ul of the sample were transferred to a 5ml FACS tube (BD Falcon)
and incubated with the required primary antibody (table 4) on ice for 20 min with
gentle rocking. Once incubated, the cell solution was washed twice with FACS
buffer and centrifuged at 200 RCF for 4 min to pellet. Once pelleted, the cells
were resuspended in 200 pl of FACS buffer and incubated with the required
secondary antibody (table 4) on ice for 20 min with gentle rocking. After
incubation the cell solution was then washed twice with FACS buffer and
centrifuged at 200 RCF for 4 min to pellet. Once pelleted, the cell solution was
resuspended in 500ul FACS buffer and analysed via flow cytometry on a BD
FACS JAZZ.

Prior to every analysis, the lasers on the flow cytometer were calibrated and
aligned using Rainbow Calibration Particles (Biolegend). For setting the
fluorescence baseline for each required channel, either hPSC incubated with the
negative control antibody P3X63AG8 or the unlabelled parental line for the

respective reporter cell line was used. As a Positive control for the secondary
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antibody, the pan human antibody TRA-185 was used. The flow cytometry

analysis software FlowJo was used for all plots and statistical analysis.

Antibodies derived from hybridomas were concentrated in-house to a 10x
concentrate and stored -20°C. These antibodies were dilution titre on the 2102ep
embryonic carcinoma line and the H9 or HES3 ES cell line to determine optimal
concentration. Commercial antibodies were used at a range of concentrations

within the suggested range from the manufacturer to determine optimal titre.

Table 4: Antibodies used in Flow Cytometry and in situ immunofluorescence

Antibody/Antigen Species | Company/Ref Cat #
P3X 63/Ag8 Mouse 141 Hybridoma
TRA-185 (Oka) Mouse 142 Hybridoma
AG10 Mouse 143 Hybridoma
BF4 Mouse 143 Hybridoma
CH8 (CD9) Mouse 143 Hybridoma
MC 631 (SSEA3) Rat 144 Hybridoma
MC 813-70 (SSEA4) Mouse 145 Hybridoma
TRA-160R Mouse 146 Hybridoma
TRA-160S Mouse 146 Hybridoma
TRA-181 Mouse 146 Hybridoma
OCT4A Rabbit Cell Signalling 2840
Mouse Santa Cruz C-10 sc-
5279
NANOG Rabbit Cell Signalling D73G4
SOX2 Goat/ RnD Systems AF2018
Mouse MAB2018
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SOX17 Mouse RnD Systems MAB1924
FOXA2 Goat Santa Cruz C-20
SCc-6553

TBX6 Goat RnD Systems AF4744
CDX2 Rabbit Abcam Ab76541
PAX6 Rabbit Abcam Ab195045
HOXC9 Mouse Abcam Ab50839
AlexaFluor Goat anti-mouse | Goat Jackson Immuno Research 115-605-
647 1gG+ IgM (H+L) 044

Goat Jackson Immuno Research 115-475-
DyLight 405-AffiniPure Goat 008
Anti  Mouse 1gG, Fcy
Fragment Specific
Alexa Fluor 488-AffiniPure | Goat Jackson Immuno Research 115-545-
Goat Anti-Mouse IgG, Fcy 008
Fragment Specific

Goat Jackson Immuno Research 115-605-
Alexa Fluor 647-AffiniPure

020

Goat Anti-Mouse IgM,
Chain Specific
AlexaFluor Donkey anti-rabbit | Donkey ThermoFisher A-31573
IgG (H+L) 647
AlexaFluor Donkey anti-Goat | Donkey ThermoFisher A-11058
IgG (H+L) 594
Goat anti-Rabbit 1gG (H+L) | Goat ThermoFisher R-6394

Rhodamine Red
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2.2.2 Flow Cytometry Cell sorting

To prepare cells for sorting, the cells were immunostained in the same way as
described above. Following laser alignment on the sorter, the drop delay was
determined using Accudrops (BD Biosciences cat#345249). For each sort, the
cells were sorted into 3ml of the appropriate media for the downstream
application. For live/dead discrimination, cells for sorting were incubated with
lpg/ml DAPI (Thermofisher cat#D1306). Following sorting, the cells were
assessed for purity via reanalysis of the sorted population, with acceptable purity
determined at greater than 90%. For downstream applications that required
plating, the cells were counted as a 1:2 mix with Trypan Blue (Sigma cat# T8154)
for live/dead discrimination, with only the none blue cells counted as alive. For
each plating experiment, the seeding cell media had 10uM Y-27632 (Tocris
cat#1254) to aid plating and survival, and 50pg/ml Gentamycin (Sigma
cat#G1397) to prevent contamination from sorting.

48



2.2.3 Neuraminidase Test

hPSC were dissociated to a single cell suspension as previously described. Cells
were then either treated with 0.1 units/ml Neuraminidase (Sigma cat#
11080725001) in 1x PBS (w/o Ca?*, Mg?*) for 30 min at 37°C or kept on ice as a
control. After incubation, the neuraminidase was inactivated with DMEM + 10%
FBS and centrifuged at 200 RCF for 4 min. The media was then aspirated and
both treated and control samples were immunostained and analysed via FACS

as previously described.

2.2.4 Co-Immunoprecipitation Assay

HES3 hPSC grown at 90% confluency in T-25cm? were washed with 1x PBS and
lysed with 200ul of lysis buffer (Pierce RIPA buffer (Thermo Scientific cat# 89900)
and 1x HALT protease inhibitor cocktail (Thermo Scientific cat #78430). Following
lysis, the cell solution was sonicated on ice through 3x 5 second bursts at 10
micron amplitude. The cell solution was then centrifuged at 1400rpm for 5 min at
4°C to pellet. Once pelleted, 40ul of supernatant was transferred to a separate
Eppendorf tube to be used as a total lysate sample. To extract the antigen of
interest, protein G coated Dynabeads (ThermoFisher cat #10003D) were chosen.
The beads were rotated within the vial to resuspend, followed by 50ul of the bead
solution being transferred to a new Eppendorf tube and placed on a DynaMag-2
Magnet (ThermoFisher cat#12321D) to separate the beads from the supernatant.
The supernatant was then removed and replaced with 10ug of Goat anti-mouse
IgG+ IgM (H+L) secondary antibody (Jackson ImmunoResearch, cat #115-605-
044) in 200uL of binding buffer (ThermoFisher, cat #10007D) and incubated with
rotation at 4°C for 30min. After incubation, the tube was placed back on the
magnet and supernatant removed. The beads were then washed 3x with 200uL
washing buffer (ThermoFisher, cat #10007D).

After washing the beads, approximately 10ug of primary antibody was diluted in
200uL of binding buffer and added to the beads, followed by incubation with
rotation at 4°C for 1 hour. The beads were then washed as described above. After

washing, 50uL of lysate supernatant was added to the beads and incubated with
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rotation at 4°C for 1 hour. After incubation, the tube was placed back on the
magnet and the supernatant transferred to a separate tube to be used as an
unbound lysate control. The beads were then washed 3x with washing buffer and
transferred to a tube for antigen elution. The tube was placed back on the magnet
and the supernatant removed. 20uL of elution buffer with the addition of 10uL 4x
SDS-PAGE loading buffer (240 mM Tris/HCI pH 6.8, 8% SDS, 0.04%
bromophenol blue, 5% beta-mercaptoethanol) was then added to the beads.
20pL of elution buffer/SDS PAGE loading buffer was also added to the total lysate
and unbound lysate samples and all samples were heated at 95°C for 10 min to
denature the protein. The tube was then put back on the magnet and the

supernatant removed, to be run on a SDS PAGE gel for Western blot.

2.2.5 Western Blot

Following elution of the antigen from the Dynabeads as stated above, the elution
was run alongside a protein ladder (ThermoFisher, cat# 26619) on a set 4% SDS-
PAGE gel at 150v in 1x SDS PAGE Running buffer (25 mM Tris, 192 mM glycine,
0.1% SDS in 2L ddH20) for 2 hours. Afterwards, the gel was transferred to a
cassette containing two sponges, four pieces of cut to size Whatman paper
(Sigma) and a methanol equilibrated PVDF membrane (ThermoFisher). Once
complete, the cassette was placed in Electrophoretic transfer apparatus (Biorad)
and run at 200mA for 2 hours on ice. Following the transfer, the membrane was
briefly washed with Ponceau S solution (Sigma) and washed with 1x TBS (50 mM
Tris-Cl, pH 7.6, 150 mM NaCl in 1L ddH20). After staining, the membrane was
washed with TBS+ 0.1% Tween (Sigma). After washing the membrane was
blocked in 5% milk (milk powder, Tesco) diluted in TBS+ 0.1% Tween) for 1 hour,
room temperature with gentle agitation. Following blocking, the membrane was
the washed 3x with TBS+0.1% Tween. The TRA160-R antibody was then diluted
in 5ml of 5% milk/TBS/Tween solution and incubated overnight at 4°C with gentle
agitation. The following day, the membrane was washed 3x with TBS+ 0.1%
Tween. The secondary antibody (anti-mouse HRP conjugate) was diluted to a
1:2000 dilution in 5% milk/TBS/Tween solution and incubated at room temp for 1

hour with gentle agitation. Following incubation, the membrane was then washed
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3x with TBS+ 0.1% Tween. Finally, the membrane was incubated with Amersham
ECL Western Blotting Detection reagent (RPN2106) for 1 min and imaged using

a CCD camera.

2.2.6 Immunostaining

All intracellular immunostaining was performing using the same fixation and
permeabilization protocol as previously described. The plates were then blocked
with species specific serum to which the secondary antibody was raised (Biosera)
in 1x PBS (w/o Ca?*, Mg?*) at 4°C for 1 hr. The primary antibody was resuspended
in 1X PBS+ 10% serum (species specific) at the appropriate concentration (table
4) and incubated for 1 hour at 4°C. After incubation, the antibody was gently
pipetted away, and the plates were washed twice with 1x PBS (w/o Ca?*, Mg?").
The appropriate secondary antibody was then applied with the addition of
10pg/ml of Hoechst 33342 and incubated for 1hr at 4°C. The plates were then
washed as the same manner as the primary antibody. The plates were then
stored in 1x PBS (w/o Ca?*, Mg?*) at 4°C for long term storage. Allimmunostained
plates were scanned and analysed via the inCell analyser 2000 and inCell
Investigator Developer Toolbox software. All immunostaining plates were
quantified by setting a fluorescence threshold using a secondary only control or
unlabelled hPSC line where appropriate. Positive cells were determined as nuclei
(Hoechst 33342 immunostaining) having higher fluorescence values than the set
baseline. An example of nuclei masking for immunofluorescence analysis can be

seen in the image below.

Hoechst immunostain Hoechst immunostain with mask CY5 channel with

mask
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2.3 Transcriptome Analysis

2.3.1 RNA Extraction

All RNA extractions were performed on TRIzol (ThermoFisher, cat# 155960260)
through lysis of live cells. All samples (either sorted or monolayer) were pelleted
at 200 RCF for 4 min and dissolved in 600ul TRIzol. For RNA extraction, the
samples were left to thaw at room temperature and quickly incubated with
chloroform (Sigma) at a ratio of 200ul/ml of TRIzol for three minutes at vortexing.
The samples were then centrifuged at 10000rpm for 10 min at 2-8°C. Following
centrifugation, the top layer of the chloroform-phenol mix was transferred to a
new Eppendorf tube and mixed with equal volume 70% ethanol via vortexing. The
solutions were then added to spin columns from the “Total RNA extraction kit
“(Norgen cat# P4-0015) and centrifuged at 14000rpm at room temperature for 1
min. The samples were then washed three times with Wash Solution A provided
in the kit. Following the third wash, the spin columns were spun again at 1400rpm
for two minutes to thoroughly dry the resin in the columns. Following this, 35ul of
elution buffer provided by the kit was added to each spin column and were then
centrifuged at 2000rpm for 1min, followed by 14000rpm for 1 min. Each RNA
solution was then quantified for concentration using a NanoPhotometer (Implen).

2.3.2 Reverse Transcription

All reverse transcription reactions were performed using the High Capacity cDNA
Reverse Transcription Kit (ThermoFisher cat# 4368814). For reverse
transcription to create cDNA to be using for QPCR analysis, 10ul of RNA solution
was added to 10pul of mastermix (2ul 10x RT buffer, 0.8ul 25x dNTP mix, 2ul 10x
RT Random Primers, 1ul Reverse transcriptase. 4.2ul dH20). The thermal cycler
was set to 25°C for 10min followed by 37°C for 2 hours and finally 85°C for 10

min before cooling to 4°C.
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2.3.3 QPCR

All population level QPCR assays were performed using 5ng/ul dilutions of cDNA,
diluted with dH20. Gene analysis was performed with either individual primers
designed using the Roche Universal Probe library (table 5) or using Human Stem
Cell pluripotency panel Tagman arrays (ThermoFisher cat# 4385344). For
individual gene analysis, all preparations consisted of a mix containing 5ul
Tagman Fast Universal Master Mix (Life Technologies), 2ul of 0.2uM primer mix
(consisting of sense and anti-sense primers), 1ul of probe and 2.7ul dH20 per
well of a 384 well PCR plate. 8ul of mix was then added to each respective well,
followed by addition of 2ul of 5ng/pul cDNA. Once aliquoted, the plates were
sealed with adhesive PCR plate seals and centrifuged for a few seconds up to
speed at 200 RCF. The plates were then analysed using a QuantStudio 12K Flex
Real Time PCR System (Life Technologies) using the following parameters
(95°C- 10 mins, 95°C- 15 seconds, 60°C-1min for a total of 40 cycles). Once
complete, the data was exported and cycling threshold (Ct) values were
converted into 1/ACt in Excel. All data gathered from these experiments were

normalised to ACTB and GAPDH in their respective assays.

For TAQMAN arrays, a mastermix consisting of 225ul Tagman Universal
mastermix (ThermoFisher cat# 4324018), 90ul of cDNA and 135pl dH20 was
made and 100ul was aliquoted into each well of the Tagman array. The array was
then centrifuged at 200 RCF for 1 min (x2) and sealed. The array was then run
using the same parameters as described above as with the data processing and
analysed either via Graphpad or Genesis software (Thallinger Lab)

2.3.4 Single Cell QPCR

Single cell QPCR was performed on single hPSC seeded in each well of a 96
well plates. For each plate a lysis master mix was made consisting of 17l
10%NP-40 and IPEGAL (sigma), 2.8ul 10mM dNTP, 10ul 0.1M DTT, 5.3yl
RNaseOUT (Invitrogen) and 390ul dH20. 4pl of this mix was then added to each
well. Single cells were then sorted into the plates through the FACS JAZZ sorter

using the same sorting procedure as described above. The plates were then
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sealed and stored at -80°C until use. Once ready to use, a master mix consisting
of 6.25ul 2x reaction mix, 1ul SSIIl/Taq and 1.5ul primer mix was added to each
well. The plates were then spun down and run using the following procedure:
50°C 60min, 95°C 2min, 95°C 15sec and 25°C 10 sec, for a total of 25 cycles.
Primers were designed using the Fluidigm/Biorad PrimePCR tool with the top
recommended primer set chosen. The primers used in the assay were designed
by TAQMAN and fit the criteria of being 100% efficient (10%+/-) meaning the
gene expression levels can fairly be compared to one another. The raw data was
then processed using the SCEXYV online tool into Bean plots.

2.3.5 Gene List:

ACTB, BMP2, BMP4, BMPR1A, CER1, CITED2, CLDN6, COL1A1l, CXCR4,
DKK1, DNMT3B, EOMES, FN1, FOXA2, FOXD3, FRZB, FST, GAL, GATAA4,
GATAG, GSC, HAS2, HHEX, ITGA5, KRT19, LEFTY1, LEFTY2, LGALS1, LHX1,
LIN28A, MIXL1, MMP2, MYL7, NANOG, NODAL, PAF1l, POU5F1, RPS18,
SMAD2, SNAI1, SOX17, T, TAGLN2, TDGF1, WNT3

Primers were designed using the Primer3 and Assay Design Centre software
(Roche) and were designed to span intron junctions where possible. The table
below contains the gene name, primer sequences and corresponding probe

number.

Table 5:Primer and Probe combinations used for OPCR to detect mRNA level
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Gene Sense Anti-Sense Probe #
ACTB AGAGCTACGAGCTGCCTGAC CGTGGATGCCACAGGACT 9
GAPDH | AGCCACATCGCTCAGACAC GCCCAATACGACCAAATCC 60
OCT4 AGCAAAACCCGGAGGAGT CCACATCGGCCTGTGTATATC | 35
NANOG | AGATGCCTCACACGGAGACT TTTGCGACACTCTTCTCTGC 31
SOX2 TTGCTGCCTCTTTAAGACTAGGA | TAAGCCTGGGGCTCAAACT 35
REX1 TCTGAGTACATGACAGGCAAGAA | TCTGATAGGTCAATGCCAGGT | 65
DKK1 TTCTCCCTCTTGAGTCCTTCTG CTACCATCGCGACAAAGACC 21
CER1 CACTGAACTTTCCTCCGTGAT CTCCGTCTTCACCTTGCACT 9
MIXL1 GACACAGATGAGGGGCAGTT CCCGTTTTCAGCTACCATTC 6
T GCTGTGACAGGTACCCAACC GGAGAATTGTTCCGATGAGC 23
GATA2 | AAGGCTCGTTCCTGTTCAGA GGCATTGCACAGGTAGTGG 76
GATA4 | GGAAGCCCAAGAACCTGAAT GCTGGAGTTGCTGGAAGC 69
GATA6 | AATACTTCCCCCACAACACAA CTCTCCCGCACCAGTCAT 90
SOX17 | GCTTTGAATGTGTCCCAAAAC CACACCCAGGACAACATTTCT | 69
FOXA2 | CGCCCTACTCGTACATCTCG AGCGTCAGCATCTTGTTGG 9
PAX6 AGGGCAACCTACGCAAGA CGTTGGAACTGATGGAGTTG 12
SOX1 ACCAGGCCATGGATGAAG CTTAATTGCTGGGGAATTGG 37
TUBB3 | GCGGATCAGCGTCTACTACA GGCCTGAAGAGATGTCCAAA 85
PAX3 CAGCCCACATCTATTCCACA CGTGCTTTGGTGTACAGTGC 69
SOX10 | GACCAGTACCCGCACCTG GCGCTTGTCACTTTCGTTC 75
CD34 GCGCTTTGCTTGCTGAGT GGGTAGCAGTACCGTTGTTGT | 8
HAND1 | AACTCAAGAAGGCGGATGG GGAGGAAAACCTTCGTGCT 24
MESP1 | CTGTTGGAGACCTGGATGC CGTCAGTTGTCCCTTGTCAG 27
TBX6 GAACGGCAGAAACTGTAAGAGG | GTGTGTCTCCGCTCCCATAG |5
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MSGN1 | AGCTCAGGATGAGGACCTTG CTGGCCTCTCTGGCTGTAGA 87
MEOX1 | AAATCATCCAGGCGGAGAA AAGGCCGTCCTCTCCTTG 2
HOXC9 | GCAGCAAGCACAAAGAGGA CGTCTGGTACTTGGTGTAGGG | 85
NKX1.2 | GTCGAAGCGGGGAAAGAT GATCCTCCGCATCCTCCT 78
CDX1 GGTCTACACCGACCACCAA CGGTTTTGGAACCAGATCTTC |1
CDX2 ATCACCATCCGGAGGAAAG TGCGGTTCTGAAACCAGATT 34

2.4 Clonogenic and Differentiation assays

2.4.1 Monolayer Differentiation

hPSC were disassociated into a single cell suspension as stated above and
pelleted in a centrifuge at 200 RCF for 4 min. During centrifugation, freshly
prepared vitronectin coated plastic-ware was aspirated to remove the
PBS/vitronectin solution and replaced with mesoderm differentiation media (5
days E8 +3uM Chiron), endoderm differentiation media (Day 1 RPMI (Sigma)
1% B27 (ThermoFisher) 3uM CHIR99021 and 100ng/uL Activin A. Day 2 RPMI
+ 100ng/pl Activin A for additional 2 days) and ectoderm differentiation media (5
days E6 + 1uM DMH-1 and 10pM SB431542) and 10uM Y-27632 (Tocris) to aid
plating and survival. The cells were then counted using the method as stated
above and seeded at a density of 5000 cells/cm?. For the duration of each
differentiation, the respective differentiation media was replaced with media
without 10uM Y-27632. After completion of the protocol, the cells were either
immunostained, harvested for RNA or harvested for flow cytometry (mesoderm
only) using previously stated methods. Mesoderm protocol based on Lippmann’s
protocol 147 but CHIR99021 concentration reduced to 3uM, endoderm protocol

based on Kunisada's 1“8, ectoderm protocol based on Neely’s 14°.

56



2.4.2 Embryoid Body Differentiation

The assays were set up in 96 well U Bottom plates (Grenier) with the outside
wells containing 100ul 1xPBS to prevent evaporation. 50ul of each condition were
then plated into the desired number of wells (minimum 10) and mixed with 50ul
of 3000 sorted hPSC using the standard procedure. 10uM Y-27632 (Tocris) to
aid survival, and 50pg/ml Gentamycin (Sigma) to prevent contamination from
sorting were also added. All embryoid body (EB) assays were formed using four
defined conditions: Final concentration, Mesoderm (20ng/ml Activin A and
20ng/ml BMP4), Endoderm (100ng/ml Activin A and 1ng/ml BMP4), Ectoderm
(200ng/ml bFGF, 1uM DMH-1 and 10uM SB431542) and Neutral (APEL media).
The Neutral media is defined as a basal media that does not contain any growth
factors or chemical compounds that may direct differentiation. All EB were left to
grow for 10 days in a 37°C incubator with 5% CO>. On the 10™ day, the EB were
pooled together in their respective condition and harvested for RNA by being
dissolved in TRIzol. Samples were stored at -80°C until use. EB size was
determined using Fiji, ImageJ software *°. Length of EB was determined by
measuring the length of the EB in their respective images using a scale from a
length of known value. All EB images were taken from x20 magnification using

an inCell analyser.

2.4.3 Clonogenic Assays to determine lineage bias through
expression of lineage associated genes

Clonogenic assays were performed on HOTVD3 hPSC grown on MEF and MEF-
free conditions with all assays being completed within KOSR/MEF conditions.
The hPSC were dissociated into single cells as described above and
immunostained with the appropriate antibodies as described (table 4). The cells
were then sorted into the desired sub-populations using the procedure as
described above. After sorting, the cells were centrifuged at 200 RCF for 4 min
as described above and countedusing the standard procedure. For the assay,
cells were seeded at a density of 500 cells/cm? into 24 well plates (ThermoFisher)
in KOSR/MEF media with 10uM Y-27632 (Tocris) was added to aid plating and
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survival, and 50ug/ml Gentamycin (Sigma) was added to prevent contamination
from sorting. The plate was then placed in a 37°C 5% CO:2 incubator and left for
2 days. On day 3, the media was changed to fresh KOSR media. On day 5, the
plates were washed with 1xPBS (w/o Ca?*, Mg?*) fixed with 4% PFA (Sigma) for
15min and permeabilised with 0.1% TritonX (Sigma) for 1hr. The plates were then
stored in 1x PBS at 4°C until use.

2.4.4 Single Cell Deposition

One day prior to sorting, MEF cells were seeded at a density of 120000 cells/well
of a flat bottom 96 well plate (Grenier) and left at 37°C 10% CO:2 as previously
described. hPSC grown on KOSR/MEF were dissociated into a single cell
suspension and immunostained to be ready for cell sorting. To calibrate the
machine for cell sorting, green and red fluorescent beads (Bangs Laboratory and
BD biosciences respectively) were mixed together and sorted singularly into
single wells of a 96 well plate with a row of red and a row of green beads
respectively.The plates were then viewed on a inCell analyser 2000 to determine
specificity of the sorting, ensuring only the specified bead was sorted into the
well.Once calibrated, the cells were then sorted via the BD FACS JAZZ into
KOSR/MEF plates with one cell being depositedin each well. To the KOSR
media, 10uM Y-27632 (Tocris) was added to aid plating and survival, and
50ug/ml Gentamycin (Sigma) as added to prevent contamination from sorting.
The plates were then spun down for a few seconds at 200 RCF and put in 37°C
5% CO2. After 3 days, the KOSR media was changed in each well. After 7 days,
colonies were identified in the respective wells and were then passaged into a 48
well plates containing KOSR/MEF and 10uM Y-27632. The colonies were then
left to grow to 80% confluency before being passaged into 24 well plates. This
process continued with growing the colonies up to 80% confluence and being
passaged into a smaller plate, up to a 6 well plate. At the 24 well stage, 12
colonies were chosen to be passaged into a 12 well plate, with the remaining 12
being washed with 1xPBS (w/o Ca?*, Mg?*) fixed with 4% PFA (Sigma) for 15 min
and permeabilised with 0.1% TritonX (Sigma) for 1 hr, to be immunostaiined for

NANOG. A total of 6 colonies were taken forward in each respective sort, with the
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remaining colonies being immunostained for NANOG. These 6 colonies (now
clonal lines) were analysed via FACS on KOSR/MEF and E8/Vitronectin after 5
passages. The clonal lines were also differentiated via single cell dissociation as
previously described and seeding at a density of 500cells/cm? The cells were
differentiated to mesoderm (5 days E8 +3uM Chiron), endoderm (Day 1 RPMI
(Sigma) 1% B27 (ThermoFisher) 3uM CHIR99021 and 100ng/pL Activin A. Day
2 RPMI + 100ng/ul Activin A) and ectoderm (5 days E6 + 1uM DMH-1 and 10uM
SB431542) from Vitronectin. The cells were then immunostained for TBX6
(mesoderm), SOX17 and FOXA2 (endoderm) and PAX6 (ectoderm) at the

appropriate concentration (table 4).
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Chapter 3 : Use of Antigens to ldentify and Assess Subsets of
hPSC for Lineage Bias

3.1 Introduction

3.1.1 The differences between cell fate choices in vivo and in
vitro

The process of differentiation in vivo from pluripotent cells in the ICM to terminally
differentiated, functional somatic cells is a complex, systematic process. This
process can be divided into several steps where biological events occur that allow
the cell to make key fate choices that determine a final stable cell type. These
events involve the cell receiving and transmitting signals that promote specific
gene expression and repression processes that trigger fate choices during
differentiation from the ICM to germ layer specification, through to final somatic
cell type. These signalling network processes are still being understood natively
in vivo. Trying to study, analyse and recreate these processes involved in early
differentiation decisions in vitro, provides a key challenge for understanding fate

determination within hPSC in culture.

3.1.2 Connecting heterogeneity within the stem cell
compartment and lineage-bias

The evidence that hPSC can exist with different states in culture poses the
guestion of the relevancy of these states to the fate determination of these cells.
As will be described in this section, there are numerous reports that have showing
heterogeneity in the stem cell compartment. This can be seen in differences on
the transcriptome as well as cell surface antigen expression. Additionally,
heterogeneity has also been shown in the signalling networks involved in both

maintenance of the pluripotent and promoting differentiation.

As previously described, an early example of this heterogeneity was

demonstrated by (Chambers et al. 2007) 34 where it was shown that mouse
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NANOG negative cells were able to convert into a NANOG positive cells. This
provided evidence that at least a subset of these NANOG Negative cells were
undifferentiated. Another example of heterogeneity in the mouse was shown with
the pluripotency associated genes REX1 and OCT4. Here, similarly to NANOG,
there was evidence for the existence of two separate pluripotent states. It was
postulated that cells that co-expressed both REX1 and OCT4 were more akin to
cells from the ICM, whereas cells that were REX1-/OCT4+ were more akin to the
early primitive ectoderm 151, However, crucially, both REX1/OCT4 states were
able to interconvert to the heterogeneous starting population that contained both
states. This suggested that at least a subset of cells from both states were still
pluripotent. Though while this phenomenon existed within mouse ES cells, this
was not evidenced in human ES cells. It was shown that only REX1 Positive cells
were able to generate REX1 Negative cells, highlighting the differences between

the two species regarding states in the stem cell compartment 152,

With cell surface antigen heterogeneity, species differences can also be seen
between the human and mouse. In the mouse, the antigens SSEA1 and PECAM-
1 are expressed on pluripotent cells 153, Loss of either SSEA1 and PECAM-1 was
shown to result in up-regulation of lineage associated genes and an increase in
propensity for differentiation, although the cells retained the capability of self-
renewal %4, In respect to human ES cells, heterogeneity has been observed with
several cell surface antigens included SSEA3 22155 CD9 and GCTM2 130131 |n
regard to SSEA3, SSEA3+ and SSEA3- cells were shown to be able to self-renew
129 Further studies on the single cell level revealed considerable heterogeneity
within SSEA3+ and SSEA3- cells regarding expression of lineage associated
markers 1%°, Among these cells was evidence for subsets that co-expressed
pluripotency associated genes such as NANOG and OCT4 in addition to
expressing lineage associated genes such as GATAG. This observation provided
evidence of the existence of subsets of pluripotent cells that were existing within

a lineage-biased state.

Further studies into the existence of SSEA3 Positive subsets of pluripotent cells
with a lineage bias was performed in the Andrews lab using a human ES cell line
containing a GFP gene reporter construct for the endoderm associated gene
GATA6 (Andrews lab, Unpublished). Here it was shown that by growing the

reporter cell line in KOSR/MEF self-renewal conditions, a subset of SSEA3+ cells
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also co-expressed GATA6. The hypothesis was that while both the
SSEA3+/GATA6+ and SSEA3+/GATA6- subsets were pluripotent, the
SSEA3+/GATAG+ cells had a lineage bias to differentiate towards the endoderm.
Following a series of functional tests on the bulk and single cell level of these
subsets, there was evidence to suggest that indeed, the SSEA3+/GATA6+

subset did exhibit increased differentiation propensity to the endoderm.

The objective of this study was to identify a subset of human pluripotent cells that
exhibited a lineage bias to differentiate to the mesoderm. As described, there are
different methods to achieve this, such as using a gene reporter construct
containing a mesoderm associated gene, or by using a combination of cell
surface antigens. Both methods have shown to be successful in identifying
heterogenous subsets of pluripotent cells with different functional properties. In a
complimentary study, a gene reporter containing the mesendoderm marker
MIXL1 was used to identify subsets for cells with a mesoderm bias (Andrews lab,
unpublished). This was performed initially using a similar work-flow to what had
been previously been done using the GATA6 reporter (Andrews lab,
unpublished). The results showed that similarly to GATAG, there was evidence of
a subset of SSEA3 Positive cells from KOSR/MEF self-renewal conditions that
co-expressed MIXL1. Following transcriptome analysis on both the bulk and
single cell level, as well as functional analysis comparing the SSEA3+/MIXL1-
and SSEA3+/MIXL1+ subsets, the results revealed evidence that the
SSEA3+/MIXL1+ showed increased expression of mesoderm/endoderm

associated genes.

An alternative approach to using gene reporters is to follow a similar work-flow to
what had been performed using CD9 and GCTM2. Initially using just these two
markers 130 and then additionally with EPCAM 13 it was shown that functionally
different subsets of cells could be isolated based on levels of antigen expression.
Here, cells that were isolated based on High/Mid/Low/Negative expression of
these respective markers were shown to have differences in respect to
expression of lineage associated genes, clonogenicity and propensity for
differentiation. Cells that were sorted based on “High” and “Mid” expression
showed increased propensity for mesoderm/endoderm gene expression and
differentiation potential. In contrast, cells that were “Low” and “Negative”

expressing of these antigens, showed increased expression of ectoderm
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associated markers and differentiation propensity to cells with a neural
phenotype. However, crucially, these sorted subsets demonstrated that they all
contained pluripotent cells due to the ability of the cells to form single cells

colonies and expression of pluripotency associated genes.

The evidence from (Hough et al. 2009 and 2014) 30 showed that subsets of
pluripotent cells can be identified based off levels of cell surface antigen
expression. Hypothetically, this could be applied to different antigen combinations
including SSEA3. Additionally, other candidate antibodies exist that are
expressed on pluripotent cells such as the well-defined TRA family and novel
antibodies from the Andrews lab %6, SSEA3 however has shown to be a useful
marker for isolating subsets of cells as evidenced by (Tonge et al 2011) 12° and
(Andrews lab, unpublished). Together with CD9, sorting cells with SSEA3
provides a novel approach to identifying subsets of cells with lineage bias. This
would provide another means of exploring the heterogeneity within SSEA3
Positive cells. Achieving this without the need for a gene reporter would have
practical benefit such as for translational applications in regenerative medicine.
However, gene reporters can be used to identify candidate subsets of cells for
further analysis.

3.1.3 Experimental Objectives

Determining the correlation between levels of antigen expression and gene
reporter expression in self-renewal conditions, would provide information of
potential subsets to sort independently with the antibodies. For this study we
obtained a selection of reporters attributed to early mesoderm/endoderm
expression. These reporters were the endoderm associated marker GATAG, the
paraxial mesoderm marker MSGN1, the mesendoderm marker MIXL1 and the
early mesoderm marker BRACHYURY. Utilising these reporters with the use of
antibodies or sorting non-reporter cells independently with just antibodies, the
aim is to identify subsets of cells that could be analysed for mesoderm lineage

bias.
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3.2 Results

3.2.1 Comparison of SSEA3 and CD9 expression against gene
reporter expression.

The BRACHYURY, GATAG6, MIXL1 and MSGNL1 gene reporter lines were grown
on KOSR/MEF conditions and analysed in conjunction with SSEA3 and CD9
independently using flow cytometry. In each flow cytometry analysis presented
in this thesis, negative gating is set using the P3X antibody for antigen expression
and a wildtype, unlabelled cell line for the gene reporter expression. This is
detailed in Chapter 2 Materials and Methods.

The analysis was designed to see if there was a difference in the correlation
between antigen and reporter expression (Figure 2 A-D). Within this experimental
set-up, the fluorescence intensity range was 10°-10* with 10°-10? being defined
as “Negative”, 101-102 as “Low” and 10%-10* as “High/Mid”. The early mesoderm
and endoderm markers BRACHYURY (Figure 2 A) and GATAG (Figure 2 C) were
shown to be differentially expressed in KOSR/MEF conditions. Approximately ~4-
5% of the cells wereGATA6 High (>10?) in fluorescence intensity. BRACHYURY
in contrast was clustered around 102 in fluorescence intensity and over multiple
biological repeats, the amount of either CD9+/BRACHYURY+ or
SSEA3+/BRACHYURY+ cells varied between20->80% with the majority of
BRACHYURY Positive cells also co-expressing the respective antigen. However,
in a typical culture, more than 50% of the cells were BRACHYURY Positive. The
MIXL1 (Figure 2 D) reporter line showed variable expression in this condition,
typically ~1-3% but had been shown to increase up to 7% in some samples. The
majority of MIXL1 expressing cells also co-expressed SSEA3 and CD9
respectively. The expression level of MIXL1 was also variable between Low (10%)
and High (10%) in each replicate. The reporter line for the paraxial mesoderm
marker MSGN1 (Figure 2 B) was expressed at <1% in this condition. This
suggests that this was not a gene that was strongly expressed in self-renewing

hPSC and therefore not a suitable candidate for further analysis.

With the GATAG reporter, the majority of the GATAG Positive cells were clustered
predominantly in the CD9 High/Mid region (10%-10* fluorescence intensity). This
was also observed with the BRACHYURY reporter and together suggests that
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CD9 High/Mid cells were a candidate population for isolating a subset of hPSC
readying for mesoderm/endoderm differentiation. In respect to SSEA3, the
distribution of expression was different to CD9, with a broad expression
distribution ranging from the High to Low range (10%-10* fluorescence intensity)
iIn respect to co-expressing GATA6 High cells. This was similar with the
BRACHYURY reporter, however what was notably different, was a large cluster
of co expressing SSEA3 and BRACHYURY cells residing within the SSEA3 High
region (103-10* fluorescence intensity). In MIXL1+ cells, expression of both CD9
and SSEA3 was distributed across the Low to High range.

3.2.2 SSEAS3 and CD9 expression patterns to isolate subsets of
cells

The results from Figure 2 showed there was a subset of SSEA3 Positive and CD9
Positive cells that co-expressed GATA6, BRACHYURY and MIXL1, through
these genes were differentially expressed. To identify a mesoderm biased subset
of cells, Positive CD9 expression was chosen as a suitable candidate. SSEA3 is
a marker that is primarily expressed on undifferentiated cells, but as shown in
Figure 2, there is evidence of a subset of those cells expressing BRACHYURY,
notably in the SSEA3 High expressing region. This also suggested SSEAS3 as a

candidate for identifying a mesoderm biased subset of cells.

To test whether SSEA3 and CD9 could be used together to identify a mesoderm
biased subset, cells grown and sorted from KOSR/MEF conditions that had
High/Mid CD9 expression were chosen and sorted with SSEA3 with either High
or Low expression. This was to determine if separating SSEA3 expression
resulted in identifying a subset of cells with greater propensity to mesoderm
differentiation. For comparison, the SSEA3 Positive (+)/CD9 Negative subset was
sorted to determine if this subset resulted in more ectoderm differentiation.
Therefore, the three populations sorted and analysed were SSEA3 High/CD9+,
SSEAS3 Low/CD9+ and SSEA3+/CD9. A representative figure describing the sort
set-up can be seen in Figure 3. The experiments were performed three
pluripotent lines for comparison. These consisted of two ES cell lines (HES3 and
H9) and one iPSC (NCRM1).
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3.2.3 Functional assessment of SSEA3/CD9 sorted subsets:
Cloning Efficiency

Before investigating differentiation potential of these SSEA3/CD9 subsets, they
were assessed to determine if there was evidence these subsets contained
undifferentiated hPSC. Cells were plated directly from sorting into KOSR/MEF
self-renewal conditions in the presence of Rho Kinase inhibitor and left to form
colonies for 5 days. After 5 days, the cells were immunostained for the
pluripotency associated markers OCT4 and SOX2 (Figure 4 A). The plating
efficiency for these subsets was different across 3 independent biological
repeats, with SSEA3 High/CD9+ subset having ~15% cloning efficiency, the
SSEA3 Low/CD9- subset having ~8~10% efficiency and the SSEA3+/CD9-
subset having ~ 3-5% plating efficiency in the presence of Rho Kinase inhibitor.
However, all three sorted subsets could form colonies with > 80% of the cells in
the colonies co expressing OCT4 and SOX2 (Figure 4 A). The results showed
that the SSEA3/CD?9 sorted subsets contained undifferentiated hPSC.

3.2.4 Functional assessment of SSEA3/CD9 sorted subsets: EB
Differentiation

To investigate whether these three SSEA3/CD9 sorted subsets exhibited a
lineage bias to differentiation, embryoid body (EB) experiments were performed
based on directed and undirected, “Neutral’ differentiation. The directed
conditions were to assess whether the three SSEA3/CD9 subsets could
differentiate to derivatives of the three germ layers, evidencing that these subsets
contain undifferentiated cells. Additionally, efficiencies of differentiation can be
compared to assess whether any of the subsets have lowered efficiency of
differentiation to a specific lineage. The Neutral condition is designed to assess
lineage bias by allowing the cells to differentiate to what they have a propensity
to differentiate to. This is without addition of components that could influence fate

decisions.

The SSEA3/CD9 subsets were cell sorted and seeded into EB growing conditions

in 3 independent biological replicates and put under four differentiation methods
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mesoderm, endoderm, ectoderm (Figure 4 B-D) and neutral (Figure 5 A-C and
Figure 6) as described in Chapter 2 Material and Methods; Mesoderm (20ng/ml
Activin A and 20ng/ml BMP4), Endoderm (100ng/ml Activin A and 1ng/ml BMP4),
Ectoderm (100ng/ml bFGF, 1uM DMH-1 and 10uM SB431542) and Neutral
(APEL media)®’. These conditions were assessed via QPCR for expression of
the extra embryonic mesoderm genes HAND1 and GATA2 for the mesoderm
differentiation, GATA4, GATA6 and SOX17 for endoderm differentiation and
PAX6, TUBB3 for the ectoderm differentiation. For the Neutral differentiation, the
EB were formed under the APEL basal media without the addition of growth

factors or other known chemical inducers of differentiation in hPSC.

The results of these EB experiments demonstrated that while all three
SSEA3/CD9 subsets could differentiate in all three induced conditions, their
propensity for differentiation was different (Figure 4). In the mesoderm conditions,
all three SSEA3/CD9 subsets had higher expression levels of HAND1 and
GATA2 compared to the undifferentiated control (Figure 4 B). This trend was also
shown in the endoderm (Figure 4 C) and ectoderm conditions (Figure 4 D) with
higher expression levels of GATA4, GATA6 and SOX17 in the endoderm
conditions and PAX6 and TUBBS3 expression in the ectoderm conditions (Student
T test p<0.05). However, the SSEA3+/CD9- subset also exhibited increased gene
expression for endoderm associated genes GATA4, GATA6 and SOX17 in the
endoderm condition compared to the other two SSEA3/CD9 subsets.

While all three subsets could differentiate to all three derivatives of all three germ
layers, there was differences in the size of the EB. A total of 8-10 EB across three
biological replicates were analysed and averaged. Both the SSEA3 High/CD9+
and SSEA3 Low/CD9+ subsets formed EB that were larger than the
SSEA3+/CD9- subset in the mesoderm and endoderm conditions (Figure 5 A-B)
(p<0.05 Tukey Multiple Comparison Test). In this condition there was also more
observable cell death and debris with the SSEA3+/CD9- subset. In the ectoderm
conditions (Figure 5 C), there was not a significant difference in the size of EBs.

EBs analysed using Fiji, ImageJ software 10,

In respect to the Neutral conditions, the three sorted subsets also exhibited
different propensities to differentiation (Figure 6 A-C). The SSEA3+/CD9- subset

followed the prediction and exhibited significant increase in expression of genes
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associated with neural ectoderm (PAX6 and SOX1) and neural crest (PAX3 and
SOX10) which are two ectoderm derived lineages. The SSEA3 High/CD9+
subset exhibited significant increased expression of mesoderm associated genes
(CD34 and HAND1). The SSEA3 Low/CD9+ subset did not follow the trend of the
other two sorted subsets, though did appear to have gene expression profiles
closer to the SSEA3+CD9- subset, with elevated expression of ectoderm
associated genes compared to the SSEA3 High/CD9+ subset. The results
confirmed that by segregating the hPSC sorted population into differential levels
of expression for SSEA3 with CD9, subsets of cells could be isolated that had

different propensities for differentiation.

3.2.5 Single cell transcriptome analysis of SSEA3/CD9 sorted
Ssubsets

When considering the strategy for the transcriptome analysis, it was necessary
to consider the depth of information that can be gathered from population
transcriptome analysis compared to single cell analysis. As the focus on the
study is based on heterogeneity and differences between single cells that may
have functional implications, such observations can be lost in the average gene
expression levels derived from analysis of the whole population. Consequently,
single cell QPCR was chosen to analyse the transcriptome of these sorted
populations. The gene list featured 48 genes chosen based on the expression
profiles of SSEA3/MIXL1 sorted subsets with the top ranked differentially
expressed genes based on fpkm values from previous bulk RNA seq analysis
(Andrews lab, Unpublished). The gene list features predominately early
mesoderm/mesendoderm genes that were chosen based on the highest variation
of expression between the SSEA3+/MIXL1+ and SSEA3+/MIXL1- subsets. This

list also contained the pluripotency associated genes OCT4 and NANOG.

For the experiment, the SSEA3/CD9 subsets were analysed and sorted via FACS
from KOSR/MEF conditions, but with a single cell being sorted and deposited in
lysis buffer, in a single well of a 96 well plate. A QPCR assay was then performed
on the plate. Ct values obtained from the QPCR were converted into Z-scores

(standard deviation scores) for each gene in each cell and analysed in GENESIS
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158 The results revealed that within each sorted subset, there was heterogeneity,
as shown by existence of cells that either expressed or did not express the gene
of interest. Additionally, these genes were differentially expressed at varying
levels. This was shown with some cells having either high, lower or non-
expression of the respective gene in comparison to the other cells in the assay
(Figure 7). Due to this variation when attempting to apply hierarchical clustering
of these populations, the resulting heatmap (Figure 7) showed there were
different sub-groups of cells from the different SSEA3/CD9 subsets clustering
together, as opposed to cells from the same subset clustering together only.

When applying gene clustering in the analysis, the pluripotency associated
genes OCT4 and NANOG  clustered together, while early
mesendoderm/endoderm associated genes including MIXL1, FOXA2, CXCR4
and SOX17 also clustered close together. When analysing the range of gene
expression in each subset (Figure 8, Figure 9, Figure 10), the SSEA3 High/CD9+
subset was shown to have more cells that expressed early
endoderm/mesendoderm associated genes such as HHEX, CXCR4 and SOX17.
In contrast, the SSEA3+/CD9- cells had more cells that did not express these
markers. The SSEA3 Low/CD9+ subset was the population that had the most
variation in expression of these genes, including the pluripotency associated
genes. The PCA analysis shown in (Figure 11) provides a representation for the
heterogeneity within the SSEA3/CD9 subsets. Similarly, to the heatmap, the PCA
plots show a scattering of cells within all the subsets, as opposed to distinct

groups.

However, when comparing expression levels of the genes in the panel, all three
SSEAS3/CD9 subsets had either lower expression levels or fewer cells expressing
these genes, compared to the SSEA3+/MIXL1+ and SSEA3-/MIXL1+ subsets
which were analysed in parallel (Figure 12). Additionally, BRACHYURY was not
expressed in any cell from any of the SSEA3/CD9 subsets. Unpublished results
had shown that these SSEA3/MIXL1 subsets did contain pluripotent cells and
these results suggest, that the MIXL1+ subsets were closer to
mesoderm/endoderm differentiation compared to the SSEA3/CD9 subsets.
Consequently, the SSEA3/CD9 subsets did not appear as a suitable candidate
for identifying a mesoderm biased subset, as differences between these subsets

were only clearly observable once they had differentiated. In the case of SSEA3
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High/CD9+, the results indicate that that this subset is heterogenous and contains
some mesoderm biased cells and some not. This observation is supported by the
two-colour fluorescence plots using the gene reporters (Figure 2) where not every

SSEAS3 High expressing cell is co-expressing the mesoderm reporter gene.

From these results it was decided to consider other candidate antibodies to
identify a mesoderm biased subset of undifferentiated cells.

3.2.6 BF4 as atool to isolate subsets of cells

As demonstrated using SSEA3 and CD9, subsets of hPSC with different
functional properties in respect to differentiation and clonogenicity can be
isolated. Considering other candidate antibodies that could be assessed from the
literature, the antibody BF4 was intriguing due to its broad expression profile
range from High through to Negative. This expression profile was first observed
by (Wright et al 2011) 143, To determine whether it was reproducible, pluripotent
cells were analysed for BF4 expression via flow cytometry. Furthermore, to
explore whether this expression profile related to different pluripotent sub-states,

BF4 expression was segregated into “High”, “Low” and “Negative (-ve)” and
sorted from KOSR/MEF conditions based on these gated populations. A

representative figure of this procedure can be observed in (Figure 13).

3.2.7 Analysis of BF4 sorted subsets reveal they contain hPSC
and exhibit differential expression of Lineage Associated
Genes

To determine whether BF4 was a candidate for identifying a mesoderm biased
subset of cells, transcriptome analysis was performed on the BF4 subsets from
cells growing in KOSR/MEF self-renewal conditions. The results showed that
differential expression of genes associated with either self-renewal or
differentiation was observed in the BF4 sorted subset (Figure 14 A). The BF4

High cells had higher expression of genes associated with self-renewal and the
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pluripotent state compared to BF4 Negative cells, whereas the BF4 Low and BF4
Negative cells had higher levels of expression of genes associated with
mesendoderm differentiation (CER1 and DKK1) endoderm (GATA6 and SOX17)
and neural ectoderm (PAX6) (Tukey Multiple Comparison Test p<0.05). The
results showed that all three sorted subsets were shown to have relatively higher
levels of expression of the pluripotency associated genes, however increased
expression of differentiation associated genes was observed in the BF4 Low and
BF4 Negative subsets. The three BF4 subsets were also seeded in KOSR/MEF
self-renewal conditions to assess if they contained undifferentiated cells that
could form colonies (Figure 14 B). All three BF4 subsets contained cells that could
form colonies, albeit at different cloning efficiencies: BF4 High at ~7-10%, BF4
Low at ~3-5% and BF4 Negative (-ve) at ~1-3% in the presence of Rho Kinase
Inhibitor. However, these colonies all predominantly contained cells that co-
expressed the pluripotency associated markers SOX2 and OCT4. Together with
the transcriptome results, it indicates that the BF4 sorted subsets contain
undifferentiated hPSC.

3.2.8 Comparison of BF4 and gene reporter expression

The transcriptome results from the BF4 High/Low/Negative (-ve) sorted cells
revealed that BF4 Low and BF4 Negative cells had higher expression of lineage
associated genes. With analysis of the gene reporters shown in (Figure 2) both
SSEA3 and CD9 had different antigen/gene expression profiles despite both
having comparable percentages of co-expressing antigen/gene for BRACHYURY
and GATAG. To determine if this was the same with BF4, the reporter cells were
analysed with BF4 from self-renewal conditions in the same manner (Figure 15
A-D). Similarly, to SSEA3 and CD9, there was less than 1% of the culture
composed of BF4/MSGNL1 co expressing cells (Figure 15 B). The BRACHYURY
expressing cells (Figure 15 A) were expressed across the BF4 High/Low range
similarly to SSEA3 and CD9. However, in contrast, the BF4 Negative subset had
significantly more BRACHYURY expressing cells compared to the SSEA3
Negative and CD9 Negative subsets. This trend was repeated with GATAG6
(Figure 15 C), where the GATAG6 higher expressing cells were clustering
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predominantly in the BF4 Negative region. For MIXL1 expression (Figure 15 D),
the majority of MIXL1 expressing cells were also clustered primarily in the BF4
Negative region. Similarly, to the transcriptome analysis, the results suggest that

a loss of BF4 expression coincides with upregulation of lineage specific genes.

3.2.9 Relationship between BF4 and other glycoprotein
antigens

The BF4 antibody did appear to be a useful candidate for identifying subsets of
cells with differential expression of lineage associated genes. However, as a
novel antibody, there was little known about its expression profile on pluripotent
cells. Analysis of the BF4 antigen 143 revealed it was a ~250 kDa, glycoprotein,
similarly to TRA160R/S and TRA181 and that it was also neuraminidase
sensitive, similarly to TRA160S. Repeating the Co-IP experiment, with TRA160R
(Figure 16 A), the result showed that the TRA160R antibody did recognise the
protein pulled down with the BF4 antibody, at a molecular weight of ~250kDa.

Following the Co-IP, a mesoderm differentiation assay was performed to assess
both BF4 and TRA-1-60S expression patterns (Figure 16 B). The results showed
that BF4 expression did not coincide with TRA-1-60S expression, with substantial
loss of expression of BF4 at <30% compared to TRA-1-60S which maintained
expression greater than 90%. This indicates that BF4 was not recognising the
TRA-1-60S epitope.

To test whether the BF4 epitope contained sialic acid, hPSC were treated with
neuraminidase and immunostained for the respective antigens (Figure 16 C-D).
The results confirmed that while BF4 and TRA160S did show reduced expression
when treated with neuraminidase compared to the control, BF4 was more
sensitive to treatment. Both TRA160R and TRA181 did not lose expression when
treated and demonstrated clustered expression towards the “high” region (103-
10%). This result with TRA160R and TRA181 coincided with a previous
observation seen with TRA181 in Badcock 59,

Together, the results suggest that while the BF4 antibody does not recognise the

epitopes from TRA160R and TRA181, the epitopes are, however, related. This
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has been shown with the TRA-1-60R epitope being on the same glycoprotein
antigen as BF4 and TRA-1-81.

3.2.10 Mesoderm differentiation analysis to study antigen
expression dynamics

Analysis from the gene reporters (Figure 2 and Figure 15) showed that SSEAS3,
CD9 and BF4 have different expression patterns in conjunction with the reporter
genes. GATA6 and MIXL1 expression was shown to cluster primarily in the BF4
Negative region, while there was also a large cluster of BRACHYURY expressing
cells in the BF4 Negative region (Figure 15). To further assess the differences in
antigen expression and whether loss of BF4 expression coincided with
differentiation, a 3-day time course, mesoderm differentiation assay was
performed to observe the dynamics of antigen expression. The results
demonstrated that all three antigens had differential expression profiles across
the three days (Figure 17).

On day 1, all three antigens were expressed on over 90% of the cells. BF4
exhibited a broad expression profile from High to Low, where in contrast both
CD9 and SSEAS3 exhibited more expression in the High region. This correlation
resembled the two-colour assays performed in self-renewing conditions (Figure
2). On day 2, all three antigens continued to exhibit differential expression
patterns. A loss of BF4 expression was observed as shown by ~20% of cells
being BF4 Negative. In contrast, CD9 and SSEA3 were still expressed at over
90% of the cells, with CD9 expression clustering more to the Mid region and
SSEAS3 expression was broadly distributed across the High to Low region. On
Day 3, both BF4 and SSEA3 expression was substantially lost. BF4 expression
was observed at ~10-20% of the cells, while SSEA3 expression was more varied
at 10-50% of the cells. CD9 expression in contrast, was observed in over 90% of
the cells with CD9/BRACHYURY co-expression being grouped in the “Mid” CD9

expressing region.

Altogether, in combination with the results from the two-colour assays in self-
renewal conditions (Figure 16), the results demonstrated that BF4 is a marker

sensitive to differentiation and that both CD9 and SSEAS differ in their expression
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profiles in these conditions. In both self-renewal and dayl mesoderm inducing
conditions, both CD9 and SSEA3 were expressed in the High region, while also
co expressing BRACHYURY. This result correlated with the evidence from the
functional assays that a subset of CD9 and SSEA3 expressing cells were

differentiating towards the mesoderm.
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Figure 2: Two colour fluorescence analysis with SSEA3 or CD9 vs gene reporters in self-renewal conditions reveal differential expression of
lineage associated genes

Flow cytometry plots showing SSEA3 or CD9 expression against BRACHYURY (A), MSGN1 (B), GATAG (C) or MIXL1 (D) in KOSR/MEF self-renewal
conditions. A subset of CD9 High/Mid cells co-expressed BRACHYURY and GATAG respectively. A large subset of SSEA3 High expressing cells co-
expressed BRACHYURY, but expression was spread across the SSEA3 High/Low/ Negative (-ve) as with GATAG. Less than 1% MSGN1 expression was
observed in these conditions. MIXL1 expression was broadly distributed across SSEA3 and CD9 High to Low expression respectively. n=3
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Figure 3: Representative figure of SSEA3 and CD9 co expression to highlight
potential lineage bias of sorted subsets of cells

(A) Representative SSEA3/CD9 flow cytometry histogram plot showing how antigen
expression was separated into SSEA3 High/CD9+, SSEA3 Low/CD9+,
SSEA3+/CD9- for cell sorting. SSEA3/CD9 subsets tested functionally and on the
transcriptome to assess lineage bias to mesoderm or other lineages. (B) Example
of reanalysis of cell post sort, showing the purity of the sort. Indirect
immunofluorescence was used with IgM and 1gG specific secondary antibodies.
The fluorescence plots below show there was no cross reactivity with the
respective antibodies.
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Figure 4: SSEA3/CD9 sorted subsets demonstrates the bulk population contains pluripotent cells but with different propensities for
differentiation

EB differentiation assays. (A) All three subsets were able to form colonies that co express the pluripotency associated
markers SOX2 and OCT4 in self-renewal conditions direct from sorting, demonstrating that the three sorted subsets contain
pluripotent cells 1/ACT for mesoderm differentiation (HAND1 and GATAZ2) (B), endoderm differentiation (GATA6, SOX17
and GATA4) (C) and ectoderm differentiation (PAX6 and TUBB3) (D) , comparing the following subsets: SSEA3 High/CD9+,
SSEA3 Low/CD9+, SSEA3+/CD9- and E8 undifferentiated control. The results revealed that all three subsets could
differentiate to the respective derivatives. Scale bar set at 50um. Statistical significance shown by asterisks (*) p<0.05 n=3
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Figure 5: A comparison of size of EB in induced differentiation conditions reveals different propensities for differentiation between the SSEA3

and CD9 subsets

Analysis of size of EB grown in mesoderm (A), endoderm (B) and ectoderm
(C) differentiation conditions. Length of EB given in um. SSEA3+/CD9-
subset grew smaller EB in mesoderm and endoderm conditions. Average
from 8-10 EBs grown from HES3, H9 and NCRML1 lines. EB imaged at x20
maghnification. EB’s analysed using Fiji, ImagedJ software. Statistical
significance shown by asterisks (*) p<0.05.
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Figure 6: Embryoid body Neutral differentiation of SSEA3/CD9 sorted subsets demonstrates different propensities for differentiation

Comparison of the gene expression of CD34, HAND1, GATA4, GATAGB, SOX17, TBX6, PAX6, SOX1, PAX3 and SOX10 from Neutral EB
differentiation conditions comparing the three subsets: SSEA3 High CD9+, SSEA3 Low CD9+ and SSEA3+ CD9-. Gene expression depicted
as 1/ACt for three different cell lines: NCRM1 (A), H9 (B) and HES3 (C). SSEA3 High CD9+ subset exhibited increased expression of CD34
and HAND1 suggesting a propensity for mesoderm differentiation. SSEA3+ CD9- subset exhibited increased expression of PAX6, PAX3 and
SOX10 suggesting a propensity for neural ectoderm and neural crest differentiation. Statistical significance shown by asterisks (*) p<0.05
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Figure 7: Single cell OPCR heatmap showing hierarchical clustering of SSEA3/CD9 subsets

Single Cell QPCR analysis of 48 genes on

SSEA3/CD9 subsets. Hierarchical clustering applied HIGH EXPRESSION LOW EXPRESSION

to cluster single cells together. The heatmap exhibits - ok e 5 T S

the clustering of individual cells that have similar ;.,7ggc,féggéggg°§g§§§§§aeS=J;;=a§ag:§§;éggéé,;;;2229ggggeggggés;§§§§9§§§§§;§§;§§;§§§§§ [ UNDETECTED
expression patterns for the respective genes. The IR P D P e e e

map highlights the considerable heterogeneity within §333280e22a2a242202022342242204323204222294222022022249220220422892222220222302322

the respective subsets as cells from the same sorted AL A LA L

subset are clustered with cells from other subsets. Cell groups
Hierarchical gene clustering performed using
GENESIS software.
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Figure 8: Single cell gene expression analysis of SSEA3/CD9 sorted subsets part 1

Bean-plots comparing expression levels for the respective genes chosen for QPCR within the sorted subsets: SSEA3 High CD9+, SSEA3 Low CD9+ and
SSEA3+ CD9-. The plots demonstrate the heterogeneity present within the SSEA3/CD9 sorted subsets with high and low expression of the genes in this panel
seen within each subset. Plots are depicted with high expression at the top and low expression at the bottom.
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Figure 9: Single cell gene expression analysis of SSEA3/CD9 sorted subsets part 2

seen within each subset. Plots are depicted with high expression at the top and low expression at the bottom.

Bean-plots comparing expression levels for the respective genes chosen for QPCR within the sorted subsets: SSEA3 High CD9+, SSEA3 Low CD9+ and
SSEA3+ CD9-. The plots demonstrate the heterogeneity present within the SSEA3/CD9 sorted subsets with high and low expression of the genes in this panel
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Figure 10: Single cell gene expression analysis of SSEA3/CD9 sorted subsets part 3

Bean-plots comparing expression levels for the respective genes chosen for QPCR within the sorted subsets: SSEA3 High CD9+, SSEA3 Low
CD9+ and SSEA3+ CD9-. The plots demonstrate the heterogeneity present within the SSEA3/CD9 sorted subsets with high and low expression of
the genes in this panel seen within each subset. Plots are depicted with high expression at the top and low expression at the bottom.
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Component 2 (17.92% variance)

Component 3 (5.21% variance)

Figure 11: Single cell OPCR PCA analysis demonstrating the relationship between

SSEA3/CD9 sorted subsets.

PCA analysis based on complete gene clustering of the SSEA3/CD9 subsets.
The SSEA3/CD9 subsets exhibit considerable heterogeneity with scattering in
each of the three PCA plots, however the SSEA3 High/CD9+ subset exhibited
closer clustering to other cells from that cluster and secondly to the SSEA3
Low/CD9+ subset.
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Figure 12: Comparison of Single cell OPCR Analysis of SSEA3/CD9 and
SSEA3/MIXL1 subsets reveal the MIXL1+ subsets have higher expression of
mesoderm/endoderm genes compared to the SSEA3/CD9 subsets

Comparison table of averaged Ct values for selected mesoderm and endoderm
genes from SSEA3/CD9 and SSEA3/MIXL1 single cell QPCR. The MIXL1+
subsets have increased expression of mesoderm and endoderm genes
compared to the other subsets.

SSEA3 SSEA3 SSEA3+ SSEA3+ SSEA3+ SSEAS3-

HIGH LOW CD9- MIXL1-  MIXL1+  MIXL1+

CD9+ CD9+
NANOG 11.06 11.59 12.96 11.91 10.12 13.86
POUSF1 10.25 10.59 12.70 10.89 9.49 14.09
BMP2 35.25 31.99 34.88 38.19 25.72 11.68
BMP4 14.95 15.40 17.96 17.58 19.47 17.11
CER1 29.72 32.06 37.88 34.69 12.20 12.53
EOMES 40.00 39.26 40.00 38.85 20.64 16.91
FOXA2 40.00 40.00 40.00 39.37 21.91 15.32
GATA4 39.20 38.45 38.85 37.52 18.65 8.89
GATAG 40.00 40.00 40.00 39.46 22.76 12.18
GSC 40.00 40.00 38.95 40.00 35.61 31.45
HHEX 31.73 34.96 38.78 35.06 31.54 32.89
MIXL1 35.36 34.14 37.83 35.84 18.45 23.65
T 40.00 40.00 40.00 38.74 24.11 33.53
WNT3 36.42 30.49 31.67 40.00 22.74 25.74
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Figure 13: Strateqy for isolating subsets of hPSC through separation of antigen

expression into HIGH/LOW/Negative (-ve)

Use of BF4 antibody to identify and assess lineage bias in hPSC. A) Representative
BF4 flow cytometry histogram plot showing how antigen expression was separated into
HIGH/MID/LOW/Negative (-ve) for cell sorting. B) Example of reanalysis of cell post
sort, showing the purity of the sort. C) Examples of BF4 expression on hPSC in self-
renewal conditions: H9 (Left), HES3 (centre), NCRML1 (right). Positive expression= +ve
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Figure 14: Comparison of BF4 sorted fractions reveal they contain hPSC and exhibit differential expression of differentiation associated
genes

Transcriptome analysis to assess whether there was a difference in the BF4 sorted subsets. A) Comparison of the gene expression of OCT4, NANOG, ZFP42,

GATAGB, SOX17, MIXL1, BRACHYURY, CER1, DKK1, PAX6, SOX1, PAX3 and SOX10 from H9, HES3, and NCRML1 cell lines comparing the three BF4 subsets:
BF4 High, BF4 Low and BF4 Negative (-ve). Gene expression depicted as 1/ACt on 3 separate cell lines. BF4 Low and BF4-ve subsets exhibited increased gene
expression of mesoderm, endoderm and ectoderm genes compared to BF4 High. B) Example of BF4 sorted subset cells seeded and forming colonies in

KOSR/MEF self-renewal conditions. Colonies contain cells co-expressing pluripotency associated markers OCT4 and SOX2. Scale bar set at 50um. Statistical
significance shown by asterisks (*) p<0.05 ns= not significant
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Figure 15: Two colour fluorescence analysis with BF4 and the gene reporters reveal differential expression compared to CD9 and SSEA3

BRACHYURY

Flow cytometry plots showing BF4 expression against BRACHYURY (A), MSGN1 (B), GATAG (C) or MIXL1 (D) in KOSR/MEF self-renewal
conditions. In contrast to SSEA3 and CD9 respectively, BRACHYURY expression was spread across BF4 High/Low/Negative with a large
cluster in BF4-ve range. Less than 1% MSGN1 expression was also observed in these conditions. Both GATA6 and MIXL1 expressing cells
clustered predominantly in BF4-ve range evidencing relationship between antigen expression and lineage associated gene expression is

different to CD9 and SSEA3. n=3
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Figure 16: Co-IP of BF4 reveals the epitope is present on the same glycoprotein as TRA160R and TRA181 but is not the TRA160S epitope

Co-IP/Western blot, neuraminidase treatment and mesoderm differentiation to compare BF4, TRA160R, TRA160S and TRA-181. (A) Western blot
immunostained with TRA160R showing Positive reactivity for TRA181 and BF4. (B) Mesoderm differentiation comparing BF4 with TRA-160S. E8 control in red
compared to the differentiation in orange and the negative control in blue (C) Flow cytometry histogram for BF4, TRA160S and BRACHYURY expression in
different conditions: for the E8 control in red compared to negative control in blue D) After neuraminidase treatment in red compared to negative control in blue.
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Figure 17: 3-day mesoderm induction assay to assess cell surface antigen expression dynamics during differentiation

3-day mesoderm time course assays to assess the dynamics of expression of BF4, CD9 and SSEA3. The results showed different expression profiles for the
respective antigens. (A) Representative flow cytometry plots for BF4, CD9 and SSEA3 against BRACHYURY for the Mesoderm differentiation compared to the E8
control. Each day after introduction was compared: day 1 in red, day 2 in blue and day 3 in yellow. (B) Bright field and GFP images verifying BRACHYURY
expression in mesoderm condition. CD9 Mid expression and loss of BF4 and SSEA3 coincides with strong BRACHYURY expression. Scale bar set at 200um.
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3.3 Discussion

The purpose of this set of experiments was to determine whether cell surface
antigens could be used to identify a subset of cells with lineage bias to mesoderm.
The dynamics of SSEA3 and CD9 in self-renewal conditions in combination with
the BRACHYURY and GATAG6 reporters (Figure 2) provided evidence that both
SSEA3 and CD9 could be used together to identify a lineage-biased subset. Both
antigens differed to BF4 (Figure 15) in that they had large clusters of cells co-
expressing both antigens and reporter gene in the “High” expressing antigen
region (> 102 expressing region). However, in respect to other self-renewal media
conditions, CD9 was also observed to be strongly expressed in E8/Vitronectin at

>10? fluorescence intensity in this experimental set-up.

In the case of CD9, strong CD9 expression could be simply attributed to fully
differentiated cells just existing within the culture, as CD9 is a marker expressed
in a variety of differentiated cells types across different lineages 16°-162 as well as
undifferentiated hPSC 130163 While CD9 has been shown to be expressed on
multiple different lineages, this has not been shown with SSEA3. However there
are examples of evidence to show it is present in some differentiated cell types
such as human skin cells *¢* and red blood cells %5, Though unlike CD9, SSEA3
is lost upon differentiation of hPSC to immediate derivatives as shown by the

mesoderm differentiation in Figure 17 and also neural ectoderm 12°.

In the context of identifying a mesoderm biased subset of hPSC, the results
showed that while there existed a large cluster of SSEA3 “High” cells that co-
expressed BRACHYURY, SSEA3 also down-regulated significantly in mesoderm
inducing conditions (Figure 17). Therefore, considering the SSEA3
High/BRACHYURY+ cells were identified in self-renewal conditions, it would not
be expected that these would already be differentiated cells. The hypothesis from
these observations was that this SSEA3 “High” population contained a subset of
hPSC that contained a mesoderm bias. The CD9 antigen was added due to the
previous evidence in the literature showing that High/Mid expression levels of this
antigen isolated more cells that exhibited propensity to mesoderm/endoderm
differentiation 139131 A potential caveat associated with KOSR/MEF self-renewal
conditions is the density and quality of the feeder layer. Through preliminary work

performed with the MIXL1 reporter, it was determined that a feeder layer of
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~500,000 cells per 25cm? vessel resulted in a very dense feeder layer. This
feeder layer caused the stem cell colonies to become very tightly packed in these
conditions, which after approximately 3 days, resulted in a yield of ~3-7% MIXL1+
cells in a culture. On low density feeders, the percentage of MIXL1+ cells were
typically <0-2% in a culture. Considering this observation, all of the reporter lines
in this study were analysed on high density feeder layers. However, considering
the effect the feeder layer can have on the expression of the gene reporters, the
variable expression of BRACHYURY in particular could be attributed to batch
variation of the feeder cells.

To assess whether SSEA3 “High” cells could be used for isolating a mesoderm
biased population, CD9 expression was kept consistent with only a change in
expression for SSEA3. The results the EB differentiation showed that the SSEA3
High/CD9+ subsets had greater gene expression of genes associated with
lineage specific differentiation to mesoderm. This was observed with expression
of HAND1 and CD34, two markers associated with mesoderm differentiation.
HAND1 has been shown to be expressed in lateral and extraembryonic
mesoderm 166-168 while CD34 expression has been associated with a variety of

mesoderm derivatives including haematopoietic 6°17° and endothelial /%172,

While in the literature, CD9 Negative cells had been attributed to more neural
ectoderm differentiation 13131 it had not been shown whether CD9 Negative cells
attributed to other ectodermal derivatives, such as neural crest. With the Neutral
EB differentiation (Figure 6) both neural ectoderm and neural crest associated
genes were upregulated with PAX6 173174 and TUBB3 175176 and PAX3 and
SOX10 1777179 respectively in the SSEA3+/CD9- subset. The SSEA3+/CD9- cells
were able to form EB in all three inducing conditions, but they grew considerably

smaller EB in the mesoderm and endoderm inducing conditions (Figure 5 A-B).

One possibility is that this subset already contained differentiated cells that were
put into growth conditions not compatible for their maintenance and consequently
died, leading to smaller EB. Another possibility is that these cells were strongly
biased to differentiate to an ectoderm cell fate but died when pushed to go to a
mesoderm or endoderm fate. However, when these small EBs were analysed for
gene expression (Figure 4 B-D), they showed significantly greater expression for
genes associated with endoderm, namely GATA4, GATA6 and SOX17 180-182 An
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explanation for this result, is that the smaller EBs contained more cells that had
specific differentiation to endoderm. The larger EBs formed from the other two
subsets could have had more nonspecific differentiation which explained the

lower expression of the endoderm genes.

Another explanation is that the SSEA3+/CD9 subset contained different subsets
within it, with bias to different lineages (such as endoderm) and that these are the
ones that survive in this inducing condition. Evidencing this is difficult due to the
nature of population transcriptome studies, in that few cells greater expressing a
gene of interest can significantly skew results representing the entire
subpopulation. This consideration was a primary driving force in performing
single cell QPR on these subsets, to see whether these populations were
heterogenous in containing some cells that greater expressed lineage specific

genes.

The single cell QPCR results (Figure 8-10) showed that the SSEA3 High/CD9+
subset had more cells expressing mesoderm/endoderm associated genes, while
the SSEA3+/CD9- subsets had more cells that did not express these genes. From
this result and the Neutral EB differentiation, the evidence suggests that the
SSEA3+/CD9-ve subset had more cells going towards other lineages rather than

mesoderm/endoderm.

The genes chosen to analyse these subsets were the top genes that showed the
most significant differential expression between the SSEA3+/MIXL1+ and
SSEA3+/MIXL1- subsets. With MIXL1 being a mesendoderm associated gene
183 the lineage specific genes chosen were primarily early mesoderm/endoderm
associated. The results reflected this fact with the MIXL1+ single cell subsets
showing significant upregulation of the early mesoderm/endoderm genes in the
panel (Figure 12). Interestingly, in respect to the SSEA3/CD9 subsets, no
BRACHYURY expression was detected in any cell. This is unexpected given that
BRACHYURY-Venus expression was detected in self-renewal conditions (Figure
2), it would not have been expected that there would be no detectable
BRACHYURY expression. As the same reagents and experimental set-up was
performed on the SSEA3/MIXL1 subsets which did contain BRACHYURY
Positive cells, the explanation likely lies with the expression of the gene itself. A

caveat with using the BRACHYURY reporter for isolating subsets of cells is the
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half-life of the Venus fluorescent protein. The Venus protein is a variant of YFP,
which had shown to have an in vivo half-life of 12.8 hr in some experimental
systems 184 However, half-life of fluorescent proteins can vary in different
experimental set-ups, with some reporting upwards of 24 hr 85, Therefore, it is
possible that cells that were being identified as BRACHYURY Positive, were
actually BRACHYURY Negative at the time of analysis. Another explanation is
that the expression level of the BRACHYURY gene was too low to be amplified
and accurately detected during the PCR reaction. For analysing the single cell
QPCR data, Z-scores were used and applied to an auto-scale that standardised
the data in a way that the expression levels of genes could be compared in a
meaningful manner. When analysing Ct values, a range of expression from High
to Low cannot be seen due to the log scale those values are obtained from. By
using Z scores, gene expression is presented in a greater range from High to Low
expression. This results in a heatmap that visually represents the subtleties in
gene expression that is occurring in the cell, such as an increase in CER1 and a
decrease in a pluripotency gene which implies a lineage biased cell to
mesoderm/endoderm. This observation would otherwise be missed using Ct
values on the log scale, resulting in the genes being coloured the same on the

heatmap.

The PCA analysis shown in (Figure 11) provided a representation for the
heterogeneity within the SSEA3/CD9 subsets. The PCA plots show a scattering
of cells within all of the subsets, as opposed to distinct groups. While this could
be attributed to the heterogeneity within the sorted subsets, that some cells are
closer in similarity to those from other subsets, this again is subject to the genes
used for the correlation analysis. While speculative, having a gene list containing
genes associated with other lineages, such as ectoderm, may have given more
distinct groups from the PCA analysis. The relevance for this would be for further

study into the gene networks that govern these states of cells.

Due to the considerable heterogeneity within these sorted subsets, there is not
enough evidence that the gene list chosen contain candidate genes that are
distinct to that subset. That is, that the sorted SSEA3/CD9 subsets cannot be
separated based on expression of early mesoderm/ mesendoderm associated
genes. This becomes problematic when the objective is to identify key candidate

gene networks that govern early transition away from pluripotency to lineage
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specification. While the evidence shows that the SSEA3 High/CD9+ subset
formed more mesoderm derivatives when allowed to differentiate, this propensity
for mesoderm differentiation cannot be seen directly from sorting for this
population in self-renewal conditions, as shown by the single cell QPCR and PCA
analysis. When comparing expression levels to the SSEA3/MIXL1 subsets, the
expression levels of mesoderm/endoderm associated genes were much lower in
the SSEA3/CD9 subsets. However, both SSEA3/CD9 and SSEA3/MIXL1
subsets had shown to contain pluripotent cells. Therefore, in a future direction to
gain better insight into heterogeneity with hPSC cultures, single cell RNA seq is
required. However, within this study, the single cell QPCR result contributed to

the decision to look at other cell surface markers, namely BF4.

The QPCR results of cells from self-renewal conditions, demonstrated that in all
three cell lines, BF4 Low and Negative subsets had upregulation of genes
associated to differentiation to different lineages such as CER1 and DKK1 for
mesendoderm/endoderm and PAX6 for ectoderm (Figure 14). This suggested
that the BF4 Low contained a population of cells further differentiated compared
to the BF4 High subset, while the BF4 Negative subset likely contains more fully
differentiated cells. The evidence of this can be seen in the differences in cloning
efficiency between the sorted subsets with BF4 Negative cells have reduced
cloning efficiency and also the increased gene expression of differentiation
associated genes in the BF4 Low and Negative subsets (Figure 14). Additional
evidence is seen in the 3-day mesoderm time course (Figure 17) and the
clustering of GATA6 High cells and MIXL1 Positive cells in self-renewal
conditions (Figure 15). Though it should be noted that expression of pluripotency
associated genes (OCT4, NANOG and ZFP42) can be seen in BF4 High, Low
and Negative populations, albeit at varying levels. The BF4 Negative subset was
shown to have lower expression of these genes. This suggests that these BF4
subsets contain within them a population of hPSC. However, as the objective of
this study is to identify subsets of hPSC that are biased to lineage specific

differentiation, BF4 did not appear a useful marker in this context.
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34 Conclusion

The results presented in this chapter highlight how previously undefined antigens
together can be used to demonstrate heterogeneity within hPSC through isolation
and analysis via the transcriptome and functional assays to induce differentiation.
The results from the functional analysis of the SSEA3/CD9 subsets correlated
with previous results using GATA6 and MIXL1 (Andrews lab, unpublished), that
SSEA3+ sorted cells contain heterogenous subsets with different propensities for
differentiation. It had previously been shown that SSEA3+/GATA6+ and
SSEA3+/MIXL1+ cells exhibited increased expression of genes associated with
the endoderm and mesendoderm respectively. It was therefore considered that
the SSEA3+/BRACHYURY+ cells that were observed in self-renewal conditions,
may exhibit a more homogeneous propensity to mesoderm differentiation.
Similarly, to the SSEA3+/MIXL1+ subset, the SSEA3+/BRACHYURY+ subset
could provide another subset of cells that have propensity to mesoderm
differentiation that could be isolated and analysed to expand on our knowledge

of early fate determination of hPSC.
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Chapter 4 : Use of the H9 BRACHYURY Reporter to Assess
Whether SSEA3+/BRACHYURY+ cells Exhibit a Mesoderm
Bias

4.1 Introduction

4.1.1 Overview

The results in chapter 3 concluded that being able to identify undifferentiated
hPSC that exhibit a lineage bias to differentiation is technically difficult and was
unsuccessful with using antigens alone. A previously successful approach to
identify lineage biased cells, was to use a combination of antigen and gene
reporter to identify and functionally test, putative subsets of cells for lineage bias.
The mesoderm-associated marker BRACHYURY had shown to be expressed in
a subset of cells in self-renewal conditions (Figure 2 and Figure 15), therefore
was a candidate for identifying a subset of pluripotent cells with a lineage bias to

mesoderm.

4.1.2 BRACHYURY expression in development and its role in lineage
specification both in vivo and in vitro

BRACHYURY is a member of the highly conserved T-Box group of nuclear
transcription factors 8¢ where the mechanism involves binding to the palindromic
T site activating transcription 7. It is a transcription factor that has a long-
recorded history in developmental studies, where the first reported evidence of
BRACHYURY was described as a mutation in the T (BRACHYURY) locus 8,
The name BRACHYURY itself means “short tail” and is derived from the
observation of shortened tails in heterozygous mice that had mutations of the T
(BRACHYURY) locus . Following its discovery as a transcription factor
discovery of conserved genes with similar sequence homology to T
(BRACHYURY) were found in both mice and drosophila, resulting in the coined-

term “T-box genes” to describe this group 18,

Within development, BRACHYURY has been shown to be expressed during

early-mesoderm differentiation and plays an important role in early development
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in respect to formation of the primitive streak and notochord. Mice that are
homozygous for BRACHYURY mutations die mid-gestation 1°°. Through mouse
mutations in BRACHYURY, it has also been shown that BRACHYURY serves a
role in movement of mesodermal cells during formation of the primitive streak.
Mice with these mutations result in primitive streaks with impaired elongation of
the body axis posterior to the forelimbs 819, |t has also been shown that mice
with homozygous mutations for BRACHYURY result in severe axial-skeletal

effects due to paraxial mesoderm apoptosis 191-193,

In BRACHYURY homozygous embryos, while the notochord process is initiated,
a trunk notochord fails to form. This results in phenotypic observations of
abnormalities in the spinal cord and somites °41% as well as a defective allantois
and a disrupted primitive streak and node 1%, Additionally, in mouse chimeras,
ES cells with homozygous mutations for BRACHYURY were introduced by
blastocyst injection into wildtype host embryos. The presence of these cells in the
allantois resulted in a failure to form the correct placental connection, resulting in
arrest later in development. In chimeras where these cells were predominantly in
the tail, it resulted in severe abnormalities including foreshortening, branching

and haemorrhagic cavities®’.

The role of BRACHYURY in the notochord can also be observed in the formation
of chordomas, a rare type of cancer that originates from the notochord.
BRACHYURY has been shown to be highly expressed within the majority of cells
within chordoma tumours 1%, Furthermore, to BRACHYURY’s role with the
primitive streak and notochord, mice with homozygous and heterozygous
mutation with BRACHYURY have shown to have other phenotypic defects such

as left-right patterning defects and abnormalities within heart development 195199,

BRACHYURY has also shown to have a role in primordial germ cell (PGC)
formation. This is the result of a precursor population in the epiblast that gives
rise to the mature spermatozoa and ova of adults 2%°. Indeed, it was shown that
BRACHYURY was essential for BLIMP1 and PRDM14, two germline
determinants. BRACHYURY binds to distinct regulatory elements of these genes,
directly upregulating them 2°1. This upregulation has shown to be perturbed by a
loss of BMP4 signalling. This relationship between BRACHYURY and BMP4

signalling is also evident in axolotl embryos, where induction of BRACHYURY
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and BMP4 signalling is observed in formation of PGC 2°2. BRACHYURY has also
been shown to be expressed in germ cell tumours, including testicular

seminomas 29,

For lineage specification in vitro, BRACHYURY has served to play an important
role in early human and mouse ES cell differentiation and is observed to be both
a mesoderm and mesendoderm marker 2°4295, The haemangioblast, a common
progenitor that generates haematopoietic and vascular cells, is a mesoderm
subset that co-expresses BRACHYURY and FLK-1 2%, BRACHYURY has been
shown to physically interact with the mesendodermal marker MIXL1, resulting in
overlapping expression during ES cell differentiation and regulation of
transactivation of the promoter of the primitive streak marker GOOSECOID
(GSC) 2°7. The relationship between MIXL1 and BRACHYURY is further
highlighted in the xenopus embryo, where the BRACHYURY homolog XBRA
represses MIXL1 expression and MIXL1 represses XBRA expression 2%,
Additionally, RNAi mediated knock-out of MIXL1 was shown to enhance
BRACHYURY expression, where-as over expression of MIXL1 resulted in
suppressed BRACHYURY expression 2%°. Expression of MIXL1 was observed
through the emerging mesoderm in mid to late-streak embryos, though becoming
restricted to the posterior primitive streak at the head-fold stage 3. The role of
BRACHYURY in regulating endodermal differentiation is complex, as it has been
demonstrated that both knockout and upregulation of BRACHYURY can result in
upregulation of both GSC and SOX17 in human ES cells ?1°. Furthermore,
BRACHYURY has also shown to mark mesoderm and endoderm formation.
BRACHYURY Positive cells have shown to have the capacity to differentiate to
both  mesoderm and endodermal lineages as shown by formation of
cardiomyocytes and hepatocytes respectively 211-213, However, it was shown that
in partnership with eomesodermin (EOMES) and activin-SMAD2/3 signalling, that
BRACHYURY is not necessary to activate endodermal gene expression in

human ES cells 214,

BRACHYURY has also been shown to have a role in specifying mesodermal
fates within the lineage. Within neuromesodermal progenitors, a multi-potent cell
type that can give rise to derivatives from both the mesoderm and ectodermal
lineages 215, BRACHYURY was shown to specify mesodermal fates through co-

operation with Wnt signalling 2. In respect to Wnt/B-Catenin signalling which
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induction promotes mesoderm differentiation °® two TCF binding sites were
located within a BRACHYURY promotor fragment that bind to the LEF-1/B-
catenin complex. This was shown to specifically respond to B-catenin dependent
transactivation 216, It was also shown in mouse ES cells in vitro that had
differentiated to a primitive-streak like state, that both the epithelial to
mesenchymal transition (EMT) and transient BRACHYURY expression was
observed during this differentiation. Similarly to in vivo development, this
differentiation was regulated by BRACHYURY expression that was dependent on
the EMT and B-catenin activity 2.

Aside from Wnt signalling, BRACHYURY has also been shown to interact with
downstream effectors of Activin and BMP4 signalling networks. Specifically, this
has been shown in BMP induced SMAD1 in mesoderm progenitors and Activin
induced SMAD2/3 in endoderm progenitors 24. Furthermore, co-operation
between BMP4-SMAD1 signalling and BRACHYURY was shown to be a
requirement for mesodermal differentiation while simultaneously suppressing
endodermal differentiation ?14. Another role in BMP signalling was demonstrated
by BMP co-operating with FGF2 to promote mesoderm differentiation and
resulting in cells that had high levels of BRACHYURY and CDX2 218, the latter a

marker that is required for somitic differentiation 219,

In respect to undifferentiated cells, it was shown in the pluripotent Embryonal
Carcinoma line NTERA2, that BRACHYURY protein was detectable in the
undifferentiated cells 2%°. In mouse EpiSC, BRACHYURY was shown to co-
express with OCT4 in some cell lines and negatively correlated with these cells
ability to form ectoderm. These BRACHYURY expressing EpiSC could also not
be converted to a mESC state, suggesting these cells could be in a lineage
primed state 2?1 Additionally, it was shown by (Tsakiridis et al., 2014) that
primitive-streak like EpiSC exhibit a lineage bias to mesoderm and endodermal
fates, while maintaining pluripotency. Here, heterogeneity was observed in
respect to BRACHYURY expression, with some EpiSC co-expressing
BRACHYURY with pluripotency associated genes, OCT4, NANOG and SOX2 %°.
Altogether, the evidence from the literature demonstrates the essential role of
BRACHYURY in mesoderm/mesendodermal differentiation both in vivo and in
vitro. Together it supports the suitably of BRACHYURY to be used as a marker

for identifying a mesoderm/mesendodermal biased population of hPSC.
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4.1.3 Experimental Objectives: SSEA3 and the BRACHYURY reporter as a
tool to identify subsets of cells

SSEA3 has been used previously to isolate pluripotent subsets of cells with
lineage bias, as shown by cells being SSEA3+/GATA6+ and SSEA3+/MIXL1+
having increased propensity to endoderm and mesendoderm respectively
(Andrews lab, unpublished). SSEA3 and BRACHYURY have not be analysed
together in this manner, but the evidence in chapter 3 (Figure 2) is that there are
cells in self-renewal conditions that are SSEA3+/BRACHYURY+ and
SSEA3+/BRACHYURY-. Using a combination of transcriptome analysis and
functional tests, it can be determined whether both subsets contain
undifferentiated cells and whether the SSEA3+/BRACHYURY+ subset has a

lineage bias to mesoderm differentiation.
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4.2 Results

4.2.1 Analysis of SSEA3 and BRACHYURY in self-renewal conditions

H9 BRACHYURY cells were grown in KOSR/MEF self-renewal conditions and
analysed via flow cytometry. (Figure 18) is an image of a SSEA3/BRACHYURY
expression profile that would be separated into the SSEA3+/BRACHYURY- and
SSEA3+/BRACHYURY+ sorted subsets. The percentage of
SSEA3+/BRACHYURY+ cells varied as described in chapter 3 discussion, but
was typically in the range of 20->80% (An example of the majority of the
population expressing BRACHYURY is shown in Figure 2) which was significantly
more than what was observed for SSEA3+/GATA6+ cells (~8%) and
SSEA3+/MIXL1+ cells (typically ~0-7%) (Figure 2 and Figure 15). However, while
there were more cells expressing BRACHYURY, the levels of expression were
limited to ~10? fluorescence intensity when analysed via Flow cytometry which
was lower compared to the GATA6 (10% and MIXL1 (up to 10%) in this

experimental set-up.

4.2.2 Gene expression analysis of the SSEA3+BRACHYURY- and
SSEA3+/BRACHYURY+ subsets to assess lineage bias

To determine whether the SSEA3+/BRACHYURY+ subset exhibits increased
propensity to mesoderm differentiation, SSEA3+/BRACHYURY- and
SSEA3+/BRACHYURY+ cells were FACS sorted from KOSR/MEF conditions
and their transcriptomes were analysed on by QPCR(Figure 19-20). The results
showed that on average, genes associated with early mesoderm or endoderm
differentiation such as MESP1, SOX17, BRACHYURY, GATA4, FOXA2 and
EOMES were upregulated in the SSEA3+/BRACHYURY+ subset compared to
the SSEA3+/BRACHYURY- subset (Figure 19 and Figure 20). The genes
associated with pluripotency, such as SOX2, NANOG, POU5F1 and ZFP42 were
shown to be expressed at comparable levels between the two subsets. This
indicates that both subsets contained undifferentiated cells, but that the
SSEA3+/BRACHYURY+ subset had upregulation of early mesoderm/endoderm

associated genes, suggesting a lineage biased state.
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4.2.3 Single cell cloning of the SSEA3+/BRACHYURY+ subset to
determine if it contains undifferentiated cells

The results from (Figure 19 and Figure 20) showed that both subsets had cells
expressing pluripotency associated genes, but that the SSEA3+/BRACHYURY+
subset had upregulation of mesoderm/endoderm genes, suggesting a lineage
biased state. However, it is not possible to conclude whether the subset
contained a mix of pluripotent and differentiated cells from that analysis. It was
therefore necessary to determine whether that subset contained functional,
pluripotent cells. To answer this, single cells from the SSEA3+/BRACHYURY+
subset from KOSR/MEF conditions were FACS sorted and seeded as single cells
in a 96 well plate and left to grow as individual colonies. These colonies were
then passaged and assessed functionally to determine if the starting cell was

pluripotent. A schematic of this procedure can be seen in (Figure 21).

A total of 24 colonies were obtained and assessed morphologically for evidence
of stem cells before being passaged twice into a 24 well plate. Due to the
technical limitations of growing and passaging 24 colonies, 12 randomly selected
colonies were chosen the following passage and finally reduced to 6 colonies.
The colonies that were not selected were immunostained for NANOG and all
contained NANOG Positive cells. Four of the colonies that were selected for
further passage were from indexed cells from the initial sort and were shown to
be within the SSEA3+/BRACHYURY+ sorting gate (Figure 222). The other 2

colonies were selected at random.

The following passage, the 6 colonies (now clonal lines) were divided into two
growing conditions, KOSR/MEFS and ES8/Vitronectin. This was to determine
whether the clonal lines grown from a single SSEA3+/BRACHYURY+ cell
contained cells that were now SSEA3+/BRACHYURY-. This was an observation
found using the SSEA3+/MIXL1+ subset, that the population now contained
SSEA3+/MIXL1- cells (Andrews lab, unpublished)). The significance of this is the
evidence of interconversion of the stem cell population into a different state.
Interconversion was observed on both media/matrix combinations the clonal lines
were passaged onto upon analysis after 5 passages respectively. The 6 clonal
lines on KOSR/MEFS had returned to a heterogeneous population of cells

containing both SSEA3+/BRACHYURY- and SSEA3+/BRACHYURY+ cells
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(Figure 23). The starting population of cells that had been originally sorted from
had ~40% SSEA3+/BRACHYURY+ cells, all 6 clones had less than 20%
SSEA3+/BRACHYURY+ expression at the time of analysis. There was more
variation observed with the SSEA3+/BRACHYURY- subset where two of the
clones had ~50% of the cells that were SSEA3+/BRACHYURY-, while three of
the colonies had more than 75% of the cells that were SSEA3+/BRACHYURY-.

On EB8/Vitronectin, the clonal lines had interconverted predominantly to a
SSEA3+/BRACHYURY- state as demonstrated by less than 1% BRACHYURY
expression (irrespective of SSEA3+ expression) and over 95% of the cells being
SSEA3+/BRACHYURY- (Figure 24). The interconversion of these colonies to a
SSEA3+/BRACHYURY- state provided evidence that the starting cell was indeed
pluripotent. However, to validate the starting cell that created these clonal lines
was a pluripotent cell, the clonal lines were immunostained for the pluripotency
associated marker NANOG and differentiated into mesoderm, endoderm and
ectoderm. All clonal lines exhibited the capability of differentiating to cell
derivatives of the three germ layers, as demonstrated by expression of TBX6 and
MSGN1 (Figure 22 C-D) for paraxial mesoderm, FOXA2, GATA6 and SOX17 for
endoderm (Figure 22 C-D) and PAX6, SOX1 and TUBB3 for ectoderm (Figure 22
C-D). This was shown in both increased gene expression compared to the
undifferentiated control and via immunostaining for TBX6 in mesoderm
conditions, SOX17 in endoderm conditions and PAX6 in ectoderm conditions
(Figure 22 C). The clones were also shown to express NANOG in self-renewal
conditions (Figure 22 C). The results demonstrated that a pluripotent subset of
cells existed within the SSEA3+/BRACHYURY+ subset.
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4.2.4 Assessment of lineage bias of the SSEA3+/BRACHYURY- and
SSEA3+/BRACHYURY+ populations through high-content
clonogenic assay

The results from (Figure 19 and Figure 20) showed that both subsets had cells
expressing pluripotency associated genes, but that the SSEA3+/BRACHYURY+
subset had upregulation of mesoderm/endoderm genes, suggesting a lineage
biased state. To assess this functionally, single cell derived colonies formed by
the SSEA3+/BRACHYURY+ and SSEA3+/BRACHYURY- subsets were
immunostained for lineage associated markers. This was to determine whether
the SSEA3+/BRACHYURY+ subset generated more mesoderm cells within the

colonies formed.

Single cells from both SSEA3+/BRACHYURY subsets were seeded and left to
form colonies for 5 days. Colonies chosen for analysis were selected based on
the size of the colony being no bigger than 64 cells in size, due to the doubling
time of a stem cell being ~18 hours??2. Colonies were scored based on containing
at least one OCT4 Positive cell and were analysed based on co expression of
lineage associated markers within the colony. A schematic of this procedure can

be seen in (Figure 24).

The results showed that both SSEA3+/BRACHYURY subsets exhibited
heterogeneity in respect to expression of lineage markers (Figure 26 and Figure
27). Both subsets generated colonies that had a variable number of cells
expressing the lineage markers of interest. By way of comparison, cells that were
SSEA3-/BRACHYURY+ were also sorted and seeded at the same density, but

which failed to form colonies.

Both SSEA3+/BRACHYURY- and SSEA3+/BRACHYURY+ subsets generated
colonies that predominantly contained NANOG and OCT4 expression within
them, providing evidence that the starting cell in forming the colony was an
undifferentiated stem cell. In respect to lineage specific markers, both subsets
generated colonies that contained cells expressing markers associated with early
endoderm (SOX17+/0OCT4+) (FOXA2+/BRACHYURY-) and early mesoderm
(FOXA2+/BRACHYURY+) or (TBX6+). The SSEA3+/BRACHYURY+ subset

however generated more colonies that had greater than 60% of the total number
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of cells expressing either (SOX17+/0OCT4+) or (FOXA2+/BRACHYURY+) where
in contrast the SSEA3+/BRACHYURY- subset predominantly generated colonies
where less than 50% of the total number of cells expressed those markers. In
respect to FOXA2+/BRACHYURY- expression, the SSEA3+/BRACHYURY+
subset generated more colonies expressing this marker combination, though they
were predominantly under 50% of the total cell number. In respect to TBX6
expression, both SSEA3+/BRACHYURY subsets generated colonies with a
similar number of TBX6+ cells, with the majority of colonies having less than 40%
of the cells expressing TBX6.

For the ectoderm associated marker PAX6, both SSEA3+/BRACHYURY subsets
generated colonies expressing this marker, providing evidence that both subsets
could form ectoderm cells. However, both subsets generated significantly fewer
colonies expressing PAX6. For the SSEA3+/BRACHYURY- subset the total
number of cells expressing PAX6 within the colony was fewer than 40%. For the
SSEA3+/BRACHYURY+ subset there was more colonies generated within this
percentile range, but with an addition colony having more than 60% of the cells
expressing of PAX6. However, while there were examples where the
SSEA3+/BRACHYURY+ subset generated colonies that had more cells
expressing the mesoderm/endoderm markers as described, the results showed
that across all colonies across three biological repeats the mean percentage for

both subsets were similar.

For comparison of the SSEA3+/ BRACHYURY- vs SSEA3+/ BRACHYURY+
subsets, the mean percentages of expression of the markers in cells within
colonies were SOX17+/0OCT4+ (10.56% vs 9.89%), TBX6 (9.03% vs 11.48%),
FOXA2+/BRACHYURY (4.44% vs 4.45%), FOXA2+/BRACHYURY+ (9.71% vs
8.5%) and PAX6 (0.8% vs 2%). Therefore, there was no evidence that either
SSEA3+/BRACHYURY subset had greater propensity for more
mesoderm/endoderm or mesendoderm differentiation within the colony (unpaired
student T Test p>0.05).

The results also showed that across three biological replicates there was not a
statistically significant difference in respect to total number of colonies containing

at least one cell that expressed a lineage specific marker (Figure 29) (Student T
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test unpaired p>0.05). Suggesting that both subsets could comparably generate
colonies that contained differentiated cells to the respective lineages. This
similarity was also observed with the distribution of these lineage markers in
either OCT4 Positive or OCT4 Negative- colonies (Figure 28). Except for the
FOXA2/BRACHYURY analysis, most of the colonies were OCT4 Positive with
the lineage markers not expressed at all in the colony for both subsets. Overall
the results showed that in this experiment both SSEA3+/BRACHYURY subsets

were similar in their propensity for differentiation.

4.25 Assessment of Lineage Bias of the SSEA3+/BRACHYURY- and
SSEA3+/BRACHYURY+ populations through embryoid body
differentiation

An alternative approach to functionally assessing whether the
SSEA3+/BRACHYURY+ subset had a lineage bias to mesoderm was to perform
EB differentiation. As evidenced in Chapter 3 (Figure 4-6) this experiment showed
that subsets of cells could be sorted and seeded in the differentiation conditions,
resulting in different propensities for differentiation. The results showed from the
SSEA3+/BRACHYURY subsets that while there was not a significant difference
between the efficiency of differentiation in all three directed conditions, both
subsets exhibited higher levels of expression of HAND1 and GATA2 for
mesoderm (Figure 30 A), GATA4, GATA6 and SOX17 for endoderm (Figure 30
B) and PAX6 and TUBB3 for ectoderm (Figure 30 C) compared to the
undifferentiated control (student T-test p<0.05). Despite both subsets being able
to differentiate to derivatives of all three germ layers, there was a significant
difference observed in the size of the EBs formed in these conditions (Figure 31
A-C) (student T-test p<0.05). The SSEA3+/BRACHYURY+ subset grew larger
EBs in the mesoderm and endoderm conditions (Figure 31 A-B), but there was

not a significant difference observed in the ectoderm conditions (Figure 31 C).

In Neutral conditions (Figure 30 D), there was variation exhibited between the
SSEA3+/BRACHYURY subsets. Both subsets showed comparably low
expression levels for TBX6, MSGN1 and MEOX1 compared to the other genes

in the panel, suggesting there was not a propensity for paraxial mesoderm
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differentiation. For neural ectoderm and neural crest differentiation, the
SSEA3+/BRACHYURY- subset showed to have similar levels of expression
across the three replicates for PAX6 and SOX1 for neural ectoderm and PAX3
and SOX10 for neural crest. In contrast, the SSEA3+/BRACHYURY+ subset
exhibited higher variation of expression for these genes across replicates, being
higher or lower comparable to the other genes in the panel. This resulted in high
standard deviation across the three replicates, with expression either lower or
comparable to the SSEA3+/BRACHYURY- subset depending on the biological
replicate. This high variability was also observable for the endoderm associated
genes. The SSEA3+/BRACHYURY- subset exhibited more consistent levels of
expression for GATA6 and SOX17, while being overall lower in expression
compared to the SSEA3+/BRACHYURY+ subset. In contrast, the levels of
expression of these genes varied significantly in the SSEA3+/BRACHYURY+
subset. This pattern was also exhibited for CD34 and HAND1, where together
both genes were upregulated significantly higher in the SSEA3+/BRACHYURY+
subset, despite the high variation of expression across the replicates (Tukey
Multiple Comparison Test p<0.05 n=3). Despite the high variability in the
expression of the mesoderm associated genes, the results showed that the
SSEA3+/BRACHYURY+ subset had a greater propensity to mesoderm
differentiation compared to the SSEA3+BRACHYURY- subset.
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Figure 18: Use of the H9 BRACHYURY reporter line with SSEA3 to identify subsets

of hPSC with mesoderm lineage bias

Representative Flow cytometry plot showing the distribution of SSEA3
and BRACHYURY expression in KOSR/MEF self-renewal conditions (A).
Two arrows show the SSEA3+/BRACHYURY + subset and the
SSEA3+/BRACHYURY - subset from KOSR/MEF self-renewal
conditions which were assessed to determine a mesoderm lineage bias.
(B) The two plots below the SSEA3/BRACHYURY plot are examples of
purity reanalysis of cells post sort.
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Figure 19: Population transcriptome analysis comparing SSEA3+/BRACHYURY -
against the SSEA3+/BRACHYURY+ sorted subsets reveal differential expression
of genes associated with differentiation and self-renewal

Comparison of the gene expression between the SSEA3+/BRACHYURY (T) +
subset and the SSEA3+/BRACHYURY (T) — subset from KOSR/MEF self-
renewal conditions. The results demonstrated that the SSEA3+/BRACHYURY+
subset had upregulation of genes associated with the mesendoderm such as
T(BRACHYURY), SOX17, GATA4, FOXA2 and EOMES. Results are shown as
ACt with increased gene expression relative to values closer to 0. Selected
genes compared in the following figure. Average of 3 biological repeats.
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Figure 20: Population transcriptome analysis comparing SSEA3+/BRACHYURY -
against the SSEA3+/BRACHYURY+ sorted subsets reveal differential expression
of genes associated with differentiation and self-renewal

Comparison of the expression of selected genes including from Figure 20:
SOX2, POU5F1, NANOG, ZFP42 (A), EOMES, FOXA2, GATA4, GATAG,
MIXL1, BRACHYURY and MESP1 (B) between the SSEA3+/BRACHYURY (T)
+ subset and the SSEA3+/BRACHYURY (T) — subset from self-renewal
conditions. Results show upregulation of mesoderm and endoderm genes from
the SSEA3+/BRACHYURY+ subset in these conditions. Statistical significance
shown by asterisks (*) p<0.05. Gene expression depicted as 1/ACt as an
average of 3 biological repeats. ns= not statistically significant p>0.05
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Figure 21: Schematic of the single cell plating experiment to demonstrate the
SSEA3+/BRACHYURY+ subset contains hPSC

Schematic showing work-flow of single cell cloning experiment. To calibrate the FACS sorter
for high stringency, accurate sorting the red and green fluorescing mixed beads were sorted
into individual wells to show the machine could accurately sort individual populations. Single
SSEA3+/BRACHYURY+ cells were sorted as single cells and left to grow into colonies. A
selection of those were then taken forward and further analysed for functional capabilities to
differentiation and self-renewal.
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Figure 22: Single cell cloning of SSEA3+ BRACHYURY+ sorted subset exhibits that starting single cells were pluripotent

To verify whether the SSEA3+/BRACHYURY (T)+ subset contained functional hPSC, SSEA3+/BRACHYURY+ cells were seeded as single cells and grown as
colonies before assessment. (A) Flow cytometry plot showing SSEA3+/BRACHYURY (T)+ sorted subset from KOSR/MEFS. (B) Position of index sorted
SSEA3+ BRACHYURY (T)+ cells. (C) Representative picture of immunofluorescence for NANOG in self-renewal conditions, PAX6, TBX6 and SOX17 after
differentiation. (D) Transcriptome analysis. Average 1/ACT of the clones for mesoderm differentiation (TBX6 and MSGN1), endoderm differentiation (GATAG,
SOX17 and FOXA2) and ectoderm differentiation (PAX6, SOX1 and TUBB3). All 6 clones express NANOG and differentiated to derivatives of the three germ
layers, demonstrating the starting cell of each clone was pluripotent. Scale bar set at 50um. Statistical significance shown by asterisks (*) p<0.05
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Figure 23: Analysis of SSEA3+/BRACHYURY+ clones grown on
KOSR/MEFS after 5 passages demonstrate interconversion through
emergence of SSEA3+/BRACHYURY- subset

Flow cytometry plot showing SSEA3 expression from the single cell clones in KOSR/MEF
after 5 passages. (A) After 5 passages, the 6 clonal lines had interconverted from a
SSEA3+/BRACHYURY+ subset into a heterogeneous population including
SSEA3+/BRACHYURY- cells. After 5 passages, the 6 clonal lines had returned to a similar
distribution to the starting population that the sort was performed on, as well as a distribution
to what is natively found in the KOSR/MEF conditions. (B) Reference of the FACS plot from
the initial cell sort.
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Figure 24: Analysis of SSEA3+/BRACHYURY+ clones grown on ES8/Vitronectin

after 5 passages reveal interconversion through loss of BRACHYURY expression

Flow cytometry plot showing SSEA3 expression from the single cell clones in E8/Vitronectin
after 5 passages. (A) After 5 passages, there was interconversion of the 6 clonal lines from
the SSEA3+/BRACHYURY+ subset they were originally sorted from into a
SSEA3+/BRACHYURY- subset with over 95% of each colony being
SSEA3+/BRACHYURY-. (B) Reference of the FACS plot from the initial cell sort.
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Figure 25: Schematic of the high-content clonogenic assay workflow to assess lineage bias of the SSEA3+/BRACHYURY- and
SSEA3+/BRACHYURY+ subsets

A schematic detailing the experimental procedure and analysis for the high-content clonogenic assays. An example of an immunostained, analysed colony can
be seen at the bottom. A mask is drawn around a colony to analyse individual nuclei within the colony. Once individual nuclei have been isolated (middle) each
individual cell nuclei is then analysed for marker expression (right) based on fluorescence higher than threshold set from Negative control. A detail of this
immunofluorescence analysis can be found in Chapter 2 Methods.
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Figure 26: High content clonogenic assays comparing the SSEA3+/BRACHYURY- subset against the SSEA3+/BRACHYURY+ subset
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Figure 27: High content clonogenic assays comparing the SSEA3+/BRACHYURY- subset against the SSEA3+/BRACHYURY+ subset

Clonogenic assay comparing
the differentiation within single
cell colonies generated by
SSEA3+/BRACHYURY (T)-
and SSEA3+/BRACHYURY
(T)+. Comparison of the
percentage of total number of
cells within OCT4+ colonies
expressing NANOG (A),
SOX17(B), TBX6 (C), FOXA2
and BRACHYURY- (D),
FOXA2 and BRACHYURY
(T)+ (E), and PAX6 (F) within
OCT4 Positive colonies for the
following conditions:

SSEA3+/BRACHYURY (T)-in
red and
SSEA3+/BRACHYURY (T)+in
blue.
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biological repeats. ns= not
statistically significant p>0.05
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Figure 28: SSEA3+/BRACHYURY subsets exhibit heterogeneity in colonies in respect to expression of markers associated with self-renewal
and differentiation
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Figure 29: Analysis on the distribution of pluripotency associated and lineage specific marker expression in OCT4+ colonies
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Figure 30: Lineage specific and neutral differentiation of SSEA3+/BRACHYURY- and SSEA3+/BRACHYURY+ subsets demonstrate both
contain hPSC and have different propensities for mesoderm differentiation in Neutral conditions

Comparison of the gene expression comparing the SSEA3 (3) +/BRACHYURY (T)+ MESODERM ENDODERM ECTODERM NEUTRAL
subset and the SSEA3 (3)+/BRACHYURY (T)- subset and mesoderm differentiation S ? . —

(HAND1 and GATAZ2) (A), endoderm differentiation (GATAB6, SOX17 and GATA4) (B)
and ectoderm differentiation (PAX6 and TUBB3) (C) with the E8 undifferentiated
control. CD34, HAND1, GATA4, GATA6, SOX17, PAX6, SOX1, PAX3, SOX10, SSEA3+ T+
TBX6, MSGN1 and MEOX1 from Neutral EB differentiation condition (D). Gene
expression depicted as 1/ACt as an average of 3 biological repeats. EBs imaged at
x20 magnification
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Figure 31: A comparison of size of EBs in induced differentiation conditions reveals the SSEA3+/BRACHYURY (T)+ subset forms larger EBs

in mesoderm and endoderm conditions

Analysis of size of EBs grown in mesoderm (A),
endoderm (B) and ectoderm (C) differentiation
conditions. Length of EB given in pum. SSEA3+/T+
subset grew larger EB in mesoderm and endoderm
conditions. Average of 8-10 EBs from each subset.
n=3 Statistical significance shown by asterisks (*)
p<0.05
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4.3 Discussion

The gene analysis of the SSEA3+/BRACHYURY subsets from self-renewal
conditions demonstrated that the SSEA3+/BRACHYURY+ subset had
upregulation of early mesoderm and endoderm associated genes compared to
the SSEA3+/BRACHYURY- subset. However, the ACt was lower than that of the
pluripotency associated genes, to which both SSEA3+/BRACHYURY subsets
were comparable (Figure 19 and Figure 20). This suggests that both subsets
contain undifferentiated cells. Differential expression was observed with the
lineage associated genes such GATA6 and AFP, two endoderm associated
genes 223224 Both GATA6 and AFP were much lower expressed to that of GATA4
in both subsets, while SOX17 and FOXA2 and were similar in expression together
in both subsets, but higher expressed in the SSEA3+BRACHYURY+ subset.
While GATA6 has been shown to be important for successful endoderm
differentiation in vitro 182 both GATA6 and AFP are expressed in the extra
embryonic endoderm 225, In contrast, while GATA4 and SOX17 are also
considered pan-endodermal 226 the comparably high expression of FOXA2 which
is also considered an endodermal marker when not co-expressed with
BRACHYURY 2?7 suggesting the SSEA3+/BRACHYURY+ subset may have an
endoderm biased subset within it. However, BRACHYURY was also upregulated
in the SSEA3+/BRACHYURY+ subset as expected, though not as highly as
FOXAZ2. In respect to mesoderm differentiation, MESP1 was higher expressed in
the SSEA3+/BRACHYURY+ subset. MESP1 has shown to have a role in
patterning mesoderm to cardiac, haematopoietic or skeletal myogenic derivatives
228 Together, this result indicates that the SSEA3+/BRACHYURY+ subset is

heterogeneous in respect to early endoderm or mesoderm differentiation.

While it could also be argued that there are simply small numbers of cells that
have already differentiated which explains the transcriptome result from (Figure
19 and Figure 20), the single cell cloning experiment demonstrated that single
cells from the SSEA3+/BRACHYURY+ subset could be seeded in self-renewal
conditions, grown as colonies, be passaged multiple times and then induced to
differentiate to derivatives of the three germ layers. While it was not feasibly
possible to perform this analysis on every colony, 6 were chosen (four of which

from the index sort) and all 6 demonstrated similar behaviour in respect to
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interconversion back to a heterogeneous population consisting of
SSEA3+/BRACHYURY- and SSEA3+/BRACHYURY+ cells on KOSR/MEF
conditions and predominantly, SSEA3+/BRACHYURY- cells on E8/Vitronectin
conditions. While the total number of cells that were SSEA3+/BRACHYURY- in
each subset, varied within each clone, this could be explained by spontaneous

differentiation resulting variable amounts of SSEA3 Negative cells on analysis.

However, when analysed for NANOG expression, all 6 clonal lines generated
colonies that expressed NANOG, suggesting the colonies contained pluripotent
cells. When selecting markers for analysis post differentiation, markers were
chosen based on their strong correlation with differentiation to specific lineages.
For mesoderm differentiation, TBX6 was chosen. This had previously been
shown to be a paraxial mesoderm marker %2°. For endoderm, SOX17 and FOXA2
were chosen. These two markers independently can be attributed to other
lineages that endoderm, but co expression together are considered endoderm
associated markers 239231 For ectoderm, the well-defined neural ectoderm

marker PAX6 was chosen.

All SSEA3+/BRACHYURY+ clones exhibited comparable efficiencies in
differentiating to these lineages. An explanation for this is that the clonal lines
were induced to differentiate after multiple passages and once on E8/Vitronectin
conditions. The reason being that these differentiation protocols are optimised for
feeder-free conditions and this could result in non-specific differentiation that
could skew the conclusions being made. The observation that hPSC grown on
E8/Vitronectin lose expression of the early mesoderm/endoderm reporter genes
was observed in this experiment. This could explain the comparable
differentiation results, that due to the cells interconverting back to a “unbiased”
state, all clones were starting from a relative unbiased starting point and hence
differentiated comparably to all lineages. Though while this experiment
demonstrates that the starting cell was a hPSC, it does not demonstrate whether

that starting cell contained a lineage bias.

These results again provide evidence for the ability of pluripotent states of cells
to interconvert. The inducers of these states in a non-defined system are
unknown. Additionally, without a means of maintaining this state, there is the

potential of cells interconverting prior to their use in a specific application. This
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could have significant consequences when using these cells translationally and
justifies the need to create a system that can induce and maintain the biased

State.

To determine whether the SSEA3+/BRACHYURY+ subset contained a lineage
bias functionally, the clonogenic assay experiment was designed to determine
whether the SSEA3+/BRACHYURY+ subset could form colonies in self-renewing
conditions and if differentiation occurred, what lineage was it associated to
(Figure 26-29). The results showed that both SSEA3+/BRACHYURY subsets
could form colonies that expressed NANOG, while differing in the number of cells
expressing the early endoderm and early mesoderm markers SOX17+/OCT4+,
FOXA2+/BRACHYURY+, FOXA2+/BRACHYURY- within their respective
colonies. The markers were chosen based on their lineage specific association
with either endoderm or mesoderm. SOX17 is a marker than while is largely
attributed to endoderm it has also been reported to be express in a variety of
other lineage specific derivatives such as primordial germ cells 232 and cardiac
mesoderm 233, There is however reported evidence that cells co-expressing both

SOX17 and OCT4 together are an indication of early endoderm differentiation
234,235

In respect to FOXA2 and BRACHYURY co-expression, there is reported
evidence that cells expressing both FOXA2 and BRACHYURY co-expression are
associated with early primitive streak differentiation 236 or axial mesoderm 2%/,
whereas cells which are FOXA2+/BRACHYURY- are more likely indictive of early
endoderm differentiation due to the presence of FOXA2 expression in endoderm
that is BRACHYURY Negative . The results demonstrated that the
SSEA3+/BRACHYURY+ subset could generate more colonies that had greater
than 60% expression of these mesoderm and endoderm associated markers.
This was not observed for the paraxial mesoderm marker TBX6. An explanation
is this is attributed to the subset of cells having bias to either an entirely different
mesodermal lineage or that the paraxial mesoderm was a stage later than most
of the mesoderm associated differentiation occurring in the assay. It should be
noted that there were a comparable number of colonies in both subsets that
expressed TBX6 with total cell number less than 40%, most of which in the 20%

range.
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The SSEA3+/BRACHYURY+ subset also generated more colonies that
expressed the ectoderm marker PAX6, though again the majority of colonies had
under 20% of the cells expressing PAX6 per colony. This provides evidence that
within both SSEA3+/BRACHYURY subsets there exists heterogeneity in respect
to propensity for differentiation. One explanation for why the
SSEA3+/BRACHYURY+ subset generated more ectoderm associated
differentiation could be attributed to the pattern of BRACHYURY expression
during differentiation, perhaps with a subset forming neuromesodermal
progenitors (NMP) which can generate spinal cord neural ectoderm?3,

As described previously, it has been reported that during endodermal
differentiation, BRACHYURY expression can be detected early in the
differentiation and BRACHYURY Positive cells can give rise to endoderm in the
mouse 2. The results overall demonstrated in this assay, that there was no
evidence of a mesoderm bias with the SSEA3+/BRACHYURY+ subset compared
to the SSEA3+/BRACHYURY- subset.

One of observations from the results was how the distribution of antigen and
reporter expression varied depending on whether the cells were growing on
KOSR/MEF or E8/Vitronectin conditions (Figure 23 and Figure 24). One possible
explanation for this phenomenon is the culture environment that the cells are
growing in. It has been documented that MEF secrete various proteins including
ACTIVIN A and BMP4 in culture 222 which are two protein ligands that are involved
in many signalling networks involving different differentiation pathways. This is an
explanation as to why both SSEA3+/BRACHYURY subsets generated more
mesoderm/endoderm differentiation in the colonies than ectoderm. The
clonogenic assay protocol was only successful in KOSR/MEF conditions where
previous attempts at plating in E8/Vitronectin or mTeSR/Matrigel failed to
generate any colonies. There is currently no evidence to suggest that either E8
media or vitronectin contains any chemical moiety that may be inducing
differentiation in hPSC.

Considering these limitations, the embryoid body assay (Figure 30-31) was
chosen to add further validity to the SSEA3+/BRACHYURY+ subset having
greater propensity for mesoderm/mesendoderm differentiation compared to the
SSEA3+/BRACHYURY- subset. The results demonstrated variability across
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biological replicates which could be attributed to the level of BRACHYURY
expression being too low (101-10? fluorescence intensity in this experimental set-
up) to implicate readying for mesoderm differentiation in some cases. This could
be explained due to BRACHYURY expression being no greater than the second
decade (10?) in self-renewal conditions which is lower than the GATA6 and

MIXL1 reporters.

The results nevertheless demonstrated an increased propensity of the
SSEA3+/BRACHYURY+ subset to mesoderm differentiation in Neutral conditions
as shown by increased expression of CD34 and HAND1 (Figure 30 D). In respect
to endoderm associated genes, GATA6, SOX17 and GATA4 were shown to be
higher in the SSEA3+/BRACHYURY+ subset in both the endoderm and Neutral
conditions. In contrast, the ectoderm associated gene PAX6 was highly
expressed in both subsets in the neutral conditions. For TUBB3 expression, while
both SSEA3+/BRACHYURY subsets expressed higher levels of the gene
compared to the control in the ectoderm inducing condition, it was higher in the
SSEA3+/BRACHYURY+ subset. Additionally, the EB were not comparable in
size during these assays, with the SSEA3+/BRACHYURY+ subset generating
larger EBs in the mesoderm and endoderm conditions (Figure 31). These results
indicate that the SSEA3+/BRACHYURY+ subset found in KOSR/MEF conditions

is not homogenously biased to differentiate in one direction.

As described in chapter 3, a caveat with using the BRACHYURY reporter for
isolating subsets of cells is the half-life of the Venus fluorescent protein. The
Venus protein is a variant of YFP, which had shown to have an in vivo half-life of
12.8 hr in some experimental systems 4 However, half-life of fluorescent
proteins can vary in different experimental set-ups, with some reporting upwards
of 24 hr 8, Consequently, a major consideration of the experimental design of
using the BRACHYURY reporter to isolate cells, is whether cells sorted are
actually still BRACHYURY+ or simple Venus+. This consideration explains the
variation in the biological replicates with the clonogenic assays and neutral EB
differentiation assays. Potentially, it could have been that cells were actually
SSEA3+/BRACHYURY- when sorted and compared. On average,
SSEA3+/BRACHYURY+ cells sorted from self-renewal conditions and analysed
for BRACHYURY expression on the transcriptome, had higher levels of

BRACHYURY expression compared to the SSEA3+/BRACHYURY- cells (Figure
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20). However, considering the potentially large discrepancy between fluorescent
protein half-life and gene expression, the potential of SSEA3+/BRACHYURY+
cells actually being BRACHYURY Negative is a factor to consider. This caveat
provides another justify reason to attempt to induce and maintain expression
BRACHYURY expression in a defined system.

4.4 Conclusion

The results overall demonstrate that both the SSEA3+BRACHYURY- and
SSEA3+/BRACHYURY+ subsets contain hPSC and there is evidence in some
cases that the SSEA3+/BRACHYURY+ subset found in KOSR/MEF conditions
can exhibit increased propensity to mesoderm and endoderm, as shown by gene
analysis results and functional analysis via EB forming assays. However, the
differentiation occurring across replicates was not homogeneous and included
variable non-specific differentiation to other lineages. The results therefore show
that this subset in KOSR/MEF conditions consists of different subsets of cells

readying to differentiate to various lineages.

In order to study specifically early fate determination towards specifically
mesoderm differentiation, it is a requirement to recreate this population in a
defined system with mesoderm-specific signalling induction. The concept being
that if this population could be recreated with a defined signalling network, it could
be maintained continuously in self-renewing conditions if the balance was right
between the signals promoting self-renewal and differentiation. If achieved, a
system could be created that would allow study into the molecular mechanisms

involving early fate determination of hPSC towards to the mesodermal lineage.
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Chapter 5 : Recreation and Analysis of the
SSEA3+/BRACHYURY+ Subset in a Defined System

5.1 Introduction

5.1.1 Overview

The results from chapters 3 and 4 demonstrate the existence of subsets of hPSC
that exhibit different propensities for differentiation to different lineages. These
subsets can be defined exclusively by the expression levels of cell surface
antigens, or through a combination of these surface markers and a reporter cell
line with a gene whose expression is associated with specific lineages following
differentiation. However, there are limitations when analysing these populations
that are found in KOSR/MEF conditions in respect to reproducibility. The
evidence of upregulation of genes associated with different lineages in these
sorted subsets prior to and after differentiation, suggests that these populations
have different sub-populations within them. This presents a technical problem
when trying to identify the molecular mechanisms or gene expression network
that is governing the process of differentiation to a specific lineage. As these
conditions are undefined, it is not possible to elucidate what signalling
mechanisms are inducing and controlling these sub-states in culture. By creating
a defined system to recreate and maintain a specific mesoderm biased
population, these mechanisms can be further explored.

5.1.2 The balancing of signalling networks to “trap” subsets of hPSC
in alineage biased, but undifferentiated state

The process of differentiation of hPSC is a complex biological process involving
co-ordination of signalling networks, resulting in functional somatic cell types. The
evidence in the literature, is that the resulting cell derivative created from
differentiation is the result of induction of these networks from specific chemical
inducers at specific concentrations. For mesoderm differentiation, as discussed

chapter 4, there are different signalling networks that can be induced that result
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in generation of mesoderm derivatives. In hPSC, the Wnt pathway can be
induced by the chemical Wnt agonist CHIR99021 (CHIRON). Adding CHIRON at
varying concentrations has been shown to result in increased efficiency at

forming either mesoderm or endoderm 240,

For forming more specific derivatives, in addition to CHIRON, a combination of
compounds can be added that result in forming the desired cell type. This can be
seen when forming specific differentiated progenitors/cell types such as
neuromesodermal progenitors (NMP) or cardiomyocytes, where the protocols
can have similarities, such as the addition of precise concentrations of CHIRON
215241 put differ in respect to the selection and concentrations of components
being added throughout the duration of the differentiation. This concept of adding
in compounds at precise concentrations that can induce or inhibit signalling
processes, is the principle behind the concept of inducing a lineage biased state
of hPSC. However, the key biological question is whether the lineage biased state
cannot only be induced but also maintained through precise balancing of the

signalling networks driving self-renewal and differentiation.

Evidence in the literature for manipulating ES cell signalling networks can be seen
in the example of the addition of lysophosphatidic acid (LPA), a compound found
within KOSR 242, to perturb Wnt induced differentiation of hPSC. By adding in the
precise concentration of 10uM LPA, which is the concentration found to be in
20% KOSR, Wnt induced mesoderm induction could be ablated °°. Further
studies had shown that LPA can feature in maintaining pluripotency by

substituting for YAP in activating the HIPPO signalling pathway 243.

In the (Blauwkamp et al. 2012) study °°, the group were able to induce Wnt high
and Wnt Low subsets of hPSC, but were unable to maintain these subsets as
undifferentiated over multiple passages and suffered additional unwanted side-
effects of the culture system, such sub-optimal growth rate of the cells. While this
attempt at maintaining the hPSC under these -culture conditions were
unsuccessful, it nevertheless served as a conceptual model that cross-
antagonism of pro-differentiation and pro-self-renewal signals can alter the

signalling network within the cell culture.
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5.1.3 Considerations for the culture system for maintaining a lineage
biased state

As shown by (Blauwkamp et al. 2012) °° being able to induce and maintain a state
of hPSC that can be passaged indefinitely is technically very difficult. A
consideration of the culture system being chemically-defined and feeder-free, is
to avoid variation in results from batch variation of media components.
Additionally, being chemically defined also removes unknown factors present in

the system which could influence cell-behaviour.

One of the earliest examples of feeder-free culture matrix was Matrigel, a matrix
that is formulated from a gelatinous protein mixture secreted by mouse
Engelbreth-Holm-Swarm (EHS) sarcoma cells 244246, The matrix constituents
contain structural proteins such as laminin, entactin and collagen which are
proteins that would be found in the native environment during embryonic
development 247248, The matrix also contains signalling ligands involved in
maintaining self-renewal such as TGF-B and EGF 249, altogether providing an
environment for maintaining proliferating pluripotent cells. However, one of the
limitations of this matrix is that it is not chemically defined and is also prone to
batch variation that can influence experimental results and ultimately affect

reproducibility 250251,

Another feeder-free cell culture matrix is vitronectin, a glycoprotein found
abundantly in in vivo in humans, such as in the extracellular matrix and blood
252,253 This substrate when used in a culture system for hPSC interacts with
integrin avp5 to promote cell attachment 2425 and it had been demonstrated that
inhibition of avB5 and B1 perturbed cell proliferation of iPSC 2%°. Vitronectin
provides a viable, chemically defined alternative to Matrigel for maintaining self-
renewal and pluripotency 2°*. Economically, vitronectin also provides a cost-
effective alternative for culturing hPSC in feeder-free conditions. However,
subject to experimental application, there are requirements for using specific a
cell culture matrix. Such examples include, using vitronectin as a substrate for 3D
culturing of cells in microcarriers for bioreactor scale-up 256 or using Matrigel as
a matrix for culturing 3D intestinal organoid structures 2°’. In addition to
Vitronectin, other feeder-free cell matrices also exist, including Collagen,

Fibronectin and Laminin. These have shown to have different mechanisms for
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cell attachment, as well as different efficiencies for maintaining undifferentiated
cells 258259 However, in addition to the cell matrix, the media composition used
for cell culturing also has a significant role in maintenance of undifferentiated

cells.

Specifically, to human pluripotent cell culture, cells were traditionally grown in
feeder conditions with different media components, including KOSR ¥, In
feeder-free conditions, the KOSR media recipe is not chemically defined, nor
suitable for maintaining undifferentiated pluripotent cells. For alternatives, while
many products and protocols exist, one of the most recognised and widely used
was mTeSR 260, However, one of the drawbacks of this media is that it is only
partially defined due to the BSA component. An adaptation of this media that is
fully chemically defined media is Essential 8 138, Being chemically defined, the
media is less prone to batch variations from undefined components and is more
suitable for use in a culture system to study early molecular processes within the
cell environment. Additionally, it was shown in Chapter 4 (Figure 24)
BRACHYURY expression is lost when cells were grown in E8/Vitronectin. This
provides evidence of a cost effective, chemically defined platform to create a

culture system for recreating and maintaining a mesoderm-biased state.

5.1.4 Experimental Objectives

Utilising signalling network induction in a chemically defined system, the aim is to
create a culture system through cross-antagonism of pro-differentiation and pro-
self-renewal signalling. This system can induce a mesoderm biased state of
hPSC, so that it can be maintained over multiple passages, resulting in lineage
biased hPSC that remain pluripotent. Through this system, it can be determined
if cells have greater propensity to mesoderm differentiation within this recreated
population. This system could be used as a tool for further downstream
applications into studying fate determination mechanisms of hPSC towards

mesoderm differentiation.

132



5.2 Results

5.2.1 Use of Wnt signalling to induce a mesoderm-biased state

To determine whether mesoderm-induced cells could be passaged and
maintained as pluripotent, the H9 BRACHYURY reporter cells were seeded as
single cells on Vitronectin and induced to mesoderm differentiation with 3uM
CHIRON for 3 days and passaged into E8 self-renewal conditions. All conditions
were analysed via flow cytometry for BF4, CD9 and SSEA3 or immunostained
with NANOG after 3 days. The results from (Figure 32) show that addition of
CHIRON alone was not suitable for maintaining a mesoderm biased,
undifferentiated state. All 3 antigens had loss of expression post passage
compared to the self-renewal control (Figure 32 A-C). BF4 and SSEA3
expression decreased from ~99% expression to <10%, while CD9 expression
decreased to from ~99% to <50%. NANOG expression was 50-70% in the self-
renewal conditions but decreased to <1% in the post-passage differentiation
conditions (Figure 32 D). Additionally, the cells in the post-passage differentiation
conditions failed to form colonies and exhibited a mesenchymal morphology. The
results showed that inducing mesoderm differentiation with CHIRON alone and
passaging them back into self-renewal conditions was not sufficient in

maintaining the cells as undifferentiated.

5.2.2 Titration of the LPA component to find the optimal level to
“trap” mesoderm biased hPSC

The results from the CHIRON mesoderm induction showed that this induction
pushed the balance away from pro self-renewal towards terminal differentiation.
The addition of CHIRON was efficient in inducing BRACHYURY+ expression
(Figure 32). A similar result was obtained using the MIXL1 reporter (Andrews lab,
unpublished) so it was considered whether regulating this signalling network
within the pro-self-renewal conditions would be enough to maintain the balance
within the system and maintain a mesoderm biased, but undifferentiated
population. Previous unpublished work (Andrews lab) demonstrated that the

addition of 4.8 uM LPA component (LPA with the addition of BSA, Cholesterol 3-
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merceptoethanol) (now referred to as BCL) to 3uM CHIRON in E8 medium
(mesoderm induction media) perturbed the emergence of SSEA3+/MIXL1+ cells.
To determine optimal levels of BCL, a 3-day titration series was devised,
consisting of concentration ranging from 4.8uM through to 0.3puM with the addition
of 3uM CHIRON in E8 medium (Figure 33). HO BRACHYURY reporter cells were
seeded as single cells with a media change to the differentiation media for a total
of three days. As the concentration of BCL decreased, conversely the percentage
of BRACHYURY Positive cells increased. However, this increased plateaued
around the 0.6 uM to 0.3uM range. Alongside this titration series, the MIXL1
reporter was also used in a titration series using the same concentration range,
producing comparable results (Andrews lab, unpublished). The final
concentration decided was 0.48 pM, which fell midway between the 0.3uM and
0.6uM range.

5.2.3 Adding an LPA component (BCL) to create the balance of the
mesoderm-biased state

To determine the effect of adding 0.48uM of BCL in E8 medium to the expression
of BF4, CD9 and SSEA3, a 3-day a mesoderm differentiation assay was designed
with and without the addition ofBCL. To test the effectiveness of BCL, in addition
to CHIRON induced mesoderm formation with BCL, Activin A and BMP4 were
used with BCL to induce BRACHYURY Positive expression as this would
correspond to induction of formation of different cell types. Activin A had been
shown to induce endoderm formation ¢, while BMP4 had been shown to induce

lateral plate/ ventral posterior mesoderm formation 2.

The cells were dissociated into a single cell suspension and seeded as stated in
the mesoderm differentiation protocol above. The following day, three
differentiation media were made (E8 + 3uM CHIRON), (E8+ 50ng/ul Activin A
(Tocris) and 40ng/pul BMP4 (Peprotech) (referred to as AAS/BMP440), (E8+
100ng/ul Activin A and 5ng/ul BMP4) (referred to as AA°9/BMP4°) and the hPSC
were left to grow in these respective media for a total of three days with daily
media change. The media were prepared with or without the addition of 0.48uM

BCL for comparison. All conditions were analysed via flow cytometry for BF4,
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CD9 and SSEABS after 3 days. With the addition of 0.48 uM BCL the percentage
of cells that were BRACHYURY Positive were reduced in all three differentiation
media conditions compared to the non-BCL differentiation conditions, at ~2-3%
(Figure 34 A-C). Furthermore, the percentage of double Positive cells for all three
antigens was reduced compared to the CHIRON only differentiation condition.
However, the CHIRON differentiation condition with BCL produced the most
double Positive cells for all three antigens and had the most BRACHYURY
Positive expression. In comparing the three differentiation conditions, the
CHIRON with BCL condition produced considerably more BF4/CD9/SSEA3+
BRACHYURY+ cells compared to the two respective Activin A/BMP4 conditions.
Across the three biological replicates, in the CHIRON with BCL inducing
conditions, there was 30-50% more BF4+/BRACHYURY+ cells, over 50% more
CD9+/BRACHYURY+ cells and over 50% more SSEA3+/BRACHYURY+ cells
compared to the two Activin A/BMP4 conditions. These results demonstrated that
the addition of CHIRON with BCL was most optimal for maintaining a
SSEA3+/BRACHYURY+ state compared to the addition of Activin A and BMP4.

5.2.4 Development of the media system to maintain the
SSEA3+/BRACHYURY+ subset over multiple passages

The results from (Figure 34) show that the addition of BCL in E8 medium at
various concentrations could affect the percentage of BRACHYURY Positive
cells and the co-expressing antigen double Positive cells within the population.
However, what was an unknown was whether the addition of the 0.48uM BCL
could prevent the cells from differentiating post-passage which was not possible
with the addition of CHIRON alone (Figure 32). In addition to adding BCL
separately to E8 medium or to 3 uM CHIRON with E8 medium, the endogenous
Wnt blocker IWP2 was added at various concentrations (0.25 pM to 2uM) on
single cells to see how this affected the cell culture post-passage. To assess the
efficiencies of these different BCL/IWP2 E8 media recipes, the cell surface
antigens BF4, CD9 and SSEA3 were analysed on H9 BRACHYURY cells over a
total of three passages. A schematic of this procedure can be seen in (Figure 35).
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As demonstrated in chapter 3, these BF4, CD9 and SSEA3 have different
expression profiles following mesoderm induction, with both BF4 and SSEA3
losing significant expression and CD9 moving to a “Mid” expression level (Figure
17). The results from the first passage showed that compared to the standard E8
with CHIRON control condition, the addition of IWP2 at all concentrations ranging
from 0.25 to 2uM reduced the number of BF4 Negative cells in culture by ~1-5%
(Figure 36 A). However, the cells in the BCL in E8 medium reduced the number
of BF4 Negative cells by more than 10% compared to just the E8 medium

condition.

Furthermore, in the BCL with IWP2 conditions, most of the culture was CD9 High
and there was less SSEA3 Low/Negative cells (Figure 36 B-C). The amount of
BRACHYURY Positive cells also reduced, from ~88% in the standard E8 with
CHIRON control conditions to 22%-32% in the BCL with IWP2 conditions (Figure
36 D). While this reduction in BRACHYURY was not desired, it nevertheless
served as a proof of principle that the addition of the LPA component to the culture
system could maintain increased expression of the cell surface antigens that was
not achievable with the addition of CHIRON alone.

The results from the first passage showed that BCL was a better basal media
component to just E8 (Figure 36). In the second passage, only the BCL with
CHIRON and BCL with CHIRON and IWP2 conditions were analysed (Figure 37).
The results showed that the addition of IWP2 with BCL again reduced the number
of BF4 Negative cells (Figure 37 A), as well as increasing SSEA3 and CD9 levels
to the Mid/High range (Figure 37 B-C). The levels of BRACHYURY Positive cells
also decreased with the addition of IWP2 to BCL compared to the BCL with
CHIRON conditions (Figure 37 D). In all conditions with IWP2 added, the
percentage of BRACHYURY Positive cells dropped to 18-26%. However, the 1
MM and 2 uM conditions of IWP2 had the higher percentage of cells that were
BRACHYURY Positive at ~26% for the 1 uM condition and ~25% for the 2 uM
condition. From both passages these two IWP2 conditions were consistently
producing fewer BF4-ve cells and showed consistent percentages of
BRACHYURY Positive cells. Following this result, both of these IWP2/BCL

conditions were further assessed on the third passage.
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On the third passage the cells grown in their respective conditions were analysed
as before in the previous two passages. Alongside this, the cells were put into
standard E8 conditions or the BCL conditions without CHIRON and with or
without 1TuM/2uM IWP2, to see if the cells could interconvert back to a “unbiased”
standard E8 condition phenotype (Figure 38). This was to assess whether the
cell cultures still contained undifferentiated cells after three passages of growth
in their respective medium. The results showed that putting the cells from the
BCL with 1uM of IWP2 condition back into conditions without CHIRON, resulted
in fewer BF4 (Figure 38A), CD9 (Figure 38 B) and SSEA3 Negative cells (Figure
38 C) as well as increasing the number of SSEA3 “High” expressing cells and

CD9 “High” expressing cells.

Keeping the cells in the same media conditions after three passages also resulted
in increased numbers of BF4 and SSEA3 Positive cells. However most of the
culture was BF4 and SSEA3 High/Mid expressing and consequently closer to the
E8 control conditions. The percentage of BRACHYURY expressing cells (Figure
38 D) significantly decreased from 82% in the BCL with CHIRON and 1uM IWP2
condition to just 8% when those same cells were put into E8 control conditions.
This result suggested that those cells growing in BCL with CHIRON and IWP2
were not differentiated. Further evidence for this was shown morphologically
(Figure 38 E) with the BCL with CHIRON and 1uM IWP2 condition cells forming
colonies in E8 conditions, which was not observed when the CHIRON-only

treated cells were assessed post passage (Figure 32).

When comparing the differences between the BCL with 1 pM and 2uM IWP2
concentrations in E8, the cells from the 2uM IWP2 conditions resulted in more
BF4, CD9 and SSEA3 negative cells at ~40%, ~20%, ~40% respectively
compared to ~5% for all the antigens from the cells from the 1uM IWP2
conditions. The cells from the 2uM IWP2 condition also failed to form colonies in
E8 conditions. It was also observed that the growth rate of cells from the 2uM
IWP2 condition was less than that of the 1uM IWP2 condition with a reduction in
confluency from ~ 20-30% after 3 days. Overall these results were similar for the
MIXL1 reporter line and verified that the addition of 1uM IWP2 to the BCL
condition (now referred to as Priming Media) was beneficial for maintaining higher

levels of expression for the cell surface antigens being analysed.
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5.2.5 Verifying whether cells passaged multiple times in Priming
Media conditions and interconverted back into standard self-
renewing conditions were still pluripotent

To confirm whether the H9 BRACHYURY cells grown in Priming Media that
interconverted in the E8 media condition were still pluripotent, the population of
cells from Priming Media and the recreated SSEA3+/BRACHYURY+ subset were
dissociated to single «cells and either FACS sorted for the
SSEA3+/BRACHYURY+ subset and plated followed by immunostaining for
NANOG (Figure 39 A), or plated for the bulk population followed by
immunostaining for SOX2, OCT4 and NANOG (Figure 39 B). The cells from the
bulk population predominantly expressed SOX2 and OCT4 at greater than 70%
for both across three biological repeats and that NANOG expression was in
approximately 40% of the cells in the three repeats. This result provided evidence
that cells “primed” towards mesoderm differentiation could be maintained and
passaged multiple times, while still maintaining as undifferentiated. For cells
sorted from the SSEA3+/BRACHYURY+ subset (Figure 39 A), adding in 1uM of
IWP2 to E8 upon plating, significantly improved the maintenance of
undifferentiated cells. As shown by increased percentages of cells expressing
NANOG in ~80% of the culture which was similar in expression to the E8 control
condition. The results overall confirmed that the addition of IWP2 to the cells
growing in Priming Media conditions helped maintain them as undifferentiated
either as a bulk population through multiple passages or on the
SSEA3+/BRACHYURY+ subset post-sort. This was shown by the increased
NANOG expression within the culture, as well as the evidence of the cells forming

colonies when put back into standard E8 conditions (Figure 38).

5.2.6 Single cell cloning of the recreated SSEA3+/BRACHYURY+
subset to determine if this subset contained undifferentiated
cells

The previous results provided evidence that cells growing in the Priming Media
condition could be passaged multiple times while still exhibiting expression of the

cell surface antigens and pluripotency associated markers. This however was not
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evidence of the presence of functional hPSC in this media system. To further
verify whether the SSEA3+/BRACHYURY+ contained functional hPSC, The
SSEA3+/BRACHYURY+ cells from Priming Media were sorted and seeded as
single cells and left to grow as colonies in a similar vein to the
SSEA3+/BRACHYURY+ subset from KOSR/MEFS described in chapter 4. A
total of over 40 colonies from the Priming Media subset were obtained and firstly
assessed if they morphologically looked like stem cell colonies. After which, a
total of 6 clones were further analysed functionally. These clones were randomly
chosen from index sorted cells, 5 of which were from index sorted cells (Figure
40 A-B).

The remaining clones that were not further passaged were fixed and
immunostained for NANOG to determine whether the starting cell was a stem
cell. All remaining clones contained NANOG Positive cells (Figure 40 C). The 6
clones carried forward exhibited interconversion through generation of
SSEA3+/BRACHYURY:- cells when maintained in KOSR/MEF and E8/Vitronectin
conditions. In the KOSR/MEF conditions with ~60-80% of the cells being
SSEA3+/BRACHYURY- and 5-25% of the cells being SSEA3+/BRACHYURY+
(Figure 41). On ES8/Vitronectin in all 6 colonies ~99% of the cells were
SSEA3+/BRACHYURY- and ~1-2% of the cells were SSEA3+/BRACHYURY+
(Figure 42). This trend was similar to the SSEA3+/BRACHYURY+ clones from the
KOSR/MEF starting population in chapter 4 (Figure 23 and Figure 24). All six
clones exhibited NANOG expression in self-renewal conditions within the
colonies (Figure 40 C) and the clones were able to differentiate to mesoderm,
endoderm and ectoderm as shown by increased gene expression of TBX6,
MSGN1 in mesoderm condition , GATA6, SOX17, FOXA2 in endoderm
conditions and PAX6, SOX1 and TUBB3 in ectoderm conditions (Figure 40 D).
Additionally, after differentiation, all the clones showed expression of TBX6 in
mesoderm, SOX17 and FOXAZ2 in endoderm conditions and PAX6 in ectoderm
condition following immunostaining (Figure 40 C). Together, the results provided
evidence that the SSEA3+/BRACHYURY + subset from Priming Media contained
hPSC.
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5.2.7 Comparison of expression of lineage associated markers
through high-content  clonogenic  assays of the
SSEA3+/BRACHYURY- and SSEA3+/BRACHYURY+ subsets to
demonstrate mesoderm lineage bias

Following recreation of the SSEA3+/BRACHYURY+ subset in a defined system
as well as evidencing that that population contained hPSC, the next aim was to
determine the differentiation potential of this recreated population through both
spontaneous differentiation and directed differentiation. The first method to
explore this was to use the high-content clonogenic assay method that was
described in chapter 4 (Figure 25). The aim was to assess whether the
differentiation that forms with the colony was similar to the results from the KOSR
SSEA3+/BRACHYURY subsets and consequently provide detail into whether the
recreated SSEA3+/BRACHYURY+ differed in its differentiation potential. In this
experiment, single cells were seeded into KOSR/MEF self-renewal conditions
and allowed to grow and form colonies for 5 days. On the 5" day, the colonies
formed were immunostained for pluripotency associated and differentiated
associated markers (Figure 43-46). This was to determine whether more
mesoderm differentiation occurred from this recreated SSEA3+/BRACHYURY+

subset in the colonies formed, thereby exhibiting a mesoderm lineage bias.

The results from the comparison of the SSEA3+/BRACHYURY subsets from the
KOSR conditions in chapter 4, revealed that there was not a significant difference
in either the total cell numbers that had lineage associated differentiation or the
number of colonies that had differentiation in them (Figure 26-Figure 29). In
comparison with the SSEA3+/BRACHYURY- subset from E8/Vitronectin and the
SSEA3+/BRACHYURY+ subset from the Priming Media, there were significant
differences shown in the total number of cells that had NANOG expression and
differentiation associated marker expression within the colonies (Figure 43). In
respect to NANOG expression, both SSEA3+/BRACHYURY subsets from
KOSR/MEF conditions produced colonies that's had more NANOG Positive cells
within the colonies. The SSEA3+/BRACHYURY- subset from KOSR conditions
produced a mean of 48% of cells expressing NANOG across three biological
repeats, followed by 32% for the SSEA3+/BRACHYURY- subset from KOSR,
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19% for the SSEA3+/BRACHYURY- subset from E8/Vitronectin and finally 13%
for the SSEA3+/BRACHYURY+ subset from Priming Media.

For SOX17+/OCT4+ co-expression (Figure 43), the SSEA3+/BRACHYURY+
subset from Priming Media generated colonies containing the most expression
within the colonies, with a mean of 23% of cells expressing across the biological
repeats, compared to 11% for the SSEA3+/BRACHYURY- subset from KOSR,
10% for the SSEA3+/BRACHYURY+ subset from KOSR and 4% for the
SSEA3+/BRACHYURY- subset from E8/Vitronectin. For TBX6, the mean
percentages were overall lower across all the subsets, but the results were that
the SSEA3+/BRACHYURY+ subset from KOSR generated colonies containing a
mean expression of 11% of the cells compared to just 3% from the
SSEA3+/BRACHYURY+ subset from Priming Media. The two SSEA3+/
BRACHYURY- subsets were closer in mean average at 9% for the KOSR subset
and 7% for the E8/Vitronectin subset. For FOXA2+/BRACHYURY- (Figure 44)
the mean averages were again similar across all of the subsets with a range of
approximately 5% to 3% of cells expressing these markers within the colonies.
For FOXA2+/BRACHYURY + (Figure 44) there was a bigger range, with the
SSEA3+/ BRACHYURY- subset from KOSR/MEF producing a mean of 10% of
the cells within colonies expressing these markers, followed by 9% from the
SSEA3+/BRACHYURY- subset from KOSR/MEF, then 3% from the
SSEA3+/BRACHYURY- subset from E8/Vitronectin and finally approximately 1%
from the SSEA3+/BRACHYURY+ subset from Priming Media. Finally, for PAX6
expression, the SSEA3+/ BRACHYURY+ subset from KOSR/MEF produced the
most at 2% of the cells in colonies expressing PAX6 compared to around 1% for
the other three subsets (all analysis performed using a Tukey multiple

comparison test significant results determined as p<0.05 n=3).

There was however no significant difference in the distribution of lineage marker
expression and OCT4 expression in these colonies across the subsets (Figure
45), nor a significant difference in the number of colonies that contained at least
one differentiated cell (Figure 46). The results therefore suggest that there are
differences present between the SSEA3+/BRACHYURY subsets and specifically
between the two SSEA3+/BRACHYURY+ subsets in respect to expression of

lineage associated genes.
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5.2.8 Assessment of the differentiation potential of cells growing in
Priming Media

The results previously described have provided evidence of a media system that
can allow induction and maintain of a BRACHYURY Positive state over multiple
passages, as well as showing differing potential for differentiation in clonogenic
assay conditions. Using this media system, the next objective was to functionally
assess the differentiation potential of the bulk population of cells growing in
Priming Media (Figure 47), as well as the specifically sorted,
SSEA3+/BRACHYURY+ subset (Figure 48).

The results showed that with the population differentiation (Figure 47), there was
no significant difference in the efficiency of mesoderm differentiation of cells
growing in Priming Media compared to cells growing in E8 as shown by compared
percentages of TBX6 Positive cells at >90% (student T test p>0.05 n=3) (Figure
47 A). Gene expression analysis showed that the expression levels of TBX6 and
MSGN1 were comparable in both differentiated populations, but both significantly
higher than the E8 undifferentiated control conditions (Figure 47 A) (Tukey
Multiple Comparison Test p<0.05 n=3).

For the endoderm differentiation (Figure 47 B), while the percentages of
SOX17+/FOXA2- and SOX17+/FOXA2+ were both lower than 40% which was
lower than that of TBX6 in the mesoderm condition, there again was no significant
difference in the efficiency of endoderm differentiation compared to the E8
condition (Tukey Multiple Comparison test p>0.05 n=3). However, the gene
expression analysis revealed that the cells differentiated that had been grown
from the E8 condition had greater expression of GATA6, SOX17 and FOXA2
compared to the Priming Media conditions when differentiated to endoderm.
Though both differentiated populations had significantly higher expression of
these three genes than the E8 undifferentiated control conditions. (Tukey Multiple

Comparison Test p<0.05 n=3).

For the ectoderm differentiation (Figure 47 C) , there was a significant difference
in the efficiency of differentiation as shown by the percentage of PAX6 Positive
cells from the Priming Media condition at 40-65% compared to the cells from the

E8 condition at >90% (student T test p<0.05 n=3). There were also significantly

142



higher levels of PAX6 on the gene expression analysis for the E8 condition.
However, both differentiated populations had significantly higher expression of
PAX6, SOX1 and TUBB3 than the E8 undifferentiated control conditions as seen
in (Figure 47) (Tukey Multiple Comparisons test p<0.05 n=3).

Analysis of the differentiation potential of the SSEA3+/ BRACHYURY+ Priming
Media subset compared to the SSEA3+/BRACHYURY- E8 subset post-sort,
yielded different results to the bulk differentiation in respect to endoderm and
ectoderm differentiation (Figure 48). In respect to mesoderm differentiation, the
number of cells after differentiation were also similar (Figure 48 A) and again,
there was not a significant difference in the number of TBX6 Positive cells, both
yielding around 80% (Figure 48 B) (student T test p>0.05 n=3).

For the endoderm condition (Figure 48 C), the efficiency of differentiation was
again yielding fewer differentiated cells to that of the mesoderm condition, but
there was a significant difference in the percentage of SOX17+/FOXA2+ and
SOX17+/FOXA2- cells, with the SSEA3+/BRACHYURY- population producing
more SOX17+/FOXA2+ cells and the SSEA3+/BRACHYURY+ population
producing more SOX17+/FOXA2- cells (Tukey Multiple Comparison Test p<0.05
n=3) (Figure 48). There was however not a significance difference in the total

number of cells post-differentiation (student T test p>0.05 n=3)

For the ectoderm condition (Figure 48 D), there was a significant difference in the
survival of the two populations post-differentiation. The SSEA3+/ BRACHYURY-
population failed to survive across three biological repeats, while there were
pockets of cells from the SSEA3+/ BRACHYURY+ subset which did survive,
though the numbers were significantly fewer than the mesoderm and endoderm
conditions. These cells which did survive were also heterogeneous to expression
of PAX6 and the HOX gene, HOXC9. This suggests that a smaller subset of cells
existed within the recreated SSEA3+/BRACHYURY+ subset that was biased
towards an NMP or posterior-related differentiated derivative.
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5.2.9 Analysis of whether the SSEA3+/BRACHYURY+ subset
contained a self-renewing NMP population in the Priming
Media condition

The results from the clonogenic assays (Figure 40 and Figure 41) and the
directed differentiation post-sort (Figure 48) revealed that the recreated SSEA3+/
BRACHYURY+ subset was heterogenous and contained within it a subset of cells
that potentially contained an NMP sub-population. To assess this, hPSC grown
for 1 week in the Priming Media conditions with passages in between, were
immunostained for markers associated with NMP differentiation (Figure 49). The
results showed in respect to SOX2 and BRACHYURY expression, the over 50%
of the SOX2 and BRACHYURY co-expressing cells also expressed NANOG,
while a further 20% of SOX2+ cells were BRACHYURY Negative but also
expressed NANOG. There was also approximately 20% of cells that were just
NANOG Positive. One of the hallmarks of an NMP population is that of SOX2 and
BRACHYURY co expression, but not in the presence of NANOG 2%, so the
results suggest that the Priming Media culture contained primarily
undifferentiated hPSC and not NMP. However, over 90% of BRACHYURY
Positive cells analysed also co-expressed CDX2, potentially suggesting the

presence of a population readying to differentiate towards paraxial mesoderm.

5.2.10 Gene  expression comparison between the two
SSEA3+/BRACHYURY- and SSEA3+/BRACHYURY+ subsets

The results from the clonogenic assays (Figure 41) revealed that the SSEA3+/
BRACHYURY- subsets from KOSR/MEF and E8/Vitronectin and the SSEA3+/
BRACHYURY+ subsets from KOSR/MEF and the Priming Media were
heterogeneous in respect to expression of lineage associated markers. This
presence of heterogeneity was further evidenced with the subset of ectoderm
differentiated cells from the SSEA3+/BRACHYURY+ subset that co-expressed
HOXC9 and PAX6 (Figure 48). These results suggested that these two
respectiveSSEA3+/BRACHYURY+ subsets were different in respect to their
gene expression profiles, as well as their functional propensity for differentiation.

144



Furthermore, the SSEA3+/ BRACHYURY+ subset from Priming Media also
showed co-expression of CDX2 and BRACHYURY when grown in the media for
a prolonged period (Figure 49). These results together, suggest that there are
subsets of cells within the SSEA3+/ BRACHYURY+ subsets that have different
propensities for differentiation.

To further explore this, these subsets were analysed by QPCR and compared on
the population level to see the differences in these gene expression patterns and
provide clues as to what these subsets may be within these subsets (Figure 50).
The results showed that indeed these subsets were different in respect to
pluripotency associated markers and lineage specific markers attributed to early
mesoderm and endoderm differentiation. The SSEA3+/BRACHYURY- subset
from E8 showed increased levels of the pluripotency associated markers NANOG
and ZFP42, while POU5F1 was higher in the SSEA3+/BRACHYURY+ subset
from the KOSR/MEF condition.

The SSEA3+/BRACHYURY+ subset from the Priming Media had the lowest
levels of expression of the pluripotency associated markers compared to the
other subsets. Conversely, this subset had higher levels of expression of
BRACHYURY, EOMES, CDX1, CDX2, HOXC9, GBX2 and GFAP compared to
the SSEA3+/BRACHYURY+ subset from KOSR/MEF and the two
SSEA3+/BRACHYURY- subsets. In contrast, the SSEA3+/ BRACHYURY+
subset from the KOSR/MEF condition had the highest levels of expression of
MESP1 and TBX6. GATA4, GATA6 and MIXL1 were comparable amongst both
SSEA3+/ BRACHYURY+ subsets but higher than both SSEA3+/ BRACHYURY-
subsets. Though AFP, FOXA2 and SOX17 were higher in the SSEA3+/
BRACHYURY+ subset from KOSR/MEF compared to the other three
populations. The levels of PAX6 expression were comparable to the KOSR/MEF
SSEA3+/ BRACHYURY- subset, though higher than that of the SSEA3+/
BRACHYURY+ subset from Priming Media and SSEA3+/ BRACHYURY- subset
from E8. Together these results demonstrate that the SSEA3+/ BRACHYURY
subsets from the different media conditions are heterogeneous and different from

one another.
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5.2.11 Comparison of the differentiation potential of the
SSEA3+/BRACHYURY- and SSEA3+/BRACHYURY+ subsets in
embryoid body conditions

In both gene expression analysis and high-content clonogenic assay analysis,
comparison of the SSEA3+/BRACHYURY- and SSEA3+/BRACHYURY+ subsets
that are found in KOSR/MEF or ES8/Vitronectin conditions respectively or the
recreated SSEA3+/BRACHYURY subset from Priming Media reveal differences
in upregulation of lineage associated genes. Another approach to assess the
SSEA3+/BRACHYURY subsets functionally, was the Neutral condition, EB
forming assay as previously described in chapter 3 and 4 (Figure 4 and Figure
30). The results of the Neutral EB differentiation supported the evidence from the
gene expression analysis that these SSEA3+/BRACHYURY subsets were
different in their propensities for differentiation (Figure 51 and Figure 52). As
discussed in Chapter 4, there was variation amongst the biological replicates
resulting in a lack of consistent reproducibility for some genes. However, for
genes such as the extraembryonic mesoderm genes, HAND1 and GATA2, as
well as the paraxial mesoderm gene MEOX1, the results in this experiment
showed there was a significant difference between the SSEA3+/BRACHYURY+

subsets.

In respect to ectoderm differentiation, this trend was also shown in the expression
of PAX6, where the Priming Media SSEA3+/BRACHYURY+ resulted in less
expression of PAX6 to both SSEA3+/ BRACHYURY subsets from KOSR
conditions in some biological replicates. However, similarly to CD34, the variation

across the replicates resulted in a lack of a reproducible trend.

The SSEA3+/BRACHYURY+ subset from Priming Media did however have
higher levels of SOX1 than PAX6 and which was comparable to the KOSR
equivalent, potentially suggesting an ectoderm subset present within that
population. The Priming Media SSEA3+/ BRACHYURY+ subset also resulted in
significantly more PAX3 and SOX10 expression to that of the KOSR SSEA3+/
BRACHYURY+ suggesting increased propensity to neural crest differentiation
(p<0.05 using Tukey Multiple Comparison Test). What was also consistent across
the three biological replicates was elevated expression of GATA4, GATA6 and

SOX17 in the Priming Media SSEA3+/BRACHYURY+ subset, however while
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expression was not as high as PAX3 and SOX10, GATA4 and SOX17 were
nevertheless consistent higher expressed in the Priming Media, SSEA3+/
BRACHYURY+ subset compared to some of the mesoderm associated genes
within that subset. This could suggest a subset of cells within this population with
propensity for endoderm differentiation as reflected in the gene expression
analysis (Figure 50). Overall the results support the notion that these SSEA3+/
BRACHYURY subsets are heterogeneous and are different in their propensities

for differentiation to different lineages.
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Figure 32: Mesoderm induced hPSC cannot be maintained as undifferentiated after passage into self-renewal conditions

H9 BRACHYURY single cells were induced to mesoderm differentiation and passaged into self-renewal conditions. Plots A), B) and C) are representative
flow cytometry histograms showing the loss of expression of BF4, CD9 and SSEA3 post-passage. E) Control plots in Red, CHIRON post-passage in
Yellow, Negative control in Blue. All 3 antigens showed loss of expression post-passage. D) Expression of the pluripotency associated marker NANOG
was also lost post-passage. E) Cells post passage from CHIRON condition failed to form colonies and exhibited a mesenchymal morphology. Together
with A-D, results suggest the cells have differentiated. Scale bar set at 50um. Statistical significance marked with asterisk (*) p<0.05 n=3.
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Figure 33: Titration of BCL to find optimal level to induce an
SSEA3+/BRACHYURY+ subset to maintain it over multiple passages

Representative Flow cytometry histograms for BRACHYURY expression for different
concentrations of BCL and the E8 control in red: 0.3 uM in blue, 0.6 uM in yellow, 1.2 uM
in light green, 2.4 uM in dark green and 4.8 uM in pink. Greater than 95% BRACHYURY
expression was observed at the 0.3 uM and 0.6 uM titres. 0.48 puM BCL was chosen for
media to be comparable with the MIXL1 reporter which obtained similar titre results to
BRACHYURY. Experiment performed with 2 biological and 2 technical repeats, ~1-2%
difference in expression between replicates.
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Figure 34: Addition of BCL to mesoderm
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Figure 35: Schematic of workflow for determining optimal composition for Priming Media to recreate and maintain an SSEA3+/BRACHYURY+
state

A schematic detailing the procedure used to determine the Priming Media composition that will be used to recreate, maintain and analyse
the SSEA3+/BRACHYURY+ subset in defined conditions. Over 3 passages, cells growing in various media compositions (detailed in results
section) were analysed via flow cytometry for BF4, CD9 and SSEAS3 to assess percentage of differentiation, defined by SSEA3 and BF4
Negative cells. Hypothesis for ideal composition were cells maintaining colony formation and maintaining strong levels of BF4, CD9 and
SSEAS expression over the 3 passages.
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Figure 36: Comparison of antigen expression with different media compositions of LPA and the endogenous Wnt inhibitor IWP2 to find
optimal conditions to maintain hPSC over multiple passages Part 1

Flow cytometry histograms exhibiting distribution of antigen expression High/Mid/Low/ Negative (-ve) post passage for A) BF4, B) CD9 and C) SSEA3 in E8 and
the LPA component (now referred to as BCL) with CHIRON with/without IWP2 at the following concentrations: Control, CHIRON and CHIRON with 0.25uM
through to 2 uM IWP2. D) Representative plot on how antigen expression was separated into HIGH/MID/LOW/Negative (-ve). E) Flow cytometry histogram for
BRACHYURY expression in different conditions: E8 control in red, BCL with Chiron in yellow, BCL with Chiron 0.25 uM IWP2 in light green, BCL with Chiron 0.5
UM IWP2 in dark green, BCL with CHIRON 1 pM IWP2 in pink and BCL with Chiron 2 uM IWP2 in purple. Addition of IWP2 reduced the percentage of antigen
Negative cells. Cells in BCL with CHIRON and 1 uM and 2uM IWP2 condition expressed the most BRACHYURY post-passage.
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Figure 37: Comparison of antigen expression with different media compositions of LPA and the endogenous Wnt inhibitor IWP2 to find

optimal conditions to maintain hPSC over multiple passages Part2

Flow cytometry histograms exhibiting distribution of antigen expression HIGH/MID/LOW/Negative (-ve) post 2" passage for A) BF4, B) CD9 and C) SSEA3 in E8
and BCL with CHIRON with/without IWP2 at the following concentrations: Control, CHIRON and CHIRON with 0.25uM through to 2 uM IWP2. D) Flow cytometry
histogram for BRACHYURY expression in different conditions: E8 control in red, BCL with Chiron in yellow, BCL with Chiron 0.25 uM IWP2 in light green, BCL
with Chiron 0.5 uM IWP2 in dark green, BCL with CHIRON 1 uM IWP2 in pink and BCL with Chiron 2 uM IWP2 in purple. E) Brightfield images of BCL with
CHIRON only and with 1 pM and 2uM IWP2. Similarly, to 15t passage, addition of IWP2 reduced the percentage of antigen Negative cells. Cells in BCL with 1
UM and 2uM IWP2 condition expressed the most BRACHYURY post-passage. Scale bar set at 50um.
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Figure 38: Comparison of antigen expression with different media compositions of LPA and the endogenous Wnt inhibitor IWP2 to find

optimal conditions to maintain hPSC over multiple passages Part3

biased state. Scale bar set at 50um.

Flow cytometry histograms exhibiting distribution of antigen expression HIGH/MID/LOW/ Negative (-ve) post 3rd passage for A) BF4, B) CD9 and C) SSEA3 in
following conditions: E8 control, cells from BCL into E8 media, cells from BCL1 into BCL, cells from BCL1 into BCL1, cells from BCL1 into E8, cells from BCL2
into BCL and cells from BCL2 into E8. D) Flow cytometry histogram for BRACHYURY expression in different conditions: E8 control RED, BCL with CHIRON in
1uM IWP2 in Yellow and BCL with CHIRON 1 uM IWP2 in E8 in Blue. E) Bright field images of cells from BCL only, BCL with CHIRON and with 1 uM and 2uM
IWP2 respectively into E8 or BCL basal. BCL with CHIRON in 1uM IWP2 produced fewer antigen Negative expressing cells, loss of BRACHYURY expression
when put into E8 conditions and formed colonies. BCL with CHIRON in 1pM IWP2 conditions was chosen as media condition to induce and maintain mesoderm
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Figure 39: hPSC grown in Priming Media can be maintained over multiple
passages and the addition of IWP2 helps maintain pluripotency after seeding
single cells after sorting

Analysis of HO BRACHYURY reporter cells (HOTVD3 cell line) grown in
Priming media and the SSEA3+/BRACHYURY (T) + subset sorted after
multiple passages. A) Percentage of expression of NANOG in
SSEA3+/BRACHYURY (T)+ cells post sort that were sorted from Priming
Media and seeded om E8 self-renewal conditions with IWP2, without IWP2
and compared to the E8 control. B) Percentage of gene expression of SOX2,
OCT4 and NANOG for H9 BRACHYURY cells in Priming Media after 3
passages. C) Representative pictures of expression for OCT4, SOX2 and
NANOG. Scale bar set at 50um. Statistical significance marked with asterisk
(*) p<0.05 ns=not significant n=3.
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Figure 40: Summary of single cell cloning of Priming Media SSEA3+ BRACHYURY+ subset exhibits the starting cells were pluripotent

To further verify whether the SSEA3+/BRACHYURY+ subset contained functional hPSC, SSEA3+/BRACHYURY+ cells were seeded as single cells and left to
grow as colonies before functional analysis. (A) Flow cytometry plot showing SSEA3+/BRACHYURY+ sorted subset. (B) Position of index sorted SSEA3+
BRACHYURY+ (T) cells. (C) Representative picture of immunofluorescence for NANOG in self-renewal conditions, SOX17, TBX6 and PAX6 after differentiation.
(D) Transcriptome analysis. Average 1/ACT of the clones in Priming Media for mesoderm differentiation (TBX6 and MSGN1), endoderm differentiation (GATAG,
SOX17 and FOXA?2) and ectoderm differentiation (PAX6, SOX1 and TUBB3) compared to E8 undifferentiated control. All 6 clones could differentiate to derivatives
of the three germ layers and express NANOG in self-renewal conditions, evidencing the starting cells must have been pluripotent stem cells. Scale bar set at
100um. Statistical significance marked with asterisk (*) p<0.05
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Figure 41: Analysis of Priming Media SSEA3+/BRACHYURY+ clones grown on
KOSR/MEFS after 5 passages demonstrate interconversion through emergence of
SSEA3+/BRACHYURY- subset

Flow cytometry plot showing SSEA3 expression from the single cell clones in
KOSR/MEF after 5 passages. (A) After 5 passages, the 6 clonal lines had
interconverted from a SSEA3+/BRACHYURY (T)+ cells to a heterogeneous
population of SSEA3+/BRACHYURY (T)- cells and SSEA3+/BRACHYURY+ cells.
(B) Reference of the FACS plot from the initial cell sort.
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Figure 42: Analysis of Priming Media SSEA3+/BRACHYURY+ clones grown on

E8/Vitronectin after

5 passages

reveal

interconversion through loss of

BRACHYURY expression

Flow cytometry plot showing SSEA3 expression from the single cell clones in
E8/Vitronectin after 5 passages. (A) After 5 passages, the 6 clonal lines had
interconverted from a SSEA3+/BRACHYURY (T)+ cells to a predominantly
homogenous population of SSEA3+/BRACHYURY (T)- cells. (B) Reference of the

FACS plot from the initial cell sort.
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Figure 43: High content cloning assays of SSEA3+/BRACHYURY- and SSEA3+/BRACHYURY+ subsets from KOSR, Priming media and E8

reveal differential expression of markers associated with self-renewal and lineage specific differentiation

To determine whether the
SSEA3+/BRACHYURY (T)+ subset
from Priming Media exhibited a bias
to differentiation, a clonogenic assay
was performed in comparison with the
SSEA3+/BRACHYURY(T)- subset
from E8 and compared to the
SSEA3+/BRACHYURY subsets from
KOSR/MEF conditions. Comparison
of the percentage of total number of
cells expressing NANOG (A), SOX17
(B) and TBX6 (C) within OCT4+
colonies for the following conditions:

MEF SSEA3+/BRACHYURY-,
MEF SSEA3+/BRACHYURY+,
E8 SSEA3+/BRACHYURY-,

Priming Media
SSEA3+/BRACHYURY+.

To each comparison was an
associated a table registering the
statistical significant of each condition
between the others. KOSR/MEF data
taken from Chapter 4 analysis.
Average of 3 biological repeats.
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Figure 44: High content cloning assays of SSEA3+/BRACHYURY- and SSEA3+/BRACHYURY+ subsets from KOSR, Priming Media and E8

reveal differential expression of markers associated with self-renewal and lineage specific differentiation

To determine whether the
SSEA3+/BRACHYURY (T)+
subset from Priming Media
exhibited a bias to differentiation,
a clonogenic assay was
performed in comparison with the
SSEA3+/BRACHYURY(T)-
subset from E8 and the
SSEA3+/BRACHYURY subsets
from KOSR/MEF. Comparison of
the percentage of total number of
cells expressing
FOXA2+/BRACHYURY- (A),
FOXA2+/BRACHYURY+ (B) and
PAX6 (C) within OCT4+ colonies
for the following conditions:

MEF SSEA3+/BRACHYURY-,
MEF SSEA3+/BRACHYURY+,
E8 SSEA3+/BRACHYURY-,

Priming Media
SSEA3+/BRACHYURY+.

To each comparison was an
associated a table registering the
statistical significant of each
condition between the others.
KOSR/MEF data taken from
Chapter 4 analysis Average of 3
biological repeats.
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Figure 45: The various SSEA3/BRACHYURY subsets exhibit heterogeneity in colonies in respect to expression of markers associated with

self-renewal and differentiation

3 biological repeats.

Comparison of the distribution of SOX17 (A), PAX6 (B),
NANOG (C), TBX6 (D) and FOXA2 and BRACHYURY (E)
within the OCT4+/OCT4-colonies in the following conditions:
Priming Media SSEA3+/BRACHYURY+, E8
SSEA3+/BRACHYURY+, SSEA3+/BRACHYURY- KOSR
and SSEA3+/BRACHYURY+ KOSR. Results reveal
heterogeneous expression of these markers but a similar
trend between the SSEA3+/BRACHYURY subsets.
KOSR/MEF data taken from Chapter 4 analysis. Average of
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Figure 46: Analysis on the distribution of pluripotency associated marker and lineage specific marker expression in SSEA3/BRACHYURY
sorted OCT4 Positive (+ve) colonies
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Figure 47: Comparison of differentiation efficiency of hPSC grown in Priming Media compared to standard E8/Vitronectin conditions reveals
reduced efficiency in differentiating to ectoderm

Comparison of mesoderm (A), endoderm (B) and ectoderm (C) differentiation between cells in Priming Media and cells in E8 media. Representative pictures of HOESCHT
(A.B.C), TBX6 (A), FOXA2 and SOX17 (B) and PAX6 (C). % of gene expression of PAX6 (a), SOX17+/FOXA2- and SOX17+/FOXA2+ (b) and PAX6 (c) for cells in priming media
and in E8. 1/delta CT for Mesoderm differentiation (TBX6 and MSGNL1 - A), Endoderm differentiation (GATA6, SOX17 and FOXA2 — B) and Ectoderm differentiation (PAX6, SOX1
and TUBB3 — C) compared to undifferentiated control. Comparable efficiency of cells from Priming Media able to form mesoderm and endoderm from immunostaining. Significant
reduction in cells from Priming Media differentiating to ectoderm control. Scale bar set at 50um. Statistical significance shown as asterisk (*) p<0.05 n=3
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Figure 48: Comparison of differentiating the SSEA3+/BRACHYURY+ subset from Priming Media compared to the SSEA3+/BRACHYURY-
subset from E8/Vitronectin demonstrates different efficiencies in forming endoderm and ectoderm

Comparison of differentiation efficiency of sorted SSEA3+/BRACHYURY (T)+ from Priming Media compared to
NUMBER OF NUCLEI AFTER DIFFERENTIATION A SSEA3+/BRACHYURY- from E8 media. (A) Number of nuclei after differentiation for SSEA3+ BRACHYURY+
from Priming Media condition compared to SSEA3+ BRACHYURY (T)- from E8 conditions. B) Expression
I SSEA3+ T+PRIMINGMEDIA | percentage of TBX6 in mesoderm differentiation. C) Expression percentage of SOX17 and FOXA2 combinations
150000 W SSEASTT-ES in endoderm differentiation D) Expression percentage of PAX6 and HOXC9 combination in ectoderm
differentiation. Significant reduction in cells from Priming Media differentiating to endoderm compared to E8

5 10000; control. Significant increase in cells from Priming Media differentiating to ectoderm compared to E8 control with a
S subset of cells expressing HOXC9. Scale bar set at 50um. Statistical significance shown as asterisk (*) p<0.05
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Figure 49: Assessment of whether the cells maintained in Priming Media contain a self-renewing NMP sub-population reveals the majority
of cells co-express the pluripotency associated markers SOX2 and NANOG, as well as the posterior associated markers CDX2 and
BRACHYURY

To determine whether the Priming Media was supporting maintenance of a self-renewing neuromesodermal progenitor (NMP) subset, cells grown in
Priming Media for 7 days with passage in between, were immunostained for markers associated with NMP’s and posterior mesoderm differentiation.
Expression percentage of NANOG only, SOX2 only, CDX2 only, SOX2 and NANOG, SOX2 and T (BRACHYURY), CDX2 and T (BRACHYURY), SOX2
and NANOG and T (BRACHYURY). Representative pictures of gene fluorescence. Over 50% of the culture had cells co expressing SOX2 and NANOG,
suggesting most of the culture being undifferentiated. However over 80% of the culture had cells co expressing CDX2 and BRACHYURY, suggesting a
subset of cells heading towards a posterior associated fate. Scale bar set at 50um. n=3
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Figure 50: Gene analysis of SSEA3/BRACHYURY subsets reveal differential expression of genes associated with differentiation

Population transcriptome analysis of 96 genes
on SSEA3/BRACHYURY subsets from KOSR,
I | E8 and Priming Media. The heatmap shows
that the SSEA3+/BRACHYURY (T)+ subset
from Priming Media had an increase in
BRACHYURY expression compared to the
other three subsets, as well as increased
expression of CDX1, CDX2, HOXC9 and GBX2
suggesting a subset of cells from the Priming
Media SSEA3+/BRACHYURY+ population
could have a neuromesodermal and/or

MESE] posterior-associated differentiation propensity.
coxi Hierarchical clustering applied to cluster genes.
HOXco Gene expression average of 3 biological
repeats.
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Figure 51: Neutral EB differentiation of SSEA3+/BRACHYURY- from KOSR and E8 and SSEA3+/BRACHYURY+ from KOSR and Priming media

demonstrate both the respective SSEA3+/BRACHYURY- and SSEA3+/BRACHYURY+ subsets are different in their propensities to

differentiation

Comparison of the gene
expression of CD34, HAND1,
TBX6, MSGN1, MEOX1,
GATA2, GATA4, GATAG,
SOX17, PAX6, SOX1, PAX3
and SOX10 from Neutral EB
differentiation conditions
comparing the
SSEA3+/BRACHYURY (T)+
subsets from KOSR and
Priming Media conditions and
the SSEA3+/BRACHYURY
(T)- subsets from KOSR and
E8 conditions.

Gene expression depicted as
1/ACt as an average of 3
biological repeats. EBs
imaged at x20 magnification.
KOSR/MEF EB data taken
from chapter 4 analysis.
Statistical results presented
in the following figure.
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Figure 52: Neutral EB differentiation of SSEA3+/BRACHYURY- from KOSR and E8

and SSEA3+/BRACHYURY+ from KOSR and Priming Media demonstrate both the

respective  SSEA3+/BRACHYURY-

and SSEA3+/BRACHYURY+ subsets are

different in their propensities to differentiation

Statistical results of the Neutral EB differentiation of the SSEA3+/BRACHYURY (T)- and
SSEA3+/BRACHYURY (T)+ subsets. Significant results were coloured in red for mesoderm
associated gene, blue for endoderm, green for ectoderm and purple for neural crest.
Statistical significance determined as p<0.05 using Tukey Multiple Comparison Test. ns=
Not Significant. Statistical test performed on the average of three biological experiments.

Neural Crest

Comparison PRIMING PRIMING PRIMING ES ES KOSR
MEDIA MEDIA MEDIA
SSEA3+/T- vs. SSEA3+/T- vs. SSEA3+ T-
SSEA3+/T+ vs SSEA3+/T+ vs. SSEA3+/T+ vs. VS,
E8 SSEA3+/T- KOSR SSEA3+ T- | KOSR  SSEA3+ KOSR SSEA3+ | KOSR SSEA3+
T+ T- T+ KOSR
SSEA3+ T+
CD34 Sig. ns ns ns ns ns ns
P 0.9966 0.999949 0.1612 0.9985 0.1028 0.145
value
HAND1 | Sig. [N ] [ns |
P 0.0216 0.1503 0.0116 0.000011 0.9965 0.000004
value
TBX6 Sig. ns ns ns ns ns ns
P 0.8842 0.9849 0.9638 0.9813 0.9942 0.9993
value
MSGN1 | Sig. ns ns ns ns ns ns
P 0.999922 0.9995 0.9999 0.999944 0.999999 0.999978
value
MEOX1 | Sig. ns ns ns ns
P 0.1765 0.9707 0.0128 0.3126 0.3015 0.0229
value
GATA2 | Sig. [ns ]
P 0.000003 0.2087 0.0004 0.000013 0.0003 0.0029
value
GATA4 Sig. ns ns ns ns ns ns
P 0.3882 0.2073 0.5657 0.9818 0.9913 0.9089
value
GATA6 | Sig. ns ns ns ns s
P 0.3681 0.7129 0.4153 0.9423 0.0106 0.0507
value
P 0.0117 0.0135 0.7612 0.9995 0.0447 0.0522
value
PAX6 Sig. ns LAt ns e ns o
P 0.9307 0.0007 0.5731 0.000073 0.2383 0.0396
value
SOX1 Sig. ns ns ns ns ns ns
P 0.3485 0.999973 0.6144 0.3263 0.9712 0.5878
value
PAX3 Sig. \ ns ns ns
P 0.0392 0.0814 0.0008 0.9909 0.5866 0.4050
value
SOX10 | Sig. \ ns ns
P 0.0453 0.9993 0.0294 0.0618 0.9984 0.0408
value
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5.3 Discussion

The addition of the LPA component (BCL) to the CHIRON mesoderm induction
was a follow up to previously published results involving perturbing Wnt
signalling, as described in the introduction to this chapter °. Whether this was
applicable to other mesoderm inducing signalling networks was unexplored. To
answer this, BMP4 and Activin A were used in protocols in comparison with the
CHIRON condition. The results however showed that irrespective of the protocol
used, the addition of BCL led to the desired effect of perturbing BRACHYURY
Positive expression. To determine whether the addition of BCL to the cells was
enough to maintain them as undifferentiated, the addition of the endogenous Wnt

blocker IWP2 was compared alongside.

IWP2 works as a compound for blocking Wnt production and secretion by
inhibiting Porcupine, a membrane-bound O-acyltransferase that results in
inhibition of palmitoylation of Wnt 261, It also causes its effects through blocking
of Wnt-induced phosphorylation of the Lrp6 receptor resulting in blocking (-
catenin accumulation in the nucleus 261. There has been evidence in cancer cells

that blocking porcupine can adversely affect their growth rate 262,

Within mouse ES cells, IWP2 has also been shown to have a role in preventing
self-renewal and promoting conversion to an epiblast state 23, There is as of yet
no evidence to suggest IWP2 can induce adverse effects on the growth and
proliferation rate of hPSC, however the results showed the concentration of 2uM
IWP2 was not sustainable for this culture system. The 1uM IWP2 condition was
determined as optimal in this culture set-up, a result that was supported by the
MIXL1 reporter line also analysed in parallel (Andrews lab, unpublished). The
mechanism of IWP2 in blocking Wnt secretion and activity was demonstrated in
the assessment of differentiated cells post-sort, where significant loss of NANOG
activity was observed. This result showed that once the differentiation process
was underway within the cell, it was not possible to revert it back by simply putting
it back into self-renewal conditions. The results suggested that by blocking Wnt
secretion and activity within the culture, the pro self-renewal circuitry was

activated, allowing an interconversion process to undergo in the feeder-free
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condition. However, while after three passages, the 2uM IWP2 condition resulted
in more BF4 and SSEA3 Negative cells, slower cell growth and failure to form
colonies was observed when put back into E8 conditions. The 1 uM IWP2
condition was the most robust over these passages for maintaining
undifferentiated cells as shown by fewer BF4 and SSEA3 Negative cells, and the

formation of colonies in E8 self-renewal conditions.

The dynamics of both BF4 and SSEA3 during mesoderm differentiation was a
factor when considering how to analyse the data over multiple passages, as these
were two markers that lost expression quickly in these conditions. This was
observed in the mesoderm induction in chapter 3 (Figure 17) as well as the results
post passage following CHIRON induction (Figure 32). There was no evidence
presented that would imply that simply loss of both BF4 and SSEA3 implied
differentiation. However, what was apparent was that to recreate a mesoderm
bias in an undifferentiated population, strong expression levels of SSEA3 in the
“High” region were desirable. This was shown by the SSEA3 High/CD9+ subset
in Neutral EB conditions in Chapter 3. A loss of SSEA3 in this experimental set-
up would imply the cells were further along terminal differentiation, which was not
desirable. Therefore, the ideal result would be to maintain strong BF4 expression
in respect to BF4 Positive expressing cells and also SSEA3 “High” expressing
cells. With this framework in mind, it became clearer to determine optimal media
conditions with the addition of BCL and IWP2.

IWP2 however was not required for the single cell cloning experiments. These
experiments were performed identically to the ones in Chapter 4 and the number
of colonies returned from the initial sort in this experiment produced nearly twice
the number of colonies. An explanation is attributed to the media/matrix
conditions being more optimal in this sort e.g. better quality MEFs in the 96 well
plates. Another explanation is the media compositions being different, with the
KOSR/MEF media having 10x the amount of LPA within the KOSR component.
E8 media conversely does not have this component. Consequently, it is possible
that a single cell was able to survive as undifferentiated and divide into daughter
cells that more resembled those in the KOSR/MEF conditions. Irrespective of any
differentiation that may then occur in the colony, there were enough cells that
were pluripotent that could be passaged and renew into clonal lines that could

differentiate to derivatives of the three germ layers.
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In respect to the clonogenic assays to assess lineage bias (Figure 43-46), the
results contrasted to those from chapter 4 and showed that the
SSEA3+/BRACHYURY subsets were heterogeneous with different propensities
for differentiation. This was most observable with the SOX17+/OCT4+ analysis
where the Priming Media SSEA3+/BRACHYURY+ subset produced more
expression of these markers within the colonies. One explanation for this, is the
fact that the molecular pathways involved in inducing mesoderm and endoderm
differentiation are closely related and that BRACHYURY Positive cells have been
shown to form endodermal derivatives 2. Therefore, the results showed there
was a subset of cells within the Priming Media condition that exhibit a bias
towards endoderm differentiation. Additionally, this subset produced less of the
other lineage markers being analysed in this assay, notably
FOXA2+/BRACHYURY+ and PAX6. What this could indicate is that this
recreated population has less cells going towards an axial mesoderm or primitive
streak like fate, as well as less neural ectoderm differentiation. However, due to
the evidence of some cells from this subset differentiating towards both endoderm
and mesoderm fates, it is possible that there are cells within this subsets that are

more mesendoderm like.

A limitation in concluding what differentiation is occurring, is determining what the
expression of these markers actually represents. SOX17 for example can
indicate endodermal differentiation, but it can also indicate cardiac mesoderm
differentiation 232 or primordial germ cell differentiation 232 when considered
independently. This was the rationale as to why TBX6 was chosen as a robust
paraxial mesoderm marker, FOXA2+/BRACHYURY+ was chosen as a robust
mesendoderm marker and PAX6 was chosen as a robust neural ectoderm
marker. This rationale is however limited to the reported evidence of expression
of these markers in the literature. Nevertheless, the results indicate that this
recreated SSEA3+/BRACHYURY+ subset was not a replication of the one found
in KOSR/MEF conditions.

To further explore this differentiation potential of the recreated
SSEA3+/BRACHYURY+ subset and also the bulk population growing in the
Priming Media, differentiation assays were performed (Figure 47 and Figure 48).
The evidence of the cells in the Priming Media leaning towards a mesoderm or

endoderm fate can be seen in the efficiency of induction being comparable to
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those from the E8 control. Only in the ectoderm inducing condition was there a
significant reduction in efficiency of differentiation compared to the control. This
however contrasted with the  differentiation of the  specific
SSEA3+/BRACHYURY+ subset where there was increased survival and
efficiency of forming ectoderm. While there was still fewer cells surviving
compared to the mesoderm and endoderm conditions, a subset of these did
express PAX6 and the posterior HOX gene HOXC9. HOXC9 was chosen as it is
HOX gene expressed posteriorly and expressed in spinal associated regions of
the developing neural tube in vivo 238264, |ts expression relates to the hypothesis
of the SSEA3+/BRACHYURY+ subset containing a heterogeneous population
that included a subset of neuromesodermal cells readying to differentiate to a

spinal/CNS derivative.

The evidence of a potential NMP subset existing with the
SSEA3+/BRACHYURY+ subset was shown with the expression of the paraxial
mesoderm marker TBX6 in some of the colonies formed from the
SSEA3+/BRACHYURY+ subsets from both KOSR and Priming Media conditions
(Figure 43-Figure 45). The evidence of HOXC9 expression following the ectoderm
differentiation of the SSEA3+/BRACHYURY+ subset post-sort, suggests that a
subset of the SSEA3+/BRACHYURY+ population was either biased to
differentiate to an ectoderm derivative or alternatively, it already contained
differentiated NMP or a pre-NMP progenitor cell type. For the mesoderm
differentiation, the results were comparable to the control and with the endoderm
differentiation, the control was more efficient in generating endoderm. The results
nevertheless reflected those from the clonogenic assays in demonstrating

heterogeneity within this recreated subset.

The results from the immunostaining from Priming Media (Figure 49) showed
there was no evidence for a self-renewing NMP population, as shown by most
cells in the population co-expressing the pluripotency associated markers SOX2
and NANOG. However, the co-expression of CDX2 with BRACHYURY within the
population and its association with posterior mesoderm differentiation 219265 could
imply a link to NMP differentiation through an early bias to a NMP progenitor-like
state. This hypothesis is further supported with the transcriptome analysis (Figure
50) where genes associated with NMP and posterior associated ectoderm

differentiation were upregulated, namely CDX1, CDX2 for NMP differentiation 238
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and HOXC9 and GBX2 for posterior associated ectoderm differentiation 2. This
potential bias however was not homogeneous, as there was also upregulation
with primitive streak associated markers such as EOMES and MIXL1 and

endoderm associated markers in GATAA4.

The Neutral EB assays (Figure 51) further supported the heterogeneity
hypothesis as there was no evidence of one lineage being expressed by any of
these subsets. The recreated SSEA3+/BRACHYURY+ subset showed significant
upregulation of PAX3 and SOX10, two neural crest associated markers, GATA4
and SOX17 for endoderm and SOX1 for ectoderm. However, SOX1 expression
could be indictive of a NMP based neural ectoderm differentiation 238267 further
supported by the comparably low levels of PAX6 to the KOSR subsets. The
results also suggested that this recreated SSEA3+/BRACHYURY+ subset was
leaning towards specific derivatives. This is evidenced from the expression of the
mesoderm markers CD34 and HAND1 in the EB assays and MESPL1 in the gene
expression analysis post-sort, which were comparably lower to that of the KOSR/
MEF SSEA3+/BRACHYURY+ subset.

Within this study, the SSEA3+/BRACHYURY- subset from E8 was compared
against the SSEA3+/BRACHYURY- subset from KOSR/MEF conditions. A
limitation of this decision was that a SSEA3+/BRACHYURY- subset from Priming
Media could not be isolated. In a typical culture, the percentage of
SSEA3+/BRACHYURY+ cells could be more than 95% of the population on
analysis.  Therefore, the closest subset obtainable was the
SSEA3+/BRACHYURY- subset from E8/Vitronectin as it is obtained from the
same basal media and same matrix growth conditions as the
SSEA3+/BRACHYURY+ subset. This limitation however must be considered
when directly comparing propensity for differentiation between the
SSEA3+/BRACHYURY- subset from E8 and the SSEA3+/BRACHYURY+ from
Priming Media. The reason is that the results could be interpreted as artefacts of
the media conditions. However, what the results show is that the existence of a
SSEA3+/BRACHYURY+ or SSEA3+/BRACHYURY- subset can result in different
propensities for differentiation and that the two SSEA3+/BRACHYURY + subsets

were different.
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Additionally, within this study, a caveat was that the differentiation potential
assessed was only at the early stages of commitment and did not contain analysis
into differentiation into later derivatives. A key question is whether cells growing
in the Priming Media could create mesodermal derivatives such as
cardiomyocytes, thereby demonstrating the translational application of the media.
Attempts at creating cardiomyocytes in this manner were unsuccessful, as were
attempts at creating NMP. In each attempt, the result was substantial cell death
in all growth conditions. One explanation for this, is the large number of cells
required to differentiate the cells efficiently in their respective protocols and the
difficulty in gathering enough cells post-sort to perform the differentiation. The
plating efficiency in feeder-free conditions has been reported to be very low
(under 10%, even in the presence of Rho Kinase inhibitor) (Stem cell
technologies- CloneR) meaning the number of cells required at plating is
substantially greater in order to get the required density for the respective
protocol. Further work would need to be performed to assess the Priming Media

in this manner, which will be discussed in the following chapter.
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54 Conclusion

The results presented in this chapter have demonstrated that cross-antagonism
of signalling networks can be applied to recreating and maintaining a subset of
hPSC in a defined system. By manipulating signalling pathways that are involved
in inducing differentiation to specific lineages as well as driving self-renewal, it is
possible to induce a state of hPSC that exhibit lineage bias both on the
transcriptome and functionally, in respect to propensity for differentiation. This
research serves as a proof of principle that can potentially be applied to any early
differentiation away from the stem cell compartment if the appropriate signalling
networks are induced. This provides potential into studying other lineage bias
aside from mesoderm or endoderm, such as neural ectoderm or neural crest in a
new study. However, as the results showed, despite recreating a subset of
interest, there was still heterogeneity present in respect to differential propensity
for differentiation. This observation provides a degree of insight into the potential
subsets that may exist within a smaller sorted population of hPSC. The data
presented in this chapter and in the previous two chapters overall elaborates on
the enormity of the heterogeneity which exists within the stem compartment and

the overall scale of possibilities for fate determination of hPSC in culture.
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Chapter 6 : Final Conclusions and Future Directions

The results presented over the three chapters have demonstrated the existence
of heterogeneity within the stem cell compartment in vitro. This heterogeneity can
be observed as differences in cell surface antigen expression, gene expression
patterns and ultimately in different propensities for differentiation. This is
evidenced through the subsets identified through use of the BF4, CD9 and
SSEA3 antibodies. The sorted subsets identified and analysed with these
antibodies, served as a proof of principle, supported in the literature, that
expression levels of the antigen can relate to cells with differences on the
transcriptome and clonogenicity. When this concept was further expanded with
the SSEA3/ CD9 subsets, it was evident that there were also functional
differences in respect to propensity to differentiate, as well as differences on the
transcriptome at the single cell level. One caveat to this analysis in respect to the
antigen expression profiles, is the inability to compare expression levels based
on gene expression. While it is possible to see the level of CD9 expression in an
RNA seq analysis, SSEA3 is not a product from a single gene, so it is not possible

to see the heterogeneity of this antigen on the single cell level, in this manner.

Considering the results from these chosen antibodies for identifying subsets of
cells, other candidate antibodies could have been analysed. In the self-renewal
experimental conditions that the cells were grown in prior to analysis, there was
no observable detection of early differentiation associated markers SSEAL or
PDGFRa (Andrews, lab unpublished). Other early mesoderm associated cell
surface markers include VCAM and SIRPA 268 however, these are markers that
have been shown to be expressed after stem cell commitment, away from the
undifferentiated state. Although, these could have been included regardless as a
proof of principle, to evidence that they were not expressed on undifferentiated

cells and to add more depth to the analysis performed.

One question is how relevant this hPSC heterogeneity is in an in vivo context. An

observation is that differences in media/matrix combinations can influence stem

cell functional properties, such as the disappearance of a state of hPSC in culture,

as shown with BRACHYURY expression in E8/Vitronectin conditions. There is

however evidence of heterogeneity within cells of the ICM 133, which poses the
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guestion whether individual cells of the ICM can interconvert like the hPSC in
culture, or whether they are already predetermined to go to a specific cell fate. If
evidenced that they could interconvert, it could support the notion of these cells
responding to extrinsic signals while maintaining the capacity for self-renewal 2°.
It could also be that heterogeneity is a property of a population of plastic cell
types, as heterogeneity and propensity to differentiate towards different lineages
is also observed in adult stem cells and haematopoietic stem cells 262270, Though
while this remains unanswered in vivo, an explanation for this is that the tightly
regulated, native environment of the embryo may result in these states of
pluripotent cells being transitory and otherwise difficult to observe. Being able to
identify and maintain a state of undifferentiated cells was the challenge to study

early fate determination of hPSC to mesoderm.

Experiments comparing the SSEA3+/BRACHYURY- and
SSEA3+/BRACHYURY+ subsets were designed with the framework that having
a known quantity, a mesoderm marker within the sorted subset, would allow a
more homogeneous lineage biased population to be identified. There was
evidence for this with the transcriptome analysis and the embryoid body
experiments with the KOSR/MEF SSEA3+/BRACHYURY+ subset. This subset
showed increased expression of mesoderm gene expression, however there was
significant variation amongst the biological replicates. But what this did provide,
was a logical basis to attempt to create a more refined, homogeneous population
in a defined system with known signalling ques, to promote a specific mesoderm

induction.

Through the knowledge gained from chapter 3 about the antigen dynamics of
BF4, CD9 and SSEA3 during mesoderm differentiation, a culture system was
created that allowed the expansion of a subset of hPSC that expressed
BRACHYURY. This subset was shown to contain hPSC on both the population
and single cell level through cloning experiments. In comparison with the
KOSR/MEF SSEA3/BRACHYURY subsets, gene expression patterns and
propensity for differentiation was different with the recreated
SSEA3+/BRACHYURY+ subset. There was also evidence for different
propensity to specific non-mesoderm differentiation compared to the KOSR/MEF
SSEA3+/BRACHYURY+ subset. However, this recreated

SSEA3+/BRACHYURY+ subset generated results that suggested the existence
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of other subsets of cells that were not exhibited in the KOSR/MEF
SSEA3+/BRACHYURY+ subset. This therefore suggests that the
SSEA3+/BRACHYURY+ subset is a very large subset, that can contain multiple
different smaller subsets of cells, that relate to different lineage bias for
differentiation.

But to identify what populations may exist within the SSEA3+/ BRACHYURY+
subset and how these populations relate to the regulatory networks involved in
fate determination of hPSC, transcriptome work would need to be performed on
the single cell level. By using a combination of single cell RNA seq with statistical
modelling, it could be feasible to identify what subsets of cells correlate with one
another. This modelling could also be used to determine what molecular
mechanisms are governing these different states within the population. This
would allow the separation of the SSEA3+/BRACHYURY+ state into separate
groups. These groups could have a transcriptome pattern that relates to
differentiation to a specific derivative, such as an NMP progenitor or endoderm
fate. This would ultimately provide powerful information into the undetermined
gene networks that govern transition away from the stem cell compartment
towards early differentiation. This data could also be compared to the
SSEA3/MIXL1 subsets.

Single cell RNA seq analysis has shown that the SSEA3+/MIXL1+ subset has
increased gene expression of mesoderm associated genes compared to the
SSEA3+/MIXL1- subset (Andrews lab, unpublished). Additionally, the
SSEA3+/MIXL1+ subset also shown increased propensity to mesoderm
differentiation in Neutral EB inducing conditions (Andrews lab, unpublished).
Combined with the results from the SSEA3+/BRACHYURY subsets, a model
could be made using the single cell RNA seq data that maps the progression from
a non-mesoderm biased state (the SSEA3+ and BRACHYURY/MIXL1- subsets)
to the biased state (SSEA3+ and BRACHYURY/MIXL1+ subsets). Additionally, it
could help to build a bigger picture on the gene expression patterns and
mechanisms involved in early mesoderm fate determination. Other studies
focused on fate determination of hPSC have involved the use of antigens to
identify subsets of cells *3! or to map differentiation stages throughout mesoderm
commitment towards functional somatic cells 2’1, Recent studies have also used

single cell level transcriptome studies for determining regulators involved in
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human ES cell differentiation to definitive endoderm 272 and mapping determinant
stages in human ES cell neuronal differentiation 273. These studies using antigens
and transcriptomics are complimentary to the work performed on mesoderm
biased states. Together they aid in our understanding of the mechanisms in fate
determination of hPSC. However, the work performed using the SSEA3/MIXL1
and SSEA3+/BRACHYURY subsets to recreate and maintain subsets of hPSC

in a defined system has yet to be demonstrated in other model systems.

In addition to transcriptomic analysis, another immediate future direction would
be to determine the mechanism of the recreated SSEA3+/BRACHYURY+
“trapped-state”. It has been evidenced that a combination of cross-antagonism
between pro-self-renewal and pro-differentiation signalling can result in a
BRACHYURY Positive state that can be maintained and expanded over multiple
passages. Though, the mechanism into how this process works is unexplored.
As previously described, evidence in the literature into the mechanism of the Wnt
agonist CHIRON, as well as how LPA can perturb Wnt-induced mesoderm
differentiation and how IWP2 can block Wnt secretion and production provides a
starting point. However, how this all comes together into a sustainable system
that can maintain undifferentiated hPSC is unknown.

One candidate signalling pathway that could feature in this system is the HIPPO
pathway. As described in Chapter 5, LPA can maintain pluripotency through
activation of the HIPPO signalling pathway 243. It has also shown that TAZ and
YAP, two effectors for the HIPPO pathway, can regulate stem cell self-renewal in
response to TGFp signalling 11114, Furthermore, there is evidence of YAP and
TAZ acting as effectors and modulators of Wnt signalling. Evidence from the
Azzolin study 274 showed that Wnt activation can result in stabilisation of not only
B-catenin, but also TAZ and that B-catenin physically interacts with TAZ,
suggesting a mechanism of co-ordinated co-degradation. In respect to YAP, it
has also been evidenced that Wnt/ B-catenin can activate YAP transcription 275
Additionally, it was shown that YAP activation through inhibition of the HIPPO
pathway results in activation of genes targeted by B-catenin 276, It has also been
shown that with HES3-MIXL1 cells growing in Priming Media, there is evidence

of nuclear localised YAP expression (Andrews lab, unpublished).
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Together this presents a clear target for further study, with the concept being that
there is co-ordination between the HIPPO pathway driving self-renewal and the
Whnt-pathway driving differentiation. This results in a loop leading to a balance of
a pluripotent, but lineage biased state of hPSC. Further study could also shed
light on how these signalling pathways co-ordinate with other pathways, that
result in cells residing within specific states that make one differentiation choice
over another. Ultimately, in combination with the single cell transcriptomics,
significantly more information could be achieved into the gene networks that
define a state of cells. Additionally, it would provide information into the molecular
mechanisms which are driving formation and maintenance of these states in

culture.

The potential for this research could implicate better understanding of early
developmental processes in culture when applied to different lineages. However,
this potential could also be applicable to regenerative medicine by aiding in
achieving greater efficiencies in generating specific cell types. An additional
future direction would be to apply this media to different differentiation systems
that involve generation of specific mesodermal derivatives. This would be to
improve the efficiency and yield in generating these derivatives using several
pluripotent lines, both ES cell and iPSC. There is evidence anecdotally and, in
the literature, that behaviour of these pluripotent lines can vary in respect to their
functional capability or efficiency. This has been shown in procedures such as
differentiation 277278 This observation was the rationale for using the three
pluripotent lines in the SSEA3/CD9 experiments in Chapter 3. Because of these
differences, and potential effects, to create a media system that would be
applicable to robustly generating these mesoderm derivatives, this media system

would need to be tested and potentially optimised using different cell lines.

The lines that have been tested so far are the two ES cell lines, H9 and HES3
(with and without the reporter construct) and the iPSC line MIFF-1. The MIFF-1
line, HES3 wildtype line, the HES3 MIXL1 line, the H9 wildtype line and the H9
BRACHYURY line have been passed multiple times in Priming Media and shown
to maintain BRACHYURY expression in >90% of the cells (Andrews lab,
unpublished for the MIFF-1 and HES3 lines). In addition, the H9- BRACHYURY
and HES3 -MIXL1 lines have been karyotyped after several passages and shown

to have a normal karyotype (Andrews lab, unpublished). While these are
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promising results, for robustness, more lines will need to be tested over a
prolonged period to assess their performance in this media system, as well as
their genetic stability. However, through combining these future directions
together, a media system could be generated to serve a variety of purposes. This
includes bettering our understanding into fate determination, as well as providing

wider translational applications.
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