Improving the Mesodermal Differentiation Potential of Human

Embryonic Stem Cells

MEDICAL LIBRARY

QUEENS MEDICAL CENTRE

Paul Wesley Burridge, BSc. (Hons.)

Thesis submitted to the University of Nottingham for the degree of Doctor of

Philosophy

September 2007



ABSTRACT

Human embryonic stem cells (hESCs) are thought to have enormous potential for use
in regenerative medicine, whilst simultaneously allowing us insights into human
embryonic development, disease modelling and drug discovery. Differentiation to
mesodermal lineages, such as cardiomyocytes and blood, may allow for improved
treatment of cardiac and haematopoietic diseases. hESC-derived immune cell types
may also allow the circumnavigation of the immune barrier. This thesis aims to test
the hypothesis that formation of hESC derivatives is regulated by the same
mechanisms and ontology as in vivo embryo development. Therefore, by identifying
and facilitating the mechanisms of mesoderm induction, hESC differentiation can be
optimised to maximise the production of mesoderm, and, ultimately, mesoderm

derivatives.

Using a Xenopus laevis animal cap model with simultaneous treatment with activin B
or fgf4, together with tall, Imo2 and gatal mRNA, resulted in substantial increases
in mesodermal, haemangioblast and erythropoietic cell markers. One of the most
successful methods for hESC differentiation is by the formation of human embryoid
bodies (hEBs). To reduce first the number of variables in current mass culture
protocols for hEB formation, such as hEB size, a forced aggregation system was
established that produced homogeneous hEBs from defined numbers of cells. This
system was then optimised to enhance production beating cardiomyocytes by varying
the number of hESCs used for hEB formation and also the number of days in culture.

This systcm was assessed in four hESC lines and demonstrated - ubstantial inter-line

variability in cardiomyocyte production (1.6=1.0% to 9.5+0.9%). Differentiation was
also performed using chemically defined media (CDM) with the addition of activin

A and FGF2 and resulted in 23.6+3.6% of hEBs producing beating cardiomyocytes.
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In addition immunohistochemistry was performed to assess the relationship of cells
expressing markers for mesoderm, pluripotency, ectoderm, and endoderm to

establish a standard spatial and temporal map of hEB differentiation.
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Note on gene nomenclature

Due to the lack of clarity regarding gene nomenclature across publications and
databases (Fundel and Zimmer, 2006), this thesis uses the recommended notation

provided by the respective genome nomenclature committees for each organism.

Human gene and protein names and symbols follow current Human Genome

Nomenclature Committee guidelines (http://www.gene.ucl.ac.uk/nomenclature/). To

summarise, gene symbols are italicised with all letters in uppercase. Proteins
designations are the same as the gene symbol, but not italicised with all letters in

uppercase. mRNA and cDNA use the gene symbol and formatting conventions.

Mouse gene and protein names and symbols follow current Mouse Genome
Nomenclature Committee guidelines

(http://www.informatics.jax.org/mgihome/nomen/). To summarise, gene symbols are

italicised with first letter uppercase and the remaining letters in lower case. Proteins
designations are the same as the gene symbol, but not italicised with all letters in

uppercase. mRNA and cDNA use the gene symbol and formatting conventions.

Xenopus gene and protein names and symbols are in the process of being converted
to HGNC nomenclature

(http://xlaevis.cpsc.ucalgary.ca/gene/static/geneNomenclature.jsp) as shown in the

Xenbase Gene database (http:/xlaevis.cpsc.ucalgary.ca/gene/gene.do). To

summarise, gene symbols are not italicised with all letters in lowercase. Proteins
designations are the same as the gene symbol, but not italicised and all letters in
uppercase. mRNA and cDNA use the gene symbol and formatting conventions.
Names and symbols of \enopus genes and proteins not yet in the Xenbase Gene

databasc follow nomenclature most frequently used in the literature.



1 INTRODUCTION

1.1 THE POTENTIAL OF HUMAN EMBRYONIC STEM CELLS

Human embryonic stem cells (hESCs) could potentially usher in a new era of cellular
regeneration of diseased organs and tissues rather than chronic support with drug
therapies (Passier and Mummery, 2003). hESCs can also be used in the field of
developmental biology, providing us with novel models for the study of human
embryonic and foetal development, including disorders of development such as birth
defects or embryonal tumours (Dvash and Benvenisty, 2004). Using hESCs to access
human embryonic gene expression ontogeny will also provide us with new tools for
the investigation of growth and differentiation factors, which can be used to
differentiate hESCs into cell types for use in disease modelling and drug discovery

(Ben-Nun and Benvenisty, 2006).

1.1.1 Stem cell potency

A stem cell, by definition, is a cell that can proliferate by a process of self-renewal
whilst maintaining the ability to give rise more committed descendents (Reya et al.,
2001). In the embryo, cells of the morula have the potential to generate an entire
organism and its associated extra-embryonic tissues, termed totipotency (reviewed
by Rippon and Bishop, 2004). Subsequently, cellular differentiation results in the
formation of the blastocyst which consists of the outer trophectoderm, which will
form the trophoblast component of the placenta, and the inner cell mass (ICM),
which will develop into the embryo proper and the chorioallantois. The cells of the

ICM are described as pluripotent, defined as the ability to form all of the tissues of

the developing embryo (Smith, 2005).
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1.1.2 Foetal and adult stem cells

Once embryonic and foetal development is complete it is thought that many, if not
most, tissues of the human body maintain adult stem cells within their population.
These adult stem cells have been proposed to be essential and perhaps the only cells
important for lifelong tissue regeneration (Weissman, 2005). Such stem cells are able
to self-renew and differentiate into multiple organ specific cell types, termed

multipotency (Lakshmipathy and Verfaillie, 2005).

The use of adult stem cells in clinical therapies has existed since 1968 in the form of
a bone marrow transplant (BMT) for patients that suffer from congenital blood or
immune disorders or have had their own bone marrow damaged by cancer treatment.
Haematopoietic stem cells (HSCs) that are transplanted during a BMT are
responsible for repairing the patient’s capacity to manufacture healthy blood and
immune cells (Weissman, 2000). However, in many cases, such as
neurodegenerative disorders and type 1 diabetes, the prospect of transplantation of
adult cells is still very poor since they are far less mitotically active than foetal cells
and the ability to self-renewal is reserved for a rare population of stem cells

(Weissman, 2005).

1.1.2.1 Adult stem cell plasticity

Traditionally organ-specific adult stem cells have been thought to be stringently
restricted to making differentiated cell types of the tissue in which they reside
(Anderson et al., 2001) and they take on new roles in an orchestrated, unidirectional
and irreversible manner (Lemischka, 2001). However, experiments have been
performed that have challenged the system of lineage-restriction in organ specitic

stem cells (Serafini and Verfaillie, 2000). These experiments have been interpreted
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as evidence that stem cells from some adult sources, under certain
microenvironmental conditions, seem to have that is a wider capacity for renewal,

termed ‘plasticity’ (Lakshmipathy and Verfaillie, 2005).

Whilst the underlying mechanism of the apparent plasticity of adult stem cells is still
in debate, it is thought that there are four main possibilities (reviewed by
Lakshmipathy and Verfaillie, 2005, Martin-Rendon and Watt, 2003) assuming that
results are based on sustained, robust multilineage engraftment and not morphology
or the expression of lineage-specific antibodies. Firstly, that the reports are based on
infusion of non-pure populations that contain multiple stem cell types. Secondly, the
maintenance of more multipotent cells, with higher lineage potential, within a tissue
is another option or even the possibility that the entire concept of organ-specific stem
cells is wrong and they are essentially pluripotent (Anderson et al., 2001). A third
explanation is cell fusion, particularly where stem cells of one lineage are cultured in
the microenvironment of another cell type (Ying et al., 2002, Terada et al., 2002,
reviewed by Wurmser and Gage, 2002). The final explanation for plasticity, the only
one representing true plasticity, is de-differentiation and subsequent re-
differentiation, transdetermination or even transdifferentiation (Martin-Rendon and

Watt, 2003), perhaps by genomic reprogramming possibly due to the in vitro culture.

While clearly useful for some applications such as BMT, autologous adult stem cells
are generally difficult to proliferate in culture for extended periods of time and
maintain in an ‘undifferentiated” state due to an inability to recreate their stem cell
niche (Verfaillie et al., 2002). Adult stem cells are also very rare and generally tound
as tissue-resident cells as well as in the blood and bone marrow, and the prospects of
extraction. amplification and transplantation to good manufacturing practice

standards on a per patient basis are daunting (Skottman ez al.. 20006).



1.1.2.2 Mouse and human embryonic carcinoma and PGC derived cells

The first pluripotent cell lines to be established were embryonic carcinoma (EC) cell
lines derived from mouse and human germ cell tumours (Stevens and Little, 1954,
reviewed by Chambers and Smith, 2004). These cells can be continuously expanded
in culture and differentiated into cells of the three germ layers. Mouse EC cells can
also be injected into mouse blastocysts and contribute to all of the normal tissues of
chimeric mice generated (Illmensee and Mintz, 1976). EC cells being of cancer
origin and frequently aneuploid, are not suitable for clinical applications. Similarly,
mouse and human embryonic germ cells, which are derived from primordial germ
cells (PGCs), are classed a pluripotent and can contribute to all cell lineages in
chimeric mice, although they have lower plating efficiencies than ECs (Matsui et al.,

1991, Resnick et al., 1992, Shamblott ef al., 1998).

1.1.3 Embryonic stem cells

The definition of an embryonic stem cell (ESC) was established in primates by
Thomson et al. (1998) as (i) derivation from the preimplantation or periimplantation
embryo, (ii) prolonged undifferentiated proliferation, and (iii) stable developmental
potential to form derivatives of all three embryonic germ layers even after prolonged

culture.

Mouse embryonic stem cells (mESCs) were first isolated from day 2.5 post-
fertilisation murine blastocysts using techniques based on experience gained from the
culture of EC cells (Martin, 1981, Evans and Kaufiman, 1981). Only more recently
have ESCs from primates been derived (rhesus monkey (Thomson et al.. 1995).
common marmoset (Thomson ef al., 1996), and cynomolgus monkey (Suemori ef al..

2001)). along with hESCs in 1998 (Thomson et al., 1998). Similar to ECs. when



injected into mouse blastocysts, mESCs can for chimeras and contribute to all
observable tissues and the germ line (Bradley er al., 1984). This ability has lead to
the creation of numerous knock-in and knock-out transgenic mice for the

investigation of gene expression and regulation in vivo.

mESC were initially established on and maintained by co-culture with mitotically
inactivated mouse embryonic fibroblast (MEF) feeders. The absence MEFs or MEF
conditioned medium results in spontaneous, random differentiation, with
heterogeneous populations of differentiated cells appearing throughout the mESC
colonies (Martin, 1981, Evans and Kaufman, 1981). Studies identified the cytokine
LIF (leukaemia inhibitory factor, Smith and Hooper, 1987, Gearing et al., 1987) as
one of the feeder cell-derived molecules that plays a pivotal role in the self-renewal
of these cells whilst also inhibiting their differentiation. On gelatine coated plates, in
the presence of foetal bovine serum (FBS), recombinant LIF can replace the feeder
cell function and maintain the growth of undifferentiated mESCs (Smith et al., 1988,
Williams et al., 1988). Although in serum free culture, LIF alone is not able to
prevent mESCs from differentiating, the addition of BMP4 (bone morphogenetic
protein 4) allows undifferentiated mESC growth (Ying et al, 2003). The
combination of these discoveries allows mESC to be grown with defined factors in

the absence of serum or feeders.

1.1.4 Signalling pathways involved in maintaining mESC pluripotency

LIF acts by binding to the heterodimeric LIF receptor (LIFR) which consists of two
transmembrane proteins, LIFR itself and IL6ST (interleukin 6 signal transducer,
previously known as gp130). LIFR activates JAK1 (Janus kinase 1) mediated STAT3
(signal transducer and activator of transcription 3) protein activation (Niwa et al.,

1998. Burdon e al., 1999a). A study using a chimeric STAT3 molecule activated by
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estradiol suggests that STAT3 signalling alone may be sufficient to block
differentiation (Matsuda et al., 1999). The role of the LIF/STAT3 in maintaining
pluripotency is thought to be only facultative in vivo (Nichols ez al., 2001) as Lif
(Stewart et al., 1992) and Stat3”" (Takeda et al., 1997) mouse embryos can succeed
beyond gastrulation. The successful function of LIF/STAT3 signalling in
maintaining mESC pluripotency is thought to be a recapitulation of process of
diapause. This process occurs naturally when lactating females conceive causing the
arrest of embryo development at the late blastocyst stage and the prevention of
implantation (Nichols et al., 2001). The binding of LIF to its receptor also initiates
signalling pathways that are antagonistic to self-renewal such as the differentiation
promoting extra-cellular signal-related kinase mitogen-activated protein kinase (ERK
MAPK) pathway, (Burdon et al., 1999b). The balance between these antagonistic
pathways plays an important role in regulating self-renewal and determining the fate

of undifferentiated mESCs (Burdon ef al., 1999a).

The effect of BMP4 on mESC self-renewal involves induction of Id! (inhibitor of
DNA binding 1) expression through SMAD1/5/8 (mothers against decapentaplegic
homolog 1, 5 and 8, Ying et al., 2003) and inhibition of the ERK MAPK pathway
and the p38 MAPK (response to stress) pathway (Burdon et al., 1999b, Qi et al.,
2004). A role for phosphoinositide 3-kinases (PI3K) signalling in enhancing mESC

survival and cell cycle progression has also emerged (Burdon et al., 2002).

The maintenance of pluripotency also requires interactions between transcription
factors. Three “core” pluripotency factors have been identified: POUSF1 (POU class
5 homeobox 1. previously known as OCT4), which is essential for pluripotency both
in vitro and in vivo (Nichols ef al., 1998); SOX2 (SRY (sex determining region Y)-

box 2). which is a transcriptional partner for POUSF1 (Avilion et al., 2003, Rodda et



al., 2005); and NANOG (Nanog homeobox), which promotes self-renewal and
alleviates the requirement for LIF (Mitsui er al., 2003, Chambers et al., 2003),
although is not essential for maintaining the pluripotent state (Chambers ez al., 2007).
These three transcription factors interact in feedback regulatory circuits (Boyer et al.,
2005, Loh et al., 2006) and together are thought to act as master regulators of
pluripotency (Gokhale and Andrews, 2008). In addition to POUSFI1, SOX2 and
NANOG, evidence also points to the involvement of a number of other transcription
factors in the control of pluripotency (Wang et al., 2006, Zhou et al., 2007, Kim et

al., 2008). An overview of the factors that control mESC pluripotency is shown in

Figure 1-1.
BMP<‘ LIF
SMAD\1:5 Pou5f1 ;l/AK1
ID1 sTaT3 ERKMAPK
Plurip()tencv Differentiation
Nanog

Sox2
< okt euroectoderm
Endoderm

Trophectoderm

Primitive endoderm

Figure 1-1: Signalling pathways regulating mESC pluripotency

LIF signalling (through the JAK1/STAT3) and BMP4 signalling (through SMADI1/5 and IDI)
maintain  pluripotency, however, when added individually, BMP4 and LIF induce
mesodermal/endodermal and neuroectodermal differentiation of mESC cultures respectively (Ying ef
al.. 2003. Rao, 2004). POUSF1, SOX2, and NANOG act in concert to promote pluripotency. LIF can

also signal the ERK MAPK pathway that can induce differentiation. Diagram adapted from Hyslop er

al., (2005b).

1.1.5 Human embryonic stem cells

hESCs have been derived from fresh or frozen, blastocyst stage embryos generated
through assisted reproduction procedures, fertilised either by in vitro fertilisation

(IVF) or intracytoplasmic sperm injection (ICSI). These embryos are donated for
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research with informed consent after being selected for disposal either because they
are excess to patients needs or because they are of insufficient quality for embryo
transfer (Mitalipova et al., 2003). Alternatively embryos can be created in vitro, with
informed consent, specifically for the purpose of deriving hESCs lines (Lanzendorf
et al., 2001) although in most countries this is considered ethically inappropriate.
Other methods of producing hESCs such as parthenogenesis as performed with non-
human primates (Cibelli et al, 2002, Vrana et al, 2003) have recently proven

feasible in humans (Revazova et al., 2007, Kim et al., 2007a).

As with mESCs, the derivation process for hESCs involves culturing embryos to the
blastocyst stage and isolating the ICM. hESC lines have also been derived from
morula stage embryos (Strelchenko et al.,, 2004). The cell population is then
expanded on feeder cells and serially passaged to form a hESC line. Most cell lines
are derived from between d6 and d8 blastocysts which provide approximately 30 and
50 ICM cells respectively (Stojkovic et al., 2004b). Under the appropriate conditions,
hESCs are able to self-renew and maintain undifferentiated phenotype over extended
periods of time, possibly indefinitely. hESCs express high levels of telomerase
(Thomson et al., 1998), a ribonuclearprotein that adds telomere repeats to
chromosome ends, thereby maintaining their length, which is highly correlated with

immortality in human cell lines (Kim et al., 1994).

The very first study that describes the separation of human ICM cells and their
continued culture, although only for two passages, was performed in 1994 by
manually isolating the ICM (Bongso ef al., 1994). This method was superseded. with
few exceptions (Amit and Itskovitz-Eldor, 2002), by immunosurgery (Thomson et
al.. 1998, Solter and Knowles. 1975). a process in which the zona pellucida is first

removed by digestion with pronase followed by selectively removal of the

)
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trophectoderm layer of the blastocyst using specific antibodies such as rabbit anti-
human whole serum (Reubinoff er al., 2000). This method resulted in the first
successful derivation of hESCs by Thomson et al. (1998) with the H1, H7, H9, H13
and H14 lines. These cells were grown on MEFs in a medium containing FBS. These
lines have formed the basis of the vast majority of hESCs experiments that have been
performed to date (Goh et al., 2005, Allegrucci et al., 2005). Derivations of hESCs
all result in the isolation of a pluripotent population from several ICM cells. The cell
line H9 was the first to undergo single cell cloning (Amit et al., 2000) to form two
clonal lines H9.1 and H9.2, demonstrating that individual hESCs are in fact
pluripotent. Similar experiments have since been performed with the H1, H13, I3 and
16 lines (Amit and Itskovitz-Eldor, 2002). It has also been demonstrated that zygotes
with chromosomal abnormalities can be used as a source for derivation of hESCs
(Suss-Toby et al, 2004) and hESCs can be derived from single blastomeres

(Klimanskaya et al., 2006).

Numerous hESCs lines have now been established (Table 1-1) using a variety of
media, feeders and enzymatic (collagenase/trypsin), non enzymatic (cell dissociation

buffer) or mechanical passage methods (reviewed by Allegrucci and Young, 2007).



Table 1-1: Main hESC lines derived to date

H1, H7, HY, H13, H14
HES-1to 4 (
ES-76, ES-78-1, ES-78-2 (
-3, 1-4, 1-6, 1-9 (Amit and Itskovitz-Eldor, 2002, Suss-Toby et al., 2004)
BGO1 to 4 (Mitalipova et al., 2003)
Miz-hES (Park et al., 2003, Lee et al., 2005)

(

(

(

l x, 4 T - o St L ‘.,, . z
Thomson et al., 1998)
Reubinoff et al., 2000, Richards et al., 2002)
Lanzendorf et al., 2001)

(

WT3 Pickering et al., 2003)
HS181 Hovatta et al., 2003)
HSF-1, HSF-6 Abeyta et al., 2004)

Royan H1, H2, H6
Maria Biotech MB
Sahlgrenska 1 to 3

Baharvand et al., 2004, Baharvand et al., 2006a)
Park et al., 2004b)
Heins et al., 2004)

NOTT1, NOTT2
NTU1 to 3

Burridge et al., 2007)
Chen et al., 2007)

(

(

(
hES-NCL1 (Stojkovic et al., 2004a)
HUES-1to 17 (Cowan et al., 2004)
ACT-14 (Klimanskaya et al., 2005)
SNUhES1 to 3 (Oh et al., 2005)
UCSF-1 (Genbacev et al., 2005)
HS293, HS306 (Inzunza et al., 2005)
VAL-1, VAL-2 (Simon et al., 2005)
PKU1, PKU2 (Hong-mei and Gui-an, 2006)
H15, H16 (Ludwig et al., 2006b)
ReliCell hES1 (Mandal et al., 2006)
MAO1, MAO9 (Klimanskaya et al., 2006)
VUBO1 to 5 (Mateizel et al., 2006)

(

(

1.1.6 Surface markers of hESCs and mESCs

hESC lines derived from different laboratories show similar expression profiles of
surface markers including: 1) the globoseries glycolipid stage specific embryonic
antigens, SSEA3 and SSEA4; 2) the keratan sulphate antigens, TRA-1-60, TRA-1-
81. GCTM?2 and GCTM343 and 3) the liver alkaline phosphatase antigens. TRA-2-
49 and TRA-2-54 (Adewumi et al., 2007). Mouse ICM and mESCs also express
SSEAT1 but do not express SSEA3, SSEA4, TRA-1-60 or TRA-1-81 (Carpenter e/
al., 2003). Despite these differences. 191 proteins have been detected as expressed in

both mESCs and hESCs but not in their differentiated derivatives (Van Hoot ¢r al..

2000).



L.1.7 Maintaining hESC pluripotency

1.1.7.1 Serum and serum replacement

The first hESCs lines were originally derived in medium containing FBS (Thomson
et al., 1998). FBS is serum harvested from bovine foetuses and consists of a complex
mix of proteins of unknown composition that exhibits substantial batch variation.
FBS can contain compounds both beneficial and detrimental to hESC culture (Amit
et al., 2000). The use of FBS raises the concern of the introduction of viruses, prions

or xenobiotic pathogens from cow to human (Cobo et al., 2005).

Knockout® Serum Replacement (KSR) from Invitrogen (Price et al., 1998) and
VitroLife (Chen et al., 2007) has been used in an attempt to remove the FBS from
hESC experiments, although these still contains animal proteins. Evidence exists that
H1 hESCs lines can incorporate immunogenic nonhuman sialic acid, N-
glycolylneuraminic (Neu5Gc), from the mouse feeder layer and/or KSR they are
cultured with (Martin et al., 2005). Many humans have circulating antibodies to
Neu5Gc, though not necessarily at a high titre (Cerdan et al., 2006), which could
result in complement mediated cell death of cells bearing this molecule (Nguyen et
al., 2005). The use of xenogenic FBS or KSR in these culture media makes them
unsuitable for transplantation therapy and a substitute needs to be found such as a
serum/serum replacement containing only human proteins or serum-free media
formulations. Human serum is used in human IVF procedures (Wang and Sun.
2005), therefore exposure to human materials maybe possible. Human serum has

been demonstrated to be able to replace FBS in hESC culture (Richards et al., 2002).

0
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1.1.7.2 Murine and human feeders

The fibroblast feeder layer remains the most poorly defined component of the hESC
culture (Amit et al., 2000). These fibroblasts secrete multiple growth factors,
including fibroblast growth factors (FGFs), transforming growth factor B (TGFB1),
activin A, WNTs and antagonists of BMP signalling (Levenstein et al., 2006).
Therapeutic treatment using cell lines which have been cultured on these nonhuman
cells may not be possible. Human marrow stromal cells (Cheng et al., 2003), foreskin
cells (Hovatta et al., 2003, Choo et al., 2004), uterine endometrial cells (Lee ef al.,
2005) and foetal muscle and skin cells derived from aborted foetuses (Richards et al.,
2003), and fibroblasts derived from the hESCs themselves (Wang et al., 2005d) have
all been tested for their potential to support undifferentiated growth. With the
addition of human serum, human feeders have demonstrated the capacity to support

undifferentiated growth in a completely xeno-free system (Richards ef al., 2002).

1.1.7.3 Artificial matrices for feeder-free culture

The presence of feeders both slows passaging and complicates studies of hESC
undifferentiated growth; therefore attempts have been made to use alternative
matrices for feeder-free culture. It has been demonstrated that hESCs can be cultured
in a feeder-free environment using KSR containing MEF conditioned medium on a
basement membrane matrix called Matrigel. This matrix was shown to be equal or
superior to laminin, fibronectin or collagen IV matrices (Xu et al., 2001). Matrigel is
derived from mouse Engelbreth Holm-swarm sarcoma, a tumour rich in extra-
cellular matrix proteins. Its major component is laminin, followed by collagen IV,
heparan sulfate proteoglycans, and entactin (Xu et al., 2001). Using Matrigel with
MEF-conditioned medium the hESCs have no direct contact with the MEFs so any

feeder cell contact-related factors which may be aiding hESCs pluripotency can be
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eliminated. However, Matrigel is still produced from animal products. To avoid this,
human laminin has also been used as a matrix (Stojkovic et al., 2005). Recently a
entirely synthetic semi-interpenetrating polymer network, a polymer hydrogel, has
been used as artificial matrix for support of HSF-6, but this was only demonstrated to
support growth for up to 5 days (Li ef al., 2006b). Progress in avoiding the use of
using FBS and MEF-conditioned medium to maintain undifferentiated hESCs has
been made by combining KSR containing medium with high concentrations of FGF2
(100 ng ml") without conditioning the medium with growth on Matrigel (Levenstein

et al., 2006).

1.1.7.4 Chemically defined media

Further progress has been made using Matrigel along with semi-chemically defined
medium, avoiding the use of FBS or KSR. As well as improving the potential for
clinical use, more defined media greatly simplifies studies of developmental
mechanisms. Some of the more successful media have included Iscove's Modified
Dulbecco's Medium/F-12 Nutrient Mixture (IMDM/F-12) supplemented with activin
A or NODAL and FGF2 (Vallier et al.,, 2005), Dulbecco’s Modified Eagle's
Medium/F-12 Nutrient Mixture (DMEM/F-12) supplemented with N2/B27 and high
concentrations of FGF2 (Liu et al, 2006b, Yao et al.,, 2006), HESCO (hESC
cocktail) supplemented with WNT3A and FGF2 (Lu et al., 2006), or TeSRI or
modified TesR1 supplemented with FGF2 (Ludwig et al., 2006a, Ludwig et al,
2006b). None of these media can be classed as full chemically defined as they each
are supplemented with bovine serum albumin (BSA). Ultimately, development ot a
fully defined culture system suitable for supporting hESC derivation, growth and
differentiation without feeders, serum or serum replacement (human or otherwise)

and using a medium of a known protein composition will allow us to minimise the



variability that affects the reproducibility and robustness of hESC cultures and allow

the initiation of differentiation in a fully controlled manner.

1.1.8 Signalling pathways involved in maintaining hESC pluripotency

Unlike mESCs, which can be maintained in a undifferentiated state by LIF, the
addition of LIF does not sustain the culture of hESCs in the absence of feeder layers
(Thomson et al., 1998) and it is not fundamental to hESC pluripotency (Humphrey et
al., 2004, Daheron et al., 2004), despite the expression of both LIF and LIFR in
hESCs (Aghajanova et al., 2000). The signalling pathways involved in maintaining
hESC pluripotency have been well characterised and are reviewed below and shown
in Figure 1-2.

FGF2 ——» PI3K/AKT = Proliferation

LEFTY1/2—iNODAL activin A  TGFB1 BMP2/4———NOG

ERK MAPK /

POU5F1 SMAD1/5/8

SMADZ!3 | d/
Pluripotency
NANOG
3 sox2
v

Mesoderm Neuroectoderm
Endoderm

Trophectoderm
Primitive endoderm

Figure 1-2: Signalling pathways regulating hESC pluripotency

TGFB 1/activin A/NODAL pathway activation and BMP pathway repression by NOG (noggin) are
required to maintain hESC pluripotency whilst FGF2 signalling through PI3K/AKT is required to

maintain cellular proliferation. Diagram adapted from Hyslop et al., (2005b).

1.1.8.1 FGF signalling
Although it remains unclear what direct role FGF signalling has on hESCs. the
requirement for FGF2 to maintain pluripotency in the absence of feeders (Vallier ¢

al.. 2005. Xu et al., 2005b) and the presence of FGF2. FGETL FGETS as w cll as



FGF receptor 1 (FGFR1), FGFR2, FGFR3 and FGFR4 transcripts in hESCs indicates
that FGF signalling is active in undifferentiated hESCs (Sato et al., 2003, Sperger et
al., 2003, Dvash et al., 2004, Ginis et al., 2004, Rao et al., 2004, Dvorak and Hampl,
2005). Of the 22 members of the FGF family, FGF2 has the most well defined role in
contributing to hESC pluripotency (Xu et al, 2005a, Xu et al., 2005b). FGF2
signalling is initiated by the binding of FGF2, along with the co-ligand heparan
sulphate, to any of the four FGFRs. The resulting dimerisation results in the
phosphorylation of the docking protein FRS2 (fibroblast growth factor receptor
substrate 2), followed by the recruitment of several GRB2 (growth factor receptor-
bound protein 2) molecules. Activated GRB2 molecules then recruit the nucleotide
exchange factor SOS1 (son of sevenless homolog 1, Dvorak and Hampl, 2005). The
formation of the FRS2-GRB2-SOS complex results in activation of the ERK MAPK
and PI3K/anaplastic lymphoma kinase (AKT) pathways that are suggested to have
roles in self-renewal/differentiation and cell proliferation, respectively, in hESCs
(Kang et al., 2005, Armstrong et al., 2006, Li et al., 2007). In addition, FGF2 has
been demonstrated to up-regulate activin A, TGFB1, and BMP4 in hESCs (Greber et

al., 2007).

1.1.8.2 BMP signalling

BMPs are members of the TGFB superfamily. Of the 20 BMPs, the roles of BMP2
and BMP4 have been most intensely studied in hESCs. The four BMP receptors,
activin receptor 1 (ACVR1), BMP receptor 1A (BMPR1A), BMPRI1B and BMPR?2
can form a variety of dimer combinations at the cell surface, each generating
different signalling effects and responses (Stewart ez al., 2000). The canonical BMP
signalling pathway is initiated by the binding of BMP to a heterodimer of BMPRIA

and BMPR2 (Ying et al.. 2003). This leads to activation of SMADI, SMADS and



SMADS&, which forms a heteromeric complex with SMAD4 (Miyazawa et al.. 2002).
This complex then binds to SMAD responsive elements in /DI promoters and

activates transcription (Ruzinova and Benezra, 2003).

In hESCs, the undifferentiated state is characterised by low levels of phosphorylated
SMAD1/5/8 suggesting that suppression of BMP signalling is necessary for the
maintenance of pluripotency (James et al., 2005, Xu et al., 2005b). In addition, BMP
antagonists such as NOG (noggin), have been demonstrated to aid the maintenance
of pluripotency in hESCs (Xu et al., 2005b, Wang et al., 2005a), although it is
suggested that some level of BMP signalling may be required to maintain the
undifferentiated state (Xu et al, 2005b). BMP signalling also promotes
differentiation to extra-embryonic lineages (Xu et al., 2002b, Pera et al., 2004) whilst

NOG can promote differentiation to neuroectoderm (Pera et al., 2004).

1.1.8.3 TGFBI, activin A and NODAL signalling

TGFB1, NODAL and activin A form disulphide-linked homodimers (in the case of
activin A formed from two inhibin PA (INHBA) subunits) that all function through a
similar mechanism by binding a type II receptor (ACVR2 or ACVR2B) which
recruits and trans-phosphorylates a type I receptor (ACVR1, ACVRIB, ACVRIC or
TGFBR1. Ebner et al., 1993). The type I receptor then recruits and phosphorylates
SMAD?2 and SMAD3 (Lebrun et al., 1999). SMAD3 then translocates to the nucleus
and interacts with SMAD4 through multimerisation, resulting in their modulation as
transcription factor complexes responsible for the expression of a large variety of
genes (Chen et al., 2002). Non-SMAD pathways, such as the ERK, p38 and JNK
MAPK and PI3K/AKT pathways, have also been associated with TGFBIl/activin
A/NODAL signal transduction (reviewed by Chen er al., 2006b). Binding of

NODALI. to the type II receptor requires the co-receptor TDGFI (teratocarcinoma-
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derived growth factor 1, previously known as Cripto, Gritsman et al.. 1999) and is
inhibited by LEFTY1 and LEFTY2 (left-right determination factor 1 and 2) and
CERI1 (Cerberus 1, Schier and Shen, 2000). TDGF1 also acts as an inhibitor of

activin A along with FST (follistatin) and FSTL3 (follistatin-like 3, Chen et al.,

2006b).

In hESCs, SMAD2 and SMAD3 have been shown to be necessary in maintaining the
undifferentiated state, although these are not necessary for maintaining mESCs
pluripotency (James et al., 2005). Individually, TGFB1 (Amit et al., 2004) or activin
A (Beattie et al., 2005) can maintain the pluripotent state, although proliferation is
reduced. The combination of activin A or TGFB1 and FGF2 can maintain
pluripotency and proliferation (Amit et al., 2004, Vallier et al., 2005). Additionally,
it has been demonstrated that activin A regulates FGF, WNT and BMP pathways in
hESCs (Xiao et al., 2006). NODAL initiates the expression of NODAL antagonists
LEFTY1 and LEFTY2 which are suggested to have a role in mesoderm induction
(Dvash et al., 2006). NODAL also prevents differentiation along the neuroectoderm
pathway (Vallier et al., 2004a) and can bind extra-cellular BMP leading to inhibition

of the effects mediated by both NODAL and BMP (Yeo and Whitman, 2001).

1.1.9 Maintenance of karyotype

Karyotypic stability is an important consideration when hESCs for developmental
studies. The first report of karyotypic abnormality in hESCs was observed in the H9
cell line after 7 months of culture (Amit et al., 2000). This was followed by reports
of the use of feeder fice systems promoting genomic instability of hESCs after
prolonged in vitro culture, such as aneuploidy (Carpenter ct al., 2004). gain of
chromosome 17q and 12 when using KSR (Draper ¢t al., 2004) and aberrant X

chromosome cxpression (Inzunza et «l., 2004). In addition, attempts to adapt the
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HS181 cell line to grow without an extra-cellular matrix resulted in a karyotype

change to 47,XX,del(7)(q11.2),+i(12)(p10) along with decreased pluripotency (Imreh

et al., 2006).

1.1.10 Differences between hESC lines and transcriptome profiles

The transcriptome profile of hESCs has been studied using a wide variety of methods
to attempt to identify potential markers and regulators of self-renewal and
differentiation. The use of hierarchical clustering of microarray data has been used in
the past to identify if adult and embryonic stem cells have a common “stemness’
molecular profile (Ramalho-Santos et al., 2002, Ivanova et al., 2002). A number of
groups have used microarrays to asses the gene expression profiles of
undifferentiated hESC lines (Boyer et al., 2005, Enver et al., 2005, Skottman et al.,
2005, Golan-Mashiach et al., 2005, Rao et al., 2004, Bhattacharya et al., 2004,
Abeyta et al., 2004, Carpenter et al., 2004, Zeng et al., 2004b, Sperger et al., 2003).
Along with microarrays, properties of hESCs have also been compared by RT-PCR,
quantitative real-time PCR (Noaksson et al., 2005), in situ hybridisation (Itskovitz-
Eldor et al., 2000), expressed sequence tag scan (Brandenberger et al., 2004b), serial
analysis of gene expression (Richards et al., 2004) and massively parallel signature

sequencing (Wei et al., 2005, Brandenberger et al., 2004a, Miura et al., 2004).

Although data produced by microarray studies is of constantly improving quality, a
concern is the apparent little agreement between different studies. Meta-analysis of
the data from microarray studies only manages to achieve the resolution to suggest
that markers present in hESCs but absent in other cell populations exist and one
review of thrc;e indeéendent studies found the expression of just 7 genes commonly
agreed to be significant (Suarez-Farinas et al., 2005). This problem has undermined

confidence in microarray technology (Marshall. 2004, Allegruccet and Young, 2007).
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To compare hESCs lines in a rigorous manner requires them to be cultured under
identical culture conditions (Denning et al., 2006), when studied in this manner
substantial differences in growth efficiency, cloning efficiency and stable
transfection rates have been noted (Richards et al., 2002, Ware et al., 2006). These
differences between lines have been suggested to be due to the legacy of inherited

epigenetic effects from early culture conditions (Allegrucci et al., 2007).

1.1.11 Legal and ethical issues of hESC research

The legal position of different countries on hESC research varies across the globe
depending on religious, moral, historical or socio-economic grounds (McLaren,
2001). The main ethical issue surrounding hESC research involves the determination
of when does the embryo become a human being and if the blastocyst stage human
embryo classifies as ‘life’, is a basic human rights being disrespected by destroying
the embryo (Tsai, 2005). The creation of hESC lines, which is generally from surplus
human embryos created during an IVF course, is more frequently seen as acceptable
as these embryos would normally be disposed as they are either not longer required
or not capable of forming an embryo. (Lo et al., 2005). The creation of human
embryos explicitly for the derivation of hESCs, or through therapeutic cloning
methods such as somatic cell nuclear transfer (SCNT), is currently allowed in only a

very limited number of countries (Daley et al., 2007).
1.1.12 Applications of human embryonic stem cells

1.1.12.1 Use as a model for early human development

As a result of their ability to differentiate into many different cell types, hESCs open
up cxciting new opportunities to model human embryonic development and study the

mechanisms underlving lincage specification in vitro (Dvash and Benvenisty, 2004).



Early human development is relatively inaccessible to experimental analysis due to
logistical and moral considerations, and the majority of current information on the
development of human embryos has been obtained from sectioning terminated
foetuses (Daley, 2002). Since hESCs can recapitulate embryogenesis by expressing
developmentally regulated genes and by activating signalling pathways as they occur
in vivo, they can be used to analyse the effect of specific mutations on particular

developmental events (Dvash et al., 2006).

1.1.12.2 Drug discovery and toxicology screening

Functional assays are used at various stages of drug development such as target
identification and validation, library screening for early hits and leads, and for
pharmacological analysis of lead optimisation and drug candidate selection (Friel et
al., 2005). Many drug discovery programs have failed because targets validated in
animal models prove to be of less significance in humans (Pouton and Haynes,
2005). The ability of hESCs to differentiate to a variety of adult cells types provides
a platform to improve cell culture models used for drug discovery and development
by replacing animal- or tumour-derived cell lines or lines immortalised by genetic

modification (Pouton and Haynes, 2005).

1.1.12.3 Cellular model for human disorders

Human genetic disorders are caused by gain of or loss of function mutations. Gain of
function mutations can be modelled in hESC-derived cells by introducing a gene
harbouring at mutation using techniques such as transfection. However. most
inherited genetic defects involve loss of tunction mutations which can be introduced
into hESCs using techniques such as homologous recombination. lentiviral

transfection or RNA interference (Ben-Nun and Benvenisty, 20006). Additionally.
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hESC lines can be created using techniques such as SCNT using somatic cells from
patients with the disease of interest (Alberio et al., 2006) or by deriving hESCs from

embryos diagnosed with the disease of interest by preimplantation genetic diagnosis

(Pickering et al., 2005).

1.1.12.4 Source of cells for cell therapy and regenerative medicine

Diseases caused by the loss of a specialised organ-specific cell type, such as
Parkinson’s disease in which dopamine producing neuronal cells are destroyed
(Lerou and Daley, 2005) or heart disease due to a loss of function of cardiomyocytes
(Nir et al., 2003), are prime candidates for hESC-derived cell therapy (Ringe et al.,
2002). Other diseases, such as those caused by self-reactivity of the immune system
including: multiple sclerosis, rheumatoid arthritis, lupus, type 1 diabetes and
inflammatory bowel disease (Weissman, 2005) may also be potential candidates for

treatment with hESC-derived HSCs.

1.1.13 Overcoming tissue incompatibility in hESC-derived transplants

Transplantation of heterologous hESC-derived cells or tissues could potentially raise
the same possibility for graft rejection that currently hampers traditional solid-organ
transplantation (Drukker and Benvenisty, 2004), although it has been demonstrated
that hESCs and hESC-derived cells do possess some immune-privileged properties
(Li et al., 2004b).. The transplantation of HSCs, derived from hESCs, into foetal
sheep has been shown lead to successful, albeit with only low level and limited.
engraftment (Narayan et al., 2006). It has been suggested that cells derived from
HSCs, the precursor of blood and the immune system, may be able to induce donor-
specific tolerance by mixed haematopoietic chimerism (Bradley ef al.. 2002, Sykes.

2001). This raises the hope that transfer of hESC-derived HSCs into a patient could



lead to the stable long-term coexistence of multilineage haematopoietic cells of both
the patient and the hESC line (Kaufman ef al, 2001). This could then lead to
immunological tolerance to the alloantigens expressed by any other cell types

derived from the same hESC line (Priddle et al., 2006).

Another route to evading the immune system, which would avoid the potential
ethical concerns of hESCs, has recently been demonstrated by the production of
induced pluripotency (iPS) cells. This system involved the reprogramming of mouse
fibroblasts by retroviral introduction of Pou5f1, Sox2, Myc and KIf4 and selection for
Fbxol5 expression to produce cells of mESC-like character (Takahashi and
Yamanaka, 2006). This process has been further enhanced by selection for Nanog
expression (Okita et al., 2007, Wernig et al., 2007, Maherali et al., 2007). If this
work could be repeated using human fibroblasts it would potentially provide a route

for providing patient specific pluripotent stem cells (Yamanaka, 2007).
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1.2 APPROACHES TO DIRECTED HUMAN EMBRYONIC STEM CELL

DIFFERENTIATION

When removed from the factors that maintain pluripotency, hESCs spontaneously
differentiate through symmetric cell division (Zwaka and Thomson, 2005), lose their
near-homogenous phenotype, begin to differentiate and then form basic primitive
structures in a chaotic manner (Thomson et al., 1998, Itskovitz-Eldor et al., 2000).
Theoretically, hESCs are capable of differentiating to all of the 200 or more somatic
and germ cell types in the adult human body (Reubinoff et al., 2000). Culture
conditions and protocols have been developed to improve upon this random

differentiation and numerous terminal cell types have been derived as shown in

Table 1-2.
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Table 1-2: Cell types produced by in vitro differentiation of hESCs

Endoderm

insulin producing cells

H8, H9.2, H13, I6

(Assady et al., 2001, Segev et al., 2004, Jiang et
al., 2007)

hepatocyte-like cells

H1, H9, Sahlgrenska 1

(Rambhatla et al., 2003, Lavon et al., 2004,
Shirahashi et al., 2004, Baharvand et al., 2006b.
Soderdahl et al., 2007)

pancreatic cells

H9

(Lavon et al., 2006)

lung alveolar epithelium

H9.2

(Wang et al., 2007a)

Mesoderm

haematopoietic cells

H1, H9, HES2, HSF#,
BG01, BG02, BG03,
SNUhES3

(Kaufman et al., 2001, Chadwick et al., 2003,
Cerdan et al., 2004, Lu et al., 2004, Zhan et al.,
2004, Tian et al., 2004, Wang et al., 2004, Wang
et al., 2005b, Vodyanik et al., 2005, Wang et al.,
2005c, Menendez et al., 2004, Zambidis et al.,
2005, Ng et al., 2005b, Kim et al., 2005, Qiu et al.,
2005, Woll et al., 2005, Bowles et al., 2006,
Slukvin et al., 2006, Anderson et al., 2006, Chang
et al., 2006, Vodyanik et al., 2006, Galic et al.,
2006, Srivastava et al., 2007)

vascular endothelial cells

H1, H9, H9.2, H13, 16

(Wang et al., 2004, Levenberg et al., 2002,
Gerecht-Nir et al., 2003, Gerecht-Nir et al., 2004c,
Gerecht-Nir et al., 2005, Wang et al., 2007b)

cardiomyocytes

H1, H7, H9, H9.1, H9.2,
H14, HES-2, HUES-7,
NOTT1, NOTT2, BGO1,
ReliCell1

(Kehat et al., 2001, Xu et al., 2002a, Mummery et
al., 2002, Kehat et al., 2002, Mummery et al.,
2003, He et al., 2003, Snir et al., 2003, Satin et
al., 2004, Kehat et al., 2004, Reppel et al., 2004,
Xue et al., 2005, Huber et al., 2007, Pal and
Khanna, 2007, Burridge et al., 2007)

(Sottile et al., 2003, Bielby et al., 2004, Lerou and

osteoblasts H1, H9, TNG15 Daley, 2005)

germ cells H9, HSF1, HSF6 (Clark et al., 2004)

mesenchymal stem cells | HUES9, H1, H9 (Barberi et al., 2005, Lian et al., 2007)
adipocytes H9 (Xiong et al., 2005)

skeletal myoblasts H9 (Barberi et al., 2005)

Ectoderm

neurons/ neural
progenitors

H1, HZ, HS, H8.2, HES-
1, HES-2, HES-3 BGO1,
BG02

(Reubinoff et al., 2001, Schuldiner et al., 2001,
Carpenter et al., 2001, Zhang et al., 2001, Schulz
et al., 2003, Pera et al., 2004, Ben-Hur et al.,
2004, Nasonkin and Koliatsos, 2006, Johnson et
al., 2007, Pankratz et al., 2007, Nat et al., 2007)

dopaminergic neurons

H1, H9, HES-3, BGO01,
BG02, BG03, MBO03,
HSF-1, SNU-hES-3, M

(Schulz et al., 2004, Perrier et al., 2004, Zeng et
al., 2004a, Park et al., 2004a, Buytaert-Hoefen et
al., 2004)

motorneurons H1, H9 (Li et al., 2005)

oligodendrocytes H7 (Nistor et al., 2005)

keratinocytes [ +Ho (Green et al., 2003)

retinal H1, H7, H9 (Klimanskaya et al., 2004, Ahmad et al., 2007)

Extra-embryonic

trophoblast

H1, H7, H9, H14

(Xu et al., 2002b, Gerami-Naini et al., 2004)

yolk sac visceral
endoderm

HES-2

(Conley et al., 2004a)
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A variety of different techniques have been applied to direct the differentiation of

hESCs and the main approaches are reviewed below.

1.2.1 Co-culture

To direct differentiation to a particular lineage, co-culture systems using stromal cell
types characteristic of the same lineage or ‘niche’ location have been used. For blood
differentiation, co-culture of undifferentiated hESCs with the murine bone marrow
cell lines, S17 and OPY, or the yolk sac endothelial line, C166, have proven
successful (Kaufman et al., 2001, Vodyanik et al, 2005). For cardiomyocyte
differentiation, mouse visceral-endoderm-like END-2 cells have proven successful
(Mummery et al., 2002). This type of experiment, although useful to prove the
possibility of deriving a cell type, allow us only limited insights into the regulators of

differentiation to a particular lineage (Weitzer, 2006).

1.2.2 Monolayer and adherent colony differentiation

Several lineages have been formed when hESC colonies have been plated as
monolayers on Matrigel-, fibronectin- or gelatine-coated plates. Neuroectoderm
formation has been reported using NOG to block BMP signalling (Gerrard et al.,
2005, Nasonkin and Koliatsos, 2006), smooth muscle cells formation has been
reported using all-trans retinoic acid (Huang et al., 2006), oseteogenic cell and
mesenchymal stem cells formation has been reported using enzymatic dissociation of
partially differentiated aggregates in dexamethasone, ascorbic acid-2-phosphate and
B-glycerolphosphate (Karp et al., 2006, Olivier et al., 2006); chondrocyte formation
has been reported using BMP2 (Toh et al., 2007), and endothelial cell formation has
been reported without supplementation (Wang er al, 2007b). Successtul

haematopoietic differentiation in monolayer cultures has been achicved in primate
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ESCs using OP9 (bone-marrow derived stromal cells) conditioned medium (Zhang et
al., 2006). However, adherence of dissected mESC colonies to gelatinised surfaces
produced almost no haematopoietic colony forming units (Nishikawa e al., 1998,
Dang et al., 2002). The potential for monolayer-based directed differentiation of
hESCs colonies to neural, definitive endoderm/pancreatic and early cardiac muscle
cells in CDM supplemented with growth factors has also been reported (Yao ef al..
2000). As yet the differentiation of hESCs as true monolayers (i.e. allowing single
cell hESCs to attach to a matrix rather than colonies of hESCs, which would

facilitate scale-up to clinically relevant levels) has not been described.

1.2.3 Three-dimensional differentiation on polymer scaffolds

Polymer scaffolds are an ideal system for inducing three-dimensional tissue
formation as they can be tailored to modulate cell attachment, growth and
differentiation, by varying scaffold polymer and fabrication technique, and can be
biodegradable (Zoldan and Levenberg, 2006). hESCs have been differentiated on
polymeric scaffolds coated with Matrigel or fibronectin supplemented with growth
factors and were observed to form structures of neural tissues, cartilage and liver as

well as a network of blood vessels (Levenberg et al., 2003).

1.2.4 Genetic modification

Delivery of defined factors to promote directed differentiation can be problematic.
Genetic modification can be used to direct hESC differentiation by over-expression
or ablation of regulatory genes (reviewed by Drukker and Benvenisty, 2004, Yates
and Daley, 2006). In order to monitor differentiation, tissue specific promoters can
drive a visible marker gene product such as green fluorescent protein (GEFP). or a

selectable marker. such as an antibiotic resistance gene (Eiges ef al.. 2001). Cell
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sorting can be used to select relevant cells if the desired cell type expresses a unique
pattern of cell surface antigens, such as CD34" CD38 for the isolation of

haematopoietic progenitors (Kaufman et al., 2001).

In hESCs various methods for ectopic gene expression have been explored so far
(reviewed by Wobus and Boheler, 2005, Menendez et al., 2005). These include
transient or stable transfection (Eiges et al., 2001, Lakshmipathy et al., 2004, Vallier
et al., 2004b), stable lentiviral transduction (Ma et al., 2003, Gropp et al., 2003,
Smith-Arica et al., 2003), retroviral-based vector transduction (Menendez et al.,
2004, Wang et al., 2005c), and conditional gene expression using an inducible
recombinase (Nolden et al., 2006, Vallier er al., 2007). Loss-of-function studies
using small interfering (siRNAs) have been shown to be effective at knocking down
gene expression (Hay et al., 2004, Matin et al., 2004, Vallier et al., 2004b, Zaehres et
al., 2005, Hyslop et al., 2005a). Homologous recombination, which allows for gene
targeting, has also been reported in hESCs (Zwaka and Thomson, 2003, Urbach et

al., 2004).

1.2.5 Embryoid bodies

Thus far the most widely used strategy for successful directed in vitro differentiation
of hESCs has employed an initial aggregation step to form human embryoid bodies
(hEBs) that promote germ layer formation before specialised cell types. Embryoid
bodies (EBs) are 3-D, spherical multi-cellular aggregates that differentiate in a
spontaneous manner (reviewed by Weitzer, 2006). Mouse EBs (mEBs) can, to a
limited extent, recapitulate early post implantation embryonic development and
mimic the ontogeny of gene expression patterns that appear during embryogenesis
(Doetschman et al.. 1985. Keller, 1995). The first in vitro studies were performed in

the 1970°s on EBs generated from teratoma and teratocarcinoma cells (Levine ¢r al.,
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1974, Martin et al., 1977). In the 1980’s mEBs formed from mESCs (Evans and
Kaufman, 1981, Martin, 1981) demonstrated the capacity of ESCs to form all three
germ layers. After the initial isolation of hESCs (Thomson ef al., 1998) hEBs were

quickly demonstrated to have a potential comparable to mEBs (Itskovitz-Eldor ef al.,

2000, Schuldiner et al., 2000).

1.2.6 Gastrulation-like development in mouse embryoid bodies

Gastrulation-like processes are known to take place in mEBs (reviewed by Weitzer,
20006), but the regulation of germ layer specification remains poorly understood
(reviewed by Murray and Edgar, 2004, Spagnoli and Hemmati-Brivanlou, 2006).
The early stages of mEB development have been best characterised in mEBs formed
in suspension cultures and can be separated into seven distinct stages; (1)
aggregation, (2) primitive endoderm formation, (3) basement membrane assembly
(4) primitive ectoderm epithelium formation, (5) cavitation, (6) visceral and parietal
endoderm formation and (7) germ layer induction. These stages are summarised in

Figure 1-3.
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Figure 1-3: Diagrammatic representation of early mEB differentiation

\)dl CDHT mediated mESC compaction (blue cells). B) d2-4, primitive endoderm formation on the exterior of the mEB (red cells). C) d3-5, basement membrane assembly
(erey). D) d4-5. primitive ectoderm epithelium formation and programmed cell death of epiblast-like cells not in contact with basement membrane. E) d5-6, continued
development of primitive ectoderm epithelium, visceral ectoderm development and of cavitation completion. F) d7, mEB attachment to a plate or collagen matrix (black line)
via primitive endoderm (red cells underneath the centre of the mEB) which spreads away from the mEB to form parietal endoderm (green cells). Visceral endoderm forms
cpithehal cysts on top of the central cell mass of the mEBs (red cells above centre of mEB). G) Primitive ectoderm epithelium (blue cells) differentiate to mesodermal cells
(vellow) and defimtive endoderm (purple). The culture medium substitutes for the blastocoel, and the central cyst (inside primitive ectoderm epithelium) is analogous to the

pro-amniotic cavity in the embryo (diagram adapted from Weitzer, 2006, Li et al., 2003, Rodda et al., 2002).
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1.2.6.1 Aggregation

On d1 following suspension mESCs form an irregularly shaped aggregate of cells
that are morphologically indistinguishable from one another (reviewed by Murray
and Edgar, 2004). An essential factor in this process is CDH1 (E-cadherin). Cdhl”
mESCs fail to aggregate or undergo differentiation (Larue er al., 1994). CDHI1
stimulates the phosphorylation of the multiple docking protein, GAB1 (Shinohara et
al., 2001), thereby regulating FGF1 activation of the anti-apoptotic PI3K/AKT
pathway (Lamothe et al., 2004) and preventing cell death. In addition, CDHI-
dependent mESC aggregation may be a prerequisite for the restriction of FGF
signalling to the outer cells of the developing mEB and primitive endoderm

formation discussed below.

1.2.6.2 Primitive endoderm formation

After d1 mEBs begin to expand then, at d2-4, bubbles of cells can be seen on the
surface of the mEB (Li et al., 2002, Murray and Edgar, 2000). These outer cells form
a monolayer that covers the entire surface of the mEB (Bader et al., 2001, lkeda et
al., 1999), which then elongate (Murray and Edgar, 2001b) to form hypoblast-like,
extra-embryonic primitive endoderm (Smyth et al., 1999), see Figure 1-3B. Primitive
endoderm is characterised by the expression of Afp (a-fetoprotein, Abe et al., 1996),
Dolichos bioflorus agglutinin (Bader ef al., 2001), Nrtfl (COUP-TF1, Murray and
Edgar, 2001b) and KRT8 (cytokeratin 8), recognised by TROMA-1 antibody. and an

absence of expression of the pluripotency markers Pou5fI (Mountford et al.. 1998)

and Nanog (Hamazaki et al.. 2004).

Primitive endoderm differentiation is dependent on FGF signalling, as demonstrated

by the targeted disruption of Fgf4 (Wilder ¢t al.. 1997). FGF4 is cxpressed in the



ICM and contributes to the maintenance of the endoderm (Goldin and Papaioannou,
2003). The majority of FGF dependent signals go through FRS2, a docking protein
(Lax et al., 2002), that communicates with the adaptor molecule GRB2 (Cheng et al.,
1998). Previously it was thought that FGF4 signalled endoderm induction through
the ERK MAPK pathway, activation of which has been shown to induce endoderm
differentiation in F9 embryonal carcinoma cells (Verheijen er al., 1999). However,
while Fgf4” (Feldman et al., 1995) or Grb2™" (Cheng et al., 1998) mouse embryos
die with defective endoderm formation, Frs2” embryos survive until advanced
gastrulation (Hadari et al, 2001). Subsequent analysis of signal transduction in
mEBs formed from mESCs with a dominant negative Fgf2r mutation which
aggregate but do not form primitive endoderm (Chen et al., 2000, Li et al., 2001a)
revealed that PI3K/AKT pathway rather than ERK MAPK signalling is affected by
FGF activity (Chen et al., 2000, Li et al., 2001b). Downstream of this FGF4, GRB2,
PI3K/AKT cascade are GATA6 and GATA4 (Li et al, 2004a). mESCs can be
induced directly to an endodermal-like phenotype by forced Gata4 or Gatab
expression (Fujikura et al., 2002). Gata4” embryos die between E8.0 and E9.0
during heart morphogenesis (Kuo et al., 1997, Molkentin et al., 1997) whereas
Gata6” embryos die at E5.5-7.5 because of defects in visceral endoderm formation
(Morrisey et al., 1998). Ectopic Gata6 expression can induce Gata4 expression and
loss of Gata6 expression results in the loss of Gata4, whereas loss of Gata4 results in
the up-regulation of Gata6 (Kuo et al., 1997, Morrisey et al.. 1998). Taken together
these results suggests that Gata6 is upstream of Gata4 and behaves as the master
gene for endoderm regulation (Fujikura et al.. 2002). GATA4/GATA6 up-regulate

the expression of the transcription factors Nr2fI and Nr2/2 (COUP-TF2. Murray and
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Edgar, 2001b) which in turn induce laminin 1 subunit expression, such as Lamc! and

Lambl (Li et al., 2004a).

Initially it was perceived that this primitive endodermal cell fate is determined by
intercellular interactions resulting from the cell’s position on the surface of the
aggregate, rather than from heterogeneous cells that migrate to the surface (Becker et
al., 1992, Mountford et al., 1998). In F9 human embryonal carcinoma cell-derived
EBs, the primitive endoderm cells on the EB surface have been suggested to provide
a barrier that prevents factors in the medium from modulating differentiation of
internal cells (Miki, 1999). Recently it was demonstrated that the ICM of E3.5 mouse
embryo is already heterogeneous, with NANOG and GATAG6 expressed in a “salt and
pepper’ pattern. This expression pattern was shown not to be based on blastomere

history or position the ICM (Chazaud et al., 2006).

1.2.6.3 Basement membrane assembly and primitive ectoderm epithelium

formation

Once formed, this outer layer of primitive endodermal cells expresses large amounts
of basement membrane components, largely consisting of laminins (reviewed by Li
et al., 2003). Contact with the basement membrane induces undifferentiated mESCs
in the centre of the mEB to become epiblast-like (Li ef al., 2004a, Murray and Edgar,
2000), see Figure 1-3C. This is associated with up-regulation of Fgf5 (Haub and
Goldfarb, 1991) and down-regulation of Bmp4 (Coucouvanis and Martin, 1995).
although no obvious morphological changes occur (Rathjen ef al., 1999). Once the
basement membrane :s formed epiblast-like cells that are contact become polarised to
form primitive ectodermal epithelium (Coucouvanis and Martin. 1995, lkeda er al..

1999), see Figure 1-3D. This is suggested to bc in responsc to BMP and IHH



signalling from the primitive endoderm (Coucouvanis and Martin, 1999, Maye ef al..

2000).

1.2.6.4 Cavitation

The combination of primitive endoderm, basement membrane and columnar epiblast
epithelium initiates programmed cell death (PCD) in the majority of remaining
epiblast cells that are not in contact with the basement membrane. This promotes
cavitation at the centre of the mEB (Li et al., 2004a, reviewed by Murray and Edgar,
2004). mEBs formed from mESC lines with double knockout of Lamcl, that encodes
the laminin y1 subunit, do not form a basement membrane or columnar ectodermal
epithelium and do not cavitate (Smyth ez al., 1999, Murray and Edgar, 2000, Murray
and Edgar, 2001¢). Apoptosis and autophagy are the two dominant methods of PCD.
In mEBs two autophagy related genes, Atg5 and Beclinl, are essential for cavitation

(Quet al., 2007).

1.2.6.5 Visceral and parietal endoderm formation

Simultaneously to cavitation the outer surface primitive endoderm differentiates to
visceral endoderm (see Figure 1-3F). This has a characteristic columnar epithelial
morphology and expresses markers such as Hnf4a (Hepatic nuclear factor 4, alpha),
Foxa?2, Sox17, Afp, Evxl, Ttr (transthyretin) and Krt8 (Coucouvanis and Martin,
1999, Dufort e al., 1998, Spyropoulos and Capecchi, 1994, Conley et al., 2007).
BMP4 has been implicated in cavitation and visceral endoderm formation and
inhibition of BMP signalling using a dominant negative Bmprlb prevents Hnf4a
expression, cavitation and visceral endoderm formation. Using mEBs formed from a
Bmp4~ mESC line that do not cavitate, it has been demonstrated that media

supplementation with of any one of BMP2, BMP4 or BMP7 can rescuc Hif4u



expression, cavitation and visceral endoderm formation (Coucouvanis and Martin,
1999). Indian hedgehog (IHH) signalling also has a role in visceral endoderm
formation, since the IHH signalling can be inhibited downstream of the signalling
receptor by stimulating PKA activity with cAMP and forskolin (Maye et al., 2000).
Thus promotes the outer primitive endoderm to form parietal endoderm instead of

visceral endoderm.

If transferred onto tissue culture plates, the basement membrane allows mEB
attachment and the surface of the tissue culture plate fulfils a role similar to
Reichert’s membrane (Weitzer, 2006). The remaining primitive endoderm in contact
with the dish is induced to from a spreading sheet of parietal endoderm (Grabel and
Casanova, 1986) which migrates away from the mEB and then undergoes an
epithelial to mesenchymal transition (Bader et al., 2001). This is characterised by
denoted by the up-regulation of Plat (tissue plasminogen activator or t-PA, Bader et
al., 2001) and KRT19 (cytokeratin 19), recognised by TROMA-3 antibody (Sauer et
al., 1998, Murray and Edgar, 2001c), and down-regulation of Afp (Stary et al., 2005).
After attachment, visceral endoderm is maintained as an epithelial bubble on top of

the cell mass (Bader ef al., 2001, Murray and Edgar, 2001a).

1.2.6.6 Definitive germ layer formation

Once mEBs have attached to culture plates the primitive ectoderm epithelium inside
the ring of visceral and parietal endoderm begins to undergo differentiation towards
the three definitive germ layers, endoderm, mesoderm and ectoderm see (Figure
1-3G). mEBs germ layer formation is suggested involve recapitulation of some of the
signalling pathways experienced in vivo and mEBs are thought to express most 1t not
all of the growth factors, signal mediators and transcription factors necessary for the

regulation of embryogencsis in vivo (Weitzer, 2006). In mEBs the parietal endoderm
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has been shown to influence the primitive ectoderm epithelium to differentiate
towards mesodermal lineages, as demonstrated by the detection of a proliferating
horseshoe shaped area of mesoderm, that expresses 7, inside the ring of parietal

endoderm which goes onto form erythrocytes and cardiomyocytes (Bader et al.,

2001).

1.2.6.7 Chaotic differentiation in mEBs due to lack of polarity

The chaotic nature of germ layer differentiation in mEB is most likely due to the lack
of polarity and related asymmetry of gene expression (Weitzer, 2006). The lack of
polarity is due to a combination of mEB cell aggregation, rather than embryo-type
clonal differentiation, and the lack of trophoblast and subsequent extra-embryonic

ectoderm. Polarity has yet to be studied in free floating EBs (Weitzer, 2006).

1.2.7 Primitive endoderm formation and cavitation in human and primate

embryoid bodies

Similar processes to those that occur in mEBs, including radial differentiation,
apoptosis, central cavitation and expression of primitive endoderm associated

markers have been reported in hEBs.

Tkskovitz-Eldor et al., (2000) described H9 hEBs as composed of densely packed
cells at d3 before becoming cavitated at d4, accumulating fluid and becoming cystic
at d14 (with between 20-90% of hEBs cystic at d20). Conley et al., (2007) described
HES-2 hEBs as containing fluid-filled cysts from d7 onwards and observed the
presence of apoptotic cells at d3. 5 and 7. Cavity formation in hEBs was suggested to
be less extensive as than in mEBs (Conley et al., 2007). Apoptosis in hEBs also
occurs before the formation of a visceral endoderm layer, suggesting that the visceral

endoderm may not be required for the initiation of cavitation in the hEB system



(Conley et al., 2007). In addition, in FES22 and FES30 hESCs, only limited

proportions of hEBs formed cavities at d7 (Mikkola et al., 2006).

The presence of primitive endoderm has been described in HES-2 hEBs by the
detection of AFP, KRTS8, and GATAG6 expression throughout d3 and d5 (Conley er
al., 2007). At d7 expression of these markers, as well as TTR, was detected in a thin
layer of cells at the hEB periphery, suggesting differentiation of primitive endoderm
to visceral endoderm (Conley et al., 2007). Primitive endoderm marker expression in
an outer epithelial layer has also been described in d8 H1 hEBs by the detection of
KRT8 (Gerami-Naini et al., 2004) and in d13 HSF6 hEBs by the detection of AFP

(Poon et al., 2006).

hEBs formed from H9 or HSF6 hESCs differentiated in CDM without additional
growth factors grew as homogenous spheres with no apparent tissue organisation at
d10 and neuroectoderm-like differentiation at d11-d14 (Vallier et al., 2004a). In
contrast, when using the same culture conditions, the transgenic over-expression of
NODAL induced 75-95% of hEBs to form three distinct cell layers at d10. AFP was
expressed in the outside layer and POUSF1 was expressed in the inner layers,
although no definitive germ layer differentiation was detected (Vallier et al., 2004a).
Comparison of these properties between lines and differentiation methods has not

been made.

1.2.8 Differences between human and mouse development and their

implications for EB formation and differentiation

There are significant differences between mouse and human development that may
be reflected in EB differentiation. In humans. the first 10 days of embryonic

differentiation are almost exclusively devoted to the formation of the cxtra-
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embryonic membranes whereas the mouse has already reached midgestation by this
point (Dvash and Benvenisty, 2004). This suggests that in vitro hEB differentiation
will be substantially slower than mEB differentiation. Also of particular relevance to
hEB differentiation are the differences in the arrangement of the germ layers. Human
embryos form a planar bilaminar disc, whereas mouse embryos form a more compact
egg cylinder that undergoes germ layer-inversion (Eakin and Behringer, 2004). It has
been suggested that mouse gastrulation, which is substantially more three-
dimensional than human gastrulation may have unique features compared to
gastrulation in other mammals (Tam and Behringer, 1997, Beddington and
Robertson, 1998). Also in the human embryo, extra-embryonic mesoderm is thought
to be derived from the extra-embryonic endoderm before the appearance of the

primitive streak (Bianchi et al., 1993).

Although mEBs only partially mimic the formation process of the embryo, striking
patterning processes have been reported in common marmoset EBs with the
formation of chaotic structures resembling yolk sac, amnion and embryonic disc with
a primitive streak-like structure (Thomson et al., 1996). These complex structures
were not reported in rhesus monkey EBs (Thomson et al., 1995), although the
formation of a bilaminar disc in colonies with the lower layer undergoing a

epithelial-mesenchymal transition was observed (Behr ez al., 2005).
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1.3 MAMMALIAN GASTRULATION

To differentiate hESCs to mesoderm by mimicking in vivo ontology, an in-depth
knowledge of the process of gastrulation is required. Very little data on germ layer
induction and the signalling pathways involved human gastrulation are available, and
only recently has it been possible to perform large scale gene expression studies on
the human blastocyst (Adjaye et al., 2005). In contrast, the mouse embryo is a well
studied example of mammalian gastrulation and the processes involved are now well

understood (reviewed by Tam and Loebel, 2007).

1.3.1 Lineage choice in the mouse embryo

At the morula stage, when the mouse embryo consists of a ball of about 16 cells, the
outer cells express Cdx2 and develop epithelial characteristics (Strumpf et al., 2005),
these cells become the trophectoderm. This trophectoderm forms numerous extra-
embryonic tissues in later in development including the extra-embryonic ectoderm
and the ectoplacental cone (Downs and Davies, 1993). The inner cells of the embryo
form the ICM which gives rise to all embryonic and some extra-embryonic tissues

(Smith, 2005).

At around E4.0 to E4.25 the outer layer of the ICM facing the blastocoelic cavity
differentiates to from the primitive endoderm which contributes cells to form the
parietal endoderm. These cells migrate over the blastocoelic surface and, together
with the trophoblast will, later in differentiation, form the parietal yolk sac which

secretes a basement membrane to form Reichert’s membrane (Salamat et al.. 1995).

At E5.0 the ICM forms epiblast which maintains expression of genes that are
characteristic of pluripotent cells such as Pou5fl. Sox2, Nanog and Sall4. At the

same time, the polar trophectoderm cells differentiate to extra-embryonic ectoderm

62



and remaining primitive endoderm differentiates to form visceral endoderm which
surrounds the embryo and will eventually provide contribute to the visceral

endoderm lining of the extra-embryonic yolk sac (Lawson and Pedersen, 1987).

At ES.5 the remaining polar trophectoderm forms the ectoplacental cone and the
familiar ‘egg cylinder’ shape is formed. The egg cylinder consists of the extra-
embryonic ectoderm formed from the trophectoderm surrounded by extra-embryonic
visceral endoderm at the proximal end (top) of the egg cylinder and the embryo
proper at the distal end (bottom) as shown in Figure 1-4A. The embryo proper
acquires the shape of a cup made of two layers, an outer layer of visceral endoderm
and an inner layer of epiblast. Both the extra-embryonic ectoderm and epiblast
surround the proamniotic cavity (Tam and Behringer, 1997). At this time-point the
proximal-distal patterning of the epiblast occurs (Beddington and Robertson, 1999,
Lu et al., 2001). At E.6.0, anterior-posterior patterning of the embryo occurs (Perea-
Gomez et al., 2004), as shown in Figure 1-4B. At E6.5, gastrulation commences with
the formation of the primitive streak on the posterior side of the embryo. The epiblast
cells then undergo an epithelial to mesenchymal transition, ingress via
morphogenetic cell movements and migrate along the outer surface towards the
anterior pole to form mesoderm and endoderm (Figure 1-4C). At E7.5 mesodermal
cell types become patterned to their respective fates and endoderm and the node are
formed (Figure 1-4D). These two tissues and the ectoderm, the descendents of
epiblast cells that do not pass through the primitive streak. constitute the three
primary germ layers that contain progenitors of all embryonic tissues as well as the
extra-embryonic mesoderm of the yolk sac, the allantois and the amnion (Tam and

Behringer, 1997, Loebel et al.. 2003. Tam and Loebel, 2007, Ang and Constam.
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2004). A diagram of the relationships between cell types in mouse development is

provided in Figure 1-5.
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Figure 1-4: Lineage formation within the E4.5-E7.5 mouse embryos

\) ES.SCTCM (blue cells) and primitive endoderm formation (red cells). B) ES.S, visceral endoderm, extra-embryonic ectoderm (black cells) and epiblast formation (blue
cells). €) ES.75. movement of the visceral endoderm. D) E6.5, primitive streak formation. E) E7.5, continued development of the primitive streak and embryonic and extra-

cmbryonic mesoderm formation. ICM, inner cells mass; VE, visceral endoderm; AVE, anterior visceral endoderm. Diagram adapted from Lu et a/., (2001).
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Figure 1-5: Relationships between cell lineages during mouse development
1.3.2 Signalling in gastrulation

To generate the primitive streak on one side of the embryo, the embryo must have
established proximal-distal and anterior-posterior axis prior to gastrulation (reviewed
by Lu et al, 2001). The processes that establish these asymmetries are now
understood well enough for a gene network of the interactions involved to be formed

(Ang and Constam, 2004, Tam and Loebel, 2007) and are reviewed below.

1.3.2.1 Nodal establishes the proximal-distal axis

NODAL signalling from the epiblast are responsible for the establishment of the
proximal-distal axis (Brennan et al., 2001). Nodal is expressed throughout the
epiblast and visceral endoderm at early post-implantation stages (Varlet et al.. 1997).

fw=

Nodal = embryos arrest shortly before gastrulation and fail to establish a primitive
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streak (Conlon et al., 1994). NODAL is first detected in the ICM and primitive
endoderm at E4.5. Up to E5.5 NODAL has a role in maintaining the expression of
pluripotency markers PouSf] and Nanog as well as Tdgfl (previously known as

Cripto) and Foxd3 in the ICM/Epiblast (Mesnard et al., 2006).

At E4.5-5.5 NODAL also has as role in patterning the embryonic and the extra-
embryonic visceral endoderm. At E4.5, Furin, a convertase enzyme that cleaves the
NODAL precursor to form mature NODAL, is also expressed along with NODAL in
the primitive endoderm. At ES5.0, the distal primitive endoderm has become the
embryonic visceral endoderm and the cleaved mature NODAL induces the up-
regulation of Lhxl, Fgf5, Fgf8, Otx2 and FoxA2. At ES.5 NODAL signals from the
epiblast maintain the expression of Gata4, Hnf4a, Ttr and in extra-embryonic
visceral endoderm whilst they and Furin are down-regulated in the embryonic

visceral endoderm (Mesnard et al., 2006), see Figure 1-6A.

NODAL precursor acts in the extra-embryonic ectoderm via ACRVIA and
ACRV?2A to activate the transcription of Furin along with an additional convertase
enzyme, Pcsk6 (Beck et al., 2002, Ben-Haim et al., 2006). The extra-embryonic
ectoderm then secretes these convertase enzymes into the epiblast then which cleave
the NODAL precursor to form mature NODAL (Beck et al., 2002). NODAL then
amplifies the expression of the co-ligand, TDGF1 (Yan et al., 2002, Beck et al.,
2002). An additional transforming growth factor family member, GDFI, is also
expressed in the epiblast and signals through a similar pathway to NODAL (Chen et
al.. 2006a). The NODAL signalling through SMAD2/SMAD3 also activates an

autoinductive feedback loop mediated by the transcription co-activator, FOXHI

(Dunn et al., 2004). see Figure 1-6B.
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At E5.5, a subset of visceral endoderm at the distal tip of the embryo responds to
NODAL-SMAD?2 signalling by expressing a specific repertoire of genes (Mesnard et
al., 2006, Brennan et al., 2001) including Hhex (Thomas et al., 1998) and the

NODAL antagonists, Lefty! (Perea-Gomez et al., 1999) and Cer! (Belo ef al., 1997).

TGFB1/activi/NODAL receptors ACRV1B (activin receptor A receptor, type 1B)
and ACRV2A (activin receptor A receptor, type 2A) are essential for egg cylinder
organisation and AcrvIb” or Acrv2a” embryos show a developmental arrest before
gastrulation (Gu et al., 1998, Song ef al., 1999) despite the demonstration that activin
A and activin B are both dispensable for gastrulation and embryos develop to term

with no gross defects in mesoderm formation or patterning (Matzuk et al., 1995).

The combination of a proximally localised source of the NODAL activating Furin
and Pcsk6 from the extra-embryonic ectoderm (Beck et al., 2002) and expression
Leftyl and Cerl at the distal/anterior end of the embryo (Perea-Gomez et al., 2002)
result in a proximal-distal gradient of NODAL signalling with highest expression at

the extra-embryonic/epiblast boundary (Lu and Robertson, 2004), see Figure 1-6C.
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Figure 1-6: Establishment of the proximal-distal gradient by NODAL during E5.0 to E5.5

A) E5.0, NODAL precursor protein activates the transcription of Furin which cleaves the NODAL
precursor protein to produce the processed form of NODAL. NODAL signals from the epiblast
repress the expression of genes such as Hnf4a, Gata4, Ttr (transthyretin) and Furin in the extra-
embryonic visceral endoderm (ExVE). Simultaneously, in the embryonic visceral endoderm (EmVE)

NODAL signals up-regulate the expression of Lhx1, Fgf5, Fgf8, Bmp2, Otx2 and FoxA2.

B) ES5.25, NODAL precursor protein from the epiblast acts in the extra-embryonic ectoderm to
activate the transcription of Furin and Pcsk6, by signalling activin receptors 1B and 2A (ACRVI1B
and ACRV2A). NODAL and GDF3, working with a co-receptor TDGF1, specifies the distal visceral
endoderm (DVE).

(). E5.5, The graded signalling of processed NODAL from the epiblast/extra-embryonic boundary is
additionally antagonised by LEFTY 1 and CER1 from the DVE to create the proximal-distal gradient.
Diagram adapted from Tam et a/., (2007).

1.3.2.2 BMP4 and inductive signals from the extra-embryonic ectoderm

Along with roles in epiblast patterning, NODAL also patterns the extra-embryonic
ectoderm through SMAD?2 independent pathways (Brennan ez al.. 2001). NODAL
precursor maintains Bmp4 expression in extra-embryonic ectoderm adjacent to the
epiblast (Brennan er al., 2001, Ben-Haim et al., 2000), see Figure 1-7A. Bmp4

embryos fail to gastrulate and have severe deficiencies of mesoderm (Winnier o7 al..
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1995). Loss of BMPR1 and BMPR2 function also results in reduced epiblast
proliferation and no formation of mesoderm (Mishina et al., 1995, Beppu et al.,
2000).. BMP4 signalling induces Wnt3 which amplifies mesoderm expression in the
epiblast and mediates the induction of mesoderm (Liu er al, 1999). Wnt3 is
expressed at the proximal epiblast and the adjacent proximal visceral endoderm at
E5.0 and subsequently becomes restricted to the posterior epiblast and posterior
visceral endoderm (Liu et al., 1999, Rivera-Perez and Magnuson, 2005). Wn3™"
embryos develop a normal egg cylinder but do not form a primitive streak (Liu ef al.,
1999). Embryos lacking the WNT co-receptors LRP5 and LRP6 also fail to establish
a primitive streak (Kelly et al., 2004). The expression of WNT target genes is
regulated by nuclear -catenin that is bound to transcription factors of the LEF/TCF
family activation of B-catenin (Morkel et al., 2003). Non-phosphorylated B-catenin is
expressed in the extra-embryonic visceral endoderm and subsequently the
anterior/proximal epiblast and primitive streak (Mohamed er al., 2004). Catnb”
(which encodes B-catenin) embryos have a lack of node formation, axis truncation
and diversion of definitive endoderm to mesodermal fate (Lickert ef al., 2002).
Similar to NODAL, one downstream target of BMP4/WNT/f-catenin is 7dgfI (Beck
et al., 2002, Morkel et al., 2003). This forms a positive feedback loop as WNT3 is

necessary to maintain normal expression of NODAL (Liu ez al., 1999).

FGF4 expression is also dependent on NODAL signalling (Ang and Constam, 2004).
FGF4 is expressed in the epiblast and subsequently the prospective primitive streak
(Niswander and Martin, 1992). FGF4 acting through FGFR2 and ERK2 sustains the
proliferation of undifferentiated trophoblast stem cells that express Fomes and Bmp4
(Ang and Constam, 2004). FGF4 also maintains Hnf4a expression in the visceral

endoderm maintaining its identity (Goldin and Papaioannou, 2003).

70



1.3.2.3 Anterior visceral endoderm and anterior-posterior patterning

Around ES.5, the distal visceral endoderm (DVE) cells migrate up the anterior
portion of the embryo to from the AVE (Thomas and Beddington, 1996), see Figure
1-7B. Recently, Leftyl has been demonstrated to be expressed asymmetrically as
early as E4.25. Lefty] expressing cells are located closer to one pole of the long axis
of the blastocyst and this asymmetric expression pattern is induced by transient
NODAL signalling and does not rely on any embryo-uterus interaction (Takaoka et
al., 2006). NODAL signalling is symmetric along the anterior—posterior axis at E5.5
and ES.7, the latter being the time when DVE cells begin to migrate to the AVE
(Yamamoto et al., 2004), therefore the asymmetric expression of Lefty/ may be the
first step towards the anterior-posterior patterning of the embryo (Takaoka et al.,
2007). A role for WNT signalling has also been described in distal visceral endoderm
(DVE) formation and embryos that lack Ctmnbl (as above) or APC (adenomatous
polyposis coli protein, which modulates canonical WNT signalling) result in
impaired DVE formation owing to defective proximal-distal regionalisation of the

visceral endoderm (Huelsken et al., 2000, Chazaud and Rossant, 2006).

AVE precursors cells actively migrate by continuously changing shape and
projecting filopodial processes in their direction of motion (Srinivas ef al., 2004).
AVE precursors also migrate towards the site of elevated Cer/ and Lefiy! expression
and away from the site of ectopic NODAL activity (Mesnard et al., 20006). It is
proposed that the inhibition of NODAL signals reduce cell proliferation on one side
of the embryo, leading to an asymmetric accretion of cells that may also provide a
propulsive force on the DVE population (Yamamoto et al., 2004). The AVE
expresses genes such as Gsc (Filosa er al.. 1997), Owx2 (Ang et al.. 1994). Hex

(Thomas et al., 1998), Lhxl (Perea-Gomez et al.. 1999), Fox.12 (Filosa et al.. 1997),
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Cerl (Belo et al., 1997), Dkkl (Glinka et al., 1998), Nodal and Lefty (Mesnard et al..
2006). Otx2 has been demonstrate to have a role in the movement of the DVE to the
AVE and in Otx2”" embryos a proliferation of visceral endoderm is not affected but

the morphogenetic movement of the visceral endoderm and the expression of Lefty]

and DkkI are ablated (Perea-Gomez et al., 2001).

Cerl, Leftyl, Dkkl, Srfpl, Srfp2 act to restrict NODAL and WNT signalling to the
posterior of the embryo (Kimura et al., 2000, Perea-Gomez et al., 2002, Yamamoto
et al., 2004, Kemp et al., 2005) and maintain the competence of the anterior epiblast
to react to neural inducing signals (Rossant ef al., 2003, Tam and Steiner, 1999).
Formation of the AVE requires Smad? (Brennan et al., 2001) or both FoxA2 and
Lhxl (Perea-Gomez et al., 1999) in the visceral endoderm. AVE migration 1s

abolished in embryos lacking 7dgfI (Lu et al., 2001).

In addition to signals from within the visceral endoderm, signals from the
prospective posterior part of the extra-embryonic ectoderm have been shown to be
responsible restricting the size of the AVE. Removal of the extra-embryonic
ectoderm results in an expansion of the Cer/ expression domain which can be
counteracted by posterior extra-embryonic cells transplanted to the vicinity of the

AVE precursors (Richardson et al., 2006).
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Figure 1-7: BMP4 and FGF signalling in the mouse embryo during E6.0 to E6.5

A) E6.0, BMP4 signalling from the extra-embryonic ectoderm activates a regulatory pathway
involving WNT3 which activates 7 expression initially near the epiblast/extra-embryonic ectoderm

boundary.

B) E6.25, Movement of the Cer/ and Leftyl-expressing AVE to the anterior side of the embryo
establishes an anterior/posterior gradient and the primitive streak forms on the posterior side of the

embryo.

C) E6.5, Expression of Fgf4 and Fgf8, which is downstream of T and is enhanced by the activity of
the NODAL precursor protein, maintains the mesoderm and cells move through the primitive streak.

Diagram adapted from Tam et al., (2007).
1.3.2.4 FGF4, FGF8 and epithelial to mesenchymal transition

At the same time as the DVE moves to the AVE on the anterior side of the embryo,
on the opposite side, expression of markers such as Nodal and Wnt3 progress down
the posterior side (Lu et al., 2001) see Figure 1-7C. The expression of numerous
genes is restricted to the posterior epiblast prior to gastrulation in addition to Nodal
and Wnt3 including 7 (Wilkinson et al., 1990), Mix/] (Pearce and Evans. 1999).
Eomes (Ciruna and Rossant, 1999) and Gsc (Blum er al., 1992). Subsequently. genes

such as Fyx/ (Dush and Martin, 1992), Fgf4 (Niswander and Martin, 1992). and /-g/8

o
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(Sun et al., 1999) are expressed in the developing primitive streak. In chimeric
embryos containing Nodal” mESCs, the Nodal-deficient cells preferentially populate
the anterior compartment of the epiblast, suggesting that cell mixing in the epiblast is
not random and NODAL signalling mediates a cell-sorting process within the
epiblast before gastrulation (Lu and Robertson, 2004). Clonal analysis shows that
epiblast cells are not restricted to their lineage potency prior to recruitment and
ingression (Lawson and Pedersen, 1992). NODAL signalling through
SMAD2/SMAD3 pattern the middle primitive streak derivatives (Dunn et al., 2004)
and selective loss of Smad? in the epiblast results in a failure to specify the anterior
mesoderm and endoderm (Vincent et al., 2003). NODAL can directly up-regulate
some genes such as Mix/] which is strongly responsive through SMAD2/SMAD4 or
SMAD3/SMAD4 and FOXH1 (Hart et al., 2005). The positive feedback loop with
WNT/B-catenin also up-regulates targets including T, Tdgfl, Evx] and Fgf8 (Morkel
et al., 2003). Eomes is required for the expression of 7, Fgf8, Wnt3 and other
proximal-posterior genes (Russ ef al., 2000). In addition maintenance of T expression
in the primitive streak is required for paraxial mesoderm formation and in Wni3a”
embryos T expression is completely absent from the anterior half of the primitive
streak suggesting expression of WNT3A is required for maintenance of 7" expression

(Yamaguchi et al., 1999, Arnold et al., 2000).

FGFs control the specification of and maintenance of mesoderm rather than primary
mesoderm induction (Burdsal et al., 1998, Ciruna and Rossant, 2001). Mutational
analysis of the known Fgf genes have demonstrated that only F; of4 and Fgf8 are
required for early embryonic development (Niswander and Martin, 1992, Crossley
and Martin. 1995, Ciruna and Rossant, 2001). Fgf8 ™ embryos fail to express Fgf4 in

the primitive streak and in the albescence of both FGFS and FGF4 epiblast cells
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move into the primitive streak and undergo a epithelial to mesenchymal transition
but then fail to move away from the primitive streak (Sun et al., 1999) FGFR1 is
expressed throughout the epiblast prior to gastrulation and becomes restricted to the
posterior/primitive streak as gastrulation proceeds (Yamaguchi et al., 1992). FGFR1
has a role in mesoderm cell fate and is required for 7" and 7bx6, a marker of paraxial
mesoderm (Chapman er al.,, 2003), expression in the primitive streak. FGFRI
orchestrates the epithelial to mesenchymal transition at the primitive streak by up-
regulating Srail which functions to repress Cdhl. FGFR1 also functions indirectly in
mesoderm/endoderm cell fate specification, since down-regulation of Cdhl (which
has a potent ability to sequester B-catenin) allows the WNT/B-catenin pathway to

positively regulate T and 7bx6 expression (Ciruna and Rossant, 2001).

1.3.2.5 Mesendodermal cell types

Mesendoderm (also sometimes referred to as endomesoderm) is a bipotent precursor
cell of both the mesodermal and definitive endodermal lineages (Rodaway and
Patient, 2001). Not all mesoderm is derived from the mesendoderm; non-
mesendodermal mesoderm cells are predominantly fated to form somitic tissue/body
muscle, whilst mesendodermal mesoderm is fated to become lineages such as blood
and heart (Warga and Nusslein-Volhard, 1999). The presence of mesendoderm in
zebrafish has been demonstrated lineage tracing (Warga and Nusslein-Volhard,
1999) and by the co-expression of the zebrafish mesendoderm marker, 7. and the
endoderm marker, gataS (Rodaway et al., 1999). The presence of mesendoderm in
Xenopus has similarly been demonstrated lineage tracing (Nieuwkoop, 1997) and by
the co-expression of the Xenopus mesoderm marker. t, and the mesendoderm marker.
mix1 (Lemaire et al.. 1998). Characterisation of mesendoderm in the mousc embryo

is still unclear (Tada ¢ al.. 2005) but the close proximity of mesoderm and cndoderm



formation in the primitive streak supports the concept established in the other model

systems that these lineages are generated from a bipotent population (Kimelman and

Griffin, 2000).

The presence of mESC-derived mesendoderm has been identified by the production
of endodermal cell types from T cell populations that also display mesoderm
potential (Kubo et al, 2004) and, more specifically, by the isolation of a
GSC'CDH1'PDGFRA" expressing population (markers for mesendoderm,
mesoderm and endoderm  respectively) that subsequently diverges to
GSC'CDH1'PDGFRA™ and GSC'CDHI1PDGFRA" intermediates that eventually
differentiate to endoderm and mesoderm lineages respectively (Tada et al., 2005). As

yet the presence of mesendoderm in humans or from hESCs has not been verified.

1.3.2.6 Patterning of the primitive streak

Fate mapping studies demonstrate in the mouse embryo that the order of and the site
of progenitor cell ingression through the primitive streak will determine the fate of
the mesendodermal cell types (Tam and Beddington, 1987, Kinder et al., 1999).
Once the primitive steak is formed over the next 12-24 hr the streak elongates from
the rim of the cup to its distal tip. Here at the anterior end of the primitive streak
specialised organiser structures form progressively, known as the early gastrula
organiser (EGO), mid gastrula organiser (MGO) and the node (Kinder ef al., 2001).
The EGO and the MGO generate the axial mesendoderm, which comprises of the
mesoderm which will populate the midline of the embryo (prechordal plate and
notochord) and the definitive endoderm (which forms the gut tube, lungs and organs
including the liver, pancreas and thyroid). Until the node forms (and hence the
definitive gut endoderm) the embryo is encased in visceral endoderm. The posterior

end of the streak gives rise to the extra-embryonic mesoderm (which forms the volk
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sac vasculature and blood), while the lateral plate mesoderm (which forms the
circulatory system and the gut wall) and paraxial mesoderm (which forms the
somites, the vertebral column and the skeletal muscle) emerge from the intervening

levels of the streak (Kinder ef al., 1999, Beddington and Robertson, 1999, Tam et al.,

2007).

The formation of different populations of mesoderm and endoderm depends on the
expression intensity, duration and locations of NODAL and WNT signalling activity
in the primitive streak (Ben-Haim et al., 2006). Loss of NODAL signalling leads to
the absence of anterior primitive streak derivatives such as the axial and paraxial
mesoderm and the definitive endoderm (Hoodless et al., 2001, Beck et al., 2002,
Yamamoto et al., 2004). Elevation of NODAL signalling (due to the loss of the
transcription of a co-repressor or expression of a NODAL antagonist) results in the
over-expression of mesodermal markers (Meno et al., 1999, Perea-Gomez et al.,
2002). Whether the gradient of NODAL activity exists in the primitive streak is still

not known (Tam and Loebel, 2007).

77



1.3.3 Summary

hESCs, when given the necessary cues, can be induced to differentiate as a
population towards a specified lineage, although current methods for hESC
differentiation result in poor yields of the desired lineages. hEB formation is
currently one of the most successful methods for hEB differentiation and, although
the process of differentiation is poorly understood in hEBs, it is well understood in
mEBs. Given that hESCs represent early embryonic cells, the same mechanisms that
regulate differentiation in the embryo should also regulate differentiation in hESCs.
Using the mouse and Xenopus embryos as models for human development, factors
that induce mesoderm formation in vivo may prove useful to improve the
differentiation of hESCs to mesoderm and therefore provide the greatest population

of cells capable of differentiating towards terminally differentiated mesodermal cell

types.
1.3.4 Thesis aims and objectives
The specific aims and objectives of this thesis are:

e To identify methods for mesoderm induction in Xenopus laevis and apply

them to hESCs.

e To devise a system to standardise the initiation of differentiation of hESCs by

controlling hEB formation suitable for use in a high throughput manner.

e To develop methods for increasing the proportion of mesoderm lineage cells

differentiated from hESCs using simple, optimised treatments.

e To assess the effectiveness of this system in four hESC lines and identity any

inter-line variation.



e To develop a standard spatial and temporal map of hEB differentiation and

compare to hEBs treated with growth factors.
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2 IDENTIFYING PUTATATIVE MECHANISMS OF

MESODERM INDUCTION AND BLOOD DEVELOPMENT IN

XENOPUS LAEVIS

2.1 INTRODUCTION

To improve the efficiency of mesoderm induction and blood development from
hESCs, by mimicking the in vivo development of these lineages, we must understand
the network of factors that direct this differentiation. Mesoderm induction and blood
development have been intensely studied in the African clawed frog Xenopus laevis
(Kofron et al., 1999). Despite differences in morphology between mammalian and
non-mammalian species, the major growth factor signalling pathways and
transcription factor networks in development are largely conserved (reviewed by
Kimelman, 2006) and therefore a valid cross-species comparison can be made. In
addition, Xenopus embryos are externally fertilised and comparatively large which
makes them particularly suited for micromanipulation. That they are also able
translate synthetic, injected mRNA has considerably facilitated higher throughput

gene function studies than is possible in mammals (Harland and Misher, 1988).

2.1.1 Mesoderm induction in Xenopus

Similar to mesoderm induction in the mouse embryo, families of signalling
molecules regulate the various stages Xenopus mesoderm induction. The NODAL
family is involved in mesoderm initiation, FGFs and WNTs are involved in
maintaining the mesodcrm state and BMPs are involved in patterning the mesoderm.
However. numerous experimental models have demonstrated that ectopically
expressed FGFs. WNTs and BMPs are capable of promoting mesodermal

differentiation (reviewed by Kimelman, 2000).
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The Xenopus oocyte is visibly divided into two parts; a lower lightly pigmented

vegetal hemisphere and an upper darkly pigmented animal hemisphere (Figure

2-1A).

Oocyte B Mid-blastula

Animal hemisphere Animal pole

Blastocoel

Marginal zone

Vegetal hemisphere Vegetal pole

Figure 2-1: Xenopus oocyte and mid-blastula embryo

At fertilisation the T-box transcription factor VEGT (also known as BRAT) diffuses
upwards from but is restricted to the vegetal hemisphere by the third, equatorial,
cleavage plane and inherited equally by all vegetal cells (reviewed by Heasman,
20006). As development proceeds VEGT activates the expression of nodalS, nodal6
(previous known as Xnr5 and Xnr6) and gdf3a (previously known as derricre) in a
pathway that requires B-catenin/TCF3 signalling (Rex ef al., 2002). In turn nodal 1,
nodal2 and nodal4 (previously known as Xnrl, Xnr2 and Xnr4) are activated
(Clements et al., 1999, Takahashi ez al., 2000, Onuma et al., 2002). This NODAL
signalling from the vegetal blastomeres induces a broad band of cells in the region
midway between the animal and vegetal poles (the equatorial marginal zone) to

adopt a mesodermal fate (reviewed by Kimelman, 2000).

2.1.2 Mesoderm induction in the animal cap assay

After fertilisation eleven rapid cell divisions follow that divide the embryo into a ball
of 4096 cells. called the mid-blastula. The mid-blastula has a large fluid filled cavity
(the blastocoel) in the animal hemisphere (Figure 2-1B). Mid-blastula cells have

been shown to be pluripotent. demonstrated by the implantation of labelled cells
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from vegetal pole into the blastocoel and subsequent contribution to all three germ
layers (Heasman ef al., 1984). Without additional signalling dissected explants from
the animal pole (known as the animal cap) form ectodermal derivatives in culture,
explants from the equatorial region form mesoderm and explants from the vegetal
pole form endoderm (reviewed by Heasman, 2006). The addition of exogenous
factors to the pluripotent Xenopus animal cap explants can direct the differentiation
to each of the three germ layers (reviewed by Okabayashi and Asashima, 2003),

making this system an useful, well characterised model for the differentiation of

hESC:s.

As with the mouse embryo, the Xenopus embryos has two mesodermal populations
that contribute to haematopoiesis: dorsal mesoderm (analogous to the embryonic
mesoderm in the mouse) that gives rise to the dorsal lateral plate (DLP) mesoderm
(analogous to the P-Sp/AGM in the mouse) and definitive haematopoiesis; and the
ventral mesoderm (analogous to extra-embryonic mesoderm in the mouse) that gives
rise to the ventral blood island (VBI, analogous to the extra-embryonic blood islands
in the mouse) and primitive haematopoiesis (Kau and Turpen, 1983, Ciau-Uitz er al.,

2000) as shown in Figure 2-2.

Dorsal lateral plate

Fraa] definitive haematopiesis

Posterior

Ventral Ventral blood island
primitive haematopoiesis

Figure 2-2: Axis of the Xenopus embryo and positioning of the dorsal lateral plate and ventral

blood island



Numerous factors have been demonstrated to have the potential to induce Xenopus
animal caps to differentiate towards mesoderm and mesodermal lineages including:

BMP4 (Dale et al., 1992); FGF4 (previously known as eFGF, Slack, 1994): and

activin A (Ariizumi et al., 1991).

Animal caps from mid-blastula embryos micro-injected with high concentrations of
bmp4 mRNA at the 1-cell stage differentiate to ventral mesoderm, and can express
globin mRNA suggesting that BMP4 signalling can directly induce pluripotent cells
to differentiate to mesoderm and subsequently erythrocytes (Dale ef al, 1992).
Ectopic expression of bmp4 mRNA in the developing Xenopus embryo results in
ventralisation, that is characterised by a lack of a notochord, decreased muscle
formation, and increased blood formation (Dale et al., 1992, Jones et al., 1992).
Ectopic expression of bmp4 in the embryo is thought not to effect the initial steps of
mesoderm induction, either dorsal or ventral, but instead causes ventralisation during
gastrulation to promote ventral mesoderm and attenuate dorsalising signals (Jones et
al., 1996). Interference of BMP4 signalling with either a dominant negative BMP
receptor (mRNA that encodes a truncated BMP receptor that blocks the BMP
signalling pathway) or using antagonists, such as NOG (noggin) or CHRD (chordin),
results in dorsalisation of the embryo with decreased blood formation (Maeno et al.,

1994, Piccolo et al., 1996).

fgf4 mRNA is expressed maternally and is known to be present at the stage of
mesoderm induction (Isaacs et al., 1992). FGF4 is involved in the establishment and
maintenance of mesoderm through a positive feed back loop with T (brachyury.
Isaacs et al., 1994, Casey et al, 1998). Inhibition of FGF4 signalling in whole
embryos by a dominant negative FGF receptor results in disruption ot the

movements of gastrulation (Isaacs ef al.. 1994). In animal caps. ectopic cxpression of



fgf4 mRNA results in the formation of ventral mesoderm and FGF4 has been

demonstrated to be a substantially more potent inducer of mesoderm than FGE2.

(Isaacs et al., 1994).

Activin mRNAs and proteins are uniformly distributed throughout the embryo until
after mesoderm induction (Dohrmann ef al., 1993) and, although this uniform
distribution could be transformed into an activity gradient by positive or negative
regulators, there is no evidence of such (McDowell and Gurdon, 1999). Therefore
activin is not thought to induce mesoderm in vivo. However, animals caps cultured in
the presence of activin been demonstrated to respond in a concentration dependent
manner with lower concentrations of activin (0.1-1 ng ml') promoting the
differentiation to ventral mesoderm and higher concentrations (5+ ng ml ™) resulting

in more dorsal types of mesoderm (reviewed by Okabayashi and Asashima, 2003).

2.1.3 Transcription factor complexes in haematopoietic development

One transcription factor known to play an important role in haematopoiesis is T-cell
acute lymphocytic leukemia 1 (TALI, previously known as SCL). TALI is a basic
helix-loop-helix transcription factor identified via chromosome translocation of
chromosome 1p32 of in T-cell acute lymphoblastic leukaemia (Begley er al., 1989,
Aplan et al., 1990, Begley et al., 1991, Visvader and Begley, 1991). In Xenoputs
embryos, tall is expressed in the VBI and DLP (Mead et al., 1998, Walmsley et al.,
2002), and gene targeting in the mouse experiments have demonstrated an essential
role in both primitive and definitive haematopoiesis as well as vasculogenesis
(Shivdasani et al., 1995, Robb et al.. 1995, Porcher et al., 1996, Visvader et al..
1998). Tall”” mouse embryos die at E9.5 due to the complete lack of primitive and

definitive haematopoiesis (Robb et al.. 1995, Shivdasani et al.. 1995). Tall”” mESCs



do not contribute to either primitive or definitive haematopoiesis in chimeric mice

(Porcher et al., 1996).

Using a mouse erythroleukaemia cells it has been demonstrated that TAL1 can form
complexes with other transcription factors such as LIM-only protein-2 (LMO2,
previously known as RBTN2, Osada et al., 1995). LMO2 is a member of the LIM
only class of LIM zinc finger proteins and was identified via chromosome
translocation of chromosome 11p13 of in T-cell acute lymphoblastic leukaemia
(Boehm et al., 1991, Royer-Pokora et al., 1991). In the Xenopus embryo, Imo2 is
expressed in the VBI and DLP (Mead et al., 2001). As with Tall” mouse embryos,
Lmo2"™ mouse embryos die at E9.5 due to the complete lack of primitive and
definitive haematopoiesis and Zmo2”" mESCs do not contribute to either primitive or

definitive haematopoiesis in chimeric mice (Yamada et al., 1993).

In mouse erythroleukaemia cells LMO2 can form a bridging complex between TALI
and GATA1 (Osada et al., 1995). The GATA family all have two zinc finger
domains and bind the DNA sequence GATA (Weiss and Orkin, 1995). In Xenopus
embryos gatal is expressed in the VBI (Kelley et al., 1994). Gatal”™ mouse embryos
die at E11.5 due to anaemia caused by the complete lack of mature erythrocytes
(Weiss et al, 1994). In chimeric mice Gatal” mESCs do give rise definitive
erythroid progenitors but Gatal™ erythroid cells arrest at the proerythroblast stage

(Pevny et al., 1991, Weiss et al., 1994).

Along with the LIM binding protein, LDB1, that binds LMO2 (Agulnick et al., 1996,
Jurata et al., 1996) and the ubiquitously-expressed E protein bHLH transcription
factors encoded by tcfe2a (Wadman et al., 1997), TAL1, LMO2 and GATAI can

form the transcription factor complex shown below (Figure 2-3).
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Figure 2-3: TAL1, GATA1 and LMO2 containing transcription factor complex

Relative locations binding locations of the TAL1, LMO2 and GATAI transcription factor complex
constituents. Adapted from Wadman ez al. (1997).

This transcription factor complex recognises the E-box motif (CAGGTG) that lies 9-
12 base pairs upstream of a GATA site and promotes erythropoiesis (Wadman et al.,
1997). In mouse erythroleukaemia cells, over-expression Ldbl inhibits E-box-GATA
DNA binding activity and inhibits erythroid differentiation (Xu et al., 2003). One
target of this transcription factor complex is the gene that encodes erythrocyte
protein band 4.2 (currently referred to as Epb4.2) the protein of which is an

important component of the red blood cell membrane (Xu ef al., 2003).

The transcription factors involved in haematopoiesis can form a variety of different
complexes with different constituents. As haematopoiesis progresses, these
transcription factor complexes change in composition and define differentiation to
different lineages as shown in Figure 2-4 (reviewed by Sieweke and Graf, 1998,

Lecuyer and Hoang, 2004).
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Figure 2-4: Transcription factor complexes during erythroid/megakaryocytic development

Changes in transcription factor complex constituents during erythroid and megakaryocytic

differentiation in the mouse. Adapted from Sieweke and Graf (1998).

2.1.3.1 Ectopic expression of transcription factor complex constituents

It has been established that the injection of mRNA encoding the key elements of the
erythroid transcriptional complex, tall, gatal and Imo2 into the one cell Xenopus.
embryo results in increased primitive haematopoiesis (Mead et al., 2001). This was
demonstrated by an increase in the size of the VBI, detected by the expression of the
primitive erythroid marker, aT4 globin (Banville and Williams, 1985), currently
assigned as hypothetical protein MGC64611. This simultaneous ectopic expression
of tall, gatal and lmo2 also results in hyperventralised embryos with virtually no
dorsal-anterior structures and expression of aT4 globin throughout the body axis
(Mead et al., 2001). Ectopic expression of tall and lmo2 simultaneously results in a
ventralised and truncated body and an enlarged VBI. However, ectopic expression of
either tall, gatal and Imo2 individually results in normal blood island formation
(Mead et al., 2001).

Animal cap explants from mid-blastula Xenopus embryos co-injected with tall. Imo2
and gatal at the 1-cell stage cultured the presence of mesoderm inducing activin or

FGF2 also resulted in a massive increase in the proportion of crythroid cells



produced (Mead et al., 2001). In the same experiment Mead et al., (2001) analysed
the effect of injection of these transcription factors individually, which resulted in a
small increase in the number of erythrocytes, and in pairs, which resulted larger
increase number of erythrocytes than individually injected transcription factors but
still substantially less than the three transcription factors injected together. These
data suggests that tall, Imo2 and gatal synergise in nascent mesoderm to promote
primitive haematopoiesis, although it was not established if this process involves an

increase in the population of haemangioblasts or HSCs.

2.14 Aims

The addition of signalling molecules transcription factors has been shown to augment
erythrocyte differentiation in the Xenopus animal cap assay (Mead et al., 2001), a
system analogous to hESCs. This chapter aimed to utilise the Xenopus animal cap
system to further investigate mesoderm and blood inducing factors that could then be

applied to hESCs.
The specific aims of this chapter were:

e To confirm previous observations that the injection of key constituents of the
blood inducing transcription factor complex, tall, lmo2 and gatal, in to
Xenopus zygote animal pole is capable of increasing the proportion of aT4

globin-expressing erythrocytes.

e To investigate the time-course over which tall, Imo2 and gatal injected into

the zygote animal pole induce aT4 globin expression.

e To investigate whether an increased in erythrocyte production by the above

transcription factors involves the induction of bmp4 expression.



e To determine if increased proportions of a'T4 globin-expressing erythrocytes

is due to an increased population of haemangioblasts.

e To determine if all three transcription factors are required for exogenous

blood induction.

e To determine whether the mesoderm inducers activin B and FGF4 act
synergistically with TAL1, LMO2 and GATA1 in inducing haematopoiesis in

the Xenopus animal cap explant.
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2.2 METHODS

2.2.1 Animals

Animal husbandry was performed by the University of Nottingham Biomedical
Sciences Unit. Mature female X. laevis were purchased from Nasco and males from
Blades Biological. Offspring of these animals were bred in-house. Maintenance was
performed on a 12-hour light cycle at 19 °C in a slow-flowing water system that
results in two water changes per hour. X. laevis were fed two to three times a week,

one being of liver and the remainder pellet food.
2.2.2 Production of mRNA for Xenopus embryo injections

2.2.2.1 Determination of nucleic acid concentrations

DNA and RNA concentrations were assessed using a spectrophotometer (Spectronic
10, Thermo) to monitor UV absorption at 260 nm. Purity of samples was assessed by

the ration of absorption at 260 nm:280 nm.

2.2.2.2 Plasmids

Pre-constructed ppUT2-HA plasmids were used to generate the following mRNAs:

o tall (scl); cloned from Danio rerio, courtesy of M. Gering, (Gering et al.,

1998).
e gatal; cloned from Danio rerio, courtesy of M. Gering (Gering et al., 2003).

e Lmo2: cloned from Mus musculus, courtesy of M. Gering (Gering et al..

2003).

e inhbb (forms activin B homodimer): cloned from Xenopus laevis, courtesy of

B. Afouda (unpublished).
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o fgt4 (efgf); cloned from Xenopus laevis, courtesy of H. Issacs (Isaacs ef al.

1994).

2.2.2.3 Restriction enzyme digestion

Plasmids were linearised using EcoRI (Invitrogen) according to the manufacturer's
instructions. Confirmation of digestion by running 1 upl of the reaction on an

agarose/TAE gel and comparison with the undigested plasmid.

2.2.2.4 Agarose gel electrophoresis

Agarose gel electrophoresis was performed as described by Sambrook and Russell
(2001). 1% agarose (Invitrogen) gels were prepared in 0.5 x TAE (50 x TAE: 2 M
Tris-acetate; 50 mM EDTA). Ethidium bromide (Sigma) was added to the molten
agarose to a final concentration of 0.5 ug ml”'. Samples were supplemented with 2 pi
Gel Loading Buffer (Sigma) run in comparison to 500 ng of Lambda DNA/EcoRI +
Hind III Markers (Promega). Gels were run in 0.5 x TAE at 100v for 30 min then
visualised using a UV transilluminator and photographed using a UVIdoc gel

documentation system (UVltec).

2.2.2.5 Purification of plasmid DNA

Phenol/chloroform protein removal was performed as described in Sambrook and
Russell (2001). One volume of phenol:chloroform:isoamylalcohol (25:24:1) was
added to each sample and the tubes were vortexed thoroughly before centrifugation
at 13,000 g for 3 min at RT in a bench top microfuge. The lower organic protein
containing phase was then removed along with any interface. Tt upper aqueous
phase was then re-extracted to remove any phenol with an equal volume of

chloroform:isoamylalcohol (24:1) with vortexing and centrifugation as before.
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2.2.2.6 Concentration of plasmid DNA

Ethanol precipitation was performed as described in Sambrook and Russell (2001).
Sodium acetate was added to each tube to a final concentration of 0.3 M. 2 volumes
of 100% ethanol at -20 °C were then added and the samples were mixed by pipetting
and incubated at -20 °C for 1 hr. The tubes were then centrifuged at 13,000 g for 20
min at 4 °C. The supernatant was then removed and the pellet was washed with 70%
ethanol and centrifuged at 13,000 g for 3 min at RT. Pellets were air-dried on the

bench for 10 min and re-suspended in ddH,0. Concentrations were established as in

2.2.2.1.

2.2.2.7 Invitro transcription of mRNA for zygote injections

mRNA for embryo injections was transcribed using mMessage mMachine®
(Ambion) kit following manufacturers instructions. To remove plasmid DNA 2U of
DNase 1 (Roche) was added to each sample after transcription and incubated at 37°C
for 15 min. Samples were then purified (2.2.2.5) and concentrated (2.2.2.6 but
replacing the 100% ethanol with isopropanol) and analysed on an RNase-free
agarose/TAE gel by comparison to pre-DNase I treated samples as in 2.2.2.4. mRNA
concentrations were established (2.2.2.1) and cocktails of the following mRNAs
were injected: tall (2.5-100 pg); lmo2 (2.5-100 pg); gatal (2.5-100 pg); inhbb
(activin B, 200 fg); and fgf4 (2 pg). Concentrations of transcription factor mRNA
used were established by serial dilution down from the concentrations used by Mead
et al. (2001). Concentrations of growth factor mRNA used were as those previously
demonstrated to successfully induce mesoderm within the Patient Lab (unpublished).
Concentrations referred to hereafter in experiments where more than 1 mRNA was

injected, indicate the concentration of each mRNA used.



2.2.3 Xenopus embryo production, manipulation and injection

2.2.3.1 Embryo production and manipulation

To obtain embryos adult female X. laevis were injected in to the dorsal lymph sac
with 600U of human chorionic gonadotrophin (Chorulon, Intervet) and kept at 19 °C
overnight. Testes were removed from male X. laevis and maintained at 4 °C in 70%
Liebowitz medium (Flow) supplemented with penicillin/streptomycin (10 pug ml™)
and kept for up to 1 week. Oocytes were squeezed from the female and fertilised
immediately with macerated testis in 0.1 x MBS (88 mM NaCl; 1 mM KCL; 2.4 mM
NaHCO3; 15 mM HEPES.NaOH or Tris. HCL (pH 7.6); 0.3 mM CaNO;.4H,0; 0.41
mM CaCl,.6H,O; 0.82 mM MgS0,.7H,0; 10 pg ml” penicillin/streptomycin
(Invitrogen). After 5 min the sperm was washed off with 0.1 x MBS. After a further
25 min the zygote’s gel coat was then removed using 2% cystene in MBS (pH 8),

before washing four times in 1 x MBS.

2.2.3.2 Zygote injection

Embryos were then transferred to 1 x MBS supplemented with 3% Ficoll (Type 400-
DL, Sigma) and arranged on injection grids. Embryos were injected directly into the
centre of the animal pole with 4 nl of the relevant mRNA preparation using injection
apparatus (PL1-100, Medical Systems Corps.) that had first been calibrated by
adjusting the injection time to produce a bubble of the correct diameter
corresponding to 4 nl. Control embryos were injected with the same dH,0 used for
mRNA dilution. After 1 hour embryos were transferred into 0.1 x MBS. The rate of
embryo development was partially controlled by varying temperature between 14

and 21 °C (14 hr at 14°C or 6 hr at 22°C). Embryos were staged according to

Nieuwkoop and Faber (1967), see Figure 2-5.



2.2.4 Animal cap dissection

For each experimental variable approximately 30 embryos were incubated to stage
8.5 and dissected. The vitelline membrane was removed using steel forceps whilst
embryos were in Petri dishes containing a layer of 1% agarose and 1 x MBS
supplemented with 1% Gentamycin (Sigma). Dissected animal caps were then
cultured in 1 x MBS on 1% agarose, ~15 animal caps were developed to the
equivalent of stage 17 and ~15 to stage 30. Staging was assessed in comparison to

undissected whole embryos as shown in Figure 2-5.

Stage 1
1-cell

mRNA injected into animal cap
animal pole dissection

Figure 2-5: Xenopus embryo stages used

2.2.5 Whole mount in situ hybridisation

2.2.5.1 Preparation for whole mount in situ hybridisation

At stage 17 or 30 embryos were transferred to 1.5 ml Eppendort tubes (having
released stage 30 embryos from their vitelline membranes first). Embryos were tixed
in MEMFA (0.1 M 3-[N-Morpholino] propanesulfonic acid, pH 7.4; 2 mM EGTA;
ImM MgSOy. 3.7% formaldehyde) for one hour at room temperature. MEMFA was
then replaced with methanol twice and the tubes left to stand at room temperature for
30 min. Methanol was then replaced with a fresh aliquot and the tubes were stored at

=20 °C at least overnight.
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2.2.5.2 Whole mount in situ hybridisation

Whole mount in situ hybridisation was performed as described by Harland (1991)
with minor modifications. All steps were carried out using 1 ml volumes in 1.5 ml
Eppendorf tubes at room temperature unless otherwise stated. 10-20 intact embryos
stored in methanol were selected and rehydrated with 75%, 50% and 25% methanol
in PBS/Tween (PBS: 150 mM phosphate buffer, pH 7.2; 0.85% NaCl containing
0.1% TWEEN 20 (Sigma)) for 5 minutes each wash, then washed in PBS/Tween for
5 minutes. PBS/Tween was replaced by bleaching solution (5% deionised formamide
(Sigma); 0.5 x SSC (20 x SSC: 3 M NaCl; 0.3 M sodium citrate, pH 7.0; 10% H;0,)
and tubes were placed on a light box for 5-10 minutes or until the pigment could no
longer be seen. Embryos were then washed three times in 1 ml PBS/Tween for 5
minutes then acetylated in 0.1 M Triethanolamine for 5 min then 0.1M
Triethanolamine with 2.5 pl acetic anhydride twice. Embryos were then washed in
PBS/Tween for 5 min twice. The PBS/Tween was then replaced twice with 0.5 ml
Hybridisation mix (50% deionised formamide (Sigma); 5 x SSC; 1 mg ml"' tRNA,
MRE600 (Sigma); 100 pg mi” Heparin (Sigma); 1 x Denhardt’s; 0.1% Tween 20
(Sigma); 5 mM EDTA) in 0.5 ml volume, and prehybridised for at least 6 hours at 60
°C. The hybridisation mix was then removed and replaced with hybridisation mix
containing 200 ng-1 pg ml" DIG labelled probe (2.2.5.3) and hybridised at 60 °C

overnight.

The hybridisation mix was removed and stored at -20°C (as it can be used three
times). Embryos were washed for 10 min at 60 °C in 50% formamide/5xSSC, 23%
formamide/2xSSC, 2.5% formamide/2xSSC, 2 X SSC,0.1% Tween, 0.2 X SSC.
Embryos were then washed in 0.1% Tween at 60°C for 30 min followed by

PBS Tween at room temp for 5 min three times and in Maleic Acid Bufter (MAB,
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100 mM Maleic acid; 150 mM NaCl; pH 7.5) at room temp for 10 min. Following
this embryos were blocked in MAB + 2% Boehringer Block at room temp for 4-5 hr.
Antibody staining was performed using 1/2000 dilution of Anti-Digoxygenin-AP,
Fab fragments (Roche) conjugated to alkaline phosphatase in MAB + 2% Boehringer

Block at room temp with gentle rocking overnight.

Excess antibody was then washed away with 5 x 1 hr washes in MAB. Embryos
were then equilibrated with a 10 min wash in AP buffer (0.1 M Tris, pH 9.0, 50 mM
MgCl,, 0.1 M NaCl, 0.1% Tween) with gentle rocking then colour development was
performed by incubating embryos at room temperature in AP buffer:BM Purple AP
Substrate, precipitating (Roche) (3:1) at room temp in the dark until the colour had
developed (this was moved to 4°C if overnight) as observed under a light
microscope. Once the colour reaction had developed sufficiently, embryos were
washed twice in PBS/Tween for 5 min at room temperature and fixed in MEMFA for
1 hr then washed for 5 min 3 times in methanol before storage at -20°C. Embryos

were then photographed under bright field optics on a blue background.

2.2.5.3 In vitro transcription of whole-mount in situ hybridisation probes

DIG labelled probes for whole-mount in situ hybridisation were prepared as
described by Harland (1991). Digestion was performed using stated restriction
enzymes (Table 2-1) according to the manufacturer’s instructions. Samples were then
purified (2.2.2.5) concentrated (2.2.2.6) and analysed on an agarose/TAE gel by
comparison to undigested samples as in 2.2.2.4. Concentrations were established as
in 2.2.2.1. Transcription was performed using SP6, T3 or T7 kits (Promega) and DIG

UTP mix (Roche) for 2 hr at 37 °C. Template was then removed with DNasel

(Roche) and the reaction stopped with EDTA to a final concentration of 2 m\M. The
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probe was then concentrated (2.2.2.6) and pellets were re-suspended in hybridisation
mix. A portion of the sample was analysed on an agarose/TAE gel by comparison to

pre-DNase [ samples as in 2.2.2.4.

Table 2-1: Digestion enzymes and transcription kits used in the construct in situ hybridisation

probes
Probe Linearisation Transcription Reference
aT4 globin | EcoRIl(Promega) | SP6 (Walmsley et al., 1994)
fli1 Sma | (NEB) T3 (Meyer et al., 1995)
runx1 Sall (Invitrogen) | T7 (Tracey et al., 1998)
bmp4 EcoRI (Promega) | SP6 M. Jones, unpublished

2.2.6 Real-time PCR

2.2.6.1 RNA extraction

For each sample ~15 animal caps (at either stage 17 or 30) or whole embryos were
snap frozen in dry ice for 15 min, before storage at -80°C. Samples were then
suspended in embryo homogenisation buffer (50 mM NaCl; 50 mM Tris, ph 7.5: 5
mM EDTA, pH 8.0; 0.5% SDS; 1/100 volume Proteinase K). For caps, embryo
homogenisation buffer was supplemented with 10 pg glycogen. Embryos/caps were
disaggregated using a pipette tip, vortexed and incubated for 1 hr at 37°C with
occasional inversion. Samples were then purified (2.2.2.5), concentrated (2.2.2.6)
and pellets were re-suspended in RNase free water. Concentrations were established

asin 2.2.2.1.

2.2.6.2 Reverse transcription
Reverse transcription was performed using M-MLV Reverse Transcriptase Kit
(Invitrogen) and random primers (10mer. Sigma) at 42°C for 90 mun. Optical

densities were established using a spectrophotometer.
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2.2.6.3 Real-Time PCR

Semi-quantitative Real-Time PCR was performed using an Applied Biosystems
Prism 7700 Sequence Detector (Applied Biosystems) using Tagman probes. qPCR
Mastermix Plus (Eurogentec) was used according to the manufacturer’s instructions
in a 25 pl volume containing 1 pl of cDNA, 5 pmol of forward and reverse primers
and 5 pmol of probe. Primer and probe sequences (designed within the Patient Lab)
are included in Table 2-2. All samples were run in triplicate and normalised to
ornithine decarboxylase (odc) expression, known to remain constant in Xenopus
development (Isaacs er al, 1992), using the comparative CT method. Assay
conditions were as follows: 50 °C for 2 min; 95 °C for 10 min; 40 cycles of 95 °C for

15 sec and 60 °C for 1 min.

Table 2-2: Primers and probes used for Real-Time PCR

Primer/probe Sequence
aT4 globin (forward primer) | TCTGAATCTGCTACTTGCTG
aT4 globin (reverse primer) | TCTCCGATCGTCATTCTGCC
aT4 globin (probe) CACACAGGCTGCTTGGGACAAATTCCT
fli1 (forward primer) CTGCAGCCTCGACATTCAATGGATTC
fli1 (reverse primer) CTGGCTTGTCCCGATCTGAA
fli1 (probe) TGTCCCTTCACACCCATCCTCTATGCC
runx1 (forward primer) TGTTGCTGTCTCCCAGTCCT
runx1 (reverse primer) AAAAGTCTCAAAGTTCTCCT
runx1 (probe) CAAATCCCATGCCCAACCCACG
odc (forward primer) AGATCGGCAGCCTTTCACAGAAA
odc (reverse primer) ACACCGTGTCATCAGAAAAGGGC
odc (probe) CTGCAGCCTCGACATTCAATGGATTC

All primer pairs and probes were validated by comparing the reaction efficiency with
that of odc when using a serial dilution of ¢cDNA. A log of the serial dilution of

cDNA was plotted against the difference in threshold cycle value (ACt) between the
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two primer/probe sets. A gradient value <0.1 and a correlation coefficient of 0.95-1

were deemed suitable validation of reaction and detection efficiency.
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2.3 RESULTS

2.3.1 Effect of transcription factor injection into the animal pole on embryo

development and blood marker expression

In order to ascertain the effect of various combinations of tall, Imo2, and gatal
mRNAs on blood development, mRNAs were injected as a cocktail into the animal
pole of a 1-cell Xenopus embryo and embryos were developed to between stages 17
and 30 (Figure 2-6). Whole embryos were then in situ hybridised using probes for:
aT4 globin, a primitive erythrocyte marker (Banville and Williams, 1985); bmp4, a
growth factor involved in mesoderm patterning (Dale ef al., 1992), flil, an early
endothelial marker (Meyer ef al., 1995); and runx1, an early blood marker (Tracey et
al., 1998). All pictures show the typical result for each experiment represented by at

least 75% of embryos.

mRNA injected into

animal pole fli1 and runx1

expression «T4 globin

expression

Stage 1 Stage 30
1-cell Stage 17 ag

Figure 2-6: Transcription factor mRNA co-injection and effect measurement time-points

2.3.1.1 Effect of co- injecting of a combination of tall, gatal and Imo2 on oT4
globin expression

To confirm the effect of the addition of blood development related transcription

factors on primitive haematopoiesis in the whole embryo as seen by Mead et al..

(2001), equal amounts of tall, gatal and Imo2 mRNA were co-injected as above and
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in situ hybridisation was performed using an aT4 globin probe. To minimise the
ventralised phenotype seen by Mead et al., (2001) with co-injection of 1 ng of each
of tall, gatal and Imo2, a dilution gradient was established. Embryos co-injected
with 10, 20, 40, and 80 pg of tall, gatal and Imo2 mRNA were developed to stage 24
as these doses were judged to be embryonic lethal beyond this stage (Figure 2-7).
Embryos co-injected with 2.5, 5, 10, and 15 pg of tall, gatal and Imo2 mRNA were

developed to stage 30.

In general a dose/response relationship was observed between the levels of aT4
globin expression and increasing doses of tall, gatal and Imo2 mRNA. In embryos
exposed to higher concentrations of tall, Imo2 and gatal mRNA (>10 pg), aT4
globin expression was no longer restricted to the ventral surface of the embryo but
was extended laterally up the side of the embryo. These embryos were

hyperventralised and the body axes were severely truncated.

In embryos exposed to 2.5 and 5 pg of tall, gatal and Imo2 mRNA the VBI was

expanded without overt ventralisation and the doses were used in all subsequent

experiments.

Figure 2-7: Expression of aT4 globin at stages 24 and 30 after the co-injection of tall, gatal and

Imo2 mRNA at varying concentrations

~ - < - st ~ " Swwee 1§ P 'd S e ate c ‘3
Embryos were co-injected at the 1-cell stage with between 2.5 pg and 80 pg of tall. gatal and Im¢

mRNA and expression of a4 globin at stage 24 or 30was detected by in sirie hybridisation
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2.3.1.2  Time-course of the effect of the co-injection of tall, gatal and Imo2

mRNA on aT4 globin expression

To assess if the introduction of these exogenous blood development transcription
factors to the zygote animal cap was having an effect on the timing of blood
induction a time-course was performed, developing embryos to stages 17, 19, 21, 24,
and 30 (Figure 2-8). In sham-injected, Control embryos aT4 globin expression was
first detected at stage 24. The of area of expression of aT4 globin was observed
visually to be increased relative to the Control embryos at stages 24 and 30 in
embryos co-injected with 2.5 pg of tall, gatal and Imo2 mRNA and even earlier at
stages 19 and 21 in embryos injected with S pg of tall, gatal and Imo2 mRNA.

Slight ventralisation was also noted in embryos co-injected with 5 pg of tall, gatal

and Imo2 mRNA at both stage 24 and 30.

Figure 2-8: Expression of aT4 globin between stages 17 and 30 after the co-injection tall, gatal

and Imo2 mRNA

Embryos were co-injected at the I-cell stage with 2.5 pg and 5 pg of tall. gatal and Imo2 mRNA and

expression of aT4 globin at stages 17.19, 21, 24, 30 was detected by in sirie hybridisation.
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2.3.1.3 Effect of co-injection of tall, gatal and Imo2 mRNA on bmp4 expression

Since the ventralised phenotype observed after injection of high concentrations of the
tall, Imo2 and gatal mRNA cocktail was reminiscent of the phenotype previous
reported when injecting bmp4 mRNA into the animal pole (Jones er al., 1996).
Embryos co-injected with tall, Imo2 and gatal were in situ hybridised using a bmp4
probe to assess if these three transcription factors induce bmp4 expression (Figure
2-9). Expression of bmp4 was similar to the Control in embryos co-injected with 2.5
pg of tall, Imo2 and gatal mRNA. In embryos co-injected with 5 pg, elevated bmp4

expression was detected at stages 17-24, with a particularly enlarged area of bmp4

expression on the ventral side of the embryo at stage 19 (indicated by arrow).

Figure 2-9: Expression of bmp4 between stages 17 and 30 after the co-injection tall, gatal and

Imo2 mRNA

Embryos were co-injected at the 1-cell stage with 2.5 pg or 5 pg of tall, gatal and Imo2 mRNA and

expression of bmp4 at stages 17. 19, 21, 24. 30 was detected by in situ hybridisation.

2.3.1.4 Effect of co-injection of tall, gatal and lmo2 mRNA on flil and runxlI
expression

The effect of co-injection of tall, gatal and Imo2 in to the animal pole on carly

endothelial (flil; Figure 2-10) and carly blood (runxl. Figure 2-11) marker
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expression at stages 17 and 28 was examined. An increase in the area of marker
expression was observed for both markers relative to the Controls. At stage 17 the
areas of both flil and runx1 expression was increased on the prospective ventral side
of the embryo in a dose/response manner (indicated with arrows on runx1 images,
Figure 2-11). At stage 28 wider flil expression was detected in the DLP and anterior
VBI (Figure 2-11) and wider runx1 expression was detected in the VBI in embryos
exposed to 2.5 pg of tall, Imo2 and gatal and which was expanded laterally in

embryos exposed to 5 pg (Figure 2-11).

Figure 2-10: Expression of flil at stages 17 and 28 after the co-injection tall, gatal and Imo2
mRNA

Embryos were co-injected at the 1-cell stage with 2.5 pg or 5 pg of tall, gatal and Imo2 mRNA and

expression of flil at stages 17 and 28 was detected by in siru hybridisation.
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Figure 2-11: Expression of runx1 at stages 17 and 28 after the co-injection tall, gatal and lmo2
mRNA

Embryos were co-injected at the 1-cell stage with 2.5 pg or 5 pg of tall, gatal and Imo2 mRNA and

expression of runx1 at stages 17 and 28 was detected by in situ hybridisation.

2.3.1.5 Effect of individual injection of tall, Imo2 or gatal mRNA on aT4 globin

expression at stage 17

In order to ascertain whether individual injection of the three haematopoietic
inducing transcription complex members could result in increased erythrocyte
induction, stage 17 embryos injected with 5, 25 or 100 pg of each were examined for
aT4 globin expression. Higher quantities of the individual mRNAs were used as
experiments in Danio rerio have demonstrated that substantially higher quantities of
transcription factors (100 pg) are required to induce globin expression when injected
individually (Gering et al., 2003). At stage 17 no expression of aT4 globin was

detected after injection with either tall, Imo2 or gatal mRNA at concentrations ot 5.

25 or 100 pg. (Figure 2-12).
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Figure 2-12: Expression of aT4 globin at stage 17 after the injection tall, Imo2 or gatal

individually

Embryos were injected at the 1-cell stage with 2.5 pg, 5 pg or 100 pg of either tall, gatal or Imo2
mRNA and the expression of aT4 globin at stage 17 was detected by in situ hybridisation.

2.3.1.6 Effect of individual injection of tall, Imo2 or gatal mRNA on aT4 globin

expression at stage 30

Expression of aT4 globin at stage 30 after injection of individual mRNAs was also
examined (Figure 2-13). In embryos injected with 25 pg of tall, Imo2 or gatal
mRNA the VBI was slightly enlarged compared to Control embryos whereas in
embryos injected with 5 pg of mRNA there was no detectable effect. In embryos
injected with 100 pg of tall or Imo2 mRNA the VBI was of similar size to those
injected with 25 pg. For embryos injected with 100 pg of gatal mRNA the VBI was

substantially increased in size and the embryos were distinctly ventralised.
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Figure 2-13: Expression of aT4 globin at stage 30 after the injection of tall, Imo2 or gatal

individually

Embryos were injected at the 1-cell stage with 2.5 pg and 5 pg of either tall, gatal or Imo2 mRNA

and expression of aT4 globin at stage 30 was detected by in sifu hybridisation.

2.3.1.7 Effect of injection of tall, Imo2 and gatal mRNA in pairs on aT4 globin

expression at stage 17

Transcription factor mRNA was also injected in pair combinations: tall and lmo2;
tall and gatal; gatal and Imo2 (Figure 2-14). In embryos allowed to develop to stage
17, aT4 globin expression was detected in all embryos injected with 5 pg of the pairs
of mRNAs, whereas none was detected in the Control embryos. In particular the
combination of tall & gatal induced the largest and most scattered area aT4 globin
expression. In embryos injected with 25 pg of the pairs of mRNAs the combinations
of tall & gatal and gatal & Imo2 produced similar enlarged and scattered
populations of aT4 globin positive cells whereas tall & Imo2 induced a population

of similar size to that induced by 5 pg of tall & Imo2. In the embryos injected with

107



100 pg of both mRNAs the aT4 globin expression showed a marked decrease

compared to the S pg and 25 pg injected embryos.

Figure 2-14: Expression of aT4 globin at stage 17 after the injection tall, Imo2 and gatal mRNA

in pairs

Embryos were injected at the 1-cell stage with 2.5 pg, 5 pg or 100 pg of either: tall & Imo2, tall &
gatal, or gatal & Imo2 mRNA and the expression aT4 globin at stage 17 was detected by in situ

hybridisation.

2.3.1.8 Effect of injection of tall, Imo2 and gatal in pairs on aT4 globin

expression at stage 30

As above transcription factors were injected in embryos pair combinations and the
embryos were allowed to develop to stage 30 (Figure 2-15). Injecting 5 pg of mRNA
for each of the combinations resulted in a no or very little increase in the area of aT4
globin expression. Injection of 25 pg of gatal & lmo2 mRNA resulted in a more
substantial increase in the area aT4 globin expression. In embryos injected with 25
pg of tall & Imo2 or tall & gatal mRNA, an enlarged VBI was observed. although

tall & gatal injected embryos were partially ventralised. In embryos injected with 23
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pg of gatal & Imo2 mRNA a very large area of aT4 globin expression was detected
along with substantial ventralisation. Injection of 100 pg of tall & Imo2 mRNA
resulted in a further enlarged VBI although with slight ventralisation. 100 pg of tall
& gatal mRNA resulted in more extreme ventralisation without any further increase

in the size of the VBI. Embryos injected with 100 pg of gatal and Imo2 were fully

ventralised and truncated with little expression of aT4 globin detectable.

Figure 2-15: Expression of aT4 globin at stage 30 after the injection tall, Imo2 and gatal in

pairs

Embryos were injected at the 1-cell stage with 2.5 pg and 5 pg of either: tall and Imo2. tall and gatal
or gatal and Imo2 mRNA and the expression of aT4 globin at stage 30 was detected by in situ

hybridisation.
2.3.2  Effect of co-injecting activin B or fgf4 with tall, Imo2 and gatal mRNA
into zygote animal poles on haemangioblast and primitive erythrocyte

gene expression in the animal cap explant

Once it was established that co-injection of tall, gatal and Imo2 mRNA into the

animal pole of the zygote can induce an increase in the haecmangioblast and
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erythrocyte populations in the whole embryo, the animal cap explant assay was used
to quantitate how this system performs in an in vitro setting. mRNA encoding a
mesoderm inducer (either activin B or fgf4, see 2.1.2) was also included to direct the
pluripotent animal cap to mesoderm whereupon tall, gatal and Imo2 can direct
differentiation to haemangioblasts and primitive erythrocytes. Similar experiments
by Mead et al., (2001), using Ing of tall, Imo2 and gatal mRNA and culturing
animal caps in the presence of 100 pM activin resulted in a ~1200 fold increase in

the number of erythroid cells.

Real time PCR was used to quantify changes in gene expression associated with
exogenous mRNA co-injection into the animal pole. Embryos were co-injected at the
1-cell stage with a cocktail of 2.5 pg or 5 pg of tall, Imo2 and gatal mRNA along
with either activin B (200 fg) or fgf4 (2 pg) mRNA. Other embryos were injected
only with activin B or fgf4 mRNA. The animal cap of each embryo (30 per sample)
was then removed at stage 8.5 and half were cultured to the equivalent of stage 17
(by comparative staging to a whole embryo) and the remaining cultured to the
equivalent of stage 30 (Figure 2-16). Tagman real time PCR was then performed on
both stages for markers of haemangioblast (flil and runxl) and primitive erythroid

cell gene expression (aT4 globin).

TEmy

mRNA injected into
animal pole
animal cap removal

Stage 17 Stage 30

Stage 8.5
Figure 2-16: mRNA injection and animal pole explant procedure
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2.3.2.1 Expression of flil and runxl in animal caps cultured to stage 17 after co-

injection of tall, Imo2, gatal and activin B or fgf4

Expression of both flil and runx1 in stage 17 animal caps co-injected with tall, Imo?2
and gatal mRNA without a mesoderm inducer was similar or lower that that of the

sham-injected Control (Figure 2-17).

Where activin B mRNA was used as the mesoderm inducer, no increase in flil
expression was detected when activin B mRNA was injected alone or with the
addition of tall, Imo2 and gatal mRNA. A 2.2 fold increase in runx1 expression was
induced by injection of activin B mRNA alone which was further augmented by 2.5

pg (4.5 fold increase) and 5 pg (10.8 fold increase) of tall, Imo2 and gatal mRNA.

When using injection of fgf4 mRNA as the mesoderm inducer only in combination
with 5 pg tall, Imo2 and gatal was an increase in flil expression detected (9.0 fold).
A small increase runx1 expression was induced by injection of fgf4 mRNA alone
(1.5 fold) which was augmented by 2.5 pg (6.6 fold increase) and 5 pg (20.9 fold

increase) of tall, Imo2 and gatal mRNA.
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Relative expression of fli1 and runx1 at stage 17

25 4
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mfli1
I B runx1

10 T

Relative expression

Whole  Control 2.5pg 5pg Control  activin  activin+ activin+ Control fgfd  fgfd +2.5 fgf4d +5
embryo activin 25pg Spg fgfa Pg Pg

activin - - - - - + + + . -

fgf4 - - - - - - - - - + + +

ranscription
factors - - + + - - + + - - + +

Figure 2-17: Expression of flil and runxl in stage 17 animal caps detected by real time PCR

I opression of (il and runx ] 1 animal caps developed to equivalent of stage 17 was assessed by real time PCR. Experiments were performed co-injecting 2.5 and 5 pg of tall, Imo2
and catal either: without a mesoderm inducer; using activin as the mesoderm inducer; or using fgf4 as the mesoderm inducer. Relative expression was established by comparison to

Control (relative expression 1), sham-injected animal caps. Each data point represents average (+tSEM) of 2 independent experiments.
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2.3.2.2 Expression of flil and runx1 in animal caps cultured to stage 30 after co-

injection of tall, Imo2, gatal and activin B or fgf4

Expression of both flil and runx1 in stage 30 animal caps co-injected with tall, Imo2

and gatal mRNA without a mesoderm inducer was lower that that of the sham-

injected Control (Figure 2-18).

Where activin B mRNA was used as the mesoderm inducer, a small increase in flil
expression (1.3 fold) was detected when activin B mRNA was injected alone. This
effect was abrogated by co-injection of tall, Imo2 and gatal along with activin B
mRNA. Expression of runx1 was not increased by injection of activin B alone but a
small increase in expression was detected after co-injection of activin B and 2.5 pg

(1.7 fold increase) and 5 pg (2.0 fold increase) of tall, Imo2 and gatal mRNA.

When using injection of fgf4 mRNA as the mesoderm inducer a decrease in flil
expression was detected either with or without tall, Imo2 and gatal co-injection. A
similar decrease in runx1 expression was detected in animal caps injected with only
fgf4 mRNA. Conversely co-injection of fgf4 plus 2.5 or 5 pg of tall, Imo2 and gatal
mRNA resulted in a substantial increase in runxl expression (7.6 and 4.7 fold

respectively).
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Relative expression of fli1 and runx1 at stage 30
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Figure 2-18: Expression of flil and runx1 in stage 30 animal caps detected by real time PCR

[ xpression of (Tl and runx i animal caps developed to equivalent of stage 30 was assessed by real time PCR. Experiments were performed co-injecting 2.5 and 5 pg of tall, Imo2
md catal cither: without a mesoderm inducer; using activin as the mesoderm inducer; or using fgf4 as the mesoderm inducer. Relative expression was established by comparison (o

Control (relative expression 1), sham-injected animal caps. Each data point represents average (+SEM) of 2 independent experiments.
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2.3.2.3 Expression of aT4 globin in animal caps cultured to stage 30 after co-

injection of tall, Imo2, gatal and activin B or fgf4

Expression of aT4 globin was detected in stage 30 animals co-injected with tall,
Imo2 and gatal with and without activin B mRNA. This experiment was repeated
twice (two real time PCR experiments performed on the same animal cap cDNA
samples) due to unexpected negative effect of a combination of activin B and tall,
Imo2 and gatal on aT4 expression (see below). In both replicates (Globin 1, blue
bars and Globin 2, red bars; Figure 2-19) injection of tall, Imo2 and gatal mRNA

without a mesoderm inducer did not induced 0'T4 globin expression.

In replicate 1 (Globin 1) injection of activin B mRNA alone was sufficient to induce
an 1130 fold increase in a'T4 globin expression. This effect was reduced when 2.5 pg
of tall, Imo2 and gatal mRNA was added to the activin mRNA (111 fold increase)
and no increase in a’T4 globin expression was detected when 5 pg of tall, Imo2 and
gatal mRNA along with activin B mRNA was co-injected. This result was not seen

in replicate 2 (Globin 2).

In both replicate 1 and 2, injection of fgf4 alone induced an increase in a'T4 globin
expression (1425 and 317 fold respectively) which was augmented by in the addition
of 2.5 pg of tall, gatal and Imo2 mRNA (1825 and 357 fold respectively) and even
further augmented by the addition of 5 pg of tall, gatal and Imo2 mRNA (2215 and

633 fold respectively).



Relative expression of aT4 glcbin at stage 30
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Figure 2-19: Expression of a'T4 globin in stage 30 animal caps detected by real time PCR

[ xpression of al4 globin in animal caps developed to equivalent of stage 30 was assessed by real time PCR. Experiments were performed co-injecting 2.5 and 5 pg of tall, Imo2 and
catal cither: without a mesoderm inducer; using activin as the mesoderm inducer; or using fgf4 as the mesoderm inducer. Relative expression was established by comparison to
Control (relative expression = 1), sham-injected animal caps. Globin 1 and Globin 2 are two real-time replicates performed on the same cDNA samples. Each data point represents

nerage (< SEM) between real time PCR triplicates.
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2.4 DISCUSSION

The objective of this study was to evaluate whether factors known in Xenopus
development to be mesoderm (activin B and FGF4) and blood inducers (TALI,
LMO?2, GATAI) could successfully increase globin expression in Xenopus animal

caps and assess if this improvement occurs through the normal process of

haematopoiesis.

2.4.1 Increased and earlier expression of T4 globin is induced by co-injection

of tall, gatal and Imo2 into the zygote animal pole

Previous experiments using Xenopus embryos have demonstrated that the expression
of T4 globin can be increased by co-injecting a combination of tall, Imo2 and gatal
(1 ng of each) although acute ventralisation of the embryo was also seen (Mead et
al., 2001). By titrating down the concentrations of the combination of tall, Imo2 and
gatal co-injected into the embryos it was possible establish a level which induced
increased oaT4 globin expression without overtly ventralising/posteriorising the
embryo (Figure 2-7), as previously demonstrated in zebrafish (Gering et al., 2003).
Co-injection of 2.5 pg of tall, Imo2 and gatal increased the size of the aT4 globin
expressing area at stages 24 and 30 in comparison to the sham-injected Control
embryos (Figure 2-8), whereas in embryos co-injected with 5 pg of tall, lmo2 and
gatal, T4 globin expression could be detected earlier (at stage 19 and 21) along the
future ventral side of the embryo. In addition, at stages 24 and 30 the area of
expression of aT4 globin was larger in these 5 pg injected embryos relative to 2.5 pg
injected embryos; although slight ventralisation was detectable. Interestingly, high
concentrations of the mRNA cocktail (above 20 pg of each transcription factor) were

embryonic lethal beyond stage 28, although it was not established if this lethality was
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due to hyperventralisation of the embryo or mRNA toxicity. One method of testing
mRNA toxicity would be to inject a scrambled mRNA sequence at the same
concentration as the transcription factor mRNAs. Scrambled mRNA sequence would

also provide a more appropriate Control for Xenopus embryo injection experiments

than injecting water.

Together these results demonstrate that ectopic expression of tall, Imo2 and gatal
are capable of increasing erythropoiesis and may provide a useful method for control
of haematopoiesis in hESCs, although careful attention will need to be paid to

transcription factor dose.

2.4.2 Pairs of transcription factors, but not individual transcription factors,

are sufficient to induce on aT4 globin expression

When injected alone neither tall, gatal or Imo2 induced aT4 globin expression at
stage 17 (Figure 2-12). At stage 30, a small increase aT4 globin expression was
observed in embryos injected with higher concentrations of individual transcription
factors. In particular, injection of gatal appeared to ventralise the embryo and induce
a larger population of a'T4 expressing cells at a concentration of 100 pg than either
tall or Imo2 (Figure 2-13). These results are consistent with those from both whole
embryo and animal cap experiments performed by Mead et al., (2001), who
demonstrated a small increase in the number of erythroid cells when injecting single
transcription factor mRNA into the zygote animal pole, but much less than the three
transcription factors together. When pairs of transcription factors were co-injected all
combinations were capable of inducing aT4 globin expression in the presumptive
ventral region of the embryo at stage 17 although this effect seemed to lessen as
doses were increased (Figure 2-14). At stage 30 all combinations of pairs of

transcription factors induced an increase uT+4 globin expression in a dose-dependent
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manner over 5-25 pg (Figure 2-15). Of interest, when gatal was injected either on its
own at 100 pg, or with tall or Imo2 at either 25 or 100 pg, the embryos became
ventralised. This suggests than gatal or gatal-containing complexes may have a
more prominent role in the induction of factors that increase ventralisation, and may
be responsible for the hyperventralisation seen in embryos injected with high doses
of the three transcription factors together. The lower increase in erythropoiesis in
embryos injected with single transcription factors and lack of induction at stage 17
suggests that, although single transcription factors are able to up-regulate other
transcription factor complex constituents (e.g. Imo2 up-regulation of tall, Mead et
al., 2001), this is not substantial enough to induce increased aT4 globin expression.
In addition of 25 pg and 100 pg of tall and lmo2 induced the largest area of aT4
globin expression with the lowest level of ventralisation when compared to
combinations of tall and gatal or gatal and Imo2. This combination of tall and lmo2
has been demonstrated to be sufficient to induce haemangioblasts in non-axial
mesoderm in zebrafish embryos although, without the addition of gatal, these
haemangioblasts differentiate to endothelial cells (Gering et al., 2003). This suggests
that although a combination of tall and Imo2 may have the least effects on additional
pathways (i.e. those involved in ventralisation), the combination of tall, Imo2 and

gatal will be most suitable for future experimentation in the hESC system.

2.4.3 tall, gatal and Imo2 co-injection induce bmp4 expression

The similarities of the ventralisation phenotype of tall, gatal and lmo2 co-injected
embryos (Mead et al., 2001) with the phenotype of bmp4-injected embryos (Jones et
al.. 1996), lead Mead et al., (2001) to postulate that the combination of tall. gatal
and lmo2 may be able to induce bmp4 expression. Ectopic bmp4 alone is able to

induce erythropoiesis in animal cap explants after injection into the zygote animal
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pole (Dale et al., 1992). Thus, the current study was aimed to test whether co-
injection of tall, Imo2 and gatal directly induced erythrocyte differentiation or
whether these transcription factors induced bmp4 expression which then
subsequently induced erythrocyte differentiation. No substantial increase in bmp4
expression over the Control embryos was detected in embryos injected with 2.5 pg of
tall, Imo2 and gatal (Figure 2-9), although this dose did expanded the area of aT4
globin (Figure 2-8). However, co-injection of 5 pg of tall, Imo2 and gatal had a
more dramatic result with ectopic expression of bmp4 with at stages 17-24,
particularly at stage 19. Once induced, this ectopic bmp4 may be able to form a
positive feedback loop with tall, Imo2 and gatal as bmp4 is known to induce the
expression of these three transcription factors (Zhang and Evans, 1996, Mead et al.,
1998, Mead et al., 2001, Sanada et al., 2003). The bmp4 promoter contains multiple
E-box and GATA binding sites (Kim et al., 1998) and therefore can be induced by
the transcription factor complex that includes tall, Imo2 and gatal. In addition bmp4
can also form a self-inducing auto-activational loop and increase its own expression
(Metz et al., 1998). Therefore, although increased erythropoiesis is can be induced
without ectopic bmp4 expression, as in the case of 2.5 pg injected embryos, this
positive feedback loop may be responsible for the further increased erythropoiesis
detected in 5 pg injected embryos. This result is substantially different to that seen in
zebrafish embryos where the injection of 25 pg of each of tall, lmo2 and gatal
mRNA neither activated ectopic bmp4 expression nor ventralised the embryo yet was
sufficient to cause anterior erythropoiesis (Gering ef al., 2003). Injection of 100 pg of
each mRNA did result in increased bmp4 expression in half of the embryos although
these embryos were not ventralised/posteriorised (Gering et al., 2003). To establish if

this is a true inter-species difference these .\enopus experiments could be furthered
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by the use of a dominant-negative BMP receptor which would clarify if tall, gatal
and Imo2 are able to induce erythropoiesis without the assistance of bmp4. In hESCs,
induction of this positive feedback loop between bmp4 and tall, Imo?2 and gatal may

be beneficial for the production of erythrocytes but could also limit the production of

definitive haematopoietic lineages.

2.4.4 Increased aT4 globin expression occurs through the normal route of

haematopoiesis

To assess if the increased, premature 0T4 globin expression was a result of the
normal route of haematopoiesis in vivo, i.e. through mesoderm to haemangioblast to
HSC to erythrocyte, a potential increase in the haemangioblast population (Walmsley
et al.,, 2002) was investigated using the haemangioblast/endothelial marker, flil
(Ciau-Uitz et al., 2000) and the haemangioblast/haematopoietic progenitor marker
runx1 (Tracey et al., 1998). At stage 17, the co-injection of tall, gatal and lmo2
induced an increase in area of both flil and runx1 expression, in comparison to the
Control embryos, on the prospective ventral side of the embryo (Figure 2-10 and
Figure 2-11). At stage 28 the area of flil expression was increased in both the DLP
and VBI in comparison to the Control embryos (Figure 2-10). The area of runxl
expression was increased in the VBI (Figure 2-11) in a similar pattern to that seen for
the expression of aT4 globin (Figure 2-8), with the area of expression increased
laterally in embryos co-injected with 5 pg of tall, Imo2 and gatal. Taken together
these results suggest that the increase in aT4 globin expression is preceded and
accompanied by an increase in the haemangioblast population and therefore tall,
Imo2 and gatal co-injection induces aT4 globin expression by the normal route of
haematopoiesis as reported in the zebrafish (Gering et al, 2003). This result is

particularly relevant to hESCs as it demonstrates that thesc three transcription factors
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promote the increased differentiation of mesoderm to haemangioblasts, rather than

merely encouraging differentiation of HSCs to erythrocytes.

2.4.5 Induction of haemangioblast marker and aT4 globin expression in

animal cap explants

The induction of substantial number of erythroid cells from animal caps by the co-
injection of tall, Imo2 and gatal mRNA into the animal pole of the zygote, and
culture in the presence of either activin or fgf2 has been demonstrated by Mead et al.,
(2001). To further the understanding of this process and to assess if, as in the whole
embryo, oT4 globin expression is preceded by and increase in the expression of
haemangioblast markers, real time PCR was performed on animal caps at stage 17
and 30. In animal cap experiments a mesoderm inducer is required to direct the
animal cap cells to mesoderm and without a mesoderm inducer animal cap cells will
form atypical epidermis (Okabayashi and Asashima, 2003). In these experiments
activin B and fgf4 were chosen as the mesoderm inducers. Activin B has been
reinstated as a mesoderm inducer in the whole embryo (Piepenburg et al., 2004) and
FGF4 is known to be a more potent inducer of mesoderm than FGF2 (Isaacs et al.,
1994). FGFs synergise with many haematopoietic cytokines to stimulate the
proliferation of haematopoietic progenitors (Huber ef al, 1998, Miyanaga et al,
1999) although FGF4 has also been demonstrated to inhibit BMP4-induced

erythropoiesis (Xu et al., 1999).

A key difference between experiments performed here and those performed by Mead
et al., (2001) is that in these experiments mRNA encoding the mesoderm inducers,
was co-injected into the animal pole of the zygote (stage 1) along with tall. Imo2 and
gatal mRNA rather than culturing the animal caps (stage 8.5) in soluble growth

factor protcin.
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At stage 30 the co-injection of fgf4, tall, Imo2 and gatal mRNA induced a massive
increase in the expression of aT4 globin (Figure 2-19). A less dramatic increase in
aT4 globin expression was also detected with the use of fgf4 alone. This suggests
that although cells induced to form mesoderm (using just fgf4) can form
erythrocytes; this process is greatly improved when cells are also further directed to
the blood lineage using the haematopoietic transcription factors. Also no increase in
aT4 globin expression was detected when using the combination of transcription
factors alone without either of the mesoderm inducers therefore directed
differentiation to mesoderm is an obligatory step required for haematopoiesis.
Although globin expression is a well established marker of erythrocytes, these
experiments could have been further enhanced by isolating cells from the stage 30
animal cap samples, adhering them to a slide and performing Wright-Giemsa stain to

allow the visual identification of primitive erythrocytes.

At stage 17 high levels of both fill and runx1 expression were detected in animal
caps from embryos co-injected with fgf4, tall, Imo2 and gatal (Figure 2-17). Co-
injection of activin B, tall, Imo2 and gatal had a lesser effect on runx1 expression
and no effect on flil expression. In animal caps embryos from embryos co-injected
with fgf4, tall, lmo2 and gatal and developed to stage 30, runx1 expression was
substantially lower than that detected at stage 17 and little flil expression was
detected (Figure 2-18). Together these results suggest that, as with the whole
embryo, tall, Imo2 and gatal-induced erythropoiesis occurs through the normal route

of haematopoiesis.

Taken together this work demonstrates that tall, lmo2 and gatal do act
synergistically in a multi-protein complex to promote primitive erythrocyte

formation. At higher concentrations this combination of transcription factors also



induces bmp4. bmp4 may then form a positive feedback loop by forming and auto-
inductional loop with itself whilst also increasing the expression of the transcription
factor complex constituents which in turn increase bmp4 expression. At lower
concentrations tall, Imo2 and gatal induce an increase in oT4 globin expression
without ventralisation or ectopic expression of bmp4. Also demonstrated is that this
increase in aT4 globin expression is preceded by an increase in haemangioblast
markers which indicates that tall, Imo2 and gatal act to increase the haemangioblast

population rather than simply specifying erythrocyte differentiation.

2.4.6 Potential for use of this system in hESCs

A key difference between the animal cap assay and hESCs is that although animal
cap cells are pluripotent, when allowed to differentiate without the addition of
growth factors they form atypical epidermis whereas hESCs will form cells of the
three germ layers suggesting that animal cap cells are from a later stage of
development. In addition injection of mRNAs in the animal pole of the single cell
zygote and removal of the animal cap at stage 8.5 in Xenopus does not have an
analogous human system as injection would have to be made into the human zygote
and a hESC line derived from the blastocyst. Therefore to adapt this mRNA injection
system to hESCs a different delivery route will be required such as transfection
although as yet, the introduction three separate genes into human cells, as would be
required for tall, Imo2 and gatal, has not been demonstrated. This work does
provide proof of principle of a system that can successfully induce erythropoiesis
through the normal route of haematopoiesis and therefore provide the first step

towards creating a similar system in hESCs.
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3 OPTIMISING AN EMBRYOID BODY SYSTEM FOR
EVALUATING DIFFERENTIATION STRATEGIES IN

HUMAN EMBRYONIC STEM CELLS

3.1 INTRODUCTION

Methods for differentiation of hESCs to the mesodermal lineage from are still in their
infancy and optimised differentiation protocols that are efficient and work across a
range of hESC lines have yet to be established. One of the most frequently used
methods for controlling haematopoietic and cardiac differentiation is via hEBs. hEB
lineage induction relies on the innate propensity of hESCs to randomly differentiate
to the three germ layers when cultured as three dimensional aggregates, usually in
the presence of undefined FBS and the absence of pluripotency-maintaining growth
factors. Once formed, to direct differentiation to a particular cell type, hEBs are
treated with lineage-specific growth factors, then enriched by selected according to
relevant blood and cardiac surface/intracellular markers. The common ‘mass culture’
method for hEB formation results in highly heterogeneous hEBs with potential
contamination with MEFs. This heterogeneity results in a population of hEBs that
that differentiates asynchronously, complicating the identification of factors that

direct differentiation towards a particular lineage.

This chapter details the establishment of a forced aggregation system to promote
hESC differentiation in a more homogeneous and therefore reproducible manner.
This system was then used to identify and evaluate differentiation in CDM, with and
without the addition of growth factors, to assess hEB formation in a serum free
environment. This system will allow clearer future insight into the factors that eftect

hI'SC  differentiation and aims to provide a platform for first increasing



differentiation to mesoderm in a controlled manner and thus producing a progenitor
greater population that is capable of haematopoietic and cardiac differentiation. Inter-
line variability of differentiation in this system across four hESC lines has also been

examined to establish the generic applicability of the technique.
3.1.1 Methods of mouse embryoid body formation

3.1.1.1 Mass culture

Numerous methods have been devised for the formation of mEBs (reviewed by
Desbaillets et al., 2000, Dang et al., 2002). Static suspension in mass culture is the
most widely used for forming mEBs and involves partial disaggregation of the
colonies from the MEF feeder layer before either seeding onto culture gelatine-
coated bacteriological Petri dishes for 1-4 days in culture medium with or without the
addition of LIF (Williams er al., 1988) then/or transferring to untreated dishes
allowed to form aggregates in a medium containing 15-20% FBS without LIF
(Doetschman et al., 1985). Spinner flasks have also been demonstrate for successful

mEB cultivation (Wobus et al., 1991).

3.1.1.2 Induced aggregation

The ‘hanging drop” methods is commonly used for mEB formation and involves the
suspension of 400-1000 mESCs from the lid of a Petri dish, after 2 days of
incubation mEBs are harvested and subsequently cultivated in suspension
(Wartenberg et al., 1998). It has also been established that there is a optimum
number of mESC cells formed in hanging drop mEBs that gives rise to the highest
number of cardiomyocytes (Bader et al., 2001), therefore mEB size may havc a
crucial role in directing differentiation towards a particular lineage. Although the

hanging drop method has been used to form hEBs from clumps of hESCs (Yoon e
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al., 2006, Baharvand er al., 2006¢) it has not yet been demonstrated that fully

disaggregated hESCs will form hEBs in this manner (Reubinoff et al., 2000).

More recent methods for mEB formation have involved using 96-well U bottom
plates coated with the polymer 2-methacryloyloxyethyl phosphorylcholine to reduce
the adhesion of cells and successfully form mEBs without the need for centrifugation
with mEB size correlating to seeding cell number (Konno et al., 2005). Also an
attempt has been made to ‘engineer’ mEBs by aggregating mESCs using
biotinylation and avidin cross-linking which proved successful for improving bone

nodule formation (De Bank et al., 2007).

3.1.1.3 Semi-solid methylcellulose

Suspension of single cells in semi-solid methylcellulose and subsequent growth
allows the formation of clonal mEBs (Keller et al., 1993). It is suggested that mEB
size may be self-regulated, perhaps resulting from the lack of some developmental
cue(s), demonstrated by experiments demonstrating that mEBs whether generated
from 1 cell or 1000 cells are equivalent by d12 (Dang et al., 2002). hEBs have yet to
be demonstrated initiate from single cells (Daley, 2003) therefore formation in semi-
solid methylcellulose medium is unlikely possibly due to hESCs poor survivability at

clonal levels (Amit et al., 2000).

3.1.2 Methods of human embryoid body formation

The three main methods for successful hEB formation: static suspension culture;
bioreactors, spinner flasks and stirred culture vessels: and forced aggregation are

reviewed below.

3.1.2.1.1 Static suspension in mass culture

127



The standard method for hEB formation involves culture of hESCs on MEFs
followed by dissociation from the feeder layer in to small clumps of cells. These
clumps can be formed by either manual dissection into approximately 200 um pieces
(Khoo et al., 2005), or a combination of dissection/scraping, pipette tip dissociation
and enzymatic treatment (Gerecht-Nir et al., 2005). For enzymatic dissociation,
clumps of different cells numbers have proven optimum for hEB formation: 3-20
cells with collagenase IV (Kehat er al., 2001); ~100 or more cells with collagenase
IV (Mummery et al., 2002); 500 to 800 cells with dispase (He et al., 2003). Partial
disaggregation with trypsin has also been used although yields a hEBs of
heterogeneous sizes (Sottile et al., 2003). Clumps are then suspended in a medium
containing 20% FBS without FGF2 in non-treated Petri dishes for 4 to 10 days

(Kehat et al., 2001, Cui et al., 2007, Mummery et al., 2002)

3.1.2.1.2 Bioreactors, spinner flasks and stirred culture vessels

The use of bioreactors or spinner flasks, horizontally rotating fluid-filled culture
vessels, is particularly amenable to scale-up of the process to produce clinically
significant numbers of cells (Cameron et al., 2006) although one problem might be
the expense of defined media on a large scale. Bioreactors have been demonstrated to
enhance the efficiency of hEB formation (Gerecht-Nir e al., 2004a) and stirred
culture vessels have improved hEB proliferation (Cameron et al, 2006).
Agglomeration between two mEBs has been demonstrated as the major process
limiting cell proliferation and differentiation, a process which is accelerated in stirred
culture (Dang et al., 2002) although it is suggested that this can be avoided by using
bulb-shaped impellers rather than paddie-type impellers (Schroeder et al.. 2005). The

encapsulation of mESCs in size-specific support matrices combined with culture in
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stirred suspension bioreactors have proved successful for producing large quantities

of haematopoietic progenitor cells (Dang et al., 2004).

3.1.2.1.3 Forced aggregation

To improve the heterogeneity of hEB size a forced aggregation has been used (Ng et
al., 2005b). This system involves depositing a know number of hESCs grown on
MEFs in round-bottom ultra low attachment 96-well plates then aggregating the cell
into hEBs by centrifugation After 8-12 days, these hEBs were transferred to tissue-
culture treated plates to differentiate further and demonstrated superior
haematopoietic precursor frequencies than have previously been reported in serum-
free cultures (Tian et al., 2004). Also noted was the effect of initial numbers of
hESCs on propensity to differentiate to the haematopoietic lineage with 3000 cells

per well producing the highest percentage of hEBs forming blood.

Of all of the methods for hEB formation forced aggregation provides the greatest

control over hEB size and cell-cell interaction.

3.1.2.2 Embryoid body adhesion

Once hEBs have formed and developed they become adherent. mEB formation
followed by plating of cells on gelatine (reviewed by Conley et al., 2004b) or
fibronectin coated plates (Carpenter et al., 2001) is frequently used to continue
differentiation. Typically hEBs have been cultured in suspension for 4 or more days
before plating on specific matrix components for further differentiation (reviewed by
Carpenter et al., 2003). Dang et al. (2002) noted no difference in the kinetics or
frequency of haematopoietic development between suspension culture, semi-solid
methylcellulose medium or hanging drop techniques although, importantly, they

demonstrated that attachment prior to d4 impairs haematopoietic development of
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mEBs as the mEBs quickly flatten out and loose 3-D structure. Collagen 3D
scaffolds have been demonstrated to be useful in the differentiation of hepatocytes
from hEBs, and this strategy is suggested to more closely resemble in vivo

environment than standard hEB culture (Gerecht-Nir ez al., 2004b, Baharvand ez al..

2006b).

An overview of the variables in steps that can be used in hEB formation and

development is shown in Table 3-1.

Table 3-1: Summary of strategies used for hEB formation and differentiation

Summary of the strategies used for hEB formation, including methods of standard culture, methods
for culture just prior to hEB formation (Preparation), enzymatic and non-enzymatic dissociation
methods, methods for hEB aggregation, hEB growth/development and finally surfaces used for hEB

adhesion. TC, tissue culture; CDM, chemically defined medium; FBS, foetal bovine serum.

Culture Preparation | Dissociation | Aggregation | Development Adhesion
. Suspension Conditioned Gelatin-coated
MRS Cispasa culture medium TC dish
MEFs ‘
e Collagenase Poiel] foteed 15-20% FBS
MEFs aggregation .
TC dish
Collagen TC ; .
Elasies Trypsin Stirred vessel Growth factors
Matrigel el st
! . : -well fla
Matrigel Scraping Bioractor CDM it

3.1.3 Factors affecting hEB formation and development

The pattern and efficiency of differentiation are affected by parameters like hESC
cell density, media components and amino acids, growth factors and extra-cellular

matrix proteins, pH and osmolarity and the particular batch of FBS (Weitzer, 2000).

3.1.3.1 Chemically defined media

The use of CDM removes numerous variables facilitates greater understanding of the
factors involved in differentiation. CDM has been successtully used for neuronal
differentiation of hESCs (Zhang et al., 2001, Li et al., 2005, Nasonkin and Kohatsos,

2006) and for haematopoietic difterentiation. albeit with the addition ot a number of

5
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growth factors (Ng et al., 2005b). The most commonly used CDM is that first used
for mEB differentiation by Johansson and Wiles (1995), although the same authors
also suggest that mesodermal differentiation is inhibited in strictly serum-free

conditions (Wiles and Johansson, 1999).

3.1.3.2 Effects of growth factors on differentiation

Controlling the growth factor environment that hESCs are exposed to allows us to
study how these factors influence cellular differentiation. As detailed in Chapter 1
(1.3) and Chapter 2 (2.1.1), mouse and Xenopus studies have implicated the TGFp,

FGF and WNT families in mesoderm induction.

Activin A has been demonstrated to increase the expression of markers of mesoderm
in d4 and d5 mEBs such as 7, Mix/l and Gsc, (Ng et al., 2005a, Johansson and
Wiles, 1995, Tada et al, 2005). Activin A has been demonstrated to restrict
differentiation of hEBs to the mesodermal lineage (Schuldiner et al., 2000). The
addition of activin A to hESCs has also been shown to induce differentiation to
endodermal rather than mesodermal lineages (Levenberg et al., 2003, D'Amour et
al., 2005). This was suggested to only occur when PI3K signalling through
insulin/IGF is suppressed (McLean et al., 2007). This apparent paradox in activin A
effect is likely explained by the a dose effect, as seen in Xenopus animal caps, where
lower concentrations promote mesodermal lineage and higher concentrations

promoting endodermal lineages (Okabayashi and Asashima, 2003).

NODAL has been demonstrated to maintain pluripotency whilst reducing
differentiation to the neuroectodermal linage (Vallier et al., 2004a) Inhibition of

NODAL decreases the expression of LEFTY! and LEFTY2 as well as T and



increases expression of ectodermal markers, suggesting that NODAL has a role in

promoting differentiation to the mesodermal lineage (Dvash ez al., 2007).

BMP4 has been suggested to be a more potent mesoderm inducer than activin A
(Johansson and Wiles, 1995, Ng et al., 2005a) but induces it mesoderm markers
(such as T) only transiently, suggesting that that BMP4 induces extra-embryonic
mesoderm and primitive haematopoiesis (Wilkinson et al., 1990, Johansson and
Wiles, 1995) rather than embryonic mesoderm which produces cardiomyocytes and

definitive haematopoiesis.

FGF2 has a well established role in maintaining hESC pluripotency (see
Introduction, 1.1.7) however treatment of hEBs from d0 onwards with the FGF
receptor inhibitor SU5402 demonstrated a significant reduction of expansion by d4
and <1% cell survival by d8 (Joannides ef al., 2006). In mEBs, a dominant negative
FGFR2 abrogated the formation of the primitive ectoderm layer, by affecting
basement membrane formation and mEBs became necrotic after 6-8 days (Li et al.,
2001a). These results suggest that FGF2 signalling is essential for hEB growth and
development. FGF2 has also been demonstrated to alter the fate of mouse epiblast
cells to mesoderm in vitro (Burdsal et al, 1998) and be essential for mEB
differentiation via signalling through PI3K (Chen et al., 2000). In Xenopus, FGF4
has been demonstrated to have a role in mesoderm induction (Isaacs et al.. 1994). but
in the mouse and in mESCs, FGF4 has been suggested to have a role in maintaining

trophectoderm (Feldman er al., 1995, Goldin and Papaioannou, 2003. Guzman-Ayala
et al., 2004)
Growth factors that have been used to direct hESC difterentiation are reviewed in

Table 3-2.



3.1.4 Low molecular weight differentiating agents

It is possible that small molecules can drive differentiation by driving up- or down-
regulation of transcription factors. Steroids are likely candidates given that they can

directly activate nuclear receptors (Pouton and Haynes, 2005).

All-trans retinoic acid (RA), is essential for mouse normal embryonic development
and plays key roles in cell differentiation, proliferation and apoptosis in a
concentration dependant manner (reviewed by Ross et al., 2000). Undifferentiated
hESCs express retinoid receptors (Huang et al., 2006). In hESCs high concentrations
of RA have been shown to induce smooth muscle (Huang et al., 2006) and neurons
(Carpenter et al., 2001, Li et al., 2005) but not to be inductive for cardiomyocytes
(Xu et al., 2002a). DMSO has also failed to induce hESCs to cardiomyocytes (Kehat
et al., 2001, Xu et al., 2002a). 5-aza-2’-deoxycytidine, a demethylating agent, has
been demonstrated to successfully improve the differentiation hEBs to
cardiomyocytes (Mummery et al., 2002, Xu et al., 2002a, Yoon et al., 2000, Cui et
al., 2007), as has ascorbic acid (Passier et al., 2006). A combination of
dexamethasone, ascorbic acid-2-phosphate and B-glycerolphosphate has been
demonstrated to promote both mesenchymal stem cell and osetogenic differentiation

(Olivier et al., 2006, Sottile et al., 2003, Bielby et al., 2004).

Low molecular weight differentiating agents that have been used to direct hESCs

differentiation are reviewed in Table 3-2.



Table 3-2: Directed differentiation of hESCs using growth factors and low molecular weight differentiating agents

Table of growth factors and low molecular weight differentiating agents that have been used to direct hESC differentiation. Adapted from Trounson (2006).

Trophectoderm

FGF2, BMP4

rophectoderm

Xu et al., 2002b

( )
Extraembryonic endoderm BMP2 Yolk sac (Pera et al., 2004)
EGF, FGF2, PDGF-AA, IGF1 Neurons (Carpenter et al., 2001)
RA, NGFB Neurons (Schuldiner et al., 2001)
NOG Neural progenitors (Pera et al., 2004)
FGF2, RA, BDNF, TGF-a Dopaminergic neurons (Park et al., 2004a)
| Ectoderm NOG Neural progenitors (Gerrard et al., 2005)
FGF2, FGF8, SHH Forebrain and midbrain TH+ neurons | (Yan et al., 2005)
FGF2 Transplantable neural progenitors (Zhang et al., 2001)
FGF2, EGF, RA, DMSO Oligodendrocytes (Nistor et al., 2005)
FGF2, RA, SHH, BDNF, GDNF, IGF1 Motor neurons (Li et al., 2005)
NOG, DKK1, IGF1 Retinal progenitor cells (Lamba et al., 2006)
WNT3A, END3, SCF, Melanocytes (Fang et al., 2006)
LSXEEbr=one, asenrols spii-2-phospimats, f- Mesenchymal stem cells (Olivier et al., 2006)
glycerolphosphate
Dexamethasone, ascorbic acid-2-phosphate, [3- Osteogenic cells (Sottile et al., 2003)
glycerolphosphate
BMP2 Chondrogenic cells (Toh et al., 2007)
| Mesoderm 5-aza-2'-deoxycytidine Cardiomyocytes (Mummery et al., 2002)
BMP2 Cardiomyocytes (Mandal et al., 2006)
| BMP4, SCF, FLT3L, IL3, IL6, GCSF Blood (Murdoch et al., 2002)
SCF, TPO, FLT3L Blood (Tian et al., 2004)
VEGF, BMP4 Blood (Cerdan et al., 2004)
SCF, FLT3L, TPO, IL3, IL6, GCSF Blood (Zhan et al., 2004)
BMP4, VEGF, SCF, FLT3L, IL6, IGF2 Blood (Ng et al., 2005b)
- Sodium butyrate, DMSO Hepatocytes (Rambhatla et al., 2003)
Endoderm FGF2, nicotinamide Pancreatic and Beta-cells (Segev et al., 2004)

activin A and low FBS

Definitive Endoderm

(D'Amour et al., 2005)

activin A and PI3K suppression

Definitive Endoderm

(McLean et al., 2007)
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3.1.5 Aims

Substantial heterogeneity exists in hEBs formed from using the mass culture
technique. This heterogeneity hinders the analysis of conditions that improve
directed lineage differentiation. Using a forced aggregation methodology along with
CDM and growth factors that maintain cell viability and promote mesoderm
induction, it will be possible to devise a system optimised for mesodermal lineage
differentiation. This system will also be tested in multiple hESCs lines to confirm

transferability.
The specific aims of this chapter are:
e To assess mass culture heterogeneity.

e To devise a system for controlled hEB formation that improves hEB
homogeneity and allows robust differentiation towards the mesodermal

lineage.

e To analyse the effect of the system on multiple hESCs lines to confirm

transferability and assess inter-line variation.

e To quantify improvements of differentiation to mesoderm derivatives.



3.2 METHODS

3.2.1 hESC culture

The following manually passaged hESC cell lines were used: HUES-7 (p11), kindly
gifted by Harvard University (Cowan et al., 2004); BGO1 (p24) purchased from
BresaGen (Mitalipova ef al., 2003) and NOTT!1 (p22) and NOTT2 (p18) derived at
The University of Nottingham (Burridge er al, 2007). After progression from
manual passage on MEFs, continued culture was maintained by enzymatic trypsin
passaging on MEFs (CD1 strain, E13.5) and feeder-free culture with trypsin
passaging on Matrigel. Briefly, for co-culture MEF feeders were first maintained in
75 cm?® tissue culture flasks (Falcon, BD Biosciences) with MEF medium which
consists of DMEM high glucose (Invitrogen) supplemented with 10% foetal bovine
serum (FBS; EU Approved, Invitrogen), 2 mM Glutamine (Sigma) and 1% Non-
Essential Amino Acids (Sigma) and passaged by exposure to a minimal volume of
0.05% Trypsin-EDTA (Invitrogen) for 1 min at 37 °C, followed by tapping of the
flasks to liberate single cells. At p2 MEFs were mitotically inactivated for 2.5 hours
with 10 ug ml™ mitomycin C, trypsin passaged and seeded at 6 x 10* cm™ onto 35,
65 or 90 mm tissue culture dishes or 8-well chamber slides (NUNC) and used 24-48
hours later. For creation of conditioned medium for hESC feeder-free culture
mitomycin C treated p2 MEFs were plated into T75 flasks as before. Standard
culture medium, referred to as BGK in Denning et al., (2006), which consists of
DMEM-F12 (Invitrogen) supplemented with 15% Knockout serum replacement
(Invitrogen), 2 mM Glutamine (Sigma) and 1% Non-Essential Amino Acids. 100 uM
2-Mercaptoethanol (Sigma) and 4 ng ml”!' FGF2 (Peprotech) was conditioned for 22-
26 hours on mitomycin C treated MEFs, pooled and supplemented with an additional

4 ne ml™' FGF2 (referred to as conditioned medium). Medium was conditioned for 3
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consecutive days and unused aliquots were frozen for use at a later date. Feeder-free
hESC cultures were maintained on 25-75 c¢cm® tissue culture flasks (Falcon, BD
Biosciences) coated with Matrigel (Matrix Growth Factor Reduced, BD Biosciences)
in conditioned medium and passaged with trypsin (Denning et al., 2006, Xu et al.,
2001). All culture was carried out at 37 °C in a humidified atmosphere containing
5% CO,. Medium was changed daily for hESC culture. All lines were shown to be
karyotypically normal before use and expressed high levels of the stem cell markers

SSEA4, TRA-1-60 and TRA-1-81 and were negative for SSEA1 expression.

3.2.2 hEB formation and size assessment

hEBs were formed by either of two methods referred to as mass culture or forced
aggregation. The mass culture method, described previously (Denning et al., 2006),
involved culture of hESCs on MEFs to confluence in a 90 mm dish, as detailed
above, followed by treatment with Collagenase IV (Sigma) for 15 min at 37 °C then
scraping with a cell scraper (Orange Scientific). The clumps formed by this process
were then suspended in conditioned medium, further disaggregated by vigorously
pipetting with a 10 ml pipette and centrifuged at 100 g for 4 min before transfer into
fresh conditioned medium and a 90 mm bacteriological Petri dish. The forced
aggregation method is based a protocol devised by Ng er al., (2005b) with
improvements to allow the use of hESCs cultured on Matrigel, (see Figure 3-1).
Briefly, hESCs were grown in 25 cm” flasks to standard confluence (1.8 x 10° cells
cm”) on Matrigel in conditioned medium, trypsin passaged as above and re-
suspended at either 1x10* cells ml™, 3x10* cells mI™" or 1x10° cells ml™ in either:
conditioned medium: differentiation medium, which consists of DMEM high glucose
(Invitrogen) supplemented with 20% fetal bovine serum (FBS; EU Approved.

Invitrogen), 2 mM Glutamine (Sigma) and 1% Non-Essential Amino Acids and 100



uM 2-Mercaptoethanol (Sigma); or CDM with BSA (Vallier er al., 2005) which
consists of 50% F-12 Nutrient Mixture (Ham’s, Invitrogen), 50% Iscove's Modified
Dulbecco's Medium (Invitrogen), 5 mg ml” bovine serum albumin fraction V (BSA),
1 x Chemically Defined Lipid Concentrate (Invitrogen), 450 uM 1-Thioglycerol
(Sigma), transferrin (Sigma) and insulin (Roche). Differentiation medium was also
tested with 10% serum instead of 20% and CDM was tested replacing BSA with 1
mg ml" polyvinyl alcohol (PVA, Sigma). A summary of mediums used in this study
is included in Table 3-3. Cells were then pipetted into U-bottom (U-96), V-bottom
(V-96), or U-bottom ultra low attachment (ULA U-96) 96-well plates and
centrifuged at 950 g for 5 min. hEBs were kept in suspension by pipetting every
other day. Samples were collected every 2 days between days 2-12 and the medium
was changed every 3 days. hEB sizes were assessed both in the wells and after
transfer to dishes to remove optical distortion created by U and V bottom plates

using a Nikon TE2000 microscope.



A B Cc D

BGK CM hEB test medium D-FBS20 D-FBS20
Media and plate testing <do do-d12
do-d2 d2-d8 d8-d24
Cardiomyocytes <do do-d4 d4-d10 d10-d24
do-dé d6-d12 d12d24
Blood <do do-d4 d4-d16

Figure 3-1: Schematic of the 96-well forced aggregation procedure

A) Al hESC Tines were cultured on Matrigel in conditioned medium (BGK CM) with trypsin passaging. B) On d0 hEB formation was initiated by seeding into 96-well plates
and centrifuging at 950 g for 5 min at room temperature. For media and plate combination testing hEBs were matained at this stage upto d12. C) For cardiomyocyte and blood
differentiation hEBs cells were maintained in V-96 plates (step B) for 2, 4 or 6 days before transferr into untreated 90 mm Petri dishes containing D-FBS20 for 6 days
(cardiomyocytes) or 12 days (blood). D) For the final stage of cardiomyocyte differentiation hEBs were individually re-plated into untreated U-bottomed 96-well plates and

maintained upto d24.
Table 3-3: List of media assessed for hEB formation and maintenance efficiency

[ighlighted media are those also used for maintaining hESC pluripotency.

Media Acronym Base Serum Growth factors Additional ingredients

Standard Culture Medium BGK DMEM:F12 | 15% KSR 4 ng ml' FGF2 glutamine, NEAA, 2-mercaptoethanol

Conditioned Medium BGK CM DMEM:F12 | 15% KSR 4 ng mi’ FGF2 glutamine, NEAA, 2-mercaptoethanol. 24 h on MEFs,
refreshed 4 ng mi'' FGF2

Differentiation Medium with 20% FBS D-FBS20 DMEM 20% FBS None glutamine, NEAA, 2-mercaptoethanol

Differentiation Medium with 10% FBS D-FBS10 DMEM 10% FBS None glutamine, NEAA, 2-mercaptoethanol

Chemically Defined Medium with BSA CDM-BSA IMDM:F12 None None BSA, lipid concentrate, 1-thioglycerol, transferrin and insulin
(Vallier et a/., 2004)

Chemically Defined Medium with PVA CDM-PVA IMDM:F12 None None PVA, lipid concentrate, 1-thioglycerol, transferrin and insulin

Chemically Defined Medium with PVA CDM-PVA+ IMDM:F12 None 12 ng ml'f FGF2, PVA, lipid concentrate, 1-thioglycerol, transferrin and insulin

supplemented with FGF2 and activin A 10 ng ml activin A
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3.2.3 Tissue processing and haematoxylin-eosin staining

hEBs were washed in twice in D-PBS (Invitrogen), fixed in 4% paraformaldehyde
(PFA, Sigma) in D-PBS for 15 min then washed twice in D-PBS again. hEBs were
then set into 1% agarose (Invitrogen) in distilled H,0 and processed over-night using
Shandon Excelsior tissue processor (Thermo). Processed agarose blocks were then
embedded in paraffin wax (Tissue-Tek) using a Tissue-Tek III thermal / dispensing /
cryo-consol and sectioned using a microtome at 5 um and affixed to SuperFrost Plus
slides (Menzel-Glaser). Slides/sections were dewaxed using xylene (VWR),
rehydrated through a Ethanol/H,O gradient, stained with Harris’ Haematoxylin
(VWR) and Eosin Yellowish (VWR) then dehydrated and mounted using DePeX
mounting medium (VWR) before visualisation using a Leica DMRB upright

microscope and Improvision OpenLab 4.0.2 and Velocity 4 software.

3.2.4 Cardiomyocyte formation assay

To assess cardiomyocyte formation hEBs were formed from 1000, 3000 or 10000
HUES-7, BGOl, NOTT!1 or NOTT2 hESCs in V-96 plates in either BGK-CM,
CDM-PVA or CDM-PVA supplemented with 12 ng ml™ activin A and 10 ng ml™
FGF2 (CDM-PVA+). After either 2, 4 or 6 days hEBs were transferred into 90 mm
Petri dishes containing D-FBS20 for 6 days. hEBs were kept in suspension by
pipetting every other day. hEBs were then transferred into U-96 well plates (I hEB
per well) containing D-FBS20 and cultured upto day 24. At each stage medium was
changed every 3 days. At d24 the number of wells per plate with beating areas was

assessed using a Nikon TE2000 microscope.
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3.2.5 Haematopoietic colony-forming assay

To assess haematopoietic potential hEBs were cultured as above (3.2.4) but
maintained until d16 in the 90 mm Petri dishes in D-FBS20. At d16 the hEBs were
disaggregated with trypsin and cells were counted and suspended in MethoCult
growth factor enriched methylcellulose (HF4434, Stem Cell Technologies) which
contains BSA, FBS, Stem Cell Factor (KITLG), GM-CSF (CSF2), IL3 and
Erythropoietin (EPO). Cell suspensions were then transferred to 35 mm dishes and
cultured for up to 30 days. Colonies of haematopoietic appearance were isolated;
cytospun onto SuperFrost Plus slides (Menzel-Glaser), fixed in methanol and stained
with Wright-Giemsa (BDH) before visualisation using a Leica DMRB upright

microscope and Improvision OpenLab 4.0.2 and Velocity 4 software.

3.2.6 Non-author contributions to results

The modification and adaptation of forced aggregation of hEBs from defined
numbers of hESCs in ultra low-attachment U-bottom plates as described by Ng et al.,
(2005b) to V-bottom plates was done jointly by P. Burridge and C. Denning. The use
of V-96 plates was suggested by C. Denning, while selection of conditioned medium
and chemically defined medium for hEB formation was jointly discussed and
formulated by P. Burridge and C. Denning. The additional media types used were
selected by P. Burridge, who also developed and optimised all Bond-max histology
protocols. Haematopoietic differentiation protocols were jointly developed by P.
Burridge and H. Priddle. The experiments to assess inter-line variability were
devised by C. Denning and L. Young and performed jointly by C. Denning, P.

Burridge, D. Anderson and H. Priddle.
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3.3 RESULTS

3.3.1 Size variability in mass culture hEBs

To assess traditional methods of hEBs formation, HUES-7 and BGO1 hESCs
cultured on MEFs or Matrigel were harvested by treatment with either collagenase
IV or trypsin. Cells were place in suspension in mass culture in conditioned medium
(BGK CM) to allow hEBs to form for 6 days at which in time hEB size was assessed.
BGK CM was used for hEB formation as previous experiments within our lab had
demonstrated that when directly transferring disaggregated hESCs produced via the
scraping method to a differentiation medium (D-FBS20) hEB formation was
unsuccessful (Denning et al., 2006). Measurements were taken in two directions, at
90° to each other (See Table 3-4). These results demonstrated a substantial
heterogeneity in the size of hEBs produced, particularly with the commonly used
collagenase 1V treatment of hESCs on MEFs with hEB diameters ranging from 100-
850 um and 175-1100 um for HUES-7 and BGO1 respectively. Treatment of HUES-
7 cells grown on Matrigel with trypsin produced the most homogenous hEBs with
diameters ranging from 137-288 pum although the number of hEBs was poor. No
hEBs formed when using these conditions with BGO1 cells. Figure 3-2 contains
example images of the heterogeneity of hEBs formed by traditional mass culture
method. Incubation of hanging drop cultures seeded with between 300 and 10000
HUES-7 or BGO1 cells for up to 6 days in BGK CM failed to produce hEBs

(Burridge et al., 2007) as noted by others (Reubinoft et al., 2000).
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Table 3-4: Formation of hEBs from HUES-7 and BG01 by mass culture

hESC lines HUES-7 and BGO1 were cultured using one of three methods and induced to form hEBs.

Coll IV, collagenase IV; SE, standard error. Data courtesy of C. Denning (Burridge et al., 2007).

I*?ﬁEﬁc P W s B Ave. Diameter
B ine | Passage | Matnx Enzyme | hEB# | . ier | SE SAris fart)
HUES-7 p25 MEFs Coll IV 40 166 26 100-850
HUES-7 p28 Matrigel Coll IV 40 211 12 75-400
HUES-7 p28 Matrigel | Trypsin 40 187 6 137-288
BGO1 pS1 MEFs Coll IV 40 833 27 175-1100
BGO1 pS2 Matrigel Coll IV 40 178 9 100-450

BGO1 pS2 Matrigel | Trypsin 40 0 0 0-0

‘.“ ’a
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Figure 3-2: Image of hEBs formed by suspension culture

Representative image of d6 hEBs formed in BGK CM in suspension culture by collagenase IV
treatment and scraping of HUES-7 cells grown on MEF feeders. Scale bar= 500 pm (images courtesy

of D. Anderson (Burridge er al., 2007)).

3.3.2 Comparison of 96-well plate formats and cell seeding density on forced

aggregation hEBs

These observations (3.3.1) prompted the evaluation of methods to generate hEBs
directly from trypsin passaged hESCs cultured on Matrigel. The forced aggregation
system devised by Ng er al., (2005b) was evaluated and potential improvements were
tested. The combination of this system with hESCs maintained feeder-free conditions
would enable the formation of hEBs from a defined number ot cells and theretore

potentially reduce variability in hEB size. Ultra-low attachment plates (ULA U-96)



plates used by Ng et al, (2005b) were prohibitively expensive for large scale
experiments so comparisons were made using standard uncoated U-bottom and V-
bottom plates alongside ULA plates. Trypsin dissociated HUES-7 hESCs were re-
suspended in BGK CM at plated in 100 pl volumes into 96-well plates at 1000, 3000
and 10000 cells per well and centrifuged. Medium was changed in the wells every
three days up to day 12. Comparisons were made between the number of hEBs per

well (Figure 3-4) and the number of single or multiple hEBs per well (Figure 3-5).

hEB formation was also visually assessed. If hEBs were present ~5 hEBs from each
seeding density and plate type were removed from the 96-well plate to a 35mm flat
bottomed tissue culture dish to remove any effect the shape of the well may have on
perceived hEB size and remove any free floating hESCs that obscured the hEB.
Pictures were taken every 2 days of representative wells from each cell number/plate

combination and hEBs discarded (Figure 3-6).

Centrifugation of HUES-7 cells in untreated U-bottom plates resulted in erratic
and/or poor hEB formation (Figure 3-5). In contrast V-bottom plates produced hEBs
at a similar efficiency to ULA U-96 plates of >90% hEB formation per well. The
presence of a single hEB or a number of hEBs in each well was also observed
(Figure 3-5) and demonstrated that wells seeded with 3000 cells produced a higher
proportion or multiple hEBs per well. hEBs formed in ULA U-96 plates showed
higher levels of agglomeration than those formed in V-96 plates. When using these
conditions without centrifugation no hEB formation was observed (observation C.

Denning (Burridge et al., 2007)).

Visual analysis of hEB formation and development was also observed with HUES-7
hESCs (Figure 3-6). In U-bottom plates hESCs formed no hEBs with 1000 or 3000

cells and numerous small hEBs in each well from 10000 cells. ULA U-96 plates
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formed no hEBs with 1000 cells, small hEBs with 3000 cells and hEBs comparable
to those made in V-bottom plates with 10000 cells. V-bottom wells provided a single

consistent hEBs in each well at all cell numbers.

Together these experiments demonstrated that hEBs can be efficiently formed from
either 3000 or 10000 HUES-7 hESCs and uncoated V-bottom plates to be most
advantageous for producing single hEBs per well. A visual comparison between
hEBs produced by mass culture and the optimised forced aggregation system is
provided in Figure 3-3 and demonstrates the proportional increase in hEB formation

and homogeneity provided by this system.

Figure 3-3: Visual comparison of hEBs produced by the mass culture and forced aggregation

systems

Representative image of d6 hEBs A) formed in BGK CM in suspension culture by collagenase 1V
treatment and scraping of HUES-7 cells grown on MEF feeders and B) hEBs formed in BGK CM
from 10000 HUES-7 cells per well grown on Matrigel. Scale bar= 500 um (images courtesy of D.

Anderson).
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Figure 3-4: Effect of cell seeding density and 96-well plate format on the number of hEBs formed per well

[UES-7 hEBs were formed in BGK CM from 1000 (left), 3000 (centre) or 10000 (right) cells per well in either uncoated V-bottom (V-96, blue bar); ultra low attachment coated U-
bottom (ULA U-96. red bar) or uncoated U-bottom 96-well plates (U-96, yellow bar). hEBs were maintained in the wells and medium was changed every 3 days. Numbers of wells
with 1 or more hEBs present were recorded every 2 days over 12 days of differentiation. Each data point represents the average percentage of wells (+SEM) of 2 independent

cxperiments (192 wells in total). In total 3456 wells were counted in these experiments.
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Figure 3-5: Effect of cell seeding density and 96-well plate format on the number of single or multiple hEBs formed per well

[U1S-7 hEEBs were formed in BGK CM from 1000 (left), 3000 (centre) or 10000 (right) cells per well in either uncoated V-bottom (V-96); ultra low attachment coated U-bottom
(UL A U-96) or uncoated U-bottom 96-well plates (U-96). hEBs were maintained in the wells and medium was changed every 3 days. Numbers of wells with 1 hEB (blue bar) or
more 1 hEB (red bar) present were recorded every 2 days over 12 days of differentiation. Each data point represents the percentage of wells one experimental replicate (96 wells in

total). In total 1725 wells were counted in this experiment.
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Figure 3-6: Visual analysis of the effect of 96-well plate formats and cell seeding density on forced aggregation HUES-7 hEB formation and maintenance

[TUTS-7 hEBs were formed in BGK CM from 1000 (left), 3000 (centre) or 10000 (right) cells per well in either uncoated U-bottom 96-well (U-96), ultra low attachment coated U-
bottom (ULLA-96) or uncoated V-bottom (V-96) plates. hEBs were maintained in the wells and medium was changed every 3 days. hEBs were removed from plates every 2 days and

photographed. Data collected from two experimental replicates. Scale bar = 100 pl.
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3.3.3 Visual analysis of the effect of media and cell number on forced

aggregation hEB formation and maintenance

A variety of media were tested to determine capacity for supporting hEB formation.
The media tested were unconditioned medium (BGK), differentiation medium with
10% serum (D-FBS10), differentiation medium with 20% serum (D-FBS20), and
conditioned medium (BGK CM) to be used as a control. A semi-chemically defined
medium (CDM-BSA, Johansson and Wiles, 1995, Vallier et al., 2005) was also
trialled along with a fully chemically defined medium as CDM-BSA but replacing
BSA with the chemically defined PVA (CDM-PVA, personal communication
Ludovic Vallier, University of Cambridge). In addition CDM-PVA supplemented
with 10 ng ml™" activin A and 12 ng ml"' FGF2 was also trailed (CDM-PVA+).
Activin A is a well established mesoderm inducer allowing for an increase in the
population of mesodermal cells before further differentiation, FGF2 was included to
maintain cell proliferation in, what is, a limiting medium. Trypsin dissociated HUES-
7 hESCs were re-suspended in the 7 different media at plated in 100 pl volumes into
96-well V-bottom plates either 3000 or 10000 cells per well and centrifuged (Figure
3-7). hEBs were removed from the well to photograph as above. Medium was
changed in the wells every three days up to day 12. Analysis of percentage hEB
formation in different media is provided in Figure 3-8. Consistent with the above,
data high efficiency of formation and maintenance (100%) up to d12 was noted with
BGK CM. High efficiency was also observed in CDM-PVA and CDM-PVA+. hEB
formation in less efficient CDM-BSA (77-90%), unconditioned medium (BGK, 66-
82%) and standard differentiation mediums (D-FBS10 or D-FBS20, 0%). Therefore

subsequent differentiation experiments focussed on formation, growth and
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differentiation from hEBs formed in V-96 plates using BGK CM, CDM-PVA and

CDM-PVA+.
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Figure 3-7: Effect of different media on HUES-7 hEB formation and development using hEBs
formed from 3000 and 10000 cells

HUES-7 hEBs were formed from 3000 (top) and 10000 (bottom) cells per well in uncoated V-bottom
plates in CDM-PVA, CDM-PVA+, BGK CM. CDM-BSA. BGK. D-FBS10. D-FBS20. hEBs were
maintained in the wells and media were changed every 3 days. hEBs were removed from plates and
photographed every 2 days. Data collected from two experimental replicates. White scale bar -~ 100

pm.
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Figure 3-8: Analysis of HUES-7 hEB formation in different media

HUTS-7 cells were plated out at 10000 cells per well in uncoated V-bottom (V-96) plates in CDM-PVA, CDM-PVA+, BGK CM, CDM-BSA, BGK, D-FBS10 or D-FBS20. hE=Bs
vere mamtamed in the wells and media were changed every 3 days. Numbers of wells with 1 or more hEBs present were recorded every 2 days over 12 days of differentiation. Each

data poimnt represents the average percentage of wells (+SEM) of 2 independent experiments (192 wells in total). In total 6912 wells were counted in these experiments.
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3.3.4 Histology of hEBs

To assess the effects of hEBs formation method on the development and internal
structure formation, hEBs were sectioned and stained with haematoxylin and eosin
(H&E) which highlight nuclei and cytoplasm respectively. HUES-7 hEBs were
formed either by mass suspension culture of cells cultured on MEFs and harvested
with collagenase IV and scraping (Figure 3-9) or by forced aggregation of trypsin-
passages cells cultured on Matrigel. For the forced aggregation, V-96 well plates
were seeded with 1000, 3000 and 10000 HUES-7 hESCs in BGK CM (Figure 3-9) or
CDM-PVA (Figure 3-10). Medium was changed on d3 and hEBs were collected on

d2, d4 and d6.

Forced aggregation hEBs cultured in BGK CM appeared more dense and uniform
that mass culture hEBs between d2-d4 and the cells forming mass culture hEBs
appeared to have larger cytoplasms. Similar results were seen for hEBs formed from
either 1000, 3000 or 10000 cells. Distinct change in both forced aggregation and
mass culture hEBs was detected at d6 with large internal cavities forming. In mass
culture hEBs a single large central cavity formed whereas in forced aggregation
hEBs numerous cavities formed throughout the hEBs. Forced aggregation hEBs
formed in CDM-PVA appeared similar to those formed in BGK CM between d2-d4
but at d6 the CDM-PV A hEBs were substantially less cavitated and no hEBs formed

from 1000 cells remained.
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Figure 3-9: Haematoxylin and eosin staining of HUES-7 hEBs formed by forced aggregation
and mass culture in BGK CM
Images of representative hEBs formed in BGK CM from 1000. 3000 and 10000 cells and mass culture

and stained with H&E at d2. d4 and d6. Black scale bar — 100 pum.
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Figure 3-10: Haematoxylin and eosin staining of HUES-7 hEBs formed by forced aggregation in
CDM-PVA

Images of representative hEBs formed in CDM-PVA from 1000, 3000 and 10000 cells stained with
H&E at d2, d4 and d6. Black scale bar = 100 pm.

3.3.5 Inter-line comparison of hEB development using BGK CM and the
forced aggregation system

To further study the forced aggregation system using V-96 plates, the kinetics of

hEB growth in relation to input cell number, days of differentiation and media were

investigated. hEBs were formed from 1000, 3000 and 10000 HUES-7. BGOL.



NOTTI1 and NOTT2 hESCs by forced aggregation in BGK CM. Cells were seeded in
triplicate and one plate at each density was cultured until d2, d4 or d6. at which time
40 hEBs were removed and average hEB size was calculated (see Figure 3-11).
Analysis of hEB size indicated a high degree of reproducibility between experiments
and both increasing input cell number and day of differentiation contributed to
increasing size (Figure 3-11). Similar overall growth profiles were observed between
lines. However, significant differences in growth profiles were observed during the

first 6 days of differentiation (p = 0.437 to 0.001; one-way analysis of variance

(ANOVA)).
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Figure 3-11: Size of hEBs produced from 4 hESCs in BGK CM

hEBs were formed in BGK CM from the hESC lines HUES-7. BGO1. NOTT1 and NOTT2 from 1000
(¢), 3000 (m) or 10000 (A) cells in V-bottom plates and assessed for size every 2 days. Fach data
point represents average (+SEM) of between 2 and 4 independent experiments. Table represents inter-
line comparisons by one-way ANOVA. numbers in bold indicate significant differences between

lines. Data produced in collaboration with C. Denning and D. Anderson.
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3.3.6 Inter-line comparison of hEB development using CDM-PVA and CDM-

PV A+ and the forced aggregation system

To study the effect of CDM-PVA and CDM-PVA+ on the kinetics of hEB growth in
relation to input number hEBs were formed from 1000, 3000 and 10000 HUES-7,
BGO1 or NOTT! hESCs in either CDM-PVA or CDM-PVA+ (Figure 3-12). For
hEBs formed in both CDM-PVA and CDM-PVA+, hEBs initiated from 10000 cells
increased in size from d2 to d6 of differentiation. However, the size of hEBs formed
from 3000 cells remained static or declined and those formed from 1000 cells
declined suggesting this medium is less efficient that CM for hEB growth. Similar
overall growth profiles were observed between lines. However, significant
differences in growth profiles were observed during the first 6 days of differentiation

(p = 0.880 to 0.007; one-way ANOVA).
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Figure 3-12: Size of hEBs produced from 3 hESC lines in CDM-PVA and CDM-PVA+

hEBs were formed in CDM-PVA and CDM-PVA supplemented with activin A and FGF2 (CDM-
PVA+) from the hESC lines HUES-7, BGO1, NOTT1 and from 1000 (4), 3000 (m) or 10000 ( A) cells
in V-bottom plates and assessed for size every 2 days. Each data point represents average (+SEM) of
between 2 and 4 independent experiments. Table represents inter-line comparisons by one-way
ANOVA, numbers in bold indicate significant differences between lines Data produced 1n

collaboration with C. Denning and D. Anderson.

3.3.7 Cardiomyocyte differentiation
The reproducibility of the V-96 forced aggregation system and the ability to dictate

hEB size by altering input cell number provided an opportunity to carry out a

systematic comparison of mesodermal differentiation efficiency between the four
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hESCs. Cardiomyocytes were used as an indication of successful mesoderm
induction due to the speed, simplicity and low cost of their differentiation in
comparison to haematopoietic lineages and the ability to accurately score successful
differentiation by <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>