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Abstract

The governance of cell fate decisions during development is a fundamental biological
problem. An important aspect of this is how cells exit a multipotent state and choose
their fates in a correct manner and proportion. To tackle an aspect of this problem,
I have focused on 2 multipotent models: one infinite self-renewal pluripotency in an
artificial environment, and the other, bipotent progenitors in the context of the mouse
embryo. The first model aimed to explore the effects of chromatin-associated factors
on the ability of pluripotent mouse Embryonic Stem Cells (ESCs) to self-renew, via
monitoring gene expression heterogeneity of key genes. The second model focused
on Neural Mesodermal Progenitors (NMPs), a bipotent cell population found in the
Caudal Lateral Epiblast (CLE) of mammalian embryos, which contributes to the spinal
cord and paraxial mesoderm. The aim here was to derive NMPs in vitro which exhibit
similar gene expression patterns and function like their mouse embryo counterpart and
study their renewal and differentiation in detail.

The first multipotent model explores the effects of chromatin remodelling on cell
fate decisions, specifically investigating the consequences of inhibiting the histone
acetyltransferase Kat2a on the ESCs fate. I found first, that the effect of Kat2a
inhibition depends on the pluripotent state of the cells; cells in a ground state exhibit a
resistance to Kat2a inhibition and maintain their pluripotency, whereas cells in a naïve
state experience destabilization of their pluripotency gene regulatory network and shift
towards differentiation. Second, that Kat2a inhibition in the naïve state results in a
decline in the gene expression noise strength contributed by the promoter activation
operation, which suggests that when ESCs become lineage-primed their transcriptional
noise is constrained.

In the bipotent model, the NMPs are identified as cells coexpressing Sox2 and
T/Brachyury, a criterion used to derive NMP-like cells from ESCs in vitro. Comparison
between the different NMPs protocols stresses that Epiblast Stem Cells (EpiSCs) are
an effective source for deriving a multipotent population resembling the embryo Caudal
Epiblast (CE), that generates NMPs. Furthermore, self-organization of this CE-like
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population, resulted in axially organized aggregates. Exploiting the mouse embryo
CLE as a reference shows that EpiSCs derived NMPs, monolayers and aggregates,
consist of a high proportion of cells with the embryo’s NMP signature. Importantly,
studying this system in vitro sheds light on the sequence of events which lead to NMP
emergence in vivo.

On this basis, I conclude that understanding the initial state of cells at a crossroads
is important to reveal the limitations it imposes on the cells fate exploration, hence
makes it possible to mimic more precisely the fate decision process in vitro.
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Chapter 1
Introduction

We all start our journey in the world from a single fertilised egg cell, which go through
series of divisions and cellular differentiation, leading to the development of multicellular
embryos. Understanding the sequence of events in the development of a single cell
to a whole organism is one of the basic and important desire of researchers in the
developmental biology field. Specifically, we want to know how cells in a precise and
robust manner choose their fate in constructing wonderfully, both temporally and
spatially, the diverse tissues and organs of an organism. One approach to disperse the
uncertainty about what regulates cells decisions is through the study of stem cells in
vitro.

1.1 Literature review

1.1.1 Early development of mouse embryo: from fertilized
egg to post gastrulation

The mouse embryo has always been a good embryological model, as it is produced easily
and quickly. Its early development from fertilized egg (zygote) to post gastrulating
embryo involves a series of highly regulated lineage specification events and at the
same time establishes the embryo body axes. These events initiate with a succession
of cleavage divisions that the fertilized egg undertakes to generate a blastocyst at
embryonic day E3.5 (Fig. 1.1, Kojima et al. (2014b); Wolpert et al. (2015)).

The zygote reaches the 8-cell stage after three rounds of cell division. At this
stage the embryo undergoes an event known as compaction, in which an increase in
cell-cell contact promotes cell polarization and adhesion, which leads to the formation
of the morula at 16-cells stage (Kojima et al., 2014b; Wolpert et al., 2015). Afterwards,



2 Introduction

the morula undergoes further divisions and intercellular cavities appear, which later
coalesce into one cavity at the 16-32 cells stage to generate the blastocyst. These
transitions correlate with the first fate decision that cells undergo in the embryo which
is based on the differential positioning of the cells: either they are in the inside or
the outside of the embryo (reviewed in Takaoka and Hamada (2012)). At that stage,
the cells either form the trophectoderm (TE) from the outside cells of the compacted
embryo, or the inner cell mass (ICM) from the inside cells, from which the epiblast (Epi)
and the primitive endoderm (PrE) are subsequently derived from (Fig. 1.1, Kojima
et al. (2014b); Takaoka and Hamada (2012); Wolpert et al. (2015)). The allocation of
cells to either TE, PrE or Epi, has been shown to be controlled via spatially dependent
signalling activity that promotes specific lineage differentiation (Kojima et al., 2014b).
The future TE cells show a restricted expression of Cdx2, whereas the pluripotency
transcription factors Nanog and Oct3/4 are functional markers for the ICM and their
expression is confined to the inside ICM future cells (reviewed in Takaoka and Hamada
(2012)).

The delineation of the PrE and Epi lineages, i.e., the second fate decision, is
clearly due to cell-cell interactions and signalling crosstalk. The two types of cells
differ from each other both in their positions and molecular markers (Takaoka and
Hamada, 2012). The lineage separation of the epiblast and PrE lineages from the
ICM is regulated by fibroblast growth factor (FGF) signalling. Fgf4, FGF receptor
2 (Fgfr2 ) and Grb2, which together mediate the activation of the mitogen-activated
protein kinase (MAPK) signalling pathway, are all necessary for PrE establishment
(Lanner et al., 2010; Takaoka and Hamada, 2012).

After the blastocyst implants in the uterus, the ICM grows into the blastocyst cavity
to form the peri-implantation epiblast (Fig. 1.1), which later by remodelling leads to
the formation of the postimplantation epiblast (Kojima et al., 2014b). The visceral
endoderm (VE) is an epithelial layer of cells derived from the postimplantation epiblast
that covers the extra-embryonic ectoderm and epiblast of the embryo. Most of the VE
contributes to the endoderm of the extra-embryonic yolk sac and a subpopulation of it
gives rise to the endoderm of the embryo at later stages (Takaoka and Hamada, 2012).

The anterior-posterior polarity of the mouse embryo is firmly established with the
formation of the anterior visceral endoderm (AVE, Figure 1.1) from, based on the
prevailing view, the distal visceral endoderm (DVE, Figure 1.1) in the region of the
future anterior side of the embryo by around E6.5. Signals secreted from the AVE,
such as Nodal antagonists Lefty1 and Cer1, as well as Wnt inhibitors such as Dkk1,
function on the closest region of the epiblast and specify it to future anterior head
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Fig. 1.1 Timeline of early mouse embryo development: preimplantation to
early postimplantation development. Schematic drawings of embryonic age E0.5-
E8.5 adopted from (Kojima et al., 2014b), which illustrate characteristic anatomical
features of the mouse embryo at each age. The following details are taken from the
review of Kojima et al. (2014b): Numbers in red represent the range or average cell
numbers in the whole embryo at E0.5-E4.5 stages. Numbers in blue represent the range
or average cell numbers in the epiblast and the germ layers at E5.5-E8.0 stages. The key
morphogenetic events/milestones at each chronological age are listed. Abbreviations:
ALL: allantois, AMN: amnion, AVE: anterior visceral endoderm, BC: blastocyst cavity,
DVE: distal visceral endoderm, ECT: ectoderm, Epi: epiblast, ExE: extraembryonic
ectoderm, ICM: inner cell mass, MES: mesoderm, N: node, NF: neural fold, PAC:
proamniotic cavity, PrE: primitive endoderm, PS: primitive streak, TE: trophectoderm,
VE: visceral endoderm, ZP: zona pellucida.
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identity (reviewed in Takaoka and Hamada (2012)). The region of the epiblast which
is far from the AVE and is not influenced by the AVE induced signals, adopts the
future posterior identity and forms the primitive streak (PS) on the opposite side of
the embryo (Fig. 1.1, Beddington and Robertson (1998); Takaoka and Hamada (2012);
Thomas and Beddington (1996)). Experiments by Kimura et al. (2000) revealed that
an embryo lacking the complete VE cannot form head identity, which can be induced
by AVE implantation to such an embryo.

Two days after implantation (about E6.2) a process called gastrulation starts.
Gastrulation is an important step in the formation of the vertebrate body plan.
Embryos undergoing gastrulation are referred to as, gastrulae, which was coined by
Ernst Hackel Germany in 1872. The term gastrulation is from the Latin root gaster
which means stomach, and refers to the formation of the gut through an invagination
of the cells from the epiblast.

The primary function of gastrulation is to generate an axial system, to position
correctly the germ layers in relation to one another for subsequent morphogenesis
and to generate the mesoderm (Tam and Behringer, 1997). Gastrulation is launched
with the ingression of the epiblast at the most posterior end of the epiblast and the
propagation of this event in the anterior direction (Fig. 1.1). At the stages preceding
gastrulation, there is increased activity of Wnt, BMP, Nodal and FGF signalling
pathways. Transcriptomic analysis revealed enhanced expression of BMP and Wnt
pathway components starting from early gastrulation, whereas FGF and Nodal/Activin
is increasingly constrained with advanced gastrulation (Kojima et al., 2014a,b).

As the primitive streak elongates, the epiblast cells undergo an epithelial to mes-
enchymal transition (EMT), then ingress between the epiblast and the endoderm to
become mesendoderm, which are precursors of mesoderm and endoderm cells. At that
stage, the mesoderm is formed as a new tissue sheet expanding from both sides of the
primitive streak. By E7.0 the extraembryonic mesoderm is produced from the posterior
end of the primitive streak while the mouse organizer, the node, forms at the anterior
end (Tam and Behringer, 1997; Wolpert et al., 2015). The node is functionally similar
to the Speman-Mangold organizer in Xenopus and to the Hensen’s node in chicks (see
Martinez Arias and Steventon (2018) for a discussion on the node). The formation
of the node establishes an axial organization and a left-right axis in the cup shaped
gastrula. At the extreme anterior end of the PS, where the cells move through the
node anteriorly, a mesendoderm tissue is formed, which will give rise to the prechordal
plate and the anterior endoderm.
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Next, the precursors of the neural plate arise from the axial mesendoderm on the
inside of the cup. The anterior neural plate initiates the development of the central
nervous system (CNS), as an ovoid region of thickened epiblast cells in front of the
node at the anterior PS (Henrique et al., 2015; Tam and Behringer, 1997; Wolpert
et al., 2015). At E7.5 the anterior neural plate consists of prospective progenitors of
forebrain, midbrain, hindbrain and some anterior spinal cord (Henrique et al., 2015;
Ybot-Gonzalez et al., 2007). At the node streak border (NSB) in the anterior primitive
streak and in the adjacent caudal lateral epiblast (CLE), resides a bipotent stem cells
population, known as the Neural Mesodermal Progenitors (NMPs). At early-somite
stages (E8.0-E8.5) as the embryo transits from gastrulation to organogenesis (Kojima
et al., 2014b; Mitiku and Baker, 2007), the NMPs contribute both to the formation
of the neural tube and the presomitic mesoderm (PSM) (Albors and Storey, 2016;
Cambray and Wilson, 2007; Garriock et al., 2015; Henrique et al., 2015; Wymeersch
et al., 2016). The temporary opening at the extreme caudal end of the neural tube
(the posterior neuropore) closes once the node has reached the posterior limit of the
streak and embryo tail development proceeds from a population of NMPs localised in
the chodoneural hinge (CNH) of the tail bud (Cambray and Wilson, 2002).

The table below summarizes the gene expression patterns in the mouse embryo,
especially it indicates the transition in the gene expression profile from E7.5 to E8.5,
just after the NMPs have been born and are detectable.

Genes
Expression in the
embryo at E7.5 or
E8.5

Category or pattern
of expression

References

Nanog -
Pluripotency and
germ cells

Chambers et al.
(2003, 2007)

Rex1 - Pluripotency
Toyooka et al.
(2008)

Esrrb - Pluripotency
Festuccia et al.
(2012); Papp and
Plath (2012)
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Fgf4

Expression in the
CE E7.5 and some
expression in the
CLE E8.5/9: the ex-
pression moves from
the primitive streak
to a region of the
dorsal CE

Pluripotency and
expression in the
streak

Niswander and Mar-
tin (1992); Wright
et al. (2003)

Sox15 - Pluripotency
Maruyama et al.
(2005)

Nanos - Germ cells Tsuda et al. (2003)

Tbx3 -
Pluripotency and
germ cells

Pontecorvi et al.
(2008); Russell et al.
(2015)

Anxa2 - Early epiblast Wang et al. (2015)

Fgf5 CE E7.5 Early epiblast
Hebert et al. (1991);
Khoa et al. (2016)

Otx2 CE E7.5
Early epiblast,
primitive streak
and the node

Acampora et al.
(2009); Cajal et al.
(2012)

Cdh1 CE E7.5
Pluripotency and
early epiblast

Basilicata et al.
(2016); Cano et al.
(2000); De Vries
et al. (2004); Red-
mer et al. (2011)

Oct4
(Pou5f1)

CE E7.5
Pluripotency, early
epiblast, caudal epi-
blast until E8.0

Downs (2008); Shi
et al. (2006)
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Pou3f1
Expression from
E5.5 onward

Early expression in
the anterior epi-
blast, later expres-
sion in the nervous
system (midbrain
and forebrain) and
in the peripheral
nervous system. At
E8.0 expression is
restricted to the an-
terior neurectoderm

Zhu et al. (2014)

Pou4f1 E9.5

Cardiac devel-
opment and
development of
cochleovestibular
ganglion neurons in
the mouse inner ear

Deng et al. (2014);
Maskell et al.
(2017)

Tcf15 -
Pre-gastrulation,
primed pluripo-
tency and somites

Davies et al. (2013)

Cdh2 CLE E8.5/9
Primitive streak
and neural progeni-
tors

Basilicata et al.
(2016)

Cdx1,
Cdx2,
Cdx4

Both in CE E7.5
and CLE E8.5/9

Caudal epiblast and
tail bud (also poste-
rior endoderm)

Deschamps and van
Nes (2005)

Sox2
Both in CE E7.5
and CLE E8.5/9

Pluripotency, neu-
ral progenitors

Henrique et al.
(2015)

T
Both in CE E7.5
and CLE E8.5/9

Primitive Streak,
caudal epiblast, tail
bud and node

Henrique et al.
(2015)

Cyp26a1 CLE E8.5/9
Caudal epiblast and
tail bud from E8.0

Sakai et al. (2001);
Sirbu and Duester
(2006)



8 Introduction

Nkx1-2
Both in CE E7.5
and CLE E8.5/9

Caudal epiblast
and tail bud from
E8.0; preneural
spinal cord

Henrique et al.
(2015); Schubert
et al. (1995)

Fgf8
Both in CE E7.5
and CLE E8.5/9

Caudal epiblast and
tail bud

Cunningham et al.
(2015); Dunty et al.
(2008); Sirbu and
Duester (2006)

Epha5 CLE E8.5/9
At E9.0 expression
in the tail bud

Cooper et al. (2009)

Fst1 CE E7.5

It is turned off in
the CLE with the
onset of somitogen-
esis

Cunningham et al.
(2016)

Tbx6 Starts at CE E7.5 Paraxial mesoderm

Chalamalasetty
et al. (2011, 2014);
Dunty et al. (2008);
White et al. (2003)

Meox1 CLE E8.5/9
Presomitic and so-
matic mesoderm

Jukkola et al.
(2005)

Aldh1a2
Both in CE E7.5
and CLE E8.5/9

Paraxial mesoderm
at E7.5, presomitic
and somatic meso-
derm

Duester (2008);
Sirbu and Duester
(2006)

Cited1 CLE E8.5/9

Mesoderm. Early
kidney develop-
ment, progenitors
of the heart, limb,
axial skeleton and
placenta

Boyle et al. (2007);
Dunwoodie et al.
(1998); Rodriguez
et al. (2004)
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Mesp1
From gastrulation
E6.5 onwards

Initially Mesp1 is
expressed at the
onset of gastrula-
tion in the primitive
streak and then in
cardiac mesoderm.
At E7.5 expression
in the base of the
allantois. At E8.0
expression on both
sides of the node

Saga et al. (1996,
1997)

Mesp2
Initially detected at
E8.0

At E8.0 expression
is detected on both
sides of the node
at the same loca-
tions as for Mesp1.
From E8.5 expres-
sion in the PSM un-
til E12.5

Saga et al. (1997)

Ifitm1 CLE E8.5/9
At E7.5 expression
in the allantois.

Klymiuk et al.
(2012); Lange et al.
(2003)

Fn1 -
At E10 fibronectin
matrix enriched at
intersomitic borders

Bajanca et al.
(2004)

Snai1 CE E7.5 EMT Carver et al. (2001)

Bmp2
Both in CE E7.5
and CLE E8.5/9

IM, extra embry-
onic tissue (yolk sac
and allantois), at
E8.25 expression in
the neural fold and
LPM

Danesh et al. (2009)
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Bmp4
Both in CE E7.5
and CLE E8.5/9

extra embryonic tis-
sue (yolk sac and
allantois), posterior
part of the embryo,
at E8.25 high ex-
pression in the pos-
terior LPM, neural
tube and in the cau-
dal mesoderm of the
tail

Danesh et al.
(2009); Lawson
et al. (1999); Zakin
and De Robertis
(2004)

Evx1
Both in CE E7.5
and CLE E8.5/9

Posterior primitive
streak. At E8.5 ex-
pression in the tail
bud and in the al-
lantois

Cambray and Wil-
son (2007); Kojima
et al. (2014a); Schu-
bert et al. (1995)

Mixl1 CE E7.5 and E8.5/9

Primitive streak,
progenitors of
endoderm. At E8.5
some expression
in the tip of the
tail bud and in the
allantois, also in
the crown cells of
the node

Dunty et al. (2014);
Hart et al. (2002);
Kojima et al.
(2014a); Pearce and
Evans (1999); Robb
et al. (2000); Wolfe
and Downs (2014)

Foxb1 E8.5

At E8.5 expression
in the somites, pre-
somitic mesoderm
and in the neural
plate

Zhao et al. (2007)
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Fgf3
Both in CE E7.5
and CLE E8.5/9

Fgf3 together with
Fgf8 and Fgf17 are
expressed in the
primitive streak,
PSM and tail
bud. Later (E9.5)
expressed in the
ectoderm covering
the midfacial region

Bachler and
Neubüser (2001);
Wahl et al. (2007)

Fgf9 Detected from E9.5.

At E9.5 together
with Fgf3, Fgf8 and
Fgf17, is expressed
in the ectoderm cov-
ering the midfacial
region.

Bachler and
Neubüser (2001);
del Moral et al.
(2006)

Fgf15
Expression detected
at E9.5

Expressed in the de-
veloping CNS

Fischer et al. (2011)

Fgf17

Low expression in
the primitive streak
at E7.5 and in the
CLE E8.5

expressed in
prestreak- and
streak-stage em-
bryos. Lower
expression than
Fgf8 in the pos-
terior primitive
streak and then in
the presumptive
mid/hindbrain
junction, pre-
somitic mesoderm
and developing
heart

Maruoka et al.
(1998); Sun et al.
(1999)
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Msx1,
Msx2

Starts at E7.5

At E7.5 expression
in the embryonic
and extraembryonic
mesoderm (includ-
ing the allantois),
at E8.0 expression
in the LPM and in
the visceral endo-
derm together with
the primordial germ
cells, expression in
the neural crest

Ishii et al. (2005);
Sun et al. (2016)

Osr1 E8.5

At E8.5 expression
in IM. Later expres-
sion in the devel-
oping heart, limb,
lung, and craniofa-
cial structures

Lan et al. (2011);
Wang et al. (2005)

Phlda2 E8.0-8.5

yolk sac endoderm
(expression in the
placenta), LPM and
ventral definitive en-
doderm

Hou et al. (2007);
Lefebvre (2012)

Krt18,
Kr8

-
Extra embryonic en-
doderm

Maurer et al. (2008)

Cldn6,
Cldn7

At E6.5-E7.5 Cldn6
expressed in the epi-
blast excluding the
primitive streak. At
E8.5 expression be-
gins to be restricted
to the endoderm.

Definitive endo-
derm, kidney
development

Anderson et al.
(2008); Khairallah
et al. (2014)
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Sparc E9.0

At E9.0 present
in extra embry-
onic tissues, later
expressed in the
parietal endoderm

Howe et al. (1988)

Pax6
E8.0 in the neuroep-
ithelium

Spinal cord
Bel-Vialar et al.
(2007)

Pax3
First detected at
E8.5

Expressed in the de-
veloping spinal cord,
later in the neural
crest. Also, marker
of limb muscle pro-
genitor cells and ex-
pression in the dor-
sal neural tube

Goulding et al.
(1991); Relaix et al.
(2004)

Sox1
Detected at E7.5
and its expression
continues till E9.5

Spinal cord: neu-
ral plate and neural
tube

Pevny et al.
(1998); Wood
and Episkopou
(1999)

Sox3

Sox2 and Sox3 ex-
pressed early in the
embryo at E6.5 and
at E8.5.

Both Sox2 and
Sox3 are expressed
throughout the
epiblast. At E7.5
Sox3 is expressed
in the posterior
epiblast. At E8.5
Sox3 shows antero-
posterior gradients
of expression with
bias to the posterior
region.

Wood and
Episkopou (1999)
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Sox9
Expression starts at
E9.5

Involved in chondro-
genesis, formation
of cardiac valves,
and neural crest,
testis and spinal
cord development.
Also expressed in
the notochord.

Barrionuevo et al.
(2006); Wright et al.
(1995)

Sox5
Later expression
than E9.0

Involved together
with Sox6 in
chondrogenesis

Akiyama et al.
(2002)

Sox6
Later expression
than E9.0

Expressed in wide
range of tissues
amongst them: the
central nervous
system (brain
and spinal cord),
somites, notochord,
limb buds and liver

Akiyama et al.
(2002); Hagiwara
(2011)

Sema3a
Expression detected
at E9.5

Expression in the
peripheral nervous
system and in the
somites

Fujisawa and Kit-
sukawa (1998);
Schwarz et al.
(2009)

Hes3
Both in CE E7.5
and CLE E8.5/9

At E7.5 expressed
in the primitive
streak, at E8.5
expression in the
hindbrain, the
neural plate and
primitive streak.

Lobe (1997)

Hes5
First detected at
E8-8.5

Neuroepithelium:
midbrain, hind-
brain and neural
tube.

Hitoshi et al. (2011)
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Hes7 CLE E8.5
Expression in the
PSM.

Bessho et al.
(2001a,b)

Ptn -
Expressed in the
central and periph-
eral nervous system

Rosenfield et al.
(2012)

Crabp2 -
At E10.5 detected
in the spinal cord

Colbert et al.
(1995); Duester
(2008)

Wnt3

First expressed at
E5.5 and at E7.5 ex-
pression is evident
in the epiblast.

Expression in the
posterior visceral
endoderm (E5.5)
and later in the
adjacent posterior
epiblast

Stuckey et al.
(2011); Tortelote
et al. (2013)

Wnt3a,
Wnt8a

Both in CE E7.5
and CLE E8.5/9

Caudal epiblast and
tail bud

Cambray and
Wilson (2007);
Cunningham et al.
(2015); Girós et al.
(2011); Parr Brian
A. et al. (1993)

Wnt5a CLE E8.5/9
Caudal epiblast and
tail bud

Yamaguchi et al.
(1999)

Nodal CE E7.5
Expression in the
node

Lu and Robertson
(2004)

Foxa2 CE E7.5

Marker of the
node and anterior
mesendoderm. Also
expressed in the
extraembryonic
tissue

Kojima et al.
(2014a); Lu and
Robertson (2004)

Ccno CE E7.5-E8.0

Expression in the
node and in the pos-
terior tip of the em-
bryo

Funk et al. (2015)
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Zic1,
Zic2,
Zic3

From E8.0 to E16.5.
Expressed in the
CLE.

Expression in the
CNS, somites, limb
(not Zic1) and eye.
Around E8.0, all
the three expressed
in the dorsal spinal
cord and in the
somites, Zic1 is
evenly distributed
along the AP axis
but no expression
was detected in
the tail bud. Zic2
and Zic3 are highly
expressed in the
head and in the tail
bud, but weekly in
the trunk

Nagai et al. (1997)

Hox5-
10

CLE E8.5-E10.5

Anterior-posterior
patterning, specify
segment identity.
Expression from
the last cervical
vertebrae (ribs)
till the first sacral
vertebrae (pelvis).

Myers (2008)

Table 1.1 Genes expression in the mouse embryo. CE: caudle epiblast, CLE: caudle
lateral epiblast, EMT: epithelial-mesenchymal transition, IM: intermediate mesoderm,
LPM: lateral plate mesoderm, PSM: presomitic mesoderm, CNS: central nervous
system.

1.1.2 In vitro culture of pluripotent stem cells

Stem cells are pluripotent cells that can self-renew indefinitely in vitro under very
specific culture conditions and are capable of differentiating into all cell types of the
body. They can be derived from the embryo, fetus and adult. The ability of stem cells
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to differentiate to any kind of cell type makes them a great candidate for therapeutic
use, such as repairing damaged tissue or synthesising new organs.

Since 1998, when the first human stem cell isolation from surplus in vitro fertilized
embryos was reported, a debate about the derivation and use of embryonic stem cells
became popular amongst governments, press and society. The debate is on the one
hand around the ethical consideration regarding the destruction of embryos for stem cell
isolation, whereas on the other hand lies the great potential of stem cells in regenerative
medicine and organs fabrication, considering the shortage of organ donors.

The medical sensation around stem cells started not long ago, in 1981 when Martin
Evans and Matthew H. Kaufman from the University of Cambridge and Gail R. Martin
from the University of California, were the first to derive embryonic stem cells (ESCs)
from mouse embryos (Evans and Kaufman, 1981; Martin, 1981).

The first mouse embryonic stem cell (mESCs) lines derived from the ICM of
blastocyst stage embryos and their maintenance in an undifferentiated state was
dependant on growing them on mouse fetal fibroblasts (Evans and Kaufman, 1981;
Martin, 1981). Incorporation of the ESCs into a normal mouse embryo showed that
they can contribute differentiated progeny to all adult tissues, including the germ cell
lineage. Growing mESCs on fibroblasts suggested that the fibroblasts were providing
some critical nutrient or trophic factor support, hence they were described as ’feeder’
cells. In 1988 three groups showed that the purified cytokine, leukaemia inhibitory
factor (LIF) has identical activity to the fibroblast feeder cells and demonstrated that
adding LIF to fetal calf serum (known as fetal bovine serum, FBS) is sufficient to
continuously culture the ESCs in their pluripotency state (Moreau et al. (1988); Smith
et al. (1988); Williams et al. (1988) and reviewed in Smith (2001b)). LIF cytokines
act via the gp130 receptor and signal through the Jak/STAT3 pathway (Moreau
et al., 1988; Smith et al., 1988; Williams et al., 1988) such that activation of STAT3 is
sufficient to maintain ESCs in pluripotency (Matsuda et al., 1999). It has also been
shown that FBS in the ESCs culture medium can be replaced by the signalling factor,
Bone Morphogenic Protein (BMP), which promotes the expression of genes that inhibit
differentiation (Ying et al., 2003). On withdrawal of LIF or feeders, proliferation
continues but differentiation induced and ESCs cannot be maintained more than a few
days (Smith, 2001a).

A decade ago, it was shown that extrinsic stimuli are dispensable for the derivation,
propagation and pluripotency of ESCs and that using signalling inhibitors can bypass
the cytokine signalling in maintaining the pluripotency and self-renewal of ESCs. Self-
renewal of ESCs is enabled by the elimination of differentiation inducing signalling
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from MAPK and additional inhibition of glycogen synthase kinase 3 (GSK3), which
suppresses residual differentiation via Wnt pathway activation (Wray et al., 2011; Ying
et al., 2008). This inhibitors’ cocktail, known as "2i" (2 inhibitors), keeps the cells in a
highly pluripotent state, characterized by the expression of Rex1, Nr0b1 and Fgf4 (Ng
and Surani, 2011) and in general pluripotency genes exhibit homogeneous expression
(Wray et al., 2010; Ying et al., 2008). Hence ESCs cultured in 2i, referred to as cells
in a naïve ground state, whilst cells grown in FBS and LIF (referred to as serum and
LIF or simply SL), exhibit mixed states of pluripotency via heterogeneous expression
of pluripotency markers, which leads to spontaneous differentiation (Fig. 1.2a, Nair
et al. (2015)). The spontaneous differentiation in SL influences the proportion of ESCs
ability to integrate into the embryo (Alexandrova et al., 2016). The SL condition,
therefore, represents a growing condition that can sustain cells in mixed states and
is referred to as a condition which keeps cells in a naïve pluripotent state. Some
suggest that culturing mESCs in 2i and LIF represents a totipotent state comparable
to early embryonic cells that can differentiate to extraembryonic tissue in addition
to embryonic lineages (Morgani et al., 2013). The heterogeneity in the expression of
several pluripotency factors under the permissive culture condition of SL, might be an
innate feature of mESCs and part of a mechanism regulating pluripotency (Fig. 1.2b).
Overall, the most extraordinary feature of embryonic stem cells is that even after
extended maintenance in tissue culture plastic flasks in synthetic media, they remain
capable of participating in normal embryogenesis and produce viable chimeras.

An additional pluripotent in vitro system are epiblast stem cells (EpiSCs). EpiSCs
are isolated from the post-implantation mouse embryo just after implantation but
prior to gastrulation (Brons et al., 2007; Tesar et al., 2007). Like mESCs, the EpiSCs
are pluripotent stem cells (PSCs) that can be indefinitely propagated in vitro in an
undifferentiated state and differentiate to the three germ layers: ectoderm, mesoderm
and endoderm, as well as primordial germ cells (Brons et al., 2007; Tesar et al., 2007).
The derivation of stable epiblast cell lines from the epiblast of post-implantation
embryos, has provided a unique system to interrogate the processes that occur during
gastrulation. They are the immediate precursors to the differentiated derivatives in
the gastrulation embryo, hence are able to serve as a robust model system to study
the direct transition from pluripotency to differentiated derivatives (Chenoweth and
Tesar, 2010).

EpiSCs differ from ESCs in their transcriptional profiles and functional potential.
The transcriptional profile of the two types of pluripotent stem cell have divergent
profiles i.e. restricted expression of Fgf5 in EpiSCs and Rex1 in ESCs (Chenoweth and
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Tesar (2010), Fig. 1.2a). Both cell types express the pluripotency factor Pou5f1 (also
known as Oct4, Fig. 1.2a), however, its expression is activated through different use of
upstream enhancer elements (Chenoweth and Tesar, 2010). Furthermore, ESCs and
EpiSCs are dependent upon different signalling regime to maintain their pluripotency
and proliferation: ESCs are grown in SL or 2i, whereas EpiSCs are maintained in Activin
and FGF2 (Brons et al., 2007; Ng and Surani, 2011; Tesar et al., 2007). EpiSCs, unlike
ESCs, do not survive efficiently as isolated single cells and they need to be passaged in
clumps (Tosolini and Jouneau, 2015). They cannot contribute to blastocyst chimeras
(Brons et al., 2007; Ng and Surani, 2011) except in post-implantation embryos (Huang
et al., 2012), that is to say, ESCs and EpiSCs need to be placed in different embryonic
environments to allow their integration into the embryo and their differentiation to
derivatives of all the three embryonic germ layers and primordial germ cells (Huang
et al. (2012) and reviewed in Nichols and Smith (2009)).

EpiSCs are at a more advanced developmental stage than ESCs, hence they are
referred as primed pluripotent stem cells. ESCs and EpiSCs share the expression of
the core pluripotency factors: Oct4, Nanog and Sox2, but ESCs express some naïve
pluripotent factor like Rex1 and Klf4 which are absent in EpiSCs, while EpiSCs
express some epiblast specific genes such as Fgf5 and Otx2 which are already markers
of differentiation, absent in ESCs (Tosolini and Jouneau, 2015) (Fig. 1.2a). In EpiSCs
the levels of Nanog and Stat3 are lower than mESCs. Conversion of mESCs to
EpiSCs can be accomplished by culturing mESCs in FGF2 and Activin, leading to
the downregulation of several mESC specific genes (Rex1, Nr0b1 and Klf4 ). It is also
possible to induce ESCs starting from EpiSCs, however this process is difficult and
inefficient (Ng and Surani, 2011; Tosolini and Jouneau, 2015).

Further alternative pluripotent states can be achieved by chemical manipulation
of ESCs to obtain extended pluripotent stem cells (EPS, Fig. 1.2b). The EPS are
molecularly distinct from the other PSCs, including cells from early mouse embryos.
They show enhanced chimeric contribution to both embryonic and extraembryonic
lineages. The motivation for generating EPS cell lines is that it permits sophisticated
genetic modification, which may greatly optimize the human naïve pluripotency system
for biomedical applications (Du et al. (2018) and reviewed in Li and Izpisua Belmonte
(2018)).

In the mouse embryo, pluripotent cells are present from embryonic day 3.5 to 8.5
(Huang et al., 2012). During this developmental window, continuous changes in the
transcriptional program and epigenetic profile occur which causes the maturing of
the pluripotent population (Li and Izpisua Belmonte, 2018; Morgani et al., 2017).



20 Introduction

Fig. 1.2 Overview of pluripotent states and their characteristics. a. Deriva-
tion of pluripotent stem cells lines from the mouse embryo. Mouse embryonic stem cells
are taken from the ICM at blastocyst stage embryos. They can self-renew indefinitely
in vitro either under serum and LIF (SL) condition, in which they exhibit heterogeneous
expression of the naïve markers, or under 2i confined culture medium, where they
homogenously express the naïve markers (Morgani et al., 2017; Ng and Surani, 2011;
Tosolini and Jouneau, 2015).
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The first in vitro condition (SL) is known as naïve or naïve heterogeneous state of
pluripotency whereas the confined medium (2i) is known as the naïve ground state.
Epiblast stem cells (EpiSCs) can either derived directly from post-implantation epiblast
of embryos or through converting ESCs to EpiSCs by culturing them in FGF2 and
Activin over multiple passages. Self-renewal of EpiSCs is achieved by culturing them
in FGF2 and Activin. The transition from naïve to primed state in pluripotency
leading to downregulation of naïve markers (mainly Rex1, Nr0b1 and Klf4 ) and
upregulation of primed markers (mainly Otx2 and Fgf5 ). The list of the main gene
markers of the naïve and primed pluripotency states are noted next to each condition
(Morgani et al., 2017; Ng and Surani, 2011; Tosolini and Jouneau, 2015). b. The
figure is adopted from the review of Li and Izpisua Belmonte (2018). Pluripotency
is stabilized by a triad of core transcription factors: Nanog, Sox2 and Oct4 that
regulate in cooperation a larger and interconnected network of pluripotent genes.
These core gene regulatory network communicates with other regulatory mechanisms,
including transcription, post-transcriptional regulation, cellular signalling, bioenergetics,
epigenetics and transcriptional heterogeneity which depicted with symbols on a dial
outside of the core network. The three pluripotent states: naïve ground (2i), naïve (SL)/
alternative and primed states, are positioned outside the dial and they are depicted as
a colour spectrum since evidence suggests that in vivo pluripotency exist as a dynamic
continuum and that these states are interconvertible in vitro (Li and Izpisua Belmonte,
2018).RBP: RNA binding protein, EPS: extended pluripotent stem cells.

This process is mirrored in vitro, though through discrete interconvertible pluripotent
states with distinct transcriptional and epigenetic features (Fig. 1.2). Pluripotency
in all those states is stabilized by a triad of core transcription factors, namely the
octamer-binding Oct4, the SRY family transcription factor Sox2 and the homebox
transcription factor Nanog (Boiani and Schöler (2005); Boyer et al. (2005); Chambers
et al. (2007); Masui et al. (2007); Niwa et al. (2000) and reviewed in Boyer et al.
(2006); Li and Izpisua Belmonte (2018); Ng and Surani (2011); Niwa (2007)). Oct4 is
expressed in the pluripotent cells of the mouse embryo ICM. It is uniformly expressed
by all types of PSCs and is essential for pluripotency. When Oct4 is overexpressed in
PSCs it promotes mesendoderm differentiation and when it is downregulated it induces
loss of pluripotency and differentiation to trophectoderm (Li and Izpisua Belmonte,
2018; Niwa et al., 2000; Thomson et al., 2011). Sox2 is needed in the embryo for
the development of the pluripotent epiblast and for neural ectodermal differentiation
in PSCs (Li and Izpisua Belmonte, 2018; Thomson et al., 2011). Sox2 and Oct4
form heterodimers and cooperatively regulate the expression of each other and other
genes (Chew et al., 2005; Li and Izpisua Belmonte, 2018; Rodda et al., 2005). Nanog
is essential for the epiblast establishment from the ICM (Chambers et al., 2003; Li
and Izpisua Belmonte, 2018; Mitsiadis et al., 2010). In vitro, Nanog is expressed in
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pluripotent cells and is absent from differentiated cells. Elevated expression of Nanog
in mESCs is sufficient for their in vitro self-renewal independently of LIF (Chambers
et al., 2003; Li and Izpisua Belmonte, 2018; Mitsui et al., 2003).

Further studies using co-binding immunoprecipitation experiments revealed that
these core pluripotency transcription factors interact within a greater regulatory
network. Together they co-occupy most of their genomic targets, including their own
promoters and other pluripotency transcription factors, such as ESRRB (reviewed in Li
and Izpisua Belmonte (2018); Ng and Surani (2011)). Therefore, the core transcription
factors build auto-regulated and feed-forward gene networks that exhibit bi-stability.
In this case, either pluripotency propagates indefinitely when the core transcription
factors are at balanced expression, or diverges to differentiation when the function of
one of them is sufficiently reduced (reviewed in Li and Izpisua Belmonte (2018)).

The gene regulatory network (GRN) that stabilized pluripotency receives additional
layers of regulation, including post-transcriptional regulation, translation, protein
modification and turnover, epigenetics and metabolic regulation. For example, Lin28,
a PSC-associated RNA-binding protein, mediates a metabolic shift from naïve to
primed pluripotency by targeting mRNA translation, while its stability is controlled
by FGF-ERK signalling (Fig. 1.2b and reviewed in Li and Izpisua Belmonte (2018)).
Furthermore, PSCs in a ground state in comparison to other pluripotent states have
a distinct bioenergetic mechanism since, they use fatty acid β-oxidation and have
higher mitochondrial capacity, as well as a different epigenetic mechanism as they
exhibit DNA hypomethylation (Fig. 1.2b). Another example of an optional regulation
layer might be heterogeneity in gene expression (Fig. 1.2b), which can result from
transcriptional fluctuation within cells over time (reviewed in Li and Izpisua Belmonte
(2018)). As stated above, ESCs cultured in SL are extremely heterogeneous and
global analysis of single cells has identified different populations. These subpopulations
exhibit transcriptional similarities to pre-implantation epiblast, endoderm, primed
epiblast and 2-cell (2C) stage embryos. The 2C-like population is a rare transient one,
which makes up about 3% of the analysed cells in single cell RNA-seq (scRNA-seq)
data. This population exhibits expanded functional potency and can differentiate
to both embryonic and extraembryonic tissues in chimaeras (reviewed in Li and
Izpisua Belmonte (2018); Morgani et al. (2017)).

The GRN depends on antagonistic mechanisms to stabilize a dynamic bi-stable
pluripotent state that is poised for differentiation. How those mechanisms operate is
not completely understood.
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1.1.3 Epigenetics

The current definition of epigenetics is “the study of changes in gene function that
are mitotically and/or meiotically heritable and that do not entail a change in DNA
sequence“. This definition was proposed in a letter by C. Wu Ct and J. Morris addressed
to M. Bacon in 2000, as an effort to define the term epigenetics (Wu Ct and Morris,
2001). Epigenetic changes may result from external or environmental factors or may
be part of a developmental program. These modifications, based on the epigenetic
definition, should not involve any change in the DNA sequence, but they need to be
heritable, either by the progeny of cells or organisms (Berger et al., 2009; Dupont et al.,
2009; Moore, 2015). Epigenetic alteration comprises chemical modifications to DNA,
like DNA methylation, and to histones - the components of nucleosomes which DNA is
wrapped around. This alteration may cause changes in the promoter regions of genes
as part of their key role in transcriptional regulation (Dupont et al., 2009; Kornberg
and Lorch, 1999; Li et al., 2007; Rando and Ahmad, 2007; Tirosh and Barkai, 2008).

The term epigenetics was actually coined by Conrad H. Waddington in the early
1940s, which he defined as all the molecular pathways that can result in a change in the
expression of a genotype into a specific phenotype (Dupont et al., 2009), or in his words
“the branch of biology which studies the causal interactions between genes and their
products which bring the phenotype into being.“ (Waddington, 1968). Although the
term epigenetics has evolved since 1940 and become narrowed to the current definition,
it seems that even nowadays a clear consensus on the definition is yet to be established
(Pearson, 2008; Ptashne, 2007, 2013a,b). Historically, epigenetics is used to describe
any structural alteration of chromosomes, especially histone modifications, regardless
whether these changes are heritable or associated with a phenotype.

Epigenetic regulation appears to play a critical role in cellular differentiation and
during development. A pluripotent cell can proliferate or divide to a differentiating
daughter cell by activating some genes while inhibiting others. As development and
differentiation proceed, differentiated cells accumulate epigenetics marks, which can be
maintained for many divisions, that allow the differentiation to a specific lineage (Reik,
2007). Therefore, as Wolf Reik wrote “development is, by definition, epigenetic“(Reik,
2007).

1.1.4 Histone modifications

One way that gene expression is regulated is by chromatin remodelling. Chromatin is
a compact package of DNA, in which eight histone proteins act as spools around which
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the DNA wraps (Turner, 2007). Histones and their amino acids post-translational
modifications, additionally to DNA covalent modifications, have also been involved in
organizing chromatin structure and in regulating gene transcription.

Histone modifications occur throughout the entire sequence, however the N-termini
of histones, called histone tails, are particularly modified. The modifications that have
been observed in biological systems include acetylation, methylation, phosphorylation,
ubiquitylation and sumoylation (reviewed in Bannister and Kouzarides (2011)). The
best characterized modifications are acetylation and methylation of histones (Dupont
et al., 2009).

The correlation observed between post-translational modification on the histones
and transcriptional activity has resulted in the histone code hypothesis (Strahl and
Allis, 2000). This concept, although might be misleading (Turner, 2007), reveals that
similar patterns of chromatin modifications result in similar gene expression regulation.
For example, while all acetylation of lysine residues on histones H3 and H4 have
been associated with transcriptional activation, methylation of these residues might be
either associated with gene activation or repression, depending on which amino acid
and to what extend it is methylated (reviewed in Dupont et al. (2009); Schreiber and
Bernstein (2002); Turner (2007)).

The main roles of histone modifications in regulating transcription are as follows:
changes in higher-order chromatin structure via charge altering modifications such
as acetylation and phosphorylation, which allow the histones to associate with the
negatively charged DNA. Effector-mediated functions, such as recruiting or stabilizing
the localization of specific binding partners to chromatin. Effector-repulsive functions
that abolish the binding of particular effectors to the chromatin and modifying chro-
matin accessibility by changing histone-DNA interactions. Nevertheless, mechanisms
of heritability of histone states are not well understood, hence it is still questioned
whether covalent histone modifications and histone variants are epigenetics marks
following the current definition of epigenetics (Dupont et al., 2009; Ptashne, 2013a).

Histone acetylation, as mentioned above, is one of the histone modifications that
plays a role in regulating chromatin structure (Chen and Dent, 2014) and hence,
could lead to changes in gene expression. Altering gene expression epigenetically,
via acetylation and deacetylation of lysine amino acids in histone protein tails, is
done through catalysis by histone acetyltransferase (HAT) and histone deacetylase
(HDAC) enzyme activity, respectively. Acetylation occurs when HAT transfer acetyl
groups to lysine residues, which lowers their positive charge and therefore decreases the
binding affinity between the histone proteins and negatively charged DNA. Acetylation
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of histones therefore results in activation of gene transcription. In contrast, HDAC
removes acetyl groups from lysine residues, tightening the interaction between the DNA
and the histone proteins and makes the chromatin inaccessible for gene expression
(Buckingham, 2013; Davie and Dent, 2004; Schreiber and Bernstein, 2002) The HAT
and HDAC enzymes often cooperate in a complex with transcription factors that guide
them to specific DNA sites (Buckingham, 2013; Davie and Dent, 2004).

In addition, acetylation and deacetylation influence the association of other proteins
to histones. Several corepressors bind well to hypoacetylated histone tails but do
not bind to hyperacetylated tails, whereas proteins that are often associated with
transcriptional activation, bind to acetylated histones (Davie and Dent, 2004; Hassan
et al., 2002). Therefore, acetylation and deacetylation are thought to provide a
rapid trigger for activation and inactivation of transcription (Davie and Dent, 2004;
Katan-Khaykovich and Struhl, 2002). Signalling often promotes the rapid dynamics of
histone modifications (Schreiber and Bernstein, 2002; Sim et al., 2017). Furthermore,
acetylation marks can occur on the same residues which are prone to methylation
modification, effectively, acting in competition (Jaenisch and Bird, 2003).

In recent years, some efforts in cancer therapy have focused on inhibiting HATs
and mainly HDACs. The interest around HAT and HDAC inhibitors arose since they
are known to induce cell cycle arrest, tumour-selective apoptosis and differentiation of
normal and malignant cells (Dowd et al., 2017; Nakao and Fusetani, 2010). The direct
and indirect effects of HDAC inhibitors on tumour growth have indicated them as
potential anticancer agents (Dowd et al., 2017; Nakao and Fusetani, 2010; Thiagalingam
et al., 2003), and several have been approved for primary use (Dowd et al., 2017). In
contrast to the great interest that HDAC inhibition has received, little is known about
the impact of inhibiting HATs in mammalian systems.

One of the first HAT that was identified in 1996 as related to transcriptional
regulation is General control non-depressible 5 (Gcn5 in yeast and the orthologue
Kat2a in mouse) (Zhang et al., 2015). Later, it was discovered that Gcn5 has important
and critical roles in gene activation (Kuo et al., 1998). Mutations in Gcn5 eliminate
its ability to activate transcription in vivo and acetylate free and nucleosomal histones
(Wang et al., 1998). Furthermore, it was shown that mutating Gcn5 altered the
chromatin structure at the PHO5 promoter which led to a dramatic reduction in
its activation (Gregory et al., 1998). The mammalian orthologue Kat2a, was shown
to function as a HAT similarly to Gcn5 (Wang et al., 1997). It is responsible for
acetylating a range of histone residues and has an important role in transcriptional
activity. Specifically, Kat2a in vertebrates, unlike other HATs that are important
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for the initiation of transcription, is not required for transcription initiation and is
dispensable for target gene expression, but plays a role in maintaining robust gene
expression (Jin et al., 2011).

Investigating the role of Kat2a in mESC system showed that cells that are mutant
for Kat2a, although they survive in vitro and differentiate into embryoid bodies (EBs),
the resulting EBs are smaller and misshapen compared to wild type EBs, exhibit a
premature decrease in the expression of the pluripotency factors Oct4 and Nodal during
differentiation, and poor integration into chimeric embryos (Lin et al., 2007). Unifying
these observations with the heterogeneous transcriptional profile mESCs exhibit in
culture, I investigated the role of epigenetics mechanism, specifically the inhibition
of Kat2a, in regulating cells during the exit from pluripotency and its influence on
transcriptional heterogeneity during this process, with the hope that it might supply a
missing piece of the puzzle to better understand the control system of cell fate decisions.

1.2 Axial elongation processed through the exis-
tence of bipotent limited self-renewing stem
cells population

The anteroposterior axis of a vertebrate can be subdivided into three anatomically
distinct regions: the head, the trunk and the tail. The trunk starts at the end of
the hindbrain, runs to the anus and comprises derivatives of the mesoderm and the
ectoderm such as the thoracic cage, muscles, kidneys and spinal cord. The thoracic
tract has different origins in different organisms: in anamniotes, e.g. fish and frogs,
it is inferred to arise during gastrulation from a pool of pre-existing cells within the
ectoderm, whereas in amniotes, e.g. chickens and mice, it is derived from the expansion
of the Caudal Epiblast (CE), a proliferative region located at the caudal end of the
embryo, where the primitive streak persists. The CE acts as a source for paraxial,
intermediate and lateral plate mesoderm as well as for the spinal cord (Henrique et al.,
2015; Stern, 2005; Steventon and Martinez Arias, 2017; Sweetman et al., 2008; Wilson
et al., 2009)

Lineage tracing studies have shown that the CE harbours a population of bipotential
progenitors located behind the node, at the NSB and extending laterally into the CLE.
These progenitors give rise to posterior neural tube and paraxial mesodermal (PXM)
precursors and, as introduced in section 1.1, have been called Neural Mesodermal
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Progenitors (NMPs). Transplantation experiments have identified limited self-renewing
capability of the caudal end of the developing embryo.

1.2.1 The Node - the body plan organizer

Before exploring the origin and function of the neural mesodermal progenitors during
mouse embryo development, I will first introduce the structure that functions in
maintaining these progenitors and which might provide a niche for the NMPs that
reside in its proximity. This structure, known as the node (Albors and Storey, 2016;
Garriock et al., 2015; Henrique et al., 2015; Wolpert et al., 2015; Wymeersch et al.,
2016), or is also called the embryo body plan organizer since 1924, when Hans Spemann
and Hilde Mangold demonstrated that a region of the gastrula directs the development
of other parts of the embryo (Wolpert et al., 2015).

The node is an embryonic structure located in the midline at the anterior tip
of the primitive streak and exist between E7.5 and E9.5 (Perea-Gomez et al., 2004;
Steventon and Martinez Arias, 2017; Tam and Behringer, 1997). The node is the
primordium for the axial mesoderm, such as the prechordal mesoderm and the notochord
(or chordamesoderm), and its other derivatives are the neurectoderm and some gut
endoderm (Beddington, 1982; McGrew et al., 2008; Tam and Behringer, 1997; Tam
and Beddington, 1987; Wolpert et al., 2015). The node also has an important function
in establishing left-right asymmetries (Lee and Anderson, 2008; Shiratori and Hamada,
2006). At E8.0 the node contains approximately 250 cells in a teardrop-shaped pit
(Fig. 1.3a) with two epithelial layers: a dorsal one, which is adjacent to the epiblast,
and a ventral one neighbouring the endodermal epithelium. The pit is surrounded by
about 20/30 cells with larger apical surfaces, called the crown cells (Fig. 1.3a), that
are contiguous with the endoderm (Lee and Anderson, 2008; Shiratori and Hamada,
2006). These structures are associated with specific combinations of expression of T,
Foxa2 and Nodal (Fig. 1.3b); between E7.5 and E9.0, pit cells coexpress T and Foxa2,
whereas the crown cells coexpress T and Nodal (Fig. 1.3b) (Davidson and Tam, 2000;
Jeong and Epstein, 2003; Lee and Anderson, 2008; Shiratori and Hamada, 2006).

A unique property of the organizer is its ability to induce the formation of a second
axis when transplanted to another embryo at the appropriate stage. The second axis
is patterned along both the dorsal-ventral and anterior-posterior axes and has its own
nervous system. In the classical experiment conducted by Conrad Waddington in
the 1930s (Stern, 2000; Wolpert et al., 2015), he demonstrated that the organizers
from mammalian and bird embryos are equivalent and importantly, similar to the
amphibian one (see Martinez Arias and Steventon (2018) for a discussion on this). To



28 Introduction

Fig. 1.3 The morphology and characteristics of the mouse embryo node. a.
Scanning electron micrograph (SEM) of E8.0 mouse embryo, ventral view, anterior
to the top. The node is visible as a teardrop-shaped pit of cells with small apical
surfaces, surrounded by larger crown cells, which are contiguous with the endoderm
germ layer. Figures adapted from Lee and Anderson (2008). b. E8.5 mouse embryo
node: illustration of a sagittal view of the mouse embryo shows the expression of
T (red) in the NSB (Tsakiridis et al., 2014). Posterior view of the embryo exhibits
the expression of Nodal (blue) in the node and in the lateral plate mesoderm (LPM)
(Shiratori and Hamada, 2006) and its left (L) right (R) asymmetry. A transverse
section (A’A’) reveals the pit and crown cells of the node, PXM, LPM, endoderm and
the prospective floor plate. The expression of Nodal and Foxa2 is indicated in blue and
green respectively. The pit cells coexpress T and Foxa2 and the crown cells express
Nodal and T (Davidson and Tam, 2000; Jeong and Epstein, 2003; Lee and Anderson,
2008; Shiratori and Hamada, 2006).
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show this at 1937 he succeeded in grafting a node from a rabbit embryo into a chick
embryo (Waddington, 1937). The grafted node induced the formation of a second axis
in the chick embryo. This shows that the signals secreted by the organizers of the
rabbit and chick are equivalent and the interpretation of those signals is related to the
nature of the responding tissue and, as Waddington concluded in his paper from 1934
when he managed to induce chick primitive streak grafts into rabbit embryos: “...the
embryonic development of the mammals is influenced by factors similar to those which
have become familiar in the Amphibia and birds. They are also a demonstration of
the lack of species specificity of the inducing agents involved in embryonic organisers“
(Martinez Arias and Steventon, 2018; Stern, 2000; Waddington, 1934).

Grafting a node from late primitive streak stage (E7.5) mouse gastrula to the
lateral posterior region of the epiblast of another mouse embryo at the same stage, has
been shown to induce a second axis, comprising posterior structures including neural
tissue and ectopic somites but lacking the head (Beddington, 1994). This might be
because the head is induced by an early stage embryonic region, however grafts of node
precursors from earlier streak stages, though they have inducing ability, never induced
a head (Wolpert et al., 2015).

1.2.2 Evidence for bipotential population from retrospective
clonal analysis

The hypothesis of having shared progenitors for neural and mesodermal tissues initiated
with experiments of in situ labelling and grafting groups of cells in mouse embryos.
These experiments suggested that the elongation of the embryo body axis (apart from
the head), depends on a small progenitor population close to and within the late
primitive streak and later in the tail bud (Nicolas et al., 1996; Tam and Beddington,
1987; Wilson and Beddington, 1996). Later it was suggested that some if not all of
the cells in the anterior streak around the node region, and later in the CNH of the
tail bud, originated from one or more stem cell populations that exist throughout
body axis elongation and give rise to cells in the somites, neural tube and notochord
(Cambray and Wilson, 2002, 2007; McGrew et al., 2008). Nevertheless, these lineage
studies could not provide clear evidence whether the origin of the different cells types
came from the same progenitor or from mixed population of progenitors. Retrospective
analysis of clonal descendants in either the myotome (Nicolas et al., 1996) or CNS
(Mathis and Nicolas, 2000) could provide a clearer explanation at the level of single
cells. The method of clonal analysis was done using laacZ constructs inserted into



30 Introduction

a tissue specific promoter, which rarely generate lacZ labelled clones by intragenic
homologous recombination, ensuring that the observed clones originated from one
recombination event in a single cell. In the case of the myotome, which includes the
segmented paraxial mesoderm that will go on to form the musculature of the trunk
and tail, among the collected E11.5 embryos the lacZ labelled clones were divided into
long and short clones which are continuous across the body segments, this indicates
that a single labelled cell can generate progeny throughout the axis. Analysing the
pattern of the clonal labelling led the authors to conclude that the pattern is consistent
with a permanent pool of asymmetrically dividing progenitors for the myotome that
may be localised near the anterior primitive streak (Nicolas et al., 1996).

Similar results were obtained for clonal labelling in the tissues of the CNS in E12.5
embryos. The frequency of clonal labels with exponentially increasing length was found
to increase in the spinal cord in contrast to the brain, providing evidence for an early
separation between pools of precursors for the anterior and posterior CNS and distinct
modes of progenitor production in these two domains. The observed clonal label
distribution support the possibility that there is a self-renewing stem cell population
for the spinal cord that progress caudally during the regression of the node. Therefore,
at least part of the node surrounding is composed of progenitors with self-renewing
capability, and the development of the trunk is dependent on the regression of stem
cell pools from anterior to posterior (Mathis and Nicolas, 2000).

These studies provided conclusive evidence that the myotome and the spinal cord
derive from a common stem cell pool, however, the question whether the progenitor
pool might be common to both tissues is yet to be answered.

Tzouanacou et al. (2009), present an undirected approach using a similar LaacZ
system in which the construct was inserted into the ubiquitously expressed Rosa26
locus, instead of a tissue specific promoter. This enables tracing cell descendants
irrespective of their tissue distribution and thus examine the possibility of lineage
segregation. The clonal labelling was analysed retrospectively from gastrulation to tail
bud stage during axis formation, showing a large proportion of neurectodermal clones
that also have labelled derivatives in mesoderm; most of the clones were restricted
solely to these two tissues. The smallest neuromesodermal E8.5 clone had only 24 cells
located in the posterior non-segmented part of the axis, which together with the above
suggests that the common progenitor for neural and mesodermal lineages lasts until
at least late gastrulation. A prominent feature of the neuromesodermal clones is that
they extend from a clear anterior boundary up to the neuropore and have descendants
in the node/streak region, where axial progenitors reside (Cambray and Wilson, 2002,
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2007). Furthermore, comparison between the frequency of clones contributing to the
different lineages found in E8.5 and E10.5 embryos, a stage at which the embryo
develops the posterior trunk and part of the tail, showed a significant increase in the
number of the neuromesodermal clones between E8.5 and E10.5 this indicates that the
common progenitor is continually present during this period. In line with the previous
retrospective clonal analysis of the mouse spinal cord (Mathis and Nicolas, 2000) and
the embryonic muscle (Nicolas et al., 1996), the neuromesodermal clones give rise to
long clones, they show posterior polarity (i.e. the clones frequently label the posterior
end of the embryo and exhibit polarized growth) and show an increase in the number
of clones contributing to each axial level (clonal complexity) from anterior to posterior.
Furthermore, like the previous clonal studies, the analysis of the neuromesodermal
clones indicates that these tissues derive from pool of stem cell progenitors. In contrast,
the clones restricted to only neural or mesodermal lineages did not exhibit similar
behaviour, they were shorter and uniformly distributed along the axis, suggesting
that they derived from transient, most likely, committed precursors. The authors
concluded that the observed distribution of the neuromesodermal clones and their
clonal complexity can best be explained by a self-renewing population of NMPs which
resides at the node surrounding while producing differentiated derivatives occupying
increasingly more posterior levels of the developing trunk (Tzouanacou et al., 2009).
Next, transplantation experiments corroborated these conclusions and elaborated the
gene expression profile of the NMPs.

1.2.3 Evidence for self-renewing population from transplan-
tation experiments

As aforementioned, fate map studies at early somite stages (E8.5) identified two regions
with dual neurectoderm and mesoderm fate: the NSB and the CLE (Fig. 1.4a). The
NSB also gives rise to much of the CNH in the tail bud, which later (around E10.5)
harbours a population of NMPs (Cambray and Wilson (2002, 2007), Fig. 1.4b). Grafting
experiments with these regions, as depicted in Fig. 1.4, provided further information
about the potential of the cells in that region and revealed a gene expression profile for
the NMPs.

Functional evidence of a resident axial progenitor population at E8.5 has been
provided through the use of a lipophilic dye as a lineage tracer of cells from the primitive
streak (Wilson and Beddington, 1996), and grafting of transgenically labelled cells
(Cambray and Wilson, 2007). Embryos whose streak and node have been labelled
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Fig. 1.4 Grafting regions and location of axial progenitors in the mouse
embryo at E8.5 and E10.5. a. At E8.5 neural mesodermal progenitors (NMPs)
located at the node streak border (NSB, red) and in the caudal lateral epiblast (CLE,
blue). Figure adapted from Wymeersch et al. (2016).
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b. At E10.5 NMPs are in the chordoneural hinge (CNH, red), between the notochord
and the neural tube. Figure adapted from Wymeersch et al. (2016). c-d. Diagrams
illustrating the history of grafted GFP-labelled cells in the cultured embryo and whole
mount embryos that received a labelled graft. Re-grafting of GFP-labelled CNH results
in contribution to both the axis and tail bud in up to three generations. Figures adapted
from (Cambray and Wilson, 2002). (c.1) Whole mount embryo that received a graft of
E10.5 GFP-labelled CNH. (c.2) Whole mount embryo grafted with CNH cells from the
embryo in c.1. Grafted cells populate axial derivatives that are identical to the parent
graft. (d.1) Whole mount embryos that had received a graft of E10.5 CNH, derived
from an initial E8.5 node graft. (d.2) Whole mount embryo of a third-generation graft,
showing contributions to neural tube and notochord (L, M) and paraxial mesoderm
(N, O). Arrows in c.1, c.2, d.1 indicate the position of somite 20.

retained labelled cells in the primitive streak and tail bud 48 hours later. This
observation raised the possibility of a resident stem cells population which is responsible
for a large extension of the embryo axis (Wilson and Beddington, 1996).

The most convincing evidence for a stem cell population in the CNH of the tail bud
is a serial grafting of labelled cells from E10.5 CNH into the primitive streak region
of a younger embryo (Cambray and Wilson, 2002). Labelled cells from the CNH of a
E10.5 embryo, which were grafted to primitive streak of unlabelled an E8.5 embryo
(Fig. 1.4c), contributed to cells along the axis and to the tail bud. Labelled cells in
the CNH of the host embryo were re-grafted to an E8.5 embryo, which contributed
to the same axial tissues and the CNH. The re-grafting of labelled CNH results in
contributions to the embryo axis and the tail bud, where they also recolonised the
CNH; this was performed up to three generations. Similar results were obtained when
the grafted E10.5 CNH was derived from a labelled E8.5 node graft (Fig. 1.4d). The
second-generation embryos exhibited contributions to somites, notochord and ventral
neural tube. These observations suggest that cells in the CNH contribute to neural
and mesodermal tissues along the axis of the embryo and have limited self-renewing
ability. Control grafts of the tail bud mesoderm, located just caudally to the CNH, did
not demonstrated this behaviour (Cambray and Wilson, 2002).

Homotopic grafts (i.e. transplants of a region from a donor embryo at the same
place in the host embryo) of the node and the streak at E8.5 show that these cells
predominantly produce mesoderm, whereas cells in the NSB and CLE additionally
produce neurectoderm. NSB descendants contribute not only to neurectoderm, somites
and notochord but also to the CNH in the tail bud. Furthermore, heterotopic grafts
(i.e. transplants of a region from a donor embryo not at the same place in the host
embryo) of node or streak explants to the NSB frequently resulted in contribution to
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the CNH, demonstrating the plasticity of these tissues to the signalling environment of
this region and their ability to adopt the fate of their new environment (Cambray and
Wilson, 2007). Similar gene expression patterns between the NSB and the CNH, which
was previously shown to contain long-term axial progenitors (Cambray and Wilson,
2002), raised the possibility that the NSB at E8.5 harbours similar axial progenitors
(Cambray and Wilson, 2007).

Heterotopic grafting of cells from the rostral half of the CLE (L1-3 in Fig. 1.4a)
to the NSB, which is used to test the plasticity of the cells to differentiate to both
neural and mesodermal lineages (Cambray and Wilson, 2007), has shown that they
have equivalent neural-mesodermal differentiation potential over long axial distance
as well as equal contribution to CNH, indicating that the NSB and the rostral CLE
contain a similar population of NMPs (Wymeersch et al., 2016). Together with the
observations in the previous study (Cambray and Wilson, 2007), which suggested that
NSB contained long-term NMPs while CLE contained shorter-lived progenitors, it was
concluded that the differences between these two regions do not derive from intrinsic
differences, but rather from environmental difference these two population of cells are
exposed to in vivo (Wymeersch et al., 2016).

At the final days of tail development between E10.5 and E13.5, expression of
Wnt3a, Cdx2, Fgf8 and T declines at the tip of the tail (Cambray and Wilson, 2007).
Nevertheless, the NMPs retain their ability to contribute to axial tissues in heterotopic
grafts. This alteration in the gene expression profile might suggest a maturation of
the NMP population that will eventually terminate when axial elongation finishes
(Cambray and Wilson, 2007). The lifespan of the embryonic NMPs population is
therefore only around five to six days and the results of the re-grafting experiments
(Cambray and Wilson, 2002) demonstrate that the NMPs have a limited self-renewing
capability. Moreover, as observed later in the heterotopic transplantation experiments
of Wymeersch et al. (2016), the behaviour of the grafted NMPs depends on their
position in the NSB, suggesting that they can be directed to form neural or mesodermal
tissues following the environmental cues found in the area they are positioned.

Wymeersch et al. (2016) revealed that the stem cells zone at the NSB, CLE and
later in the CNH, coexpress Sox2 and T throughout axis elongation and introduced
a preliminary gene profile of the NMPs. T, Tbx6, Fgfr1 and Wnt3a are expressed
in the primitive streak and required for mesoderm production and loss of each of
them leads to ectopic production of neural tissue at the expense of somitic mesoderm
(Chapman and Papaioannou, 1998; Ciruna et al., 1997; Wilson et al., 1995; Yamaguchi
et al., 1999; Yoshikawa et al., 1997). Sox2 inhibits mesendodermal differentiation
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and promotes neural ectodermal differentiation (Thomson et al., 2011). Tbx6 in the
primitive streak represses Sox2 in mesoderm fated cells (Takemoto et al., 2011), and
deletion of Wnt3a or β-catenin in cells positive for T, redirects the primitive streak
progenitors towards neural fate (Garriock et al., 2015). Interestingly, exposure of cells
in the caudal progenitor region to a stabilized form of β-catenin resulted in enlarged
PSM area and did not interrupt neural cell production (Aulehla et al., 2008; Jurberg
et al., 2014). Moreover, enhanced β-catenin activity does not affect the presence of
NMPs in the CLE (Garriock et al., 2015). Thus, the existence of NMPs relies on a
maintained balance between neural and mesoderm production.

Cells that coexpress Sox2 and T are first detected at E7.5 in the epiblast close to
NSB, at E8.5 Sox2 is expressed at low levels in the CLE and T expression is most
notable in the CLE caudally at the PS. During trunk and tail formation, coexpression
of Sox2 and T was found in the CNH and in its surrounding area, and few cells that
coexpress Sox2 and T could still be detected at E13.5 just before elongation had
completed. Cells positive for Sox2 and T were not detected after axial elongation had
finished (Wymeersch et al., 2016). Therefore, cells exhibiting simultaneous expression
of Sox2 and T are found in all regions and stages of the embryo in which NMPs are
present. Hence, these two transcription factors are frequently used to describe cell
populations that harbour NMPs.

During the formation of the trunk from E8.5 to E9.5, cells that coexpress Sox2
and T undergo a Wnt/β-catenin dependent expansion by 2.4-fold (Wymeersch et al.,
2016), which is in line with the clonal analysis that indicates that the number of NMPs
present at E9.5 is approximately 2.8-fold greater than at E8.5 (Tzouanacou et al., 2009).
This observation supports the view that the characteristic of the NMPs is coexpression
of Sox2 and T.

The combined approaches of retrospective clonal analysis, tissue labelling and
transplantation suggest that a population of neural mesodermal progenitors resides
in the rostral CLE and NSB early in posterior axial elongation that is later found
in the CNH of the tail bud. In addition, these progenitors have limited self-renewal
capability in a manner that is dependent upon their environmental cues. The self-
renewing properties of the progenitors has raised the possibility of their propagation in
vitro, which has attracted considerable attention due to their future development as
cell-replacement therapies for conditions such as spinal cord injuries.
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1.2.4 in vitro culture of the NMP

The NMPs, although lacking a detailed gene expression profile, are currently char-
acterized in vivo by the coexpression of Sox2 and T (Wymeersch et al. (2016) also
see Fig. 3 in Henrique et al. (2015)). Therefore, this characteristic has been used
to derive NMP-like cells in culture. However, the coexpression of Sox2 and T is not
restricted to only NMPs, but also some EpiSCs exhibit this coexpression (Tsakiridis
et al., 2014). Hence a better gene expression profile characterization is needed for
identifying NMPs and a functional test to examine whether NMPs-like cells produced
in vitro, can ultimately integrate in the embryo and function as axial progenitor cells
in vivo.

It is possible to generate NMPs in vitro from PSCs (Denham et al., 2015; Gouti et al.,
2017, 2014; Lippmann et al., 2015; Tsakiridis and Wilson, 2015; Turner et al., 2014)
(see Fig. 1.5). These studies provide large quantities of material, allowing the study of
details that are difficult to obtain in vivo, therefore enabling the characterisation of
the NMPs expression profile.

As shown in Fig. 1.5 a common feature of all the in vitro protocols is the use of
Chiron, which leads to Wnt pathway activation. Turner et al. (2014) previously showed
that a pulse of Chiron acting in concert with endogenous FGF signalling can direct
mESCs grown in adherent culture to an NMP-like state. This pulse of Chiron, in
cultured three dimensional aggregates known as Gastruloids, resulted in their elongation
(see chapter 7) which their elongated tip contains cells that coexpress Sox2 and T
(Turner et al., 2014). Tsakiridis et al. (2014) obtained NMP-like cells initially from
mouse EpiSCs. In this work, they showed that activation of Wnt signalling acts to
generate a mixture of mesendodermal and neural-mesodermal progenitors derived from
a primitive streak-like subpopulation of EpiSCs that are biased towards mesoderm
and endoderm fates. The addition of Chiron significantly induced T expression and
upregulated Hox genes from paralogous groups 5-9 which are activated during late
gastrulation. Transplanting the Chiron treated EpiSCs into the NSB of E8.5 mouse
embryos resulted in a high rate of integration of the in vitro cells into the host embryos,
which differentiated predominantly into paraxial mesoderm and, in a small number of
cases, to the neural tube.

Similar results have been obtained by Gouti et al. (2014), who described the
derivation of cells coexpressing Sox2 and T starting from mESCs. The cells were
grown in FGF2 and treated with a 24 hours pulse of Chiron (Fig. 1.5). Furthermore, it
was shown that the resulting NMP-like cells can be steered in vitro towards a paraxial
mesoderm identity with continued exposure to Chiron for a further 2 days, as assessed
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Fig. 1.5 in vitro protocols for establishing NMPs population from pluripo-
tent mouse and human pluripotent stem cells The details of the pluripotent
cell type, mouse for the first 5 protocols and human for the last 3, and the regime of
treatment used over time for each protocol is listed. All the protocols are done on
adherent culture apart from the Gastruloids protocol (Turner et al., 2014; van den
Brink et al., 2014). The basal medium in all the protocols (mouse and human) is
either N2B27 (NDiff 227), DMEM or E6 for human PSCs. Chiron (CHIR99021) is a
GSK3β inhibitor used for Wnt signalling activation; SB4 (SB431542) is a Nodal/Activin
pathway inhibitor. Note that Tsakiridis et al. (2014) obtained NMPs after either 2 or 3
days of incubation in the differentiation regime (indicated with asterisks). In Lippmann
et al. (2015) the cells were de-attached and reseeded after 2 days and again after 5 days
(indicated with arrows). All the listed protocols produce cells that coexpress Sox2 and
T. For detailed information about each protocol (including the specific cell lines that
were used and the exact concentration of the different chemicals) please refer to the
original publications. EpiSCs either derived from mESCs or directly from the mouse
epiblast, hESCs: human embryonic stem cells, hiPSCs: human induced pluripotent
stem cells.

by upregulation of Tbx6, or to a posterior neural identity with exposure for a further
2 days to retinoic acid (RA) and an agonist of sonic hedgehog (Shh) signalling, as
assessed by expression of Sox1 and Sox2. However, in the post gastrulating mouse
embryo, as aforementioned, it is not simply the case that driving Wnt signalling
favours mesodermal fate over the neural one (Aulehla et al., 2008; Jurberg et al., 2014).
Testing the function of these NMP-like cells in vivo was done by transplanting them
into chicken embryos, which demonstrated that they could differentiate appropriately
into the chick neural tube and somitic tissue in vivo. Moreover, Gouti et al. (2014)
extended this protocol to culture mouse EpiSCs and human embryonic stem cells
(hESCs) by prolonging the duration of FGF2 and Chiron exposure in the treatment
regime. Importantly, they showed that differentiating EpiSCs without exposure to Wnt,
i.e. without the NMP intermediary step, generates neural precursors with anterior
rather than posterior identity.

Single cell analysis was recently done on the mESCs derived NMPs following the
Gouti et al. (2014) protocol. This recent study (Gouti et al., 2017) aimed to reveal
the expression profile of NMPs and establish the relationship between the in vitro and
the in vivo populations. Indeed, this work has established important features of the
mESCs derived NMP population.

Lippmann et al. (2015) demonstrated that they could generate stable homogenous
coexpressing Sox2 and T NMPs over 7 days of differentiating hESCs through a
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successive activation of FGF, Wnt/β-catenin and growth differentiation factor (GDF11)
signalling (Fig. 1.5). Over this period, in which the cells were dissociated and reseeded
twice (Fig. 1.5), these in vitro human NMP-like cells exhibit progressive full collinear
Hox activation of hindbrain, cervical, and thoracic Hox genes and, in the case of
supplementing the TGFβ ligand GDF11 from day 6, also lumbosacral Hox genes.
Conversely, the Gouti et al. (2014) protocol yields partial success in recapitulating the
Hox expressing NMP state from hESCs in vitro. They were unable to separate Hox
patterning within hindbrain and spinal cord regions. Moreover, Gouti et al. (2014)
maintained the NMP phenotype for only 3 days, preventing the cells from expressing
more caudal Hox genes before shifting to a mesoderm differentiation path. In Lippmann
et al. (2015) they showed the importance of FGF8b pre-treatment prior to Chiron
(Fig. 1.5) in yielding uniform expression of both T and Sox2 that could be maintained
for 7 days (between 75-100% of the cell population was positive for Sox2 and T along
the 7 days). Furthermore, exposure of the human in vitro NMPs to RA treatment at
different time points downregulates T, halts the collinear Hox activation and transitions
the NMPs into neurectoderm progenitors which are positive for Sox2 and Pax6. These
progenitors could be further differentiated into cells with hindbrain and spinal cord
domain identity.

Denham et al. (2015) also managed to establish an almost pure population of cells
coexpressing Sox2 and T (approximately 97% of the population), by differentiating
human pluripotent stem cells (hPSCs, either hESCs or induced human pluripotent
stem cells, herein referred as ihPSCs) through 4 days of constant inhibition of GSK3β

and Activin/Nodal pathways by Chiron and SB431542 respectively (Fig. 1.5). The
obtained cells coexpress caudal neural plate markers together with mesoderm markers.
Subsequent removal of the dual inhibitors, or activation of Shh, resulted in upregulation
of the neuroepithelial marker Pax6 or the floor plate marker Foxa2. Furthermore,
these progenitors showed differentiation biased towards neural lineages of the caudal
neural plate, hence Denham et al. (2015) named these progenitors as caudal neural
progenitors.

All the above protocols demonstrate that FGF and Wnt signalling posteriorise the
cells and are important to generate both neural and mesodermal fates throughout body
axis elongation (Henrique et al., 2015). Furthermore, none of the in vitro protocols
exhibit a self-renewal NMP population in culture. Hence, a demonstration of serial
transplantation, as was done for the in vivo stem cells population (Cambray and
Wilson, 2002), might be required to show the bipotency and self-renewal capability of
the in vitro NMP populations.
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1.2.5 Gene expression characteristic of the NMPs

The NMPs are maintained by synergistic Wnt and FGF signalling originating from
the node and the primitive streak, that in turn promotes Sox2 N1 enhancer activity
in the CLE. BMP signalling in contrast prevents the activation of Sox2 (Takemoto
et al., 2006). In Tbx6 mutant mouse embryos ectopic neural tubes were observed in
the paraxial mesodermal compartment and Wnt3a expression persisted despite the
lack of mesoderm (Takemoto et al., 2011). This result indicates, as aforementioned,
that Wnt signalling does not inhibit neural fate. Furthermore, it was demonstrated
that the ectopic neural tube formation arises from the ectopic activation of the Sox2
N1 enhancer and the lack of mesodermal tissue revealed that Tbx6 is required for
correct mesodermal development and for repressing Sox2, though indirectly through
the repression of Wnt3a (Takemoto et al., 2011). These results suggest that Wnt3a is
needed for the maintenance of the NMPs (Henrique et al., 2015).

FGF signalling, secreted from the node, also helps to maintain the balance between
neural and mesodermal differentiation of NMPs by repressing the neurectoderm marker
Pax6 (Bertrand et al., 2000; Mathis et al., 2001). As the node regresses, the NMPs
in the CLE exhibit a decline in FGF signalling, which leads to PXM. Afterwards the
somites, which are derived from the PXM, secrete RA into the presumptive neural
tube that induces the expression of Pax6 in the neurectoderm of the posterior CNS
(hindbrain and spinal cord) (Diez del Corral et al., 2003; Molotkova et al., 2005).
As the node regresses, there is also a decline in BMP signalling, due to inhibitors
secreted from the node, thereby allowing cells in the epiblast to activate Sox2 and
contribute to the caudal neural plate. Cells from the CLE that ingress in the streak
are not exposed to high Wnt signalling, hence their N1 enhancer is not active. These
cells differentiate to mesoderm via elevation in Tbx6 expression that inhibits Wnt3a
(Kondoh and Takemoto, 2012; Takemoto et al., 2011).

Transplantation experiments have shown that Cdx genes are important for main-
taining the signalling environment needed for the axial progenitors throughout body
axis elongation (reviewed in van Rooijen et al. (2012)). On grafting mutant axial
progenitors (Cdx2+/-; Cdx4-/-) to the NSB of a wild type embryo, the posterior
truncation phenotype that these cells would generate was fully rescued, indicating
that these mutant progenitors are not inherently impaired and in the right signalling
environment are able to produce axial tissue (Bialecka et al., 2010). Mouse embryos
with triple mutations for the Cdx genes (Cdx1-/-; Cdx2-/-; Cdx4-/-) exhibit a complete
posterior truncation and an impaired signalling environment in the posterior growth
zone (van Rooijen et al., 2012). FGF signalling is lost in this region and the gradient of
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retinoic acid signalling between the forming somites (anterior region) and posterior stem
cell zone was never obtained. In the triple mutant embryos, there was no formation of
additional mesoderm tissues from the primitive streak at E8.5, indicating that the Cdx
genes affect the posterior development of the mouse embryo (van Rooijen et al., 2012).
In the work of van Rooijen et al. (2012), it was suggested that the phenotype of the
Cdx triple mutants might be partially attributed to their loss of FGF signalling from
the posterior growth zone.

In addition to Cdx genes, the Hox genes provide positional information and temporal
regulation to the emerging embryonic axial tissues (Young et al. (2009) and reviewed
in Deschamps and Duboule (2017)). The relation between Cdx and Hox genes in
axial growth can be deduced from an experiment in which the posterior truncation
phenotype of Cdx2+/-; Cdx4-/- mutants was partially rescued by transgenic expression
of trunk-level Hox genes. The rescued embryos form a short tail, whereas precocious
expression of paralog group 13 Hox genes arrest the posterior growth prematurely
(Young et al., 2009), indicating the role of Hox13 genes in timing the end of axial
elongation. Moreover, it was shown that trunk-level Hox genes and Cdx2 regulate the
posterior growth zone separately.

Overall, during trunk formation the posterior growth zone is maintained through
the action of Cdx and trunk-level Hox genes via positive feedback of Wnt signalling
(Young et al., 2009). During axial elongation, retinoic acid signalling increases in the
forming somites due to the upregulation of the RA-synthesising enzyme, Raldh2 (also
known as Aldh1a2 ) in the somites, which causes the differentiation of the tissues arising
from the posterior progenitors (Abu-Abed et al., 2001; Sakai et al., 2001). While the
growth zone moves relatively close to the source of the RA signal, it is crucial to keep it
clear from RA, via the upregulation of the RA-degrading enzyme, Cyp26a1 (Abu-Abed
et al., 2001; Young et al., 2009). In parallel, the expression of the paralog group 13 Hox
genes inhibits the positive feedback loop with Wnt signalling in this region, causing
its levels to decline (Young et al., 2009) and terminating axial elongation. Central
Hox genes together with Cdx genes, therefore coordinate the production of axial and
paraxial neural and mesodermal structures of the trunk.

1.2.6 The caudal region of the mouse embryo

In order to evaluate whether the NMP-like cells derived in culture correspond to the
NMPs in the embryo, there is a need to identify genetic and functional hallmarks
for the comparison. As a first step, the data available in the literature (Table 1.2)
was used to create a coarse-grained reference map of the CE at E8.5 (Fig. 1.6), as
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around E8.25-E8.5 is the first time that self-renewing NMPs can be identified and
tested functionally. These progenitors do not change much until the emergence of the
CNH at E9.5, and thus are a good reference for the study performed in this thesis.

The E8.5 caudal region of the mouse embryo is derived from the posterior epiblast of
the E7.5 embryo after proliferation and rearrangements and it is defined as a structure
posterior and lateral to the node (Fig. 1.6). This structure has a clear organization in
terms of gene expression and developmental potential (Steventon and Martinez Arias,
2017; Wymeersch et al., 2016) and a map of its gene expression landscape was used
to divide the CE into several domains, each with a specific gene expression signature,
as shown in Fig. 1.6 (see Table 1.2). Two very clear domains can be observed within
this region: an anterior to posterior gradient of Sox2 and Nkx1-2 expression and a
posterior to anterior gradient of T expression. As explained above, the CLE region
harbours the NMPs (Cambray and Wilson, 2007; Wymeersch et al., 2016) and, in
its most posterior region, the progenitors of the LPM, intermediate mesoderm (IM)
and the allantois, a mesodermal derivative that will give rise to fetal blood and the
umbilical cord. The CLE is identified as the region around and posterior-lateral to the
node by its gene expression signature as well as the genes expressed earlier at E7.0,
that are not expressed at E8.5 e.g. Cdh1, Oct4, Otx2 and Fgf5 (Table 1.2).

The gene expression patterns at E8.5 shown in Fig. 1.6 were collated from several
published sources; some examples of their expression can be found in the references
in Table 1.2 and in the Mouse Genome Informatics gene expression database of
(http://www.informatics.jax.org/). These references were also used to compile changes
in expression between E7.5 and E8.5/9.0 summarized in Table 1.2, which describes the
expression on the CE (E7.5) and the CLE (E8.5/9.0). Table 1.1, Table 1.2 and the
associated patterns of gene expression were used as a reference to compare the cells in
vivo with cells derived from the different in vitro differentiation protocols discussed in
chapters 4, 6 and 7.

http://www.informatics.jax.org/
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Fig. 1.6 Organization and gene expression patterns in the caudal region of
the mouse embryo at E7.5 and E8.5 a. Lateral view of the mouse embryo at E7.5
with the anterior side to the left. The illustration on the left-hand side indicates the
different tissue layers and structures of the embryo, and the one the right depicts the
gene expression pattern in those regions. b. Top mouse embryo at E7.5 and E8.5
ventral view; bottom E8.5: lateral (a) and medial (b) views. The caudal region of the
embryo is derived from the posterior epiblast of E7.5 (yellow) when the primitive streak
(pink) reaches the most distal region of the embryo and the node (purple) appears.
This region proliferates and undergoes several morphogenetic events which lead to the
organization visible at E8.5 and indicated in the figure. The sources for the outlines
shown here can be found in Table 1.2.
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Genes E7.5 E8.5/9.0 Comment

Sox2 ON ON
Henrique et al.
(2015); Wymeersch
et al. (2016)

T ON ON

Henrique et al.
(2015); Stuckey
et al. (2011);
Wymeersch et al.
(2016)

Cdh1 ON OFF

Basilicata et al.
(2016); Cano et al.
(2000); De Vries
et al. (2004); Red-
mer et al. (2011)

Eomes ON OFF
Stuckey et al.
(2011)

Fgf5 ON OFF
Hebert et al. (1991);
Khoa et al. (2016)

Fst1 ON OFF
Albano et al. (1994);
Cunningham et al.
(2016)

Mixl1 ON OFF*

*At E8.5 there is
some expression
at the tip of the
tail bud and in the
allantois (Dunty
et al., 2014; Robb
et al., 2000; Wolfe
and Downs, 2014)

Oct4 ON OFF Downs (2008)

Otx2 ON OFF
Acampora et al.
(2009); Cajal et al.
(2012)

Raldh2 ON OFF
Hochgreb et al.
(2003)



Introduction 45

Meox1 OFF OFF
Jukkola et al.
(2005)

Tbx2 OFF ON
Expressed in the
allantois (Chang
et al., 1999)

Tbx4 OFF ON

Expressed in the al-
lantois since E7.5
(Naiche et al., 2011;
Papaioannou, 2014)

Tbx6 ON ON

Chalamalasetty
et al. (2011, 2014);
Dunty et al. (2008);
Hadjantonakis et al.
(2008); Stuckey
et al. (2011); White
et al. (2003)

Cyp26a1 OFF ON
Sakai et al. (2001);
Sirbu et al. (2005)

Bmp4 ON ON
Lawson et al.
(1999); Zakin and
De Robertis (2004)

Cdx2 ON ON
Deschamps and van
Nes (2005)

Evx1 on on

Most of the ex-
pression is at the
posterior end of the
tail bud and in the
allantois (Cambray
and Wilson, 2007;
Schubert et al.,
1995)
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Fgf4 ON on

Expression moves
from the primitive
streak to a region of
the dorsal CE (Mar-
tin, 1981; Wright
et al., 2003)

Fgf8 ON ON

Cunningham et al.
(2015); Dunty et al.
(2008); Sirbu and
Duester (2006)

Hox1-4 ON ON

Mesp1 ON on*
*Mainly in the al-
lantois (Bondue and
Blanpain, 2010)

Nodal ON on* *In the node

Wnt3a ON ON

Cambray and Wil-
son (2007); Girós
et al. (2011); Parr
Brian A. et al.
(1993)

Wnt5a OFF ON
Yamaguchi et al.
(1999)

Nkx1-2 ON ON
Henrique et al.
(2015); Schubert
et al. (1995)

Table 1.2 Expression of key genes in the E7.5 CE and the E8.5/9.0 CLE. Gene
expression magnitude: ON > on > OFF (no expression).

1.3 Thesis overview

1.3.1 Hypothesis

The development of an embryo is a continues process of cell fate decisions, in which
the cells narrow their lineage potential as time proceeds, due to signals or other
environmental cues. In the recent decades mESCs have emerged as a great model to
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explore cell fate decisions. Using this model system, I have focused on two multipotent
models: the first long-term self-renewal of pluripotent cells in an artificial environment,
and the other, bipotent progenitors in the context of the mouse embryo. The first
multipotent model explores the effects of inhibiting the Gcn5 orthologue, HAT Kat2a,
on the ability of ESCs to exit pluripotency or self-renew. We hypothesised that Kat2a
in mammalian systems could play a role in regulating transcriptional heterogeneity
throughout the decision-making processes of pluripotent ESCs. The bipotent model
focused on establishing NMPs in vitro which resemble their mouse embryo counterpart.
By the end of gastrulation, the NMPs are found in the CLE of mammalian embryos,
hence we hypothesised that starting from EpiSCs could be a better source for producing
NMPs in vitro, which exhibit a similar gene expression profile and function like in vivo
NMPs.

1.3.2 Objective

Testing the hypotheses above resulted in number of questions that probe more deeply
these two multipotent models, namely:

• How does epigenetic mechanisms, specifically chromatin remodelling achieved by
inhibiting Kat2a, influence mESCs to exit pluripotency?

• Does Kat2a play a role in regulating transcriptional heterogeneity in mESCs?

• Is there a link between transcriptional heterogeneity and the cell state in the
lineage decision process?

• Does the initial state of PSCs impact their reaction to Kat2a inhibition and, in
the bipotent model, the profile of the obtained in vitro NMPs?

• Are any population of cells that coexpress Sox2 and T NMPs? Epiblast cells
also exhibit coexpression of Sox2 and T, however, they do not solely differentiate
to spinal cord and paraxial mesoderm progenitors, i.e.they are not NMPs.

• Can we derive a bipotent population in vitro that can be maintained in culture,
differentiate to spinal cord and paraxial mesoderm progenitors in vitro and in
transplant experiments?

• Is a three-dimensional cell construct, like the embryo structure, important to
establish the right conditions and support needed for generating limited self-
renewing NMPs in culture?
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1.3.3 Thesis structure

Following the literature review, presented in the current chapter, the experimental work
begins with presenting the Materials and Methods in chapter 2. This chapter explains
in detail the experimental design, the methodology, techniques and tools that were
applied throughout the work. The results chapters are spread between chapters 3 to 7,
whereas exploration of the pluripotent model is discussed in chapter 3 and the bipotent
model in chapters 4 to 7. Chapter 3 describes the effect of inhibiting Kat2a using
Butyrolactone 3, also named MB-3, on the ability of mESCs to self-renew via regulating
the gene expression heterogeneity of key genes. Chapter 4 explores some published
in vitro protocols to produce NMPs and their neural and mesodermal derivatives in
culture and compares them to new protocols derived from EpiSCs. In this chapter the
whole population, obtained from each protocol, are compared to each other and to
the mouse embryo epiblast at different stages, based on the expression of a defined
gene expression profile. Moreover, the functionality of the NMP-like cells was tested
via xenotransplantation into chicken embryos. Chapter 6 compares the whole genome
transcriptomic data for the different NMP protocols and E8.25 mouse embryo data at
the level of single cells. The comparison is done by building a support vectors machine
(SVM)model based on the embryo data to characterised the different in vitro NMP-like
cells. Chapter 5 explains the technical details of how the SVM was built based on
the embryo and simulated data, and how it was optimized. The last results chapter
(chapter 7) discusses the three-dimensional (3D) aggregates obtained from EpiSCs, as
a candidate 3D structure to cultivate NMPs in vitro and compare them to Gastruloids,
3D aggregates derived from mESCs that also contain cells that coexpres Sox2 and T.
Furthermore, using the SVM method that is detailed in chapter 5, the transcriptomic
data at single cell level from these two 3D in vitro populations were compared to the
mouse embryo and they were functionally tested via xenotransplantation into chicken
embryos.

Finally, all these findings are discussed together in chapter 8, where they are
critically evaluated and brought together to draw the main conclusions, important for
better understanding of how epigenetic factors modulate cell fate decisions and how
NMPs should be defined in culture. Lastly, chapter 8 explores the potential of this
work in a wider context for future research.



Chapter 2
Materials and Methods

2.1 Embryonic stem cell culture
The wild type mESCs used throughout my PhD work were the E14tg2a cell line.

2.1.1 Culturing media of mESCs

Mouse embryonic stem cells were routinely grown in sterile flasks pre-coated with
0.1% gelatine (Sigma-Aldrich, G1890-100G) in PBS (with Calcium and Magnesium,
Sigma-Aldrich, D8662) in pluripotency medium referred as serum and LIF. Cells were
maintained at 37oC in 5% CO2. Medium was changed daily and cells were passaged
with Trypsin (LifeTech) approximately every two days as necessary, up to total number
of 30 passages.

Serum and LIF (SL)
GMEM (Gibco, UK) supplemented with 10% batch tested FBS (BioSera), 1µm

β-mercaptoehanol (LifeTech), 5µm GlutaMax (LifeTech), 0.1mM Non-essential amino
acids (LifeTech), 1mM Sodium pyruvate (LifeTech) and 500µL of LIF (Stem Cell
Institute Cambridge).
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2i
Basal differentiation medium NDiff®227 (Takara), hereby referred to as N2B27,

supplemented with 1µM of the MAPK inhibitor PDO3 (R&D) and 3µM of the GSK3
inhibitor Chir99021 (R&D, referred as Chiron). Cells grown in 2i medium are in a
stringent pluripotency environment and considered as ground-state cells (Ying et al.,
2008).

2.1.2 Cell lines

TNGA cell line

E14tg2a mESCs with targeted Nanog-green fluorescent protein (GFP), is a reporter
cell line that was used in the work detailed in chapter 3. This cell line was described
in detailed previously (Chambers et al., 2007). TNGA cells contain a GFP reporter
that is fused to a puromycin resistance, which is inserted into the Nanog locus, with
one Nanog gene left intact.

Nodal null cells

Cells mutant for Nodal (Nodal-/-) were provided by J. Collignon and were derived
from the 413.d mutant mouse line (Conlon et al., 1991). The use of this cell line is
described in chapter 4.

Bra::GFP cells

mESCs (E14.1, 129/Ola) with GFP targeted to the mesodermal gene, T/Brachyury is
a reporter cell line that was used in the work detailed in chapters 6 and 7. This cell
line was described in detailed previously (Fehling et al., 2003).

Nodal::YFP cells

mESCs transgenic lines where the expression of a nuclear version of Venus-yellow
fluorescent protein (YFP) is placed under the control of HBE-NIS, that is the 3 kb
of genomic sequence directly upstream of the Nodal ORF (Papanayotou et al., 2014).
This cell line was used in the work detailed in chapter 6.

Sox17::GFP Ubiquitin::Tomato cells

mESCs with GFP targeted to the Sox17 gene were further labeled by transduction
with a lentivirus carrying the coding sequence for red fluorescent Tomato protein



Materials and Methods 51

(RFP) under control of the widely expressed Ubiquitin promoter. This reporter cell
line was used in the work detailed in chapter 6. This cell line was described in detailed
previously (Niakan et al., 2010).

2.1.3 Differentiation protocols

ES-NMP

Cells were plated at a density of 4.44 × 103 cells/cm2 in a 0.1% gelatine coated flask
with a base medium of N2B27 (NDiff®227, Takara Bio) for 2 days. After 48hr N2B27
is supplemented with 3µM of CHIR99021 (Chiron 10mM, Tocris Biosciences) for an
additional 24hr, which are in total 72hr.

ES- meso and ES-neuro

ES-NMP cells were detached from the culture flask using Accutase (BioLegend 0.5mM)
and divided into 2 flasks coated with 0.5% Plasma Fibronectin (FCOLO, 1mg/ml,
Temecula) in PBS (with Calcium and Magnesium) at a density of 7.5 × 103 cells/cm2.
To get ES-neuro, the cells were grown for 2 days in N2B27 and for ES-meso the cells
were grown in N2B27 supplemented with 20ng/ml FGF2 (R&D systems, 50µg/ml)
and 3µM Chiron.

ES-NMPF, ES-neuroF, ES-mesoF (Gouti et al., 2014)

Cells were plated at a density of 5 × 103 cells/cm2 in a 0.1% gelatine coated CellBIND-
Surface dish (Corning) with a base medium of N2B27 supplemented with 10 ng/ml
FGF2. After 48hr N2B27 is supplemented with 10 ng/ml FGF2 and 5µM Chiron
for additional 24hr, which are in total 72hr. To induce neural spinal cord identity
(ES-neuroF) or mesodermal identity (ES-mesoF) day 3 – day 5 was followed by either
N2B27 supplemented with 100nM RA (Sigma) or by N2B27 supplemented with 5µM
Chiron respectively.

Epi-CE, previously named Epi-NMP

Cells were grown in tissue-culture plastic flasks coated with 0.5% Plasma Fibronectin
filled with N2B27 supplemented with 12ng/ml FGF2 and 25ng/ml Activin A (Stem
Cells Institute 100µg/ml), this known as Epi-media, with or without 20µM XAV939
(XAV Tocris Biosciences, 10mM) for at least 4 passages. These cells are known as
EpiSCs (or EpiXAV when the β-catenin inhibitor XAV is used). These cells were tested
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as EpiSC by seeding them in a colony assay density (67 cells/cm2) in 2i, resulting in
no cell growth, ensuring that the cells are no longer in the naïve pluripotent state and
they moved on to the primed pluripotent state (data not shown).

EpiSCs (with or without XAV) were plated at a density of 5 × 104 cells/cm2 in a
0.5% Fibronectin pre-coated flask with Epi-media for the first day. Day 2 is followed
by increasing the concentration of FGF2 to 20ng/ml in the base medium of N2B27
and removing Activin A or XAV if originally used. On day 3, N2B27 is supplemented
with 3µM Chiron which is added to the 20ng/ml FGF2. After 72hr those cells known
as the Epi-CE (previously named Epi-NMP or EpiXAV-NMP if XAV was used in the
Epi-media in chapter 4). This protocol is a variation of one that has been used to
derive NMP-like cells from human ESCs (Lippmann et al., 2015).

Epi-NMP (previously named Epi-meso) and Epi-neuro

Epi-CE (without XAV) cells were detached from the culture flask using Accutase and
divided into 2 flasks coated with 0.5% Plasma Fibronectin at a density of 5 × 104

cells/cm2. To get Epi-neuro the cells were grown for 2 days in N2B27 and for Epi-NMP
(named Epi-meso in chapter 4) the cells were grown in N2B27 supplemented with
20ng/ml FGF2 and 3µM Chiron.

Epi-meso differentiation

Epi-NMP (previously known as Epi-meso) cells were detached from the culture flask
using Accutase and plated back to a 0.5% Plasma Fibronectin coated flask at a density
of 5 × 104 cells/cm2 for 2 days in N2B27 supplemented with 20ng/ml FGF2 and 3µM
Chiron. The first passage from Epi-NMP (previously known as Epi-meso) is named
Epi-meso2 (EM2), the second passage is named Epi-meso3 (EM3) and so forth.

BMP, FGF and Wnt signalling

Epi-mesoFCD

Epi-CE (without XAV) cells were detached from the culture flask using Accutase and
plated back to a 0.5% Plasma Fibronectin coated flask at a density of 5 × 104 cells/cm2

for 2 days in N2B27 supplemented with 20ng/ml FGF2, 3µM Chiron and 500nM
dorsomorphin-H1 (DMH-1 5mM, Tocris Biosciences) which is a BMP inhibitor.
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EM2-FCD

Epi-NMP (previously known as Epi-meso) cells were detached from the culture flask
using Accutase and plated back to a 0.5% Plasma Fibronectin coated flask at a density
of 5 × 104 cells/cm2 for 2 days in N2B27 supplemented with 20ng/ml FGF2, 3µM
Chiron and 500nM DMH-1.

EM2-FCB

Epi-NMP (previously known as Epi-meso) cells were detached from the culture flask
using Accutase and plated back to a 0.5% Plasma Fibronectin coated flask at a density
of 5 × 104 cells/cm2 for 2 days in N2B27 supplemented with 20ng/ml FGF2, 3µM
Chiron and 1ng/ml BMP4 (R&D Systems, 100µg/ml).

EM2-Chiron

Epi-NMP (previously known as Epi-meso) cells were detached from the culture flask
using Accutase and plated back to a 0.5% Plasma Fibronectin coated flask at a density
of 5 × 104 cells/cm2 for 2 days in N2B27 supplemented with 3µM Chiron alone.

EM2-FP

Epi-NMP (previously known as Epi-meso) cells were detached from the culture flask
using Accutase and plated back to a 0.5% Plasma Fibronectin coated flask at a density
of 5 × 104 cells/cm2 for 2 days in N2B27 supplemented with 20ng/ml FGF2 and 1µM
IWP-2 (PIN 5mM, STEMGENT) which is a Wnt pathway inhibitor.

Differentiation Nodal null cells

The Nodal null cells were grown on a 0.5% Plasma Fibronectin coated culture flask
with Epi-media: N2B27 supplemented with 12ng/ml FGF2 and 25ng/ml Activin A for
at least 4 passages. The Nodal null EpiSCs were plated at 5 × 104 cells/cm2 density in
a 0.5% Plasma Fibronectin pre-coated flask with Epi-media for the first day. Day 2
is followed by increasing the concentration of FGF2 to 20ng/ml, in the base medium
of N2B27, and removing the Activin A. On day 3, N2B27 is supplemented with 3µM
Chiron which is added to the 20ng/ml FGF2. After 72hr those cells known as the
Nodal-/- Epi-NMP (later Epi-NMP was named Epi-CE). In order to examine the role
of Nodal in establishing the NMPs, the Nodal mutant Epi-NMPs were supplemented
with 2 different doses of Nodal in the culturing medium on the 3rd day: 20ng/ml FGF2,
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3µM Chiron and either 100ng/ml of Nodal (R&D systems, sample name: Nodal-/- Epi-
NMP+0.1xNodal) or 1µg/ml of Nodal (sample name: Nodal-/- Epi-NMP+1xNodal)
in the base medium of N2B27.

The experiment with the Nodal null cells, which is described in chapter 4, was done
by Dr. Penelope Hayward.

Gastruloids

300-350 Bra::GFP cells were plated in each well of a U-bottom 96-well plate in 40µL
N2B27. After 48hr 150µL of N2B27 supplemented with 3µM of Chiron is added to
each well for additional 24hr, which are in total 72hr. From 72hr till 120hr the medium
in each well was replaced regularly every 24hr in 150µL of N2B27. Gastruloids-T are
110hr Gastruloids that were dissociated to single cells and sorted for positive GFP
cells only.

Epi-gastruloids

Epi-CE (originated from E14Tg2a EpiSCs) cells were detached from the culture flask
using Accutase and 350 cells of Epi-CE were plated in each well of a U-bottom 96-well
plate in 40µL N2B27 supplemented with 20ng/ml FGF2 and 3µM Chiron. After 48hr
150µL of N2B27 supplemented with 20ng/ml FGF2 and 3µM Chiron is added to each
well which is changed regularly every 24hr in fresh 150µL N2B27 supplemented with
20ng/ml FGF2 and 3µM Chiron till the end of the treatment.

Epi-g2 and Epi-CE descendants’ aggregates

Epi-CE cells were detached from the culture flask using Accutase and plated back
to a 0.5% Plasma Fibronectin coated flask at a density of 5 × 104 cells/cm2 for 2
days in N2B27 supplemented with 20ng/ml FGF2 and 3µM Chiron. The first passage
from Epi-CE is named Epi-NMP, the second passage is named Epi-meso2 and so forth
(subsection 2.1.3 Epi-meso differentiation). From each passage the same aggregation
protocol of Epi-gastruloids (subsection 2.1.3 Epi-gastruloids) was conducted to produce
Epi-g2, Epi-g2, Epi-g3 and so forth.

2.2 Small molecule inhibition of Kat2a
The small molecule inhibitor MB-3, also known as α-methylene-γ-Butyrolactone 3, was
shown to specifically and efficiently inhibit KAT2A function by competitive binding to
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the histone recognition site in an in vitro HAT assay using recombinant KAT2A and
commercially available histones (Biel et al., 2004). This observation together with the
PhD work of Dr. Naomi Moris (Moris, 2016), suggest that MB-3 also inhibit KAT2A
protein in the context of mESCs.

The control treatment of MB-3 drug is its solvent Dimethyl sulfoxide (DMSO,
D2438 SIGMA-ALDRICH). In all the experiments, it was added in equivalent volume
to that of MB-3 (ab141255 abcam).

2.3 Wash-off reversibility assay
To investigate the reversibility of the inhibitory influence of Kat2a on Nanog-GFP
expression level, TNGA cells were cultured for either 1 day or 2 days in the following
media: SL + DMSO, SL + 50µM MB-3, SL + 100µM MB-3 and serum-free condition
(N2B27). Afterwards the cells were washed with PBS and cultured in SL for 3 more days.
The Nanog-GFP fluorescent levels were measured daily using flow cytometry analyser
just before changing conditions and after the wash for the remaining experiment time
course. This assay was design by Dr. Naomi Moris as part of her PhD thesis (Moris,
2016). As part of my doctorate work, I repeated the reversibility assay and analysed
the behaviour of the TNGA cells in the different treatments.

2.4 Defining Nanog transcriptional states
The distribution of the Nanog-GFP fluorescence was quantified by flow cytometry
immediately after exposing TNGA cells to 1 or 2 days of either serum and LIF medium
supplemented with MB-3/ DMSO or N2B27, and on daily basis for 3 days after the
cells were washed from the treatment and had been re-plated into SL conditions. The
fluorescence distributions of TNGA cells of the different treatments and over the various
time-points (32 conditions in all) were randomly sampled to select 2,290 cells from
each condition. These cells were combined to an ensemble virtual hybrid histogram,
which a Guassian Mixture Models (GMM) were fitted to it. The selection procedure
was repeated 1,000 times, ensuring there was no bias in sampling the cells from the
different conditions. To this virtual hybrid distribution, between 1 and 4 components
of Gaussians mixture distributions were fitted using the MATLAB function fitgmdist
(McLachlan and Peel (2000) and Fig. 2.1). The selection of the best fitting was based
on the Akaike information criterion (AIC), which represents the negative log likelihood
of the fitting and considers the number of components of the model as a penalty (the
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smallest the AIC the better the fit is). Following the AIC, the number of components
that best fit the hybrid distribution is 3 or 4 (Fig. 2.1). There is almost no difference
between the AIC values of 3 and 4 components models. Aligning with the biological
understanding of the TNGA cell line that the GFP fluorescence profile is composed
from three subpopulations of a stochastic dynamical system that represent three steady
states: High-Nanog (HN), Mid-Nanog (MN) and Low-Nanog (LN) (Luo et al., 2012),
the 3 Gaussians were found to best fit the dataset.

Fig. 2.1 TNGA cells exhibit 3 transcriptional states. 2,290 cells from each of
the 32 conditions were randomly sampled to create a virtual hybrid histogram of the
different Nanog transcription states. To this histogram a Gaussians mixture models
(GMM) of 1 to 4 components were fitted. The Akaike information criterion (AIC) value
of the models can be found in each plot. The Y-axis represents the probability density
function (PDF) and X-axis in log10 scale represents the Nanog-GFP fluorescence
intensity in arbitrary units (a.u).



Materials and Methods 57

2.5 Flow cytometry (FC) of TNGA cells
Cells were analysed using a Fortessa flow cytometry analyser. The fluorescence intensity
for a single cell was measured using the flow cytometer at 4 time points: 1. After 1 or
2 days that the cells were cultured in different media (SL supplemented with either
DMSO, 50µM MB-3 or 100µM MB-3 and N2B27). 2. After the cells were washed off
from the treatment and cultured in SL, the Nanog-GFP was measured in every day for
the next 3 days. The distributions of the Nanog-GFP fluorescence for every condition
and every day are shown in Fig. 2.2.

2.6 Clustering the cells in each condition to the
three Nanog subpopulations

The clustering method was based on a soft clustering approach: each cell has a given
allocation probability to any of the three Gaussians (referred to as Low, Mid and High
Nanog populations) according to the probability density function (PDF) of each of
the three components (N(µ1, σ2

1), N(µ2, σ2
2), N(µ3, σ2

3), where µ and σ2 donate to the
mean and variance respectively of a normal distribution) and their proportion. The
cell’s PDF of each component is multiplied by the component proportion, creating 3
weighted PDFs for each cell, normalized by the sum of the 3 PDFs to get probabilities
of assigning the cell to the 3 states. This exercise was repeated 100 times to get an
average proportion of cells in each population, alongside confidence interval estimates
of the standard deviation (Fig. 3.1d-e).

2.7 Modelling the transition kinetics between the
three Nanog states

A simple model of cells changing their Nanog state amongst HN, MN and LN states
was fitted to the clustering output using the following three differential equations:

HN k1
k2

MN k3
k4

LN

dHN

dt
= k2[MN ] − k1[HN ] (2.1)

dMN

dt
= k1[HN ] + k4[LN ] − (k2 + k3)[MN ] (2.2)
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Fig. 2.2 The reversibility of TNGA cells after dose and duration dependent
treatments in relation to the 3 Guassians Mixture Model obtained from
the cells. Kernel density estimations of the distribution of each condition in each
time point versus the 3 Gaussians mixture model for a. 1 day and b. 2 days treatment
of DMSO, 50µM MB-3, 100µM MB-3 and N2B27. In each plot the black line is the
kernel estimation of the 3 GMM and the colourful lines are the kernel estimations of
the Nanog-GFP expression distribution in each day: blue - day 1, which is before the
cells were washed from the different treatment, red -day 2, yellow – day 3 and purple –
day 4, which represent the expression distributions over the 3 following days, after the
cells were plated in SL. The Y-axis represents the probability density function (PDF)
and X-axis in log10 scale represents the Nanog-GFP fluorescence intensity in arbitrary
units (a.u).
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dLN

dt
= k3[MN ] − k4[LN ] (2.3)

k1, k2, k3 and k4 in eqs. (2.1) to (2.3) are rate constants with dimension of day−1,
representing cell movement forward and backward from HN to MN and MN to LN
respectively. Estimation of the rate constants was done in an iterative unconstrained
nonlinear optimization using the Nelder-Mead simplex algorithm as described in
(Lagarias et al., 1998). Briefly, this algorithm, which start with initial guesses of the
rate constants, finds the minimum of the desired function, in this case the sum of
squares (SS) was minimized as described in eq. (2.4).

SS =
4∑

i=1

3∑
j=1

(Yij − Ŷij

Yij

)2 (2.4)

Where Yij represents the fraction of cells belonging to group j (1 for HN, 2 for MN
and 3 for LN) on day i (i=1,2,3,4) and Ŷij represents the model output of cells fraction
in state j on day i. The SS for each condition are summarized in Table 2.1.

DMSO 50µM MB-3
1DT 2DT 1DT 2DT

SS 0.0647 0.0436 0.0331 0.0267

100µM MB-3 N2B27
1DT 2DT 1DT 2DT

SS 0.0396 0.0135 0.0548 0.0202
Table 2.1 The sum of squares of the model predictions of cells proportion amongst
HN, MN and LN and the clustering results for the three states, as calculated according
to eq. (2.4).

2.8 Single molecule fluorescence in-situ hybridiza-
tion (sm-FISH)

Single molecule RNA FISH was carried out as described previously (Nair et al., 2015).
Cells were dissociated using Accutase, washed in PBS, fixed in 37% formaldehyde
at room temperature, permeabilized and stored in 70% ethanol at 4oC. All washes
and hybridizations were carried out in suspension. Wash buffers included 0.1% Triton
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X-100 to minimize losses due to sticking on the tube walls. Samples were mounted
between a slide and #1 cover glass, in the glucose-oxidase-based 2×SSC anti-fade buffer.
The probes for the genes (Appendix A Table A.1) were designed using StellarisTM
website and bought via StellarisTM FISH probes (Biosearch Technologies) (Raj et al.,
2008). Additional information about how the probes were designed, prepared and
used can be found in (Raj et al., 2008). Cells were imaged within 24 to 48 hours on a
Nikon Ti-E wide field microscope, using a 60X oil-immersion objective and a cooled
camera (Orca flash 4.0, Hamamatsu). The cells in the images were segmented manually
and the spot-detection was done semi-automatically using a MATLAB graphic user
interface (GUI ) developed by Marshall J. Levesque and Arjun Raj at the University
of Pennsylvania or with protocols I have written in ICY (De Chaumont et al., 2012).

2.9 The Kullback–Leibler divergence
A measure that indicates how the probability distribution diverges from the expected
probability distribution. A Kullback–Leibler divergence of 0 designates that we can
expect similar, if not the same, behaviour of the two distributions. For discrete
probabilities, where P and Q represent the probability distribution of a gene in cells
that were exposed to MB-3 and DMSO respectively, the Kullback–Leibler divergence
is defined by eq. (2.5):

DKL(P ||Q) =
∑

i

Pilog
Pi

Qi

(2.5)

The MB-3 and DMSO mRNA levels profiles were binned to obtain the same size of
probability vector P and Q, where their elements, Pi and Qi, denote for the probability
to find cells expressing a given small range of transcripts levels (discrete probability
distributions).

The relative entropy (red line in Fig. 3.4c) of Nanog distributions from the same
cell population was calculated for the 3 technical replicas measuring Nanog transcripts
at the single cell level for each treatment and medium, which resulted in 12 values of
relative entropy of replicas. The technical relative entropy was defined as the maximum
value calculated from Nanog’s distribution replicas. This value set a threshold above
which a detectable biological change in the gene expression distribution is caused by
adding MB-3 to the cells culture medium.
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2.10 Fitting rates parameters to the physical model
of gene expression in accordance to the distri-
butions obtained by sm-FISH

Determining the kinetic parameters: Kon

KD

, Koff

KD

and KT

KD

(Fig. 2.3), was done by
fitting the probability distribution to the steady state solution of the master equations
(Equation 3.5) and by using the equation that exhibits the relation between the
distribution mean (m̄) and the three kinetic parameters, as was described previously
(Peccoud and Ycart, 1995):

m̄ = Kon

Kon + Koff

KT

KD

=>
KT

KD

= m̄
Kon + Koff

Kon

(2.6)

The fitting was done using a maximum likelihood algorithm in an iterative process
following the steps below :

1. Giving initial guesses for Kon

KD

, Koff

KD

and a value for a standard deviation that
will be needed next.

2. Calculating KT

KD

via eq. (2.6).

3. Calculating the probability for each number of mRNA based on eq. (3.4).

4. Calculating the negative log-likelihood as the negative sum of the log of normal
probability distribution function (PDF), where the measured values (the proba-
bility to see m numbers of mRNA based on the experimental distribution) are
normally distributed around the iterative calculated probability values (the mean)
with an iterative value of the standard deviation (which was initially guessed in
step 1).

5. Repeat step 1-4 until the negative log-likelihood is minimized using the Nelder-
Mead simplex algorithm as described in Lagarias et al. (1998).

To ensure the robustness of the kinetic rates fitting, the above procedure was repeated
100 times for the experimental probability distribution of the gene expression measured
by randomly sampling 75% of the total number of cells.



62 Materials and Methods

Fig. 2.3 Finding the kinetic rates of the gene expression physical model.
Each plot depicts the histogram of the gene (blue bars) in comparison with the solution
of eq. (3.4) using the fitted rates parameters (red line). Here the entire cell population
obtained in the sm-FISH experiment was used to build the distributions and to calculate
the rate parameters (not the sampling distribution). The fitted parameters Kon

KD

, Koff

KD

and KT

KD

, for each gene and culture condition appear as in inset in every plot. Kon

KD

and Koff

KD

are dimensionless and KT

KD

is in units of number of mRNA molecules.
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2.11 Estimation of the intrinsic noise strength in
gene expression

In the work of Raser and O’Shea (2004) on the control of stochasticity in yeast gene
expression, they formulated the term for the intrinsic noise strength based on the
general stochastic model of gene activation and expression, as shown in Fig. 2.4a, in
which the noise strength is in units of protein molecules.

In their work, they explored how varying the kinetic constants in the model changes
the steady state gene expression mean and affects the intrinsic noise strength for 3
cases (Fig. 2.4b). The behaviour of none of the genes investigated in this work, followed
case 3 when Kon and Koff are both much larger than KT , and the assignments of
the genes in the different conditions to the first 2 cases (Fig. 2.4c) was done as the
following:

1. If 0.5 <
Koff

Kon

< 5 and if KT

Koff

>= 5 or KT

Kon

>= 5 the gene would be assigned
to case 1.

2. If Koff

Kon

>= 5 and KT

Koff

>= 1 the gene would be assigned to case 2.

The sampling procedure resulted, for each gene in every condition, in 100 sets of rate
constants (section 2.10), allowing the exploration of the cases for each sampling repeat.
The cases assignment shown in Fig. 2.4c is the outcome of the predominant case for a
gene.

In this work following the experimental design, I could only calculate the rates of
the promoter activation changes and the transcription rate but not the rates related to
the translation process, hence the translational efficiency, Em−>P (Fig. 2.4a), could
not be calculated. Therefore, following the formulation of the intrinsic noise strength,
it could only be partially estimated based on the gene activation term, hence in units
of number of mRNA molecules and not proteins for the full formulation, emphasizing
its contribution to the intrinsic noise strength (Fig. 2.4b).

2.12 K-means clustering
The cells which their mRNA levels of 3 genes were measured by sm-FISH (3 genes
in each hybridization), were binned to equal intervals of 10 Nanog mRNA molecules
between 0 and 910 molecules. The number of mRNAs for the 2 genes and Nanog were
averaged across the cells that were assigned to each bin/interval based on their number
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Fig. 2.4 The estimation of the intrinsic noise strength. a. The general stochas-
tic model of gene activation and expression. The promoter of a gene can be either in
an active state or inactive state. Switching between these two states occurs at the rate
of Koff and Kon respectively. In the active state a gene is transcribed to an mRNA at
the rate of KT and the transcript decays at the rate of KD. The mRNA is translated
to a protein at the rate of KP and the protein degrades at the rate of KDP . ∅ indicates
the null product of degradation. Under the assumption that the protein production
from mRNA display Poissonian statistics and that protein degradation is infrequent
compared to all other reactions in the model, the simplified steady state intrinsic noise
equation obtained for this model composed from three terms (Raser and O’Shea, 2004):
1. Translation, in which 1AU stands for fluorescent arbitrary units that corresponds
to some unknown number of protein molecules. 2. Transcription, which includes the
translational efficiency (Em−>P , equal to KP

KD

) that is defined as the average number
of proteins produced per mRNA. 3. Gene activation which includes the translational
efficiency and the steady state population mean of the active promoter in terms of the
kinetic constants of promoter activation and deactivation.
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b. Three cases, involving the promoter activation/deactivation and the transcription
rates, effect the evaluation of intrinsic noise strength: Case 1 – when both Kon and Koff

are similar in magnitude and much smaller than KT , the third term is the dominant
one relative to the other terms and is highly dependent on Kon. Case 2 – when Kon is
much smaller than Koff and Koff is approximately equal or less than KT , the third
term depends only on KT

Koff

and not on Kon. Case 3 – when Kon and Koff are both
much larger than KT , the contribution of the third term is negligible compared to the
other two. c. The assignment of each gene in each condition (MB-3 in grey and DMSO
in green) accordingly to their evaluated rate constants, to the cases of the intrinsic
noise strength estimation.

of Nanog mRNA molecules. The binning procedure resulted in the expression data
of virtual cells (the bins), where each virtual cell includes the expression of 7 genes:
Nanog, Sox2, Cdh1, Oct4, Dnmt3b, Tcf3 and Rex1. The virtual cells were clustered
using the K-means algorithm as implemented in MATLAB. Briefly, it is an iterative
algorithm which starts with randomly choosing k starting points as initial means and
the observation points are assigned to their nearest cluster centroid (the cluster’s mean
that has the least squared Euclidean distance from the observation points), followed
by recalculation of the clusters’ means to be centroids and reassignment of the points
accordingly to the updated means. The algorithm has converged when the assignments
no longer change and the total sum of distances converges to a local minimum.

2.13 Quantitative RT-PCR (qRT-PCR)
Total RNA was isolated from cells using Trizol. First strand cDNA synthesis was
performed with Superscript III system (Invitrogen) and the quantification of double-
stranded DNA obtained with gene specific designed primers using QuantiFast SYBR
Green PCR Master Mix (Qiagen) and the standard cycler program (Qiagen RotorGene
Q). The qPCR was done in technical triplicates. The primers that were used are
available in Appendix A Table A.3. All experiments were performed in biological
duplicates or triplicates. Expression values were normalized against the housekeeping
gene Ppia. To compare different qRT-PCR experiments, each run of the qPCR included
one common condition, in our case it was the Epi-meso. Each condition in every run
was normalized to Epi-meso and averaged across biological replicas. The steps to
calculate the normalized gene expression values are as follows:

1. Identify the Ct (threshold cycle) for each gene (technical triplicates) and calculate
the expression values (2−Ct).
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2. Calculate the average and the standard deviation (std) for each gene from the
triplicate expression values.

3. Divide the average and the std of each gene by the expression value of Ppia.

4. The normalized gene expression values in condition x are divided by the nor-
malized gene expression values in the common condition in every qRT-PCR
experiment (Epi-NMP, previously known as Epi-meso in chapter 4) as the follow-
ing:

F = x

y
, where x denotes the expression of a gene at any condition and y denotes

the expression of the same gene at Epi-NMP condition. Both x and y have an
error, the std that is calculated in step 3: Dx and Dy, hence the total error is:

DF =

√√√√(dF

dx
Dx

)2

+
(

dF

dy
Dy

)2

=

√√√√(1
y

Dx

)2

+
(

−x

y2 Dy

)2

(2.7)

5. Average the biological replicas: F1 and F2 are biological replicas of the same
gene in the same condition and their expression was normalized as above. The
average of the normalized expression and the error is calculated as the standard
error:

F̄ = 1
N

N∑
i

Fi (2.8)

SE(F ) = 1√
N(N − 1)

√√√√ N∑
i

(Fi − F̄ )2 (2.9)

where N is the number of biological replicas (between 2 and 3).

6. Standardize the normalized expression values of a gene to Z-score values across
conditions was done according the equation below:

z = F̄ − µ

σ
(2.10)

Where µ and σ denote the average and the standard deviation of the normalized
expression of a gene across all the conditions examined in this work respectively
(the average and standard deviation of for a specific gene across all the conditions).
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2.14 NMP and Epiblast indices

Neural Genes Mesodermal genes Epiblast genes
Sox1, Pax6, Hes5,

Sox2
Bmp4, Evx1, Gata6,

Meox1, Mesp1, Mixl1,
Raldh2, Tbx2, Tbx6,
Msx1, Msx1, Pax2,

Osr1, Snai1, T

Cdh1, Fgf5, Oct4,
Otx2, Cdx2, Fgf8,

Nodal, Wnt3a,
Cyp26a1, Nkx1-2,

Hoxc6, Cdh2,
Foxa2

Table 2.2 The neural, mesodermal and epiblast potentials were calculated based on
the gene expression in each category

The NMP index, described in chapter 4, was calculated as the following: in all
the conditions (17 in total) the average expression Z-score values of the neural genes
and the mesodermal genes (noted in Table 2.2) was obtained and scaled between 0 –
1 across the 17 conditions. This resulted in 2 values for each condition: the neural
potential and the mesodermal potential. The epiblast index, described in chapter 4
was calculated in a similar manner: the average of the Z-score expression values of the
epiblast genes was calculated versus the differentiation genes (neural and mesodermal,
listed in Table 2.2) and scaled between 0 – 1 across the 17 conditions, resulting in an
epiblast potential and a differentiation potential for each condition.

2.15 Principal Component Analysis
PCA involves the assignment of data, in our case gene expression, to new coordinates
named principal components or PCs. The variance of observed coordinates in each
PC occurs in a decreasing order, observations (the samples) projected on PC1 have a
greater variance than the same observations projected on PC2 and so on. The PCs
were calculated according to the Z-score expression values of the 27 genes measured
(chapter 4 see Figure 4.6b) at different stages of mouse embryo epiblast/ectoderm and
in the 3 in vitro protocols and their neural and mesodermal differentiation: ES-NMP,
ES-NMPF and Epi-CE (previously known as Epi-NMP).
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2.16 Cosine similarity
cosine similarity is used in chapter 4 as a measure of similarity between Z-score
expression values of a list of genes in one condition versus another condition (i.e.
Epi-NMP versus the mouse embryo epiblast stages (Kojima et al., 2014a) per the same
list of genes). The cosine similarity was calculated as the following:

similarity =
∑n

i=1 AiBi√∑n
i=1 A2

i

√∑n
i=1 B2

i

(2.11)

Where A and B represents the list of genes with their values of Z-score gene expression in
two conditions and Ai and Bi are the components of these two vectors. The similarity
was constrained to the positive space, where 0 indicates that the two vectors are
opposite and 1 indicates maximal similarity.

2.17 Confocal and immunostaining
Samples of the different cell cultures were grown in 4-well (Ibidi) plastic tissue-culture
dishes the different samples were grown. Samples were washed in BBS + CaCl2 (50mM
BES Sodium Salt, 280mM NaCl, 1.5mM Na2HPO4, 1mM CaCl2 adjusted to pH 6.96
with 1M HCl) and fixed for 15 minutes in 4% paraformaldehyde. Samples were washed
and permeabilised with BBT (BBS + CaCl2 supplemented with 0.5% BSA and 0.5%
Triton X-100) before overnight incubation with primary antibodies. The following
day, the samples were washed with BBT and then the samples were incubated for
2hr with the desired fluorescently-conjugated secondary antibodies. Prior to imaging,
samples were washed with BBS + CaCl2 and covered in a mounting medium (80%
spectrophotometric grade glycerol, 4% w/v n-propyl-gallatein in BBS + CaCl2).

The following primary antibodies were used: T (Brachyury) N19 (goat; Santa Cruz
Biotechnologies, sc17743, dilution 1:100), Oct3/4 (mouse; Santa Cruz Biotechnologies,
sc5279, dilution 1:100), Sox2 (rabbit; Millipore, AB5603, dilution 1:200), Otx2 (goat;
R&D AF1979 dilution 1:200), Cdh2 (mouse; BD Bioscience 610920 dilution 1:200) and
Cdh1 (rat; Takara M108, dilution 1:100). Secondary antibodies (Goat-A488, Rabbit-
A633, Mouse-A568, Rat-A633; Molecular Probes), were raised in donkey and used at a
1:500 dilution with Hoechst 33342 (H3570, dilution 1:1000; Invitrogen ThermoFisher).
Samples were imaged using an LSM700 on a Zeiss Axiovert 200 M with a 63× EC
Plan-NeoFluar 1.3 NA DIC oil-immersion objective. Hoechst, Alexa488, -568 and -633
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were sequentially excited with a 405, 488, 555 and 639nm diode lasers, respectively.
Data capture was carried out using Zen2010 v6 (Zeiss).

2.18 Chicken Embryo Culture
Fertilised chicken eggs were stored in a humidified 10oC incubator for up to one week
until required. Eggs were transferred to a humidified, rocking 37oC incubator for 24hr
prior to the preparation of embryo cultures, which was done according to a modified
version of New Culture (New, 1955). Embryo cultures were incubated at 37oC prior to
grafting and were fixed in 4% paraformaldehyde within 24hr.

Graft preparation and transplantation were done by Dr Peter Baillie-Johnson and
Dr Benjamin Steventon. Cell cultures were prepared as described above. Adherent cell
cultures were detached mechanically using a cell scraper in PBS (with calcium and
magnesium) to lift intact colonies with minimal sample dissociation. The tissues were
labelled by transferring them to a FBS-precoated FACS tube and were centrifuged at
170 x g for five minutes. The supernatant was discarded and the colonies washed by
gentle resuspension in PBS (with calcium and magnesium), before the centrifugation
step was repeated. The tissues were then resuspended gently in PBS (without calcium
and magnesium) for labelling with DiI (Thermo Fisher Scientific Vybrant®V22885,
1% v/v) for 25 minutes in the dark, on ice. The labelled tissues were centrifuged at
170 x g for five minutes and the pellet was gently resuspended in PBS (with calcium
and magnesium) for grafting. Labelled tissues were grafted into the region of the chick
caudal lateral epiblast as described in (Baillie-Johnson et al., 2018; Gouti et al., 2014),
using an eyebrow knife tool. Embryo cultures were imaged as single time points and
as time-lapses for 15-18hr after grafting.

2.19 Embryo Microscopy and Image Analysis
Widefield images were acquired with a Zeiss AxioObserver Z1 (Carl Zeiss, UK) using
a 5x objective in a humidified 37oC incubator, with the embryo cultures positioned
on the lid of a six-well plate. An LED white light illumination system (Laser2000,
Kettering, UK) and a Filter Set 45 filter cube (Carl Zeiss, UK) was used to visualise
red fluorescence. Emitted light was recorded using a back-illuminated iXon800 Ultra
EMCCD (Andor, UK) and the open source Micro-Manager software (Vale Lab, UCSF,
USA). The open source FIJI ImageJ platform (Schindelin et al., 2012) and the pairwise
stitching plugin (Preibisch et al., 2009) were used for image reconstruction and analysis.
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2.20 Single cells transcriptomic
10x Genomics single cell transcriptomic service was used to sequence the 6 different
samples described in chapters 6 and 7. 8,700 cells from each sample were loaded
into the 10x Chromium system. The preparation of the libraries and the Illumina
sequencing (HiSeq 4000) was done by Cambridge 10X genomics services. Cell Ranger
version 1.3.1 (10x Genomics) was used to process raw sequencing data and the Seurat
R package version 2.0 (Butler and Satija, 2017; Macosko et al., 2015) was used to read
the data from Cell Ranger to R and build the expression matrix. Gene expression
was quantified by unique molecular identifiers (UMI) counts. The final output was a
matrix of genes versus cells, utilized for further analysis.

Embryo data

I used the published transcriptomic single cell data from 3 mouse embryos (females
and males) at E8.25 (Ibarra-Soria et al., 2018) including their extra-embryonic tissues.
These embryos were dissociated to single cells and processed on a 10X microfluidic
chip. The resulting libraries were sequenced on an Illumina HiSeq 2500, containing a
total of 7,006 cells: 4,706 were male and 2,300 were female.

Single cell data clean up and quality control

Using Scater package in R (McCarthy et al., 2017), the expression matrix was cleaned
in the 4 following aspects: 1) UMI counts – following the histogram of the RNA UMI
total counts per cell, a threshold of above 8,000 UMI counts in a cell was set, ensuring
a sufficient sequencing depth for each cell; 2) detected genes – from the histogram of
total detected genes in a cell a threshold of above 2,500 unique genes in a cell was
set, ensuring the reads are distributed across the transcriptome; 3) mitochondrial gene
expression – following the plot of the per cent of mitochondrial gene counts in a cell
versus the total detected genes in a cell, a threshold of 20% was set, ensuring cells for
further analysis are not likely to be dead or stressed; 4) Gene filtering – undetectable
genes were filtered out by setting a threshold of having at least two cells containing
more than 1 UMI of a gene. After the clean up the number of cells and total genes are
presented in Table 2.3.

The UMI count normalization, which is necessary to make accurate comparison of
gene expression between samples, was done by first scaling the counts of each gene in
a cell to the total counts in that cell per million counts (known as counts per million,
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Sample Total cells Total genes
ES-NMP 3,133 14,822
Epi-CE 2,404 14,822

Epi-CE-T 2,135 14,822
Epi-NMP 1,108 14,822

Gastruloids-T 2,343 14,822
Epi-gastruloids 1,067 14,822
Embryo E8.25 4,183 14,822

Table 2.3 The number of cells in each sample and the total number of detected
genes after single cell data clean up. Epi-CE-T and Gastruloids-T were cultured from
Bra::GFP cell line at the same way as Epi-CE and Gastruloids were cultured (see
subsection 2.1.3) with the modification that after 72 and 110 hours respectively, the
cells were sorted for positive GFP cells only

CPM). Then the log2(CPM + 1) was calculated for each gene, this is the normalized
gene expression (the 1 was added to the CPM to keep zero counts as zero in the binary
logarithm scale).

2.21 Visualization of the single cell data using SPRING
SPRING (Weinreb et al., 2017) is composed of the following steps:

1. Filter cells with fewer 1000 UMIs.

2. Filter genes with average expression > 0.05 UMIs/cell.

3. Normalize gene expression that every cell has the same number of total reads.

4. Filter for genes with average expression > 0.1 and Fano factor > 3.

5. Z-score normalize expression and reduce dimensionality to a 20 dimensions PCA
space.

6. Compute distance matrix and output k-nearest-neighbour (knn) graph.

This visualization displays how cells are positioned in high-dimension with respect
to one another.
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2.22 Clustering the embryos cells
The dissection of CLE in silico from the whole mouse embryo, which is described in
chapter 6, was done by selecting cells that coexpress Sox2 and T ; cells that express
Sox2 and Nkx1-2 and do not express T and cells that express T and do not express
Sox2, Mix1l and Bmp4 (see chapter 6). Before clustering the embryo CLE cells, a
selection of genes was carried out to guide this action. The selection was made to focus
on the caudal region of the embryo and, importantly, to avoid biases towards clustering
results led by genes associated with different processes or regions; for example, the
embryo data is a mixture of male and female embryos and in this situation, Xist
expression leads to clusters of female and males (unpublished observation). The genes
that were selected for this analysis were a total of 1,402 genes reported by Koch et al.
(2017) in a study of the NMPs and the caudal region of the embryo. To this list further
genes were added due to their association with the CLE region of the E8.5 embryo
(see General introduction and chapter 4), reaching a total of 1,471 genes. From this
list, genes with zero mean expression were removed, yielding a total of 1,342 genes
for analysis (Table S2 in (Edri et al., 2018)). Clustering was performed with the Cell
Consensus Clustering (SC3) package in R (Kiselev et al., 2017) with the following
steps:.

1. Gene filter – filtering genes that are either expressed in less than 6% of the cells
(rare genes) or expressed in at least 94% of cells (ubiquitous genes).

2. Distance matrices calculations – distances between the cells are calculated using
the Euclidean, Pearson and Spearman matrices.

3. Transformations – All distance matrices are then transformed using either princi-
ple component analysis or by calculating the eigenvectors of the associated graph
Laplacian.

4. k-means – k-means clustering is performed on the first set of eigenvectors of the
transformed distance matrices. The number of clusters k is set by the user.

5. Consensus clustering – a binary similarity matrix is constructed for each individual
clustering result from the corresponding cell labels obtained in the previous step:
if two cells belong to the same cluster, their similarity is 1; otherwise the similarity
is 0. A consensus matrix is calculated by averaging all similarity matrices of the
individual clustering results. The resulting consensus matrix is clustered using
hierarchical clustering.
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The clustering of the embryos cells was done between k = 2 and k = 8. The
Consensus matrices for the different values of k are shown in Fig. 2.5. The averaged
Silhouette width for each clustering results is summarized in Table 2.4.

k = 2 k = 3 k = 4 k = 5 k = 6 k = 7 k = 8
Averaged
Silhouette

width

0.8 0.9 0.85 0.78 0.77 0.77 0.72

Table 2.4 The averaged Silhouette width of the consensus matrices obtained for
clusters ranging from k = 2 to k = 8

The silhouette is a quantitative measure representing the consensus matrix diago-
nally. An average silhouette width, which is calculated as the weighted average between
the silhouette values of each cluster, varies from 0 to 1 and the closer it is to 1 the
better the clustering is for that k value. From the consensus matrices in Fig. 2.5 and
from the averaged silhouette width in Table 2.4, the optimal number of clusters could
be k = 3 or k = 4. For k = 3, the 3 clusters are: a mixed cluster – containing cells
from all the 3 categories: NMP candidates, preNeuro and preMeso; the two others
are mainly composed of preMeso cells (Fig. 2.5). For k = 4 the clusters are: a mixed
cluster composed of all the three cell categories, 2 clusters which are mainly composed
of cells with a mesodermal identity, and a fourth which is mainly constructed from
neural oriented cells (Fig. 2.5). The decision to continue to downstream analysis with
k = 4 is due to the appearance of a clear neural cluster along with mesodermal clusters.
k = 4 ensures a representation for all the three cells’ categories: NMP candidates,
mesodermal and neural cells.

2.22.1 Marker genes

Using the SC3 package in R (Kiselev et al., 2017) 96 marker genes were identified
for the 4 obtained clusters (see Table S3 in (Edri et al., 2018)). Marker genes are
defined as genes that are highly expressed in only one of the clusters and can lead to
the segregation of one cluster from the rest. Finding the marker genes according to
the following steps as in Kiselev et al. (2017):

1. Constructing a binary classifier for each gene based on comparing the mean
expression values across the clusters.



74 Materials and Methods

Fig. 2.5 The averaged Silhouette width and the consensus matrices obtained
for the embryo CLE for number of clusters: a. k = 2; b. k = 3; c. k = 4 and d.
k = 5. Cells that were defined as NMP candidates, mesodermal progenitors (preMeso)
and neural progenitors (preNeuro) are marked in blue, green and pink respectively (see
chapter 6).
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2. Calculating the classifier prediction by comparing the gene expression ranks
across clusters.

3. Quantify the accuracy of the prediction by calculating for each gene the area
under the receiver operating characteristic (ROC) curve (true positive rate versus
false positive rate).

4. Calculating the p-value for each gene by using the Wilcoxon signed rank test:
comparing the gene ranks in the cluster with the highest mean expression with
all others.

5. Setting a threshold for the area under the ROC curve and the p-value to determine
the marker genes.

The genes with the area under the ROC curve > 0.65 and with the p-value < 0.01
are defined as marker genes. The top 10 marker genes of each cluster are visualized in
Fig. 6.7a and Fig. 7.6.

2.22.2 Mutual information between genes and classes

After identifying the 4 different clusters in the in silico CLE embryo data, the down-
stream analysis was constructed with the whole set of qualifying genes (14,822) rather
than with the genes restricted to CLE (1,342). This step was performed to avoid an
underrepresentation of genes that were not previously linked to the NMPs. However,
there is a need for dimensionality reduction to elucidate the data and to feasibly reduce
computer calculation time. Here, similar to the work of Vanitha et al. (2015), the
mutual information (MI) technique was used (Battiti, 1994) to select the informative
genes related to the 4 clusters. The steps of computing the MI between the clusters
(denoted as Y) and genes (denoted as X) are as follows:

1. Calculating the cluster entropy:

H(Y ) = −
∑

y=1:n
p(y) log2 (p (y)) (2.12)

Where p(y) is the probability of each cluster y = 1, 2, 3, ...n, and n is the number
of clusters. In chapters 6 and 7 n = 4 and the probability is computed based on
the distribution of the 4 clusters in the embryo data.

2. Discretization of gene expression values into ten bins and calculating the condi-
tional entropy H(Y |X) as follows:
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H(Y |X) =
∑

x

p(x)H(Y |X = x) (2.13)

Where p(x) is the probability of the discretize expression values of a gene across
the cell population and H(Y |X = x) is the clusters entropy given a specific gene
expression value, calculated following eq. (2.12).

3. Computing the MI between the clusters and each gene is according the equation:

MI(X; Y ) = H(Y ) − H(Y |X) (2.14)

4. Setting a threshold of the MI for all genes and selecting the informative genes
above this value (Fig. 6.7b and chapter 5) to train the SVM.

Number of
informative

genes

Correctly
classified

Misclassified Error rate

MI > 0.05 455 483 15 3%
MI > 0.1 158 482 16 3%

MI > 0.15 82 483 15 3%
MI > 0.2 51 477 21 4%
MI > 0.3 17 464 34 7%

Table 2.5 Performance of the SVM with setting different threshold of the MI value

Figure 6.7b shows the MI between the genes and the clusters: by setting a threshold
in which genes with MI above it determines which genes are selected as input features
for building the SVM (Fig. 6.7c). The gene selection step helps to remove many
irrelevant genes, which improves the classification accuracy. As can be seen in Table 2.5
setting a higher threshold to the MI value leads to lower number of informative genes
that are fed to the classifier and influence its performance. Using a MI threshold above
0.15, leads to 82 useful genes without damaging the classifier performance.

2.23 Multiclass Support vector machine (SVM)
In machine learning SVM is a supervised learning model used either for classification
or regression analysis, introduced in 1992 by Boser, Guyon and Vapnik (Boser et al.,
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1992). Given a labelled training dataset, an SVM classifies it by finding the best
hyperplane that separates all the data points of one class from the other class. The best
hyperplane for an SVM means the one with the largest margin between the two classes.
The support vectors are the data points that are on the margins of the separating
hyperplane. New data points are then mapped into the same space and predicted to
belong to a specific class based on which side of the hyperplane they fall. It often
happens that the sets to discriminate are not linearly separable in a finite dimensional
space. In that case a kernel function is used to map the original finite dimensional space
onto a much higher dimensional space, making the separation easier. The selection
of an appropriate kernel function is important, since it defines the space in which the
training set will be classified. Exploring the different kernel functions is described in
chapter 5, whereas in chapters 6 and 7 the SVM is based on the linear kernel function.

The classification problem in this work is multiclass classification rather than a
binary classification. To face this problem, the dominant approach is to reduce the
single multiclass problem into multiple binary classification problems. Using the R
package e1071 version 1.6.8 (Meyer et al., 2017), the “one-against-one” approach was
selected in which n(n − 1)/2 binary classifiers are trained, where n is the number of
classes (here n = 4); the appropriate class is assigned by the majority output of a
voting scheme.

Choosing SVM in this work as a classifier was due to its high accuracy and its
ability to deal with high dimensional data as shown previously for large scale image
classification and gene expression data (Abdullah et al., 2011; Jiang et al., 2007; Lin
et al., 2011; Vanitha et al., 2015).

To train the SVM and test its performance a leave one out cross validation (LOOCV)
method was used. In this method, the training data is N − 1 cells, where N is the
total number of cells in the embryo data (498 cells) and the remaining N th cell is used
for testing the model. The same is repeated N times, such that each cell is tested,
classified and contributes to the model performance (Fig. 6.7c and chapter 5). The
informative genes that passed the MI threshold were used as input features to the
SVM. The LOOCV method makes the best use of the available data, especially when
the number of samples is small (498 cells), and avoids the problem of random selection
(Ben-Dor et al., 2000).

2.23.1 Predicting the class of the in vitro cells

1. Selecting CLE cells in the same way as for the embryo data.
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2. Selecting the same informative genes that were used to build the SVM with the
embryo data.

3. Inserting the expression matrix of the in vitro cells as an input to the SVM.

4. The output is the probabilities that each cell is assigned to any of the 4 trained
clusters.

5. Choosing the dominant class that the cell was assigned to in agreement with
the maximum probability of the 4 probabilities (see the plot under Step 6 in
Fig. 6.8a).

6. Since the true classification of the cells is not known and since there might be some
hidden classes in the in vitro data that were not trained using the embryo data,
a harsh constrain needs to be adopted: only the cells with minimum probability
of 0.8 to be assigned to the dominant class proceeded to the next step (see the
probability plot under Step 6 in Fig. 6.8a: probability of 0.8 is indicated by the
red line).

7. Classification results: only the qualified cells from the previous step are assigned
to any of the 4 classes.

2.24 Pseudotime analysis
The cells from the in vitro samples in chapter 6: ES-NMP, Epi-CE, Epi-CE-T and
Epi-NMP, that were classified into the 4 classes (the qualified output cells from
the SVM pipeline), went through a pseudotemporal cell ordering. For pseudotime
reconstruction of single cell RNA-seq data there are not many available tools that have
been systematically tested and have an easy accessible software. Moreover, in this
work heterogeneous cell populations of different conditions are analysed rather than
cells from a time course experiment, hence the supervised pseudotime reconstruction
approaches are not applicable and one must rely on unsupervised methods. The
TSCAN, Biocounductor R package version 1.16.0, (Ji and Ji, 2017), was used in this
work since it demonstrated reliable unsupervised pseudotime reconstruction results
compared to alternative methods (Ji and Ji, 2017). TSCAN first clusters the cells
then it builds a minimum spanning tree to connect the clusters. The branch of this
tree that connects the largest number of clusters is the main branch which is used to
determine the psedotime order of the cells. This algorithm does not detect starting or
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ending points and prior biological information is needed to understand the start of the
pseudotime order. The pseudotime order may represent the underlying developmental
trajectory.

2.24.1 Defining the highly expressed genes in the 2 pseudo-
time ranges of class 4

1. The cells in class 4 were split to 2 groups based on their pseudotime order:
tp ⩽ 1250; 2500 < tp ⩽ 3700.

2. Identifying the differential expressed genes between the 2 groups using the two
sided Wilcoxon rank sum test. The p-value was corrected using the “BY” method
of Benjamini and Yekutieli (2001). This method controls the false discovery rate
and the proportion of false discoveries amongst the rejected hypotheses.

3. 4,569 differential expressed genes were detected by setting the adjusted p−value ⩽

0.01.

4. The mean expression of the 4,569 genes across the cells in each group was
calculated.

5. log 2 fold-change between the mean expression of the 2 groups was calculated
and the highly expressed genes in each group were defined as the genes with a
log 2 fold is above 1, resulting in 24 genes in the early pseudotime range and 178
genes in the later range (Table S5 in (Edri et al., 2018)).

6. Using the ccRemover R package version 1.0.4 (Barron and Li, 2016) each gene
from the identified highly expressed genes could be identified as a cycling gene.
55% of the highly expressed genes in the later pseudotime range group are defined
as cycling genes, whereas the cells in the earlier range do not show this enrichment
(no cycling genes).

2.25 Statistical test for controlling the sample size
Class 4 is approximately twice the size of class 1, and the node-like cells (see chapter 6)
were assigned almost exclusivity to class 4. Hence, one might think that the different
size of the classes might bias the identification of the node-like cells in class 4. The
statistical test that was designed in this case aimed to control for the size of the classes:
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Class 1 Class 2 Class 3 Class 4
Number of

cells
1141 264 70 2036

Table 2.6 The number of cells classified to the 4 clusters from the in vitro samples in
chapter 6

randomly 570 cells (half of class1) were selected from class 1 and class 4, and the null
hypothesis is that there is no difference in the number of node-like cells between class
1 and class 4. This step was repeated 1,000 times: in all of the cases class 4 contained
more node cells than class 1, indicating that the null hypothesis was rejected with
p − value < 0.001.

2.26 Culturing Nodal-YFP cells and ubiquitous-tomato
cells

Nodal::YFP and Sox17::GFP Ubiquitin::Tomato cells were cultured under the Epi-CE
protocol, I name these cells Epi-CE Nodal and Epi-CE RFP respectively. The Epi-CE
RFP were further grown to make Epi-NMP (Epi-NMP RFP).

After two days of culturing Epi-NMP RFP, a mixture that consists of 50% Epi-NMP
RFP positive RFP cells and 50% of positive YFP cells of Epi-CE Nodal was plated, at
a total density of 5 × 104 cells/cm2 (Fig. 2.6a-b). Since after sorting the cells, they
might be in stress, the mixture was cultured for 4 days rather than 2 days to let the
cells to recover. The mixture was grown in N2B27 supplemented with 20ng/ml FGF2
and 3µM Chiron to make Epi-meso2 (EM2), until sorting the cells for positive RFP
(sample named: EM2-RFP+4d, contains only the Ubiquitin::Tomato cells) and RFP
negative (sample named: EM2-RFP-4d, contains Nodal::YFP cells and might contain
Ubiquitin::Tomato cells that did not express RFP, see Fig. 2.6c). This population of
cells were compared to EM2-RFP4d, which are 100% cells of Epi-NMP RFP plated in
a flask and cultured for 4 days in N2B27 supplemented with 20ng/ml FGF2 and 3µM
Chiron to make Epi-meso2. Gene expression for the 3 samples: EM2-RFP4d, EM2-
RFP+4d and EM2-RFP-4d was measured using RT-qPCR as described in section 2.13.
The primers that were used are in Appendix A Table A.3. Expression values were
normalized against the housekeeping gene Ppia and the gene expression across the
different conditions was scaled between 0 to 1.
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Fig. 2.6 Node like cell with Epi-NMP mixture and sorting. Cells were sorted
using a MoFlo sorter (Beckman Coulter). Single cells were collected according to the
SSC (side scattered light) versus FC (forward scattered light) area plots. A 647nm
laser with an emission filter of 610/20 was used to collect the RFP positive cells and
a 488nm laser with an emission filter of 530/40 was used to collect the YFP positive
cells (FL8 610/20 versus FL1 530/40 log scale plots).
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a. Epi-CE Nodal sample composed of Nodal::YFP cells that were cultured under
the Epi-CE protocol. Only the YFP positive cells (R3 rectangle) were used to make
the mixture of Epi-meso2 (section 2.26). b. Epi-NMP RFP sample composed of
Sox17::GFP Ubiquitin::Tomato cells, were culture under the Epi-NMP protocol. Only
the RFP positive cells (R2 rectangle) were used to make the Epi-meso2 mixture together
with the Epi-CE Nodal YFP positive cells. c. After growing the mixture of Epi-meso2
for 4 days the cells were sorted based on their RFP fluorescence: RFP positive cells
(R2 rectangle, sample named EM2-RFP+4d) and RFP negative cells (R3 rectangle,
sample named EM2-RFP-4d). The sorted cells were quantified for their RNA of a
chosen set of genes using RT-qPCR technique (section 2.13).

2.26.1 Cell sorting

Epi-CE Nodal cells were sorted according to their YFP positive fluorescence in a
MoFlo sorter (Beckman Coulter) using a 488nm laser with an emission filter of 530/40
(Fig. 2.6a) and Epi-NMP RFP cells were sorted according to their RFP positive
fluorescence using a 647nm laser with an emission filter of 610/20 (see Fig. 2.6b). Cells
were collected, counted and replated in N2B27 supplemented with 20ng/ml FGF2 and
3µM Chiron medium to make the mixture of 50% Epi-CE Nodal YFP positive cells
with 50% of Epi-NMP RFP positive cells, as it was described above. After 4 days, the
mixture was sorted for RFP positive and negative cells in the MoFlo sorter using the
same laser and filter sets mentioned above (Fig. 2.6c).



Chapter 3
The role of Kat2a in cell fate decisions and exit
from pluripotency

3.1 Introduction
Embryonic stem (ES) cells are characterized by their self-renewal capacity and their
ability to maintain their pluripotency (Henrique et al., 2015) (Abranches et al., 2013;
Kalmar et al., 2009; Morrison et al., 1997; Potten and Loeffler, 1990). ES cells can
be maintained in vitro indefinitely under very specific culture conditions and under
controlled conditions they can be induced to differentiate into a variety of cell types
(Abranches et al., 2013; Smith, 2001a). Moreover, when reintroduced into the embryo
they can participate fully in fetal development (Smith, 2001a). These characteristics
suggest that ES cells are a good model for stem cells in general and a good experimental
system to explore the molecular basis that underlies the function and molecular structure
of different cell fates and their transitions during development (reviewed in Herberg
and Roeder (2015))

Genetic analysis has identified a small gene regulatory network (GRN) of transcrip-
tion factors (TFs), centred around Nanog, Oct4 and Sox2, that is responsible for the
establishment and maintenance of pluripotency (reviewed in Boyer et al. (2006); Li and
Izpisua Belmonte (2018); Ng and Surani (2011); Niwa (2007)). These TFs coordinate
the activity of many other genes that function together to prevent the differentiation of
ES cells and promote their proliferation (Boyer et al., 2006; Niwa, 2007; Young, 2011).
The expression of Nanog is particularly important, as it is required for the robustness
of the pluripotency network, it is a read out of the activity of the pluripotency network,
and for these reasons it is often used as a marker for pluripotency (Abranches et al.,
2013, 2014; Chambers et al., 2003, 2007; Faddah et al., 2013; Kalmar et al., 2009; Luo
et al., 2012; Mitsui et al., 2003; Miyanari and Torres-Padilla, 2012). Nanog exhibits
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highly dynamic variability from cell to cell in terms of both protein and transcript
level (Chambers et al., 2007; Kalmar et al., 2009; Luo et al., 2012; Miyanari and
Torres-Padilla, 2012). Analysis of this variability reveals a bimodal distribution of
Nanog expression with high levels of Nanog associated with pluripotency and low levels
with differentiation (Abranches et al., 2014; Chambers et al., 2007; Kalmar et al., 2009;
Kolodziejczyk et al., 2015; Luo et al., 2012; Miyanari and Torres-Padilla, 2012; Singer
et al., 2014; Singh et al., 2007). A large number of studies over the last few years
have analysed these distributions and found them to be dynamic and sensitive to a
number of parameters (Abranches et al., 2014; Kalmar et al., 2009; Luo et al., 2012;
Nair et al., 2015; Raj et al., 2006; Singer et al., 2014). In many ways, the analysis of
the heterogeneity in Nanog expression, and the relationship of the resultant states to
the differentiation potential of the cells, has become an important model system for
cell fate decisions.

Single cell transcriptomics of ES cell populations has revealed that Nanog is just one
example of heterogeneous transcription and that there is a high degree of transcriptional
heterogeneity associated with other genes (Canham et al., 2010; Hayashi et al., 2008;
Singer et al., 2014). Moreover, it has been shown that each gene has a particular
distribution that captures this heterogeneity (Singer et al., 2014), probably the output
of particular expression dynamics. Recently some studies have shown that these
heterogeneities also occur in the embryo and might be important for its development
(Goolam et al., 2016; Hasegawa et al., 2015; Schrode et al., 2014; Xenopoulos et al.,
2015). For example, in a study on Oct4 and Sox2 in the mouse embryo (Goolam et al.,
2016), heterogeneity in the expression of these genes, as early as the 4-cell stage initiates
cell-fate decisions by modulating the balance of pluripotency and differentiation.

Heterogeneities in gene expression are often discussed in terms of stochastic fluctua-
tions in transcriptional activity or noise in gene expression (Raj and van Oudenaarden,
2008). These considerations have led to a formulation in which gene expression noise
is divided into two components (Eldar and Elowitz, 2010; Elowitz et al., 2002; Raj
et al., 2008; Singer et al., 2014; Swain et al., 2002): intrinsic noise, which is related
to the random microscopic events that govern which reactions occur and in what
order (inherent stochasticity) and extrinsic noise that represents the fluctuations in the
amount or functionality of different molecules, i.e. regulatory proteins and polymerases,
which lead to variations in the transcription output of a gene. Furthermore, from
this variation in the transcription of a gene in a cell population, one could infer the
different cellular states that are defined by the shape of the gene expression distribution
(Guo et al., 2010; Kolodziejczyk et al., 2015; Singer et al., 2014). Understanding the
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molecular nature and control of transcriptional heterogeneities is important as it might
underpin the molecular mechanisms that mediate cell fate decisions, not only in stem
cells.

Chromatin remodelling provides an additional layer of regulating gene expression.
It has been shown that the promoter chromatin structure has a key role in transcription
regulation and expression variability (Kornberg and Lorch, 1999; Li et al., 2007; Rando
and Ahmad, 2007; Tirosh and Barkai, 2008). Histone acetylation is one of the processes
which involves changes in chromatin structure and chromatin remodelling and it is
linked to transcriptional activation by opening the chromatin (Chen and Dent, 2014).
In yeast, amplitude and frequency of transcriptional bursting (Eldar and Elowitz, 2010)
are regulated by distinct histone acetyltransferase and deacetylase complexes which
determine levels of histone 3 lysine 9 (H3K9) acetylation (H3K9ac) in the promoter
and the gene body (Weinberger et al., 2012).

In this chapter I focus on the histone acetyltransferase (HAT) Kat2a, following the
discovery that GCN5 (the yeast homologue of Kat2a) has important and critical roles
in gene activation (Kuo et al., 1998). In yeast, the deletion of GCN5 results in the
elevated intrinsic noise from the PHO5 promoter, suggesting that the components of the
chromatin-remodelling complex, which includes GCN5, are responsible for regulating
noise (Raser and O’Shea, 2004). Using Butyrolactone 3, also named MB-3, which is an
inhibitor of HAT Kat2a activity (Biel et al., 2004), I set out to examine whether Kat2a
has a similar role in mouse embryonic stem cells (mESCs) and to better understand
the relationship between Kat2a and transcriptional heterogeneity. Exploring the role
of inhibiting HAT Kat2a on cell fate decisions in mESCs was part of the PhD work of
Dr. Naomi Moris in the Martinez Arias group. Here, I present only my experimental
and analytical work on this shared project.

3.2 Results
The expression of Nanog can be followed with reporter lines in which expression
is tagged by a fluorescent reporter (Chambers et al., 2007; Luo et al., 2012). The
Nanog-GFP reporter cell line is based on stable GFP (heterozygous TNGA cells) and
its expression reflects the Nanog protein expression, however this correlation is not
absolute, probably because of differences between Nanog and GFP half-lives (Chambers
et al., 2007). Using this cell line it is possible to obtain an approximation for the
distribution of Nanog expression. A quantitative dynamic analysis of this distribution
in TNGA cells (Chambers et al., 2007), led to the suggestion that there are three
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subpopulations of a stochastic dynamical system that represent three steady states:
High-Nanog (HN), Mid-Nanog (MN) and Low-Nanog (LN) (Luo et al., 2012). HN
and LN are stable dynamical states, where cells in HN state are more likely to remain
pluripotent whilst the cells in LN are more likely to differentiate. Furthermore, Luo
et al. (2012) described the crucial role of MN as an intermediate state in the transition
between HN and LN.

In mESCs, Kat2a is known to acetylate H3K9ac, (Guo et al., 2011; Tjeertes et al.,
2009)) and is thought to contribute to acetylation of H3K14 and H3K56 along with
other HATs (Grant et al., 1999; Kuo et al., 1996; Suka et al., 2001; Tjeertes et al.,
2009). The use of MB-3 (Materials and Methods section 2.2) was recently validated
to phenocopy loss of Kat2a in mammalian cells and to achieve a global reduction in
H3K9ac (Tzelepis et al., 2016). Moreover, it was shown that inhibiting Kat2a resulted
in H3K9ac reduction at the Nanog locus (Moris et al., 2018; Moris, 2016). Therefore,
the use of MB-3, makes it possible to test whether Kat2a inhibition enables pluripotent
ES cells to visit states that can lead to their differentiation, i.e. is there a change in the
proportion of cells amongst the different transcriptional states of Nanog in comparison
to cells that are not treated with MB-3.

3.2.1 MB-3 impair the self -renewal ability of high Nanog-
GFP population in a dose and duration dependant man-
ner

To understand the influence of HAT on the transition between cell states, TNGA
cells with targeted Nanog-GFP, were cultured for 1 day or 2 days in MB-3. Two
concentrations of MB-3 were tested: 50µM and 100µM against DMSO, which act as a
control. In addition, cells were also grown for 1 or 2 days in differentiation conditions
(N2B27), allowing us to compare the transition between the different transcriptional
states in different culture media (Materials and Methods, sections 2.3 and 2.4). The
cells were washed from any treatment and plated in serum and LIF (SL) medium for
additional 3 days without passaging them (Fig. 3.1a). The Nanog-GFP fluorescence
was measured in a single cell level using flow cytometry (FC) just before the treatments
(MB-3, DMSO or N2B27) were washed off (day 1 in Fig. 3.1a) and on a daily basis for
the following 3 days (days 2-4 in Fig. 3.1a, Materials and Methods, section 2.5). The
measurement of GFP fluorescence reflects the Nanog protein expressionis.

Defining Nanog transcriptional states was done as follows: from each of the 32
conditions (the cells were cultured in 4 different media for 1 day or 2 days and the
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Nanog-GFP was measured on each day for 4 days: 4 × 2 × 4 = 32). 2,290 cells
(the lowest number of cells across the conditions) were sampled randomly from the
FC histograms, obtaining a virtual hybrid histogram that represents all the different
conditions (Fig. 3.1b), hence the different transcription states of Nanog. To this
histogram Gaussians mixture models of 1 to 4 components were fitted. This process
was repeated 1,000 times, making sure that there was no bias in selecting the cells from
each condition and that the hybrid histogram is the same (Materials and Methods
section 2.4). A 3 Gaussians mixture distribution was found to best fit the data
(Materials and Methods section 2.4 and Fig. 2.1) and the 3 normal distributions of the
model define the Low, Mid and High Nanog populations (Fig. 3.1c).

Examining the reversibility of the TNGA cells IN the different treatments by
comparing the Nanog-GFP distributions against the 3 GMM in Fig. 2.2, revealed that
the low concentration of MB-3 in both the treatment durations does not show a clear
difference in comparison to the control DMSO treatment. After 1 day of treatment in
100µM MB-3 the GFP fluorescence of the TNGA cells shifted slightly towards the MN
state and after the treatment was washed the cells reconstruct the full distribution of
Nanog. However, 2 days of treatment in this concentration caused a clear shift of the
cell fluorescence to MN state and after the drug was washed the cells were distributed
between the Low and High states. Cells that were treated with N2B27 are expected to
be prone to differentiation, hence the expectation is that longer exposure to N2B27
will lead to fewer cells in the HN state. As shown in Fig. 2.2 this expectation is met.

To compare the cells transition dynamic after MB-3 treatment to the DMSO control
on one hand and N2B27 treatments on the other hand, the first step was to cluster the
cells from every treatment and time point by their Nanog-GFP fluorescence intensities
with the 3 transcriptional states defined by the 3 Gaussians of the hybrid Nanog-GFP
histogram (Materials and Methods section 2.6, Fig. 3.1d-e). A cells occupancy in the
3 Nanog subpopulations is the outcome of the average across 100 repeats of a soft
clustering procedure (Materials and Methods section 2.6).

The clustering results depicted in Fig. 3.1d-e quantifying what is observed in Fig. 2.2
enable testing whether the MB-3 treatment has a significant impact on the cells in
comparison to DMSO via a one tailed Fisher’s exact test. The null hypothesis is that
there is no non-random association between the assignment of cells to HN and the total
number of cells that were clustered to LN and MN in both treatments, whereas the
alternative is that there is a non-random association between Nanog states and the odds
of a cell being assigned to the combined MN and LN category is higher for the drug
treatment than with DMSO. When testing the high dose of MB-3 versus DMSO for the
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Fig. 3.1 Higher dose of MB-3 shifts cells to Mid and Low Nanog states. a.
Experiment design diagram: TNGA cells were plated and grown in SL for one day,
then the cells were grown in 4 different treatments: DMSO, 50µM MB-3, 100µM MB-3
and N2B27 for a day or 2 days, which are denoted by the green circles in the diagram.
Afterwards the cells were washed from the treatment and re-plated in SL for additional
3 days. The Nanog-GFP fluorescence intensity of the TNGA cells was measured using
the FC before the treatments were washed off (day 1, grey arrow) and for every day
for the following 3 days (day 2 till day 4, grey arrows).
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b. The virtual hybrid histogram of Nanog-GFP obtained from 2,290 randomly selected
cells from each of the 32 measured Nanog-GFP FC histograms (Materials and Methods
section 2.4). The Y-axis represents the probability and X-axis represent the Nanog-GFP
fluorescence intensity in log 10 scale. c.To this histogram (blue) a Gaussians mixture
model (GMM) of 3 components was the best fit (Materials and Methods section 2.4
and Fig. 2.1). The 3 subpopulations of the GMM defines the 3 transcriptional states
of Nanog: Low (Orange), Mid (yellow) and High (purple) Nanog sates. The Y-axis
represents the probability density function (PDF) and X-axis represent the Nanog-
GFP fluorescence intensity in llog 10 scale. d-e. Clustering each cell of the different
treatments and durations (1 day (d.) or 2 days (e.)) to the three subpopulations of
the GMM: Low (orange), Mid (yellow) and High (purple) Nanog populations. The
cells proportion for each group is the average across 100 repeats of the soft clustering
procedure (Materials and Methods section 2.6) and the number in each bar represents
the standard deviation in c of its corresponding cells proportion average.

2 treatment periods, the Fisher exact test reject the null hypothesis at every measured
time point (day 1 - day 4, Fig. 3.1a) with clear significance (the range of p-values of all
time points for 1 day or 2 days of treatment is: p-value< 4 × 10−20, p-value< 3 × 10−229

respectively), indicating that at every time point (before and after the treatment was
washed), cells that were cultured in 100µM MB-3 for either 1 or 2 days have a higher
chance to be in LN-MN states than HN in comparison to DMSO. When applying the
Fisher’s test on a lower dose of MB-3 versus DMSO over 1 day of treatment, in the
first 3 days the null hypothesis is rejected (p-value= 8 × 10−8, p-value= 2 × 10¯12 and
p-value= 0.02), however on the last day there is no difference between the cells that
were exposed to DMSO or to the drug (p-value =0.97), demonstrating recovery of
those cells and reconstruction of the natural TNGA Nanog distribution. Over 2 days
of treatment, the null hypothesis is rejected at every day, denoting that after a longer
period of culturing the cells with a low dose of MB-3, the cells do not recover even
after 3 days that the treatment was washed and they have a higher chance to be in
LN-MN states than HN in comparison to DMSO (the range of p-values for all the time
points for 2 days of treatment is: p-value < 8 × 10−4).

3.2.2 The kinetic model reveals that higher dose and longer
duration of MB-3 weakens the TNGA cells’ recovery
ability

The output of the clustering allowed me to devise a model that describes the kinetics
of cells changing their transcriptional state over time. The model is based on three
linear differential equations that describe the forward and backward transition rate
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between HN and MN and between MN and LN (eqs. (2.1) to (2.3), Materials and
Methods section 2.7). Fig. 3.2a-d depicts, for each treatment, the model outputs for
the cell proportions at each day versus the clustering results. Fig. 3.2a-d and the lower
values of the squared differences between the clustering results and the model output
(Materials and Methods section 2.7 Table 2.1) exhibit how well the model fits the
clustered data.

Exploring the rate constants of cells in the MN state across the different conditions,
i.e., the proportion of cells leaving the MN and shifting to either HN or LN states, do
not show a difference between cells that were exposed for 1 day to DMSO and 50µM
MB-3 (Fig. 3.2e). However, exposure of the cells to either N2B27 or higher dose of the
drug for 1 day, dramatically lowered the rate of cells leaving the MN state towards HN
and increased the rate of those cells towards LN in comparison to DMSO and 50µM
MB-3 (Fig. 3.2e). This suggest that 100µM MB-3 likewise the differentiation condition,
promote cells to leave the pluripotent state and differentiate. Longer exposure of the
cells to the two concentrations of MB-3 exhibit similar trend of shifting cells towards
differentiation. A clear shift towards LN state is observed in cells that were in N2B27
for 2 days, they are characterised with low rate of cells leaving the MN towards HN
state and very high rate of those cells towards LN in comparison to DMSO and the
drug (Fig. 3.2e).

The overall inverse kinetic constant, K, as described in Fig. 3.2f, describes the
proportion of cells found in HN in relation to LN when the system reaches a steady
state. K=1 signifies that the number of cells accumulated in the HN and LN states is
the same. As can be seen in Fig. 3.2f the control treatment has K>1, which indicates
that at steady state there is a higher accumulation of cells in the HN than in the LN
state, as can be seen in the TNGA cell profile (DMSO treatment Fig. 2.2 and Fig. 3.1d).
The overall kinetic constant shows a clear trend following the different treatments and
durations, where MB-3 treatment exhibit lower K than DMSO and a larger one than
N2B27 in a dose and duration dependant manner (Fig. 3.2f). In detail, treating the
cells with 50µM MB-3 for 1 day shows a slight decrease in K, whereas after 2 days
a clear decline is observed, however K is still above 1. When increasing the dose of
MB-3 the overall constant decreases, however after 1 day of treatment it is still above
1, whereas after 2 days the balance is shifted towards the LN state (K<1). Exposure of
cells to differentiation medium exhibits the lowest value of K which is below 1 (higher
occupation of cells in LN than in HN when the system reaches to steady state) in
both periods of treatment in comparison to the other conditions, as expected from this
medium. However, after 2 days of treatment in N2B27 the overall constant is higher
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Fig. 3.2 Differentiation conditions promote cells in MN state to visit LN
rather than HN state. a-d. The kinetic model predictions of the cells fractions
amongst the LN, MN and HN over time versus the clustered output for a. DMSO; b.
50µM MB-3; c. 100µM MB-3 and d. N2B27. In each subplot the y-axis represents the
cells fractions and the x-axis represent the time in days (the sum of the cells’ fractions
of HN, MN and LN in each time point is 1). e. The rate constants of MN state. The
pink and green bars represent the rate constants from MN to HN and from MN to LN
state respectively. Note that with either longer treatment or higher concentration of
MB-3 less cells will shift from the MN to HN state in comparison to DMSO.
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f. The overall inverse kinetic constant, K, which reflects the cells’ occupancy in the
HN in relation to LN. K=1 means that the cells proportions in HN and LN are equal.
The blue and the orange bars represent 1 day and 2 days of treatment respectively.
Note that in the control conditions (DMSO) higher proportion of the cells occupy the
HN rather than LN state (K>1).

than after 1 day, suggesting that when the system reaches a dynamic equilibrium the
proportion of cells occupying the HN state will be higher after 2 days of treatment
rather than after 1 day. This intriguing result might be explained by the fact that
after two days in N2B27 most of the cells (∼60%) are found in the LN state, whereas
after 1 day they are in the MN state (Fig. 3.1d-e and Fig. 2.2). When plating the cells
back in SL, they recover and reconstruct the TNGA profile, hence move out from the
LN state. This indicates that the rate of cells moving from LN towards MN for the 2
days treatment is higher than for 1 day, which explains why the overall K is higher for
the longer treatment, though still below 1.

To conclude, exposure of cells to MB-3 shifts cells towards the MN and LN state
in a dose and duration dependant manner. In fact, 2 days of 100µM MB-3 treatment
exhibits a clear shift of cells towards differentiation, which after 3 days in SL do not
recover the natural TNGA profile that occurs with the control treatment. Moreover,
based on the kinetic model, after longer treatment with 100µM MB-3, when the system
reaches its dynamic equilibrium in SL, more cells are predicted to be found in the
LN rather than the HN state. Fig. 3.2c-d depicts how the dynamics associated with
the drug is distinguishable from that of the differentiation medium, nevertheless both
treatments allow cells to lower their Nanog-GFP level, hence increase their chances to
leave the pluripotent state and differentiate. To better understand how the drug affects
the pluripotent network and how inhibition of Kat2a influences noise in gene expression,
further experiments are needed at the transcripts level. To achieve this a single
molecule fluorescent in-situ hybridization (sm-FISH) technique was used to measure
the number of mRNA molecules of Nanog and other genes related to pluripotency and
differentiation.

3.2.3 Investigating the effect of Kat2a in SL and in 2i medium

To understand how the inhibition of a HAT gene influences the transition between
cell states and heterogeneity, the sm-FISH technique was used in which MB-3 was
tested at a concentration of 100µM, following the results from previous sections. Cells
were cultured for 2 days in 100µM MB-3 either in a medium allowing the signalling
pathways that enable differentiation (SL) or in a defined medium, which inhibit these
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pathways via the inhibitors of two kinases (ERK1/2 and GSK3), a condition known
as “2i“ (Materials and Methods subsection 2.1.1), supplemented with either the drug
or a DMSO control (Fig. 3.3a). Treated cells were fixed and the transcripts from
specific genes in each cell were counted (Materials and Methods section 2.8). mESCs
grown in serum exhibit greater heterogeneity in morphology and in expression of
pluripotency factors than mESCs cultured in 2i (Papatsenko et al., 2015; Scherf et al.,
2012), hence using these two media with MB-3 enables the investigation of Kat2a
inhibition impact on higher (SL) and lower (2i) expression heterogeneity of Nanog and
other genes related to pluripotency and differentiation. The sm-FISH allows the direct
quantification of mRNAs in a single cell (Fig. 3.3b), as described previously (Nair
et al., 2015), therefore, when applied to a population of cells allows the quantification
of variability in transcription level, here defined as the coefficient of variation (CV,
the ratio of the standard deviation to the mean), can be calculated (Materials and
Methods section 2.8).

In this section I analyse the expression of Nanog, which in every sm-FISH experiment
was measured together with two other genes: Sox2 and Cdh1, Rex1 and Tcf3, or Oct4
and Dnmt3b (Fig. 3.3-c), in relation to Kat2a inhibition. Nanog, Sox2, and Oct4 are
part of the pluripotent GRN (Boyer et al., 2006; Kalmar et al., 2009; Niwa, 2007).
Rex1 is a downstream target of Nanog, a sensitive marker for undifferentiated mESCs
with expression dynamics very similar to Nanog’s (Marks et al., 2012; Shi et al., 2006;
Toyooka et al., 2008). Tcf3 is a transcription factor that represses the pluripotency
network; in 2i culture, Chiron acts on β-catenin and neutralizes the repressing activity of
Tcf3 on the pluripotency network (Marks et al., 2012; Muñoz Descalzo et al., 2013; Wray
et al., 2011). Cdh1 encodes E-cadherin, a calcium-dependent cell adhesion molecule that
functions in the establishment and maintenance of epithelial cell morphology during
embryongenesis and adulthood. Cell adhesion is essential for embryonic development
(Larue et al., 1994; Peinado et al., 2004) and cell-cell interaction has been shown to
influence adult stem cell differentiation (Temple and Davis, 1994; Tsai and McKay,
2000). Moreover, in recent years evidence for the function of E-cadherin in regulating
pluripotent and self-renewal signalling pathways in stem cells has emerged (Redmer
et al., 2011) and reviewed in (Soncin and Ward, 2011)).Lastly, Dnmt3b is a DNA
methyltransferases, whos its function is essential for mammalian development (Chen
et al., 2003; Okano et al., 1999) and specifically for differentiation of mouse ES cells
toward different lineages (Wongtrakoongate et al., 2014). In 2i, which maintains ESCs
in a naive ground state, DNMT3A/B protein expression is inhibited (Sim et al., 2017).
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Consistent with the previous sections, exposure of cells to MB-3 lowered the mean
expression of Nanog, with a greater decrease observed in SL than in 2i (a decline of 50%
and 20% in the mean expression relative to DMSO in SL and 2i respectively, Fig. 3.3c).
When testing the influence of MB-3 on the two media as shown in Fig. 3.3c-d, in the
defined medium, although the mean expression of the pluripotency genes (Nanog, Sox2,
Cdh1 and Oct4 ) decreased, Rex1 and Tcf3 exhibit no change and Dnmt3b as expected
was not detected in 2i, the CV of all the tested genes apart from Cdh1 did not change,
demonstrating that MB-3 does not affect the variability of these genes in cells found in
the ground state. In SL, where the cells can explore pathways exiting pluripotency,
together with Nanog the mean expression of Rex1 and Tcf3 went down, whereas there
is no notable change in the mean expression of Sox2, Cdh1 and Oct4, but elevated in the
expression of Dnmt3b (Fig. 3.3). This pattern of expression suggests that MB-3 shifts
the cells towards exiting the naïve state, where Sox2, Oct4 and Cdh1 iare also needed
in differentiation and in the prime state, which is a further developed state than the
naïve state, together with the higher levels of Dnmt3b. In contrast to 2i, the changes in
expression in SL due to the drug impact its variability. Nanog, Rex1 and Tcf3 exhibit
higher CV, whereas the genes related to a further developed state show a decrease
in their CV in comparison to DMSO (Fig. 3.3d). Overall, towards differentiation in
SL via Kat2a inhibition, Nanog, Rex1 and Tcf3 increase their variability and lower
their mean expression, whereas Sox2, Cdh1 and Oct4 decrease their variability without
changing their mean expression. Dnmt3b showed decreased variability and increased
mean expression.

As can be seen in Fig. 3.4a-b, in 2i there is a significant correlation between the
genes (Spearman correlation with p-value < 0.01 for all genes) in both treatments. A
subtle difference is observed when introducing MB-3 to cells found in a ground state is
that the correlations between the genes are strengthened, notably between Sox2 -Cdh1
and Nanog-Cdh1. This might suggest that the addition of MB-3 to 2i, might limit
the opportunity for spontaneous differentiation of cells, due to the observation that
in the control, cells that do not express Nanog and Sox2 but express various level of
Cdh1 can be found, but not in the drug treatment (Fig. 3.4a). In SL, in general the
correlations between the genes are weakened in comparison to 2i (Fig. 3.4b). The MB-3
treatment in SL seems to reduce the correlations between the genes in comparison
to DMSO, apart from Oct4 -Dnmt3b (Fig. 3.4a-b). This implies that by inhibiting
Kat2a the pluripotency network is weakened by impairing the coordination between the
pluripotency genes with themselves and the differentiated gene Dnmt3b (less negative
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Fig. 3.3 Cells exposed to MB-3 in 2i medium exhibit no variability in
gene expression in contrast to MB-3 in SL. a. Experiment design diagram:
cells were grown for 2 days either in SL or 2i supplemented with 100µM MB-3 or
DMSO as a control, before they were fixed and went through the sm-FISH pipeline.
b. Representative images, obtained by using sm-FISH, where the hybridization was
performed for Oct4 (red), Nanog (yellow) and Dnmt3b (blue) in the different conditions.
Note that in 2i there is no expression of Dnmt3b.
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c. Violin plots describing the distribution of the mRNA counts of the genes measured
by sm-FISH. Grey and green violin plots represent the distribution of cells exposed to
either MB-3 or DMSO respectively. The red cross represents the mean expression of
each gene and its length the standard deviation (the mean ± standard deviation). In
each plot n denotes the number of cells that were counted in each condition. d. The
coefficient of variation calculated from the distribution of each gene of cells grown in
SL (upper raw) and in 2i (lower row) supplemented with either MB-3 or DMSO. The
error bars represent the standard deviation of the 3 technical replicas done for Nanog.

correlation of Dnmt3b-Nanog and more positive correlation of Oct4 -Dnmt3b which
might indicate the differentiating cells).

Fig. 3.3c and Fig. 3.4a-b present intriguing behaviour of Tcf3. The protein TCF3
functions as a repressor of the pluripotent network and in 2i β-catenin neutralizes its
repression activity, hence when comparing the control condition of SL and 2i, Tcf3
expression would be expected to be decreased in 2i which is not observed in Fig. 3.3c.
Furthermore, in Fig. 3.4a-b Tcf3 exhibits a positive correlation with Nanog and Rex1
in 2i and in SL for both treatments, apart from SL with the drug where Rex1 and Tcf3
are not significantly correlated. A negative correlation would be expected to suite the
repression characteristic of Tcf3 with the pluripotency markers, the absence of that
might suggest that Tcf3 regulation occurs at the protein level. Further investigation
of the influence of MB-3 on the gene expression distribution was done by calculating
the Kullback–Leibler divergence (also called relative entropy, Materials and Methods
section 2.9 and Fig. 3.4c). This measure indicates how the probability distribution of
cells introduced to MB-3 diverges from the expected probability distribution of cells
introduced to DMSO. A Kullback–Leibler divergence of 0 indicates that we can expect
similar behaviour of the two distributions. Generally, the divergence between the 2
distributions for all genes in the 2 culture media is small (Fig. 3.4c), nevertheless the
relative entropy calculated in 2i is lower than in SL, indicating that in SL the drug
causes a greater change in the gene expression profiles than in the stringent condition
of 2i, where cells are restricted in exploring differentiation lineages. Inside this narrow
range of the relative entropy, the red line in Fig. 3.4c denotes the technical value
which was obtained by comparing Nanog expression distributions from the same cell
populations. None of the genes in 2i cross the technical divergence, i.e. inhibition of
Kat2a did not cause a detectable biological difference in the gene expression patterns,
whereas in SL this difference was notable for Nanog, Oct4, Rex1 and Dnmt3b.
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Fig. 3.4 Inhibition of Kat2a exhibit a greater effect on cells culture in SL
rather than 2i medium. a. Quantification plots of the number of mRNA molecules
for 3 genes in a cell in the different conditions: the first two columns represent cells
that were grown in SL and the last two in 2i. Each dot represents a cell, where the
x-axis and y-axis represent the number of mRNA molecules in a cell of two different
genes and the colour of the dot denotes the number of Nanog transcripts (except for
Nanog-Oct4 plots in 2i culture), the colour bar is on the right-hand side. The total
number of cells n, is noted in each plot.
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b. The Spearman coefficient correlation, ρ, which was calculated between genes in
cells that were exposed to MB-3 (grey) and cells that were exposed to DMSO (green).
Significant correlation with significance levels of p-values smaller than 0.05 and 0.01 are
marked by 1 asterisk and 2 asterisks respectively. c. The Kullback–Leibler divergence
(also known as the relative entropy) of a gene expression distribution of cells cultured
in medium (SL or 2i) with MB-3 from the distribution of cells cultured in the same
medium with DMSO. The red line represents the technical relative entropy obtained
from comparing Nanog distributions from the same cells’ population. This value set
a threshold, in which above it a detectable biological change in the gene expression
distribution caused by adding MB-3 to the cells culture medium.

3.2.4 Kat2a inhibition diminish the intrinsic noise strength

The probability distribution of the gene transcripts, also enables the calculation of the
activation, deactivation and transcription rates of each gene. In a general physical
model of gene expression, the promoter of a gene can be either in an active state (A)
or inactive state (I). Switching between these two states occurs at rate of Koff and
Kon respectively. In the active state a gene is transcribed to mRNA (m) at the rate
KT and the transcript decays at the rate KD. The model can be summarized by the
following set of reactions:

A
Koff I (3.1)

I Kon A (3.2)

A KT A + m (3.3)

m KD ∅ (3.4)

This model was previously described by Peccoud and Ycart (1995) and Raj et al.
(2006) and a steady state solution to this set of master equations exists and is given by
(3.5).
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p(m) represents the probability of having a cell with m number of mRNAs, and
1F1(a,b,c) is a confluent hypergeometric function of the first kind.

In accordance with the probability distribution found for each gene, the Kon

KD

, Koff

KD

,
KT

KD

were fitted to (3.5) using a maximum likelihood (MLE) algorithm (Materials and
Methods section 2.10 and Fig. 2.3). In gene expression bursting, kon represents the
gene transcription burst frequency (the inverse of inactive state time, i.e. OFF time)
and Koff reflects, the duration of the burst (the inverse of active state time, i.e. ON
time).

The calculation of the kinetic rates was repeated 100 times for each gene and
condition by randomly sampling 75% of the total number of cells, which obtains for
each replicate a probability distribution that the parameters were fitted to. This
method ensures the robustness of the fitting and enables the calculation of the standard
error of the mean (SEM) of the rates, which represents the standard deviation of the
sampling distribution.

In the last few years, many studies aimed to design experiments that allow the
calculation of the rate constants of the gene expression model, which includes the
activation of a gene, transcription to mRNA and the translation of that mRNA to
protein. A literature review of these works, allows comparison of the rates calculated
here to those previously obtained (Ochiai et al., 2014; Skinner et al., 2016) when
mESCs were cultured in similar conditions and Oct4 and Nanog measured.

Ochiai et al. (2014) measured the transcription frequency of Nanog in SL and 2i at
2 min intervals for 4 h, with the ability to distinguish between either none, one or two
transcription activations. From these data, qualitative estimation of distributions of
ON and OFF time durations were obtained, and fitted by exponential distributions,
which allowed together with sm-FISH experiments the evaluations of the stochastic
promoter activation and expression variability. Skinner et al. (2016) simultaneously
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Fig. 3.5 Literature comparison of the expression levels, activation, deacti-
vation and transcription rates of Nanog and Oct4 in SL and 2i conditions.
Comparison of a. KT /KD, b. Kon/(Kon + Koff), c. Kon, d. Koff , e. KT /Koff , f.
mRNA mean, g. Coefficient of variation (CV) and h. Fano factor for Nanog and
Oct4 in SL and 2i conditions to the published work of Ochiai et al. (2014) where they
measured the allelic transcription frequency, and the work of Skinner et al. (2016)
where they calculated the parameters. Kon, Koff and KT reflect the gene transcription
burst frequency, the duration of the burst and transcription rate respectively. KT /Koff

describes the transcription burst size which is the transcriptional efficiency (the number
of transcribed mRNAs in a promoter activation event). Kon/(Kon + Koff ) stands for
the proportion of the active state in a burst cycle (cycle of ON and OFF period).
The CV and Fano factor are measures of the dispersion of the mRNA probability
distribution. They are defined as the standard deviation and the variance to the mRNA
mean respectively. The error bars indicate the standard error.
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quantified nascent and mature mRNA in individual cells, and incorporated cell-cycle
effects in the analysis of mRNA statistics. The kinetics parameters were modelled
using a Finite State Projection algorithm with sm-FISH data from cells growing in SL.

When comparing the obtained kinetic rates to the published values for similar
conditions and genes, a general good agreement is seen (Fig. 3.5 and Table A.5). Kon

and Koff values obtained in the work of Ochiai et al. (2014) exhibit a great difference
in comparison to the values calculated in the work of Skinner et al. (2016), which show
similarity to the values calculated here (Fig. 3.5). One possible explanation is that in
some cases of gene expression the absolute values of Kon and Koff are not informative
and the ratio between them is the important one (compare Fig. 3.5b to Fig. 3.5c-d).
Another explanation, as was suggested in the work of Skinner et al. (2016), is that
the differences observed between the different parameters in Fig. 3.5 might reflect
differences in cell lines or experimental conditions.

Following Raser and O’Shea (2004) work on intrinsic gene expression noise in yeast,
an estimation of the intrinsic noise strength term derived from gene activation was
calculated according to the gene activation and transcriptional rates that were fitted for
each gene (Materials and Methods section 2.11 and Fig. 2.4). At first glance (Fig. 3.6a)
the estimation of the transcriptional intrinsic noise strength in 2i is generally lower
than SL, which aligns with the previously observed homogeneous expression in that
condition.

Most of the genes in cells grown in SL supplemented with MB-3, showed a decrease
in the estimation of the noise strength in comparison with DMSO. This raises the
hypothesis that while the cells are committing to a lineage, in this case making their
way towards differentiation, their expression noise is constrained. The genes that do
not follow the above pattern are Oct4 and Tcf3, which show a significant but slight
increase in the presence of MB-3.

In 2i the changes observed when inhibiting Kat2a are quite subtle compared to SL.
With the addition of MB-3 to the medium Oct4, Sox2 and Cdh1 exhibit a decrease
in the noise strength, whereas Nanog and Rex1 exhibit the opposite, however Nanog
showed only a slight difference. Tcf3, on the other hand, did not show any difference.
Nanog and Rex1, both critical in maintaining a pluripotent sate, probably exhibit this
trend in the transcriptional noise to withstand the differentiation of the cells in the
stringent pluripotency environment of 2i.

According to Raser and O’Shea (2004), deletion of GCN5 should result in an
increase in the intrinsic noise strength, here the inhibition of the homolog gene in
mESCs, the estimation of the intrinsic noise strength in most of the genes in the
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Fig. 3.6 Differentiated cells in SL exhibit lower transcriptional noise
strength and cluster separately in the low Nanog levels. a. Estimation
of the intrinsic transcription noise strength in units of mRNA molecules, derived from
the gene activation term of the noise formulation (Materials and Methods section 2.11
and Fig. 2.4) for cells grown in SL and 2i supplemented with either DMSO or MB-3.
A two-sample t-test between the intrinsic noise strength in DMSO and MB-3 was
calculated for each gene, where the null hypothesis is that the distribution of the noise
strength for each treatment comes from independent random samples from normal
distribution with the same mean and variance.
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Rejection of the null hypothesis at 5% and 1% significance level are marked by 1 or
2 asterisks respectively. b, d. K-mean clustering of the virtual cells (Materials and
Methods section 2.12) based on the expression data from cells grown in 2i and SL
supplemented with either DMSO (b.) or MB-3 (d.). The dots in the plots represent
the virtual cells, and x and y axis represent the mean number of mRNA molecules of
a gene in that virtual cell. The X denotes the cluster’s centroid. c, e. The first plot
exhibits the composition in the clusters of the virtual cells grown in the 2 media either
supplemented with DMSO (c.) or MB-3 (e.) and the second plot exhibits how the
virtual cells (supplemented with DMSO, c., or MB-3, e.) were distributed amongst
the clusters.

two culture media is lower for cells exposed to MB-3. In the experimental design of
Raser and O’Shea (2004) they assumed that the protein, for which they measured the
noise strength, has no self-feedback regulation on its own transcription or translation,
assumptions that cannot be applied in the pluripotency network. Furthermore, the
addition of the drug did not completely eliminate the correlations between the genes,
though weakened them in SL, i.e., the GRN is maintained. Consequently, reduction
of the intrinsic noise strength in mESCs following Kat2a inhibition, might be due to
the pluripotency network control, in which there is a self-feedback regulation (Kalmar
et al., 2009; Young, 2011).

Exploring the relationship between the 7 genes, not all of which were measured
together in the same cells, was done by binning the sm-FISH expression data in equal
intervals of Nanog expression, which was measured together with all the genes. The
binning procedure was done as follows: the cells were grouped based on their level
of Nanog and the bins were defined as equal intervals of 10 Nanog mRNA molecules
between 0 to 910 molecules. The cells in each bin were averaged, resulting in the mean
number of transcripts of the two other genes that were measured in the same cells with
Nanog. This procedure enables the indirect comparison between all the 7 genes at the
level of single bins (or virtual cells) instead of single cells.

Applying K-means clustering (Materials and Methods section 2.12) for all the
expression data (both 2i and SL supplemented with either DMSO or MB-3) for k =
2 - 10 clusters and calculation of the averaged Silhouette width for each k clusters,
enables selection of the number of groups based on the highest width. A larger averaged
silhouette width indicates a better overall quality of the clustering result. Clustering the
virtual cells resulted in 2 groups for DMSO rather than 3 groups for MB-3 (Fig. 3.6b,
d). In DMSO the 2 clusters (Fig. 3.6b) are distinguished by low and high levels of
Nanog, whereas in MB-3 additionally to Nanog, cluster 2 (Fig. 3.6d) which is in the
low range of Nanog, is distinguished by Oct4, Cdh1 and Dnmt3b from cluster 3 which
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is also in the low range of Nanog. This branching at low Nanog levels, emphasizes
again the differentiating nature of the cells with higher expression of Dnmt3b, Oct4
and Cdh1 (cluster 2) in comparison to cells with lower level of these genes (cluster 3).
Cluster 3 might represent the Mid-Nanog state, which has a slightly higher mean value
of Nanog compared to cluster 2, hence has the chance to go back to the pluripotent
state (High-Nanog state, cluster 1) or differentiate (Low-Nanog state, cluster 2).

Interestingly in the control condition, the 2 clusters have a similar composition of
cells grown in 2i and in SL (Fig. 3.6c), or looking at it from the perspective of the
samples, the cells grown in 2i and SL are distributed in almost identical proportions
between the 2 clusters (2i: 46% in cluster 1 and 54% in cluster 2, SL: 44% in cluster 1
and 56% in cluster 2). Similar distribution between the clusters that are distinguished
by low and high level of Nanog to that of the control is observed in cells grown in 2i
supplemented with MB-3. Cells grown in 2i with MB-3 are only distributed between
clusters 1 and 3 (Fig. 3.6e, 44% in cluster 1 and 56% in cluster 3). Cells grown in
SL with MB-3 are exclusively building cluster 2 and 71% of them are assigned to it
(Fig. 3.6e). This result shows how cells found in the ground state are barely affected by
the inhibition of Kat2a and are remarkably resilient to perturbations in the pluripotent
state, whereas cells grown in SL can exit pluripotency, hence the influence of inhibiting
Kat2a could be detected.

3.3 Discussion
DNA is wrapped around histones in a dense compact structure, and by transferring an
acetyl group to defined tails on the histones, genes can be turned on and off. Generally,
histone acetylation, a process performed by histone acetyltransferases (HATs) like
Kat2a, are linked to transcriptional activation by loosening the compacted chromatin
and allowing the initiation of gene transcription. Here I have explored the role that
acetylation plays in the control of gene expression variability in mESCs and the effect
that it has on the balance between self-renewal and differentiation.

Exposure of mESCs to MB-3, a drug that inhibits Kat2a, in the SL environment
shifts cells towards the MN and LN state of TNGA cells in a dose and duration
dependant manner; these compartments contain differentiating cells. Particularly,
after 2 days of 100µM MB-3 treatment, TNGA cells exhibit a clear shift towards
differentiation, which, after washing the drug and re-plating them in SL for 3 days, did
not recover their natural TNGA profile.
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Moreover, based on the kinetic model computed for TNGA cells, when the system
reaches its dynamic equilibrium in SL after washing the drug, more cells are predicted
to be found in the LN rather than the HN state, as found in the natural TNGA profile.

Both a higher dose of the drug or N2B27 medium, lower the level of Nanog-GFP,
nonetheless they exhibit different cell dynamics across the three states of Nanog
following 3 days after washing the cells and re-seeding them. This observation suggests
that there are different paths of differentiation, either due to epigenetic alterations or
due to a lack of self-renewal signals.

Overall, inhibiting Kat2a, lowers the Nanog-GFP level and increases the cells
chances to leave the pluripotent state and differentiate. To better understand how
the drug affects the pluripotency network and how inhibition of Kat2a influences
heterogeneity in the transcription process, mRNAs of genes related to pluripotency
and differentiation were counted in single cells. Furthermore, the effect of MB-3 was
tested in two culture media: the first SL, a pluripotency medium which allows cells to
maintain or exit pluripotency, and the second 2i, a stringent pluripotency medium in
which the cells are found in a ground state.

Blocking the GSK3 and ERK1/2 pathways in 2i medium maintains the ES cells
in a ground state by downregulating global DNA methylation. In this environment
DNMT3A/B protein expression is inhibited (Sim et al., 2017). 2i creates a permissive
chromatin structure for transcription especially for pluripotency genes, by inducing
global DNA hypomethylation, which blocks differentiation and induces histone hyper-
acetylation (Lei et al., 1996; Okano et al., 1999). With the addition of MB-3 to 2i
medium, two counter processes are promoted, one that downregulate DNA methylation
and induces histone acetylation and the other, by inhibiting Kat2a, reduces the global
histone acetylation. This clearly explain the subtle changes, if any, observed in the
addition of MB-3 to 2i. it seems that GSK3 and ERK1/2 inhibitors are resistant to
the opposite effect of the Kat2a inhibitor, and maintain the pluripotent ground state.

In SL, where the cells can explore pathways exiting pluripotency, inhibiting Kat2a
promotes differentiation by lowering the level of Nanog and Rex1, markers of pluripo-
tency which are critical in maintaining the pluripotent state, and elevating Dnmt3b,
whose function is essential for mESCs differentiation (Wongtrakoongate et al., 2014).
Moreover, the correlations between the genes are weakened, implying that the pluripo-
tency network is destabilized and the chance to differentiate increases by lowering
the negative correlation between Dnmt3b and Nanog, and elevating the correlation
between Oct4 and Dnmt3b. Moreover, in SL supplemented with MB-3, an additional
subpopulation of cells emerged which was not found in the control treatment. This
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subpopulation exhibits lower levels of Nanog and emphasizes again the differentiating
nature of the cells with higher expression of Dnmt3b, Oct4 and Cdh1.

The heterogeneity in gene expression explored here with two parameters, the first
is gene expression variability computed as the CV of the distributions of the genes and
the second is the estimation of the transcriptional noise strength as defined by Raser
and O’Shea (2004). To understand transcriptional heterogeneity, first one needs to
understand the definition of CV and noise in gene expression. Coefficient of variation is
a standardized measure of dispersion of a probability distribution. It shows the extent
of variability in relation to the mean. Gene expression variation at the level of single
cells in genetically identical organisms in homogeneous environments, has an important
role in developmental processes (Raj et al., 2010) by generating diversity, which is
important in stem cells (Mantsoki et al., 2016; Raj et al., 2010). The pluripotent state
found in a sensitive equilibrium between the ability to self-renew and differentiate,
hence an imbalance, i.e. variation in the expression of key pluripotency factors, could
tip the scale in favour differentiation (Karwacki-Neisius et al., 2013).

The variation in gene expression in homogeneous environment is the outcome of
the stochastic and probabilistic nature of chemical reactions, which exhibit stochastic
fluctuations, also known as noise in gene expression (McAdams and Arkin, 1999; Raser
and O’Shea, 2004). The noise in gene expression is composed of two types: intrinsic
noise which reflects the stochastic events during gene expression, and extrinsic noise
due to any existing cellular heterogeneity that affects gene expression or to stochastic
events in upstream signal transduction (Raser and O’Shea, 2004; Swain et al., 2002).
Raser and O’Shea (2004) distinguish between intrinsic noise and intrinsic noise strength,
whereas the first conveys the magnitude of variability as a percentage of the level
of gene expression (intrinsic CV), the second, which they formulated based on the
gene activation and expression rates, is independent of population mean for a single
stochastic process. In their model for intrinsic noise generation they eleborate the
situation where the actual stochasticity of translation contributes minimally to the
variability in protein levels, but the measured noise strength scales with translational
efficiency. They include additional situations where the stochasticity of transcription
contributes little to population variability relative to the stochasticity of the promoter
activation. In these cases, based on the definition of the intrinsic noise strength by
Raser and O’Shea (2004), the intrinsic noise strength of gene expression will scale with
the transcription and translation efficiency (Fig. 2.4).

In terms of variability caused by inhibition of Kat2a in SL, there are several
responses. Nanog, Rex1 and Tcf3 increased their CV together with lowering their
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mean, whereas Sox2, Cdh1 and Oct4, which are related both to pluripotency and to
a further developed state, decreased their CV without changing their mean, Dnmt3b
reduced its CV and increased its mean. CV is a measure that depends on the population
mean, hence calculating the intrinsic noise strength might add to the understanding
of the system heterogeneity. Most of the genes (apart from Oct4 and Tcf3 ) exhibit a
decrease in the intrinsic noise strength estimation when Kat2a was inhibited. Here,
the calculation of the noise strength was based only on the estimation of the promoter
activation term in the intrinsic noise strength equation (Fig. 2.4), hence focusing on
gene transcription efficiency (KT /Koff). Therefore, inhibiting HAT Kat2a, which
causes a reduction in the estimated intrinsic noise strength, impairs transcription
efficiency and implies that when the cells decide to differentiate, their expression noise,
contributed by gene activation stochasticity, is constrained.

Interestingly, when comparing the variability and the estimation of the intrinsic
noise strength of Nanog and Rex1 in SL and 2i, the CV in SL (supplemented either with
MB-3 or DMSO) is at least twice that obtained in 2i (and their mean is decreased). The
transcriptional intrinsic noise strength is higher in SL in comparison to 2i, suggesting
that the increased variability in SL might be due to gene activation stochasticity. To
elucidate what the full and exact contribution of intrinsic noise on mRNA population
variability, one needs to also measure the protein level and calculate the full formulation
of the intrinsic noise strength. The effect on cell fate decisions following the inhibition
of the epigenetic process by Kat2a first depends on the pluripotency state the cells
are in. Cells in the pluripotent ground state exhibit subtle changes when they are
exposed to MB-3, and they can maintain their stringent pluripotency through the
MB-3 counter functions of GSK3 and ERK1/2 inhibitors. However, Kat2a inhibition
in cells that are found in the heterogeneous naïve pluripotent state, in which they can
explore paths for exiting pluripotency, lowers the Nanog expression level and increases
the cells chances to leave the pluripotent state and differentiate. Exiting pluripotency
through this epigenetic change in that cell state also demonstrates a reduction in the
transcriptional noise strength, calculated based on the promoter activation term. The
estimation of the transcriptional noise strength decreases following the reduction in
the transcription efficiency, due to the inhibition of the acetylation process, which
is responsible for making the chromatin accessible for the transcription machinery.
Nevertheless, clarifying the full impact of Kat2a inhibition on the intrinsic noise strength,
should be through a full measure of the transcription (mRNA) and translation (protein)
outputs.





Chapter 4
EpiSCs derived multipotent progenitor popula-
tion for axial extension

4.1 Introduction
NMPs are characterized by simultaneous expression of T and Sox2 (Cambray and
Wilson, 2007; Wymeersch et al., 2016) and are capable of limited self-renewal (Cambray
and Wilson, 2002; McGrew et al., 2008; Tzouanacou et al., 2009). Recently some
studies have claimed the generation of NMP-like cells in adherent cultures of mouse
and human embryonic Pluripotent Stem Cells (PSCs (Denham et al., 2015; Gouti
et al., 2017, 2014; Lippmann et al., 2015; Tsakiridis and Wilson, 2015; Turner et al.,
2014) (see Fig. 1.5). In these studies, ESCs are coaxed into a transient T and Sox2
coexpression state that, depending on the culture conditions, can be differentiated into
either paraxial mesoderm or spinal cord progenitors and their derivatives. However,
there is no evidence that these NMP-like cells are propagated in vitro as they are
in the embryo (Tsakiridis and Wilson, 2015). Furthermore, coexpression of T and
Sox2 might not be a unique characteristic of NMPs as it is also a signature of EpiSCs
(Kojima et al., 2014a), which are pluripotent but does not imply that EpiSCs are NMPs.
While other markers have been used to refine the molecular identity of NMPs in vitro
e.g. Nkx1-2, Cdx2, Cdh1 and Oct4, these are also expressed in the epiblast and in
the primitive streak during gastrulation (Introduction subsection 1.2.6, Table 1.2 and
Fig. 1.6), emphasizing the notion that these gene expression signatures are not uniquely
associated with NMPs. Altogether these observations raise questions about the identity
of the T - Sox2 coexpressing cells derived from ESCs and about the expression signature
of the NMPs. Here, I show that T - Sox2 coexpressing cells derived from ESCs and
EpiSCs based differentiation protocols display differences at the level of gene expression
and represent different developmental stages of the transition between naïve, primed
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pluripotency and neuro-mesodermal fate choices. Furthermore, I find that, in adherent
culture, all available protocols generate a multipotent population where, in addition
to an NMP signature, there are also signatures for Lateral Plate and Intermediate
Mesoderm (LPM and IM) as well as the allantois. I present a new protocol, based
on EpiSCs, that sequentially generates the multipotent population and an NMP-like
population with many of the attributes of embryonic NMPs. In particular, these
cells can be maintained in vitro over time and contribute to posterior neural and
mesodermal regions of the embryonic body in xenotransplant assays. Following the
study described in this chapter, I propose that, in vitro and in vivo, NMPs are derived
from a multipotent population that emerges in the epiblast at the end of gastrulation
and gives rise not only to the elements of the spinal cord and paraxial mesoderm but
all elements of the trunk mesoderm. Furthermore, the study also provides a culture
system for the establishment of a self-renewing NMP-like population in vitro.

4.2 Results

4.2.1 EpiSCs yield a postimplantation epiblast population
that resembles the CLE

Several protocols allow the differentiation of ESCs into an NMP-like population, defined
as cells that coexpress T and Sox2, that can be further differentiated into neural and
mesodermal progenitors (summarized in Henrique et al. (2015)). However, it is not
clear whether these NMP-like cells, derived through different protocols are similar to
each other and, importantly, how each relates to the NMPs in the embryo. To begin to
answer these questions, a comparison of NMP-like cells obtained from three different
protocols is explored here: ES-NMPs (Turner et al., 2014) and ES-NMPFs (Gouti et al.,
2014), derived from ESCs, as well as Epi-NMPs derived from a new protocol that I
developed together with Dr. Penelope Hayward using EpiSCs (Fig. 4.1a-b; Materials
and Methods subsection 2.1.3).

All protocols yield cells coexpressing T and Sox2 at the level of both mRNA
and protein (Fig. 4.1c and Fig. 4.2), but differ in the levels and degree of correlated
expression of the two genes (Fig. 4.2). The Epi-NMP population has the highest number
of T - Sox2 positive cells with low variance in comparison to the other conditions
(Fig. 4.2b).

To characterize the different NMP-like populations further, I investigated the
expression of several genes associated with the epiblast, the CE and the NSB/CLE
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Fig. 4.1 Comparison between in vitro protocols to produce NMP-like cells.
a. Diagram of the protocols: ES-NMP, ES-NMPF and Epi-NMP. b. Diagram of
the 3 differentiation protocols used. c. Confocal images of ES-NMP, ES-NMPF and
Epi-NMP on their 3rd day and Epi-meso on its 2nd day. Hoechst (Nuclei) in grey,
Oct4 in red, Sox2 in green and T in magenta. The composite image of Sox2 (green)
and T (magenta) is presented on the right-hand side column (Materials and Methods
section 2.17).
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Fig. 4.2 Coexpression of Sox2 and T at mRNA levels in EpiSC and in
the different NMP protocols. a. Images, obtained using sm-FISH (Materials
and Methods section 2.8), of cells expressing Sox2 (in green) and T (in magenta)
mRNA in different conditions. The insets zoom in on cells coexpressing Sox2 and T.
Quantification plots of the number of mRNA molecules in a cell at different conditions
are underneath the images. Each dot represents a cell where the x-axis and y-axis
represent the number of Sox2 and T molecules respectively. The Spearman coefficient
correlation between Sox2 and T, the p-value and the total number of cells, noted
as ρ, P-value and n respectively, are listed underneath the quantification plot. b.
The mean and the coefficient of variation (CV) of Sox2 and T distributions in the
different conditions: EpiXAV in orange, ES-NMP in yellow, EpiXAV-NMP in blue and
Epi-NMP in purple.
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region, where NMPs are thought to reside, between stages E7.0 and E8.5 (Introduction
subsection 1.2.6, Table 1.2 and Fig. 1.6 for the criteria used to select these genes).

Both of the ES derived NMP-like populations exhibit clear expression of Cdh1 and
Oct4 and low levels of Fgf5 and Otx2, with ES-NMPF cells specifically displaying high
levels of genes associated with mesendoderm differentiation e.g. Mixl1 (endoderm),
Tbx6 (paraxial mesoderm) and Evx1 (extraembryonic mesoderm) (Fig. 4.3, Fig. 4.4a

Fig. 4.3 Comparison of expression of set of genes in the 3 in vitro protocols.
a. Measuring the expression of 37 genes in ES-NMPs and Epi-NMPs. b. Measuring
the expression of 27 genes in: ES-NMP, ES-NMPF and Epi-NMP. The bars represent
the genes average expression across biological replicas obtained by RT-qPCR and the
error bars indicate the standard error between those replicas. The gene expression
across the different conditions was normalized to Epi-meso condition (Materials and
Methods section 2.13).
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and Gouti et al. (2014)). This suggests that ES-NMP and ES-NMPF are overlapping
populations with an overrepresentation of cells in an early epiblast/gastrula like stage.
In contrast, Epi-NMPs are in a very different state: in addition to T, Sox2 and Nkx1-2
these cells express significant levels of Nodal, Fgf8, Fgf5, Foxa2, Otx2 and Oct4 together
with Cyp26a1 (Fig. 4.3 and Fig. 4.4a). This is a profile associated with the late epiblast
(about E7.5), around the time of the appearance of the CE, before NMPs can be
detected (Introduction subsection 1.2.6 and Fig. 1.6).

To better comprehend the gene expression profiles of the different culture conditions
I calculated two measures of the degree of differentiation of each population: the
‘Epiblast index’, as a measure of the degree of differentiation of the population, and the
‘NMP index’ as a measure of the neuro-mesodermal bias of each population (Fig. 4.4b-c,
Materials and Methods section 2.14). In both cases, the distance of the cells from
the diagonal and the origin reflects the average phenotype of the cell population: the
closer to both, the more the population is in a progenitor, uncommitted epiblast
state. These indices show that Epi-NMPs have the highest epiblast potential with a
slight differentiation bias towards the mesoderm, while ES-NMPs exhibit low epiblast
potential with a degree of differentiation towards the neural fate. In contrast, the
ES-NMPFs exhibit high epiblast and mesodermal potential. The differences between
the three populations are further emphasized by an examination of the protein levels
of some of these markers (Fig. 4.1c and Fig. 4.5). NMP-like populations derived from
ESCs exhibit high levels of Sox2, Oct4 and Cdh1 expression with some cells expressing
Otx2, a signature characteristic of early epiblast (Morgani et al., 2018). In the case
of ES-NMP-like, there is no expression of Cdh2, whereas for ES-NMPF there is a
combination of Cdh1 and Cdh2 expression at the level of single cells, a situation rarely
seen in vivo (Fig. 4.5). In contrast, the Epi-NMP exhibit lower levels of Sox2 and Oct4
(Fig. 4.1c) and a mutual exclusive expression of Cdh1 and Cdh2 (Fig. 4.5), which is a
characteristic of the late Epiblast (Corsinotti et al., 2017; Morgani et al., 2018).

Exposure of the different NMP-like populations to neural and mesodermal dif-
ferentiation environments reveals their potential (Fig. 4.1b, Materials and Methods
subsection 2.1.3). In all cases the cells differentiated into neural and mesodermal
progenitors but exhibited biases depending on their origin (Figures 4.3 and 4.4): ES-
NMPFs and its differentiated progeny exhibit a mesodermal bias while ES-NMPs
exhibit a bias towards the neural fate. In contrast, Epi-NMPs do not exhibit any
strong bias.

Altogether these results suggest that different protocols yield related but different
NMP-like populations which might have different functional properties. The NMP-like
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Fig. 4.4 The neural and mesodermal potential of the NMP-like cells and
their derivatives. a. Expression heatmap of 27 genes, obtained by RT-qPCR, in
cells grown in the different conditions. The expression of each gene was normalized
to the expression in the Epi-meso condition and then was scaled across the different
conditions via calculating the Z-score (magnitude indicated in the blue-red colour
bar). Each gene was assigned to a label: CE E7.5 in yellow, mesoderm in red, CLE
E8.5 in green and neural in orange (Fig. 1.6 and subsection 1.2.6 in the Introduction).
b. Calculation of the epiblast index. In all the conditions the average expression
Z-score value of the differentiating genes (marked in red and orange) and the epiblast
genes (marked in yellow and green) were calculated and scaled between 0 – 1 across
conditions. Those are the Epiblast potential in the x-axis and Differentiation potential
in the y-axis, highlighting the epiblast state of each condition.
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c. Calculation of the NMP index. In all the conditions the average expression Z-score
value of the mesodermal genes (marked in red) and the neural genes (marked in orange)
were calculated and scaled between 0 – 1 across conditions. Those are the Neural
potential in the x-axis and Mesodermal potential in the y-axis (Materials and Methods
section 2.14), highlighting the neural-mesodermal state of each condition.

Fig. 4.5 Mutual exclusive expression of Cdh1 and Cdh2 in the EpiSCs
conditions. Confocal images of EpiSCs, ES-NMP, ES-NMPF and Epi-NMP on their
3rd day and Epi-meso on its 2nd day. Hoechst (nuclei) in grey, Otx2 in blue, Cdh1 in
yellow and Cdh2 in cyan were imaged with confocal microscopy. The composite image
of Cdh1 (yellow) and Cdh2 (cyan) is presented on the right-hand side column.
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population derived from EpiSCs, being the closest to the epiblast and its differentiated
progeny to the NMP potential.

4.2.2 Developmental staging of in vitro derived NMP popu-
lations

The differences between the candidate NMP-like populations derived in vitro suggest
that they might represent different stages in the transition between the early postim-
plantation epiblast and the CLE. To test this, I created a developmental stage reference
using a microarray study of the epiblast at different embryonic stages between early
postimplantation (E5.5) and early-CLE (E8.25) (Kojima et al., 2014a), and mapped
the NMP-like populations, as well as their differentiated derivatives, onto it (Fig. 4.6).
A Principal Component Analysis (PCA) of these data using the 27 genes selected here
(Fig. 4.4a) enabled the recapitulation of, mainly along PC1, the trajectory obtained
using the complete microarray data, thus validating the use of the reduced set of genes
for mapping the in vitro populations to the embryo data (Fig. 4.6, Materials and
Methods section 2.15).

Using the epiblast embryo data as a reference, from the three-dimensional PCA
space, it seems that ES-NMP, Epi-NMP and their derivatives mapped closely to
different embryonic stages, whereas the ES-NMPF and its neural and mesodermal
differentiation populations are separate from these conditions and from the embryonic
stages (Fig. 4.6b). The Epi-NMP and its derivatives projected close to each other
within the embryo trajectory between the LMS and EB stages.

The developmental reference was also used to explore the proximity of the in vitro
derived populations to specific epiblast states in vivo. To do this, I used the microarray
epiblast analysis of Kojima et al. (2014a) as a reference and calculated the cosine
similarity between the in vitro population and the different stages of the embryo as a
metric for the proximity of each in vitro population to a particular embryonic stage
(Fig. 4.7a Materials and Methods section 2.16). This measure shows that ES-NMPs
correlate with early epiblast, whereas ES-NMPFs appear to be a broad population
associated with different stages, mostly late epiblast, confirming that both represent
heterogeneous populations of differentiating cells. On the other hand, the Epi-NMP
population does not appear to show a clear similarity to a specific stage, other than to
early epiblast and LS stages. This analysis also reveals that Epi-meso, a population
derived from the Epi-NMPs, resembles the LB stages, which correspond to E8.25, the
stage where the CLE can be seen to harbour NMPs for the first time.
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Fig. 4.6 Expression of set of genes between the 3 in vitro protocols and
the different embryo epiblast stages. a. Microarray gene expression data from
the epiblast/ectoderm (excluding the primitive streak) from different stages of the
mouse embryo (Kojima et al., 2014a) was used as an anchor to compare the different
protocols to the embryo. Staging is after (Kojima et al., 2014a), where green indicates
the epibast/ectoderm; pink the mesoderm, the primitive streak, and the allantois and
grey the extraembryonic mesoderm and the chorion: CAV, cavity; PS, pre-streak;
ES, early-streak; MS, mid-streak; LMS, late mid-streak; LS, late streak; OB/EB, no
bud/early bud; LB, late bud. b. PCA was performed on the expression values of
the 27 genes indicated in Fig. 4.4a expressed in the NMP in vitro protocols, their
differentiation and the different stages of the epiblast mouse embryo.
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Fig. 4.7 Comparison of in vitro protocols to different epiblast stages. a.
Gene profile of the embryo epiblast at different stages. Heatmap of the Z-score
expression of the 27 genes, was calculated from the microarray gene expression data
of the epiblast/ectoderm (excluding the primitive streak) from different stages of the
mouse embryo (Kojima et al., 2014a). b-c.The pairwise cosine similarity measure
based on the expression of the 27 genes in Fig. 4.4a between the NMP in vitro protocols
or their differentiation and the different stages of the epiblast mouse embryo. A value
of 0 indicates dissimilarity and value of 1 indicates maximal similarity. b. In the
blue-yellow heatmap the dark blue (value of 0) indicates dissimilarity and bright yellow
(value of 1) indicates maximal similarity. c. The y-axis represents the average cosine
similarity across the same epiblast mouse stages (x-axis) as shown in b.
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Altogether these results support the notion that different starting conditions and
differentiation protocols lead to populations with different identities and representa-
tions: ES-NMPs represent a heterogeneous early population, while ES-NMPFs are
a heterogeneous population dispersed over several stages and showing considerable
differentiation. Epi-NMPs, on the other hand, appear to be a tighter population
resembling the later epiblast.

4.2.3 Multiple tail bud fates emerge from differentiating ESCs
and EpiSCs in culture

In the course of the survey of cell type markers in the different populations, I noticed
that all protocols that lead to coexpression of T and Sox2 also lead to the expression
of genes not associated with NMPs e.g. Mesp1, Evx1, Mixl1, Gata6, Bmp4, Msx1,
Msx2, Osr1, Pax2 and Tbx2 (Fig. 4.3 and Fig. 4.4a and see also Amin et al. (2016);
Gouti et al. (2014)). A survey of the literature shows that in the embryo between
E7.0 and E8.5, roughly the stage of the differentiating in vitro cells, these genes
are expressed in the posterior domain of the CE, in the progenitors of the allantois
(Tbx2, Tbx4, Mixl1 and Evx1 ), the LPM (Msx1 and Msx2 ) and the IM (Pax2, Osr1 )
(Introduction subsection 1.2.6 and Fig. 1.6). This suggests that the three NMPs-like
populations derived in vitro are not limited to NMPs, but rather that they represent a
multi-potential population which includes progenitors of LPM, IM and allantois.

In the embryo, the differentiation of the CE is under the control of BMP signalling,
that favours more posterior fates (LPM, IM and allantois progenitors) at the expense
of more anterior ones (NMPs) (Wymeersch et al., 2016). To test this, the levels of
BMP in the Epi-meso population was altered, which appears to be the closest to the
source of NMPs in the embryo (Fig. 4.8 and Materials and Methods subsection 2.1.3).
Inhibition of BMP signalling in culture elevates the expression of NMP markers e.g.
T, Sox2 and Cdx2 (Epi-meso versus Epi-mesoFCD in Fig. 4.8c) and increases NMP
potential (Fig. 4.8b). On the other hand, addition of BMP to the derivatives of
Epi-meso population (EM2-FCB) elevates dramatically their mesodermal potential
(Fig. 4.8b) and specifically increases the levels of genes associated with posterior fates:
Bmp4, Msx1, Msx2 and Tbx2 together with Cdx2 and Snai1, (Fig. 4.8c). Similarly to
Epi-mesoFCD, inhibition of BMP in the Epi-meso2 population (EM2-FCD Fig. 4.8a-b)
slightly improves its NMP index in comparison to Epi-meso2.

In the embryo, as the posterior region of the CE is dominated by BMP signalling,
the differentiation of the anterior domain is dependent on its proximity to the NSB and



EpiSCs derived multipotent progenitor population for axial extension 121

Fig. 4.8 The effect of BMP, FGF and Wnt on mesodermal differentiation
of the Epi-NMP population. a. Differentiation protocols for Epi-NMP into Epi-
meso and Epi-meso2 with modulation of BMP signalling (DMH-1 as an inhibitor
and Bmp4 as an agonist), Wnt signalling (IWP-2 an inhibitor of Wnt secretion as
a Wnt signalling antagonist) and without the addition of exogenous FGF. b. NMP
index of the Epi-NMP and its differentiation protocols calculated based on the Z-score
of the normalized expression profile shown in c. c. Expression heatmap of a set of
chosen genes to monitor the differentiation of cells in the differentiation protocols. All
measurements were obtained by RT-qPCR. The expression of each gene was normalized
to the expression in the Epi-meso condition and then was scaled across the different
conditions via calculating the Z-score, which its magnitude is indicated in the blue-red
colour bar. The effect of BMP: Epi-NMP and Epi-meso are compared to Epi-mesoFCD.
Epi-meso and Epi-meso2 are compared to Epi-meso2 populations that their growing
conditions either contained BMP (EM2-FCB) or DMH-1 (EM2-FCD). The effect of
FGF and Wnt: Epi-meso2 is compared to EM2-Chiron and EM2-FP.
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Fig. 4.9 The effect of Nodal signalling and the maintenance of Epi-NMP in
culture. a. Nodal mutant cells were cultured in the Epi-NMP protocol (Nodal -/-
Epi-NMP). This population of cells was compared to the same population just with the
addition of 2 doses of Nodal concentration to the growth medium of Epi-NMPs on their
3rd day: FGF, Chiron and either 100ng/ml of Nodal (Nodal-/- Epi-NMP+0.1xNodal)
or 1µg/ml of Nodal (Nodal-/- Epi-NMP+1xNodal). The different shaped dots represent
the genes average expression across biological replicas obtained by RT-qPCR and the
error bars indicate the standard error between those replicas. The gene expression
across the different conditions was normalized to Epi-meso condition.
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b. Differentiation protocol for Epi-NMP into mesodermal precursors; cells were
passaged and cultured in FGF and Chiron at every passage to generate the different
generation of Epi-meso cells (Epi-meso, Epi-meso2, Epi-meso3, etc. see Materials and
Methods subsection 2.1.3). c. Expression heatmap of 24 genes in Epi-NMP and its
derivatives. All measurements were obtained by RT-qPCR. The expression of each gene
was normalized to the expression in the Epi-meso condition and then was scaled across
the different conditions via calculating the Z-score, which its magnitude is indicated in
the blue-red colour bar (Materials and Methods section 2.13). d. The NMP index of
the Epi-NMP and its derivatives was calculated based on the Z-score of the normalized
expression profile shown in c.

the Epi-NMP population expresses Nodal and Foxa2 genes which are associated with
this region (Fig. 4.3a and Fig. 4.4a). Inhibition of Nodal signalling reduces T -Sox2
coexpressing cells (Turner et al., 2014), hence testing the Nodal signalling influence on
the NMP signature of this population was investigated. To do this, Epi-NMPs from
Nodal mutant EpiSCs (Nodal -/- Epi-NMP , Materials and Methods subsection 2.1.3
and Fig. 4.9a) were cultured and compared to Nodal mutant Epi-NMPs supplemented
with 2 different doses of Nodal in the presence of FGF and Chiron: 100ng/ml of Nodal
(Nodal-/- Epi-NMP+0.1xNodal) or 1µg/ml of Nodal (Nodal-/- Epi-NMP+1xNodal).
Loss of Nodal leads to an increase in Sox2 and a decrease in Cyp26a1 and Fgf8
expression, suggesting a loss of CLE character, while addition of Nodal to these cells
increases the level of T and lowers the level of Sox2 expression. These results suggest
that Nodal signalling is necessary to maintain the relative levels of Sox2 and T and
significant levels of Fgf8 and Cyp26a1, which are characteristic of the CE.

In summary, the results suggest that in all cases, differentiation of PSCs into a
caudal population does not result in the specification of NMPs only, but rather of a
multipotent population for all axial derivatives. This population is further differentiated
by BMP and Nodal. The differences between the different protocols might not only
result in different stages of development but also in different proportions of the different
mesodermal populations.

4.2.4 Epi-NMPs create a population that can be propagated
in vitro

In the embryo, the initial NMP population needs to be amplified, together with the
progenitors of the LPM and IM, if it is to account for the cellular mass along the length
of the region posterior to the brain (Steventon and Martinez Arias, 2017; Wymeersch
et al., 2016). This amplification should be a criterion to identify NMPs in vitro.
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Earlier studies have shown that ESCs derived NMPs are not able to maintain the T -
Sox2 coexpressing cells when they are passaged in the conditions in which they were
generated, namely FGF and Chiron or Chiron alone (Gouti et al. (2014); Turner et al.
(2014) and unpublished observations). Surprisingly, when Epi-NMPs are induced to
differentiate into mesoderm by exposure to FGF and Chiron, they maintain T and
Sox2 expression for at least two passages (Epi-NMP to Epi-meso and Epi-meso to
Epi-meso2 (Fig. 4.9b-d) with a low differentiation index. Furthermore, in the transition
from Epi-NMP to Epi-meso, cells lose expression of epiblast markers e.g. Fgf5, Nodal,
Otx2, Oct4 and Cdh1 (Fig. 4.3a, Fig. 4.4a and protein expression of Oct4, Otx2 Cdh1
and Cdh2 in Fig. 4.1c and Fig. 4.5), suggesting that the Epi-meso population is a
refined state containing many features of the NMPs that are a subset of the CLE.

During passages of the Epi-meso populations, a progressive decrease in the expression
of NMP markers is observed (T, Cyp26a1, Fgf8 and Nkx1-2 ) along with a slow increase
in the expression of differentiation genes associated with neural fates: Cdh2, Sox2,
and Hes5 (Fig. 4.9c). When Epi-meso cells are grown in N2B27 supplemented with
Chiron alone (EM2-Chiron, Fig. 4.8 and Materials and Methods subsection 2.1.3),
an increase in the levels of expression of neural markers (Sox1, Sox2 and Hes5 ) is
observed with a concomitant shift of the NMP index to neural and a loss of mesodermal
potential. Furthermore, inhibition of Wnt in the Epi-meso2 state (EM2-FP, Fig. 4.8
and Materials and Methods subsection 2.1.3) leads to a reduction in the expression
of neural progenitor markers and an elevation in the expression of mesodermal ones
(Gata6 and Snai1 ), which appropriately shift its NMP index to the mesodermal side
with low neural potential in comparison to Epi-meso2.

4.2.5 Epi-NMPs and the Epi-meso contribute to axial exten-
sion

During the elongation of the posterior body axis, NMP derivatives undergo a progressive
exit from their niche adjacent to the node and enter either the primitive streak, where
they ingress and integrate with the presomitic mesoderm, or are retained in the epiblast
and enter the posterior region of the spinal cord. Depending on the time of exit from
the niche, they contribute to different anteroposterior axial levels. With this in mind,
the ability of the in vitro derived cells to exhibit these behaviours when transplanted
in vivo was tested. To follow the behaviour of transplanted NMP-like populations via
live imaging and test the developmental potential these cells have, chicken embryos
were used, as these embryos have been shown to be reliable hosts for the functionality
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Fig. 4.10 Epi-NMP and Epi-meso progressively contribute to more poste-
rior portions of the embryonic body axis. a. Scheme of grafting cells into chicken
embryos: colonies from EpiSCs, Epi-NMP and Epi-meso were labelled with membrane
dye (DiI). The labelled tissues were grafted into the region of the caudal lateral epiblast
of a chicken embryo around HH stages 6-9. Embryo cultures were imaged as single
time points and as time lapses for 15-18hr after grafting. b. Representative images of
labelled EpiSCs, Epi-NMP and Epi-meso grafts (marked in red) after transplantation.
The red cells represent the contribution of the EpiSCs/Epi-NMP/Epi-meso grafts in
the chicken embryo after 15-18hr since grafting.
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c. Schematic of graft contributions in HH stage 13. The length of each labelled
cell contribution is shown as a solid bar, coloured red where the cells were found in
mesodermal compartments only, or blue where the cells additionally contributed to
neural tissue. The length of each contribution is represented as the level of the somites
in which labelled cells were found; a solid line denotes the caudal boundary of the most
recently formed somite in each case. Where the bar abuts the line, labelled cells could
be found into the unsegmented region of the body axis. Contributions greater than
1750µm in length are denoted with asterisks.

of neural and mesodermal progenitors (Fontaine-Perus et al., 1997, 1995; Gouti et al.,
2014). Application of this technique to ESCs and different ESCs derived NMP-like
cells, confirms that it is a reliable assay of developmental potential (Baillie-Johnson
et al., 2018; Gouti et al., 2014).

The focus of the transplantation experiments was on the EpiSCs derived NMP-like
populations as the different tests suggest that they are the closest to the embryo
NMPs. The transplantation experiments of cells from EpiScs, Epi-NMPs and Epi-
meso conditions were done by Dr Peter Baillie-Johnson and Dr Benjamin Steventon
(Materials and Methods section 2.18). As can be seen in Fig. 4.10 EpiSCs only
contribute to short axial extensions and their descendants are mainly located in the
mesodermal region. This result suggests that the EpiSCs exit early from the NMP
domain. On the other hand, Epi-NMPs and Epi-meso sequentially contribute to
more posterior regions (Fig. 4.10) with both neural and mesodermal contributions.
Furthermore, Epi-meso cells make more dual neural and mesodermal contributions than
the Epi-NMPs and show a weak, but noticeable, bias towards more posterior positions.
Since the Epi-meso population is derived from Epi-NMPs, these results suggest that
their temporal sequence in vitro results in cells with more posterior colonizing ability
in the transplants. Perhaps this reflects the fact that Epi-meso cells express more
posterior Hox genes than Epi-NMPs (Fig. 4.3 and Fig. 4.4a) and this might contribute
to their ability to colonize more posterior regions of the embryo (Denans et al., 2015).

Taking the above result together with the gene expression analyses, the conclusion
is that the continued propagation of Epi-NMP population in culture can lead to the
production of a population that closely resembles the E8.25 embryonic NMPs.

4.3 Discussion
In this chapter, I have used and compared three PSCs based differentiation protocols
to study the emergence in vitro of a population of bipotential progenitors, NMPs, that
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in the mammalian embryo give rise to the paraxial mesoderm and spinal cord of the
thorax. The results here show that each of these protocols produces populations of cells
with different gene expression signatures and ability to contribute to axial elongation
but with two common denominators: coexpression of T and Sox2 as well as of genes
associated with LPM, IM and allantois. These results suggest that coexpression of T
and Sox2 is not an unequivocal criterion to identify NMPs and that the populations
generated in vitro are not restricted to NMPs. Therefore, the identification of these
progenitors requires additional criteria, in particular the ability to self-renew and to
make contributions to axial extension along the length of the anterior-posterior axis,
as well as an association with the node (Gouti et al., 2015; Henrique et al., 2015;
Steventon and Martinez Arias, 2017; Wilson et al., 2009). Applying these criteria
to differentiating PSCs populations, I identify a specific protocol, that starting with
EpiSCs, yields a population similar to the NMPs in the embryo in terms of cellular
function, gene expression, maintenance overtime and the exit timing of the progenitors
from the caudal domain of the embryo. This population emerges from a late epiblast
like state that can also give rise to LPM, IM and extraembryonic mesoderm in a
signalling dependent manner.

The observations in this chapter suggest that a multipotent population might be
an obligatory intermediate for the emergence of the NMPs. ESC based protocols yield
similar populations that can be differentiated into mesodermal and neural progenitors
but lack several features characteristic of NMPs, in particular their ability to self-renew
and to contribute significantly to axial extension (Baillie-Johnson et al., 2018; Gouti
et al., 2014; Turner et al., 2014). Furthermore, as shown here, these populations are
highly heterogeneous.

There are many studies in which Wnt signalling can caudalize epiblast like popula-
tions (Amin et al., 2016; Mazzoni et al., 2013; Neijts et al., 2016; Nordström et al.,
2002, 2006) and in these cases, which are mostly ESCs based, the NMP-like cells fail
to self-renew as they do in vivo. In contrast to these ESCs based protocols, here
I have shown that exposure of pre-treated EpiSCs to FGF and Chiron generates a
population with a gene expression signature characteristic of a late CE, around the
time of the appearance of the node. Upon further exposure to Wnt and FGF signalling,
this population evolves and generates cells with many of the hallmarks of the NMPs,
including limited in vitro propagation, as well as an ability to differentiate into neural
and mesodermal progenitors in a Wnt dependent manner, and to make long and more
posterior contributions to axial extension in a xenotransplant assay. For these reasons,
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Epi-NMP population will from now on be referred to as Epi-CE and the Epi-meso as
Epi-NMP.

A significant feature of the Epi-CE cells, in common with the ESC derived pop-
ulations, is the expression of markers for LPM, IM and allantois, suggesting that,
in vitro, the NMPs are derived from a multipotent population that is likely to exist
in the embryo. Analysis of lineage tracing data at the single cell level supports the
existence of this population in the form of clones that span the spinal cord and at
least two mesodermal derivatives (see Figure 4 in Tzouanacou et al. (2009)). I find
that the fate of the Epi-CE cells is dependent on a balance between BMP and Nodal
signalling and has a strict requirement for Wnt signalling in both neural and mesoder-
mal lineages. The dependence on BMP and Nodal mirrors events in the embryo where
BMP signalling is concentrated at the caudal end and promotes posterior (LPM, IM
and allantois Sharma et al. (2017)) fates whereas Nodal, expressed around the node,
promotes anterior (NMPs) fates.

The importance of Nodal in the establishment of the multipotent population, and
perhaps also in the definition of the NMP domain, is underscored by the study reported
here with Nodal mutant cells in which the rescue of a population with disrupted Sox2
and T expression, is crucially dependent on the levels of Nodal signalling. Consistent
with a role of the node and of Nodal in this population, embryos mutant for Foxa2
which lack a node, exhibit deficiencies in the organization of the CE and axial elongation
(Ang and Rossant, 1994; Davidson and Tam, 2000; Weinstein et al., 1994) and the
same can be observed in embryos mutant for Smad2 and Smad3 (Vincent et al., 2003).

In vitro, the transition between the Epi-CE and Epi-NMP is linked to the loss
of expression of several genes that are associated with the epiblast e.g. Fgf5, Otx2
and, especially, Oct4, a POU domain transcription factor that, together with Sox2,
maintains pluripotency. A similar transition can be observed in the embryo where Oct4
expression ceases at around E8.5/9.0 (Downs, 2008; Osorno et al., 2012), the time at
which cells start differentiating. It is possible that the combination of Oct4 and Sox2
promotes multipotency and that only when Oct4 expression ceases then Sox2 starts
playing a pro-neural role. A function for Oct4 in axial elongation can be gauged from
the severe axial truncations that follow loss of Oct4 activity from E7.0/7.5 (DeVeale
et al., 2013) and the extended axial elongations associate with overexpression of Oct4
(Aires et al., 2016). This may reflect an increase in the initial size of the multipotent
CE pool rather than a specific alteration in the NMP population.

During the passage of the Epi-NMP population in the presence of Wnt and FGF
signalling, cells progressively lose T expression and increase Sox2 expression. This is



EpiSCs derived multipotent progenitor population for axial extension 129

surprising since a widespread notion suggests that Wnt signalling suppresses neural
differentiation and promotes mesoderm. However, while in the embryo this is true
during the first phase of gastrulation, before the appearance of the node at E7.5, this
might not be the case during the development of the caudal region of the embryo. In
fact, during gastrulation, Wnt signalling does not suppress neural but rather anterior
epiblast which is committed to anterior neural (Arkell and Tam, 2012; Lewis et al.,
2008). When the trunk develops, there is a clear evidence that Wnt/β-catenin signalling
is required for the expansion of the neural progenitors in the spinal cord (Zechner et al.,
2003) and an increase in Wnt/β-catenin signalling does not supress neural development
(Garriock et al., 2015). Thus, I suggest that the response of neural specified cells
to Wnt signalling is a measure of the stage and position of the cells. A requirement
for Wnt signalling in the development of the spinal cord is further emphasized by
the observation that the Sox2 gene has a Tcf response element and responds to Wnt
signalling (Takemoto et al., 2006).

In summary, using a specific experimental protocol I have shed light on the origin
of the NMP population in vivo and in vitro. The results of this work highlight the
importance of the starting population in the differentiation of specific cell types.





Chapter 5
Support Vector Machine for classifying cells based
on their expression profile

5.1 introduction
Single cell RNA sequencing (scRNA-seq) is a powerful technique for identifying cells
with unique gene expression profiles in a population and studying the stochastic nature
of gene transcription, which cannot be achieved via bulk RNA-seq that involves the
quantification of mRNA transcript abundance averaged over a population of thousands
or millions of cells. scRNA-seq enables the measurement of genome wide mRNA
levels in individual cells, hence facilitates the study of gene expression heterogeneity
within a biological condition and its changes across different biological conditions. The
complexity and the multidimensionality of scRNA-seq data prompt a critical need
for analytical tools that deal with big data and can extract relevant insights from
such data. To address this need, here I show how classification techniques combined
with mutual information (MI) can help detecting and predicting the diagnostic profile
of cells from their mRNA expression. Machine learning as a classifier is useful for a
phenotypic classification of diseases or any other conditions, e.g. linking the insights
from embryo development to in vitro cell growth conditions. This work presents a
method for scRNA-seq data classification using Support Vector Machines (SVM), as
proposed in previous works (Brown et al., 1999; Furey et al., 2000; Vanitha et al.,
2015).

In machine learning, SVM is a supervised learning model used either for classification
or regression analysis (Materials and Methods section 2.23). In previous studies, it was
used for gene expression classification and it exhibits high performance with a simple
kernel when analysing microarray expression data from different conditions (Brown
et al., 1999; Furey et al., 2000; Vanitha et al., 2015).
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The increasingly use of SVM in the last few years in many different applications,
including text classification, spam classification, computer vision, image classification
and, as mentioned above, in gene expression data is due to its appealing features.
These include, high accuracy, robustness: due to the optimal margin gap between the
hyperplanes it can predict test data well without overfitting, computationally efficient
since it can use kernel tricks on non-linear separable data, handle large set of features,
identify outliers and its representation sparseness of the decision boundary is a necessity
when dealing with large data sets (Brown et al., 1999). For these reasons, I elected to
use SVM in this work for scRNA-seq classification

The need for dimensionality reduction in scRNA-seq data classification is relevant
to interpret the data and to efficiently reduce computer calculation time. Here, similar
to the work of Vanitha et al. (2015), a mutual information (MI) technique (Battiti,
1994; Devaraj et al., 2002) was used to select the informative genes related to different
conditions that need to be learnt. The gene selection step helps to remove many
irrelevant genes, which improves the classification accuracy. MI was selected to perform
this task due to its nonlinearity, robustness, scalability and its previous success in
detecting informative genes in microarray expression data (Vanitha et al., 2015).

To the best to my knowledge this is the first time that MI and SVM have been used
as a features selection and classifier on scRNA-seq expression data to predict the state
of a cell. The main objective of this work is to introduce a working pipeline that can
handle large dataset with variability in gene expression between cells from the same
condition, which is inherently found in scRNA-seq data, while being sensitive enough to
distinguish between the variability across conditions. The pipeline is constructed from
two main steps: 1. selection of the informative genes using MI calculation between
genes and the cell classes (conditions) and, 2. training and testing a robust and accurate
SVM classifier with the selected genes using different kernel settings. The proposed
pipeline is assessed on simulated scRNA-seq data, which allows testing different data
scenarios, and on real scRNA-seq dataset, as detailed in chapters 6 and 7.

5.2 Simulated dataset
The simulated dataset was generated using the scripts provided with the scDD R
package v1.2.0 (Korthauer et al., 2016). In depth, 10,000 genes were simulated for
two conditions with a sample size of 500 cells each. 8,000 genes were simulated as not
differentially expressed using the same distribution (unimodal for half of the genes and
bimodal for the remaining) in the two conditions. Specifically, the unimodal genes
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were generated from the same Negative Binomial (NB) distribution, while the bimodal
genes were generated from a two-component NB mixture. The remaining 2,000 genes
were simulated as differentially expressed equally and accordingly to the four types of
differential expression defined by Korthauer et al. (2016):

1. Unimodal distributions with different means (DE).

2. Bimodal distribution with different proportions of cells in the two components
and equal component means across conditions (DP).

3. Unimodal distribution for one condition and bimodal distribution for the other,
with one overlapping component and with equal component means across condi-
tions (DM).

4. Unimodal distribution for one condition and bimodal distribution for the other,
with different component means across conditions (DB).

The dataset was obtained by running the script simulateSet.R and using as starting data
the synthetic dataset scDatEx provided in the package. All parameters for simulation
were set as default.

5.3 Experimental workflow
SVM was chosen as a classifier due to its high accuracy and its ability to deal with
high dimensional data as shown previously in large scale image classification and gene
expression studies (Abdullah et al., 2011; Jiang et al., 2007; Lin et al., 2011; Vanitha
et al., 2015).

Fig. 5.1 illustrates the SVM building workflow: to train the model and test the
SVM performance a leave one out cross validation (LOOCV) method was used. In this
method, the training data is N − 1 cells, where N (1000 cells) is the total number of
cells and the remaining N th cell is used for testing the model. This is repeated N times,
such that each cell is tested, classified and contributes to the model performance. The
LOOCV method makes the best use of the available data, especially when the number
of samples is small, and avoids the problem of random selection (Ben-Dor et al., 2000).
From the training set, the MI between the classes and the genes is calculated. The
informative genes are selected by setting a threshold for the MI and used to train
the SVM. Initializing the SVM model is done by selecting its parameters and kernel
functions. The classifier learns to distinguish between the members and non-members
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of a specific class, based on the gene expression profile of the cells assigned to this class.
Having learned the expression signature of a class, the SVM can classify a new cell to
it based on its expression profile.

Fig. 5.1 Leave one out SVM workflow. In iterative process where each cell is
trained and tested, the training set is composed from N − 1 cells, whereas N denotes
for the total number of cells (1000), and the cell that was left out is the testing cell.
From the training set the MI between the classes and the genes was calculated. Setting
a threshold for the MI and selecting the informative genes that passed this threshold.
Initializing the SVM model by selecting its parameters and training it on the cells with
only the informative genes. The next step is to predict the class of the test cell with
the expression of the informative genes using the SVM and repeat this process until
all the cells are tested. Computing the SVM prediction results will might lead to a
further tuning of the parameters used for building it



Support Vector Machine for classifying cells based on their expression profile 135

5.4 Gene selection using mutual information
scRNA-seq data involve whole genome expression profile at thousands of cells, hence
the need for dimensionality reduction is required to elucidate the data and to feasibly
reduce computer calculation time. Here, the MI technique (Battiti, 1994) was used to
select the informative genes related to the different classes that cells are assigned to.
To compute MI, probability distributions are required, however in practice they are
not known. To overcome this, the expression histograms of the genes, were used. The
steps for computing the MI between the classes and genes are as described in Materials
and Methods subsection 2.22.2.

5.5 The kernel functions of the SVM
The simplest classification problem is a binary classification that can be solved by
building an SVM model, however, other classification problems could involve more
than 2 classes. To deal with multiclass classification problems, the dominant approach
is to reduce the single multiclass into multiple binary classification problems. The
two popular approaches are “one- against all“ and “one- against one“ (Duan and
Keerthi, 2005). Classification of new instances for the one- against all case is done by
a winner-takes-all strategy, in which the classifier with the highest output function
assigns the class. In the one-against one approach n(n − 1)/2 binary classifiers are
trained, where n is the number of classes; the appropriate class is assigned by the
majority output of the binary classifiers.

As mentioned in the introduction, the SVM is based on two concepts to generate
a robust classifier model: large-margin separation and kernel functions. The kernel
function, also known as the kernel trick, is used when the sets to discriminate are
not linearly separable in a finite dimensional space. The kernel function maps the
original finite dimensional space into a much higher dimensional space, making the
separation easier in that space. The four basic kernels are: linear, polynomial, radial
basis function and sigmoid.

The selection of an appropriate kernel function is important, since it impacts the
classifier performance.
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Dataset Number of
cells

Number of
genes

Class label Class size

Synthetic 1000 10,000 1 500
2 500

E8.25 mouse embryo (from
Ibarra-Soria et al. (2018)
and used in chapters 6
and 7)

498 cells 14,822 1 244
2 110
3 68
4 76

Table 5.1 the tested datasets upon which the SVM classifiers were build

5.6 Results
The proposed pipeline is implemented in R using the SVM function from the R package
e1071 version 1.6.8 (Meyer et al., 2017) and executed on a Mac computer with an Intel
core i5 processor (3.2 GHz) and 8GB of RAM. Building the classifier was done based on
a simulated scRNA-seq synthetic dataset and real data from the E8.25 mouse embryo,
which is thoroughly explored in chapters 6 and 7. Here I will focus on implanting the
proposed procedure on the synthetic data.

The datasets listed in Table 5.1 are composed of a gene expression matrix of rows
indicating genes and columns the cells. Each cell is labelled to one of the classes, which
indicate, for example, different conditions, cells from tumour versus healthy tissue,
or as with the embryo data, different states of a cell in the developing embryo (for
more details see chapters 6 and 7). The defined problem in the synthetic dataset is
to distinguish between cells belong to class 1 and class 2 and in the embryo data it is
a multiclass classification problem. Feature selection, i.e. gene selection, using MI is
done to remove irrelevant genes or “noise“ that do not contribute to the accuracy of
the SVM classifier.

Fig. 5.2 shows the mutual information between all genes and the classes in both
the synthetic and real datasets. It is clear from Fig. 5.2 that only a subset of genes is
informative for solving the classification problem.

As can be seen in Table 5.2 and Table 2.5, by setting a higher threshold to the MI
value leads to a lower number of informative genes that are fed to the classifier and
influence its performance. In the synthetic dataset, a linear SVM with only 3 genes
(Table 5.2) can achieved perfect classification performance, whereas in the real dataset
(Table 2.5) a linear SVM with 82 genes achieves excellent classification results. The
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Fig. 5.2 Mutual information between genes and classes in a. the synthetic
dataset and b. the real mouse embryo data.

Number of in-
formative genes

Correctly classi-
fied Misclassified Error rate

MI > 0.15 589 1000 0 0
MI > 0.3 109 1000 0 0
MI > 0.8 12 1000 0 0
MI > 0.95 5 1000 0 0
MI > 0.965 3 1000 0 0

Table 5.2 Synthetic dataset: performance of the SVM (linear kernel function) with
setting different threshold of the MI value.
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Methods Number
of genes d γ C Correctly

classified Misclassified Error
rate

SVM linear

3

- - - 1000 0 0%
SVM polynomial 3 1/3 0 999 1 0.01%
SVM radial basis - 1/3 - 991 9 0.9%
SVM sigmoid - 1/3 0 995 5 0.5%

Table 5.3 Synthetic dataset: performance of the SVM with different kernel functions.
The parameters d, γ and C need to be set for kernel of type polynomial, for all kernels
except linear, and for kernels of type polynomial and sigmoid respectively.

Methods Number
of genes d γ C Correctly

classified Misclassified Error
rate

SVM linear

82

- - - 483 15 3%
SVM polynomial 3 1/82 0 474 24 5%
SVM radial basis - 1/82 - 360 138 28%
SVM sigmoid - 1/82 0 244 254 51%

Table 5.4 Real embryo dataset: performance of the SVM with different kernel functions.
The parameters d, γ and C need to be set for kernel of type polynomial, for all kernels
except linear, and for kernels of type polynomial and sigmoid respectively.

reduction from thousands of genes to a few dozen not only h elps in building accurate
classifier, but also can shed some light on the biological problem and pin down the
major genes associated with the different states of the cell (examples in chapters 6
and 7).

To examine the accomplishment of the SVM with different kernel functions the
optimal MI threshold was used for each dataset, resulting in 3 genes and 82 genes as an
input to the classifier for the synthetic and real datasets respectively. Tables 5.3 and 5.4
summarize the settings for the different kernel functions and the classification results
obtained by each of the classifiers. Tables 5.3 and 5.4 exhibit the superior performance
of the linear SVM in both the synthetic and real scRNA-seq datasets, which shows the
maximum classification accuracy with the optimal number of informative genes.

5.7 Conclusions
There is an ongoing need for tools to tackle the challenges in analysing single cell
RNA-seq data. The challenges are mainly related to the noise deriving from both
technical (mRNA amplification biases or unsuccessful mRNA capture) and biological
(the stochastic nature of transcription) factors, and the large datasets that are obtained
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(expression matrices of the whole transcriptome for thousands or millions of cells in
each condition). In this work, I present an SVM based workflow to classify scRNA-seq
data. SVM is well suited for this task as it can deal with big data and a large number
of features (expression of genes that are fed to the model). The major issue in building
a classifier is feature selection, since large number of features will not necessarily
contribute to its accuracy and might even damage its performance. To overcome the
multidimensionality of whole genome expression data as SVM features, MI was used
to identify the informative genes in partitioning the data. A SVM with a linear kernel
produced the highest accuracy both in the synthetic and real datasets, however for
a different dataset it is important to explore and tune the SVM with the different
kernel functions. The proposed classification workflow, can be used as a prediction
tool for a new scRNA-seq dataset: identifying the condition or the state of the cells. In
chapters 6 and 7 I have trained the SVM model on the mouse embryo data to predict
the state of in vitro cells, which are grown under different protocols to mimic the mouse
embryo NMPs. This SVM approach helped in anchoring the state of the cells produced
under different protocols in the lab, to the different developmental states or regions of
the mouse embryo.





Chapter 6
A node-like population within an in vitro derived
NMP population

6.1 Introduction
In mammalian embryos, the trunk consists of the endoderm, the spinal cord and the
derivatives of different kinds of mesoderm (axial, paraxial, intermediate and lateral
plate). Much of our current understanding regarding the development of this body
region has focused on two progenitor cell populations: the node, that will give rise to
the axial mesoderm (Beddington, 1982; McGrew et al., 2008; Tam and Beddington,
1987) and the NMPs that contribute to the spinal cord and the PXM (Henrique et al.,
2015; Selleck and Stern, 1991; Wilson et al., 2009). Both populations are closely related
within the anterior region of the CE in the embryo (Wymeersch et al., 2016). This
association persists for as long as the node is visible, between stages E7.5 and E9.0
(Introduction subsection 1.2.6, Fig. 1.6 and (Wymeersch et al., 2016; Yamanaka et al.,
2007)). It is not clear when the NMPs arise but their association with the node suggests
that they might emerge at the same time, around E7.5; the NMP population must
then proliferate to sustain the axial extension process. Absence of the node results in
severe axial truncations (Ang and Rossant, 1994; Davidson and Tam, 2000; Weinstein
et al., 1994), suggesting a relationship between the node and the establishment and
maintenance of the NMPs. However, little is known about these interactions.

The earliest identifiable NMPs emerge in the CE of E8.25 embryos distributed
between the NSB and the CLE (Cambray and Wilson, 2007; Wymeersch et al., 2016).
However, molecular analysis in embryos is limited, because of accessibility to primary
material and the challenging temporal resolution. To circumvent these difficulties, over
the last few years ESCs have emerged as a useful model for mammalian development.
In the context of axial extension, it has been possible to generate NMPs in vitro from
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Pluripotent Stem Cells (PSCs) (chapter 4). These studies provide large quantities of
material and allow the study of details that are difficult to obtain in vivo, particularly
the structure and the genetic profile of the NMP population. In these studies, it is
important to establish the relationship between the in vitro and the in vivo populations.

In this chapter I present a single cell analysis of different in vitro populations,
comparing them to the E8.25 embryo CLE (Ibarra-Soria et al., 2018), where NMPs
can be clearly observed (Cambray and Wilson, 2007; Wymeersch et al., 2016). I built
a Support Vector Machine (SVM) based on the reference CLE embryo data and used
it as a classification model to analyse the different in vitro NMP-like populations. I
show that while ESCs derived CLE-like populations are heterogeneous and contain
few NMP-like cells, EpiSCs derived cells produce a high proportion of cells with the
embryo NMP signature. Importantly I find that Epi-CE, the population from which
the Epi-NMPs are derived, contains a node-like population which can maintain the
expression of T in vitro. The results in this chapter suggest a sequence of events for
NMP emergence, which I elaborate here.

6.2 Results
To understand the complexity and identity of the cell populations that emerge when
recapitulating NMPs in vitro and how they relate to the embryo CLE, characterization
at a single cell level was carried out. I focused the study on the populations that I have
described in chapter 4 and extracted mRNA from single cells of ES-NMPs (Turner et al.,
2014), Epi-CEs and Epi-NMPs, as well as of the T expressing cells from the Epi-CE
population (Epi-CE-T, see chapter 4 and Materials and Methods subsection 2.1.3). A
gene expression dataset containing 7,006 cells from E8.25 embryos (Ibarra-Soria et al.,
2018) was used as a reference for the in vivo population. However, rather than using
the complete dataset, I performed an in silico dissection of the caudal region of the
embryo (Introduction subsection 1.2.6 and Fig. 1.6). Cells coexpressing Sox2 and T –
were selected as - putative NMPs (Cambray and Wilson, 2007; Henrique et al., 2015;
Koch et al., 2017; Tsakiridis et al., 2014; Wymeersch et al., 2016); cells that express
Sox2 and Nkx1-2 but do not express T - preneural progenitors (Henrique et al., 2015;
Schubert et al., 1995); and cells that express T but not Sox2, Mixl1 or Bmp4, which
represent mesodermal progenitors and exclude progenitors for the endoderm (Mixl1 )
and the allantois (Bmp4 ) (Dunty et al., 2014; Lawson et al., 1999; Robb et al., 2000;
Wolfe and Downs, 2014). These three populations are referred here to NMP, preNeuro
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and preMeso respectively. The extraction process yielded 498 cells that represent the
caudal region of the embryo (108 NMP cells, 133 preNeuro cells and 257 preMeso cells).

6.2.1 in vitro derived populations reflect temporally overlap-
ping embryonic populations

As a first step in the analysis the SPRING algorithm was used (Weinreb et al., 2017)
for visualizing high dimensional single cell RNA-seq data (Materials and Methods
section 2.21). This visualization allows a first approximation of the transcriptional
complexity of the different samples (Figures 6.1 to 6.6). Each sample occupies a unique
position in the dimensionally reduced gene space, with some overlaps between the
different NMP-like populations. The cells derived from the embryo (blue, Fig. 6.1)
are grouped separately from the in vitro populations and look like an outlier group.
Using a reference of the major signature of CLE gene expression (Introduction sub-
section 1.2.6 and Fig. 1.6), a spread was observed in the markers expressed by the
different populations, which can be used to determine their identity.

ES-NMPs appear to be a very heterogeneous population spanning over several stages
(Figures 6.1 to 6.6): pluripotency (Nanog, Rex1, Sox2, Esrrb, Fgf4, Fig. 6.1), primed
epiblast (Fgf5, Otx2 and Cdh1, Fig. 6.2), a later epiblast population that expresses
some CLE and NMP markers (Fig. 6.1 and Fig. 6.3) as well as cells with a neural
identity and others with mixed mesodermal characteristic (Fig. 6.4). Furthermore, a
group of cells, overlapping with the last population, exhibits mixed potential expressing
Mixl1 and Fgf17 together with Evx1, Hoxb9, Oct4 and Wnt genes (Figures 6.2 to 6.6),
and might represent the posterior primitive streak population that will give rise to
mesendodermal tissue (Dunty et al., 2014; Kojima et al., 2014a; Robb et al., 2000;
Wolfe and Downs, 2014). The ES-NMPs heterogeneity confirms the conclusion from
the ensemble study presented in chapter 4, that differentiation in the absence of FGF
expression leads to a highly heterogeneous and asynchronous populations with few
NMPs.

The Epi-NMP population is enriched in cells with expression profiles clearly as-
sociated with the E8.25/8.5 embryo: expression of Cyp26a1 and Cdh2 and absence
of Otx2, Oct4, Cdh1 and Fst, all of which are associated with earlier stages of the
embryo (E7.5, Fig. 1.6 and compare gene expression of E8.25 CLE embryo to Epi-NMP
in figs. 6.1 and 6.3). in vitro, Epi-NMPs are derived from Epi-CEs (Materials and
Methods subsection 2.1.3 and chapter 4) which explains the overlap between the profile
of the two populations observed in Fig. 6.1 and how the expression of the different genes
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Fig. 6.1 SPRING visualization of gene expression in the in vivo and in
vitro populations. a. Representation of the different populations: Epi-NMP in
maroon, ES-NMP in yellow, Epi-CE in purple and sorted positive T cell of Epi-CE
in orange, sample called Epi-CE-T, and their connection to the in silico CLE of the
mouse embryo at stage E8.25 in blue, sample called E8.25. b. Expression of chosen
marker genes of 1. CLE, 2. CE (E7.5), 3. Neural, 4. Mesoderm and 5. Node across
the different samples.
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Fig. 6.2 SPRING visualization of pluripotency and primed epiblast genes
expression in the in vivo and in vitro populations. a. Representation of the
different populations. b. Expression of chosen marker genes of pluripotency and
primed epiblast.
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Fig. 6.3 SPRING visualization of of CLE genes expression in the in vivo
and in vitro populations. a. Representation of the different populations. b.
Expression of chosen marker genes of CLE.
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Fig. 6.4 SPRING visualization of of mesoderm and neural genes expression
in the in vivo and in vitro populations. a. Representation of the different
populations. b-c. Expression of chosen marker genes of b. mesoderm and c. neural.
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Fig. 6.5 SPRING visualization of of Wnt and Nodal signalling genes ex-
pression in the in vivo and in vitro populations. a. Representation of the
different populations. b-c. Expression of chosen marker genes of b. Wnt and c. Nodal
signalling and the node.
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Fig. 6.6 SPRING visualization of of Hox genes expression in the in vivo and
in vitro populations. a. Representation of the different populations. b. Expression
of chosen marker genes of Hox family.
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indicate a progress in the developmental stage from Epi-CE to Epi-NMP (early epiblast
markers in Epi-CE versus CLE markers in Epi-NMP, Fig. 6.1). Moreover, Epi-NMP,
but not Epi-CE, contains a few cells differentiated into mesoderm as highlighted by the
expression of Tbx6, Meox1 and Aldh1a2 (Introduction subsection 1.2.6, Fig. 1.6 and
Fig. 6.1). Most surprisingly, the Epi-CE population, but not Epi-NMPs, contains cells
coexpressing genes associated with the node e.g. Nodal, Foxa2, Ccno, Chrd, Nog and
Shh (Fig. 6.1 and Fig. 6.5). A similar population can also be found in the Epi-CE-T
and suggests the presence of node-like cells in the Epi-CE population. These cells are
very reduced in the Epi-NMP population, following the characteristic of the E8.5 CLE
(Introduction subsection 1.2.6 and Fig. 1.6).

The above observations provide support for the conjecture that that Epi-CE and
Epi-NMP correspond to temporally consecutive populations in the embryo, which
probably reflect a spectrum between E7.5 (emergence of the node, Davidson and Tam
(2000), Epi-CE) and E8.25/8.5 (Epi-NMP), when NMPs are clearly discernible. The
temporal sequence can also be observed in the pattern of Hox gene expression as the
Epi-NMP population expresses more posterior Hox genes than the Epi-CE (Fig. 6.6)

6.2.2 The NMP landscape in the E8.25 embryo

To interpret the in vitro derived cell populations, I used the caudal cells dissected in
silico from the E8.25 embryo to build an SVM pipeline to map the NMP-like cells to
the in vivo CLE. As a first step, phenotypically distinct populations were identified
from the three pools of cells that were defined based on their pattern of T, Sox2
and Nkx1-2 expression (Fig. 6.7a). After processing the single cell data, for both the
embryo and the in vitro samples, 14,822 genes in total can be used for the analysis
(Materials and Methods section 2.20). To provide identifier genes associated with the
CLE region, the gene selection was based on the report from Koch et al. (2017). In
this work, the authors perform an ensemble analysis of the caudal region of the E8.5
embryo based on the levels of Sox2 and T. They identified 1,402 genes that provide
specific signatures for five distinct subpopulations in the caudal end of the embryo:
Group 1: axial elongation and trunk development; Group 2: early mesoderm, Group 3:
later (committed) mesoderm, Group 4: early neural and Group 5: later (committed)
neural (Koch et al. (2017) and Table S3 in Edri et al. (2018)). Following this study,
the genes that are significantly expressed in Group 1, putative NMPs because of the
coexpression of Sox2 and T, include additional genes associated with Group 2 (early
mesoderm) and Group 4 (early neural). I used these 1,402 genes and add to them
69 genes which are expressed in the decision-making region of the embryo according
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to the literature (Introduction Table 1.1 and chapter 4), yielding 1,471 genes which
were reduced to 1,342 after removal of genes whose mean expression is zero (Table S2
in Edri et al. (2018)). These 1,342 genes were used to cluster the embryo data using
the SC3 R package (Kiselev et al., 2017), an algorithm based on k-means clustering
(Materials and Methods section 2.22).

The analysis yielded an optimal number of four clusters with the E8.25 cells
(Fig. 6.7a, Materials and Methods section 2.22) and 96 marker genes that act as
discriminating identifiers of the clusters (Table S3 in Edri et al. (2018)). The top ten
marker genes associated with each cluster are visualized in Fig. 6.7a. Having allocated
cells to the 4 clusters based on their gene expression, it is interesting to see how the
three functional groups (NMPs candidates, preNeuro and preMeso) that compose the
CLE region, occupy each of the clusters.

Cluster 1 is a mixed cluster, composed of the three cells categories: NMP candidates,
preMeso and preNeuro (Fig. 6.7a and Table S3 in Edri et al. (2018)); 71% of its 28
marker genes are part of the NMP profile, including Cdx4, Nkx1-2, Fgf8 and Fgf17
(Fig. 6.7a ,Table S3 in Edri et al. (2018) and Koch et al. (2017)). Cluster 2 is mainly
composed of cells defined as preMeso and the most highly expressed genes in this
cluster exhibit a mesodermal affiliation (lateral plate mesoderm (LPM), intermediate
mesoderm (IM), PXM and somites, see Introduction Table 1.1) with 91% of the 23
marker genes being mesodermal according to Koch et al. (2017) (Fig. 6.7a ,Table S3 in
Edri et al. (2018)). Cluster 3 is constructed mostly from preNeuro cells and has a neural
identity characterized by genes related to the spinal cord and the nervous system. 85%
of the 13 marker genes of cluster 3 are defined as neural based on Koch et al. (2017)
(Fig. 6.7a and Table S3 in Edri et al. (2018)). Finally, cluster 4 is mostly composed of
preMeso cells and as defined in Koch et al. (2017) 34% of the 32 marker genes match
to Group 3 (LPM and IM) but with additional genes affiliated to endoderm and IM
(Introduction Table 1.1 and Table S3 in Edri et al. (2018)).

The cell clustering suggests that cluster 1, which has an NMP signature, might be
a more complex population than previously thought. It highlights genes like Nkx1-2,
Cdx1-4, Fgf8, Grsf1, Epha5 and Cystm1 associated with NMPs (chapter 4 and Cambray
and Wilson (2007); Gouti et al. (2017, 2014); Henrique et al. (2015); Koch et al. (2017);
Wymeersch et al. (2016)), but suggests that rather being a homogeneous population of
bipotent cells characterized by the coexpression of Sox2 and T, which only make 29% of
this cluster, NMPs might represent a heterogeneous ensemble with additional preMeso
(38%) and preNeuro (33%) cells. This analysis raises a question about the differences
between the preMeso and preNeuro cells in cluster 1 in comparison to those that are
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Fig. 6.7 Building SVM based on E8.25 embryo data. a. 498 cells representing
the CLE and NSB from three E8.25 embryos were dissected in silico and subjected
to an unsupervised clustering approach. This yielded 4 clusters and their marker
genes: 1) Pink – genes associated with NMPs; 2) Green – mainly mesodermal genes;
3) Dark yellow – genes associated with neural fate, mainly spinal cord; 4) Peach –
genes associated with endoderm, mesoderm and extra embryonic tissue. b. Mutual
information (MI) between the genes and the 4 clusters. The informative genes were
selected to be above MI = 0.15. c. Leave one out SVM workflow: an iterative process
where each cell is trained and tested.
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found in clusters 2 and 3. One probable explanation is that cluster 1 encompasses
the early committed cells, which are found in the NMP region of the mouse embryo,
whereas the others clusters contain more determined cells (Koch et al., 2017). Indeed,
cluster 1 includes genes that have previously linked to the NMP profile together with
genes that have neural or mesodermal characteristics. Based on the work of Koch et al.
(2017) out of the 28 marker genes defining cluster 1, two genes (Ptk7 and Fgf8 ) are
linked to Group 1 (axial elongation and trunk development); 15 genes (Epha5, Nkx1-2,
Cdx,2,4, Cystm1, Acot7, Stmn2, Fgf17, Lhpp, Mgst1, Lix1, Hoxc4, Ccnjl, Sp8 and Oat)
are linked to Group 4 (early neural) and the rest of the genes are either expressed in
the embryo CLE at around E8.5 (Grsf1, Cdx1, Hoxb9, Hoxc9, Wnt5b), exhibit neural
(Hes3, Ncam1, Pmaip1 ) or mesodermal (Evx1, Hes7, Foxb1 which also express in the
neural plate) progenitors characteristic (see Introduction Table 1.1 for references).

Having identified a gene based structure for the E8.25 CLE embryo the next step
was to build an SVM classifier that will learn the gene profile of the 4 different clusters
found in the embryo data. After testing its performance and stability with embryo
data (Fig. 6.7c, Materials and Methods section 2.23), the SVM was used to assign cells
from the in vitro populations to the 4 classes based on their gene expression.

To reduce the number of features (genes) the SVM needs to learn, identification of
the informative genes associated with each of the 4 clusters was needed. To do this and
to avoid the underrepresentation of genes that were not previously linked to the NMPs,
the whole set of qualifying genes (14,822) was used. The selection of the genes was
done by computing the MI between the genes and the 4 clusters (Fig. 6.7b, Materials
and Methods subsection 2.22.2), and resulted in 82 informative genes (Table S4 in Edri
et al. (2018)) that were used as feature inputs to the SVM (Fig. 6.7c). 60% of the 82
informative genes are identical to the 96 marker genes of the 4 clusters, whereas 40%
of the genes include genes like T, Hoxc8, Hoxb8, Cdkn1c, which are expressed in the
embryo CLE at E8.25/8.5.

6.2.3 A comparison between the in vitro and in vivo cell
populations

The SVM established from the embryo data was used to explore the structure and
nature of the in vitro populations. To do this, the first step was to ensure that the input
cells from the in vitro populations, did not contain cells with gene expression patterns
on which the SVM had not been trained. This step is needed since the only cells that
need to be tested are those with similarity to the E8.25 caudal region (Fig. 6.7a and
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step 1 in Fig. 6.8a). This step resulted in filtering out a higher number of cells from the
ES-NMP condition (45%) in comparison to the other conditions (∼30%), consistent
with the previously noted heterogeneity. Feeding the remaining ‘qualified’ cells to
the classifier with only the expression of the 82 informative genes the SVM had been
trained on, resulted in the assignment of the probabilities for each cell to be classified to
each of the 4 classes (Fig. 6.8a). In step 6 in Figure 6.8a, only the cells with minimum
probability of 0.8 are qualified as output cells from the SVM pipeline (Materials and
Methods section 2.23). Again, in this step the highest filter of cells (50%) was observed
in the ES-NMP condition compared to the others (∼30-35%), suggesting that this
condition produce a large number of cells that do not correspond to the E8.25 embryo
CLE. The last step (step 7 in Fig. 6.8a) was to summarize the distribution of the cells
of each sample across the 4 classes. Most of the qualified cells (Fig. 6.8a, Table of
step 6) from ES-NMP (84%) and Epi-NMP (73%) were allocated to class 1 (step 7
Fig. 6.8a), which is associated with the NMPs signature. On the other hand, more
than 90% of the qualified cells (Fig. 6.8a, Table of step 6) from Epi-CE (91%) and
Epi-CE-T (97%) were classified to class 4 (step 7 Fig. 6.8), which is characterized by
the expression of mesodermal and endodermal genes. Class 2 and class 3, which have
mesodermal and neural differentiation characteristics, did not attract many cells from
the different samples suggesting that the in vitro cells, passed through this pipeline,
are not very differentiated.

Figure 6.8b shows the average expression of the 96 marker genes in the 4 clusters
from the in vitro cell populations. This result emphasizes firstly, the fact that the same
classes from different samples clustered together, which indicates the similarity of the
cells from different conditions assigned to the same class. Secondly, that the in vitro
cells exhibit the expression of the marker genes of the 4 classes found in the embryo,
demonstrating that the SVM pipeline detects the in vitro cells in agreement with the
learned embryo cells.

6.2.4 A node-like population induced in vitro
The finding that Epi-CE and Epi-CE-T classified mainly to class 4 and that Epi-CE
is the origin of Epi-NMP (chapter 4 and Materials and Methods subsection 2.1.3)
encouraged the further investigation of the the identity of cluster 4. As a first step, all
the qualifying cells from the SVM pipeline (Fig. 6.8a, Table of step 6) were arranged
into a pseudotime ordering using TSCAN, Biocounductor R package version 1.16.0,
(Ji and Ji (2017), Materials and Methods section 2.24). This analysis revealed that
class 4 cells (red cells in Fig. 6.9a) are split into 2 pseudotime ranges, with class 1 cells
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Fig. 6.8 Classifying the in vitro cells using the SVM trained on the embryo
data. a. Workflow of the classification of the in vitro cells (for details see text and
Materials and Methods section 2.23). b. Average expression of the 96 marker genes
found in the embryo of each of the 4 classes, in the in vitro samples classified to the 4
classes. Rows of the expression heatmap are hierarchically clustered. Blue-red colour
bar indicates the gene expression.
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(blue cells in Fig. 6.9a) forming a bridge between these two classes. This result lends
support to the fact that Epi-NMP cells (mainly classified to class 1) are derived from
Epi-CE (class 4 mainly composed from Epi-CE and Epi-CE-T). It also suggests the
possibility of two different populations in Epi-CE. When exploring the highly expressed
genes that define the 2 pseudotime ranges of class 4 (Fig. 6.9a, Materials and Methods
subsection 2.24.1 and Table S5 in Edri et al. (2018)), it seems that the later range is
defined by genes associated with rapidly dividing cells, whereas the early one does not
show this enrichment (Fig. 6.9a). This observation suggests the existence of a group of
cells in an expansion phase in class 4.

The presence of endodermal and mesodermal markers in class 4 is surprising as
it suggests the existence of a cell-type in the embryo caudal region that would be
associated with these germ layers. One structure that could fit this criterion is the
node (Blum et al., 2007; Lee and Anderson, 2008; Martinez Arias and Steventon,
2018), a structure that appears at E7.5, contains the progenitors of the axial mesoderm
(Beddington, 1982; McGrew et al., 2008; Tam and Beddington, 1987) and has been
associated with the NMPs (Albors and Storey, 2016; Garriock et al., 2015; Henrique
et al., 2015; Wymeersch et al., 2016). Thus, class 4 might contain node cells.

At a coarse level, the node can be identified as cells expressing combinations of
three genes; Foxa2, Nodal and T (Introduction Fig. 1.3, Davidson and Tam (2000);
Jeong and Epstein (2003); Lee and Anderson (2008); Shiratori and Hamada (2006)).
Applying this coarse definition, node-like cells in the in vitro samples were detected
with very high representation in class 4 (Fig. 6.9b). The allocation of a node identity
to cells in class 4 is not a bias of the sample size, as a statistical test controlling
the size of the classes indicated that class 4 has the highest proportion of node-like
cells (p-value<0.001, Materials and Methods section 2.25). To further test this coarse
identification of node-like cells, I gathered a list of additional genes associated with
the structure and function of the node e.g., Shh, Ccno and Chrd (Davidson and Tam,
2000; Funk et al., 2015; Jeong and Epstein, 2003; Lee and Anderson, 2008; Shiratori
and Hamada, 2006; Tam and Behringer, 1997) and tested for their expression in class
4 (Fig. 6.9c).

Having identified node-like cells in the in vitro populations, the dynamical changes
in this region of the embryo could be used to stage the in vitro populations. For
example, at the time of its appearance the node expresses Oct4 and Otx2, however
by E8.0-8.5 the expression of these genes have disappeared from the node (Cajal
et al., 2012; Downs, 2008). The expression of Oct4 is particularly diagnostic for this
transition.
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Fig. 6.9 Class 4 contains node-like cells a. Pseudotemporal order of the in vitro
cells that were classified to the 4 classes. Class 4 is divided to 2 pseudotime ranges:
the highly expressed genes in the later range contains 55% of cycling genes whereas the
early one does not contain any cycling genes. b. The distribution of the node-like cells
amongst the 4 classes: significant higher number of the node-like cells are found in
class 4 in comparison to the other classes. c. Gene expression heatmap of chosen node
genes in class 4. The genes are hierarchically clustered and the cells are ordered in
accordance with the decreasing expression of Oct4 (Pou5f1 ). Gene expression, which
is defined as log2(CPM + 1), is indicated by the blue-red colour bar.
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Ordering the class 4 node-like cells (Fig. 6.9c) from high to low Oct4 expression,
reveals additional patterns of gene expression that confirm the presence of a node-like
population in the in vitro class 4 cells associated with Oct4 expression. Cells with
decreasing levels of Oct4 display increasing levels of genes associated with the node:
Foxa2, Bmp7, Noggin, Chrd, Slit and significantly Shh (Fig. 6.9c and Davidson and
Tam (2000)). Within the cells expressing low or no Oct4, a further division based on
Sox2 expression emerged: while all cells express node genes, some of them express
Sox2 and some do not. The ventral most region of the neural plate is called the floor
plate (Introduction Fig. 1.3) and shares many gene expression patterns with the node
(Jeong and Epstein, 2003; Wood and Episkopou, 1999). These results suggest that the
experiments in this study not only yield node-like cells (Sox2 negative) but also floor
plate precursors (Sox2 positive).

Pseudotime
range

Class 4 Node-like
cells

Out of class
4

Time group 1 tp ⩽ 1250 1050 433 41%
Time group 2 1250 < tp ⩽ 3700 916 442 48%

Table 6.1 The distribution of the node-like cells in the 2 pseudotime ranges of class 4
of the in vitro cells.

An examination of the proportion of the node-like cells in the 2 pseusotime ranges of
class 4 was performed (Table 6.1) but no difference was found. This result supports the
hypothesis that these two populations are very similar, however, one of them represents
an amplifying population compared to the second population which is more stable.

In the in silico E8.25 embryo CLE 38 node-like cells were found (Fig. 6.10a-b), 30
of which were mapped to embryo class 4 (Fig. 6.10a). When comparing the node-like
cells in class 4 of the embryo to those of the in vitro cells, some notable differences
become apparent (Fig. 6.10b), for example Oct4, which is off in the embryo cells. Since
Epi-NMPs express very few node genes (Fig. 6.8a step 7 and Fig. 6.10c) and no Oct4,
this supports the previous assertion that it has the closest relationship to the E8.25
CLE region. In addition it suggests that the node-like cells are lost in the transition
between Epi-CE and Epi-NMP (Fig. 6.10c) and that the Epi-CE cells represent a
developmentally earlier cell state than the Epi-NMPs.
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Fig. 6.10 Node cells are needed to maintain the NMPs. a. The distribution
of the node cells amongst the 4 classes in the embryo. b. Expression of chosen
node genes in the embryo class 4. Genes and cells are hierarchically clustered. Gene
expression which is defined as log2(CPM + 1), is indicated by the blue-red colour bar.
c. Proportion of node-like cells in the Epi-CE and Epi-NMP samples.
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d. YFP positive cells of Epi-CE Nodal sample and RFP positive cells of Epi-NMP
RFP sample were used to make Epi-meso2 mixture. This mixture was grown for
4 days then the cells were sorted based on their RFP fluorescence: RFP positive
cells (EM2-RFP+4d) and RFP negative cells (EM2-RFP-4d). The control sample is
Epi-NMP RFP sample composed of 100% Ubiquitin::Tomato cells that was cultured
for 4 days in FGF and Chiron to make Epi-meso2 (EM2-RFP4d). The sorted cells
and the control sample were quantified for their mRNA of a chosen set of genes using
RT-qPCR technique. e. Expression heatmap of 11 genes, obtained by RT-qPCR, in
cells grown in the 3 conditions, as indicated in d. The normalized expression of each
gene to the housekeeping gene Ppia was scaled between 0 and 1 across the different
conditions. Gene expression is indicated by the blue-red colour bar.

6.2.5 An in vitro functional test of the in vitro induced node-
like population

In chapter 4 I showed that the Epi-NMP population has a limited but clear self-
renewing ability in culture when exposed to FGF and Chiron. These cells maintain
T and Sox2 expression for at least two passages (Epi-CE to Epi-NMP and Epi-NMP
to Epi-meso2) though, over time, the levels of NMP markers go down and the cells
exhibit a slow increase in the expression of differentiation genes associated with neural
fates (chapter 4). In the embryo, the self-renewing population also decreases with time
and this is associated with node disappearance (Steventon and Martinez Arias, 2017;
Wymeersch et al., 2016). Thus, it may be that in the in vitro system, the loss of T
might be associated with the loss of node-like cells. To test this, node-like cells from
Epi-CE were added to Epi-NMP and the mixed population was passaged to make
Epi-meso2. This experiment examined whether the addition of node-like cells could
maintain the levels of T expression.

The experiment is described in Fig. 6.10d: as a source of NMP-like and node cells
the Ubiquitin::tomato and the Nodal::YFP cell lines were used respectively. Both
were cultured to produce Epi-CE: Epi-CE RFP (from Ubiquitin::tomato cell line) and
Epi-CE Nodal (from Nodal::YFP cell line). The Epi-CE RFP were further grown to
make Epi-NMP (Epi-NMP RFP). After two days of culturing Epi-NMP RFP, a mixture
that equally consists of Epi-NMP RFP positive cells and Epi-CE Nodal positive YFP
cells was plated (Fig. 6.10d, Fig. 2.6a-b, Materials and Methods section 2.26). The
mixture (Epi-meso2) was cultured for 4 days (Fig. 6.10d) until sorting the cells to RFP
positive (sample named: EM2-RFP+4d, contains only the Ubiquitin::tomato cells) and
RFP negative (sample named: EM2-RFP-4d, contains Nodal::YFP cells and might
contain Ubiquitin::tomato cells that did not express RFP, Fig. 2.6 and Materials and
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Methods section 2.26). These populations were compared to the EM2-RFP4d, which
are Epi-NMP RFP cells cultured for 4 days to make Epi-meso2 (Fig. 6.10d, Materials
and Methods section 2.26).

Addition of node-like cells to the Epi-NMP population elevates the level of T and
Foxa2, maintains the expression of Cdx2 and Nkx1-2 and decreases the level of the
neural fate markers Sox2 and Sox1 (Fig. 6.10e EM2-RFP4d versus EM2-RFP+4d). In
addition, there is little difference in the expression of Tbx6, Hoxc6, Fgf8 and Cyp26a1,
when comparing those genes between EM2-RFP4d and EM2-RFP+4d.

This result, aligned with the previous observations from chapter 4, suggests that
node-like cells are necessary to maintain the relative levels of Sox2 and T, and buffer
the tendency that the Epi-NMPs have towards the neural fate when passaging them in
culture.

6.3 Discussion
Over the last few years, ESCs have emerged as a useful experimental system to study
mammalian development. While they are no substitute for the embryo, they have
some advantages when addressing processes that happen early in development, when
material and experimental accessibility are limited. However, their validation as an
experimental system depends on showing how they relate to events in the embryo. In
this chapter I have used mouse PSCs to analyse the origin and structure of NMPs.
As an important reference for the study I have used a single cell dataset from E8.25
embryos, the stage at which NMPs are first distinguishable.

Analysis of NMPs derived from PSCs suggests that different protocols produce
heterogeneous populations in terms of gene expression. To gain insights into these
heterogeneities and their complex origins, I have performed a single cell transcriptomics
analysis of the different populations. As a reference, the CLE/NSB region was used,
which was dissected in silico from E8.25 embryo data based on T, Sox2 and Nkx1-2
expression, since cells that express these genes are often identified as NMPs. The
results here suggest that, by this stage, these cells are distinct from those in the
pluripotent epiblast. The transition between the states appears to be associated with
the loss of Cdh1, Oct4, Fst and Otx2 and the expression gain of Cdh2 and Cyp26a1
amongst others (Introduction Fig. 1.6). Analysis of published gene expression patterns
(Introduction Table 1.1 and Fig. 1.6) supports the conclusions that downregulated
genes are associated with the pluripotent epiblast. The transition from pluripotent
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epiblast to the bipotent cells in the CLE/NSB region can be detected in the in vitro
samples as represented by the transition from Epi-CE to Epi-NMP (Figures 6.1 to 6.6).

Using a clustering algorithm, I identified four populations in the embryo: class 1
with an NMP signature; class 2 with a mesodermal signature; class 3 with a neural
signature and class 4 with an extraembryonic, endoderm and IM signature. Class 1
contains cells coexpressing Sox2 and T, and cells in a pre- neural or mesodermal state,
i.e. not all of them coexpress Sox2 and T. This emphasizes that the notion that NMPs
coexpress Sox2 and T is not a valid definition, or at least is not an absolute condition
for defining NMPs. This also raises the possibility that an NMP population is not only
a collection of poised Sox2 and T coexpressing cells (Gouti et al., 2017, 2014; Turner
et al., 2014), but rather a heterogeneous population of poised and early differentiated
cells, perhaps in a dynamic equilibrium.

The four classes derived from the embryo data were used to build an SVM classifi-
cation model that allocates cells from the different protocols to the embryo classes. I
find that the ESC based protocol contains very few cells allocated to the E8.25 embryo
CLE, but that the EpiSCs samples are enriched. Furthermore, I find that Epi-NMP
cells, which are derived from Epi-CE (Materials and Methods subsection 2.1.3) contain
the most E8.25 CLE-like cells (>70% of the selected cells, Fig. 6.8a) and most of these
map to class 1. Furthermore, many E8.25 CLE-like cells in the Epi-CE population
(>60% of the selected cells, Fig. 6.8a) were mapped to class 4, in contrast with Epi-
NMPs, the Epi-CE descendant. A detailed analysis of class 4 reveals that it has a
large representation of node-like cells and, interestingly, of the floor plate. The floor
plate in the embryo shares many features with the node and its main derivative, the
notochord. This allocation is confirmed by the identification of node-like cells in the
embryo reference data.

The representation of cells from two different sequentially induced in vitro pop-
ulations to one embryonic stage is, at first sight surprising, however the following
argument might supply an explanation. The CLE at E8.25 is derived from an earlier
caudal region, at E7.5, whose most prominent feature is the node, that is maintained
until E9.0. Thus, at E8.25 the embryo does have a signature of an early stage in
the node. The representation of node cells in Epi-CE but much less in its progeny,
Epi-NMP, suggests that, in adherent culture the conditions are not conducive to the
maintenance of the node. What I find interesting, given the relationship between
Epi-CE and Epi-NMP, is the presence of NMP-like cells in the Epi-NMP population.
This would suggest that in the embryo there is a very close relationship between the
node and NMP emergence, something that has been suggested before (Albors and
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Storey, 2016; Garriock et al., 2015; Henrique et al., 2015; Wymeersch et al., 2016), and
the EpiSCs based in vitro system recapitulates this relationship.

I find two interesting features of the relationship between these two populations.
The first is the observation that in the Epi-CE population there is a subpopulation in
a proliferative state and the second is the relationship that was observed between the
node and the maintenance of the T and Sox2 expression ratio. These observations
suggest that, in the embryo, the NMP population arises early in development, near the
node, and that the node plays a role in its maintenance and amplification at that early
stage. A need for amplification of the initial NMP pool could be likely explained by the
size of the primordia relatively to the size of the tissue that needs to be generated. It
is not clear how the node mediates this function, but an interaction between BMP and
Nodal (explored in chapter 4) might be important. A relationship between the node
and axial elongation can be gauged from the effect of mutations in which the node is
absent. This leads to a loss of T expression in the caudal region of the embryo and
severe truncations (Ang and Rossant, 1994; Davidson and Tam, 2000; Weinstein et al.,
1994). The effect of Oct4 might be important as a clear transition in the behaviour of
the in vitro populations is observed depending on whether they express Oct4 (Epi-CE)
or not (Epi-NMP). This might correspond to the proliferative amplification phase and
the start of the differentiation phase of the NMPs. In this regard, it might be that
Oct4 creates a molecular context for Sox2 ; as long both are expressed the cells in the
epiblast are multipotent and only when Oct4 is downregulated, Sox2 becomes engaged
in neural differentiation. It will be interesting to test this hypothesis, for example in
transplantation experiments of these two cell populations in embryos.





Chapter 7
3D aggregates: Gastruloids versus Epi-gastruloids

7.1 Inroduction
Over the last few years the establishment of three dimensional (3D) cell culture methods
allows ESCs, induced pluripotent stem cells (iPSCs) or tissue stem/progenitors cells
to recapitulate many aspects of their differentiation programs in vitro. Specifically,
ESCs can be coaxed into specific structures resembling in vivo tissues and organs, for
example eye caps (Nakano et al., 2012), intestine (Sato et al., 2009), forebrain (Renner
et al., 2017) and liver (Huch et al., 2013; Takebe et al., 2013). These structures are
called organoids and the ability of cells to aggregate in this way has been referred to
as self-organization. Growing these 3D organoids in a dish helps our understanding of
the development of tissues/organs from early in development to, in some instances,
adult stages, which has enormous potential in the fields of regenerative medicine and
developmental biology. However, none of these systems produces an integrated organ
system i.e., one in which more than one or two organs emerge.

Until recently, the study of embryo development has been focused on Embryoid
Bodies (EBs), which are usually large aggregates of ESCs induced to differentiate
either in serum or serum free medium that, over a period of several days, produce
many different cell types in a disorganized and temporally uncoordinated manner
(Bain et al., 1995; Boheler et al., 2002; Brickman and Serup, 2017; Marikawa et al.,
2009; Tada et al., 2005; ten Berge et al., 2008). When these EBs are exposed to Wnt
signalling, occasionally they exhibit axial organization in the form of an asymmetric
activation of Wnt signalling and expression of T (Marikawa et al., 2009; ten Berge
et al., 2008). Recently, mESCs have been shown to self organize in a reproducible
manner exhibiting similar patterns that have occasionally been observed in EBs: axial
organization in response to Wnt signalling and polarised extension that expresses T in
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a Wnt dependent manner (Turner et al., 2014; van den Brink et al., 2014). Investigation
of the mechanisms enabling the reproducible behaviour of these aggregates revealed
a dependency on the initial cell number for aggregation and a requirement for Wnt
signalling for elongation (Turner et al., 2014). These aggregates are termed gastruloids
(van den Brink et al., 2014), due to their similarity to the gastrulation process in
the embryo, whereby cells move from a defined position and with a clear direction
(Turner et al., 2017, 2016, 2014). In the latest work on gastruloids, it was demonstrated
that they recapitulate the early stages of mouse embryo development, patterning with
respect to three axes into a structure that resembles the region behind the hindbrain
of the mouse embryo around E8.0 (Turner et al., 2017, 2016).

EpiSCs are primed pluripotent stem cells and although they self renew like ESCs,
they exhibit several differences from them. Amongst those differences are their inability
to grow clonally, different growth requirement (serum and LIF for ESCs and Activin
and FGF for EpiSCs) and their inability to contribute to blastocyst chimeras (Brons
et al., 2007; Ng and Surani, 2011). Importantly, they express some differentiation
genes, most notably T.

In the literature, there is no evidence for making aggregates from EpiSCs, in
similar and robust manner like EBs or gastruloids. In this chapter I explore the self
organization potential of EpiSCs, focusing on the establishment of a 3D structure that
recapitulates the region of the mouse embryo which harbours the NMPs (the CLE). I
find that EpiSCs cannot respond to the conditions that steer ESCs to form gastruloids,
but I found conditions, starting from Epi-CE (see chapter 4), in which they can make
related but different axially organized structures that I call the Epi-gastruloid, also
known as an Edriod, honouring the memory of my father. Moreover, in this chapter
I explore the differences in gene expression between gastruloids and Epi-gastruloids
and find that gastruloids contain different populations in terms of developmental stage
and identity in comparison to Epi-gastruloids, which seem to be confined to a stage
resembling the CLE.

7.2 Results

7.2.1 EpiSCs are unable to generate gastruloids

To test whether Epi-CE can generate gastruloids that recapitulate the 3D structure
of the NMPs in the embryo, I detached the Epi-CE cells and subjected them to the
standard gastruloid protocol (Fig. 7.1a-b and Materials and Methods subsection 2.1.3).
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The Epi-CE cells, as concluded from the previous chapters, express markers of the late
epiblast and resemble the E7.5 mouse embryo epiblast. After 24 hours in a U-bottom
96-well plate with serum free medium, the Epi-CE cells sank to the bottom of the well
but did not aggregate, in contrast to ESCs in the gastruloid protocol (Fig. 7.1b-c).
This observation suggests that Epi-CE, which are EpiSCs in origin, are not competent
to form gastruloids or aggregates efficiently under the gastruloid protocol. Culturing
Epi-CE in two-dimensional (2D) form in FGF and Chiron, enables passaging of the
cells in that state in culture. Hence, I decided to add to each well with Epi-CE cells,
FGF and Chiron in an attempt to restore their appropriate environment. Under these
conditions, the cells aggregated after 96 hours, as can be seen in Fig. 7.1c.

During the development of a gastruloid, Wnt signalling is applied at 48 hours since
it is the time point at which the aggregate is at a state corresponding to the onset of
gastrulation (Turner et al., 2014): in the embryo the cells are exposed to Wnt signalling
at this stage. Epi-CE are after the gastrulation state; hence by applying the standard
gastruloid protocol the cells might have missed the competence window to respond.
Moreover, this might explain why FGF and Chiron (Wnt pathway activator) are needed
from the beginning when plating Epi-CE, for aggregation. Together these results
suggest that Epi-CE are unable to form gastruloids through the standard protocol and
indicate a revised protocol is needed.

7.2.2 A revised protocol of making Epi-gastruloids

Understanding the need for FGF and Wnt signalling following the late epiblast state
characterizes Epi-CE, led me test the aggregation ability of these cells. The examination
for aggregation is focused first on the ability of the cells to aggregate and second,
following aggregation, to elongate and break symmetry in terms of T expression,
mimicking the expression in the embryo tail bud. As illustrated in Fig. 7.2a, plating
Epi-CE cells with a GFP reporter for T expression in FGF and Chiron, enabled
the aggregation of the cells after 24 hours (Fig. 7.2b) and initiate expression of T.
This expression goes through a heterogeneous spatial phase until it localized, usually
after 72 hours, in the elongating side of the aggregate (Fig. 7.2b). However, the
expression of T is not visible after 96 hours in culture (Fig. 7.2b), nevertheless the
aggregates keep elongating and growing until they reach a point after 120 hours when
they start to collapse and dissociate (Fig. 7.2b, d). This result suggests that with the
right environment Epi-CE can aggregate and resemble the ESC gastruloid aggregation
process.
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Fig. 7.1 Epi-CE cannot make gastruloids. a. Diagrammatic representations of
culture conditions with ESCs (top) and EpiSCs (bottom). b. Time course describing
the formation of a gastruloid over time with a T- GFP reporter cell line. Increasing GFP
intensity is indicated by a purple-yellow colour bar. Observe the gradual elongation
and the expression of T in the elongating tip. c. Different replicas of attempts to
aggregate Epi-CE cells (no GFP reporter). 350 cells were plated in each well in N2B27,
after 24 hours (upper panel) no clear aggregation has been formed. In some cases, small
aggregation nuclei are observed, however nothing resembling the gastruloid aggregation
process. Adding FGF and Chiron after 24 hours to the cells established the environment
needed for the Epi-CE to aggregate and clear aggregation could be observed after 96
hours (lower panel).
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Like ESCs gastruloids, I found that the initial number of cells needed for robust
aggregation is important (Baillie-Johnson et al., 2015). I examined the difference
between starting the aggregation protocol with 350 cells and 700 cells and found that
starting with a higher number of cells leads after 24 hours, to several aggregation
nuclei, usually with a dominant one. The adjacent aggregates that grow over time
may or may not fuse (Fig. 7.2c), however, the expression of T does not show a robust
behaviour during the treatment regime, in contrast to starting with a lower number of
cells. This result could be explained by the fact that starting with 700 cells institutes a
dependant environment of multiple aggregates that are exposed to each other secreted
signals, leading to a less reproducible aggregation process.

The results above show that ESCs and EpiSCs require different conditions for
gastruloid formation. This mirrors the situation in chimera formation in which ESCs
and EpiSCs need to be placed in different embryonic environments to allow their
integration into the embryo and differentiation to derivatives of all three embryonic
germ layers and primordial germ cells (Huang et al. (2012) and reviewed in Nichols
and Smith (2009)).

7.2.3 Exploring the difference between gastruloids and Epi-
gastruloids in the establishment of the 3D structure for
NMPs

Gastruloids are complex structures that recapitulate mouse embryo development
posterior to the hindbrain. By 120 hours after aggregation (AA) they become polarised
along two axes that resemble the anterior-posterior (AP) and the dorsal-ventral (DV)
axes of the mouse embryo (Turner et al., 2017; van den Brink et al., 2014). Along
the AP axis there is a gradied expression of neural markers including Sox1 and Sox2,
whereas in the opposite direction there is expression of T (Turner et al., 2017, 2014;
van den Brink et al., 2014), mimicking the tail bud of the embryo (Beddington et al.,
1992; Herrmann, 1991; Wilkinson et al., 1990). Gastruloids have a domain which
expresses Sox17, reminiscent of ventral endodermal cells at around E8.5 (Choi et al.,
2012; Saund et al., 2012). From the structure of gastruloids at 120 hours, I focus on
the region that might harbour the NMPs: the gastruloid tip expressing T after around
110 hours, which resembles the developing embryo CLE (Turner et al., 2017, 2014).
Therefore, Bra::GFP cells were used to prepare gastruloids and at 110 hours they
were dissociated to single cells and sorted for positive GFP. In the following section
I compare T-GFP positive expressing cells of the classical gastruloid 110 hours AA
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Fig. 7.2 Establishment of the Epi-gastruloid protocol. a. The protocol for
making Epi-gastruloids. b. Time course describing the formation of an Epi-gastruloid
starting from 350 cells of a T- GFP reporter cell line. The increasing GFP intensity is
indicated by either a grey-black colour bar (2nd column) or a purple-yellow colour bar
(3rd column). Observe the gradual elongation and the expression of T in the elongating
tip after 72 hours. c. Time course describing the formation of Epi-gastruloids starting
from either 350 cells (upper block) or 700 cells (lower block) with a T- GFP reporter
cell line. In every block, each column represents the growing aggregate/ aggregates
in the same well over time.d. The average length (defined as the longest axis of an
aggregate) of the Epi-gastruloids, made from 350 cells, at every 24 hours. The solid
dots and the transparent shade represent the average length and its standard deviation
over 80 aggregates respectively.
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(Gastruloids-T) to Epi-gastruloids 72 hours AA using single cell RNA-seq technique
(see Materials and Methods sections 2.1.3 and 2.20). Exploring the Epi-gastruloids
72 hours AA in the context of NMPs is for to two main reasons: first Epi-gastruloids
are derived from Epi-CE, which the previous chapters concluded were a better source
for NMP-like cells. Second, after 72 hours the Epi-gastruloids demonstrate polarised
expression of T (Fig. 7.2b-c), which resembles the tail bud of the embryo.

As a first step in my analysis, I used the SPRING algorithm (Weinreb et al. (2017)
and Materials and Methods section 2.21) for visualizing high dimensional single cell
RNA-seq data. This visualization allows a first approximation of the transcriptional
complexity of the populations in the two samples (figs. 7.3 to 7.5).

As can be seen in Fig. 7.3a, the Gastruloid-T and Epi-gastruloid populations occupy
a distinct position in the dimensionally reduced gene space and are clearly separate
from each other. The expression of the chosen CLE markers in Fig. 7.3b, are notably
expressed in the Gastruloid-T population, whereas out of these markers Epi-gastruloids
exhibit clear expression of Sox2, Nkx1-2, Cdh2 and Cdx2. The Gastruloid-T population
seems to be an ensemble of several populations (Fig. 7.3b), exhibiting a region with
a pluripotent/early epiblast population (expression of Oct4, Cdh1, Nanog and Sox2,
indicated in asterisks in Fig. 7.3b), a region resembling the CLE as mentioned above,
containing neural as well asmesodermal progenitors and node-like cells (expression
of T, Nodal, Foxa2 and Pitx2 ). Epi-gastruloids, on the other hand, seem to include
CLE cells and neural progenitors but no mesodermal markers. Both Epi-gastruloids
and Gastruloids-T express a wide range of Hox genes (Fig. 7.4), from early ones
(Hoxa1 ) to Hoxa/c/d10. The expression pattern of the Hox genes reveals a temporal
and spatial sequence related to embryo development. In the Gastruloids-T the early
epiblast population expresses only early Hox genes (Fig. 7.4b, up to Hox5) and only a
subpopulation of cells expresses a wide range of Hox genes (Fig. 7.3b, up to Hox10 ). In
the case of Epi-Gastruloids, most of the cells exhibit expression from Hox1 up to Hox10
(Fig. 7.4b). This clearly shows a developmental difference between the two samples,
and strengthens the observation that the Gastruloids-T are composed from different
temporal (early and late), spatial (anterior and posterior) and potential populations
(neural and mesodermal), whereas Epi-gastruloids are at a uniform temporal state of a
later developmental stage, more posterior in the embryo compared to cells expressing
early Hox genes (Deschamps and van Nes, 2005).

Overall, this result shows that there is a parallel population between the Epi-
Gastruloids and Gastruloids-T in terms of gene expression similarity, which resemble
the E8.5 CLE region of the embryo. Nonetheless, further investigation is needed.
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Fig. 7.3 Exploring the different populations in the 3D aggregates.. a. Using
SPRING (Weinreb et al., 2017) to visualize Epi- gastruloids and sorted positive T
cell of gastruloids in light blue and pink respectively. b. Expression of chosen marker
genes of 1. CLE, 2. Pluripotency, 3. Neural, 4. Mesoderm and 5. Node, along the two
samples. Note that only Gastruloids-T express pluripotency marker genes (indicated
in asterisks).
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Fig. 7.4 Hox genes expression. a. Using SPRING (Weinreb2017) to visualize Epi-
gastruloids and sorted positive T cell of gastruloids in light blue and pink respectively
b. Expression of chosen marker genes of Hox family.
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Fig. 7.5 Exploring different genes in the 3D aggregates revealed different
groups of cells. a. Using SPRING (Weinreb et al., 2017) to visualize gene expression
in Epi-gastruloids (light blue) and Gastruloids-T (pink) manually revealed 9 groups. b.
Expression of chosen marker genes of early epiblast; CE; CLE; neural; PSM and somites;
LPM, IM and extra embryonic mesoderm; node cells; neural crest and notochord along
the different 9 groups of cells detected in the 3D samples. Please note that some genes
(Zic3, Evx1, Mesp1 and Mesp2 ) might be assigned to different categories in different
groups based on the overall characteristic of the group following the expression of the
rest of the genes in that group (Introduction Table 1.1).
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Figures 7.3 and 7.4 show that Epi-gastruloids and Gastruloids-T contain different
populations. Further exploration of gene expression using SPRING, roughly revealed
9 groups in Epi-gastruloids and Gastruloids-T (Fig. 7.5). Categorizing the genes
to the different regions and developmental stage of the mouse embryo (Fig. 7.5b)
based on a thorough literature review summarized in Table 1.1 (see Introduction),
revealed first that the Epi-gastruloid sample is quite homogeneous in terms of different
cell populations, whereas Gastruloid-T sample contains several different populations.
Group 1, 2 and 3 belong to the Epi-gastruloid sample (Fig. 7.5). These 3 groups seem
to resemble the CLE at E8.5-E9.5 of the mouse embryo (Sox6, Sox9 expressed later
than E9.0, see Introduction Table 1.1). Group 2 and 3 are very alike and exhibit
characteristics of the CLE and differentiated cells mainly towards neural fate. Group 1
looks like a further differentiated population, mainly towards neural (Cdh2, Sox6, Zic1,
Zic3 ). It includes some LPM and extra embryonic cells and contains notochord and
neural crest cells. Gastruloids-T cells, on the other hand, show a wide range of cell
populations (Fig. 7.5 groups 4-9): pluripotency/early epiblast (group 5), CE at E7.5
(group 6, expressing node cells), CLE at E8.5–E9.5 (group 4, which do not contain
node cells, hence imply the later stage of group 4 in comparison to group 6 and showing
similarity to Epi-gastruloids), differentiation populations (group 7-9). Gastruloids-T
contains cells with a node characteristic (Fig. 7.5, groups 5-8), which are not found in
the Epi-gastruloids, indicating that these groups are at an earlier developmental stage
than Epi-gastruloids (after E8.5 Nodal expression should go down). Furthermore, only
Gastruloid-T sample contains cells with endoderm characteristics. In group 5, Cldn6
and Cldn7, together with the genes under the node cells category, probably indicate
expression in the epiblast cells since at earlier stages of the embryo they are expressed
there. However, groups 6-7 might recapitulate the complex structure of the node in
which cells are adjacent to the endoderm tissue (see Introduction).

Group 7 exhibits some anterior neural markers (Fgf5, Otx2, Pou3f1 ), LPM, IM and
extraembryonic mesoderm along with node cells. Groups 7 and 8 include node like cells
together with neural crest and notochord cells. Also, both express Mesp1 and Mesp2,
which around E8.0 are detected on both sides of the node (see Introduction Table 1.1).
This observation might imply that the stage of these groups is around E8.0, likewise
the expression of Fst in group 8 agrees with this developmental time point (Fst will
turn off at the onset of somitogenesis, see Introduction Table 1.1). Groups 8 and 9
exhibit mesodermal characteristics, where both exhibit differentiation towards PSM.
Group 8 together with group 7 in comparison to group 9, show greater bias towards
LPM, IM and extraembryonic mesoderm versus presomitic and somites mesoderm.
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All together, exploring the gene expression patterns in Gastruloids-T and Epi-
gastruloids revealed groups of cells with different developmental stage and identity. It
also demonstrated that a subset of cells from the Gastruloid-T sample (group 4) is
comparable to the Epi-gastruloids gene expression profile.

7.2.4 Early and late mesoderm population in Gastruloids-T

Further exploration of the different populations that emerge in the 3D samples was
done using the SC3 R package (Kiselev et al., 2017). This algorithm is based on
k-means clustering (see Materials and Methods section 2.22); hence to find the optimal
number of k groups, the clustering of the aggregates data was done between k = 2
and k = 8. Based on the averaged silhouette width for each k (Table 7.1) the optimal
number of clusters for the data is either k=3 or k=6.

k = 2 k = 3 k = 4 k = 5 k = 6 k = 7 k = 8
Averaged
Silhouette

width

0.77 0.88 0.84 0.83 0.88 0.82 0.74

Table 7.1 The averaged Silhouette width of the consensus matrices obtained for
clusters ranging from k = 2 to k = 8

The clustering algorithm (Kiselev et al., 2017) led to the identification of either
97 marker genes for k=3 or 253 genes for k=6. The top ten marker genes associated
with each cluster are visualized in Fig. 7.6, with marker genes defined as genes that
are highly expressed in only one of the clusters and mark the segregation of one cluster
from the rest. Analysing the top marker genes in each cluster for k=3 and k=6,
simply demonstrates that k=6 is an elaboration of the clusters found for k=3. The 3
clusters obtained by k=3 are: cluster 1 composed from cluster 2 and 3 of k=6; cluster
2 composed of cluster 5 and 6 of k=6 and cluster 3 resembles cluster 1 of k=6, since
k=3 lack cluster 4 from k=6, I elected to focus on the identity of genes making up
each of the k=6 clusters (Table A.4).

In the work of Koch et al. (2017) in which they perform an ensemble analysis of the
E8.5 embryo caudal region based on the levels of Sox2 and T, they identify 1,402 genes
to provide signatures of five distinct subpopulations: Group 1: axial elongation and
trunk development, Group 2: early mesoderm, Group 3: later (committed) mesoderm,
Group 4: early neural, and Group 5: later (committed) neural, (see chapter 6).
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Fig. 7.6 Gastruloids-T composed of 2 mesodermal groups. The cells of the two
aggregates samples (3,410 cells) went through unsupervised clustering approach, which
enables the detection of the optimal number of clusters and their marker genes. The
cell clusters with their top ten marker genes are illustrated in a heatmap matrix were
the columns represent the cells and the rows the gene expression. The gene expression
(counts per millions) in logarithmic scale is indicated by the blue-red colour bar. a.
k=3: cluster 1 composed from Epi-gastruloids cells, whereas cluster 2 and cluster 3
composed from Gastruloids-T cells. b. k=6: cluster 1, 4, 5 and almost exclusively
all cluster 6 composed from Gastruloids-T cells; cluster 2 and 3 are composed from
Epi-gastruloids cells.
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Exploring the marker genes in Fig. 7.6b shows that cluster 1, which contain
Gastruloids-T cells, is composed of genes associate with the CLE region and the
identity of the NMPs. 62% of the 13 marker genes defining cluster 1 are part of the
NMP profile defined by Koch et al. (2017) (Table A.4, Group1, Group2 and Group 4 in
Koch et al. (2017)). Amongst those genes are: Cdx2, Nkx1-2 and fgf17 (Fig. 7.6b and
Table A.4). Cluster 2 (64 marker genes), which is a compound of Epi-gastruloid cells,
exhibits a profile that is not in Koch et al. (2017). However, 17% of its marker genes are
defined as mesodermal (Table A.4). Furthermore, the marker gene Zic1 together with
Zic2 and Zic3 are expressed during axial pattern formation in the embryo. Around
E8.0, they are expressed in the dorsal spinal cord and in the somites (Nagai et al., 1997),
this might support that cluster 2 resembles the differentiated region obtained from the
NMPs. Cluster 3 like cluster 2, contains cells from Epi-gastruloids. When investigating
the identity of its marker genes 33% of its 54 marker genes have neural characteristic
according to Koch et al. (2017) (Table A.4). Cluster 4 is a gastruloids-T cluster, which
exhibits epiblast characteristics amongst its 75 marker genes (Oct4, Epcam (Sarrach
et al., 2018), Dppa5a (Mohammed et al., 2017), T, Fst). Fst is thought to be one of
the early NMP markers, and it is turned off in the CLE at the onset of somitogenesis
(Cunningham et al., 2016). The expression of Oct4, T and Fst, might suggest that this
cluster resembles the embryo CE around E7.5. Both cluster 5 and 6, which are mainly
composed of Gastruloid-T cells, exhibit clear mesodermal characteristics (Table A.4).
71% out of the 21 marker genes of cluster 5 and 58% out of the 26 marker genes of
cluster 6 are defined as mesoderm according to Koch et al. (2017). Based on Koch
et al. (2017) definitions of Group 2 and Group 3, cluster 6 seems to have an earlier
mesodermal characteristic (Tbx6, Cited1, Dll1, Dll3 ), whereas cluster 5 exhibits a later
mesodermal one (Meox1, Fn1, Aldh1a2, Meis2 ).

All the above suggests that the positive GFP T cells of gastruloids harbour different
populations in terms of embryo developmental stages: some cells resemble the CLE
of E8.5 and some early epiblast of E7.5 CE; some exhibit markers of early mesoderm,
whereas others are more committed mesoderm. The Epi-gastruloid, on the other hand,
seems to be a tighter population in comparison to the stages of embryo development,
showing an inclination towards neural fate of approximately E8.5 CLE.
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7.2.5 SVM classify Gastruloids-T and Epi-gastruloids predom-
inantly to class 1

In the previous chapters I showed that it is important to interpret the in vitro derived
cell populations by establishing their relationship to the reference populations in the
embryo. CLE cells dissected in silico from the E8.25 embryo data were used to build
an SVM pipeline that allowed the mapping of in vitro cell populations to those in the
embryo (see chapter 6).

As mentioned in chapter 6, the SVM was trained to identify the 4 classes that were
found in the embryo CLE: Class 1 has an NMPs gene profile. Class 2 has a mesodermal
affiliation (LPM, IM, PXM and somites). Class 3 has a posterior neural characteristic,
expressing genes related to the spinal cord and the nervous system. Class 4 – includes
cells with endoderm and extra embryonic tissue identity and node like cells (both pit
and crown cells).

The SVM was trained on E8.25 CLE cells and for this reason there is a need to
identify similar cells in the 3D aggregates samples. The selection of the CLE cells in
the in vitro samples was done in the same way as described in chapter 6, based on the
expression of T, Sox2 and Nkx1-2. The selection of the CLE cells from the different
in vitro populations (step 1 Fig. 7.7a-b) resulted in filtering out 35% and 30% of the
total cells from Gastruloids-T and Epi-gastruloids samples respectively. Feeding these
CLE in vitro cells to the classifier with only the expression of the informative genes
the SVM was trained on (82 genes, see chapters 5 and 6 and Materials and Methods
section 2.23), resulted in assigning probabilities for each cell to be classified to each
of the 4 classes (Fig. 7.7a, c). As explained in the previous chapters, a threshold of
a pmax ≥ 0.8 for the dominant class (the class out of the 4 classes with the highest
probability that a cell was assigned to it) was taken (step 6 Fig. 7.7c). In this step, not
many cells were filtered out: 17% and 5% from the CLE cells of the Gastruloids-T and
Epi-gastruloids respectively. The last step (step 7 Fig. 7.7a, d) was to summarize the
distribution of the cells of each sample across the 4 classes. The qualified cells from
Gastruloids-T and Epi-gastruloids (Fig. 7.7c table of step 6) were mostly classified to
class 1, and here the Epi-gastruloid sample was almost totally (∼ 98%) classified to
class 1, which is associated with the NMPs signature (Fig. 7.7d). Class 2 and class
3, which have mesodermal and neural differentiation characteristics respectively, did
not attract many cells, although some of the Gastruloid-T cells (∼14%) were classified
to class 2, demonstrating the mesodermal characteristics of some of the cells in the
Gastruloids-T populations.
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Fig. 7.7 Classifying the 3D aggregates samples using the SVM trained on
the E8.25 embryo data. Scheme of how in vitro cells were classified: 1. Selecting
the CLE cells in the same way as was done in the embryo. The number of cells and
the percentage out of the total in each sample are summarized in the table in (b.). 2.
Selecting the same informative genes that were used to build the SVM. 3. Expression
matrix of the in vitro cells as an input to the SVM. 4. The output is the probabilities of
each cell to be assigned to any of the 4 trained clusters. 5. Choosing the dominant class
that the cell was assigned to according to the maximum probability (see step 6 in (c.)).
6. Since the true classification of the cells is not known, a harsh constraint is applied:
only cells with minimum probability of 0.8 (red line in the probability plot in (c)) to
be assigned to the dominant class are taken to the next step. The number of cells
and the percentage of input cells are summarized in the table in (c.). 7. Classification
results: the percentage of qualified cells from the previous step that were assigned to
each class for each sample are summarized in the plot in (d.). Note the Epi-gastruloids
and Gastruloids-T are mostly classified to cluster 1, with the NMP characteristic.
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Interestingly, Epi-gastruloids, which express Sox2, Nkx1-2 and Cdh2 in almost all
the cells and exhibit some posterior neural markers (Fig. 7.3 and Fig. 7.5, Fig. 7.6),
were totally classified to class 1 and not to class 3 which has a neural profile. Similarly,
the Gastruloids-T sample, were almost exclusively classified to class 1. When further
investigating the cells from each sample, 100% (699 cells) and 95% (989 cells) of
Epi-gastruloids and Gastruloids-T cells that were classified to class 1, belong to cluster
3 and 1 from Fig. 7.6b respectively. This result emphasizes the similarity between these
two clusters, which can also be detected by the similarity of the expression pattern of
cluster 1 and 3 marker genes (Fig. 7.6b).

The expression of the marker genes that define class 1 in the two aggregates samples
(cells that were assigned to class 1: 1042 and 699 cells in Gastruloids-T and Epi-
gatruloids respectively), is shown in Fig. 7.8. The expression profile of the two samples
is comparable, which again emphasizes the resemblance between the two populations
and specifically in the expression of T and Sox2. At mRNA level the expression of T
is dynamic, some cells express it in various levels and some do not, especially the Epi-
gastruloids (Fig. 7.8). On the other hand, Sox2 expression is less variable and exhibit
more homogeneous mRNA expression in both Gastruloids-T and Epi-gastruloids. To
further explore the 28 class 1 genes, I summarized their association with the E8.5
mouse embryo data from Koch et al. (2017) or other literature (Table 7.2.5). All 28
genes are expressed in the CLE of the E8.5 mouse embryo. However, most of the
genes (54%) matched to Koch et al. (2017) Group 4 (early neural) and none to Koch
et al. (2017) Group 2 (early mesoderm). The genes, upregulated in Group 4 (the Sox2
positive cells), are early neural lineage which are also significantly expressed in Group 1
(the Sox2 - T coexpressing cells, (Koch et al., 2017)). This result raises the possibility
that the default programme of the NMP-like cells is a neural one, unless a mesodermal
one is triggered.
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Fig. 7.8 Expression of class 1 marker genes in a. Gastruloid-T and b. Epi-
gastruloid cells that were classified to class 1 (1042 and 699 cells respectively). In
addition to the 28 marker genes of class 1, the expression of T and Sox2 was added
to the single cell gene expression heatmap. The columns of the heatmap represent
the cells and rows the gene expression. The gene expression (counts per millions) in
logarithmic scale is indicated by the blue-red colour bar. The cells (columns of the
heatmap) are ordered based on the expression of T.
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Class 1
genes

Match in
Group 1

(axial elon-
gation)

Match in
Group 2
(early

mesoderm)

Match in
Group 4
(early
neural)

Expression region if
not mentioned in
Koch et al. (2017)

Grsf1 Expressed in E8.5 in
the brain and in the

CLE. siRNA
treatment induced

shorted and twisted
tail bud (posterior
truncation) (Ufer

et al., 2008).
Cdx2 Yes
Epha5 Yes
Nkx1-2 Yes
Cdx4 Yes
Cdx1 Both in CE E7.5 and

CLE E8.5/9
(Deschamps and van

Nes, 2005)
Hoxb9 At E8.5 expressed in

the tail bud and in
the mid trunk

(Deschamps and
Duboule, 2017)

Cystm1 Yes
Hes3 At E8.5 expression in

the hindbrain, the
neural plate and

primitive streak (Lobe,
1997). According to
Koch et al. (2017)

upregulated in Group
5 (committed neural).

Fgf8 Yes
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Acot7 Yes
Stmn2 Yes
Fgf17 Yes
Lhpp Yes

Wnt5b At E10 marks the
most caudal region of
the embryo (Gofflot

et al., 1997)
Mgst1 Yes
Lix1 Yes

Ncam1 At E8.5 expression in
the somites and the
forming neural tube
(Bally-Cuif et al.,

1993). According to
(Koch et al., 2017)

upregulated in Group
5 (committed neural).

Hoxc4 Yes
Evx1 Posterior primitive

streak. At E8.5
expression in the tail

bud and in the
allantois (Cambray
and Wilson, 2007;

Kojima et al., 2014a;
Schubert et al., 1995).

Ccnjl Yes
Ptk7 Yes
Hes7 At E8.5 expression in

the PSM (Bessho
et al., 2001a,b).
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Hoxc9 At E8.5 expressed in
the tail bud and in

the mid trunk
(Deschamps and
Duboule, 2017)

Pmaip1 According to Koch
et al. (2017)

upregulated in Group
5 (committed neural).

Sp8 Yes
Oat Yes

Foxb1 At E8.5 expression in
the somites,

presomitic mesoderm
and in the neural
plate (Zhao et al.,

2007).
Table 7.2 The 28 marker genes of class 1 and their link to the embryo NMP
region. Columns 2-4 indicates whether class 1 marker genes are part of the NMPs
profile based on the work of Koch et al. (2017) (genes that are highly expressed in
the T and Sox2 coexpressing cells in caudal end of E8.5 embryos): Group 1 – axial
elongation and trunk development, Group 2: early mesoderm and Group 4: early
neural. The last column indicates the expression pattern of the gene in the E8.5 mouse
embryo, if not mentioned in the work of Koch et al. (2017).

7.2.6 Epi-gastruloids and Gastruloids contribute to axial ex-
tension

Based on the results above, both Epi-gastruloids and Gastruloids-T contain cells that
resemble the NMPs in the embryo. To functionally test it the NMP-like population
resides in both the 3D samples, an in vivo transplant into chicken host embryos was
performed as described in chapter 4 (Materials and Methods section 2.18). In the
embryo, during posterior body axis elongation, NMPs progressively exit the stem cell
zone adjacent to the node and either enter the primitive streak and contribute to the
PSM, or stay in the epiblast and contribute to the posterior region of the spinal cord.
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Similar behaviour should be observed when NMP-like cells are transplanted into a host
chicken embryo (Baillie-Johnson et al., 2018; Fontaine-Perus et al., 1997, 1995; Gouti
et al., 2014).

The transplant donors were Epi-gastruloids at 72 hours and gastruloids at 120
hours that were cut to obtain only the elongating tissue (gastruloids tips). Time points
before 120 hours make it difficult to cut the tip of the gastruloids. The transplant
procedure was performed by Dr Peter Baillie-Johnson and Dr Benjamin Steventon.
This region of the gastruloids is comparable to the positive T -GFP cells (Fig. 7.1b).
As can be seen in Fig. 7.9c, both the gastruloids and Epi-gastruloids contribute to
neural and mesodermal extensions (blue bars). However, in agreement with the result
that the Gastruloid-T sample contains several populations, amongst which there are
2 mesodermal populations (Fig. 7.6), the gastruloid contribution to axial extensions
is mainly located in the mesodermal region (Fig. 7.9c, 11/16 grafts). Furthermore,
only the gastruloids contribute to an anterior neural extension, this might be due to
the early epiblast population which also expresses anterior (early) Hox genes (figs. 7.4
and 7.5, (Denans et al., 2015)).

When comparing the mixed contribution of the 3D aggregates samples, both can
generate long contributions and their ability to colonize a more posterior region in
the embryo is roughly the same. This result consistent with the Hox gene expression
profile of the two samples, which express the posterior Hox genes Hoxb9, Hoxc10 and
Hoxd10 (Fig. 7.4). The expression of the Hox genes determines the timing with which
the NMP cells leave the stem cell zone, hence expression of a later (posterior) Hox
gene suggests that the NMPs have resided longer in their niche and contribute to more
posterior regions (newly formed segments) of the embryo (Denans et al., 2015).

Taking these results together with the gene expression analysis of the Gatruloids-
T and Epi-gastruloids, I conclude that both samples are capable of supplying a
3D structure for NMPs cells in culture. However, the Epi-gastruloids are a more
homogeneous aggregate in terms of cell populations in comparison to the Gastruloids-T.
The later incorporates different populations (pluripotent/early epiblast, CLE, mesoderm
populations etc.), whereas the Epi-gastruloids is a more refined population, closely
resembling the E8.5 embryonic NMPs.
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Fig. 7.9 Gastruloids and Epi-gastruloids contribute to elongating embryonic
body axis. a. Scheme for grafting tissues into chicken embryos (Materials and Methods
section 2.18). b. Representative images of labelled Gastruloid and Epi-gastruloid grafts
(marked in red) after transplantation. The red cells represent the contribution of the
grafts in the chicken embryo 15-18hr after grafting. c. Schematic of graft contributions
at HH stage 13. The length of each labelled cell contribution is shown as a solid bar,
coloured grey where the cells were found in neural compartments only, red where the
cells were found in mesodermal compartments only, or blue where the cells contributed
to both neural and mesodermal tissue. The length of each contribution is represented
as the level of the somites in which labelled cells were found; a solid line denotes the
caudal boundary of the most recently formed somite in each case. Where the bar abuts
the line, labelled cells could be found into the unsegmented region of the body axis.
Contributions greater than 1750µm in length are denoted with asterisks.
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7.2.7 Epi-CE and its descendants generate aggregates of de-
creasing size.

Analogous to the idea of examining the ability of Epi-NMP to propagate in vitro as a
criterion for self renewing embryonic NMPs, I examined the ability of these cells to
aggregate (Fig. 7.10).

Following the Epi-gastruloids protocol 350 cells from the 2D culture samples: Epi-
CE, Epi-NMP, Epi-meso2, Epi-meso3 and Epi-meso4, were plated in each well of a
U-bottom 96-well plate in N2B27 supplemented with FGF and Chiron and maintained in
that medium for 72 hours (see Materials and Methods subsection 2.1.3 and Fig. 7.10a).
The longest axis of the aggregates was measured and the average length over 40
aggregates at each time point (24-72 hours) was compared across the different samples
(Fig. 7.10c). The plots of length over time clearly show that aggregating Epi-CEs
from higher passage numbers (Epi-NMP, Epi-meso2. . . ) resulted in smaller aggregates,
which is obvious from 48 hours onwards (Fig. 7.10b-c). This trend is also true for
Epi-g5 after 72 hours: although the images were not taken, the Epi-g5 aggregates look
smaller than Epi-g4 after 72 hours.

To elucidate why the aggregation capability is different from one 2D culture sample
to another, one needs to understand the alteration between these cells. In chapter 4
I described the result of culturing NMPs-like cells in vitro and showed that when
differentiating Epi-CE by exposure to FGF and Chiron, they maintain T and Sox2
expression for at least two passages with a low differentiation index. Furthermore, in
the transition from Epi-CE to Epi-NMP (the first passage), cells lose expression of
epiblast markers e.g. Fgf5, Nodal, Otx2, Oct4 and Cdh1. This result might tailor the
epiblast characteristic of the 2D cells with their ability to aggregate. In other words,
when the epiblast characteristic of the 2D cells are lost, their aggregating capability
is impaired which leads to smaller aggregates, probably because more cells lose the
cell to cell adhesion factors common in EpiSCs. I conclude from these results that
Epi-gastruloids may be a test platform for epiblast cells and since human ESCs (hESCs)
and epiblast cells are similar, the protocol of Epi-gastruloids might serve as a good
starting platform for aggregating hESCs.

7.3 Discussion
The traditional 2D cell culture is in a very distinct geometrical environment from the
3D embryo. In the developing embryo, cell fate decision are regulated via many signals
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Fig. 7.10 Epi-NMP generations make smaller aggregates. a. Differentiation
protocol for Epi-CE into its descendants (Materials and Methods subsection 2.1.3).
b. Representative images of time course describing the formation Epi-gastruloids and
Epi-NMP descendant aggregates. Images were taken every 24 hours for a total of
72 hours c. The average length (defined as the longest axis of an aggregate) of the
different aggregates samples at every 24 hours. The solid dots and the transparent
shade represent the average length and its standard deviation over 40 aggregates
respectively. The colours blue, pink, peach, cyan and green denote Epi-gastruloids,
Epi-g2, Epi-g3, Epi-g4 and Epi-g5 respectively. The comparable time regime between
samples is between 24 -72 hours. Epi-g5 was imaged only between 24-48 hours however
cultured until 72 hours, and this is due to restricted access of the microscopes room at
that time.
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and cues, which unavoidably are affected by geometrical constrains. Thus, the classical
2D cell culture is unlikely to reveal the complete picture when seeking to understanding
the in vivo system. Allowing the aggregation of cells to form a 3D structure is believed
to be closer to the in vivo environment and helps a better understanding of embryo
development. Gastruloids are aggregates from mouse ESCs that have been shown to
self-organize in a reproducible manner which recapitulates the early stages of mouse
embryo development (Turner et al., 2017, 2016; van den Brink et al., 2014).

In this chapter, I explored gastruloids in comparison to a new 3D structure I have
developed from Epi-CE cells originated from EpiSCs, as a prospective 3D structure
that can harbour NMP-like cells. In previous chapters, I concluded that Epi-CE is a
better starting point to culture NMP-like cells in vitro, hence I decided to aggregate
these cells to get a better comparison to the embryo. Applying the classical gastruloid
protocol to Epi-CE cells resulted in no aggregation. However, continuous treatment
with FGF and Chiron enables Epi-CE aggregation and the formation of an elongating
structure. This is the first time to my knowledge that EpiSCs have been shown to
make aggregates. I named this structure the Epi-gastruloid and believe the protocol
constitutes an important platform for aggregating EpiSCs.

In comparison to classical gastruloids, the expression of T in Epi-gastruloids goes
through a heterogeneous spatial phase until it is localized, usually after 72 hours, in
the elongating side of the aggregate (Fig. 7.2b) it is then lost after 96 hours. Clearly,
this shows that ESCs and Epi-CE need different signalling environments to aggregate
and form a structure that resembles the tail bud of the mouse embryo. This mirrors
the situation of chimera formation in which ESCs and EpiSCs need to be placed in
different embryonic environments to allow their integration in the embryo (Huang et al.,
2012; Nichols and Smith, 2009).

From the perspective of investigating NMPs in a 3D in vitro structure, my focus
was on the gastruloid tip expressing T after 110 hours (Gastruloids-T), which is
similar to the developing embryo CLE (Turner et al., 2017, 2014) in comparison to 72
hour Epi-gastruloids. Analysing the single cell RNA-seq data from these two samples,
revealed in the first instance the population complexity. Gastruloids-T cells were spread
over different populations from pluripotency, early epiblast, caudal epiblast, CLE to
differentiated populations of mesoderm, neural and some endoderm. Epi-gastruloids
did not show as much diversity and most of the cells expressed markers of embryonic
CLE, whereas others exhibit differentiation mainly towards neural fate. Both the
Gastruloids-T and Epi-gastruloids contain cells that resemble neural crest and the
notochord, however only Gastruloids-T harbours cells that express node markers.
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Exploring further the different cell populations of the 3D samples, revealed a common
population expressing markers of CLE: Cdx2, Nkx1-2, Hoxb/c8, Epha5 (cluster 1 and
cluster 3 in Fig. 7.6b). Using the E8.25 embryo classifier, almost all of the qualifying
Epi-gastruloid cells were classified to class 1. Most of the qualified Gastruloids-T cells
were classified to class 1 and the rest to class 2, which has a mesodermal characteristic.
From the previous chapters, class 1 of the embryo classifier is associated with the NMPs
signature and when comparing its marker genes to the NMP definition based on the
work of Koch et al. (2017), most of them related to the NMP profile. Not surprisingly
the cells that were classified in class 1 are exclusively from the common population
between Epi-gastruloids and gastruloids (cluster 1 and cluster 3 in Fig. 7.6b).

The results in this chapter again challenge the classic definition of NMPs as cells
coexpressing Sox2 and T. Transplanting the tip of the gastruloid (the region that
expresses T ) and Epi-gastruloids into chicken host embryos, led to long posterior
contributions both in the neural tube and in the somites, and in some host embryos,
the PSM, demonstrating the bi-potential nature of these cells. However, from the gene
expression analysis, the cells that were classified as NMPs candidates (class 1), do not
necessarily coexpress Sox2 and T, furthermore only small portion of Epi-gastruloids
cells express T and the majority express Sox2 (see Fig. 7.3 and Fig. 7.8). Investigating
the marker genes of class 1 revealed that many of them are related to the early neural
lineage. This result raises the possibility that the default programme of the NMPs is a
neural one, unless a mesodermal one is triggered.

A significant feature of the Epi-gastruloids is that aggregating Epi-CEs from
higher passage numbers (Epi-NMP, Epi-meso2. . . ) lead to smaller aggregates. This
observation could be explained by the loss of epiblast markers and the node cells in
the first passage from the 2D culture of Epi-CE to Epi-NMP. That is to say, when the
epiblast characteristic of the cells is lost, their aggregating capability is reduced. This
also suggests the importance of the node in aggregating and organizing the cells in a
3D environment.

In summary, Epi-gastruloids are a new 3D model which, for the first time, enables
the aggregation of EpiSCs in a reproducible manner to generate elongating structures
that harbour cells with many of the features of NMPs. Gastruloids-T, also exhibit a
population with an NMPs signature, however in a tangle of distinct populations with
different identities. Moreover, Epi-gastruloids could serve as a platform to test the
self-organization ability of epiblast cells and, since hESCs resemble mouse EpiSCs,
Epi-gastruloids protocol might serve as a good starting platform for aggregating hESCs.





Chapter 8
General discussion

The two multipotent systems I have explored throughout my doctoral work, demonstrate
above all that understanding the state in which pluripotent stem cells are found is
important to decipher their behaviour and potential function during the process of
fate choice. The first multipotent system I investigated are the infinite self-renewing
pluripotent mouse embryonic cells in culture, whereas the second is the transient
self-renewing population of the neural mesodermal progenitors, whose establishment
in culture follows the signalling regime that their counterpart in the mouse embryo
experience.

In the pluripotency model, the thesis sets out to question the role of epigenetics
in the exit of pluripotency. Particularly, focusing on the consequences of inhibiting
the histone acetyltransferase Kat2a in ESCs and how it constrains fate decisions by
modulating gene expression variability. The bipotent model aimed to achieve a better
characterization of the mammalian NMPs and investigate the current general definition
of these progenitors, which rely on the coexpression of two transcription factors: Sox2,
important for neural differentiation, and T, important for mesodermal differentiation.
Furthermore, the work here explores whether the three-dimensional organization of
cells is important for progenitor identity and their capability to self-renew in vitro,
since these structures try to mimic the in vivo environment where signals and cues are
affected by geometrical constrains, hence influencing cell fate decisions. Characterizing
the in vitro NMPs was done within the scope of the embryo, which is set as the ground
truth platform for comparison.

In the case of the pluripotent model, there is a clear difference between the outcome
of Kat2a inhibition in the heterogeneous naïve pluripotent state versus the ground
naïve state. In SL, where cells can self-renew and explore differentiation lineages in
a stochastic manner, addition of MB-3 to the medium destabilizes the pluripotent
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network and biases the chance to differentiate by increasing the probability of this event.
In contrast, addition of MB-3 to the stringent pluripotent state of 2i barely affects the
cells and they exhibit resilience to this perturbation while maintaining their ground
pluripotent state. Interestingly, in 2i cells have erased much of their epigenetic memory
and thus might become resistant to the effects of Kat2a activity. Maintenance of the
ground state is achieved by the GSK3 and ERK1/2 inhibitors, which downregulate
DNA methylation that induces histone hyperacetylation, hence contradict the effects
of Kat2a inhibition.

The current definition of Epigenetics refers to a change in gene function that is
heritable and should not involve any change in the DNA sequence. After 2 days of
treating TNGA cells in SL supplemented with 100µM MB-3, the cells exhibit a clear
shift towards differentiation by displaying a greater proportion of cells in MN and LN
states, in comparison to the control condition. After washing the drug and re-plating
the cells in SL for 3 days, the cells did not recover the full natural TNGA profile and a
higher proportion of cells are found in the MN and LN states relatively to the cells
that were not exposed to MB-3. This result illuminates the heritability mechanisms of
histone modifications, achieved by inhibiting Kat2a and allow us to speculate whether
these epigenetics marks could endure for several cells divisions.

Culturing cells in differentiation medium, N2B27, for a day or 2, lowers the levels
of Nanog and shift the cells towards the MN and LN states. After washing the cells
from N2B27 and re-plating them in SL the cells, as observed with MB-3 treatment,
did not recover the Nanog distribution, as in the control condition, supporting a role
for Kat2a in the maintenance of the uncommitted state.

Notwithstanding these observations, the two treatments demonstrate different cell
dynamics across the three states of Nanog in the 3 days after washing and re-seeding
in SL, suggesting that histone acetylation plays a role in the dynamic balance between
these states. This result strengthens the hypothesis that pre-treating cells with a
Kat2a inhibitor leads to a differentiation path due to heritable epigenetics marks
that last through cells divisions, whereas pre-treating the cells with N2B27 leads to
differentiation due to lack of self-renewal signals. However, to prove this hypothesis
a measure of the acetylation level is required. It was shown that the use of MB-3
causes a global reduction of H3K9ac (Tzelepis et al., 2016), and this is seen at the
Nanog locus (Moris et al., 2018; Moris, 2016), hence measuring the acetylation level of
H3K9 at the Nanog locus via Chromatin Immunoprecipitation and quantitative PCR
(Chip-qPCR) daily after washing from the two treatments, along with controls, will
clarify if there are heritable epigenetics marks due to Kat2a inhibition. This type of
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experiment will remove some of the doubts raised about whether histone modifications
are truly epigenetic alterations (Dupont et al., 2009; Ptashne, 2013b)

There are few ways of measuring gene expression heterogeneity, here I have assessed
the effect of inhibiting Kat2a on the heterogeneity of gene expression by using two
parameters. The first is the coefficient of variation of the gene expression distributions
and the second is the estimation of the transcriptional noise strength. Both parameters
give insights about the variability of the population, whereas CV conveys its magnitude
in relation to the population mean, the transcriptional noise strength is independent
of the mean and it is calculated based on the gene activation and expression rates.
There are several responses to the CV distributions caused by inhibiting Kat2a in SL,
with most genes exhibiting a decrease in the intrinsic noise strength estimation. The
intrinsic noise strength defined by Raser and O’Shea (2004), is proportional to the
transcription and translation efficiency. Since here the calculation of noise strength
was based only on an estimation of the promoter activation term in the intrinsic noise
strength equation, a decrease in the intrinsic noise strength implies a decrease in the
gene transcription efficiency.

Interestingly, when comparing the expression heterogeneity and the estimation
of the intrinsic noise strength of the pluripotency markers, Nanog and Rex1 in SL
and 2i, their CV in SL (supplemented either with MB-3 or DMSO) is at least twice
that obtained in 2i and their transcriptional intrinsic noise strength is higher in SL in
comparison to 2i. This suggests that the increased variability in SL might be due to an
elevation in gene activation stochasticity, implying that heterogeneities are controlled
and play a role in determining the probability of differentiation within a pluripotent
population.

There is a degree of similarity between the comparison of cells that have been grown
in SL supplemented with MB-3 versus DMSO, and the comparison of cells that have
grown in 2i versus SL. In both cases the cells show a commitment to a specific fate,
either to high pluripotency in 2i condition or to differentiation when exposed to MB-3.
Furthermore, the transcription noise strength of these two cases is lower compared to
their relevant control. This observation implies that committed cells constrain their
expression noise, contributed by gene activation stochasticity.

Nevertheless, to understand the full contribution of intrinsic noise on mRNA
population variability, the protein levels will need to be measured at the level of single
cells as only then can the full formulation of the intrinsic noise strength be computed.

In a second experimental system I used a bipotent population, NMPs, which in
the embryo gives rise to neural and mesodermal progenitors in the thorax. This
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population can be generated and studied in vitro and I took advantage of this to test
many of the variables that impinge on the behaviour of this population. To study
the establishment of NMPs in vitro, I compared three PSCs based adherent culture
differentiation protocols and two aggregation protocols. Using this as a substrate, I
introduced a novel way to compare single cell transcriptomic data from the in vitro
populations to the E8.25 CLE embryo. I built an SVM classifier based on the embryo
data, which was used to classify the cells from the in vitro populations to the clusters
observed in the embryo data. The SVM is well suited to this task as it can deal with
big datasets with large numbers of features.

Starting the differentiating protocols from either ESCs or EpiSCs, produces pop-
ulations of cells with different gene expression signatures and ability to contribute
to axial elongation in a xenotransplant assay. However, they all have two common
denominators: coexpression of T and Sox2 as well as of genes associated with LPM,
IM and allantois, suggesting that, in vitro, the NMPs are derived from a multipotent
population that is likely to exist in the embryo. Additional results show the importance
of understanding the state of the cells to reveal their potential and that ESCs and
EpiSCs need different signals to aggregate and self-organize. This reflects the situation
with chimera formation in which ESCs and EpiSCs need to be placed in different
embryonic regions to integrate into the embryo (Huang et al., 2012).

Exposure of pre-treated EpiSCs to FGF and Chiron generates a population, named
Epi-CE, with a gene expression signature characteristic of late CE in the embryo,
around the time of the appearance of the node. Upon further exposure to Wnt and
FGF signalling, this population evolves and generates a 2D population named Epi-
NMP or 3D aggregates named Epi-gastruloids. Both populations exhibit many of the
hallmarks of the NMPs, making long and posterior contributions to axial extension in
the neural tube, PSM and somites in a xenotransplant assay.

NMPs generated in vitro from ESC based monolayers and aggregate protocols, in
contrast to the NMPs originated from EpiSCs, exhibit a high degree of population
heterogeneity, with low representation of NMPs that resemble the gene profile of their
counterparts in the mouse embryo. Furthermore, none of these in vitro ESC protocols
demonstrate self-renewal ability of the cells, whereas Epi-NMPs show a limited one. An
experiment that can truly validate the self-renewal capability of the in vitro protocols
will be a serial transplantation of candidate NMPs in mouse embryos, as described for
in vivo progenitors in the experiment of Cambray and Wilson (2002).

During the passage of the Epi-NMP population in the presence of Wnt and FGF
signalling, downregulation of neural markers was not observed. This reflects the timing
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in terms of embryo development: Wnt signalling suppresses neural differentiation and
promotes mesoderm in the first phase of gastrulation before the node appears, which
is not the case later during the development of the caudal region of the embryo.

The attempts to establish a better refined population of NMPs in vitro, led to
observations that strengthen the previous suggestion of a close relationship between
the node and the emergence of the NMPs in the embryo (Albors and Storey, 2016;
Garriock et al., 2015; Henrique et al., 2015; Wymeersch et al., 2016). Throughout this
work, three main results emphasize that the 2D and 3D in vitro systems originated
from EpiSCs, recapitulate this relationship.

The first result, obtained via an analysis at the population level, demonstrates the
importance of Nodal expression in the establishment of the multipotent population of
Epi-CEs and probably the domain needed for the emergence of the NMPs. Further
investigation of Nodal signalling in that context were performed via experiments
with Nodal mutant cells and mixing of Nodal positive cells with Epi-NMP cells.
These experiments revealed that the relative balance between Sox2 and T is crucially
dependent on Nodal signalling.

A second result, obtained from the classification analysis, revealed a cluster in the
E8.25 embryo reference data that contains a large representation of node and floor
plate cells. Epi-CE predominantly mapped to this cluster, due to gene expression
similarity to this cluster’s profile. The representation of node cells in Epi-CE but not in
its progeny, Epi-NMP, along with the result that the Epi-CEs contain a subpopulation
in a high proliferative state, might mirror the transition in the embryo from the CE at
E7.5, when the node emerges, to the CLE at E8.25. During this period, the results
here suggest that the node is critical for the maintenance of the NMPs and their
amplification at early stages.

The aggregation of Epi-CEs to make Epi-gastruloids is the third result that shows the
necessity of the node in in vitro NMPs establishment. Aggregating Epi-CE derivatives
(Epi-NMP, Epi-meso2. . . ) resulted in smaller aggregates. The loss of epiblast and node
markers in the transition from Epi-CE to Epi-NMP, might explain the reduction in the
aggregation capability of the cells and again emphasizes the importance of the node in
organizing the cells in a 3D structure.

The above results highlight the need for the node before establishing the NMP
population in vitro and in vivo, however, conclusive functional evidence is needed.
Transplantation experiment with the node-like population from 2D and 3D conditions
into a chicken embryo, similar to the experiment conducted by Conrad Waddington in
the 1930s (Stern, 2000; Waddington, 1934), might resolve this issue. It is known that
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the node can induce the formation of a second axis without the head when transplanted
to another embryo at the appropriate stage (Beddington, 1994; Wolpert et al., 2015). If
indeed the Epi-CE and Epi-gastruloids, specifically Epi-CE cells that are Nodal positive
and Epi-gastruloids 48 hours after aggregation, can induce a second axis lacking the
head in the host chicken embryos, it will prove the existence of the node in these
populations.

Epi-gastruloids, the 3D structure derived from Epi-CEs, constitutes an important
platform for aggregating EpiSCs and show a better match to the embryo NMPs.
The percentage of cells that were filtered out from the Epi-NMP and Epi-gastruloid
populations before they were classified by the SVM, are 48% and 33% respectively.
From theses refined populations, 73% and 98% of the Epi-NMPs and Epi-gastruloids
respectively, were classified to class 1, which has a gene expression signature of NMPs.
This shows that the geometrical constrains obtain in the aggregates are important for
the identity of the population, hence Epi-gastruloids produce a higher proportion of
NMPs than the adherent culture (only 38% of the total Epi-NMP population versus
66% of the Epi-gastruloids population).

The results discussed in this work challenge the classic definition of NMPs as cells
that coexpress Sox2 and T. Epi-gastruloid cells that were mapped to class 1 mainly
express Sox2 and not necessarily T. Investigating the marker genes of class 1 from the
embryo data, revealed that many of them are related to the early neural lineage. This
result raises the possibility that the default programme of the NMPs is a neural one,
unless a mesodermal one is triggered.

Together, this work provides an original approach that adds to the understanding
of how cells respond to different stimuli and constrain their fate choice. The joint
conclusion derived from investigating the two multipotent models is that comprehending
the cells initial state is important to reveal their potential and limitations in their
paths of cell fate exploration. In the pluripotency model, the epigenetic alterations
caused by inhibition of Kat2a in conditions in which cells can exit pluripotency, elevates
the chance of cell differentiation. The differentiation is probably due to lowering
transcription efficiency and constraining transcriptional noise strength. In the bipotent
model, I demonstrate that EpiSCs are a better source for culturing NMPs in vitro,
especially from 3D cultures. The NMP-like cells derived from EpiSCs exhibit greater
similarity to the NMPs in the embryo in terms of gene expression profile, long axial
contributions in the neural and mesodermal tissues of host embryos and respond to
signals. In the post gastrulation embryo, Wnt signalling does not suppress neural
differentiation and promote mesoderm, which is true at the first phase of gastrulation.
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NMP-like cells derived from ESC based protocols differentiate to mesoderm when
they are exposed to Wnt signalling, however Epi-NMPs and Epi-gastruloids respond
differently and demonstrate they are at a post gastrulation developmental stage.

Furthermore, I hope that my work on NMPs adds important insights to the way
we understand and characterise these progenitors. Here, following a unique and novel
analysis, I raise three main hypotheses. First, that coexpression of Sox2 and T should
not be a conclusive criterion for defining NMPs. Second, that the node has an important
role in amplifying these progenitors at an early stage and maintaining them throughout
axial elongation, and third, that the NMPs differentiate by default to posterior neural
fates unless the mesodermal fate is activated. To test these hypotheses, I have suggested
the above experiments, to further investigate the observations obtained in this study.
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Gene Forward Primer Sequence Reverse Primer Sequence
Axin2 CTAGACTACGGCCATCAGGAA GCTGGCAGACAGGACATACA
BMP4 CTCAAGGGAGTGGAGATTGG ATGCTTGGGACTACGTTTGG
Cdh1 CAATGCCTGCTCTTGATGGT GGGAGATCTGACTGCCTCTG
Cdh2 GGGATGAGACCACAAGATAGGA AAACTCCCTTTATCTGCAACCA

extitCdx2 TCCTGCTGACTGCTTTCTGA CCCTTCCTGATTTGTGGAGA
Cyp26a1 TCTGGGACCTGTACTGTGTGA AAGCCGTATTTCCTGCGCTT

Evx1 TACAAACCTTCAGCGCCTCT AAGGACCACTTCCTCCCAGT
Fgf5 TGGCATTATGTGGAATCTGG CTGTGGACGCTGCACACTT
Fgf8 AGGACTGCGTATTCACAGAGAT CATGTACCAGCCCTCGTACT

Foxa2 CATTACGCCTTCAACCACCC GGTAGTGCATGACCTGTTCG
Gata6 GTTGCAGCAATCAGTGTTAAATC GAAGTGGGCTGTGAGTGTAAG
Hes5 GGAACTGCAGGTGTTTCCTC ATGCACCCACCCATACAAA

Hoxc6 CCCTCTCTTCTCCCTTGCTC CCACGTCTGACTCCCTGTTT
Meox1 GCACAAGAGCTGATGGATGA ACGCAGGATAGGTCCAAATG
Mesp1 CGCCTGCCTACCCTAGACC CTGCTGAAGAGCGGAGATG
Mixl1 GGCAGCTTCCAGTTAACCAA CTGAGTCCCAACCAGAAAGG
Msx1 TCTGCTGCCCTATACCACCT GGCCTCTGCACCCTTAGTTT
Msx2 CGCCGCCCAGACATATGAG CAGGTACTGTTTCTGGCGGA

Nkx1-2 ACAACCACACAAGCCACTGA CCATCCTGGGAACCCTTATT
Nodal AGCCACTGTCCAGTTCTCCAG GTGTCTGCCAAGCATACATCTC

Notch1 TCCAATGTGCATTGTGGACT TGCAAGAATCTGCTGTGAGC
Notch2 CTGACTTATGCGATGGTGGG ATGCAAGACTTCAAGTGGCC
Oct-04 CCAATCAGCTTGGGCTAGAG CTGGGAAAGGTGTCCCTGTA
Osr1 GAAGTCTAGTTCGCCAGGGG TCAAATATCTTGTTCCGC
Otx2 CTGGGCTGAACATTCCAGTT GTCCATTTCAGGTTGCTGGT
Pax2 CGTTGTGACCGGTCGTGATA TGCTGAATCTCCAAGCCTCA
Pax6 AAGCACTTCACTTTGTAACTGTCC CCAACTGATACCGTGCCTTC
Pax7 CAAGGTCTGGACAAGAGGAAAG GAGCAAGGAATGTGGAGGAG

Raldh2 AAGACACGAGCCCATTGGAG GGAAAGCCAGCCTCCTTGAT
Snai1 AGCCAGACTCTTGGTGCTTG ACCCACTCGGATGTGAAGAG
Sox1 AGACAGCGTGCCTTTGATTT TGGGATAAGACCTGGGTGAG
Sox2 CATGAGAGCAAGTACTGGCAAG CCAACGATATCAACCTGCATGG
Spry2 ACAATTCAGCTAATGGAACCCG TCTTCGCCTAGGAGTGTTGG

T CTGGGAGCTCAGTTCTTTCG GTCCACGAGGCTATGAGGAG
Tbx2 GACCGACTTCATCGCTGTCA TAGCTGCTTCCTTTTCTCCCG
Tbx6 CCAGAACCCTAGGATCACACA CCCGAAGTTTCCTCTTCACA

Wnt3a CATACAGGAGTGTGCCTGGA AATCCAGTGGTGGGTGGATA
Table A.3 Primer sequence used for qRT-PCR



Supplementary Tables 239

Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5 Cluster 6
Cdx2 Zic1 Fgfbp3 Pou5f1 Prrx2 Cited1
Fgf17 Phlda1 Pgk1 Mt2 Meox1 Tbx6

Hoxaas3 Ntm Rpl29 Apoe Meis2 Dll3
Slc2a3 Colec12 Zfos1 Epcam Peg3 Dll1
Nkx1-2 Ftl1 Cystm1 Alox15 Fn1 Frzb
Hoxc8 Cadm1 Ddx21 Bst2 Pbx1 Lef1
Lhpp Nrep Mkrn1 Igfbp2 Foxp1 Hoxb1

Hoxb8 Nkd1 Pdia5 Fst Pitx2 2610528A11Rik
Mgst1 Sepp1 Epha5 Mt1 Gas1 Ypel3

Sema6a Sparcl1 Arl4a Stmn2 Aldh1a2 Fam212a
Greb1 Tcf12 Prkar2a Aldh2 Igfbp4 Nrarp
Etv4 Cdh11 Car14 Dppa5a Rbms1 Rspo3
Tgif1 Nfat5 Hoxb9 Ddit4 Meis1 Rftn1

App Nudt19 Chchd10 Mfap4 Hes7
Tubb2b Fam195a Wnt8a 6330403K07Rik Rnf213
Epha7 Sox2 Pim2 Id3 Pcdh19
Twist1 Pabpc4 Spint2 Ebf1 Pea15a
Lgals1 Eno1b Snrpn Slc38a4 Mycn
Eva1b Rbm38 Dnmt3b Fbn2 Lmo2
Meg3 Uchl1 Hprt Foxc2 Rtn1
Prrx1 Pla2g12a Lefty1 Nrp1 Maged2

Serpinf1 Sema3a T Pdlim4
Zfp36l1 Hmga1-rs1 S100a10 Anxa11

Nxn Spsb4 Ezr Lor
Emilin1 Sfrp2 Hspb1 Hoxd9
Rdh10 Bnip3 S100a11 Nkd2
Chst2 Pitrm1 Echdc2
Fbln1 Steap1 Krt8

Rnf121 Fhl1 Emb
Add3 Acot7 Pvrl2

Smarca2 Myo5b Apela
Grcc10 Yrdc Blvrb
Tle1 Gm10020 Pid1

Basp1 Gm5900 Gclm
Zeb1 Tfrc Taf7
Sat1 Pdk1 Plp2
Ostf1 Zfp385a Krt18
Nr2f2 Atad3a Pdgfrl
Selm Timm8a1 Plekhf2
Jund Lamtor3 Phc1
Jun Igdcc3 Ifitm3
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Tril Epb41l4aos Trim6
Fstl1 Irx3 Oxct1

Gng12 Ncam1 Cyba
Lhfp Espn Arl4c

Slc6a6 Rcor2 Rbpms2
Rps6ka3 Tshz1 Ly6e

Rbmx Usp50 Dnase2a
Egr1 Phlda3 Hadhb

Lamp2 Slc25a33 Slc7a7
Atp1a2 Bri3bp Cdc42ep5
Ap3s1 Eif2s3x Dppa4
Grb10 Tfap4 Fgf8

Mthfd2l Stard7 Ubr7
B2m Tuba4a

Slc1a3 Lrpap1
Sept11 Efnb1
Sh3gl3 Terf1

Fos Igfbp3
Ism1 Msh2
Metrn Acot1
Ssbp4 Zic3
Spata6 Crot
Nudt9 Upp1

Etfa
Aldh7a1
Snhg11
Cxx1b
Fah

Syce2
Chmp2a

Sgk1
Rxrg
Trh

Spint1
Table A.4 Marker genes in each cluster for k=6
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[1] Ochiai et al.
(2014)(measuring

the allelic
transcription
frequency)

[2] Skinner et al.
(2016) (calculated

parameters)

S. Edri, (AMA lab)

SL Nanog 2i Nanog SL Nanog SL Oct4 SL Nanog 2i Nanog SL Oct4

KD, mRNA
Degradation

[1/min]

0.00245 (WT)
0.00348 (reporter
cell line)

0.0022 0.0023

KT /KD

[#mRNA]

861.22 (WT)
606.32 (reporter
cell line)

386.36 826.09 998 ± 86 599 ± 10 1053 ±
30

Kon

Kon + Koff
4.42% 21.69% 22%* 34%* 14.48 ±

0.72%
42.44 ±
0.59%

47.23 ±
0.61%

Kon [1/min] 0.0282 0.0874 0.002* 0.009* 0.0014 ±
4.8×10−6

(Kd=0.15
1/hr [1])
0.0013 ±

4.1×10−6

(Kd=0.13
1/hr [2])

0.0051 ±
2.8×10−4

(Kd=0.15
1/hr [1])
0.0044 ±
2.4×10−4

(Kd=0.13
1/hr [2])

0.0172 ±
2.7×10−4

(Kd=0.14
1/hr [2])

Koff [1/min] 0.6098 0.3155 0.007* 0.02* 0.0131 ±
0.0013

(Kd=0.15
1/hr [1])
0.0114 ±
0.0011

(Kd=0.13
1/hr
[2])**

0.0079 ±
6.24.10−4
(Kd=0.15
1/hr [1])
0.0068 ±
5.49.10−4
(Kd=0.13

1/hr
[2])**

0.022 ±
0.002

(Kd=0.14
1/hr [2])

KT

Koff
3.46 6.69 123* 106* 206.9 ±

2.5
335 ± 23 128.6 ±

2.4

Expression
for

calculating
mean mRNA

levels
<mRNA>

γ· Kon

Kon + Koff
· KT

KD

γ = copy number

Kon

Kon + Koff
· KT

KD
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Mean of
mRNA

[#mRNA]
(±SEM)

133 (WT)
77

(reporter
cell line)

380 (WT)
280

(reporter
cell line)

126 ± 24 477 ± 67 101 ± 0.1 249 ± 0.2 482 ± 1

CV of
mRNA

(±SEM)

0.85
(WT)
0.89

(reporter
cell)

0.43
(WT)
0.42

(reporter
cell line)

0.8 ± 0.05 0.34 ±
0.01

1.1 ±
0.001

0.52 ±
6 × 10−4

0.52 ±
0.0016

Fano factor
(±SEM)

39.9 50.3 80.64 55.14 123.21 ±
0.26

66.18 ±
0.13

128.36 ±
0.79

Table A.5 Literature comparison of the expression levels, activation, deac-
tivation and transcription rates of Nanog and Oct4 in SL and 2i conditions.
Kon, Koff and KT reflect the gene transcription burst frequency, the duration of the
burst and transcription rate respectively. The ratio KT /Koff describes the transcrip-
tion burst size which is the transcriptional efficiency (the number of transcribed mRNAs
in a promoter activation event), whereas Kon/(Kon + Koff ) stands for the proportion
of the active state in a burst cycle (cycle of ON and OFF period). The coefficient of
variation (CV) and Fano factor are measures of the dispersion of the mRNA probability
distribution. They are defined as the standard deviation and the variance to the
mRNA mean respectively. The measured distribution values of Nanog and Oct4 and
their estimated parameters in this work are consistent with previously reported values.
Specifically, the kinetics rates Kon, Koff and their ratio Kon/(Kon + Koff), mRNA
mean and the CV. WT: Wild type cell line. * Prior to gene replication.
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