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ON THE COVER
Neural rosettes derived from embryonic stem cells, grown on laminin on glass for
confocal microscopy. Nuclei are stained with Propidium Iodide (red) and actin
filaments are stained with phalloidin (green). Picture was taken by Dr Emma
Andersson.

‘Expect the worst and you will never be disappointed.’

David Main

…..probably also said by someone else more famous but not with the same effect…..
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ABSTRACT
Metazoan embryonic development requires a complex interplay of morphological
processes coordinated with self-renewal and differentiation to correctly specify and
maintain body cell types in the correct location. Notch signalling is a metazoan specific
arbiter of cell fate decision processes, known to control lateral inhibition and
asymmetric cell division processes throughout the metazoa and in the development of
all metazoan organs. In this thesis, we study the effects of Notch signalling on early
embryonic development using mouse embryonic stem (ES) cells as an in vitro model
system. We determine that Notch signalling is able to crosstalk with hypoxic signalling
on the transcriptome level though the majority of gene regulation by either pathway is
independent of the other. Secondly, we show that Notch signalling is required for
temporal activation of CyclinD1 expression at day 3 of ES cell neural differentiation.
Finally we show that Notch signalling is required for specification of Radial Glial Cell
(RGC) types ES cell derived neural rosettes and that the maintenance of RGCs is
required for neural epithelial polarity. These data corroborate that canonical Notch
signalling is not required in mouse for embryonic processes prior to neural epithelial
formation but that it is required for structural morphology in the nervous system.
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FOREWORD – WHERE IT ALL BEGINS

Cell fate decisions govern life as we know it. Each cell, as an independent unit,
processes environmental information and ‘decides’ what action is required. A cell can
decide to grow, to divide, to change, to die or to stay as it is. When did cells develop the
abilities to make these decisions?
The first cell
Life is believed to have begun some 3,500 million (3.5 billion) years ago, as evidenced
by the discovery of ‘stromatolite’ fossils in Archaean rocks. These structures contained
prokaryotic cells, which probably lived in warm, shallow, carbonate rich seas. Though
it is possible that the primordial soup, that was earth at this time, gave rise to many
combinations of self-replicating molecules and encasing membranes, it was the
evolution of DNA replication and lipid membranes that produced the cell that
successfully replicated and survived to give rise to all clades of life now found on earth.
The fact that RNA is able to both store genetic information and carry out catalytic
reactions suggests that ‘life’ before DNA-RNA-protein was modulated by selfreplicating RNA. This RNA may then have formed the basis for peptide synthesis
allowing production of proteins, which then took over catalytic reactions allowing nonenzymatic DNA to replace RNA as the more chemically stable storage form of genetic
information. Duplicating and passing on their genetic information was the first most
important ‘decision’ our single celled ancestors made in establishing life on earth.
Surviving oxygen – eukaryotes
How did the complexity of DNA-RNA-protein life evolve? The first major step was the
division of eukaryotes from prokaryotes. This is believed to have been due to ‘The
Great Oxidation’ which marked a sharp rise in atmospheric oxygen around 2,300
million years ago and forced cells to evolve mechanisms for protecting themselves
against the toxic oxidising effects of oxygen 1. The evolution of sterol synthesis is
believed to have lead to the emergence of eukaryotes with 11 oxygen molecules needed
to produce just one molecule of cholesterol 2. Divergence of plant and animal

xiii

eukaryotic cells is also believed to be sterol related, with plants producing
predominantly phytosterols and animals predominantly cholesterol. The integration of
sterols to early eukaryotic lipid membranes opened the door to endocytic processes,
which are central to the theory of endosymbiotic engulfment of prokaryotic cells, for
the eukaryotic acquisition of organelles including mitochondria and a nucleus. The
partitioning of cells, and addition of membranes and organelles, required more complex
replication machinery leading to the eukaryotic evolution of mitosis. The second most
important decision of our ancestors was to decide to change, to adapt to the
environment while maintaining the ability to divide.
Showering with your cousins - multicellularity
Multicellularity is believed to have evolved multiple times in the plant (plantae) and
animal (metazoa) phyla. Genetic data suggests the evolution of multicellularity forming
the metazoan clade occurred around 1,200 million years ago, with the formation of
sponge-like organisms. The body plan of this metazoan founder is thought to have been
a simple epithelium around a body cavity. It may seem strange then that this ‘simple’
stage of animal development correlates with the appearance of the canonical
components of Notch, Wnt/β−catenin, TGF−β and Hedgehog, receptor tyrosine kinase
and Jak/STAT signalling components required for most human cell fate decisions 3.
However, the acquisition of multicellularity allowed adoption of organised body plans
and allocation of varied cellular functions, processes that require complex
differentiation programs to coordinate cellular morphology, proliferation and
differentiation. Further, the early metazoa are believed to have developed germ cells
allowing sexual reproduction but also requiring complex genetic programs for
regulating adult body plan development from a single fertilised cell. Though the body
plan seems simple, the processes developed to build and maintain this ancient ancestor
form the basis of the complex processes at the heart of metazoan development 4,5. The
most primitive metazoan cells made the decision to live together and allocate functions
between cells derived from a single embryonic cell, forming a symbiotic organism.
The cell fate decision toolkit
Between 1,200-500 million years ago, something happened in our primitive spongelike metazoan ancestor that led to a vast increase in complexity in the subsequent
xiv

eumetazoan lineage. Between 550-500 million years ago, large numbers of complex
and diverse body plans were fossilised into Cambrian rocks. This observation is coined
‘The Cambrian Explosion’ and suggests that around this time a sharp increase in body
plan diversity occurred. Opposition to this theory suggests that before this time
conditions were not ideal for fossilisation and suggest a more gradual appearance of
complexity 6. Whatever the case, at this stage in evolution the core differentiation
processes of the basal metazoa were established. By teaming these processes up with
newly evolved components, including the eumetazoan appearance of Hox genes, it is
thought that a stable and replicable genetic network for coordinating cell fate changes
with morphogenesis was developed allowing relatively rapid generation of new cell
types and organs

3,7-9

. Essentially all eumetazoan embryonic development is based on

repeated patterns of epithelial sheet folding, communications between germ layers and
epithelial-mesenchyme transitions (EMT), which repeat in a temporal manner to form
cell type and organ diversity. These programs work in a temporal manner to coordinate
interactions between cell cycle, morphogenesis, intercellular signalling pathways and
environmental sensing mechanisms to ensure that the correct structures are made in the
correct sequence to produce a functional organism. This step in evolutionary
complexity correlates with the evolution of gastrulation, the process by which the three
embryonic germ layers (endoderm, mesoderm, ectoderm) are formed. Gastrulation is
thought to represent the most primitive form of the eumetazoan genetic toolkit through
which eumetazoan complexity flourished 8.
Human disease and ageing can be generalised as cells making the ‘wrong’ decisions.
Dying when they shouldn’t, dividing when they shouldn’t. If in fact genetic interactions
of a eumetazoan toolkit form the basis of human cell fate decisions, identification of
this network could provide immeasurable understanding to the processes that govern
the complexity of human development and disease.
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INTRODUCTION

When discussing the importance of signalling pathways in the regulation of
development and disease, it is hard to miss Notch signalling. Notch signalling is
required for the development of most metazoan cell types
critical functions in many human diseases

13

10-12

and is known to play

. The major components required for

canonical Notch signalling were all present in the primitive metazoan ancestor

3,9

,

making this pathway a strong candidate for the Eumetazoan cell fate toolkit. To
investigate the roles of Notch signalling in this toolkit it is important to consider at
least three concepts; 1) Notch signalling interactions with other highly conserved
signalling mechanisms; 2) the temporal context of these interactions; and 3) how
Notch signalling links to cell polarity and morphology control. We have chosen to
investigate these phenomena in mouse embryonic stem cells, which represent an in
vitro model of the processes of mammalian embryonic development.
Below I will discuss a number of topics important for my thesis work. I will begin by
introducing the components of the main player of my thesis, the canonical Notch
signalling pathway and will follow with a description of the mouse embryonic stem
cell in vitro developmental system, in which the majority of our studies are
performed. I will then describe the key features of the three above-mentioned
concepts; interactions, temporality and polarity, which form the basis of my thesis
investigations. A summary of the concepts and results of this thesis, to follow during
your reading, are found in Figures 1/2/3.
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A) Canonical Notch signalling

(D)

B) Notch/hypoxia crosstalk

NEH
NHC

(C)
HEN

Early CSL regulation
Late CSL regulation

NIH

(E)
HIN

Figure 1: Summary of Canonical Notch signalling and Notch interactions with hypoxia, apical/basal
polarity and the cell cycle. (A) Canonical Notch signalling involved the successive cleavage of the Notch
receptor by extracellular ADAM secretases, followed by intramembrane gamma secretase. Liberated NICD
moves to the nucleus where it binds CSL and activates gene transcription. Hes/Hey genes inhibit Ngn/Mash
to inhibit neuronal differentiation. (B) Low oxygen stabilises HIF-1α protein, which moves to the nucleus and
binds HIF-1β activating gene transcription. Hypoxia and Notch have target genes independent of each other
(HIN, NIH respectively), shared target genes (NHC) and are able to boost expression of each others direct
target genes (NEH, HEN) by seemingly distinct mechanisms. (C) Two modes of CSL based target gene
regulation have been identified, one where CSL is brought to the promoter with NICD and the second where
CSL sits on the promoter as a suppressor. (D) Apical polarity is defined by F-actin accumulation (red) and
coincides with Par3 and aPKCz localisation. The apical domain is separated from the basal domain by
Adherens Junctions (AJ). Par3 is able to negatively regulate Numb leading to enhancement of Notch activity.
Notch is able to transcriptionally regulate CD133. The basal factor Par1 is able to inhibit Mib which positively
regulates Dll1 for neuronal differentiation (E) CyclinD1 is regulated by Notch signalling on the third day of
mES cell neural differentiation and promotes mitosis.

Figure 2: Summary of mES cell differentiation. Inner
cell mass cells are taken from a pre-implantation
blastocyst and grown at 37 degC in LIF and
serum containing medium. Cells are
differentiated by plating and maintaining in
LIF/serum free N2B27 media. Inner cell mass
like ES cells differentiate sequentially
through primitive ectoderm and definitive
ectoderm to then express Sox1 a marker of
neural induction. Neural cells acquire apical
polarity and mature into Neuroepithelial Progenitor
(NEP) type symmetrically dividing polarised rosette
structures. Differentiation of NEPs gives
rise to basal progenitors which signal
Inner cell mass Nanog+Oct4+
NEPs to convert to BLBP+ Radial Glial Cells
(RGCs). RGCs asymmetrically divide to produce Basal
Progenitors (BPs) which symmetrically divide to
Primitive
produce 2 neurons. Red arrows distinguish
endoderm
Notch dependent transitions.The
Primitive
acquisition of F-actin
ectoderm Oct4+Fgf5+
polarity is shown to
mesoderm
the left in red.
Pre-implantation
Blastocyst

ESC + LIF

N2B27
d1

d2

Primitive
streak Bra+

Figure 3: Summary of early nervous
system formation. (A) Neural tube
Deﬁnitive
formation. Around
endoderm
E7.25 Shh from
ectoderm
the notochord drives
neural
induction
in
overlying
surface ectoderm.
d3
Around E7.5 the resultant neural plate folds
Surface
and pinches off between E9-10 to form the
ectoderm
neural tube. (B) The cells of the
Neural induction
pseudostratified neural plate undergo
Nestin+Sox1
Interkinetic Nuclear Migration (INM) between
the apical (ventricular) surface and the basal (pial) surface.
DNA replication occurs at the basal surface and Mitosis at the
d4
apical surface. (C) Around E9 the folding neural plate begins to
express the nestin isoform RC2 marking NEPs, which begin to
divide asymmetrically.Asymmetric division occurs by mitotic
NEP RC2+
NEP type rosette
spindle tilting to distribute both the apical membrane
Neuroepithelial
(CD133/Par3) and basal process to the undifferentiated
precursor
daughter cell. Notch signalling is important for maintaining
the undifferentiated daughter and Mib, numb
and Dll1 expression to drive differentiation
BP Tbr2+
d5
of the second daughter cell. (D)
Basal progenitor
Asymmetric division of NEPs produces
RGC
Tbr2/Dll1 positive basal progenitors (BPs) which
lose apical and basal surface contact and migrate
BLBP+GLAST+
RGC type rosette
basally to form the proliferative Sub Ventricular
Radial Glial
Zone. BPs induce Notch signalling in NEPs
Cell
and cause NEP stretching due to
Neuron TuJ1+Tau+
neuroepithelial multilayering
d6
Glutamatergic/GABAergic
which induces a transition from
NEPs to BLBP/GLAST expressing
RGCs. RGC nuclei undergo INM within the VZ and maintain NEP-like asymmetric division
processes to produce the major wave of neurognesis (E) Schematic representation of a ‘late’ RGC type rosette.
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The Notch signalling beneath my wings
The effects of Notch signalling were originally described in 1919 when Mohr described
‘notches’ in the wings of what were later shown to be heterozygous Notch signalling
mutant Drosophila strains 14. In 1937, homozygous loss of the Notch loci was described
to cause drosophila embryos to differentiate into a ball of neurons at the expense of
epidermis, defining Notch signalling to be important in the Neurogenic decision 15. The
molecular era allowed identification through cloning of the Drosophila Notch receptor
in 1983

16,17

. In the following years C. Elegans was found to have two Notch genes

(glp-1 and lin-12)
duplications

18-20

and vertebrates 4 Notch receptors

21-24

, the result of genomic

25,26

. In the last 70 years, Notch signalling has been shown to mediate cell

fate decisions in the development of all metazoan organs 10-12,27,28.
Canonical Notch signalling begins with the interaction of membrane-tethered Notch
ligands and Notch receptors on contacting cells. Ligand binding induces proteolytic
cleavage by ADAM secretases leading to shedding of the Notch extracellular domain
(NECD) (Figure 1). In the absence of NECD the presenilin component of the
intramembrane gamma secretase complex is able to cleave the Notch receptor
liberating the Notch intracellular domain (NICD) from the membrane, which then
translocates to the nucleus and activates gene transcription by binding to the DNAbound protein CSL (RBPJκ, SuH)

10,29

. Traditionally, Hes and Hey genes have been

described as key immediate Notch downstream genes, known to maintain the
undifferentiated state in neural progenitors by suppressing neuronal differentiation
genes 13,30-33. It has been shown that Notch ligands are ubiquitinated by mindbomb and
neuralised E3 ubiquitin ligases, a modification required for ligand activity

34-37

.

Classically Notch signalling is seen as a mediator of binary cell fate decisions whereby,
through lateral inhibition or asymmetric cell division processes, it is able to consolidate
different cell identities either between two existing cells or two resultant daughter cells
respectively 38.
Removal of canonical Notch components, including CSL, Notch1 and presenilin1/2
from the mouse embryo does not cause defects until embryonic day 8.5 (E8.5), after
gastrulation and establishment of the basic body plan

39-43

. This seems a little

paradoxical to our eumetazoan cell fate decision toolkit theory, however one

5

explanation for this is the relatively recent evolution of extraembryonic tissues and
implantation in mammals, which may have drastically modified early developmental
signalling in some metazoa. This is supported by roles for Notch signalling in
maintenance of the germline and production of germ cells, which indicates roles for
Notch signalling in the very first stages of metazoan reproduction

44,45

. Another

explanation could be that Notch acts through non-canonical signalling pathways in
early embryonic development. Essentially non-canonical Notch signalling is any
variation of Notch signalling outside of ligand/gamma secretase mediated release of
NICD to activate CSL bound gene transcription. Whatever the case, we see that
canonical Notch signalling in mouse development becomes important after E8 with
major defects in placental, neural tube, and somite development as well as incomplete
turning of the body axis and death before E10.5.

Embryonic Stem (ES) cells
Embryonic stem (ES) cells were first derived from mouse blastocysts in 1981

46,47

.

They were the younger brother and genetically normal version of Embryonal
Carcinoma (EC) cells, the original cancer stem cells, derived from teratocarcinomas
almost 20 years earlier 48. ES cells represent a pluripotent in vitro cell type capable of
reintegrating to the inner cell mass (ICM) of a blastocyst to give rise to all adult cell
types. In vitro differentiation of ES cells is used to model embryonic development, with
addition of specific factors to the cell culture medium enabling differentiation of the
cells to the three germ lineages and subsequently to a diverse range of terminally
differentiated cell types. ES cells provide a unique system for studying the primary
effects of cell autonomous signalling and extracellular factors required for the
differentiation of specific cell types in the absence of secondary effects of other
defective cell types in the embryo.
Of particular interest to this thesis is monolayer neural differentiation of mouse ES cells
which uses N2B27, serum free, defined media, to direct neuronal differentiation

49

(Figure 2). The process of neuronal differentiation requires the transition of cells from
initially undifferentiated Oct4+Nanog+ ES cells to pluripotent Oct4+Fgf5+ primitive
ectoderm, definitive ectoderm, nestin+Sox1+ neuroectoderm, Brain Lipid Binding
Protein+ (BLBP) neural stem cells and then to terminally differentiated TuJ1+/Tau+

6

neurons. This neuronal differentiation program occurs in the absence of exogenous
Bone Morphogenetic Proteins (BMPs) and patterning factors like Sonic Hedgehog and
Fibroblast Growth Factor 8 (Shh/Fgf8) resulting in neural commitment to forebrain like
identity with the production of mainly glutamatergic and some GABAergic neurons.
Tools for studying Notch signalling in mES cells
There are few studies that address the effects of Notch signalling in embryonic stem
cell differentiation. This is mainly due to technical restrictions that have made it
difficult to specifically activate Notch signalling in a controlled and temporal
differentiation setting. Unlike most other signalling pathways that can be activated by
extracellular soluble ligands, Notch ligands are integral to the sending cell membrane
so a level of immobilization is required to provide a ‘pulling’ force necessary for
Notch activation 50. Consistent with this, addition of soluble Notch ligands to cultures
inhibits Notch signalling

51

, while immobilization of these ligands induces Notch

signalling activation 52.
Analysis of CSL deficient (CSL-/-) ES cell lines represents a complete ‘Notch OFF’
setting and demonstrates that canonical Notch signalling is not required for
proliferation or maintenance of the undifferentiated ES cell state

40

. It has also been

reported that CSL-/- are stunted in their ability to initiate neural differentiation

53

,

though we provide evidence in paper III that Notch is not required for neural induction
but for later stages of neural development. Loss of Notch1 in ES cells demonstrates a
tendency towards mesodermal differentiation at the expense of neural lineages 54.
Activation of Notch signalling can be achieved in culture with immobilized ligand
culture, ligand expressing cell co-culture, NICD or CSL-VP16 expression,
demonstrating variations of a complete Notch ON. Of note here, is that CSL-VP16
effects may demonstrate non-canonical CSL driven, but Notch independent
processes, to be followed with caution. Further, analysis of the effects of activation
treatments in differentiation paradigms is difficult as there are many early processes
eg. pluripotency and gastrulation, which may be affected. This is supported by studies
that show that constitutive activation of Notch signalling blocks mesodermal
differentiation

53,55

. Temporal modulation of Notch signalling is required to define

Notch effects in later stages of differentiation and has been used to show that Notch
7

signalling is important for multiple stages of ES cell mesodermal development
Temporal

blockade

using

the

gamma

secretase

inhibitor

55

.

N-[N-(3,5-

difluorophenacetyl)-l-alanyl]-S-phenylglycine t-butyl ester (DAPT), allows timepoint
analysis of Notch effects. However, the gamma secretase complex has at least 15
different targets including cadherins, which are absolutely essential in ES cell
differentiation, making the analysis of DAPT alone effects difficult 56.
In paper III of this thesis we use a tamoxifen inducible Notch1-ERT cell line
(Schroeder et al., 2006). This cell line constitutively expresses an estrogen receptor
fused N1-ICD, which is sequestered in the cytoplasm. Addition of 4hydroxytamoxifen (4-OHT), the active form of tamoxifen, leads to translocation of
the N1-ERT to the nucleus where it can bind CSL and activate target gene
transcription. Activation of Notch signalling in this system does not require Notch
ligands, ADAM or gamma secretase cleavages. This cell line offers the possibility of
activating Notch signalling in the presence of gamma secretase inhibitors allowing
direct demonstration of a Notch specific effect. Further this system may provide
interesting information towards non-canonical Notch signalling through cytoplasmic
sequestration of NICD.
ES cell derived neural rosettes
Multiple in vitro monolayer and embryoid body neural differentiation paradigms have
been established for the study of ES and EC cells. With few exceptions, these culture
systems spontaneously and abundantly form neural rosette structures but, though these
structures have been observed for over 30 years, few studies exist investigating the
mechanism and significance of these formations. These neural rosettes are considered
to be a correlate of the early neural tube with an inner apical, undifferentiated identity
and outer basal, more differentiated identity 57-59. Neural rosettes produced during ES
cell neural differentiation express markers of radial glial cells including BLBP (also
known as FABP7) and Glutamate Astrocyte-Specific Transporter (GLAST), can
differentiate into neurons, astrocytes and oligodendrocytes and can be broken down
with gamma secretase inhibitor treatment

58-60

. Interestingly, these in vitro neural

rosettes form in the absence of mesodermally derived cells, which are important in vivo
for neural induction, proliferation and morphogenesis. This indicates that there are

8

strong intrinsic cues that direct neural rosette formation and make ES cell derived
rosettes an ideal system to study these cues.
In Paper III we endeavour to characterise neural rosette formation and establish them as
an in vitro system, not only for the study of neural induction and differentiation, but
also for neuroepithelial morphology and polarity.
Early embryonic neural differentiation
At this stage we need some in vivo information in order to understand the
differentiation of ES cells and the relevance of this process to embryonic development.
This summary will focus on forebrain development, which correlates with default mES
N2B27 neural differentiation.
Concomitant with the end of gastrulation (E7.25-7.5) the neural plate forms in the
anterior of the embryo and is seen as a thickened pseudostratified neural epithelium

61

(Figure 2). Between E7.5-E10 this neural plate extends along the length of the embryo,
folds and pinches off from the surface ectoderm into the body cavity in a zipper-like
fashion to form the neural tube. Initially, neuroepithelial cells express CD133, nestin,
Pax6 and Par3 and maintain apical (ventricular) and basal (pial) epithelial contacts
throughout mitosis. Neuroepithelial nuclei undergo interkinetic nuclear migration
(INM), moving from the apical to the basal end of the cell with DNA replication
occurring at the basal surface and self renewing, symmetric mitoses at the apical
surface

62-66

. Mouse neural tube closure requires RhoA, Rho associated protein kinase

(ROCK), F-actin, MyosinII, and Shroom3, and is concurrent with downregulation of
tight junctions and redistribution of zonula occludens (ZO-1) to adherens junctions 67-76.
Around E9/10, towards the end of neural tube closure, neuroepithelial cells begin to
express the radial glial marker RC2 77,78 and demonstrate Hes dependant polarity 79. At
this stage the cells are regarded as Neuroepithelial Progenitors (NEPs) 80.
Around E10 a small number of NEPs begin to undergo asymmetric, differentiation–
promoting, divisions that produce basal progenitors (BPs) and neurons. The production
of neurons then seems to stimulate more NEPs to undergo asymmetric divisions
producing a pool of BPs and neurons that have lost their apical and basal epithelial
contacts and migrate basally out of the Ventricular Zone (VZ). This causes
9

multilayering with formation of the Sub Ventricular Zone (SVZ) and subsequent
stretching of neuroepithelial cells, which continue to maintain both apical and basal
contacts

81-84

. Both the association of NEPs with BPs and NEP stretching correlates

with induction of expression of GLAST and BLBP and is suggested to represent the
NEP to Radial Glial Cell (RGC) conversion, which may be dependent on Notch and
ROCK activity

85-87

. RGC nuclei continue to undergo INM but it is now restricted to

the SVZ making this zone highly packed with nuclei

80

. Notch signalling directly

regulates BLBP expression and is absolutely required for formation and maintenance of
RGCs, with absence of Notch signalling leading to premature neuronal differentiation
12,79,88-92

. In later neocortical development, RGCs exist that have lost contact with the

apical ventricular surface suggesting it is basal surface contact that is absolutely
required for maintaining RGCs 93.
The initiation of differentiation in the forebrain is believed to be based on oscillation of
Hes1 expression in NEPs, which opposes Dll1 and Ngn2 expression and causes
heterogeneity in the ventricular zone

94

. Asymmetric NEP (and later RGC) division

leads to loss of CD133/Par3 containing apical membrane, primary cilia, apical and
basal epithelial contacts and downregulation of Notch signalling in prospective BPs 9598

concurrent with upregulation of tubulin-alpha-1 and Eomesodermin homolog

(Eomes, also known as Tbr2). Notch signalling has been shown to be important in
many systems for the regulation of asymmetric cell divisions in collaboration with
mutual suppression of Numb and can be regulated by the apical membrane and primary
cilium 97,99-101.
BPs represent a transit amplifying population in the SVZ and give rise to neurons
through symmetric terminal divisions

81

. BPs and neurons continue to express Notch

ligands and maintain Notch signalling in RGCs through direct contact with their basal
fibres 94,102-107. This intimate regulation of Notch signalling provides a neat mechanism
for tuning the balance of progenitor maintenance and neuronal differentiation in the
developing nervous system. Notch does not play a major role in maintenance of basal
progenitors in the SVZ 108.
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2

INVESTIGATING THE TEMPORAL INTERACTIONS OF NOTCH
SIGNALLING IN MOUSE EMBRYONIC STEM CELLS

Now it is time to get back to the questions of this thesis. What is Notch signalling doing
in early embryonic development? What pathways is it interacting with, and in what
temporal manner is it affecting cell types?
Notch signalling interactions with other signalling pathways - hypoxia
While we, as researchers, often tend to think that our signalling pathway of choice is
upstream of all others, we must accept that no signalling pathway stands alone and
interactions between pathways are likely to be required to achieve the multitude of
varied responses originating from a single signalling mechanism. Interactions between
pathways can occur at the level of gene expression/splicing, translation, posttranslational modifications or simply protein-protein interactions. The diversity of
interactions of Notch signalling with other signalling pathways have been thoroughly
reviewed across development and disease and will not be discussed here 109.
Of interest to this thesis is the interaction of Notch signalling with cellular oxygen
sensing. It has been shown previously that hypoxia (1% O2 culture as opposed to 20%
in air) activates Hes1 and Hey1 expression through activation of Notch signalling. The
transcriptional regulator HIF-1α, stabilised by low oxygen, usually binds HIF-1β
(ARNT) to regulate low oxygen adaptations but was also shown to bind NICD on
Notch target gene promoters

110

. Other interactions between Notch signalling and

hypoxia have now been shown including hypoxia-induced expression of Notch ligands
111-113

and receptors

114,115

116,117

and co-regulation of genes containing both HRE and CSL-binding sites

, regulation of NICD by FIH-1 (Factor Inhibiting HIF-1α)
113

.

Target gene regulation in ES cells may be interesting in mammalian development,
which occurs in a uterine environment of oxygen pressures between 1-5% 118-120.
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Temporal contexts of Notch signalling effects
The process of differentiation requires a progressive change in cell types in
conjunction with controlled amounts of proliferation to ensure the correct formation
and number of specific cell types. This requires that cells turn self-renewal and
differentiation machinery on and off during differentiation paradigms to avoid
overproliferation, premature lineage restriction or premature differentiation.
Constitutive activation or suppression of a signalling pathway will give one read out
of its functional roles but temporal ON/OFF/ON or OFF/ON/ON etc. may give
completely different outcomes. Further, some signalling pathways, like Notch
signalling, are able to both maintain the undifferentiated state and drive
differentiation in specific temporal and spatial contexts

121,122

. Thus to truly

understand the effects of a signalling pathway in a differentiation paradigm it is
absolutely necessary to switch the pathway on and off during lineage progression to
receive the complete picture of its affects.
The most studied temporal regulations of Notch signalling are in T cell and
drosophila sensory organ precursor (SOP) differentiation where Notch activation and
suppression is required at multiple, often binary lineage decision points 123,124.
Notch signalling interactions with cell polarity and morphology
Polarity is the building block of epithelial organisation and is absolutely required for
metazoan multicellularity. Cells need to know which side is up/down, and left/right, in
order to coordinate functions with their neighbours and regulate the movement of
nutrients, waste etc. between compartments. Epithelia can be divided into apical, basal
and lateral domains

69,125,126

. The apical domain is separated from the basolateral

portions by tight junctions and more basally located adherens junctions. At the
molecular level, apical/basal identity is controlled by at least three distinct cell polarity
machineries: the PAR (PAR3-PAR6-aPKC) and Crumbs (Crb-PALS-PATI)
complexes, which define the apical domain through cross-repression of the Scribble
(Scrib-Dlg-Lgl) complex, which defines the basolateral domain 127-129.
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Metazoan development proceeds through an intricate origami of formations whereby
epithelia fold, bud, pinch off, dissociate or re-associate. During this process cellular
communications, often between different germ layer derivatives, specify proliferation
and cell fate change to coordinate morphogenesis and differentiation 4. Polarity can also
have important roles in the balance between self-renewal and differentiation, for
example in the development of the nervous system the apical domain marks the selfrenewing population of the neuroepithelia and loss of apical identity can drive
differentiation

95,96

. Even though Notch signalling activity is known to be crucially

required for maintenance of the self-renewing population, there are few studies linking
these seemingly intertwined mechanisms. Positive regulation of Notch signalling
through Par3 mediated suppression of Numb, and negative regulation through Par1
phosphorylation of mib, suggest apical/basal polarity is intimately linked to Notch
signalling and cell fate

82,99,101,107,130

(Figure 1). Expression of the Notch target Hes

genes is also required to maintain neuroepithelial integrity 79. In papers II and III we
investigate the interactions of Notch signalling, polarity and cell cycle in temporal
control of neural differentiation.

13

3

THE PAPERS

This section contains a brief description of the aims, results, conclusions and future
perspectives of the papers of this thesis. For each paper the description is followed by a
full version of the paper. There are three papers included in this thesis aiming to
determine mechanisms of the temporal interactions of Notch signalling during the first
eight days of mouse embryonic stem cell neural differentiation.
Following the papers section is a more broad view on future implications and
perspectives as a result of my PhD work.
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PAPER I
The link between Notch signalling and hypoxia provides a fascinating possibility
whereby the location of a cell with respect to the ‘outside’ of the organism can
determine its cell fate identity. To take into account oxygen diffusion through tissues or
delivery through vascular mechanisms would mean that each cell of the body is
exposed to a very specific amount of oxygen compared to the cells neighbouring it.
This makes oxygen somewhat of the ultimate tissue-patterning factor though few
studies investigate the patterning effects of oxygen in vivo.
Our lab was the first to demonstrate a link between Notch signalling and hypoxic
signalling. It was shown that hypoxically induced maintenance of progenitor cells
occurred in a Notch dependant manner and that Notch and the hypoxically responsive
protein HIF-1α were able to physically interact to regulate Notch signalling target
genes. Though several Notch signalling targets were shown to be enhanced by hypoxia,
the extent to which these signalling pathways interact was unknown. Are all Notch
targets enhanced by hypoxia? In this paper we investigate this question in
undifferentiated mouse ES cells on the transcriptome scale 131.
Transcriptomics has opened the scientific world up to vast amounts of data that can be
used to get a more global idea of the magnitude of change in cellular identity. Few
studies exist that analyse the intersections of signalling pathway transcriptomes to
determine the independent, overlapping and synergistic extents of target gene
regulation. We show that the majority of effects of activation of either Notch or
hypoxic signalling are independent of the activation of the other pathway Notch
Independent Hypoxia (NIH) and Hypoxia Independent Notch (HIN) respectively.
However, we are able to discriminate groups of hypoxically enhanced Notch (HEN)
target genes, Notch enhanced hypoxic (NEH) target genes and Notch and hypoxia
coregulated genes (NHC). Mechanisms for regulation of these different gene groups
are proposed and contribute to current models of the diversity of this crosstalk 132.
In this paper we also begin to investigate novel Notch target genes in a developmental
context with CSL deficient ES cell differentiations. We find a distinction between
‘early’ and ‘late’ gene regulation that suggests there are at least 2 modes of CSL based
17

target gene regulation in differentiating ES cells. The ‘early’ mode is postulated to be
Notch independent due to the lack of influence of Notch signalling in the first 2 days of
differentiation. Lack of CSL in these examples leads to increased gene expression
suggesting that CSL normally sits on these gene promoters as a suppressor. The second
‘late’ mode of regulation is believed to correlate to canonical Notch signalling
activation around day 3 of differentiation. In these cases target gene expression is lost
with removal of CSL, suggesting canonical Notch signalling is lost. As the canonical
Notch signalling target genes Hes5 and Nrarp fall in this second category it is
interesting to speculate that these ‘canonical’ Notch signalling target genes are actually
not suppressed by CSL in the early stages of differentiation, which is against the
canonical model. This will be interesting to study in the future but requires reliable
ChIP grade CSL antibodies, which are currently not available. An alternative
technology to study this problem uses the Dam methylase/DpnI method, which
utilises fusion of the Dam methylase to DNA binding proteins. When the fused
protein binds DNA Dam methylates DNA on adenine residues creating a site for
DpnI cleavage

133

. Cleaved DNA can be hybridised to promoter arrays to determine

where the protein of interest binds. A modification to this technique applies the
protein complementation assay principles

134

to monitor DNA bound by protein

complexes. This technique is being applied to map NICD/CSL interactions in the
Kopan lab at Washington University, St Louis.
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PAPER II
In paper II we describe a context specific, temporal activation of CyclinD1 by Notch
signalling. This paper describes the construction of the doxycycline inducible Notch1deltaE ES cell line (Notch1ΔETetOn) used in Paper I. Briefly, doxycycline induces
expression of an extracellularly truncated Notch1 receptor (Notch1ΔE)

135

which is

constitutively cleaved by the gamma secretase complex in a manner that neither
requires ligand binding nor ADAM secretase cleavage but can be inhibited by the
gamma secretase inhibitor DAPT . This Notch1ΔETetOn system thus provides a
mechanism for activating Notch signalling in a temporal manner and even offers
potential to the study of non-canonical Notch signalling whereby NICD can be
tethered at the membrane with the simultaneous addition of both dox and DAPT.
In this paper we are able to define a time window at day 3 of neural monolayer
differentiation wherein Notch signalling is able to activate CyclinD1 expression and
induce proliferation. It will be interesting to pursue this phenomenon to further define
the cell type that appears at day 3, which is susceptible to temporal regulation and/or in
conjunction with this, the epigenetic changes that occur at day 3 that allow Notch
dependant CyclinD1 regulation.
The timing of Notch signalling regulation of CyclinD1 in association with INM of
neural cell nuclei will be interesting to study further. CyclinD1 promotes the G phase of
cell cycle, which occurs during the apical to basal transition of nuclei in NEPs and
RGCs and suggests that apical Notch signalling regulation of CyclinD1 may initiate G1
progression and nuclear migration. However, as Basal Progenitors tend to activate
Notch signalling in RGCs at the level of the basal process, it will be interesting to
pursue if there are infact two methods of Notch activation in RGCs, one to activate
CyclinD1 and subsequent INM and a second to induce RGC identity and maintain the
basal process in asymmetric divisions.
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PAPER III
With the vast literature on the mechanisms of cell divisions and differentiation in the
developing brain correlating with apical/basal contacts of cells, it is surprising that few
studies link Notch signalling to apical/basal cell polarity. The intimate correlation
between polarity, morphogenesis, cellular communication and differentiation suggests
that these processes must interact, but at what level and in what sequence? Are these
processes organised hierarchically or are they independently required for proper
development?
In Paper I we briefly mentioned a CSL dependency in neural differentiation of mES
cells. In this study we extend this observation and characterise Notch dependent
formation and maintenance of ES cell derived neural rosettes. The fact that in vitro 2D
culture is able to spontaneously produce tertiary structures, indicates a strong
requirement for cell polarity and epithelial organisation in this differentiation paradigm.
This creates a unique system in which we can study the temporal effects of polarity and
differentiation programs in the absence of secondary defects in the embryo.
Few studies exist which recognise the existence of ES cell neural rosettes let alone
investigate their identity or the mechanisms of their formation/maintenance. However,
data exists suggesting that rosette structures are dependent on gamma secretase activity,
suggesting Notch involvement in the structural integrity of these rosettes

58-60

. We

demonstrate here that Notch signalling is absolutely required for rosette formation and
maintenance, acting through CSL, gamma secretase activity and NICD nuclear
translocation. We identify two types of rosette structures representing higher and lower
density structures, with larger and smaller lumens respectively, and discriminate these
two types of rosette to correlate with symmetrically dividing NEP and asymmetrically
dividing RGC identities. This is corroborated with the NEP type structures appearing
first followed by RGC type and with published data suggesting that rosette with large
lumens undergo mainly symmetric divisions while rosettes with small lumens correlate
with asymmetric divisions 58.
In the absence of Notch signalling the RGC type rosettes do not form, the radial glial
marker BLBP is not expressed and cells prematurely differentiate to neurons. Low
21

frequency formation of NEP type rosettes is observed, possibly due to a lack of
requirement for Notch signalling in their formation, although Notch is required for their
maintenance and for blocking premature neuronal differentiation. Notch signalling
blockade leads to break down of rosette structures within 15 hours but acceleration of
neuronal differentiation is detected only at 48 hours suggests an intermediate BP
population exists. To discriminate the hierarchy of apical polarity and Notch signalling
on RGC maintenance and blocking neuronal differentiation, we use pharmacological
inhibitors of cytoskeletal and cell polarity processes and find that we are able to break
down rosette structures with ROCK and PKCz inhibitors as well as the actin inhibitor
Cytochalasin D and microtubule inhibitor Colchicine. Accelerated differentiation is not
observed in these cases suggesting that it is Notch signalling maintenance of RGC that
is required for blocking differentiation and not maintenance of rosette structure. This
suggests that polarity and RGC maintenance are independent processes within the time
window tested.
We have been able to demonstrate that initially non-polarised pluripotent cells are able
to acquire polarity and organise into tertiary structures during differentiation in vitro.
This polarity acquisition involves the formation of ‘apical’ foci, which seem to
transition through a cavitation-type luminogenesis and mature into rosette structures
with the establishment of basal domains. The initial apical domain formation does not
seem to require Notch signalling but a Notch dependence in basal domain formation
and maintenance is yet to be analysed and may correlate better with the timing of the
requirement for Notch signalling. The fact that Notch-dependant RGCs exist that have
no apical domain, suggests the basal foot is more important for asymmetric self
renewal then the apical domain

93

. One model is that initial apical establishment

promotes Notch signalling, which aids in the maintenance of the basal axis, which is
required for maintaining Notch signalling through interactions of Dll1 expressing BPs
and neurons associated to basal fibres.
Though not included in this paper we have observed that CSL-VP16 ES cells and day
3-8 tamoxifen induced NERT cells show less rosettes however are capable of extensive
neural differentiation. This offers the interesting possibility that different levels of
Notch signalling are to drive specific differentiation steps. For example low levels of
Notch may be required for NEP maintenance, while higher levels, induced by BPs,
specify and maintain RGCs and maybe even higher levels again induce Glial
22

differentiation of cells. This could work as a mechanism to switch from neuronal to
glial differentiation in conditions where there are a large number of Notch ligand
expressing neurons, and would explain how Notch is required for both RGC
maintenance and production of the glial RGC differentiated daughter cell.
The use of live cell analysis and reporter cell lines brings great potential to the study of
ES cell-derived neural rosettes for the analysis of nervous system differentiation, with
respect to the sequence in which cell types are produced, what exogenous factors are
required for this, and what cell types and signalling pathways affect morphogenesis.
One could imagine that construction of a Pax6-GFP, Tbr2-dsRED, Tbr1-CFP mES cell
line for analysis in neural rosette formation and differentiation would provide
immeasurable benefit to neurogenesis studies. Similarly actin-GFP lines would be
useful for the analysis of luminogenesis and asymmetric cell divisions. ES cell derived
neural rosettes may even provide an in vitro study for the analysis of ciliogenesis and
its effects in stem cell maintenance as well as INM studies in relation to the moment at
which asymmetric fates are specified.
Interestingly, in Paper I Eomes/Tbr2 was found to be a novel hypoxia target gene that
was enhanced by Notch signalling but not activated by Notch alone. This gene
represents a marker of BP and these findings may indicate a density dependant hypoxic
gene expression, which can be fine-tuned by Notch signalling during asymmetric cell
divisions. This would indicate that Notch signalling could actually promote asymmetric
cell division at high density by enhancing expression of proteins that are targeted to the
differentiating cell, and is consistent with BP activation of Notch signalling in RGCs,
which leads to an increase in asymmetrically dividing RGCs. A density-dependant
increase in asymmetric divisions also provides a nice system through which steric
restriction might not allow space at the ventricular surface for two nuclei and forces the
second nuclei to shift slightly basally. This may result in shifting of the mitotic spindle
and subsequent loss of apical membrane solely due to physical space restrictions.
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4

FUTURE IMPLICATIONS

What are the implications of signalling pathway crosstalk? If one signalling pathway is
activated in isolation to give outcome A, does addition of another pathway lead to
outcome B and addition of another pathway lead to outcomes C and D? It is common to
describe signalling pathway crosstalk with the result of cell types being the outcome
but maybe it should be discussed with cell behaviours as the outcome. There are many
fewer cell behaviours than cell types, division, migration, death, senescence,
differentiation to name a few. Adoption of a genetic toolkit argues against a multitude
of distinct combinations of signalling pathways being required to direct cell fate
decisions and for threshold levels of behavioural change. Like a neuron collecting
signals that accumulate to reach a threshold, to result in firing, could cells be
accumulating multiple division, migration, death, senescence, differentiation signals at
once but only reacting once a combinatorial effect reaches the threshold for a certain
behaviour? Activation or suppression of pathways contributing to the combinatorial
effect may then cause the behaviour of a cell to change but in a way that can be rescued
by the activation or suppression of independent pathways. This type of compensatory
threshold mechanism is often seen in tissue culture where cell types are grown in
environments very different in terms of axes, extra cellular matrix, nutrients, cell
contacts and signalling activation, though they are able to replicate behaviours seen in
vivo. For example culture of ES cells in leukaemia inhibitory factor (LIF) and serum
has enough ‘happy factors’ to maintain germline competent cells while ICM cells are
not exposed to LIF in vivo. Further, culture of ESC in N2B27 plus Glycogen synthase
kinase-3beta (GSK3b) and Mitogen Activated Protein Kinase (MAPK) inhibitors with
LIF is also sufficient for pluripotency, while culture in 5% oxygen is also able to
provide beneficial effects. Is the ‘improvement’ of culture conditions bringing the cells
closer to the conditions of the specific environment in which they live or are multiple
combinations of signalling pathways able to result in the same outcome? If it is the
latter then it is the thresholds of behaviour and not necessarily the interactions of
specific signalling pathways that we should be studying. Where do the thresholds of
behaviour lie? Death, stress responses, initiation of mitosis, establishment of cellular
junctions all represent large changes in cellular behaviour that may be able to receive
information from hundreds of different sources to exist in a primed equilibrium waiting
to get the signal to fire.
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One of the main obstacles encountered in the above-mentioned studies was the specific
identification of the cell types affected by our different treatments. For example, what
are non-neural cells? They seem to be BMP promoted and Notch suppressed. Do they
represent early Notch effects on endodermal and/or mesodermal derivatives or later
effects on ectodermally derived epidermal cells? It was also difficult to find markers
that specifically defined between NEPs’ and RGCs’ stages of differentiation. While
many marker genes are available to define lineages in vivo, this lineage marker is also
assessed with respect to the physical location of the cell being examined during
embryonic development. In contrast, in ES cell differentiation there are no body axes to
define your cell type and consequently one needs to use combinations of markers to
identify cells of interest. The heterogeneity of ES cell differentiation also causes
complications in the analysis of ‘whole culture’ extractions and lysates.
One way to get around these issues is to define cell surface marker profiles, which
faithfully reproduce lineage defined intracellular gene expression profiles and can be
used to sort cells for analysis or transplantation therapies. We have initiated a project to
achieve this goal based on the DotScan technology developed by Medsaic in Sydney,
Australia. The basis of this project is that in embryonic development and ES cell
differentiation lineage trees can be defined to describe the differentiation of cells into
all of the lineages required to make the adult. This tree does not define proliferation
details but defines major alterations in cell type character where a new lineage is
believed to have been specified. While the expression of transcription factors and
intracellular proteins tells something of the identity of a cell it is expression of cell
surface proteins, which mediate most of the intercellular and environmental
communications of a cell. Further, with the basis of stem cell therapies aiming towards
cell therapy transplantation, identification of highly specific cell surface profiles for
purification of interesting subpopulations is critical. It is reasonable to assume that with
lineage-switching, gene expression changes would correlate to a detectable difference
in the surface expression profile of receptors and adhesion molecules and that if one
had a broad enough range of antibodies you could define distinct cellular populations.
The cluster of differentiation (CD) antibodies define cell surface proteins for which at
least two monoclonal antibodies exist. While there are around 350 human CD antigens,
roughly 10% of the human genome codes for cell surface proteins meaning a minimum
of 3000 different surface proteins may be used to define between cell types.
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We have made a mouse antibody platform in collaboration with Prof. Cris dos
Remedios in Australia that has dots of 120 distinct antibodies onto which cells can be
hybridised and analysed fluorescently. This relatively simple technique, in its current
format, can be expanded to the analysis of 350 distinct cellular surface antigens. With
modification in chip size, print and analysis, this technology could easily stretch to
incorporate 1000+ antibodies for the analysis of less than 5 million cells.
Our initial results with this platform demonstrate that we are able to recognise distinct
cell surface profiles between cell types and even between cell strains of a single cell
type. This may be useful for defining quality control programs for transplantation
therapies to ensure the correct purity of populations. While the analysis of ES cell
differentiation paradigms has not yet yielded significant changes we expect that by both
optimising our hybridisation technique and expanding our antibody repertoire we will
be able to discriminate cell types even in complex differentiations. Finally this platform
is to be used to validate the loss of RGCs in our CSL-/- differentiations, which may
provide novel cell surface markers for RGCs allowing purification and sorting of this
cell type, which is regarded as the multipotent stem cell of the CNS.
Though this thesis gives some results and poses some ideas the main conclusion from
any PhD must be that there is so much to do and so much to understand. Thankyou for
your attention. I hope this has been interesting for you and I congratulate you on being
one of the select few who have actually read to this point ;)
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7

THE PART FOR MY MUM

Why is our research is interesting to you?
The land of academic research is full of people sitting in small rooms investigating
problems that often seem far removed from real life. It’s much easier to see the
relevance of ‘I am working on cancer’ than ‘I am working on determining a link
between Notch signalling and apical/basal patterning’. However, all additions to
knowledge help us to explain why we are here and attempt to slow our inevitable death.
Serendipity is the chance occasion that the right person, in the right place, at the right
time has the ‘eureka’ moment when they come across a new idea that revolutionises
thinking. Often this person may have not been looking for that particular answer but
with a bit of luck and insight managed to put it together. Examples? Penicillin, Hpylori, Taq polymerase, embryonic stem cells, all discovered by people working on
‘weird’ things who just managed to recognise another application. So let’s not be put
off by the obscurity of researching bacteria in thermal vents or the reproductive nature
of zebrafish, as the Aussies say, “you’ll never never know, if you never never go”.
These studies may be equally as likely to bring about disease cures as directed
therapeutic research.
The following is some information that may be useful for you to understand my thesis

It all begins
Mummy and Daddy love each other and we all start life as one cell. This cell needs to
become all of the cell types of our body. How does it do this? There are trillions of cells
and about 220 cell types in our bodies, each derived from duplications of this original
cell and sequential changes of functions in the correct place at the correct time. Luckily
your very first cell contained all of the information to direct each of your cells in the
correct way so that you could read this. To comprehend the millions of cells that need
to be produced in exactly the correct place, at exactly the right time, with exactly the
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correct functional abilities, creates a process so complex one is amazed that any of us
exist! Scientists are just starting to scratch the surface of how these processes occur.
So why study developmental biology? It turns out that a lot of disease processes, like
cancer, reactivate processes that are used to make decisions in embryonic development.
By reactivating these processes the cells are able to proliferate and do all sorts of things
they shouldn’t be doing in an adult….
Embryonic Stem Cells – mimicking early embryonic development
In the old days, the 1600’s, people believed that sperm contained a small person
(homunculus), which when delivered to the egg would grow inside the mother (See
Figure 4A). Nowadays we know this is not true and in fact the fertilised egg divides to
form the billions of cells that partition functions between them to form the body. We
even know that the embryos of all animals, whether a sea sponge, a fish, a mouse or a
human look exactly the same in the early developmental stages. Can you guess which
of these embryos in Figure 4B is a fish, salamander, tortoise, chicken, rabbit and
human?? The basis of all animal embryonic development involves processes of
origami, where sheets of cells are produced, folded and pinched off to form the cavities
and organs of the body in a manner of perfect timing and spacing. Some of these
processes can be mimicked in the lab using embryonic stem cells.
Embryonic stem cells are taken from the 4-12 day pre-implantation human embryo,
known as a blastocyst (Figure 4C), which kind of looks like a transparent basketball,
with a bunch of grapes stuck to the inner wall and is the size of this dot ‘.’; The ‘grape’
cells can be grown in the lab as embryonic stem cells and can form all of the cell types
of the adult. The ability of these cells to change into different cell types of the adult
body is used by researchers to study or replace diseased cells eg. Dopaminergic neurons
for Parkinson’s disease. However, while many cell types can be made from embryonic
stem cell we cannot make organs, which would require a complex mix of blood vessels,
nerves and organ specific scaffolding cells. To make a tissue or an organ would need a
complex 3D program that we cannot possibly do in a 2D culture dish.
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The ethical opposition to the use of embryonic stem cells is mainly based on the fact
that removal of these cells destroys the embryo. Some see this as murder though there
is a common misconception that scientists are chopping up a ‘homunculus’ like baby to
extract these stem cells. Embryonic stem cells are collected around 4-12 days of
development. Around 23-26 days the embryo starts to develop a head structure, 26-30
days heart cells and around 28-32 days tiny little buds form that will be the future arms
and legs. I wonder how many people would change their mind if someone showed
them what the headless/armless/legless/heartless blastocyst human looks like?
The study of embryonic stem cells allows us to do many experiments in the lab that
could never be done to a growing baby. The results of these experiments give us
invaluable insights into the processes that make us and the processes that cause
diseases. I have been working with Embryonic Stem (ES) cells now for 9 years….
There is a certain beauty of working with cells that mimic embryonic growth to the
extent that the cells know what to do in the complete absence of their normal
embryonic neighbouring tissues. In a culture dish brain cells will form rosettes (look
like flowers, (Figure 4D) and axons (long thin extensions of neurons, like those in your
spinal cord, (Figure 4F), while heart cells will rhythmically beat without any brain
telling them to do so. It is the ‘magic’ in processes that makes scientists pursue answers
to logically explain the world. However, just because we disprove the magic doesn’t
make the process any less intricate, fascinating and beautiful.
Figure 4D – green shows the skeleton of the cell and red the nucleus where the DNA is
kept. Figure 4E/F – green shows neurons, white shows the cell skeleton and blue shows
the nucleus where DNA is kept.
This section should help you to understand the figures in the papers of my thesis.
How cells ‘express’ themselves - mRNA
Researchers look for the differences between cells in order to explain their different
behaviours eg. why does a cancer cell divide while a normal cell does not? We do this
mainly by measuring the levels of ‘gene activation’ and ‘protein production’ in cells
that exhibit different behaviours. In Figure 4G you see an example of where factors that
promote the expression of a specific gene sit on that genes ‘promoter’ to activate gene
40

expression. Both the promoter and the gene are made of DNA. The product of
‘expression’ of this gene will be converted into a protein that will be used for the
structural and functional purposes of the cell.
Gene activation is based on the fact that each cell in our body contains a complete set
of the information required to form and maintain every cell type of our bodies. If every
cell read all of the information every cell would be exactly the same. The fact that some
cells read some parts and other cells read different parts means the cells will be able to
carry out different functions, like producing skin, producing blood or producing insulin.
Our cells have 20,000 sections in this book that they can read, representing 20,000
genes. If they are reading a particular gene we say that expression of that gene is ON.
As you can imagine, by reading possible combinations of 20,000 genes the cell has
enormous potential to perform different functions and assume different identities. It is
the signals the cell receives from the environment and from other cells that will
determine its gene expression pattern and if the signals change, the gene expression
identity will change. Diseased cells stop listening to signals from the environment or
start sending out bad signals. We can understand how diseases work by investigating
the changes in gene expression caused by the disease.
We can both modulate signals and measure gene activation in the lab and in this thesis
you will find gene expression measured using;
Quantitative-Polymerase Chain Reaction (q-PCR) - Determines the amount of
activation of a single gene
Microarray - Determines the amount of activation of 20,000 genes!
Luciferase reporters – We hook up the gene promoter (little bits of DNA that decide
if the gene will be on or not) of a specific gene to regulate production of a light
producing protein (similar to that used by fire flies). If the gene is on in a cell we see
light, if it is off, no light.
Converting the information to a function - protein
DNA contains information for making proteins, which form the functional units of
cells. Essentially the DNA is the blueprint for building the house and the proteins are
the wood, concrete, toilet, fridge, bed etc that need to be put together in the right way to
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form a functional home. To see if the functional proteins of cells are changing we can
measure the amount of specific proteins in cells. In this thesis this is done using
antibodies, which you may recognise as the little guys in our bodies that attack viruses
and bacteria to keep us healthy. The immune functions that antibodies provide are
based on the specific binding to proteins (eg. on viruses, bacteria, cancer cells) that are
not usually found in the body. Scientist have worked out how to engineer antibodies
that specifically recognise any protein we desire and with these antibodies we can
determine if that protein is being used by a cell. How do we use antibodies to check for
a protein?
Western Blotting - We take cells and ‘lyse’ them (pop them open), stick their proteins
to a membrane and then see if the antibody will bind to its specific protein on that
membrane. If it binds, the protein is there.
Immunofluorescence – We ‘fix’ cells using a chemical that freezes exactly how they
are. We then add antibody and if it sticks we know the protein is inside the cell.
Flow cytometry – We take live cells and expose them to a specific antibody. If the
antibody binds to the cell we know the protein we are interested in is on the surface of
the cell. We detect the bound antibody by sending a stream of cells past a laser that
counts if the cell is positive or negative for the antibody.
Notch signalling
In this thesis you will find lots of figures referring to Notch signalling. Is Notch
signalling active? Is Notch protein there? Is Notch signalling doing something to these
cells? Notch signalling is a method that cells use to communicate with their direct
neighbours, kind of passing a note through the fence. Notch is one of the major proteins
cells use to make decisions during embryonic development and adult life. Cells need to
decide to stay the same or to change function and Notch can help them with this
decision. When cells make the wrong decision diseases ensue eg. cells growing when
they are not supposed to = cancer, dying when they are not supposed to = Parkinson’s
disease, making studies of Notch signalling very important for understanding human
disease. Of therapeutic pharmaceutical interest Notch signalling is important in the
study of Alzheimer’s disease. Though Notch signalling itself is not known to cause or
promote Alzheimer’s disease the protein responsible for Alzheimer’s disease uses the
same mechanism as Notch to reach maturity. Blocking of this maturation mechanism
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may improve the condition for Alzheimer patients but the side effect of blocking Notch
signalling creates much worse problems (horrible diarrhoea…), forcing researchers to
pursue other therapeutic avenues.
Hypoxic Signalling
You will also find ‘hypoxic signalling’ in the first paper of my thesis. A cell is hypoxic
when it sees less oxygen than it usually does. Basically different cells need different
amounts of oxygen to function properly and if you decrease this amount the cell
experiences hypoxia. Cells in hypoxia turn on programs that allow them to survive with
less oxygen. Beneficial effects of hypoxia include short-term protection of cells during
stroke and heart attack when blood flow and thus oxygen delivery is restricted. Hypoxic
signalling induces the growth of new blood vessels to return oxygen supply to tissues
but can also be hijacked by cancer cells which use hypoxic signalling to form their own
blood vessel networks ensuring their constant supply of nutrients and oxygen. Notch
and hypoxic signalling was first shown to interact in our lab in Sweden and is being
studied intensively for cancer research.
Chemical inhibitors
To change the signals that cells receive we can use chemical compounds, which block
or activate signals. Many of these chemicals come from pharmaceutical companies and
have been produced due to their ability to bind a specific protein and affect its function.
For example, pain killers bind to and deactivate the proteins that send the signal of pain,
antacids bind to and deactivate the proteins responsible for producing acid in the
stomach. The discovery of many of these compounds began with plants and animals
that were found to be toxic or beneficial to humans. We can use these chemicals and
their modified versions in the lab to block or activate proteins and measure what
happens to the cells. Unfortunately many pharmaceuticals are not specific to one
process and when ingested by humans the side effects may be worse than beneficial
effects….
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‘Knockout’ mice
To determine the function of a gene we can ‘knock it out’ (take it away), from a mouse
and see what processes are affected. This is how many mouse disease models are made
eg. you want a diabetic mouse, you ‘knockout’ the insulin gene. Some genes are
important at early stages of embryonic development and removal of these genes may
lead to and explain miscarriages. Other genes are only important in the adult and may
explain adult diseases like Alzheimer’s, Parkinson’s and Heart Disease.
Strangely enough some genes are not important at all. You knock them out and you get
a perfectly functional adult mouse that dies of old age…Why have a gene if it’s not
important for anything? In most cases this is explained by ‘compensation’. During the
last millions of years our DNA has duplicated itself several times meaning that instead
of having, for example, one Notch receptor, we have four. Consequently, sometimes
you can take away one gene and the animal will be perfectly fine as the other 3 similar
genes will jump in to cover the functions of the lost gene. Our bodies use compensation
to ensure correct function in the presence of some mutations. If our bodies are not able
to compensate a mutation we get genetic diseases eg. Downs Syndrome, Huntington’s.
However, mutation is both our friend and foe. If we did not mutate we would have
never changed from the original ‘life’, cells living in oceans at the bottom of volcanoes,
but if we mutate too much we get diseases. As with most things in life, mutation in
moderation is just perfect.
The future
While there are so many cell types in the human providing us with so many functions
and abilities, most of fundamental processes and instructions that make a human are
present in sea sponges, animals that don’t have brains, a digestive system, blood
circulation, limbs, eyes, ears or a nose. The diversity of animals and animal cell types
are based on a relatively small number of processes that define cell shape and function.
Microscopically all animals, whether sponge or human are remarkably similar, it is the
macroscopic features (the things you see by eye) that make us think we are so different.
For these reasons the evolutionary study of cell fate decisions in simple animals poses
enormous understanding of the decisions that drive development and disease.
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Congratulations! You made it to the end! Hope you have enjoyed your time 
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