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THESIS SUMMARY

Murine embryonic stem (ES) cells are derived from the inner cell mass of the early

murine embryo. ES cells which have been cultured in vitro can be reintroduced into the

early murine blastocyst where they contribute differentiated progeny to all tissues,

including the germ line. This demonstrates that ES cells can both generate and respond to

all the environmental signals that regulate normal mouse development. The availability of

homogeneous populations of undifferentiated stem cells which can be manipulated and

differentiated in vitro provides an attractive system for the identification of factors which

regulate embryogenesis. This system has already been successfully employed for the

idenrification of the cytokine Differentiating Inhibiting Activity (DlA)/Leukaemia Inhibitory

Factor (LIF) which prevents the differentiation of ES cells in vitro. Biological molecules

that can direct the specific differentiation of ES cells into defined lineages had not been

characterised at the outset of this work.

Conditioned medium (MED2) derived from a human hepatocarcinoma cell line was

found to induce the uniform and specific differentiation of ES cells to a morphologically

distinct, novel cell population, termed X cells. The conversion of ES cells to X cells

occurred in MED2 in the presence or absence of LIF. X cells could be maintained

indefinitely by culture and passage in the presence of MED2. If MED2 and LIF were

removed, X cells spontaneously differentiated into a multitude of cell types. This

suggested that X cells, like ES cells, retained differentiation capability. Significantly, X

cells cultured in the presence of LIF but in the absence of MED2 reverted to an ES cell

phenotype. Preliminary analysis of the properties of X cells suggested that these cells may

represent a pluripotential embryonic cell type, possibly primitive ectoderm. The overall aim

of this thesis was therefore to examine the biological and biochemical properties associated

with X cells to allow comparison with ES cells and definition of a potential embryonic

equivalent.

Extensive analysis of X cell gene expression with a variety of marker genes revealed

that X cell gene expression is consistent with cells of the early primitive ectoderm.

X cells, like ES cells, were capable of embryoid body formation and differentiation.

Consistent with gene expression analysis, during embryoid body differentiation X cells
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exhibited a higher capacity to form late stage primitive ectoderm and mesodermal

derivatives than ES cells. Differentiation via aggregation in the presence of retinoic acid

revealed that X cells had a lower potential to form primitive endodermal derivatives and a

higher capacity to form mesodermal derivatives than ES cells. The differentiation potential

associated with X cells is consistent with their proposed relationship with the early

primitive ectoderm.

Mesoderm induction studies in Xenopus have implicated the involvement of

members of the FGF and TGFp growth factor families. The primitive ectoderm is the

substrate for mesoderm induction during gastrulation in the murine embryo. Members of

the FGF family, including basic FGF, acidic FGF and FGF-4 and activin A (a TGFÊ)

were found to induce specific, alternative differentiation of X cells to mesodermal cell types

in vitro. Consistent with mesoderm induction experiments carried out in Xenopus,

Brachyury but not goosecoid was expressed in X cell cultures treated with bFGF, while

activin A-treated cultures expressed both Brachyury and goosecoid. Furthermore the

patterns of goosecoid and Brachyury expression observed within differentiated X cell

cultures were consistent with the expression pattern associated with these genes during

gastrulation in the mouse. The ability of X cells to differentiate in response to bFGF and

activin A into early mesoderm is consistent with their proposed relationship with the

primitive ectoderm, and suggests that X cells may constitute an in vitro system for the

analysis of factors involved in gastrulation.

X cells which had been reverted to ES cells by culture in the presence of LIF and the

absence of MED2, were found to possess a similar gene expression and differentiation

potential to ES cells. Significantly, reverted X cells, but not X cells, were able to

contribute to murine tissues when injected into early murine blastocysts. The relationship

between X cells and the primitive ectoderm suggests that embryonic primitive ectoderm

may have a similar capacity for reversion and embryonic contribution when isolated ln

vitro. Thus the primitive ectoderm may represent an alternative target tissue for the

isolation of pluripotential stem cells in vitro.
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The evidence accumulated and described in this thesis suggests that X cells constitute

an in vitro analogue of embryonic primitive ectoderm, and establish X cells as an in vitro

system for the analysis of further developmental events occurring during murine

embryogenesis.
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CHAPTER ONE: INTRODUCTION

1.1 The Study of Development

Understanding the mechanism by which a single cell generates the diversity of cell

types and complexity of pattern required for the formation of an independent living

organism has been a fundamental aim of developmental biology for over a century. The

study of development encompasses relatively disparate fields such as genetics,

physiology, embryology, evolutionary, molecular and cellular biology and hence

represents one of the most fascinating and interesting fields of investigation.

Two important concepts of molecular developmental biology have arisen from

investigation of development in lower vertebrate species, in particular Xenopus laevis and

in the metazoan, Drosophila melanogaster. The first of these concepts was that

differential gene expression dictates cell specification and pattern formation during

development. Although in retrospect this appears obvious, it was not until extensive

analysis of the genes responsible for developmental mutations in Drosophila thatfhis

concept was fully realised (reviewed by St Johnson and Nusslein-Volhard 1992). These

investigations led to the discovery of developmental transcriptional control genes. Of

these genes perhaps the best known are the homeobox genes (reviewed in Scott et al.

1989). Since their initial discovery in Drosophila the importance of these genes in the

development of vertebrate species has been recognised repeatedly (reviewed in Scott et aI.

1989, McGinnis and Krumlauf I992,Lobe 1992).

Early Drosophila development involves nuclear divisions prior to cellularisation (St

Johnson and Nusslein-Volhard 1992). Therefore specification of cell types can be

dictated by the differential expression of transcription factors. Vertebrate development is

cellular in nature and therefore requires different mechanisms to account for this additional

complexity. The analysis of development in the lower vertebrate, Xenopus, has been

particularly informative in this regard.

Extensive analysis of molecular development in Xenopus has given rise to a second

important concept which indicates that growth factors regulate cell specification and

pattern formation during development. Early developmentinXenopzs is characterised by

cellular subdivision of the one cell embryo. At the 32 cell stage the Xenopus embryo
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contains two specified cell types, cells which give rise to ectoderm (animal pole) and cells

which give rise to endoderm (vegetal pole). Vegetal cells induce overlying animal cells in

the equatorial region to form mesoderm (reviewed in Sive 1993). One of the major

advances in developmental biology was the discovery that growth factors play a role in

this specification event (reviewed in Slack 1990, Ruiz i Altaba and Melton 1990, Cooke

1991, Sive 1993). 'When animal cells which are normally fated to form atypical epidermis

are cultured with members of the fibroblast growth factor (FGF) or transforming growth

factor (TGF) p family, mesoderm is induced. The array of tissues induced depends on

the factor and the concentration used in the experiment.

The concepts of differential gene expression and growth factor induction merged

when it was shown that growth factors induce the expression of a range of

developmentally regulated transcription factors which in turn specify cell identity (Ruiz i

Altaba and Melton 1989a, 1989b, Sive 1993).

1.2 Why Study Mammalian Embryogenesis?

The human thirst for self knowledge and preservation makes the study of

mammalian development intrinsically interesting. Not only does an intimate knowledge

of mammalian development give an insight into how the human form is generated and has

evolved, it provides us with an opportunity to understand the mechanism of human

disease and ultimately to develop corresponding therapies. While parallels can be drawn

between the development of lower organisms and mammals, many aspects of early

development are intrinsically different. Thus it follows that while investigation of the

development of lower species can be informative, mammalian development is best

characterised using a mammalian system. Unfortunately the use of mammalian systems

for molecular developmental analyses is complicated by their relatively large genome,

long generation time, small litter size and inherent ethical considerations. Furtherlnore,

the mammalian embryo develops in the uterine environment within the mother and

therefore is relatively inaccessible to experimentation.
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1.2.1 The Mouse as a Model System for Mammalian Embryogenesis

The mouse constitutes the primary mammalian experimental system for the analysis

of development. More than 1000 genes, many affecting murine development, have been

genetically mapped and identified (Copeland et a\.1993, Dietrich et aI. 1994). In addition

the morphological alterations associated with murine embryogenesis have been

extensively charac.terised by histological examination (Kaufman 1992). Finally, the

ability to isolate and culture pluripotential murine embryonic stem (ES) cells in vitro

(Martin 1981, Evans and Kaufman 1981) has been of unprecedented technical and

conceptual importance. These cells can be genetically manipulated in vitro and

reintroduced into murine blastocysts where they contribute to all murine tissues, including

the germ line (Bradley et al. t984, Cappechi 1989). This allows the generation of mice

with specific genetic alterations and thus allows the developmental function of genes to be

determined invivo.

L.3 Murine Embryogenesis

In the following sections the differentiation events occurring during early murine

embryogenesis are described (for reviews see Rossant and Pedersen 1988, Kaufman,

Igg2, Hogan et al. 1994). A summary of the cell lineages formed during murine

embryogenesis which are described in this section are depicted in Figure 1.1.

A basic theme of murine embryogenesis is the formation of a population of

equipotent pluripotential stem cells. This population is maintained in various forms

during early murine embryogenesis and culminates in the formation of totipotent

primordial germ cells. Specification of cell types occurs relatively late during mammalian

development and appears to be dependent on zygotic transcription (Kidder 1992). This

contrasts with development in other species, such as Xenopus and Drosophila, where

specification of cell types occurs much earlier and appears to be dependent on localised

deposition of positional maternal information in the oocyte (Melton 1991).

1.3.1 Preimplantation Development

The developmental events occurring during preimplantation development from

fertilisation through to blastocyst formation are depicted in Figure 1.2. Fertilisation



FIGURE 1.1 Summary of the cell lineages arising during murine

development.

Darkly shaded areas designate tissues which will give rise to the embryo proper and

extraembryonic tissues. Unshaded areas represent tissues of the embryo proper, while

lightly shaded areas indicate extraembryonic tissues.

Adapted from Hogan et al. 1994.
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FIGURE 1.2 Development of the preimplantation murine embryo.

(A) An oocyte arrested at metaphase II of meiosis. (B) The fertilised egg, showing

extrusion of the second polar body. (C) The embryo at the two cell stage. (D) The four

cell stage embryo. (E) The eight cell stage embryo prior to compaction. (F) The eight

cell stage embryo after compaction. (G) The 16 cell stage embryo. (H) The 32 cell

stage embryo. (I) The 32 cell stage embryo at the onset of cavitation.

Adapted from Maro et aI. 1991.

'a
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marks the beginning of murine development. The sperm penetrates the outer layers

(cumulus mass and zona pellucida) of the oocyte and enters the cytoplasm. Fertilisation

triggers completion of meiosis and extrusion of the second polar body (Figure l.2B),

such that the oocyte contains a haploid complement of maternal chromosomes. Nuclear

membranes form around the maternal and paternal chromosomes and the resulting

pronuclei move toward the centre of the egg. During this migration DNA replication takes

place. The nuclear membranes of the pronuclei break down and the chromosomes align

in preparation for the first cleavage event (Figure 1.2 C).

These embryonic cells or blastomeres divide every 20 hours giving rise to the eight

cell embryo (Figure l.2F). Until the mid-two cell stage the embryo relies on maternal

protein and RNA synthesised during oogenesis. At this stage maternal mRNA appears to

be degraded and zygotic transcription commences (Latham et al. 1991, Kidder 1992).

This contrasts with development in other species, including Drosophila and Xenopus

where maternal constituents are required until more advanced stages of embryogenesis

(Melton 1991). Until the eight cell stage (morula), individual blastomeres are equipotent.

Cell specification has not taken place and each cell has the capacity to generate an entire

and normal organism (Pederson 1983). After this stage there is a gradual restriction in

developmental potential.

After the formation of the eight cell embryo, compaction occurs (Figure l.2F).

Individual blastomeres flatten thereby increasing cell-cell contact. Gap junctions between

cells are established and the cells become polarised both cytocortically and

cytoplasmically. Cell polarisation is thought to be the basis for the first differentiation

event which occurs during murine embryogenesis (Johnson and Maro 1988). As the

embryo divides, cells positioned in or near the centre of the embryo form the Inner Cell

Mass (ICM). These pluripotential cells contribute to all embryonic and extraembryonic

tissues except the trophoblast and trophoblast-derived lineages. Cells which are

positioned on the outside of the embryo form an epithelial layer known as the

trophectoderm. The trophectoderm ultimately gives rise to extraembryonic tissues of the

murine embryo including the chorion and the placenta. Concomitant with this

differentiation is the formation of the blastocoelic cavity (Figure l.2I). Trophectoderm
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which surrounds the inner cell mass is termed polar trophectoderm while that which

sunounds the blastocoelic cavity is known as mural trophectoderm.

At approximately four days of development a second differentiation event occurs

shortly before implantation. Cells covering the blastocoelic surface of the inner cell mass

form an epithelial layer known as the primitive endoderm (Figure 1.3). Progeny of the

primitive endoderm are restricted to the formation of visceral and parietal yolk sac

endoderm which constitute part of the extraembryonic tissues surrounding the murine

embryo. As the embryo expands the zona pellucida surrounding the embryo becomes

thinner and eventually breaks, releasing the blastocyst into the uterine lumen.

1.3.2 Postimplantation Development

The development of the murine embryo from the blastocyst stage at 4.5 days until

the egg cylinder stage at day 6.0 is schematically represented in Figure L4. At 4.5 days

of development (Figure 1.4 A) the blastocyst adheres to the uterine wallvia mural

trophectoderm located furthest from the ICM (the abembryonic pole). This attachment

induces surrounding uterine stroma to form a spongy mass of cells, known as decidual

tissue. With time the decidual cells degenerate and the trophoblastic cells invade the

surrounding tissue. The cells of the primitive endoderm begin to differentiate, migrate

and eventually cover the blastocoelic surface of the mural trophectoderm. These cells are

termed the parietal endoderm, while primitive endodermal cells in direct apposition to the

cells of the inner cell mass/primitive ectoderm are termed visceral endoderm. Parietal

endoderm cells secrete components which compose Reichert's membrane, a basement

membrane which lies between the trophectoderm and parietal endoderm cells of the

murine embryo. This membrane constitutes the major barrier between maternal and

embryonic environments.

At day 4.5 the inner cell mass consists of approximately 2O-25 cells. These cells

proliferate rapidly and constitute a pluripotential cell population of approximately 250 cells

by day 6 of development (Snow 1911). The substantial increase in the number of cells

constituting the inner cell mass results in their movement towards the abembryonic pole

(Figure 1.4 B). The proaminotic cavity forms and cells of the ICM are arranged into an

epithelial layer termed the primitive ectoderm or epiblast (Figure 1.4 C). Cells of the



FIGURE 1.3 The murine blastocyst at 4,5 days of development.

A histological cross section of the murine blastocyst at day 4.5 of development,

showing the inner cell mass (Epiblast) and an underlying layer of primitive endoderm

(PrEnd), the blastocoelic cavity (Blastocoel) and surrounding trophectoderm (TE).

Reproduced from Hogan et aL 1986.
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FIGURB 1,.4 Postimplantation murine development from day 4.5 to day

6.0.

Schematic representation of postimplantation development.

(A) At 4.5 days of development the embryo consists of three distinct cell lineages, the

inner cell mass, primitive endoderm and trophectoderm.

(B) At 5.5 days the proaminotic cavity begins to form within the pluripotential cells of

the murine embryo which are now termed primitive ectoderm. The primitive endoderm

has generated two distinct endodermal cell types, the parietal endoderm lines the inner

surface of mural trophectoderm, while the visceral endoderm surrounds the primitive

ectoderm.

(C) At 6.0 days (the egg cylinder stage) of development the cells of the primitive

ectoderm flatten and expand forming an epithelial layer surrounding the proamniotic

cavity.

Adapted from Hogan et al. 1986.
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polar trophectoderm proliferate and extend into the proaminotic cavity forming the

extraembryonic ectoderm and invade the uterine decidua forming the ectoplacental cone.

1.3.3 Gastrulation

The development of the murine embryo during gastrulation from day 6.5 to day 8.5

is represented schematically in Figure 1.5. At 6.5 days of development the primitive

ectoderm consists of approximately 660 cells (Snow 1977) and, through the process of

gastrulation, gives rise to all of the embryonic tissues including the germ cells and the

remaining extraembryonic tissues (Tam and Beddington 1987, Tam 1989, Lawson et al.

Iggl,Tam and Beddington 1992, Quinlan et al. 1995). Gastrulation commences at6.5

days with the formation of the primitive streak (Figure 1.5 A). The primitive streak is

first apparent as a cellular thickening in the proximal region of the primitive ectoderm

adjacent to the extraembryonic/embryonic ectoderm boundary, and demarcates the

posterior aspect of the embryonic anteroposterior axis. Cells of the primitive ectoderm

move toward and accumulate in the streak region which extends distally during

gastrulation. Cells which pass through the streak emerge as a layer of mesoderm between

the primitive ectoderm and visceral endoderm. Newly formed mesoderm moves in two

directions. A proportion of these cells migrate proximally, crossing the boundary

between the extraembryonic and embryonic ectoderm and form extraembryonic

mesoderm. The remainder move laterally toward the anterior end of the embryo between

the primitive ectoderm and the visceral endoderm, giving rise to embryonic mesoderm.

Mesodermal cells emerging from different regions of the streak have different

developmental fates. Axial, paraxial, lateral and extraembryonic mesoderm arise from

successively more posterior regions of the streak (Tam and Beddington 1987, Lawson er

al. l99t).

At7.5 days (Figure 1.5 B), cells which will give rise to definitive gut endoderm

emerge from the distal region of the streak (the node) and move anteriorly, incorporating

into and replacing the outer layer of visceral endoderm (Tam and Beddington 1992).

Definitive gut endoderm later gives rise to a number of derivatives including the lungs,

liver and pancreas. Other cells emerging from the node form axial mesoderm including

the head process and notochord. Primitive ectoderm cells which do not pass through the



FIGURE 1.5 The gastrulation phase of murine embryogenesis.

Schematic representation of murine development from day 7 .0 to day 8'5'

(A) At 6.5-l .0 days the onset of gastrulation is marked by the formation of the primitive

streak, in the proximal region of the primitive ectoderm.

(B) Newly formed mesoderm moves proximally, anteriorly and laterally generating a

distinct mesodermal layer between the primitive ectoderm and visceral endoderm

boundary.

(C) By 8.5 days of development a variety of tissues can be distinguished along the

anterior posterior axis of the embryo, including neural tissue, notochord, somites, as

well as precursors of the definitive gut endoderm and heart.

Adapted from Hogan et aI. 1986
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primitive streak are the precursors of the neuroectodermal (nervous system) and epidermal

(skin) cell lineages (Tam 1989, Quinlan et aI. 1995). Newly formed extraembryonic

mesoderm gives rise to a mesoderm lined cavity termed ttre exä-óoäïirm änd a structure

known as the allantois which forms a major component of the chorioallantoic placenta'

By 8.5 days, newly formed embryonic mesoderm can be subdivided into cranial,

cardiac, presomitic, somitic, lateral and intermediate mesoderm based on morphology and

anatomy. Presomitic mesoderm (paraxial mesoderm) condenses into paired blocks or

somites along the anterior-posterior axis of the embryo (Figure 1.5 C). Somites later give

rise to the vertebra, ribs and muscle of the embryo. Lateral mesoderm will give rise to the

viscera and connective tissues of the limbs, the mesothelial lining of the body cavity and

the mesenteries, while intermediate mesoderm will form the kidneys and genital ridges of

the embryo.

Gastrulation is a pivotal process in establishing the anterior/posterior body axis of

the embryo and in specification of the embryonic germ layers. In a matter of days the

relatively uniform primitive ectodermal cell population is transformed into an embryo

containing multiple differentiated tissues and organ precursors in the correct position and

orientation.

Investigation of early murine development has largely been restricted to the

gastrulation stage onwards for a number of reasons. Firstly, gastrulation represents one

of the most interesting developmental periods, since this is the stage where all the tissues

which will ultimately form the embryo are laid down. Secondly, developmental

similarities between species are more easily discernible at this stage than at earlier stages

where the developmental strategy of mammals diverges significantly. Consequently

developmental control genes identified in simpler systems during post-gastrulation

development are more likely to be conserved between species. Genes found to have a

developmentally restricted expression pattern during gastrulation in one species,

particularly Xenopus, can be used for the identification of murine homologues which

have a similar expression pattern during murine gastrulation. Finally, the murine embryo

itself is considerably larger, more accessible and less fragile at this stage of development

than at earlier stages and therefore more suitable for experimental analysis and

manipulation. Therefore while the molecular mechanisms which underlie the earliest



9

stages of murine embryogenesis remain largely undefined, a multitude of genes expressed

during gastrulation and organogenesis have been identified.

An array of genes have been shown to be differentially expressed within the

primitive streak during gastrulation (reviewed in Hogan et aI. 1994) including the

transcription factors goosecoid (Blum et al. 1992), Brachyury (Wilkinson ¿Í al' 1990,

Herrmann 1991) HNF-3P (Monaghen et aI. 1993, Sasaki and Hogan 1993) and evx-1

(Bastian and Gruss 1990), and growth factors such as nodal (Zhou et aI. 1993) and

various members of the FGF family (Crossley and Martin 1995). Differential gene

expression within this region is thought to underlie the initial specification of mesodermal

and endodermal cell types within the murine embryo. V/hile functional roles consistent

with gene expression have been shown for Brachyury (Henmann 1990), HNF-38 (Ang

and Rossant 1994) and nodal (Conlon et aI. l99l,Zhou et al. 1993, Conlon et al' 1994),

the specific functional roles of other genes expressed in this region have not been defined'

Many of the genes expressed during early murine gastrulation exhibit similar

expression patterns at equivalent stages during Xenopus embryogenesis (Beddington and

Smith 1993, DeRobertis et aL 1994). Members of the TGFP and FGF family have been

implicated in the process of mesoderm induction in Xenopøs embryogenesis (reviewed in

Sive 1993). It is therefore thought that members of these growth factor families will play

similar roles during murine gastrulation. While the expression patterns associated with

these factors during gastrulation are consistent with roles in mesoderm induction

(Crossley and Martin 1995, Manova et aI. 1995), the precise functions of these factors

remain unclear.

1.3.4 The Origin of Germ Cells

Primordial germ cells arise from the proximal and posterior region of the primitive

ectoderm and are first detected at day 7.0 of development in the extraembryonic

mesoderm at the base of the allantois (Ginsberg et al. 1990). PGCs express high levels

of tissue non-specific alkaline phosphatase and have a large round cellular morphology.

At 8.5 days of development the PGC population consists of approximately 75 cells. As

development proceeds these cells continue to proliferate and migrate from the base of the

allantois to the genital ridges. By 13 days of development approximately 25,000 PGCs
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have colonised each prospective ovary/gonad (Tam and Snow 1931)' Female germ cells

cease proliferation and at day 12.5 enter meiosis, arresting at prophase of the first meiotic

division, while male germ cells enter mitotic arrest at day 14 and do not undergo meiosis

until much later in development (Monk and Mclaren 1981, Shultz et øl' 1988)'

1.4 Pturipotential Cell Maintenance During Development

The mechanism of early mammalian development involves the maintenance and

coordinated differentiation of a population of pluripotential cells (Figure 1.6). The

fertilised egg divides giving rise to the morula which contains equipotent pluripotential

blastomeres. As the morula gives rise to the blastocyst, pluripotential stem cells are

maintained in the ICM and subsequently the primitive ectoderm. With the onset of

gastrulation, the pluripotential cell population is maintained in the form of primordial germ

cells which give rise to further generations, allowing continuation of the species. These

cell populations can be traced throughout development by expression of the homeobox

gene Oct-4 (Rosner et al. 1990, Scholer et aI. 1990, Yeom et aI. l99l) which is confined

to pluripotential cell types. A relationship between these cell populations is implied by the

ability of PGC cells to revert to an ES cell phenotype in vitro (Matsti et aL 1992, Resnick

et aL 1992, Rossant 1993).

The flexibility associated with pluripotential stem cell differentiation and

maintenance is considered to underlie the considerable developmental lability exhibited by

the murine embryo (Smith 1992). Aggregation of several preimplantation embryos will

result in the formation of a normal sized embryo while, destruction of SOVo of the cells in

the early murine embryo prior to organogenesis still allows formation of a normal embryo

(Snow and Tam 1979). This implies that the pluripotential stem cells of the embryo have

the capacity to reprogram their development.

Murine embryogenesis is therefore reliant on the formation, maintenance and

coordinated differentiation of pluripotential stem cells. Access to these cells in vitro

enables the analysis of signalling events which control these developmental decisions.



FIGURE 1.6 The maintenance and differentiation of pluripotential cell

populations during murine development.

Murine development begins with the fertilised egg. Subsequent cleavage gives

rise to the morula which contains pluripotent blastomeres. The pluripotential cell lineage

is subsequently maintained in the inner cell mass and primitive ectoderm, culminating in

the formation of germ cells. The differentiated tissues arising from each plurþotent cell

lineage during this progression are also depicted.
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1.5 Pturipotential Murine Embryonic stem cells In vitro

The finding that it is possible to isolate and culture pluripotential stem cells of the

early murine embryo in vitro (Evans and Kaufman 1981, Martin 1981), which can give

rise to all tissues of the embryo when reinjected in vivo (Bradley et al' 1984), has

revolutionised the study of murine embryogenesis. Not only have embryonic stem cells

allowed the development of highly efficient gene targeting strategies for the investigation

of gene function in vivo, they also constitute an in vitro system in which factors and

genes controlling pluripotential stem cell differentiation can be identified.

1.5.1 The Isolation of Murine Embryonal carcinomal (EC) cells

Teratocarcinomas are gonadal tumours which contain a multitude of differentiated

cell types derived through differentiation of a population of pluripotential stem cells which

maintain the tumour. The first pluripotential stem cells to be isolated and cultured in vitro

were the stem cells of teratocarcinomas (Rosenthal et aL l97O, Evans 1912), termed

embryonal carcinoma (EC) cells. EC cells possess antigenic determinants, biochemical

properties and cell ultrastructure similar to cells of the inner cell mass and primitive

ectoderm of the early murine embryo. In addition, EC cells differentiate in vitro as

embryoid bodies and in response to chemical inducers, generating a multitude of

differentiated cell types (Martin and Evans l9l5a,l9l5b, Strickland and Mahdavi 1978).

The most significant discovery was that a proportion of EC cell lines were able to

incorporate into the ICM of host blastocysts and participate in normal embryogenesis,

contributing to range of tissue in chimeric offspring (Papaioannou et al. I975).

The use of EC cells as an in vitro system for the analysis of differentt"lï;.3",1 
,.1t 1 , ,, ,.,

vehicle for the generation of transgenic animals, was compromised by thy{ inability'to '

colonise the germ line of murine embryos. This could be explained by the fact that many

EC cell lines are aneuploid and may not undergo meiosis (Smith 1992). However,

through the isolation and characterisation of EC cells the methods and approaches which

were required for the isolation of normal stem cells from the early embryo itself were

established.
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L.5.2 The Isolation of Murine Embryonic Stem (BS) Cells

Embryonic stem cell lines were derived directly from the ICM of murine blastocysts

in 1981. These cell lines were established from whole blastocysts (Evans and Kaufman

19S1) and immunosurgically isolated ICM cells (Martin 1981). In both methods cells

were maintained in the undifferentiated state by culture in vitro on feeder layers of

mitotically inactivated mouse embryonic fibroblasts. An important property of ES cells is

that upon reintroduction into the murine blastocyst they contribute at a high frequency to

all tissues which constitute the murine embryo including the germ line (Bradley et al'

Ig84, Robertson 1987). This demonstrated that ES cells, in contrast to EC cells, retain

full biological pluripotency after culture in vitro. This property has enabled the

development of ES cells as an in vitro system for the analysis of cell differentiation, the

generation of transgenic animals and the identification of developmental control genes.

1.5.3 Cytokines which Prevent the Differentiation of ES Cells In Vitro

ES cells were originally isolated and maintained by co-culture on mitotically

inactivated fibroblasts. On feeder layers these cells grow as compact colonies, consisting

of small cells with relatively large nuclei and minimal cytoplasm. If ES cells were

cultured in the absence of these feeder layers they underwent extensive differentiation.

This suggested that the feeder cells produced an activity which actively suppressed ES cell

differentiation and promoted self renewal. This was supported by the observation that

various cell lines secrete a soluble factor which inhibits stem cell differentiation This

factor, termed Differentiation Inhibiting Activity (DIA) was originally purified from

Buffalo Rat liver (BRL) epithelial cells (Smith and Hooper 1987). DIA is a single chain

glycoprotein which was found to be identical to a previously described regulator of

myeloid differenti¡rtion, Leukemia Inhibitory Factor (LIF) (Gearing et al. 1987, Hilton

1988, Williams et aI. 1988). Addition of DIA/LIF to ES cell cultures in vitro was

sufficient to maintain ES cells in the undifferentiated state and allow their continuous

propagation in the absence of feeder layers (Smith et al. 1988,Williams et al.1988)' ES

cells cultured in the presence of LIF grow as a relatively uniform population of cells

which possess a dome-shaped, compact colony morphology, similar to the morphology

exhibited on feeders (Figure 1.7). ES cells cultured in the presence of LIF retain full



FIGURE 1.7 The morphology of embryonic stem (ES) cells.

ES cells cultured in the presence of LIF grow as compact dome-shaped colonies. ES

cells were cultured for three days (2.3.8) and photographed using phase contrast optics

at a magnification of 50x.
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biological potency, both in vitro and in vivo (Hooper et aI. 1987, Smith and Hooper

lgg7, Smith et aI. 1988). Furthermore, LIF can also be used as an alternative to feeder

layers in the isolation of ES cells from murine embryos (Pease et al. 1990). The ability to

culture ES cells in the absence of feeder layers has simplified and facilitated their in vitro

manipulation and allows these cells to be used as an in vitro assay system for the

identification of factors and genes controlling differentiation.

LIF, together with Steel factor also plays an intrinsic role in the maintenance of

primordial germ cells in vitro where it inhibits apoptosis and promotes proliferation

(Matsui et al. 199!,Pesce et aI. 1993, Cheng et aI. 1994). When bFGF is added to PGC

cultures these cells revert to ESlike cells, termed EG cells (Matsui et al. 1992, Resnick ¿r

al. 1992). EG cells display differentiation properties including germ line contribution,

similar to ES cells derived from the ICM (Stewart et al' 1994).

Since the discovery of LIF as a cytokine which can maintain ES cells ln vitro, a

number of cytokines exhibiting similar properties have been discovered. These include

Oncostatin M (OSM), Ciliary neurotrophic factor (CNTF) and Cardiotrophin 1 (CT-l).

Interleukin (IL)-6 in conjunction with a soluble form of the IL-6 receptor is also able to

maintain ES cells in vitro (Yoshida et aI. 1994). These factors effect the maintenance of

ES cells via a common signalling receptor subunit, gp130 (Gearing and Bruce, 1992,

Conover et aL 1993, Pennica et aI. 1995).

LIF is expressed by many cell lines in vitro and upon spontaneous differentiation of

ES cells in culture, is produced by differentiated cells. The action of this LIF on

remaining pluripotential cells in the culture results in the maintenance of a pluripotential

stem cell pool via a feedback mechanism (Rathjen et al. 1990). This together with the

ability of LIF to maintain ES and EG cells in vitro has led to the proposal that LIF might

act via a similar mechanism to maintain pluripotential stem cells of the embryo during

embryogenesis. LIF is known to be expressed at low levels in the murine embryo during

early development (Rathjen et al. I99O) but this expression does not appear to be

necessary for embryological development (Stewart et aI. 1992). However, mice

homozygous for a mutation of the LIF locus are sterile, as blastocysts fail to implant.

V/hile LIF expression within the embryo itself is not vital, maternal LIF expression may

play a role in embryogenesis. Functional interpretation of LIF action in early
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embryogenesis by gene targeting is complicated by the possibility that factors with similar

functions, such as OSM, CNTF, CT-l, IL-6 and IL-11 may be present within the embryo

and compensate for the loss of LIF. Resolution of this problem requires the generation of

mutant mice carrying multiple mutations in each of these genes.

1.5.4 ES Cell Differentiation In Vitro

In the absence of LIF, ES cells differentiate spontaneously forming a multitude of

differentiated cell types (SmiTh et al. 1988, Williams et a/. 1988). ES cells can also be

induced to differentiate in vitroby culture in the presence of chemical inducers such as

retinoic acid (RA), 3-methoxybenzamide (MBA) and dimethylsulfoxide (DMSO) (Smith

1991). However, the cell types produced by these differentiation protocols have not been

defined unequivocally. While these differentiation protocols can be useful in the

identification of developmentally regulated genes (1.5.7), their significance with respect

to in vivo differentiation events is questionable'

Perhaps more relevant to the study of in vivo differentiation events is the study of

ES cell differentiation during embryoid body formation. When ES cells are aggregated by

culture in suspension in the absence of LIF, they form structures known as embryoid

bodies. ES cell aggregates cultured uncler these conditions differentiate in a sequential

manner giving rise to tissues which are present in early murine embryos. Thus the

development of embryoid bodies begins with the formation of an outer layer of

endoderm. Subsequently, cavitation and the formation of an inner layer of ectoderm-like

cells occurs. Based on morphology and gene expression these events are thought to

represent respectively, the formation of the primitive endoderm, proamniotic cavity and

primitive ectoderm in vivo (Doetschman et al. 1985, Shen and Leder 1992). 'When

embryoid bodies differentiate further they form a variety of tissues including muscle,

cartilage, neurons, blood and pigmented epithelium (Evans and Kaufman 1981, Martin et

at. 1981, Doetschman et al. 1985, Robertson 1987). ES cell derived embryoid bodies

have been used by a number of investigators, in the study of many aspects of murine

development (reviewed in Pederson 1994). These investigations have included analysis

of gene expression during differentiation (Lindenbaum et al. 1990, Poirier et aL I99l,

Yamada et al. 7994),the effect of growth factors on differentiation (Shen and Leader
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IggZ, Johansson and 'Wiles 1995), myogenesis (Rohwedel et aI. 1994, haemopoiesis

(Schmitt et al. 1991, Keller et at. 1993), cardiac development (V/obus et al' 1991,

Andrews lgg4,Lyons et al. 1995) and vascular development (V/ang et aI' 1992)' While

the in vitro development of embryoid bodies is considered to constitute a more accessible

system for the analysis of development than the embryo, specific developmental events

can not be examined in isolation due to the heterogeneity of the differentiation system.

1.5.5 ES Cells and Gene Targeting

The isolation and culture of pluripotential embryonic stem cells in vitro, together

with the development of homologous recombination technology has enabled the

development of efficient gene targeting systems for the analysis of gene function in vivo

(Cappechi 1989, Schwartzbvrg et al. 1989). This enables any mutation to be introduced

into any gene of interest within the murine embryo. In general the methodology involves

introduction of a targeting vector into ES cells cultured in vitro. The targeting vector

contains the gene of interest carrying the desired mutation and a selectable marker gene.

Stably transfected ES cells are selected, expanded and screened for homologous

recombination as opposed to random integration viø Southern analysis. ES cells

containing the desired mutation in the specific gene of interest are then reintroduced into

early murine blastocysts by microinjection, generating chimeric mice. The use of

appropriate coat colour mutations in ES cells and host blastocysts allows easy

identification of chimeric animals. Embryos heterozygous for the mutated allele can be

generated by backcrossing chimeric animals. Subsequently mice homozygous for the

mutant allele can be derived through heterozygous intercrosses.

This technique represents a powerful method for the functional analysis of

developmental control genes and has also allowed the development of murine models of

human disease. Hence many investigators have employed ES cells as a tool fot in vivo

analysis of gene function (Brandon et aL l995a, 1995b). The advantages of ES cells for

the elucidation of differentiation and isolation of potential regulators of development have,

by contrast, only been recently exploited.
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1.5.6 The ldentification of Mammalian Developmental control Genes

Application of molecular and genetic techniques to murine embryogenesis has been

hampered by the small size, fragility and inaccessibly of the murine embryo' A

successful approach to the identification of developmental control genes in mammals has

involved identification of murine homologues of genes found to be important in

experimentally manipulative systems, such as Drosophila and Xenopus. The similarity

between diverse vertebrate species at mid-gestation predicts that the underlying

mechanisms of gastrulation will be conserved between species (Gould 1977, DeRobertis

et al. 1994). Indeed the homologues of many of the genes expressed during gastrulation

inXenopus have murine homologues which are expressed at related stages and cell types

in the mouse (Blum et al. 1992, Beddington and Smith 1993). More surprising is the

finding that many of the developmental control genes expressed during Xenopus and

murine development were isolated by virtue of homology to Drosophila developmental

genes, identified by classical genetic approaches (Scott et al. 1989). While this approach

has proved extremely successful, developmental control genes involved in aspects of

development peculiar to mammals are unlikely to be identified vla homology screens.

Genes specific for murine development can also be identified by classical

approaches using spontaneous and induced murine developmental mutations (Herrmann

1991). However this technique is dependent on an observable mutant phenotype and

mutations affecting early development, which are commonly aborted in utero, are difficult

to detect. Furthermore the large genome size of mammals hampers the isolation of genes

responsible for such mutations.

Another approach has involved the isolation of genes based on their expression

patterns during development. Despite the inherent difficulty in accumulating sufficient

murine embryonic material, cDNA libraries specific for regions of the mid-gastrulation

murine embryo have been constructed. Using subtractive hybridisation techniques, genes

with restricted expression in particular tissues of the murine embryo have been identified

(Harrison et at. 1995). This approach has the advantage of allowing identification of

novel genes important specifically during murine development. However, the expertise

required for the isolation and dissection of embryonic tissues limits the use of this
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technique for a majority of researchers. Furthermore, this approach has not been directed

towards the isolation of developmental control genes

I.5.7 ES Cells and the Identification of Mammalian Developmental

Control Genes

The identification of novel developmental genes in mice can be approached by the

manipulation of murine embryonic stem cells in vitro followed by reconstitution of murine

blastocysts by microinjection (Robertson 1991). Insertional mutagenesis in ES cells was

first used in the identification of novel genes in 1986 (Robertson et al. 1986). This

method involved infection of ES cells with a defective retrovirus carrying the NeoR gene

and relies on the insertion of the retrovirus into a developmentally important gene such

that the gene is inactivated. Cells in which the retrovirus had inserted were selected in

culture and these cells were reintroduced into murine blastocysts. Lines of mice from

which homozygous mutants could be bred were generated. One of these lines, deficient

in mesoderm formation, was later found to have an insertion in nodal, a gene encoding a

TGFB related protein which is expressed around the node during gastrulation (Conlon e/

aI. I99l,Zhou et al. 1993).

This method has been refined in a number of ways and has led to the development

of gene trap vectors which are used in a similar manner to the retroviruses described

above (Gossler et aI. 1989, Friedrich and Soriano 1991, Joyner 1991, Skarnes et al'

IggZ). Gene trap vectors contain a lac Z reporter gene and are designed such that p-

galactosidase (þ-gal) is expressed only if the vector is integrated into a host gene. The

expression pattern of B-gat in chimeric animals can be visualised directly by histochemical

staining, and developmentally restricted and/or interesting patterns of expression selected.

Lac Zthen acts as a marker which facilitates the cloning of the host gene. In addition the

expression of lac Z in stably transfected ES cells can be followed during in vitro

differentiation of ES cells. This enables potentially important insertions to be identified

prior to blastocyst injection. The recent development of vectors which identify specific

classes of genes represents a significant advance for the identification of novel

developmentally regulated genes (Skarnes et al' 1995).
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Novel genes with restricted patterns of gene expression during murine development

have been identified via PCR screening of undifferentiated ES cell cDNA (Thomas 1994,

Chapman lg94). The ability of ES cells to differentiate in vitro (1.5.4) by either

spontaneous differentiation in the absence of LIF, in response to chemical inducers or as

embryoid bodies has enabled potential regulators of development to be identified based on

restricted expression pattern in ES cells and/or differentiated derivatives. V/hile

differential display PCR and differential screening of cDNA libraries (T. Shultz,

unpublished observations, Poirier et aI.1991) have been used to identify genes expressed

in this manner, the isolation of developmental control genes is not ensured. The recent

identification of an autonomously replicating extrachromosomal vector (episome)

(Gassman et al. 1995) which can be maintained in ES cells should allow identification of

novel control genes via functional assays on the basis of molecular complementation in

vitro. Thistechnique, coupled with the identification of factors which induce the lineage

specific and homogeneous differentiation of ES cells in vitro, should potentially constitute

a powerful and accessible system for the identification of development control genes.

1.6 ES Cells and ICM Cells

For various reasons it has been argued that ES cells are more closely related to the

cells of the primitive ectoderm than the inner cell mass (Smith 1992). The nature of

developmental restrictions occurring during murine embryogenesis appear to be

progressive and at this stage of development are poorly understood. Primitive ectoderm

is a term ascribed to cells of the inner cell mass which have not become restricted to

primitive endoderm (Rossant l98S). Several observations suggest that ES cells are the in

vitro equivalent of the inner cell mass rather than primitive ectoderm. Firstly, ES cells are

routinely isolated from the inner cell mass of murine blastocysts at approximately day 4

(Hogan et at. !994). They have the capacity to contribute to all tissues in the murine

embryo, including the primitive endoderm and its derivatives when reintroduced into early

murine embryos (Beddington and Robertson 1989). Secondly, ES cells undergo a

program of development and gene expression in vitro very similar to that undertaken by

cells of the inner cell mass itself, when cultured as embryoid bodies (Doestchman et al.

1985, Shen and Leder 1992). This program entails the development of an outer layer of
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primitive endoderm followed by the formation of an inner layer of primitive ectoderm.

Finally, genes expressed in by the inner cell mass in vivo ate also expressed by ES cells

in vitro (Rogers et aL l99l, G. Chapman, T. Shultz unpublished observations).

ES cells are isolated from the inner cell mass and exhibit a gene expression and

differentiation potential consistent with the cells of the inner cell mass. ES cells can

therefore be considered as the in vitro equivalent of cells of the inner cell mass'

1.7 ES Cells as an In Vitro Model for Murine Development

The molecular events occurring during early murine development prior to

gastrulation remain poorly defined. This is largely due to experimental limitations

associated with early mammalian embryogenesis such as small size, fragility and

inaccessibility of murine embryos at early stages. In addition, while similarities between

species are found during and after gastrulation, earlier events of mammalian

embryogenesis are not shared with experimentally more manipulative animals such as

D r o s ophila and Xeno p us .

In vitro approaches have proved invaluable in the identification of molecules which

regulate haemopoiesis (Metcalf 1939). The isolation and purification of factors

responsible for haemopoietic stem cell commitment have consequently been used

successfully in the treatment of a range of human diseases (Metcalf 1991). Early

mammalian development also relies on the coordinated differentiation, proliferation and

maintenance of pluripotential stem cells. Pluripotential cells of the murine ICM (ES cells)

are accessible in vitro. The ability of these cells to respond to all developmental signals ln

vivo and differentiate in vitro raises the possibility that similar functional assays might

prove instructive for the identification of factors which control early mammalian

development.

This system has been successfully employed in the identification of biological

factors which prevent the differentiation of ES cells (1.5.3). Biological factors able to

induce the specific differentiation of ES cells had not been characterised at the outset of

this work. A variety of factors known to be active in a range of developmental processes

such as gastrulation, including members of the FGF and TGFB families, have no effect

on the differentiation of ES cells in vitro (P. Rathjen, personal communication).
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Molecules which override the LIF signal and induce the specific differentiation of

pluripotential stem cells are likely to be of pivotal importance in developmental events

taking place during early murine embryogenesis. It should be possible to identify such

factors using the specific differentiation of ES cells in vitro as an assay system.

Identification of biological factors which regulate stem cell developmental decisions

such as differentiation and proliferation in vitro is of primary importance to our

understanding of early mammalian embryogenesis ln vivo. The ability to induce specific

differentiation of ES cells in vitro is potentially a very powerful system for the analysis of

events which occur during early embryogenesis. The specific differentiation of ES cells

in vitro may ultimately allow the formation and isolation of somatic stem cells which

would be of considerable importance for successful application of gene therapy to genetic

disease.

L.8 Background to the Project

Dr. Joy Rathjen screened a variety of conditioned media for an observable effect on

ES cell differentiation in the presence of LIF. One such medium, conditioned by

exposure to a human hepatocarcinoma cell line, contained such an inductive activity, and

was termed MED2. Culture of ES cells in 50Vo MED2 in the presence of exogenous LIF

resulted in the formation of a morphologically unrelated cell type which were termed X

cells. The formation of X cells from ES cells could be seen within 24 hours of culture

and appeared to be a highly uniform differentiation event. In contrast to the compact

dome-shaped morphology of ES cells, X cells colonies grew as monolayer colonies in

which individual cells, containing nuclei with one or more prominent dark nucleoli

structures, could be distinguished (Figure 1.8). The morphology of X cells was similar

to that exhibited by P19 EC cells which possess properties similar to the embryonic

primitive ectoderm (Rudnicki and McBurney 1987, Rogers et al. l99l).

The conversion of ES cells to X cells occurred in MED2 in the presence or absence

of LIF. X cells could be maintained indefinitely by culture and passage in the presence of

MED2. The formation of a highly uniform and maintainable cell population from ES cells

contrasts with the multitude of differentiated cell types produced when ES cells are

spontaneously differentiated by culture in the absence of LIF. Cell types arising from



FIGURE 1.8 The morphology of ES cells and X cells.

ES cell colonies are shown in A and X cell colonies are shown in B. Photographs were

taken at a magnification of 100x using phase contrast optics.
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such differentiation can not be maintained indefinitely in culture and are morphologically

distinct from X cells. When both MED2 and LIF were removed X cells, like ES cells,

spontaneously differentiated forming a variety of differentiated cell types. This suggested

that X cells, like ES cells, retained differentiation capability. Of particular interest was the

observation that when X cells were cultured in the presence of LIF, and absence of

MED2, X cells appeared to revert at a high frequency to an ES cell phenotype (J. Rathjen,

unpublished observations).

1.8.1 The Factors Responsible for X Cell Formation and Maintenance

The induction and maintenance of X cells is absolutely dependent on the continued

presence of MED2. Size exclusion and ion exchange chromatography indicates a

requirement for at least two factors, a protein of > 30kD and an uncharacterised factor of

approximately 0.7kD (J. Rathjen, J. Washington and M. Bettess, unpublished

observations). Purification of the active components of MED2 is in progress and did not

form part of this project.

1.8.2 The Gene Expression of X Cells

X cells were found to express the stem cell specific marker alkaline phosphatase by

enzymatic based histochemical staining (J. Rathjen, unpublished observations).

Immunofluoresence antibody staining revealed that X cells also express the stem cell

specific cell surface antigen SSEA-1 (J. Rathjen, unpublished observations).

Furthermore, investigation of X cell gene expression suggested that X cells express Oct-4

(Thomas 1994). Alkaline phosphatase, SSEA-1 and Oct-4 are expressed in pluripotential

cells ln vitro and in vivo (Solter and Knowles 1978, Smith et al. 1988, Richa and Solter

1988, Pease et aI. 1990, Rosner et al. 1990, Scholer et aL 1990, Yeom et al. I99l).

These observations were consistent with the spontaneous differentiation of X cells upon

withdrawal of MED2 and suggested that X cells retained pluripotential differentiation

capability.

Immunofluorescent antibody staining revealed that X cells, in contrast to ES cells,

express low levels of the intermediate filament cytokeratin, Endo A (J. Rathjen,

unpublished observations). Endo A is expressed in the trophectoderm, primitive
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endoderm derivatives, primitive ectoderm and early mesoderm in murine embryos

(Franke et at. 1982. Brulet et aI. 198O, Adamson 1938) but is not expressed in the cells of

the ICM. This suggested that X cells were different from pluripotential cells of the ICM.

1.8.3 The Significance of the ES to X Cell Transition

The identification of haemopoietic regulatory factors via in vitro culture systems

demonstrates that differentiation in vitro in response to biologically-derived molecules

results in the formation of biologically relevant cell types. The differentiation of ES cells

into X cells may therefore represent a developmental event occurring during early murine

embryogenesis. ES cells are analogous to cells of the inner cell mass (1.6). The

immediate developmental fate of the inner cell mass is the generation of primitive

endoderm and primitive ectoderm. The primitive endoderm gives rise to the visceral and

parietal endoderm which constitute part of the extraembryonic tissues of the murine

embryo. The primitive ectoderm, through the process of gastrulation, gives rise to the all

tissues of the embryo, including germ cells, as well as contributing to extraembryonic

tissues. This developmental progression is represented schematically in Figure 1.9.

The observation that X cells express pluripotential stem cell markers suggested that

the differentiation event represented by the ES to X cell transition in vitro might reflect the

embryonic ICM to primitive ectoderm transition. This was supported by several

additional observations. Firstly, the expression of cytokeratin at low levels in X cells but

not in ES cells was consistent with low level expression of Endo A in primitive ectoderm

but not in the inner cell mass. Secondly, the distinctive cellular morphology associated

with X cells, characterised by minimal cytoplasm, large nuclei and prominent nucleoli,

was strikingly similar to the cellular morphology associated with primitive ectoderm cells

in histological cross sections (Kaufman 1992). Thirdly, while ES cells have been

reported to divide every 12-18 hours (Smith 1992), X cells were found to proliferate at a

rate consistent with the cell cycle time estimated for primitive ectoderm in vivo, which is

6-8 hours (J. Rathjen, unpublished observations, Snow 1977). Finally, X cells possess

a cellular morphology similar to the morphology exhibited by Pl9 EC cells, which are

considered to have properties related to the cells of the primitive ectoderm (Rogers er al.

t99t).



FIGURE 1.9 Cell lineages arising from the inner cell mass ìn vivo.

The inner cell mass gives rise to the primitive endoderm and subsequently the primitive

ectoderm. The primitive endoderm forms visceral and parietal endoderm which

constitute and give rise to extraembryonic tissues of the embryo. The primitive

ectoderm through the process of gastrulation gives rise to extraembryonic mesoderm

and the mesoderm, ectoderm, endoderm and germ cells of the embryo proper.



PRIMITIVE
ENDODERM

ENDODERM

EMBRYONIC T/SSUES

ECTODERM

GERM
CELLS

PARIETAL
ENDODERM

VISCERAL EXTRA-
ENDODERM EMBRYONIC

MESODERM
MESODERM

EXTRAEMB RYO N I C ?1SS UES



23

The ability to generate primitive ectoderm from ES cells ln vitro wottld have

profound importance and application to the understanding of mammalian development'

The inner cell mass to primitive ectoderm transition in vivo is at present poorly

characterised. The differentiation of ES cells into primitive ectoderm invitro should allow

the identification of genes and factors involved in this process. The primitive ectoderm

constitutes the tissue which responds to developmental signals during gastrulation,

differentiating into all the differentiated tissues constituting the murine embryo and adult.

Access to pluripotential cells of the primitive ectoderm in vitro could therefore provide an

in vitro assay system for the identification and functional analysis of growth factors or

genes involved in gastrulation. In addition, the specific and further differentiation of

primitive ectoderm in vitro may well lead to the generation and/or isolation of somatic

stem cells which are vital for the ultimate success of gene therapy. Furthermore, the

ability to generate and maintain primitive ectoderm from ES cells ir¿ vitro wottld suggest

that the primitive ectoderm from the embryo itself may be isolated and maintained in vitro.

Embryonic primitive ectoderm cells maintained in vitro could constitute an alternative

route to generation of transgenic animals.

L.9 Aims and Approach

Appreciation of the biological significance of the ES to X cell differentiation event

is largely dependent on identification of the embryonic cell equivalent of X cells.

Preliminary investigations of the properties associated with X cells suggested that they

represent a pluripotential cell population, possibly the in vitro equivalent of primitive

ectoderm. The overall aim of the research described in this thesis was therefore to define

the possible embryonic equivalent of X cells.

Different cell populations within the murine embryo can be defined on the basis of

the genes which they express. Over recent years a number of genes with stage and tissue

specific expression during early murine embryogenesis have been identified and can

therefore be used for identification of cell types in vlrro (Shen and Leder l992,Pruitt et

al. 1994a, I994b, Johansson and'Wiles 1995). The expression of marker genes in X

cells, compared to ES cells was examined. A detailed analysis of the gene expression

associated with X cells compared to ES cells would enable the biological equivalent of X
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cells to be more fully defined. Identification of gene expression differences between ES

and X cells would allow the nature of X cell reversion to be examined at the molecular

level.

X cells express the pluripotential stem cell markers, Oct-4, alkaline phosphatase

and SSEA-1, and spontaneously differentiate into a multitude of cell types upon

withdrawal of MED2 and LIF. Thus X cells, like ES cells, appear to retain differentiation

capacity. ES cells have the capacity to differentiate as embryoid bodies in vitro generating

a variety of defined cell lineages. The ability of X cells to form and differentiate as

embryoid bodies, compared to ES cells, was examined. Identification of the cell types

which X cells form upon differentiation would not only be indicative of their

pluripotentiality it would be suggestive of their embryonic equivalent. Knowledge of the

relative differentiation potential of X cells and ES cells might be indicative of how

pluripotentiality is controlled or restricted during embryogenesis.

Members of the FGF and TGFB family have been implicated in the process of

mesoderm induction during gastrulation inXenopus (Sive 1993). The primitive ectoderm

is the substrate for mesoderm induction during murine embryogenesis. As a pluripotent

cell population, and given their proposed relationship to embryonic primitive ectoderm,

the ability of X cells to differentiate in response to mesoderm inducing cytokines was

examined. Differentiation of X cells with such cytokines to biologically relevant cell

types in vitro would support a relationship between X cells and the cells of the primitive

ectoderm. This would also suggest that X cells might be useful as an in vilro system for

the identification and functional analysis of factors involved in gastrulation.

ES cells possess the capacity to reconstitute embryonic tissues upon reincorporation

into murine blastocysts. X cells or reverted X cells, as pluripotential cell populations

might also be capable of such contribution upon reinjection into murine blastocysts.

Contribution of X cells to murine embryos would confirm their pluripotentiality.

Furthermore, given their potential relationship to the cells of the primitive ectoderm,

contribution of X cells to murine blastocysts might indicate that primitive ectoderm in vivo

may have a similar potential when isolated in vitro. Embryonic primitive ectoderm might

therefore represent an alternative target for pluripotential cell isolation in vitro.
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CHAPTER TWO: MATERIALS AND METHODS

2.1 Abbreviations

Abbreviations are as described in "Instructions to authors" (1978) Biochem. J.169,l-

27.

In addition:

Azeo Absorbance at260nm

APS ammonium PersulPhate

ATP adenosine triPhosPhate

BCIP 5-bromo-4-chloro-3-indolyl-phosphate

bisacylamide N,N'- methylene-bisacylamide

bp base Pairs

BSA bovine serum albumin (Fraction V)

D-MEM Dulbecco's Modified Eagles'Medium

DMF dimethYlformamide

DMSO dimethYlsulfoxide

DTT dithiothreitol

E. coli. Escherichia coli

EDTA ethylene diamine tetra acetic acid

ES embryonic stem

EtBr ethidium bromide

FCS foetal calf serum

FGF fibroblast growth factor
f= ! uor c..r-c.. r n

FITC flqorocéin isothiocYanate

Hepes N-2-hydroxyethyl piperazine-N-ethane

sulphonic acid

ITSS Insulin-transferrin-sodium-selenite supplement

LIF Leukaemia Inhibitory Factor

kb kilobase pairs

MOPS 3-[N-Moqpholino] propans-sulfonic acid

MQ Milli



27

NBT

NP-40

o.D.

OSM

PBS

PEG

PDGFA

RA

rNTP

RNAase

r.p.m.

SDS

TCA

TEMED

tRNA

Tween-20

UV

2.2 Tissue Culture Materials

2.2.1 Chemicals

D-MEM

DMSO

Hams F12

Heparin

FCS

gelatin

gentamycin

ITSS

L-glutamine

B-mercaptoethanol

nitro blue tetrazolium chloride

Nonidet P40

optical density at 600nm

Oncostatin M

phosphate buffered saline

polyethylene glycol

Platelet Derived Growth Factor A

aII trans-Retinoic acid

ribonucleotide phosphate

ribonuclease

revolutions per minute

sodium dodecyl sulphate

trichloroacetic acid

N,N,N',N' -tetramethyl-ethenediamine

transfer RNA

Polyoxyethelyne-sorbitan Monolaurate

ultra violet

Gibco BRL

Sigma

Gibco BRL

Sigma

CSL

Sigma

DeltaWest

Boehringer Mannheim

Gibco BRL

Sigma
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methanol

phenylene diamine

Salmon Sperm DNA

Trypsin

2.2.2 Tissue Culture Plasticware

4 well multidishes

6 well trays

24 well trays

96 well trays

100mm plates

60mm plates

150cm2 flasks

15cm2 flasks

10ml plastic pipettes

2ml plastic pipettes

lTOOcrû roller bottles

2.2.3 Miscellaneous

perrnanox chamber slides

glass chamber slides

ektachrome 1607

ektachrome 100

freezing vials

sterile bottle top filters

pressure filters

bacteriological petri dishes

disposable cuvettes

Optiphase'Hisafe' 2 Scintillation fluid

BDH Laboratories

Sigma Chemical Co.

Sigma Chemical Co.

Gibco BRL

Nunclon

CorningÆalcon

Nunc/Corning/Falcon

Corning/Falcon

ComingÆalcon

CorningÆalcon

Corning

Corning

Corning/Falcon

SterilinÆalcon

Corning

Nunc

Nunc

Kodak

Kodak

Nunc

Corning

Sartolab

Techno-plas

Bio-rad

LKB Scintillation Products
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2.2.4 Cetl Staining Kits

Alkaline Phosphatase Staining Kit Sigma Diagnostics (86-R)

2.2.5 Cytokines

Recombinant mouse LIF (ESGRO) was obtained from Amrad'

Human recombinant LIF was obtained from Amrad.

Human Oncostatin M was obtained from R&D Systems.

Human recombinant activin A \ryas a kind gift from Dr. Ray Rogers (Flinders University,

South Australia).

Human PDGFA was a kind gift from Dr. Helen Healy, C.S.I.R.O.

Purified bovine basic FGF was obtained from Sigma.

Recombinant bovine basic FGF was obtained from Boeringher Mannheim.

Human recombinant FGF-4 was a kind gift from Dr. John Heath.

Human recombinant acidic FGF was obtained from R&D Systems.

Human recombinant FGF-5 was obtained from R&D Systems.

All of the above cytokines were diluted in O.l%o BSA in PBS to specified working

concentrations, aliquoted and stored at-2OoC until use'

2.2.6 Antibodies

Anti-neurofilament 200 (N-4142) was obtained from Sigma Immunochemicals.

Anti-gp130 blocking antibody (RX19) was a kind gift from Dr. Tetsuya Taga (Institute

for Molecular and Cellular Biology, Osaka University). The hybridoma producing this

monoclonal antibody was established by Mikiyoshi Sato and purified by Atsushi

Kumanogoh.

Anti-human LIF was obtained from R&D Systems.

Anti-rabbit and anti-mouse IgG-FITC conjugates were obtained from Silenus'

Anti-SSEA-l was a kind gift from Dr. Austin Smith.

I

Aliquots of antibodies were stored at -20oC and a working aliquot kept at 4oC.
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2.2.7 Radiochemicals

¡3Hl Methyl Thymidine, T0Cilmmol was obtained from ICN

2.2.8 Solutions

Solutions were prepared using Millipore-filtered H2O and sterilised via filtration through a
,itn

0.2¡tyf filter unless otherwise specified.

Electroporation Buffer:

600p1 of lSVo glucose in 100m1 of HeBS (Made prior to use).

Hepes buffered saline (HeBS):

20mM Hepes, 137mM NaCl, 5mM KCl, pH 7.05 filter sterilised.

L-Glutamine:

l00mM L-glutamine in MQ H2O, filter sterilised and stored as 2ml aliquots at -2OoC.

ITSS:

1000x srock of 25}mgof ITSS in 25ml of sterile MQ HzO was made and stored as 200p1

alliquots at -20oC.

Heoarin:

Stock solution: l¡t"glþl in sterile PBS, stored at 4oC.

Þ-mercaptoethanoL/PB S :

Stock solution: 100 mM B-mercaptoethanol in sterile PBS. A fresh solution was prepared

every two weeks.

Phosphate buffered saline (PBS):

136mM NaCl, 2.6mM KCl, 1.5mM KH2PO4, 8mM Na2HPO4, pH7.4. Sterilised by

autoclaving (20 psi for 25 minutes at l40oC).

PBS/Gelatin:

0.27o (w/v) gelatin in PBS. Sterilised by autoclaving (20 psi for 25 minutes at 140oC).

ohenvlene diamine:

0.3g of phenylene diamine were dissolved in 50ml of HCI at room temperature. 1g of

activated charcoal was added and the solution was stirred for 2hrs. The solution was

filtered through Whatmary/ paper and the filtrate was cooled on ice. 35ml of ice-cold

concentrated HCI was added to the mixture, which was then left to crystallise on ice for

6hrs. The crystals were collected in a Buchner funnel and stored at -20oC in the dark' A
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l7o (wlv) aqueous solution of phenylene diamine was made and the pH adjusted to 7 with

NaOH. This solution was stored at -20oC in the dark.

Trvoan Blue:

0.4g trypan blue, 0.819 NaCl, 0.069 KH2POa in 100m1 of MQ H20, pH 7-2fllter

sterilised.

Trvosin:

O.l%o trypsin and 1 X Versene solution. Sterilised by filtration.

RA:

10-2 M RA was dissolved in DMSO and stored at in the dark at -200c.

Versene solution ( 10x):

29 EDTA, 80g NaCl, 29KCl,29KH2PO4, 11.5gNa2HPOa in 1 L of MQ H20, filter

sterilised and stored at 4oC.

2.2.9 Media

Media was prepared using Millipore-filtered H2O, and sterilised by filtration through a

0.2¡tM filter.

D-MEM:

I packet (13.5g) of powdered D-MEM (high glucose, with L-glutamine' sodium

pyruvate, without sodium bicarbonate), 3.7 g of NaHCO y 4.89 Hepes dissolved in lL of

MQ H2O. The media was then made to a pH of 7.5 and 1.25 ml of 40mg/rnt gentamycin

was added. Medium was filter sterilised'

Hams F12 medium:

I packet (10.69) F12 Nutrient mix (with L-glutamine, without sodium bicarbonate),

1.1789 NaHCO3 in lL MQ H2O. The medium was made to a pH of 1.5 and then 1.25

ml gentamycin (40 mg/ml) was added. Medium was filter sterilised.

SerumFree Medium:

1:1 Hams F12 medium: D-MEM,0.lVo ITSS'

ES D-MEM medium:

67.4g D-MEM (high glucose, with L-glutamine, sodium pyruvate, without sodium

bicarbonate), 18.59 NaHCO3 dissolved in 5 L of MQ H2O. The medium was then made

-a
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to a pH of 1.3 and 6.25 ml (40 mg/ml) gentamicin was added. Medium was filter

sterilised.

Incomplete ES cell medium:

9O7oES D-MEM medium, 107o FCS, lVo glutamine,0.t%oBeta-mercaptoethanol/PBS.

Complete ES cell medium:

Incomplete ES cell medium containing l%o (wlv) COS-1 cell conditioned medium

containing LIF (Refer to section 2.3.6).

X cell medium:

1:1 MED2 conditioned medium: incomplete ES cell medium.

Incomplete MED2 conditioned medium (MED2):

Medium was collected from MED2 cells cultured in incomplete ES cell medium for 5

days. Medium was filter sterilised and stored at -20oC. For MED2 preparation see

2.3.7.

All medium, unless otherwise specified, was stored at 4oC and heated to 37oC in a water

bath before use.

2.2.10 Tissue Culture Cell Lines

ES Cell Lines:

ES Cell lines were from the following sources:

MBL-5 and D3 (Lindsay Williams, Ludwig Institute, Melbourne, Australia).

E14 (Anna Michelska, Murdock Institute, Melbourne, Australia).

Other Cell Lines:

Swiss albino 3T3: mouse embryonic fibroblasts obtained from ATCC (CCL92)

COS-1: monkey kidney fibroblasts obtained from ATCC (CRLI650).

MED2 cells: human hepatocarcinoma cell line (unpublished data).

2.3 Tissue Culture Methods

All centrifugation steps were carried out using a Heraeus Sepatech Megafuge 1.0,

BS4402A unless otherwise specified.
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2.3.1 Gelatinised Petri Dishes

All tissue culture dishes and plates used for ES and X cells were gelatinised with0.zEo

(w/v) gelatin in PBS. Plates were covered with gelatin solution and left for at least 30

minutes at room ternperature. The gelatin solution was removed immediately before use.

2.3.2 Determination of Cell Number

In general 100p1 of cell suspension was diluted in 900p1 of trypan blue. The number of

cells were counted under the microscope using a haemocytometer. Trypan Blue stains

dead cells blue and these were omitted from the cell count'

2.3.3 Preparation of Stem Cell Lines for Storage

Cells were harvested as described in 2.3.8 except they were resuspendedin lÙVo DMSO,

907o FCS. In general 1 confluent plate of stem cells was resuspended in 3ml of

197oDMSO,90Vo FCS and lml aliquoted per freezing vial. Cells were then placed in

freezing racks and put at -80oC for 24 hrs, subsequently one vial was thawed to inspect

the efficiency of freezing. The frozen cells were then transferred to liquid nitrogen for

long term storage.

2.3.4 Thawing Frozen Stem Cell Lines

A vial of cells was removed from liquid nitrogen and placed in a 37oC water bath. As

soon as the cells had thawed they were transferred to a sterile tube containing 10ml of the

appropriate medium and spun at l2O0 r.p.m. for 5 minutes. Cells were then resuspended

in the appropriate medium and placed into two to three gelatinised 100mm dishes. Dishes

were placed at 37oC, lOVo CO2in air. The next day the medium was replaced with fresh

medium.

2.3.5 Maintenance of COS'1 Cells

COS-I cells were maintained in 150cm2 tissue culture flasks in D-MEM containing 107o

FCS at 37oC,57o CO2in air. Confluent flasks were washed twice with PBS, incubated

with trypsin (2ml) for 5 minutes at 37oC. Cells were detached by knocking the flask
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vigorously. Approximately Smls of medium was added and 1/10 of the volume of the

resulting cell suspension was added to a fresh flask containing approximately 25mls of

medium. COS-1 cells were split every 3-4 days.

2.3.6 Preparation of COS-I Cell Conditioned Medium Containing Murine

LIF

Approximately 4 sub-confluent 150cm2 flasks of COS-I cells were harvested by washing

each flask twice with PBS and then incubated with 2mls of trypsin at37oC for 5 minutes.

Approximately 5 mls of medium were added to inhibit the action of trypsin. The cells

were pooled and spun at 1000 r.p.m. for 5 minutes, resuspended in 20mls of

electroporation buffer and the cell number determined(2.3.2). The cell suspension was

spun at 1000 r.p.m. for 5 minutes, resuspended in l0 mls of electroporation buffer and

respun at 1000 r.p.m.for a further 5 minutes. While the cells were spinning 50pl of

sonicated salmon sperm DNA (l0mg/ml), 50pl of FCS and 10pg of DNA to be

transfected (in this case murine LIF D in pXMT2) was added to sterile cuvettes. The cell

pellet was then resuspended in a volume of electroporation buffer to give a cell

concentration of lx107 cells/ml, 500p1 of cells were added to each cuvette. The cells

were kept at 4oC for 10 minutes and then eletroporated at27o Volts at a capacitance of

250uD using the Bio-rad Gene PulsarTM. The cells were left at room temperature for 10

minutes before addition to 100mm petri dishes containing 10 mls of D-MEM, 107o FCS.

The next day the medium was removed and 10mls of incomplete ES cell medium added.

After 48hrs the medium was collected and replaced with a further 10 mls of incomplete

ES cell medium. After an additional 48hrs the medium was collected and the cells

discarded. The conditioned medium collected from the transfected COS-I cells was

pooled and spun at 1600 r.p.m.for 10 minutes and filter sterilised. The activity present

within the medium was determined by the ability of a diluted series of the medium to

maintain ES cells (2.3.I3i). The medium was diluted in PBS and stored at-20oC. In

general a 1 in 100 dilution of this stock was able to maintain the growth of ES cells at a

level comparable to 1000 U/ml of ESGRO (murine LIF obtained from Amrad). LIF

preparation was generally carried out by J.Rathjen.
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2.3.7 Preparation of MBD2 Conditioned Medium

Confluent 150cm2 flasks of MED2 cells were harvested by washing twice with PBS and

incubating with trypsin for 5 minutes. Cells were removed from the surface of the flask

by knocking the flask vigorously. Cells were transferred to a 30ml sterile plastic tube

containing approximately lOmls of incomplete ES cell medium and spun at 1200 r.p.m.

for 5 minutes. The cells were then resuspended and split 1:3 into 150cm2 flasks

containing 25ml of incomplete ES cell medium and incubated at 37oC,5Vo CO2 in air'

After 5 days the conditioned medium was collected and the cells resplit. The conditioned

medium was spun at 3000 r.p.m. for 5 minutes and then filter sterilised. For large scale

preparation of MED2, 250m1 of incomplete ES cell medium was placed into 1700cm2

roller bottles. The cells harvested from two confluent flasks of MED2 cells were placed

into one roller bottle. The bottles were incubated on rollers in a 37oC oven. After 5 days,

the medium was collected from the bottles and 250m1of fresh incomplete ES cell medium

was added. After a further 3 days the medium was collected and the cells discarded.

Conditioned medium collected from the bottles was spun in 500m1 centrfuge buckets at

3000 r.p.m. (Beckman J-2lB centrifuge, JA-10 rotor). Conditioned medium was filter

sterilised and stored at -20oC until use and kept at 4oC while in use (used for a maximum

of I week).

2.3.8 Routine Maintenance of ES Cells

ES cells were maintained on gelatinised 100mm petri dishes in complete ES medium at

37oC, 107o CO2 in air. A near confluent plate of ES cells was washed twice in PBS,

incubated with trypsin (1 ml) at3loC for 30 seconds and transferred into 4 ml complete

ES cell medium using a pasteur pipette. The cells were spun at l20O r.p.m. for 5

minutes, gently resuspended in 10 ml complete ES medium and re-seeded at a cell density

ranging from approximately 1.5x103-3.0x103 cells/cm2 (or a dilution of 1:20-1:40). ES

cells were passaged every 3-4 days. ES cells were maintained for a maximum of 34

passages before a fresh vial was thawed.
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2.3.9 Routine Formation and Maintenance of X Cells

X cells were formed and maintained in gelatinised l00mm petri dishes at37oC,lÙVo COz

in air.

i) Formation of X Cells in the Presence of LIF (XpO+Cells)

ES cells were seeded at acell density ranging from 2x103-6x103 cells/cm2 (1:10-1:30

dilution) in X cell medium containing l%o COS cell derived LIF (2.3.6) and incubated at

37oC,ITVo COzin air. X cell colonies were detected24 hours after induction. The cells

were designated XpO+ cells where + denoted the presence of LIF and p0 equivalent to the

number of passages, which was 0.

ii) Maintenance of X Cells in the Presence of LIF

X cells were maintained in X cell medium containing lVo COS cell derived LIF (2.3.6)

and passaged and harvested as described for ES cells (2.3.8). X cells generally reached

near confluence after 2-3 days and were reseeded at an approximate cell density ranging

from 3x103-l.2xt}4 cells/cm2 (1:5-1:20 dilution). Cells were designated Xpx+ cells

where + indicated the presence of LIF, and px indicated the number of passages.

iii) Formation of X Cells in the Absence of LIF (XpO- Cells)

ES cells were seeded at a cell density ranging from 2x103-6x103 cells/cm2 (1:10-1:30

dilution) in X cell medium without LIF and incubated at37oC,lïVo CO2 in air. X cell

colonies were detected within 24 hours after induction. The cells were designated XpO-

cells where - denoted the absence of LIF and p0 equivalent to the number of passages,

which was 0.

iv) Maintenance of X Cells in the Absence of LIF

X cells were maintained in X cell medium without LIF and passaged and harvested as

described for X cells maintained in the presence of added LIF (2.3.9.ii) Cells were

designated Xpx- cells where - indicated the absence of LIF, and px indicated the number

of passages.
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2.3.10 Routine Formation of ES Cells from X Cells (X Cell Reversion)

X cells were seeded at 2x103-6x103 cells/cm2 (l:10-1:30 dilution) in complete ES cell

medium and incubated at 37oC ,lj%o CO2 in air. ES cell colonies were detected after 24-

48hrs. Revefted X cells were split every 3-4 days as described for ES cells (2.3.8).

2.3.11 Routine Maintenance of XB Cells

XB cells were routinely maintained in 100mm gelatinised petri dishes, in X cell medium

containing 17o COS cell derived LIF (2.3.6) and incubated at 37oC,IÙVo CO2in air. XB

cells were passaged and harvested as described for X cells (2.3.9). XB cells were

cultured in the absence of LIF as described in 2.3.9 iv and reverted to ES cells as

described in 2.3.10.

2.3.12 Harvesting Cells for RNA Preparation

Cells were washed twice with PBS and incubated with trypsin for I minute. Cells were

transferred to 30ml tubes containing medium and spun at 1600r.p.m. for 5 minutes. The

cells were then resuspended in 10ml of PBS and again spun at 1600r.p.m. for 5 minutes.

The PBS was removed and the cells were stored at -80oC.

2.3.13 ES Cetl Assays at Clonal Cell Density

i)

0.8 ml of incomplete ES cell medium was added per well of 4 well multidishes. LIF or

OSM was added at the dilutions to be tested. The dishes were kept in the incubator

(37oC,lOVo CO) while ES cells were harvested and the cell number determined (23.2).

The cells were then resuspended in an appropriate volume of incomplete ES cell medium

and seeded into prepared multidishes at a cell density of 200 cells/cm2. After 5 days the

cells were stained for alkaline phosphatase activity (2.3.24).

ii) Assaying for X cell Formation/Maintenance

Multidishes were prepared containing incomplete ES cell medium with desired

concentrations of MED2 (2.3.7) and/or LIF. COS cell derived LIF (2.3.6) was used in

all experiments unless specified otherwise. The multidishes were kept in the incubator
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(37oC,I¡Vo COù while ES cells were harvested and the cell number determined (2'3.2).

The cells were resuspended in an appropriate volume of incomplete ES cell medium and

seeded into prepared multidishes at a cell density of 100 cells/cm2. The medium \ryas

changed after 3 days and at day 5 the assay was stained for alkaline phosphatase activity

(2.3.24).

iii) Neutralisation of OSM by Anti-gp130

0.8 ml of incomplete ES cell medium was added per well of 4 well multidishes. Anti-

gp130 was added to wells at the specified concentration. ES cells were harvested and the

cell number determined(2.3.2). The cells were then resuspended in an appropriate

volume of incomplete ES cell medium and seeded into prepared multidishes at a cell

density of 200 cellsicm2. The dishes were kept in the incubator (37oC,lOVo CO) for 1.5

hours to allow antibody binding. After this time 50ng/ml OSM was added to appropriate

wells and the dishes were returned to the incubator. The cells were stained for alkaline

phosphatase activity (2.3.24) after 5 days.

iv) Neutralisation of Human LIF by Anti-Human LIF

0.8 ml of incomplete ES cell medium was added per well of 4 well multidishes.

1000U/ml human LIF was added to appropriate wells together with the specified

concentration of anti-human LIF. The dishes were kept in the incubator (37oC,lÙVo

COz) for 1.5 hours to allow antibody binding. At this time, ES cells were harvested and

the cell number determined (2.3.2). The cells were resuspended in an appropriate volume

of incomplete ES cell medium and seeded into prepared multidishes at a cell density of

200 cells/cm2. After 5 days the cells were stained for alkaline phosphatase activity

(2.3.24).

In all ES cell assays, colony types were scored under magnification (10x), phase 2 using
7c rr.G

^ 
ZF" in verted microscope.
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2.3.14 X Celt Assays at Clonal Cell Density

i) Assaying for X cell Maintenance

Multidishes were prepared containing incomplete ES cell medium with desired

concentrations of MED2 and/or LIF. COS cell derived LIF (2.3.6) was used in all

experiments unless specified otherwise. The multidishes were kept in the incubator

(37oC, lTVo COù while X cells were harvested and the cell number determined. The

cells were resuspended in an appropriate volume of incomplete ES cell medium and

seeded into prepared multidishes at a cell density of 100 cells/cm2. The medium was

changed after 3 days and at day 5 the assay was stained for alkaline phosphatase activity

(2.3.24).

ii)

so130

0.4 ml of incomplete ES cell medium was added per well of 4 well multidishes. Anti-

gp130 (lOpg/ml) was added to appropriate wells. Xp0+ cells were harvested and the cell

number determined (2.3.2). The cells were resuspended in an appropriate volume of

incomplete ES cell medium and seeded into prepared multidishes at a cell density of 100

cells/cm2. The dishes were kept in the incubator (37oC,lïVo CO) for 1.5 hours to allow

antibody binding. After this time 0.4m1 of MED2, or 0.4m1 of incomplete ES cell

medium, human LIF (500u/ml), Amrad murine LIF(500U/ml) or OSM (25nglml) was

added to appropriate wells and dishes were returned to the incubator. The cells were

stained for alkaline phosphatase activity (2.3.24) after 4 days.

iii) Assaying for the Presence of Human LIF in MED2 vlø Anti-hLIF

0.4 ml of MED2 was added to appropriate wells of 4 well multidishes. 500U/ml human

LIF or 500U/ml Amrad murine LIF and/or lOpg/ml anti-human LIF was added to

appropriate wells. The dishes were kept in the incubator (37oC,lOVo CO) for 1.5 hours

to allow antibody binding. After this time, 0.4 ml or 0.8 ml of incomplete medium was

added to appropriate wells. Xp0+ cells were harvested and the cell number determined

(2.3.2). The cells were then resuspended in an appropriate volume of incomplete ES cell

medium and seedecl into prepared multidishes at a cell density of 100 cells/cm2. At 3 days
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medium was pre-incubated with anti-human LIF were appropriate and the assay medium

was changed. After a total of five days the cells were stained for alkaline phosphatase

activity (2.3.24).

In all X cell assays, colony types were scored under magnification (10x), phase 2 using a
'¿(::È!.]:;

Zþ{s inv erted microsc op e

2.3.'1-,5 Spontaneous Differentiation of ES Cells

ES cells were seeded at 6x103-l.2xl0a cells/ml (1:5-1:10 dilutions) in incomplete ES cell

medium and incubated at 37oC,lïVo CO2 in air. Cells were maintained in this medium

by reseeding every 2 days (where possible) at dilutions ranging from 1:2-1:5.

2.3.16 Preparation of Embryoid Bodies

i) Free Floating Embryoid Bodies

a)P artial Tryp sinis ation M ethod

At day 0, cells were washed twice with PBS and then incubated with trypsin (2ml) and

rocked gently for 1.5 minutes. Incomplete ES cell medium was added to the plates to

inhibit the action of trypsin. The cell clumps were then transferred to a sterile 30ml tube

and spun at 800 r.p.m for 2 minutes. The clumps were gently resuspended in 10ml of

incomplete ES cell medium, transferred to bacteriological dishes and incubated at 37oC,

l17o CO2 in air. At day 2 the aggregates were divided into 3 and placed in fresh

bacteriological dishes containing fresh incomplete ES cell medium. Medium was changed

every second day by carefully removing 8ml of medium and replacing it with 8ml of fresh

medium.

b) Single CelI Suspension Method

At day 0, cells were trypsinised and resuspended at a cell density of 1x105 cells/ml and

1gml placed per 100mm bacteriological petri dishes. Aggregates were cultured and

maintained as described in a).

c) Hanging Drop Method

At day 0, cells were trypsinised and resuspended in incomplete ES cell medium at a cell

density of 1.6x10a cells/ml. 50pl aliquots were placed on the inside surface of tissue
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culture petri dish lids. Lids were inverted over dishes containing 3ml of PBS and

incubated at3JoC, I\Vo CO2 in air. After 2 days lids were removed and flooded with

1gml of incomplete ES medium and transferred into bacteriological petri dishes and

returned to the incubator. Medium was replaced every second day as described in a).

ii) Seeded Embryoid Bodies

At day 6 free floating embryoid bodies formed as described in a) were transferred to

gelatinised tissue culture plates and allowed to attach to surfaces. Seeded embryoid

bodies were incubated at 3JoC, lOTo CO2 and the medium was changed every second

day.

2,3.17 Scoring Beating Muscle in Embryoid Bodies

i) Free Floating Embryoid Bodies

24 well plates were coated with l%o agarose in ES D-MEM, which was allowed to set.

Incomplete ES cell medium (1ml) was added to each well and the plate was equilibrated

for 3 hours at37oC, CO2 in air. The medium was removed and lml of fresh incomplete

ES cell medium was added to each well. Embryoid bodies were individually picked using

a pasteur pipette and placed into wells (one body/well). Plates were incubated at 37oC,

ljlo CO2 and the medium changed every 2 days. , Each well was scored for the presence
uí;!l1a\

or absence of beating muscle by observation undér a Nikon Diaphot Phase Contrast

microscope at a magnification of 50x under Phasel.

ii) Seeded Embrvoid Bodies

At Day 6 individual embryoid bodies were picked from bacteriological plates using a

pasteur pipette and placed into gelatinised 96 well trays containing 200p1 of incomplete

ES cell medium/well. One embryoid body was placed per well. Plates were incubated at

37oC, l}VoCO2in air and the medium was changed every second day. The presence or

absence of beating muscle was assessed by inspection of each embryoid body under a

Nikon Diaphot Phase Contrast microscope at a magnification of 50x under Phasel.



42

2.3.18 Scoring Neurons in Seeded Embryoid Bodies

At Day 6 individual embryoid bodies were picked from bacteriological plates using a

pasteur pipette and placed into gelatinised 96 well trays containing 200p1 of incomplete

ES cell mediumiwell. One embryoid body was placed per well. Plates were incubated at

37oC,l\VoCOz in air and the medium was changed every second day. The presence or

absence of neurons was assessed by inspection of each embryoid body under a Nikon

Diaphot Phase Contrast microscope at a magnification of 50x under Phasel.

2.3.19 Harvesting Embryoid Bodies for RNA Preparation

i) Free Floating embryoid bodies were transferred to a 30ml tube and allowed to settle

The bodies were washed with PBS and stored at -80oC.

ii) Seeded embryoid bodies were harvested via trypsinisation. Cells were detached from

the dishes with the aid of a rubber policeman and transferred to a 30ml tube containing

incomplete ES cell medium. The cells were then spun at 1600 r.p.m. for 5 minutes,

washed with PBS and stored at -80oC.

2.3.20 Differentiation of Cells with Retinoic Acid

I x 106 cells were placed in 100mm bacteriological petri dishes containing incomplete ES

cell medium, 1.OpM RA. After 48hrs fresh RA containing medium was added to dishes

and the aggregates were incubated for a further 48hrs. At this time the aggregates were

transferred to 30ml sterile tubes to settle. The medium was removed and replaced with

incomplete ES cell medium which did not contain RA. The aggregates were seeded into

gelatinised l00mm tissue culture dishes and harvested for RNA preparation afßt 2 days,

or individually into gelatinised 96 well trays for cell analysis after 2 days. The cell types

present were assessed using a Nikon Diaphot Phase Contrast microscope at à

magnification of 50x under Phasel.

Harvesting RA-treated aggregates for RNA preparation.

RA-treated aggregates were harvested by washing plates twice with PBS and adding 2ml

of trypsin. Cells were detached from the dishes with the aid of a rubber policeman and
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transferred to a 30ml tube containing incomplete ES cell medium. The cells were then

spun at 1600 r.p.m. for 5 minutes, washed with PBS and stored at -80oC.

2.3.2I Cytokine Assays

i) Assaying for Differentiation

Assays for the affect of cytokines on ES and X cells were generally carried out in 4 well

multidishes. 0.8 ml incomplete ES medium and 50Vo M'F,DZ:SOVo incomplete ES cell

medium was placed per well of gelatinised multidishes for ES cells and X cells,

respectively. COS cell derived LIF (2.3.6) was added at a concentration of I7o.

Cytokines were added at specified concentrations and the dishes were incubated at 37oC,

l¡Vo COzin air. ES, X and/or XB cells were harvested and the cell number determined

(2.3.2). Cells were resuspended in an appropriate volume of medium, seeded at a cell

density of T5cells/cm2 into prepared multidishes and returned to the incubator. Medium

was changed at 3 days and the assay stained for alkaline phosphatase activity (2.3.24) 2

days later.

For determination of cell number, assays were carried out as described, "ï.li::il:.i:t
4 fold to allow sufficient cell numbers for analysis. At day 5, cells were trysinised, lml

of medium was added and the cells spun at 1000 r.p.m. Cells were resuspended in a

small volume of medium (100p1) and the number of cells for each well determined as the

average of two independent cell counts using a haemocytometer. The average cell number

was derived from the analysis of triplicate wells.

ii) Assa)¡ing for X Cell Reversion

Assays were carried out in 4 well multidishes. 0.8 mls of incomplete ES cell medium

containing l%o COS cell derived LIF (2.3.6) was added per well. 1Ong/ml of bFGF was

added to appropriate wells and dishes were incubated at 37oC,l)Vo CO2 in air. XpO+

cells were harvested and resuspended in an appropriate volume of medium. Cells were

seeded at a cell density of 100 cells/cm2 in prepared multidishes and the dishes were

returned to the incubator. Medium was changed at 3 days and the assay stained for

alkaline phosphatase activity (2.3.V1) 2 days later.
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In all assays, colony types were scored under magnification (10x), phase 2 using aZios{

inverted microscope.

2.3.22 Maintenance of Swiss 3T3 Cells

Swiss 3T3 cells were maintained in75cm2 flasks in D-MEM, 107oFCS at37oC,S%oCOt

A confluent flask of cells was washed twice with PBS and incubated with 1.5m1 of

trypsin for 5 minutes at 37oC. Cells were detached from the flask by knocking.

Approximately 8ml of medium was added to the flask and lml of cell suspension was

added to a fresh flask containing approximately 20 ml of medium.

2.3.23 Swiss 3T3 Growth Factor Assay

A confluent flask of Swiss 3T3 cells was washed twice with PBS and incubated with

trypsin (1.5m1) for 5 minutes at 37oC. Approximately 8ml of medium was added to the

flask, the cell suspension transferred to a 30ml tube and the cell number determined.

Cells were pelleted by centrifugation at 1200 r.p.m. for 5 minutes and resuspended in D-

MEM, 107oFCS at a cell concentration of 2xl0a cells/ml. One ml of the cell suspension

was aliquoted per well of a24 well tray and cells were incubated at3JoC,57o CO2. After

48hrs wells were washed twice with PBS (2ml), lml of serum free medium was added

per well and trays were returned to the incubator. After a further 48 hours, the medium

was replaced with fresh serum free medium and growth factors were added to appropriate

wells at increasing concentrations (generally 0.1ng/ml to 500nginú). lOVo FCS was used

as a positive control. All variables were tested in duplicate. Six hours after growth factor

addition, 10¡rl of [3H]-methyl Thymidine diluted ll5 inPBS was added to each well and

the cells were incubated for a further 18hrs. The medium was then aspirated and each

well was washed twice with 2ml of ice-cold PBS. Cell monolayers were fixed with

glacial acetic acid:rnethanol (1:3 v/v),(1ml/well) for 10 minutes at room temperature. The

fixative was aspirated and each well was washed with 2ml ice-cold IOVo TCA. Two ml

of l07o TCA was then added per well and the cells incubated at 4oC for 15 minutes. The

IOVo TCA wash and incubation was repeated, the TCA solution was aspirated and the

cells washed with 2ml of H2O. The water was aspirated and 0.2m1of O.2MNaOH was

added to each well. Plates were incubated at 37oC for 2hrs to solubilise the cell
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monolayers. Solubilised cells in each well were then transferred to 3ml of scintillation

fluid in scintillation vials and counted in the LKB Rackbeta scintillation counter (3H

channel).

2.3.24 Alkaline Phosphatase Staining

Staining was carried out using an alkaline phosphatase staining kit. Cells were fixed in a

solution containing methanol (13m1), citrate solution (5ml) and formaldehyde (1.6m1) for

5 minutes at room temperature. A diazonium salt solution was prepared by adding 0.2m1

sodium nitrate solution to 0.2m1 FRV-alkaline phosphatase solution. The solution was

mixed by gentle inversion and kept for 2 minutes in the dark at room temperature before

addition to 9ml of deionised water. 0.2 ml of Naphthol AS-BI Alkaline solution was

added to the diluted diazonium salt solution. Fixed cells were rinsed gently with

deionised water and incubated with the alkaline-dye solution for 15-30 minutes in the dark

at R.T. Cells were rinsed again with deionised water and placed at 31oC to dry.

Counterstaining with a I in 10 dilution of haematoxylin stain in deionised water prior to

drying was optional.

2.3.25 Detection of Neuronal Antigens by Indirect Immunofluorescence

Day 6 embryoid bodies were seeded on to gelatinised glass chamber slides in incomplete

ES cell medium and incubated at 37oC, lÙVoCO7 Medium was changed every 2 days.

At Day 10-12 slides were fixed in methanol pre-cooled to -20oC, for 4 minutes. The

slides were then immersed in acetone at -2OoC for 2 minutes. Slides were air dried and

then rehydrated in PBS for 15 minutes at R.T. Slides were blocked by incubation with

0.2m1 107oFCSÆBS for 30 minutes at R.T. The primary antibody, anti-neurofilament

200 (Sigma lmmunochemicals N-4142) was diluted 1:100 in PBS+Tween-2O (0.0t5Vo)

and 0.2m1 of antibody solution was added per slide. Slides were incubated with the

antibody for 45 minutes at room temperature in a humidity chamber. The slides were then

washed 3 x 5 minutes in PBS+0.05VoTween-20. The secondary antibody (FITC-

conjugated anti-rabbit IgG) was diluted 1/60 in PBS +0.057o Tween-20 and 0.2m1 added

per slide. Slides were incubated with antibody for a further 45 minutes in the dark at

room temperature in a humidity chamber. Slides were washed 3 x 5 minutes in
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pBS+0.057o Tween-2Q and mounted in 50pl of mounting solution containing O'9ml80Vo

glycerol and 0.lml of phenylminediamine. Antibody staining was viewed under

fluorescence using aZniss Axioplan Universal Microscope.

2.3.26 Detection of ssEA-l by Indirect Immunofluorescence

Cells were trypsinised and resuspended in 3ml of D-MEM/l}VoFCS. Washes and

antibody incubations were carried out in suspension using a nutator. After each treatment

cells were pelleted by centrifugation at 3,000 r.p.m for 5 minutes. Cells were washed

2x5 minutes in 1:1PBS:D-MEM and resuspended in a 1:500 dilution of anti-SSEA-1 in

D-MEM/I0/oFCS. Cells were incubated with the antibody for 45 minutes at 4oC and

then washed 3x in PBS/1O7oFCS for 5 minutes. The cells were incubated with a 1:30

dilution of the secondary antibody (FlTC-conjugated anti-rabbit IgG) diluted in D-

¡¡i4¡;¡i¿,|¡}VoFCS. The cells were washed 3x5 minutes in PBS/I0VoFCS and resuspended

in 50¡rl of l:1 D-MEM:FCS. The cells were spun onto a glass slide using a cytospin and

subsequently fixed in 95:5 methanol:acteic acid at -2OoC for l5 minutes. The slides were

air dried and mounted in a solution containing 0.9m1 80Vo glycerol and 0.1m1

phenylminediamine, Staining was viewed by fluorescent microscopy using the Zeiss

Axioplan Universal Microscope for transmitted and incident light fluorescence. Duplicate

photographs were taken of cells under fluorescent phase and normal phase at a

magnification of 40x and the proportion of cells staining was determined.

2.3.27 Generation of Chimeric Mice

i) Preparation of Stem Cells for Iniection into Mouse Blastocysts

Cell to be injected were washed twice with PBS, incubated with trypsin (0.5m1) and

dislodged from the plate by very gentle pipetting. Trypsinisation was viewed under the

microscope and 1Oml of media added when a high proportion of cells existed as single

cells.

ii) Blastocyst Injection and Embryo Transfer

Blastocyst injection and embryo transfer were carried out in by Anita Peura and Steven

Macllfatrick (Bresatec, Adelaide). The protocols employed were essentially as described

in Hogan et at. 1994. Cells were injected into CBA/C57F2 blastocysts which were
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transferred to pseudopregnant foster mothers. Pups were born 17-18 days later and coat

colour observed.

iii) Blood GPI Analysis

Tail Blood was taken from each mouse and analysed for blood contribution by GPI

analysis, as described by Bradley 1987.

2.4 Molecular Materials

2.4.I Chemicals and Reagents

All chemicals and reagents were of analytical grade and supplied from the following

manufacturers.

Acrylamide

Agarose

Ammonium persulphate

Ampicillin

Anti-DIG Fab antibody-AP

Bacto-agar

Bacto-tryptone

Bacto-yeast extract

BCIP

Bis-acrylamide

BSA

Cesium Chloride

DTT

Ethidium Bromide

EDTA

Formamide

Formaldehyde

Glycogen

Glutaraldehyde

MERCK

Sigma Chemical Co.

BDH Chemicals

Sigma Chemical Co.

Boehringer Mannheim

Difco

Difco

Difco

Sigma Chemical Co.

BIO-RAD

Sigma Chemical Co.

Boehringer Mannheim

Diagnostic Chemicals Ltd.

Sigma Chemical Co.

Sigma Chemical Co.

BDH chemicals.

BDH chemicals

Boehringer Manneheim

Probing and Structure



48

Heparin

Isopropanol

Kit Blocking reagent

MOPS

NBT

NP-40

Phenol

Paraformaldehyde

PEG 6000

RA

rNTPs

Sepharose CL-68

Salmon Sperm DNA

SDS

Sephadex G50 fine

Sodium deoxycholate

TEMED

Tris base

tRNA

Tween 20

2.4.3 Kits

rsequenase kit:

Gigaprime kit:

The Geneclean IIrM:

Sigma Chemical Co.

Ajar

Bresatec

Sigma Chemical Co.

Boehringer Manneheim

BDH chemicals

BDH Chemicals

MERCK

BDH Chemicals

Sigma Chemical Co.

Sigma Chemical Co.

Pharmacia

Sigma Chemical Co.

Sigma Chemical Co.

Pharmacia

Sigma Chemical Co.

Sigma Chemical Co.

Sigma Chemical Co.

Sigma Chemical Co.

Sigma Chemical Co.

Pharmacia

Bresatec

Bresatec

2.4.2 Radionucleotides

[oc-32e1 dATp (3000 Ci/mmol), [cr-3s51 dATP (1000-1500 Cilmmol) and [cr-32p] UTP

(3000 Cilmmol) were supplied by Bresatec.



49

2.4.4 Enzymes

Restriction endonucleases were supplied by Pharmacia and New England Biolabs.

Other enzymes were obtained from the following sources:

Calf Intestinal Phosphatase (CIP): Boehringer Mannheim

DNAase 1 Bresatec

E. coliDNA polymerase I (Klenow fragment) Bresatec

Lysozyme Sigma

Proteinase K: Boehringer Mannheim

Ribonuclease A (RNAase A) Sigma.

Ribonuclease T1 (RNAase T1) Ambion.

RNAasin Bresatec

T3 RNA polymerase Promega.

T4 DNA ligase Bresatec

T7 DNA polymerase Pharmacia

T7 RNA polymerase Bresatec

2.4.5 Buffers

AP buffer:

100 mM NaCl, 50 mM MgCl2, 100 mM Tris-HCl pH 9.5, O'l7o Tween20

Denhardt's solution (50x):

l%o (w/v) Ficoll, IVo (wlv) polyvinylpyrolidone, 1% (w/v) BSA

FLB:

95Vo (wlv) deionised formamide ,0.027o bromophenol blue, 0.027o xylene cyanol

GLB(10x):

5OVo glycerol, 0.17o SDS, O.05Vo bromophenol blue, 0.05Vo xylene cyanol

GTE:

50 mM glucose, 25 mM Tris-HCl, 10 mM EDTA, pH7 '6

MOPS (10x):

23 n}/rMOPS pH 7.0, 50 mM NaAcetate, 10 mM EDTA

NLB(10x):

lmM EDTA pH 8,O.25Vo bromophenol blue, O.25Vo xylene cyanol, 5O7o glycerol
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RIPA:

150 mM NaCl, 1 mM EDTA, 50 mM Tris-HCl pH 8.0, 0'57o sodium deoxycholate,

0.17o SDS, 17o NP-40

STET:

50 mM Tris-HCl pH 8.0, 50 mM EDTA, 87o sucrose,5Vo Triton X100

SSC (20x):

3M NaCl,0.3M sodium citrate, PH7.4

TAE (20x):

800mM Tris,400mM NaAc, 20mM EDTA, pH 8.2

Tfbl:

30mM KAc, 100mM RbCl2, 10mM CaCl2,5OmM MnCl2, l57o glycetol. pH adjusted

to 5.8 with 0.2M acetic acid.

TfbZ:

10mM MOPS,75mM CaCl2,l0mM RbCl2, l5Vo glycerol. pH was adjusted to 6.5 with

lM KOH.

TBE (20x):

180 mM Tris, 180 mM boric acid, 5.0mM EDTA, pH 8.3

TBST:

136 mM NaCl, 2.7 milúKcl,25 mM Tris-HCl pH 7 .5,0.17o Tween 20

TNM:

30 mM Tris-HCl p}J7.6,150 mM NaCl, 15 mM MgCl2,0.47o NP40 (stored at -20oC)

TUNES:

10 mM Tris-HCl pH 8.0, 7 M urea, 0.35 M NaCl, 1 mM EDTA, ZVo SDS

All general buffers were sterilised by autoclaving.

2.4.6 DIG Riboprobe Dot Blot Buffers

Buffer 1:

100 mM Tris-HCl pH7.5,150 mM NaCl

Buffer 2:

0.059 blocking reagent (Bresatec) in 10 ml Buffer I

Buffer 3
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100 mM Tris-HCl pH 9.5, 100 mM NaCl, 50 mM MgCl2

Buffer 4:

10 mM Tris-HCl pH 8.0, 1 mM EDTA

DIG riboprobe dot blot buffers were prepared from autoclaved solutions

2.4.7 Cloning and Expression Vectors

pBluescript KS+ was obtained from Stratagene

LIFD in pMXT2 was obtained from Dr. Peter Rathjen

2.4.8 Cloned DNA Sequences

AFP was kindly provided by Dr. Peter Rathjen. The plasmid contained approximately

400 bp of AFP cDNA in the EcoRI site of a plasmid of unknown origin. to overcome this

problem the 400bp EcoRI fragment was cloned into the EcoRI site of pBluescript KSII+

and the orientation determined by sequencing.

Brachyury (pSK75) was kindly provided by Dr Bernard G. Herrmann. The plasmid

contained a l764bp of Brachyury cDNA cloned into the EcoRI site of pBluescript SKII

(Herrmann 1991).

cNkx2.5 was a kind gift from Dr. Richard Harvey. The plasmid contained 1596 bp of

the cNkx2.5 cDNA cloned into pBluescript SK+ (Lints et aI. 1993).

FGF-5 was kindly donated by Dr G Martin. This plasmid consisted of a fragment

encoding the full length murine FGF-ï cDNA, cloned into the in SmaI site of pBluescript

KS+ (Hebert et al. I99l).

Goosecoid was kindly provided by Dr. Eddy De Robertis. This plasmid contained 909bp

of goosecold cDNA subcloned into the PstI/HincII sites of pBluescript KSII- (Blum er

aL.1992).
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H19 (LCrc-8) was kindly donated by Dr Peter Rigby. This plasmid contained a fragment

corresponding to 330 bp of the 1119 oDNA, cloned into pBluescript ç5+ (Poirier et al.

1991).

MMoxB cDNA clone 7.1 was kindly provided by Gavin Chapman. The plasmid

consisted of 2.lkb fragment encoding MMoxB inserted into the site EcoRI site of

pBluescript (Chapman 1994).

The Oct-4 cDNA clone in pBluescript was a kind gift from Dr. Hans Scholer. This clone

contained a 462 bp Stu I cDNA fragment spanning positions 491 to 953 of the Oct-4

cDNA sequence (Scholer et aI,l99O).

Rex-l was kindly donated by Dr. Neil Clarke. This plasmid contained 848 bp of Rex-l

cDNA in the EcoRl site of pCRTMII.

58 was kindly provided by Dr. Frits Me|link. The plasmid contained 576 bp of 58

cDNA corresponding to region 5l-626 of the S8 cDNA sequence in pBluescript KS

(Opstelten et aL l99l).

SPARC (pca3) was a kind gift from Dr. Bridgid Hogan. The plasmid contains 2036bp

of SPARC cDNA corresponding to regions 13-2079 SPARC cDNA in the EcoRI site of

pGEM-1 (Mason et al.1986).

2.4.9 Oligonucleotides

General Seouencins Primers:

T.I: TAATACGACTCACTATAGGGAGA

T3: ATTAACCCTCACTAAAGGGA
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2.4.IO Bacterial Strains

The E. coliDq1ustrain (a kind gift from Dr. Helena Richardson) was used as a host for

all recombinant plasmids.

DH5o¿: supE44 delta lac Ul69 (phi80 lacZdeltaldl1) hsdRll recAl endAlgyrA96

thi-lrelAl

Stock cultures of these strains (and transformed bacteria) were prepared by dilution of an

overnight culture with an equal volume of 80Vo glycerol and storage at -80oC.

2.4.11 Bacterial Growth Media

Growth media were prepared in double distilled water and sterilised by autoclaving.

Antibiotics and other labile chemicals were added after the media solution had cooled to

500c.

FTB Broth:

Bactotryptone (12g), Bacto-yeast extract (24g), glycerol (4ml) in 900m1 of MQ H20. The

medium was autoclaved and then 17ml of 1M KH2PO4, 72ml of K2HPOa added and the

medium made up to lL.

Luria (L) broth:

l7o (wlv) Bacto-tryptone,0.5Vo (w/v) yeast extract, lVo (w/v) NaCl, adjusted to pH 7'0

with NaOH.

tr broth (v b):

59 Bacto-yeast extract,2Og Bactotryptone, 59 MgSO4, 14g Bactoagar, made up to lL

with MQ H2O. The pH of the medium was adjustedtoT.6 with KOH.

Solid Media:

Agar plates were prepared by supplementing L Broth with l.5Vo Bacto-agar.

Ampicillin (100 ¡rg/ml) was added for growth of transformed bacteria to maintain

selective pressure for recombinant plasmids.
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2.4.12 DNA Markers

Eco RI / Hind III lambda DNA markers were prepared by digestion of lambda DNA

(New England Biolabs). Band sizes (bp): 21227 ,5148, 4973, 4268,3530, 2021 , 1904,

1584, 1375,974,831, 564, 125.

2.4.'/.,3 Miscellaneous Materials

3MM chromatography paper: V/hatman Ltd.

Nytran nylon membrane (0.45 pM): Schleicher and Schuell

X-Omat AR diagnostic film: Kodak

2.5 Molecular Methods

2.5.1 Restriction Endonuclease Digestion of DNA

Plasmid DNA was digested with 1-2 units of enzymelpg DNA and was incubated at the

appropriate temperature for l-4 hours. Appropriate reaction buffers were determined

using the NEBuffer system (New England Biolabs). Plasmid was assayed for complete

digestion by agarose gel electrophoresis (2.5.21).

2.5.2 Gel Electrophoresis

i) Asarose Gel Electroohoresis

Agarose gel electrophoresis was carried out using horizontal mini-gels. 10 ml of gel

solution (l%o to ZVo wlv agarose in I x TAE, stored at 68oC) was poured onto a 7.5 cm x

5.0 cm glass microscope slide. Agarose mini-gels were submerged in I x TAE and

samples containing 1 x GLB were electrophoresed at 80 mA. Nucleic acid was visualised

by staining gels with EtBr (0.25 mg/ml in water) and exposing to medium wavelength

UV light. DNA fragments to be purified were removed from preparative gels using a

sterile scalpel blade.

ii) Polyacrylamide Gel Electrophoresis

67o polyacrylamide gels were prepared from a 4O7o acrylamide (38:2, acrylamide:bis-

acrylamide), 7M urea, 0.5 x TBE stock solution. 300p1 of lÙVo APS and 30pl of
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TEMED were added to 40mls of stock gel solution prior to pouring. The gel solution was

poured between clean glass plates (20 x 4O cm) separated by 0.4 mm spacers. Once the

gel had set (approximately 30 minutes), the comb was removed and wells flushed with

water and pre-electrophoresed for 30 minutes at 2000V/50mA. Wells were flushed with

0.5 x TBE, the samples were loaded and the gel electrophoresed at 50mA (approximately

50oC). Electrophoresis was stopped when the loading dye had reached the desired

distance. The glass plates were prised apart and the gel transferred to wet 3MM

Whatmay{paper. The excess liquid was removed and the gel dried down atTOoC under

vacuum. Radioactivity was detected by exposure to phosporimager screens at R.T. or X-

ray film at -80oC.

2.5.3 Purification of Linear DNA Fragments

DNA fragments which were greater than 400bp were purified using the Geneclean IIrM

Kit following manufacturers instructions. Linearised vectors used for synthesising

riboprobes were purified by phenol/chloroform extraction and EtOH precipitation.

2.5.4 DNA Ligation Reactions

Ligation reactions contained 25 ngpurified vector, 50-100 ng DNA insert, ligation buffer

(50 mM Tris-HCl pH7.4,10 mM MgCl2, 10 mM DTT, 1 mM ATP) and I unit T4 DNA

ligase. Reactions were incubated at room temperature for l-5 hours.

2.5.5 Preparation of Competent Cells

DH5cr were streaked onto an LB plate and grown overnight at37oC. 5ml of yb medium

was inoculated with a single colony of DH5c and incubated overnight at 37oC with

shaking. 0.5m1 of the overnight culture was subcultured into 15 ml of yb medium and

incubated at3'loC with shaking for 1.5hrs or until the culture had reached an O.D. of 0.6.

5ml of the culture was then added to 95ml of yb medium (pre-warmed to 37oC) and

incubated at37oC for 1.5hrs (O.D.of 0.5-0.6), with shaking. The culture was chilled on

ice for 5 minutes, centrifuged at 6000 r.p.m. for 5 minutes at 4oC (Beckman J-218, JA-

20 rotor) and the cells resuspended in 40 ml of Tfbl. The cells were left on ice for 5

minutes and then centrifuged again at 6000 r.p.m. for 5 minutes at 4oC. The cells were
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resuspended in 4ml of Tfb2 and left on ice for l5 minutes. 100p1 aliquots were placed

into eppendorf tubes on ice and the cells snap frozen in dry iceÆtOH. Competent cells

were stored at -80oC.

2.5.6 Transformation of Competent Cells

Approximately 10 ng ligated DNA was added to 100p1 of competent cells and placed on

ice for 30 minutes. The cells were heat shocked for 2 minutes at 42oC and cooled on ice

for 30 minutes. 800 pl of L broth was added, and the cells were incubated at37oC for 40

minutes. Cells were pelleted by centrifugation at 6000 r.p.m. for 2 minutes (Eppendorf

centrifuge 5415C) and 800p1 of L broth removed. The cells were resuspended in the

remaining L Broth and spread on L plates containing ampicillin (100 pglml). Plates were

incubated overnight at 37 oC.

2.5.7 Rapid Small Scale Preparation of DNA (Mini'prep)

1.5 ml of L broth containing ampicillin 100¡rgiml was inoculated with a single

transformant colony and incubated overnight at 37oC with shaking. Cell cultures were

transferred to eppendorf tubes and spun for 1 minute at 6000 r.p.m. The bacterial pellets

were thoroughly resuspended in 200 pl STET buffer and 10 pl lysozyme (lOmg/ml) was

added. The bacteria were lysed by heating at 100oC for 45 seconds. Samples were then

centrifuged for 15 minutes at 12,000 r.p.m. and the cell debris and chromosomal DNA

removed with a sterile toothpick. Plasmid DNA was precipitated by addition of 200 pl

isopropanol and incubation on ice for 5 minutes. Plasmid DNA was centrifuged for 10

minutes, washed with 70Vo ethanol, and resuspended in 20 pl MQ HzO. Centrifugation

steps were carried out using a Eppendorf centrifuge 5145C.

2.5.8 Double Stranded Sequencing of Plasmid DNA

i) Denaturation of Plasmid DNA

10 pl of miniprep DNA was diluted to 20 pl with MQ H2O, I pl RNAase A (2Omglml)

was added and the DNA incubated at37oC for 15 minutes. Plasmid DNA was denatured

by the addition of 5 pl I M NaOH/l mM EDTA and incubation at 37oC for 15 minutes.
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Denatured plasmid was purified by centrifugation at 1800 r.p.m. for 3 minutes on a

Sepharose CL-68 column.

ii) Sequencing of Plasmid DNA

Dideoxy sequencing reactions were carried out using the Pharmac\a T'l polymerase

sequencing kit according to manufacturer's instructions. Reaction products were

separated on a 6Vo denaturing polyacrylamide gel (2.5 -2 1r).

2.5,9 Large Scale Plasmid Preparation

5rnl of L Broth + ampicillin (lO0ug/ml) was inoculated with a single bacterial colony and

incubated overnight, with shakin g, at 37oC. lml of the overnight culture was added to

500m1FTB broth + ampicillin (100 pglml) and the broth incubated overnight at 37oC in

an orbital shaker. The cells were harvested by centrifugation at 6,000 r.p.m. for 5

minutes at4oC (Beckman J-2lB centrifuge, JA-10 rotor). The bacteria were thoroughly

resuspended in 6.5 ml GTE, transferred to oakridge tube and incubated on ice for 5

minutes. 13 ml of lysis solution (0.2 M NaOH, 17o SDS) was added, the solution mixed

gently and then kept on ice for 5 minutes. 6.5 ml of cold acetate solution (3 M KAc/2 M

HOAc, pH 5.8) was added, the solution was mixed well and incubated on ice for a

further 10 minutes. The bacterial debris was pelleted by spinning at 12,000 r.p.m. for 10

minutes at 4oC (JA-20 rotor). The supernatant was transferred to a new tube and

precipitated with 15 ml isopropanol. Plasmid DNA was recovered by centrifugation

(3000 r.p.m./5 minutes/4oClJA-20) and gently resuspended in a solution containing 7 ml

TE with 79 CsCl. Once the pellet was thoroughly resuspended, 700 pl EtBr (10 mg/ml)

was added, and any remaining debris removed by centrifugation at 3000 r.p.m., at R.T.

for 10 minutes (Jouan Centrifuge C4I2). The supernatant was transferred to a 10 ml

Nalgene Oakridge tube and sealed with paraffin oil. Oakridge tubes were centrifuged at

45,000 r.p.m. for 24 hours (Z}oClBeckman L-8-70 ultracentrifuge/ Ti50 rotor) and the

super-coiled plasmid DNA was visualised under long wavelength UV light. A 1 ml

syringe was used to recover the DNA and EtBr was removed by repeated extraction with

NaClÆE saturated isopropanol. The DNA solution was diluted l:3 with MQ water,

precipitated with2 volumes of ethanol and placed at -20oC overnight. Plasmid DNA was



58

recovered by centrifugation (9000 r.p.m./30 minutes/4oClJA-20 rotor) and resuspended

in 400 pl MQ water. The DNA solution was transferred to an eppendorf tube,

reprecipitated and resuspended in MQ water. The concentration of plasmid DNA was

calculated from the 4266 value determined by spectrophotometric analysis.

2.5.10 Isolation of Cytoplasmic RNA from Cultured Cells

Cytoplasmic RNA was isolated using the method of Edwards et al. (1985). Cells were

harvested by trypsinisation and stored at -80oC until use. Cell pellets were thoroughly

resuspendedin2 ml ice cold TNM and lysed by vigorous pipetting. After incubation on

ice for 5 minutes, nuclei were pelleted by centrifugation (3000 r.p.m. for 5 minutes/Jouan

C4l2) and the supernatant mixed thoroughly with 2 ml TUNES. This solution was

extracted twice with phenol/chloroform (1:l) and the aqueous layer was transferred to a

sterile corex tube. RNA was precipitated by addition of 1/10th volume of NaAc pH5.2,

2 volumes of RNAase free ethanol and incubation at -80oC for 30 minutes (or overnight

at -20oC). After spinning at 9000 r.p.m for 30 minutes at 4oC (Beckman J-218

Centrifuge/JA-20 rotor), the RNA pellet was resuspended in 450 pl of sterile water, and

transferred to an eppendorf tube for re-precipitation. The RNA was centrifuged at 12,000

r.p.m. for 15 minutes in an eppendorf centrifuge, washed with TSVoEtOH and dried

under vacuum. The RNA was resuspended in an appropriate volume of water, and the

concentration of RNA was calculated from the A269 determined by spectrophotometric

analysis. RNA samples were stored at -2OoC.

2.5J1 Isolation of RNA from Embryoid Bodies and RA-treated

Aggregates

RNA from embryoid bodies and RA-treated aggregates was isolated using the acid

guanidium thiocyanate method (Chomczynski and Sacchi, 1987). Samples were thawed

on ice in lml of solution D (4M guanidium thiocyanate,25ml|l4 sodium citrate pH7,0.5Vo

sarcosyl,0.1M B mercaptoethanol). The cell suspension was homogenised in a glass

teflon homogeniser and transferred to a lOml polypropylene tube. 0.1 ml of 2M NaAc

pH 4, lml of phenol and 0.2m1 of chloroform:isoamylalcohol was added to the

homogenate (mixed with inversion after the addition of each reagent), shaken vigorously
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and placed on ice for 15 minutes. The homogenate was centrifuged at 3800 r.p'm. for

5minutes (Jouan C4l2) and the aqueous phase was transferred to a corex tube. lml of

isopropanol was added and the RNA precipitated by cooling at -20oC for t hr . RNA

was pelleted by centrifugation at 9000 r.p.m. for 30 minutes (Beckman J-zlB

Centrifuge lJA-20 rotor) and the RNA pellet resuspended in 0.3 ml of Solution D. The

RNA solution was transferred to an eppendorf tube and reprecipitated by addition of 0.3

ml of isopropanol and coolin g at -20oC for thr. The RNA was pelleted by centrifugation

at 12,000 r.p.m.for 15 minutes at4oC in an eppendorf centrifuge, washed withT5Vo

EtOH, vacuum dried and resuspended in MQ H2O. The concentration of RNA isolated

was calculated from the A269 determined by spectrophotometric analysis.

2.5.12 Northern Blot AnalYsis

i) Gel preparation and electrophoresis

1.27o aflarose gels for northern blot analysis were prepared by dissolving 2.169 agarose

1n I52 ml MQ water with heat. Once the gel solution had cooled to 60oC, 18 ml 10 X

MOPS and 10 ml 2OVo formaldehyde (freshly prepared by dissolving 4 g

paraformaldehyde in 20 ml MQ HZO) were added and then the gel was poured. RNA

samples and a control RNA sample (approximately 30pg) were prepared for

electrophoresis. Each sample contained 11.25 ¡tl RNA /l\dQ H2O, 5pl 10 X MOPS, 8'75

pl formaldehyde (37Vo, pH a.5) and 25 pl deionised formamide. RNA samples were

denatured by heating at 65oC for 15 minutes and snap cooled on ice. 5pl of NLB was

added to each sample and the samples loaded onto the gel. 5 ¡tg EcoRUHind III lambda

DNA markers were also loaded. Northern gels were run at 150V in 1 X MOPS until the

bromophenol blue dye had reached 415 to the bottom of the gel.

ii) Transfer of Northern

The lanes containing the lambda DNA markers and control RNA sample were removed

from the gel, stained in ethidium bromide for 45 minutes and destained in water

ovemight. The gel fragment was then photographed under medium wavelength UV light.

The remainder of the gel was blotted onto Nytran nylon membrane using capillary

transfer. Two pieces of Whatm ar/ ZtvtMrpaper were pre-wetted in 20 X SSC and placed

over a platform so that the edges of the paper were submerged in 20 X SSC. The gel was
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placed wells facing down on the damp Vy'hatmann paper (avoiding bubbles) and Parafilm

placed around the edge of the gel to avoid short circuiting. The nylon membrane was pre-

wetted in 20 X SSC and carefully placed over the gel ensuring no air bubbles were

trapped between the filter and the gel. Two pieces of 'Whatmann paper, pre-wetted in 20

X SSC, were then placed on top of the membrane, followed by a 2 cm stack of dry

Whatmanf paper. A 5 cm stack of paper towel was then added and a glass plate placed

on top of the paper towel. A 0.8 kg weight was placed on the glass plate and the RNA

transferred for at least 24 hours. Following transfer, the RNA was covalently cross-

linked to the filter by exposure to 240 mJ of UV radiation in a Stratagene UV

Stratalinkerru before pre-hybridisation.

2.5.13 Ribonuclease Protection

RNAase protection analyses were essentially performed using the method of Krieg and

Melton (1937). Transcription reactions contained 240 ¡tCi u-3zpdUTP (2.5.15).

150,000 counts/minute of single stranded MMoxB riboprobe and 37O0counts/minute of

nGAP riboprobe were added to each sample. After hybridisation, samples were digested

with RNAase A and RNAase Tl for 30 minutes at 37oC. Samples were

phenol/chloroform extracted, ethanol precipitated and resuspended in FLB. RNAase

digestion productsi were separated on a sequencing gel (2.5.2) and visualised using

phosphorimager analysis (2.5.20).

MMoxB specific probe was generated by T3 polymerase transcription of clone 7.1

linearised with BglII.

The murine gluteraldehyde phosphate dehydrogenase (wGAP) loading control probe was

generated by SP6 RNA polymerase transcription of a 300 bp cDNA clone linearised with

BamHl (Rathjen et a1.,1990).

2.5.1,4 Synthesis of Radioactive DNA Probes

Single stranded DNA probes were prepared using a Gigaprime labelling kit with 10-60

pCi a-32pdATP. Unincorporated label was removed from probe reactions by diluting

the reactions with 80 pl of MQ HZO, loading onto a Sephadex G-50 column and
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centrifuging at 2800 r.p.m. for 4 minutes (Jouan C4l2). Probes were prepared with the

following DNA fragments.

FGF-S:800bp fragment containing the FGF-S cDNA isolated by digestion of the plasmid

with EcoRI/BamHI.

H19:718bp fragment containing H19 cDNA sequence isolated by digestion of the

plasmid with PvuII.

Oct-4 : 462 bp fragment containing Oct-4 cDNA sequence isolated by digestion of the

plasmid with XhoI/HindIII.

Rex-l: 848 bp fragment containing Rex- I cDNA isolated by digestion of the plasmid with

EcoRI.

SPARC: 570bp fragment containing SPARC cDNA sequence isolated by digestion of the

plasmid with EcoRL

S8 : 580bp fragment containing 58 cDNA sequence isolated by digestion of plasmid with

BamHI/HindIII.

mGAP: whole plasmid containing 300bp of wGAP cDNA sequence.

2.5.15 Synthesis of Radioactive RNA Probes

Riboprobes were synthesised as described by Krieg and Melton (1987). RNAase

protection probes contained 240 ¡tCi o-32PUTP and 0.15 mM UTP. Northern probes

contained 60 pCi cr-32PUTP and 12 pM UTP. Unincorporated label was removed using

a Sephadex G-50 column as for DNA probes (2.5.I4).

Antisense AFP riboprobes were prepared by T3 RNA polymerase transcription of Hind

III linearised template.

Antisense Brachyury riboprobes were prepared by T7 RNA polymerase transcription of

BamHI linearised template.

Antisense cNkx2.5 riboprobes were prepared by T3 RNA polymerase transcription of

H ind III linearised template.

Antisense goosecoid riboprobes were prepared by T3 RNA polymerase transcription of

B amH I linearised template.
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2.5.16 Hybridization of Radioactive Probes to Nylon Filters

Hybridisation reactions were carried out in a Hybaid Hybridisation Oven.

i) DNA orobes

The prehybridisation solution contained I M NaCl, 407o deionised formamide, l7o SDS,

lO Vo pEG,50 mM Tris-HCl pH7.4 and 5 X Denhardt's. Filters were prehyridised for a

minimum of 4 hours at 42oC in 10 ml prehybridisation solution/filter. DNA probes were

boiled for 2 minutes with 3 mg sonicated salmon sperm DNA, snap-cooled on ice and

then added to Hybaid cylinders. Filters were hybridised overnight at 42oC and washed in

2x SSC/ 0.17o SDS at 42oC,0.2x SSC/O.1% SDS at 42oC and 0.2x SSC/0.17o SDS at

65oC. All washes were for ll2hr. Depending on the level of radioactivity present on the

filter an additional wash at 65oC with 0.1xSSC/O.1% SDS was included.

ii) RNA orobes

Northern filters were prehybridised for a minimum of 4 hours at 65oC in 10 ml of

hybridisation solution containing 5 X SSC, 6OVo formamide, 5 X Denhardt's, 20 mM

sodium phosphate pH 6.8, 17o SDS, 100 pglml sonicated salmon sperm DNA and 100

pglml denatured tRNA. RNA probes were denatured by heating at 85oC for 2 minutes,

snap-cooled on ice and then added to Hybaid cylinders. Filters were hybridised overnight

at 65oC and washedin2 X SSC / 17o SDS at 50oC for 3 X 15 minutes and then in 0.2 X

SSC/I7o SDS at 75oC for t hour or as specified.

Before reprobing, filters were stripped in a solution of 10mM Tris,7.5,0.1% SDS for 15

minutes at 100oC.

2.5.17 Synthesis of Digoxygenin (DIG) Labelled RNA Probes

Reactions contained 0.5 pg linearised plasmid, 40 mM Tris-HCl p}J7.5,6 mM MgCl2,Z

mM spermidine-HCl, 10 mM DTT, 1 unit RNAasin, I X DIG labelling mix and 20 units

RNA polymerase in a total volume of 20 pl. Transcription reactions were incubated at

37oC for 2 hours. Riboprobes were precipitated by addition of 80 pl MQ H20, 20 pl 100

mM EDTA, l0 pl 3 M Sodium Acetate pH 5.2,250 ¡tl l00Vo ethanol and2} pg glycogen

and incubation overnight at -2OoC. After centrifugation at 12,000 r.p.m for 15 minutes in

an Eppendorf centrifuge, the probe was resuspended in 100 pl of MQ H2O with 0.5 units
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RNAasin and stored at -2OoC. Antisense DIG ribprobes were obtained from the

following templates by transcription with the described enzymes.

AFP : HindIII linearised template, transcription with T3 polymerase

Brachyury : BamHI linearised template, transcription with T7 polymerase

FGF-S : BamHI linearised template, transcription with T3 polymerase

goosecoid'. BamHI linearised template, transcription with T3 polymerase

H19 (LCrc-8): BamHI linearised template, transcription with T3 polymerase

Oct-4: HindIII linearised template, transcription with T7 polymerase

Rex-l : XbaI linearised template, transcription with SP6 polymerase

S8 : HindIII linearised template, transcription with T7 polymerase

SPARC (pca3) : BamHI linearised template, transcription with SP6 polymerase

2.5.18 Dot Blot Assay for DIG Probe Reactivity

Nitrocellulose membrane was soaked in 20 X SSC and air-dried. A 2 pl sample of DIG

labelled probe was serially diluted 10 fold to 1/10000, heated at 100oC for 5 min and

snap-cooled on ice. I pl of each dilution was spotted onto the filter and UV cross-linked

by exposure to l2O mJ of UV radiation in a Stratagene UV Stratalinkerffi. The filter was

washed for 1 minute in buffer l, 30 minutes in buffer 2 (blocking reagent), and I minute

in buffer 1. Anti-DIG Fab antibody-alkaline phosphatase conjugate was diluted to l:5000

in buffer I and incubated with the filter for 30 minutes. Unbound antibody was removed

by washing 2 x 15 minutes in buffer 1 and the membrane equilibrated in buffer 3 for 2

minutes. Alkaline phosphatase reaction solution was prepared by mixing 4.5 pl NBT and

3.5p1 BCIP with 1 ml buffer 3. This solution was added to the filter and developed for

30 minutes in the dark. The reaction was terminated by washing the membrane in buffer

4 for 5 minutes. Probes used for in situ hybridisation were reactive at a 1/1000 dilution.

2.5.19 In Situ Hybridisation of Cell Monolayers

Cell monolayers were rinsed twice with PBS and fixed overnight in 4Vo

paraformaldehyde (PFA)/PBS solution. The following day, the cells were rinsed twice

on ice with PBT (O.IVo Tween 2OIPBS solution) and dehydrated on ice by the addition of

25Vo methanol/PBS for 5 minutes,50Vo methanol/PBS for 5 minutes, 'líVo methanol/PBS
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for 5 minutes and stored in l0o7o methanol for up to 3 months. Cells were rehydrated to

pBS, on ice, using the methanol series and rinsed three times at room temperature with

pBT. Cells were then washed for 3 x 20 minutes with RIPA buffer and fixed in 4Vo

PFNO.ZVo gluteraldehyde in PBT for 20 minutes. Plates were rinsed 3 x 5 minutes in

PBT and washed for approximately 10 minutes in 1:1 hybridisation buffer:PBT

(hybridisation buffer, 5O7o deionised formamide, 5 X SSC, O.lVo Tween-2O, 50 pg/ml

heparin). Cells were washed for a further 10 minutes in hybridisation buffer, and

prehybridised at 68oC in a sealed container containing 5OVo formamide in hybridisation

buffer containing 10 pglml denatured salmon sperm DNA and 10 ¡rg/ml denatured yeast

IRNA for 1-6 hours. DlG-labelled riboprobes were denatured at 80oC for 10 minutes,

added to fresh hybridisation buffer containing denatured salmon spenn DNA and yeast

tRNA, and allowed to hybridise overnight at 68oC. Probes were diluted 1:100-1:200 for

the hybridisation step. The following day, cell monolayers were washed in 50Vo

formamide/2 X SSC/O.l%o Tween 2O for 5 minutes and 3 x 30 minutes at 68oC. The

cells were then washed three times at room temperature in TBST (136 mM NaCl, 2.1 mM

KCl, 25 mM Tris-HCl pH 1.5, O.lVo Tween 20) followed by incubation in lÙVo

FCS/TBST for one hour at room temperature. Anti-digoxygenin Fab fragments-AP

conjugate (Boehringer Mannheim) was diluted 1:2000 in l%o FCSÆBST and incubated

with cells overnight at 4oC. The next day, cells were washed for 3 x 5 minutes and 3 x

45 minutes in TBST and 3 x 10 minutes in AP buffer. The cells were developed in AP

buffer containing 0.45 mg/ml NBT and 0.18 mglml BCIP in the dark until purple staining

appeared (3-24 hours). The staining reaction was terminated by rinsing several times

with PBT/I mM EDTA.

2.5.20 Phosphorimager Analysis and Photographic Scanning

Gels and filters were exposed to Storage Phosphor Screens (Molecular Dynamics) and

processed using a Molecular Dynamics Phosphorlmager running the ImageQuant

software package, expression levels were determined using this package. Photographs

were scanned using a Hewlett Packard Scanlet IIcx scanner running the DeskScan II 2.0

software package. Phosphorlmager and DeskScan files were manipulated using the
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AdobePhotoshoprM and Powerpoint programs, and printed using a Hewlett Packard

LaserJet4 printer.

2.5.21 Containment tr'acilities

All manipulations involving viable organisms which contained recombinant DNA were

carried out in accordance with the regulations and approval of the Australian Academy of

Science Committee on Recombinant DNA and the University Council of the University of

Adelaide.
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CHAPTER THREE: DEFINITION OF CULTURE CONDITIONS FOR X

CELL FORMATION AND MAINTENANCE

3.1 Introduction

Factors within MED2 induce the specific and uniform differentiation of ES cells

into X cells in the presence or absence of exogenous LIF (J. Rathjen, unpublished

observations). X cells grow as monolayer colonies which are phenotypically different

from the compact, dome-shaped colony morphology characteristic of ES cells (Figure

1.8). Maintenance of X cells requires the continual presence of MED2. In the absence of

ilr4F,Dz, in the presence of LIF, X cells phenotypically revert to ES cells. In the absence

of MED2 and LIF X cells differentiate spontaneously. This observation, coupled with the

expression of pluripotential cell specific markers (1.8.2), suggests that X cells retain

differentiation capability.

A range of growth conditions affect the stability of ES cells in culture, including the

concentration of exogenous LIF present, the cell density and serum batch (Smith 1991).

X cells, like ES cells, retain differentiation capability, therefore X cell stability is also

likely to be dependent on culture conditions employed for their formation and

maintenance. Analysis of X cell gene expression and differentiation potential requires the

uniform conversion of X cells from ES cells, and maximal stability of X cells in culture.

Background differentiation and incomplete conversion will hamper the interpretation of

such analyses.

X cells are routinely formed in sufficient quantities for gene expression analysis by

culture of ES cells in the presence of MED2 at high cell density (2x103-6x103cells/cm2).

X cell differentiation in response to cytokines is examined at clonal cell density (50-

200cells/cm2) where cell interactions are minimised. Hence definition of the optimal

conditions for the formation and maintenance of X cells at both high and low cell density

was required.

This chapter details the differentiation of ES cells into X cells at both clonal cell

density and at high cell density. The optimal concentration of MED2 for X cell formation

and maintenance, and the requirement for LIF in such processes is described.
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3.2 MED2 Induces the Differentiation of ES Cells into X Cells in the

Presence of LIF at Clonal Cell Density

D3 ES cells were seeded at clonal cell density (100 cells/cm2¡ into 50VolvlBD2l5\Vo

incomplete ES medium containing LIF, and compared with ES cells seeded into

incomplete ES me<lium containing LIF alone (2.3.I3 ii). The concentration of LIF in all

experiments, unless otherwise indicated, was 1000U/ml. Four duplicate wells were

examined for each variable. X cells were evident in MED2 supplemented conditions as

early as 48 hours. The assay was continued for 5 days, at this time small dome-shaped

colonies characteristic of ES cells were only observed in wells containing LIF alone

(Figure 3.14). Wells which contained MED2 in addition to LIF did not contain any

colonies with an ES cell morphology but contained larger monolayer colonies

characteristic of X cells (Figure 3.18). Cells within X cell colonies, in contrast to those

within ES cell colonies, could clearly be discerned and were characterised by relatively

large nuclei containing prominent darkly staining nucleoli. X cells were similar in

morphology to P19 EC cells (1.8, Rudnicki and McBurney 1987).

The assays were stained for alkaline phosphatase which stains ES and X cells but

does not stain their differentiated derivatives (J. Rathjen, unpublished observations,

Adamson 1988, Pease et al. l99O). ES cell colonies were readily distinguished from X

cell colonies based on colony moqphology and intensity of alkaline phosphatase staining.

ES cell colonies were observed as small, compact, dome-shaped colonies which stained

deep-red due to alkaline phosphatase activity, while X cell colonies were larger monolayer

colonies which stained less intensely for alkaline phosphatase. Both ES and X cell

colonies could be distinguished from differentiated colonies which did not stain for

alkaline phosphatase.

The percentage of ES, X and differentiated (D) colonies present in wells containing

LIF alone and LIF + MED2 were determined. The results of this analysis are presented in

Figure 3.2. The majority of colonies present after 5 days when ES cells were seeded into

LIF alone had an ES cell colony morphology. When ES cells were cultured in the

presence of MED2 and LIF, colonies with an ES cell morphology were not detected.

Approximately 94Vo of the colonies stained for alkaline phosphatase and had a colony

morphology characteristic of X cell colonies. The plating efficiencies of ES cells under



FIGURE 3.1 ES cells converted to X cells when cultured in MED2 in the

presence of LIF.

At 5 days ES cells cultured in the presence of SOVo MED2 and LIF had converted to X

cells, a representative colony is pictured in B. This contrasts with the morphology of

ES cells cultured in the presence of LIF, a representative colony is pictured in A.

Photographs tvere taken at a magnification of 50x using phase contrast optics.
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FIGURE 3.2 Colony types present when ES cells are cultured in the

presence of LIF with and without MED2.

ES cells were cultured in the presence of LIF with and without MED2 (2.3.13 ii). At

day 5 cells were stained for the presence of alkaline phosphatase (2.3.24). Colony

types were scored as ES cell colonies (ES), X cell colonies (X) and differentiated

colonies (D) based on morphology and alkaline phosphatase staining. The total number

of colonies scored in each class were expressed as a percentage of the total number of

colonies present in each well. The mean and standard deviation of the percentages of

ES, X and D in 507o MED2 + LIF and LIF alone were derived from colony analysis of

four wells. The results are tabulated in A) and represented graphically in B). The

plating efficiency of ES cells under each condition was expressed as a percentage,

determined by dividing the total number of colonies present at day 5, in each well, with

the number of cells originally seeded into each well. The mean plating efficiency and

standard deviation were derived from analysis of 4 wells and is tabulated in C),
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the two conditions were similar, approximating 45Vo (Figure 3.2, Table C). Therefore

the differentiation observed when ES cells were cultured in the presence of MED2 was

not due to an alteration in cell viability. Thus culture of ES cells in the presence of MED2

and LIF induced their uniform conversion to X cells at clonal cell density.

Interestingly a low proportion (ll%o) of the colonies observed in ES cell cultures

had a colony morphology and alkaline phosphatase staining more reminiscent of an X cell

colony, however these colonies were not as large as those observed in X cell cultures.

During routine culture of ES cells, cells with the morphology of X cells have been

observed at low frequencies (data not shown, J. Rathjen, personal communication).

These observations, coupled with the transient appearance of X cells when ES cells were

spontaneously differentiated by culture in the absence of LIF (4.3.1), suggest that X cells

represent a natural pluripotential cell intermediate between ES cells and their differentiated

derivatives.

3.3 The Stability of X Cells Cultured in 50%o MED2 and LIF

A relatively low proportion of X cell colonies observed in 5OVo MED2 and LIF at

Day 5 (3.2) were surrounded by overtly differentiated cells. Differentiated cells within

these colonies did not stain for alkaline phosphatase activity. Thus X cells exhibit a

degree of instability when cultured in 50Vo MED2 in the presence of LIF.

In further experiments, aimed at defining the optimal conditions for X cell

formation and maintenance, colonies were partitioned into four categories based on

colony morphology and alkaline phosphatase staining; ES cell colonies (ES), X cell

colonies (X), semi-differentiated X cell colonies (SD), and differentiated colonies (D). A

representative colony of each category is depicted in Figure 3.3.

To define X cell formation and stability more precisely, ES cells were seeded at

clonal cell density into duplicate wells containing 50Vo MED2 and LIF and cultured for

periods of three days and five days. At these times cultures were stained for alkaline

phosphatase activity and the percentage of ES, X, SD and D within duplicate wells were

determined. Results of this analysis are presented in Figure 3.4.

ES cell colonies could not be detected under these conditions at either day 3 or day

5. At three days while 89Vo of colonies were X cell colonies,T4Vo were classified as



FIGURE 3.3 Categories of colony types based on alkaline phosphatase

staining and colony morphology.

Colonies types were divided into categories based on the following criteria and are

pictured in:-

A) ES cell colonies (ES): colonies which have dome-shaped morphology and stain deep

led for alkaline phosphatase.

B) X cell colonies (X): colonies which have a flatter monolayer morphology and stain

red-pink for alkaline phosphatase.

C) Semi-differentiated colonies (SD): colonies which consisted of X cells staining for

alkaline phosphatase and non-staining differentiated cells.

D) Fully differentiated colonies (D): colonies which did not stain for alkaline

phosphatase.

Photographs were taken at a magnification of 25x using phase contrast microscopy
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FIGURE 3.4 Colony types present at day 3 and day 5 when ES cells are

cultured in the presence of MED2 and LIF.

ES cells were cultured in the presence of 50Vo MED2 + LIF (2.3.13 ii). Assays were

stained for the presence of alkaline phosphatase at day 3 and day 5 (2.3.24). Colony

types were scored as ES cell colonies (ES), X cell colonies (X), semi-differentiated

colonies (SD) and differentiated colonies (D) based on criteria outlined in Figure 3.3.

The total number of colonies scored in each class were expressed as a percentage of the

total number of colonies present in each well. The mean and standard deviation of the

percentages of ES, X, SD and D at day 3 and day 5 were derived from colony analysis

of four wells. The results are tabulated in A) and represented graphically in B).
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undifferentiated X cell colonies and I5Vo were classified as semi-differentiated colonies.

Fully differentiated colonies constituted ll%o of the population. At five days the level of

undifferentiated X cell colonies (X) had decreased to 607o, while the level of semi-

differentiated and fully differentiated colonies had increased to 23Vo and I1Vo,

respectively. Therefore while MED2 induced relatively uniform and immediate

differentiation of ES cells into X cells at clonal cell density, X cells exhibited a degree of

instability when cultured under these conditions.

A separate experiment was carried out with the aim of defining the proportion of X

cells present compared to differentiated cells. D3 ES cells were seeded at clonal cell

density (100 cells/cm2) into 10cm2 duplicate wells containingíD%o MED2 and LIF. After

5 days the cells in one duplicate well were trypsinised to single cells and stained for the

presence of the stem cell specific surface marker SSEA-1 using immunofluorescence

antibody staining. SSEA-I is expressed on the surface of ES and X cells but is not

present on the surface of differentiated cells (J. Rathjen, unpublished observations, Richa

and Solter 1988, Smith et al. 1988). The proportion of cells staining with anti-SSEA-1

was determined as the number of fluorescent cells compared to the total number of cells

viewed under normal phase. Colonies in the remaining well were stained for alkaline

phosphatase activity as previously described. Results of this experiment are presented in

Figure 3.5.

The proportion of pluripotent cells as assessed by SSEA-1 present within MED2

supplemented conditions after 5 days was approximately 75Vo. ES cell colonies were not

observed within MED2 supplemented conditions (Fig. 3.58) and suggests that if ES cells

were present they could only be present at low levels. Therefore while the presence of

SSEA-1 does not discriminate between ES cells and X cells, it can be concluded that the

SSEA-l staining observed in this experiment was largely representative of X cells.

Notwithstanding X cell instability, a high proportion of the cells present after 5 days in

the presence of MED2 and LIF constituted undifferentiated X cells.



FIGURE 3.5 The proportion of X cells at day 5.

ES cells were seeded into duplicate wells containing5OVoMED2 with LIF (1000U/ml)

(2.3.13.ii). After 5 days the cells in one well were harvested and stained for the

presence of SSEA-I (2.3.26). The proportion of X cells present in the well was

determined by counting the number of cells staining with anti-SSEA-1 under

fluorescence and dividing this by the total number of cells viewed under normal phase.

The proportion of X cells present compared to differentiated cells is tabulated and

represented graphically in A). The remaining well was stained for alkaline phosphatase

(2.3.24) and the colony types present determined as previously described (Fig. 3.a).

Results are tabulated and represented graphically in B).
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3.4 S07o MED2 is the Optimal Condition for X Cell Maintenance at Clonal

Cell Density

X cell formation and maintenance is dependent on the presence of the conditioned

medium MED2. Conditioned medium is likely to contain additional factors not involved

in X cell formation and maintenance that reduce the stability of X cells in culture. The

level of differentiation seen in X cells at clonal cell density may be improved by alteration

of the level of MED2 present.

Although X cells were formed when ES cells were cultured in higher percentages

of MED2, colonies were small, unhealthy and decreased plating efficiencies were evident

(data not shown). Conditioned medium is inherently depleted of essential nutrients

required for cell survival in culture and high percentages of conditioned medium will

therefore inhibit cell growth. To determine whether lower concentrations of MED2 might

improve X cell stability D3 ES cells were seeded at clonal density into duplicate wells

containing increasing percentages of MED2 in incomplete ES cell medium containing LIF.

After 5 days assays were stained for alkaline phosphatase activity and the percentages of

ES, X, semi-differentiated and fully differentiated colonies were determined. Results

from a representative assay are presented in Figure3.6.

When ES cells were cultured in the presence t0-30Vo MED2 in the presence of

1000U/ml LIF, conversion to X cells was incomplete and ES cell colonies were present.

The percentage of ES cell colonies decreased as the percentage of MED2 increased

approachingÙVo at4OVoMED2. In two other assays (data not shown) the presence of ES

cell colonies approached ÙVo at 30Vo MED2. Therefore, 507o MF,D2 as a compromise

between conversion, X cell stability and cell health was standardised as the optimum

percentage of conditioned medium for X cell formation and maintenance throughout this

work.

3.5 LIF is Required for the Maintenance of X Cells at Clonal Cell Density

Further definition of the optimal conditions for X cell formation/maintenance

required the investigation of the role of LIF in this process. D3 ES cells were seeded at

clonal density into25Vo MED2 and5OVo MED2 in the presence and absence of 1000U/ml



FIGURE 3.6 The optimal percentage of MED2 for X cell formation and

maintenance at clonal cell density.

ES cells were cultured in duplicate wells containing increasing percentages of MED2, in

the presence of LIF (2.3.13 ii). The assay was stained for alkaline phosphatase activity

at five days (2.3.24) and the colony types present were determined as previously

described (Fig. 3.a). The mean and standard deviation of the percentage of ES, X, SD

and D was derived from the analysis of four wells, and is tabulated in A and represented

graphically in B. The mean plating efficiency for cells cultured under the described

conditions is tabulated in A.
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LIF and cultured for 5 days before being stained for alkaline phosphatase activity. The

results of this experiment are shown in Figure 3.7.

'When ES cells were cultured in the presence of 25Vo MED2 + LIF, 6lVo of the

colonies were classified as undifferentiated X cell colonies and 2Vo as ES cell colonies'

At 25Vo MED2 in the absence of LIF ES cell colonies were not detected, but

undifferentiated X cell colonies were only maintained at a level of 6Vo and the majority of

colonies were semi-differentiated. The level of undifferentiated X cell colonies increased

to 2l%o when ES cells were cultured in 50Vo }il.F,D2 in the absence of LIF. However, a

much higher level of undifferentiated X cell colonies was observed in the presence of

MED2 and LIF (64Vo). It therefore appears that addition of LIF is required for effective

maintenance of X cells at clonal cell densities.

It has been reported that very small concentrations (lUirnl) of LIF can affect ES cell

maintenance (Johansson and Wiles 1995). Therefore the concentration of LIF required

for X cell maintenance was investigated. D3 ES cells were seeded at clonal density and

cultured in SOVo MED2 in the presence of increasing concentrations of recombinant

murine LIF (Amrad). Each variable was tested in duplicate and the assay was stained for

alkaline phosphatase activity after 5 days. The percentage of X cell colonies observed at

each concentration of LIF was determined and is depicted in Figure 3.8. When ES cells

were seeded into SOVo MED2 in the absence of LIF only ZIVo of the resulting colonies

contained undifferentiated X cells and the majority of colonies were semi-differentiated.

The percentage of undifferentiated X cell colonies increased steadily as the concentration

of LIF increased, nearing maximal levels at 100U/ml. This contrasts with the level of LIF

(500U/ml) which is required for substantial ES cell maintenance (Refer to Figure 3.I4).

The lower level of LIF required for X cell maintenance suggests either that X cells require

less LIF than ES cells or that MED2 may contain LIF.

3.6 Addition of Murine LIF is not Required for X CelI Formation at High

Cell Density but Improves X Cell Maintenance

X cells are routinely formed for analysis by culturing ES cells at high cell densities

(2x103-6x103 cells/cm2¡ in the presence of MED2 and LIF. X cells can subsequently be

maintained at high cell density by passage in the presence of MED2 and LIF (J. Rathjen,



FIGURE 3.7 The effect of LIF on X cell formation and maintenance.

ES cells were cultured in duplicate wells containing 257o and 507o I:N4'ED2 with and

without LIF (2.3.13 ii). At day 5 the assay was stained for the presence of alkaline

phosphatase (2.3.24). The colony types present were determined as previously

described (Fig. 3.a). The mean and standard deviation of the percentage of ES, X, SD,

and D is tabulated in A and represented graphically in B. The mean plating efficiency

for cells under each condition is tabulated in A.
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FIGURE 3.8 The concentration of LIF required for X cell maintenance.

ES cells were cultured in duplicate wells, with increasing concentrations of LIF in the

presence of MED2 (2.3.13 ii). The colony types present at day 5 were determined as

described previously (Fig. 3.a). ES cell colonies were not seen, the mean percentage

and standard deviation of X, SD and D is tabulated in A and represented graphically in

B. The plating efficiency is described in A.
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unpublished observations). X cells formed and maintained under these conditions are

relatively homogeneous, ES cells are not observed and differentiation levels are low.

This contrasts with the stability of X cells at clonal cell density under these conditions.

ES cells are also less stable at low or clonal cell densities than at high cell densities (Smith

t992).

To determine the effect of LIF on X cells formed and passaged at high cell

densities, ES cells were seeded at 6x103cells/cm2 i¡ 5OVo MED2 with and without LIF.

X cells formed at high cell density from ES cells cultured in MED2 in the presence of LIF

were termed Xp0+ cells, where 'p0' indicates the number of passages and '+' indicates

the presence of LIF. X cells formed by culture of ES cells at high cell density in 50Vo

MED2 in the absence of LIF were therefore termed XpO-. Conversion of ES cells to X

cells was apparent after 24 hours and X cells were confluent after 48 hours. Conversion

of ES cells to X cells in the presence and absence of LIF was highly uniform, ES cell

colonies could not be detected and the level of fully differentiated cells was extremely

low. No observable difference could be seen in the level of differentiated cells between

XpO+ cells and XpO- cells when viewed under magnification (Figure 3.9).

Oct-4 is expressed by ES and X cells but is not expressed in differentiated cells

(Scholer 1991, Thomas 1994). This finding was confirmed by carrying out in situ

hybridisation (2.5.19), utilising an antisense Oct-4 DIG labelled riboprobe on ES cells,

XpO+ cells and passaged X cells which contained differentiated cells. The results are

pictured in Figure 3.10. Oct-4 expression was detected in ES and X cells but was not

detected in differentiated cells. Differences in the levels of differentiation in Xp0+ and

XpO- cells could therefore be defined by quantitation of Oct-4 expression within the

culture. Expression of the murine glyceraldehyde phosphate dehydrogenase (wGAP)

gene serves as a loading control in such experiments (Rathjen et al. 1990, Conover et al.

te93).

RNA from ES, XpO+ and Xp0- cells was analysed for Oct-4 expression by

Northern blot analysis and the level of Oct-4 expression was nonnalised against wGAP

expression (Figure 3.11). The levels of Oct-4 expression in Xp0+ and Xp0- cells were

comparable, therefore the levels of differentiation in X cells cultured at high cell density

with and without LIF were similar.



FIGURE 3.9 ES cells convert to X cells when cultured in MED2 in the

presence and absence of LIF at high cell density.

ES cells were cultured at high cell density in 5O7o MED2 in the presence and absence of

Lß (2.3.9). X cells formed at high cell density in the presence of 50Vo MED2 and LIF

(XpO+) after 2 days are pictured in B. X cells formed from ES cells at high density in

MED2 in the absence of LIF (XpO-) after 2 days are pictured in C. ES cells cultured at

high cell density (2.3.8) in LIF alone after 2 days are shown in A.

Photographs were taken at a magnification of 50x using phase contrast microscopy
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FIGURE 3.10 In situ analysis of Oct-4 expression in ES cells, X cells

and differentiated cells.

ES cells were cultured in the presence of LIF at high cell density for three days (2.3.8)

(A, B). X cells were formed by culturing ES cells in the presence of MED2 and LIF for

two days (2.3.9i) (C, D). X cells which have been passaged in the presence of MED2

and LIF contain a low level of differentiated cells (Bettess 1993) and were obtained by

passaging X cells at high density in MED2 and LIF for six days (2.3.9 iii) (E, F). Oct-

4 expression was detected using a 394bp DIG labelled antisense riboprobe (2.5.17).

Plates were developed for 8 hours before the colour reaction was stopped (2.5.19).

Cells which express Oct-4 are detected by purple staining. Note that differentiated cells

(d) did not stain for Oct-4.

Photographs were taken under phase contrast (A, C, E) and bright field optics (8, D, F)

at a magnification of 50x.
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FIGURE 3.11 Northern blot analysis of Oct-4 expression in ES, Xp0+

and XpO- cells.

RNA was isolated from ES, XpO+ and XpO- cells (2.5.10). Northern analysis of Oct-4

expression was caried out using an Oct-4 DNA probe (2.5.12,2.5.14). The filter was

washed in 2xSSC/0.17o SDS at 42oC, then 0.2xSSC/0.17oSDS at 42oC, followed by a

final wash in 0.2x SSCiO.17o SDS at 65oC. All washes were for a duration of 30

minutes. The filter was exposed to a phosphorimager screen for 15 hours (2.5.20).

The filter was subsequently stripped and reprobed with a wGAP loading control

(2.5.14,2.5.16), exposure time 22 hours. Bands corresponding to the l.6kb Oct-4

transcript and 1 .5kb nGAP transcript were detected. The expression of Oct-4 and

wGAP in ES, XpO+ and XpO- cells is shown in A.

The expression of Oct-4 compared to wGAP was quantitated by volume integration

(2.5.20). Expression of Oct-4 in XpO+ and Xp0- cells is expressed as a percentage of

ES cell expression and represented graphically in B.
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Xpg+ and Xp0- cells have been cultured in MED2 supplemented conditions for two

days. When ES cells are seeded at low or clonal cell density the level of X cell

differentiation increases from three days to five days (3.3). This has also been

established for ES cells seeded at clonal cell density in 50Vo l|ilEDZ in the absence of LIF

(data not shown). Thus the possibility arises that although the presence of LIF may be

unimportant for X cells which have been at high density in MED2 for two days, it may be

important for the maintenance of X cells during passaging. X cells were passaged every

two days in the presence and absence of LIF to passage 8 (p8) which was equivalent to

18 days in culture. RNA was isolated from ES cells, Xp0+ cells through to Xp8+ cells

and XpO- cells through to Xp8- cells and analysed viø Northern blot analysis for Oct-4

expression.

The levels of differentiation observed in X cells maintained in MED2 in the

presence of LIF were low and relatively consistent throughout passage. In contrast the

level of differentiation observed in X cells maintained in MED2 in the absence of LIF

increased significantly from passage 1 to 3. After this period, the level of differentiation

appeared to decrease and remained at a consistent level through the remainder of passage,

similar to the level observed in X cell cultures maintained in the presence of LIF.

These observations were reflected in the levels of Oct-4 expression (Figure 3.I2).

Consistent with previous observations XpO+ and XpO- cultures exhibited similar levels of

Oct-4 expression. In X cells passaged in MED2 in the absence of LIF a significant

decrease in Oct-4 expression occurred from Xpl- through to Xp3-. The level of Oct-4

expression increased at Xp4- and remained at a consistent level for the remainder of

passaging. In contrast, although slight fluctuations were observed, Oct-4 expression

levels in X cells passaged in MED2 in the presence of LIF were higher and at more

consistent levels throughout passaging. The broad implications of this finding are

discussed in Chapter 5 which contains a detailed analysis of passaged X cell gene

expression. The correlation between the level of differentiated cells within cultures and

Oct-4 expression suggests that the level of Oct-4 expression reflects the proportion of X

cells compared to differentiated cells within the population and does not result from

differential expression in X cells themselves. This is particularly important for the

analysis of gene expression described in subsequent chapters.



FIGURE 3.12 Northern blot analysis of Oct-4 expression in ES cells and

X cells passaged in MED2 in the presence and absence of LIF.

RNA was isolated from the following (2.5.10):- ES cells, X cells passaged in the

presence of MED2 and LIF (XpO+ through to Xp8+) and X cells passaged in the

presence of MED2 in the absence of LIF (XpO- through to Xp8-). Northern analysis of

Oct-4 expression was carried out as previously described (Fig. 3.11). The filters were

exposed to phosphorimager screens for 15 hours (2.5.20) and subsequently stripped

and reprobed with a wGAP loading control (2.5.14, 2.5.16), exposure time 2l hours.

The expression of Oct-4 and nGAP in these cells is shown in A.

Expression of Oct-4 compared to wGAP was quantitated by volume integration

(2.5.20). The expression of Oct-4 in X cells passaged in the presence of MED2 and

LIF and X cells passaged in MED2 in the absence of LIF is expressed as a percentage of

ES cell expression and represented graphically in B.
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XpO+ and XpO- cultures constitute homogeneous X cell cultures, ES cell colonies

are not observed and the levels of differentiated cells are low. The expression of Oct-4 at

a similar level in XpO+ and XpO- cultures suggests that LIF is not required for X cell

formation. The presence of exogenous LIF improves X cell maintenance during initial

passage (p1-p3). However, the morphology and Oct-4 expression levels associated with

X cells after passage three demonstrates that exogenous LIF is not absolutely required for

continued maintenance of X cells in MED2 during passaging at high cell density.

3.7 X Cells Revert to ES Cetls when Cultured in the Presence of LIF and

the Absence of MED2

Previous observations had suggested that X cells seeded at high density revert to an

ES cell morphology when cultured in the absence of MED2 and the presence of LIF (J.

Rathjen, unpublished observations). To analyse this observation more closely XpO+

were seeded at clonal density into wells containing incomplete medium alone and

incomplete medium supplemented with l) 50Vo llf.EDZ,2) 50Vo MED2 + LIF and 3) LIF

alone. These were compared to ES cells cultured under the same conditions. The assay

was stained at 5 days for alkaline phosphatase activity and the colony types were

determined. The results of the experiment are shown in Figure 3.13. When XpO+ cells

were seeded into LIF alone, SOVo of the colonies at day 5 had an ES cell morphology.

This was similar to the level of ES cell colonies detected when ES cells were cultured in

the presence of LIF and indicates that X cells had reverted to ES cells at a high frequency,

ES and XpO+ cells cultured in the absence of MED2 and LIF underwent spontaneous

differentiation. This was reflected in a large decrease in pluripotent cells and a large

increase in the percentages of semi-differentiated and fully differentiated colonies. X cell

colonies were maintained in all MED2 supplemented conditions. The mean plating

efficiencies of ES and XpO+ cells under the various conditions were not statistically

different.

Clonal X cell lines possess the ability to revert to ES cells when cultured in the

presence of LIF, in the absence of MED2 (J. Rathjen, unpublished observations). This

observation, coupled with the high reversion frequency of X cells in this experiment,

indicates that reversion is a genuine property of X cells, and is not due to the presence of



FIGURE 3.13 The behaviour of Xp0+ cells at clonal cell density in

MED2 and LIF supplemented conditions.

ES cells and XpO+ cells were cultured in the presence and absence of MED2 and/or LIF

(2,3.I3i1,2.3.I41). The assay was stained for alkaline phosphatase activity on day five

(2.3.24) and the percentage of ES cell colonies (ES), X cell colonies (X), semi-

differentiated colonies (SD), and differentiated colonies (D) present in each well was

determined as previously described (Fig. 3.4). The mean percentage and standard

deviation for each variable was derived from colony analysis of four duplicate wells.

Results obtained for Xp0+ cells under the outlined conditions are tabulated and

represented graphically in A. Results obtained with ES cells under identical conditions

are tabulated and represented graphically in B. Note: the mean plating efficiency for

XpO+ and ES cells in the described conditions is shown in tables A and B respectively.
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residual ES cells. The very low level of background differentiation observed in X cells

cultured in LIF alone suggests that reversion to ES cells occurred relatively early during

culture

3.8 MED2 Contains Biologicatly Active Human LIF

The observations that LIF is required for optimal X cell maintenance, and that X

cells required less LIF than ES cells, suggest that MED2 may contain LIF activity.

RNAase protection of RNA derived from the human cell line from which MED2 is

produced shows that LIF transcripts are detectable (8. Haines, unpublished

observations). In addition, MED2 may contain factors such as OSM, CNTF, Interleukin

(IL)-6, Interleukin (IL)-11 and CT-1, which like LIF signal viathe gp130 signalling

receptor and therefore could function like LIF (Gearing et aL t992, Gearing and Bruce

l992,Ip et aI. 1992, Conover et al. 1993, Yoshida et aL 1994, Pennica et al. 1995).

A neutralising anti-murine gp130 antibody was obtained from Tetsuya Taga

(Institute for Molecular and Cellular Biology, Osaka University). This antibody was able

to neutralise the activity of human OSM, IL-6. IL-l1 and murine LIF on myeloid

leukemic Ml cells. However it was unable to inhibit the biological function of human

LIF on mouse cells (T. Taga, personal communication). A neutralising anti-human LIF

antibody was obtained from R&D Systems.

Biological activities of anti-gp130 and anti-human LIF antibodies were determined

by establishing the level required to inhibit the action of OSM and human LIF respectively

on ES cells. Human LIF, murine LIF and human OSM are able to promote ES cell

growth and renewal (Williams et aI. 1988, Gearing and Bruce l992,Piquet-Pellorce et aI.

Igg4, Yoshida et at. 1994). The ability of recombinant human LIF (Amrad) and

recombinant human OSM (R&D Systems) to maintain ES cells was compared to

recombinant murine LIF (Amrad) and COS cell derived murine LIF (2.3.6, Smith 1991).

D3 ES cells were seeded at clonal cell density into incomplete medium containing

increasing levels of human OSM, human LIF, murine LIF and COS cell derived murine

LIF. The assays were stained for alkaline phosphatase activity after 5 days and growth

curves for ES cells cultured in increasing concentrations of each factor are depicted in
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Figure 3.14. Both OSM and human LIF were able to maintain ES cells in culture at

recommended concentrations.

D3 ES cells were seeded into 1000U/ml human LIF with increasing concentrations

of neutralising anti-human LIF antibody. In a separate experiment D3 ES cells were

cultured in 5Ong/ml OSM, which had activity equivalent to 1000U/ml of LIF (refer to

Figure 3.14), with increasing concentrations of anti-gp130. After 5 days the assays were

stained for alkaline phosphatase activity and the proportion of ES cell colonies

determined. Results are presented in Figure 3.15. A concentration of l0pg/ml of anti-

human LIF completely blocked the action of 1000U/ml human LIF on ES cells. Although

1Opg/ml anti-gp130 did not completely block the maintenance of ES cells by OSM, it

resulted in a significant decrease in the percentage of undifferentiated ES cell colonies

(l6Vo to 22Vo). Due to the limited quantity of gp130 antibody available, the effects of

higher antibody concentrations were not investigated.

Xp0+ cells were seeded at clonal cell density into duplicate wells containing

incomplete medium with the following additions A) MED2 + murine LIF (500u/ml), B)

MED2 + human LIF (500u/ml), C) MED2 + OSM (25n9/ml), D) MED2 + OSM

(25nghn1) + anti-gpl30 (lOpg/ml), E) MED2 + anti gp130 (lOpg/ml), F) MED2 + human

LIF (500u/ml) + anti-gp130 (1Opg/ml), G) MED2 alone, H) human LIF (500u/ml) and

I) no addition. The assay was stained at four days and colony types were assessed

(Figure 3.16). OSM and human LIF had the same effect as murine LIF on X cell

maintenance (compare B and C with A and G). Addition of anti-gpl30 abolished the

increase in X cell stability seen with OSM addition (compare C with D and G). However,

it did not inhibit the stabilising effect of human LIF on X cell maintenance (compare D

and F). Addition of anti-gpl30 to MED2 alone had no effect on the presence or

maintenance of X cells (E). Therefore, it could be concluded that functionally active

human OSM was not present in MED2. The anti-gp130 antibody is also able to block

signalling by human IL-6 and IL- I 1 (T. Taga, personal communication) therefore it is

unlikely that these molecules were present in MED2.

The presence of human LIF in MED2 was investigated in a second experiment.

XpO+ cells were seeded at clonal density into duplicate wells containing incomplete

medium supplemented with A) MED2 + murine LIF (500u/ml), B) MED2 + human LIF



FIGURE 3.14 The effect of human LIF, human OSM and murine LIF on

ES cell maintenance.

ES cells were seeded into duplicate wells containing incomplete ES cell medium

containing increasing concentrations of COS cell derived murine LIF, Amrad murine

LIF, human LIF or human OSM (2.3.13 i). The assay was stained for alkaline

phosphatase activity at day 5 (2.3.24) and the number of ES cell colonies were counted

and expressed as a percentage of the total number of colonies present in each well. The

mean percentage and standard deviation of ES cell colonies in the described conditions

is tabulated in A and represented graphically in B.

Note: 1000U/ml is equivalent to 5Ong/ml of OSM.

murine LIF (C) = COS cell derived LIF (2.3.6).

murine LIF (A) = recombinant murine LIF obtained from Amrad.
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FIGURE 3.15

A) The concentration of anti-human LIF required to inhibit the action of

human LIF on ES cells.

ES cells were cultured in incomplete ES cell medium containing A) no addition, B)

human LIF (1000U/ml), C) human LIF (1000U/ml) + lpg/ml anti-human LIF, D)

human LIF (1000u/ml) + 5pg/ml anti-human LIF and E) human LIF + lOpg/ml anti-

human LIF (2.3.13 iv). The assay was stained for alkaline phosphatase activity at 5

days (2.3.24) and the percentage of ES cell colonies (ES), semi-differentiated colonies

(SD) and differentiated colonies (D) were determined as previously described (Fig.

3.4). The percentages of colonies observed in the described conditions are represented

graphically and tabulated in A.

B) The concentration of anti-gpl30 required to neutralise the effect of

human OSM on ES cells.

ES cells were cultured in incomplete ES cell medium containing A) no addition, B)

OSM (50 ng/ml), C) OSM (50 ng/ml) + lpg/ml anti-gpl30, D) OSM (50 nglml) +

5pg/ml anti-gpl30 and E) OSM (50 ng/ml) + lOpg/ml anti-gpl30 (2.3.13 iii). The

assay was stained for alkaline phosphatase activity at 5 days (2.3.24) and the percentage

of ES cell colonies (ES), semi-differentiated colonies (SD) and differentiated colonies

(D) was determined as previously described (Fig 3.4). The percentages of colonies

observed in the described conditions are represented graphically and tabulated in B.

X cell-like colonies were omitted from the analysis, hLIF = human LIF, ahLIF = anti-

human LIF, agp130 = anti-gpl30.
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FIGURE 3.16 The effect of anti'gpl30 on X cell maintenance.

Xp0+ cells were cultured in duplicate wells containing incomplete ES cell medium with

A) MED2 + murine LIF (500u/ml), B) MED2 + human LIF (500u/ml), C) MED2 +

OSM (25nglml), D) MED2 + OSM (25nglml) + anti-gpl3O (lOpg/ml), E) MED2 + anti-

gp130 (1Opg/ml), F) MED2 + human LIF (500u/ml) + anti-gp130 (1Opg/ml), G)

MED2 alone, H) human LIF alone and I) no addition (2.3.14 ii). The assay was stained

for alkaline phosphatase activity at four days (2.3.24) and the percentage of ES cell

colonies (ES), X cell colonies (X), semi-differentiated colonies (SD) and differentiated

colonies (D) was assessed as previously described (Fig. 3.4). The mean percentage and

standard deviation of colonies present under the outlined conditions is tabulated in A and

represented graphically in B.

hLIF = human LIF, mLIF = murine LIF (Amrad), agp130 = anti-gp130
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(500U/ml), C) MED2 + human LIF (500u/ml) + anti-human LIF antibody (lOpg/rnl), D)

MED2 + murine LIF (500u/ml) + anti-human LIF antibody (lOpg/ml), E) MED2 + anti-

human LIF (lgpg/ml), F) MED2 in the absence of LIF and G) no addition. The assay

was stained at 5 days for alkaline phosphatase activity and the colony types determined.

The results of this experiment are shown in Figure 3.17. Addition of murine LIF (A) or

human LIF (B) to MED2 resulted in increased stability of X cells (F). Addition of anti-

human LIF to MED2 alone (E) or MED2 which contained added human LIF (C)

abolished undifferentiated X cell colonies. The same effect of anti-human LIF on X cell

maintenance was seen if the assay was analysed at three days (data not shown).

Therefore human LIF is present in MED2 and is required for the maintenance of X cells in

MED2 alone. The level of human LIF present in MED2 is likely to be at relatively low

levels since addition of LIF at 20U/ml had a significant effect on the maintenance of X

cells (Figure 3.8).

The results of this experiment show that human LIF is present in MED2 and

suggest that it acts to maintain X cells in the undifferentiated state. The presence of

human LIF in MED2 also explains the reduced requirement of X cells for LIF when

compared to ES cells (3.5). Partial purification of the active components of MED2

indicates that X cell formation requires the presence of two factors which are distinct from

human LIF (M. Bettess, J. V/ashington, unpublished observations). Therefore while the

presence of human LIF in MED2 is required for X cell maintenance it is not intrinsically

involved in X cell formation.

3.9 Discussion

The conditioned medium MED2 induces uniform differentiation of ES cells into a

morphologically distinct, intermediate, pluripotent cell population termed X cells. MED2

induces the differentiation of ES cells to X cells both at clonal cell density and at high cell

density. Levels of MED2 lower than 507o resulted in incomplete conversion while levels

higher than 5O7o resulted in reduced cell viability. Therefore a level of 50Vo MED2 as a

compromise between conversion, stability and viability was found to be optimal for the

formation and maintenance of X cells. The addition of LIF was required for optimal X

cell maintenance at both clonal cell density and high cell clensity, however its addition was

a



FIGURE 3.17 The effect of anti-human LIF on X cell maintenance.

XpO+ cells were cultured in duplicate wells containing incomplete ES cell medium with

A) MED2 + murine LIF (500u/ml), B) MED2 + human LIF (500u/ml), C) MED2 +

human LIF (500U/ml) + anti-human LIF (lOpg/ml), D) MED2 + murine LIF (500U/ml)

+ anti-human LIF (lOpg/ml), E) MED2 + anti-human LIF (lOpg/ml), F) MED2 alone

and G) no addition (2.3.14 iii). The assay was stained for alkaline phosphatase activity

at five days (2.3.24) and the percentage of ES cell colonies (ES), X cell colonies (X),

semi-differentiated colonies (SD) and differentiated colonies (D) was assessed as

previously described (Fig. 3.a). The mean percentage and standard deviation of

colonies present under the outlined conditions is tabulated in A and represented

graphically in B.

Note ES cell colonies were not detected.

hLIF = human LIF, mLIF = murine LIF (Amrad), ahLIF = anti-human LIF
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not an absolute requirement for X cell maintenance. Maintenance of X cells in the

absence of added LIF appeared to be dependent on the presence of low levels of

biologically active human LIF within MED2. Thus while LIF is not intrinsically involved

in X cell formation (M. Bettess, J. Washington, unpublished results) its presence appears

to be absolutely required for X cell maintenance. LIF and OSM exert their effect via

gp130 receptor signalling. OSM has a similar effect on X cell maintenance as LIF,

therefore X cell maintenance appears to be dependent on gpl30 signalling. In the

presence of LIF in the absence of MED2 X cells reverted at high frequency to ES cells.

The significance of X cell reversion will be discussed in Chapter 5.

The results presented in this chapter can be summarised in the model presented in

Figure 3.18. X cells represent an intermediate pluripotent cell population which exists

between ES cells and differentiated derivatives. Factors within MED2 are responsible for

the formation of X cells. LIF is required for ES cell maintenance and both MED2 and

LIF are required for X cell maintenance. If MED2 is removed and LIF is present, X cells

will revert to an ES cell phenotype. If both MEDZ and LIF are removed ES and X cells

differentiate spontaneouslY.

While the role of LIF in maintenance of pluripotential cell populations during

murine embryogenesis remains unclear (1.5.3), LIF is required for the maintenance of

both ES cells and primordial germ cells in vitro (Matsui et aI. 199I, Pesce et aI. 1993

Cheng et aI. 1994, Smith et al. 1988). In addition, LIF has been shown to inhibit

mesodermal differentiation during gastrulation (Conquet et al. 1992) and during the

differentiation of P19 EC cells in vitro (Pruitt and Natoli t992, Vidricare et aI. 1994).

The requirement of LIF for X cell maintenance is consistent with these observations.

Altematively, the requirement for LIF may be due to the current growth conditions.

In vitro growth conditions require the presence of serum which contains ill-defined

factors which may affect X cell stability. In addition, the factors within MED2

responsible for the differentiation of ES to X cells have not been fully purified, hence

current growth conditions rely on the addition of a conditioned medium which could also

contain factors that may reduce the stability of X cells. Complete analysis of the role that

LIF plays in X cell maintenance in vitro will ultimately require purification of the active

constituents in MED2. Recently, greater X cell stability has been found when X cells are



FIGURE 3.18 A model for X cell formation, maintenance and

differentiation.

The presence of LIF is required for ES cell maintenance. ES cells are converted to X

cells when cultured in the presence of MED2. The presence of MED2 and LIF is

required for X cell maintenance. If MED2 is removed and LIF is present X cells will

revert to ES cells. If MED2 and LIF are removed ES cells and X cells will

spontaneously differentiate.
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grown on laminin, fibronectin and collagen IV substrates (J. Rathjen, personal

communication), which are present in the murine embryo in vivo (Adamson and Ayers

lg7g, Wartiovaan et aI. lg7g, Leivo et al. 1980). The requirement of LIF for X cell

maintenance under these conditions has not been investigated.

I
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i
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CHAPTER FOUR:

GENE EXPRESSION IN X CELLS
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CHAPTER FOUR: GENE EXPRESSION IN X CELLS

4.1 Introduction

X cells represent a novel cell population derived from ES cells. ES cells are

pluripotential and have the capacity to give rise to all tissues which constitute the

developing embryo (Bradley et aI. 1984, Robertson 1987). Therefore X cells may

represent the in vitro equivalent of a cell population within the murine embryo (Figure

1.9). During embryogenesis different cell lineages can be defined by the unique

repertoire of genes that they express. A variety of genes expressed at specific stages in

specific tissues during murine embryogenesis have been identified. These genes can be

used as markers to assess the presence of particular cell types in vitro. One way to

determine the possible biological equivalent of X cells is to investigate the expression of

marker genes.

Oct-4 expression is restricted to the pluripotential cell populations within the murine

embryo including the cells constituting the inner cell mass, primitive ectoderm and the

primordial germ cells (Rosner et aL l99O, Scholer et aL I990a, 1990b, Yeom et aI.

1991). At the outset of this research, preliminary evidence suggested that X cells

expressed Oct-4 (Thomas 1994). This observation was confirmed in Section 3.6. These

observations, coupled with the expression of alkaline phosphatase and SSEA-1(1.8.2,

3.3), suggested that X cells may represent a pluripotential cell population within the

murine embryo.

In further work in collaboration with M. Bettess (1993), X cell gene expression

was analysed using a variety of marker genes. X cells were found to express

uvomorulin. (lvomorulire is expressed in all pluripotential cell populations within the

murine embryo with the exception of the primordial germ cells (Damjanov et aL 1986,

Burdsal et al. 1993). Since X cells expressed uvomorulin they could not be considered

equivalent to primordial germ cells. X cells did not express genes that are expressed in

the primitive streak of the embryo such as Brachyury, goosecoid and evx-l (Herrmann.

Iggl, Blum et aI. 1992, Bastian and Gruss 1990). Nor did they express Hl9, SPARC

and Alpha fetoprotein (AFP) which are expressed by extraembryonic tissues in the early

murine embryo (Poirier et aL l99l, Holland et al. 1987, Dziadek and Adamson, 1978,
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Dziadek and Andrews 1983). These observations restricted the likely biological

equivalent of X cells to either the inner cell mass (ICM), primitive ectoderm or an

unrecognised pluripotential cell population.

Investigation of differential gene expression during the blastocyst and egg cylinder

stages of early murine embryogenesis has been hampered, not only by the in vivo context

in which the embryo develops, but also by its extremely small size. Consequently

alterations of gene expression in the pluripotential cells as the ICM forms the primitive

ectoderm prior to day 6.0 are not well characterised. Despite these limitations the

expression of a limited number of genes during these stages has been defined and can be

used to differentiate between the ICM and primitive ectoderm in early murine

embryogenesis.

The importance of fibroblast growth factors and their receptors in early

developmental processes such as mesoderm induction has been demonstrated in Xenopus

(reviewed in Sive 1993). The role that these factors play in murine embryogenesis is less

clear. FGF-5 is a member of the fibroblast growth factor (FGF) family. The expression

of FGF-5 during early development is confined to the primitive ectoderm prior to and

during gastrulation, from day 5.25 to day 1 .75. FGF-5 expression could not be detected

in the ICM of preimplantation embryos at day 3.5 (Haub and Goldfarb, 1991). In this

report early expression analyses were only carried out on embryos at3.5 and 5.25 days

of development. Therefore the exact developmental stage at which FGF-î expression

begins has not been ascertained.

Rex-l is a zinc finger protein which is highly expressed in the ICM of the pre-

implantation murine blastocyst. Rex- I expression decreases as the ICM forms the

primitive ectoderm and is not detected in the primitive ectoderm at day 6.0 of development

(Rogers et aL l99I). Consistent with the relationship between ES cells and the ICM, ES

cells express R¿x-1. Rex-l expression is down regulated when ES cells are

spontaneously differentiated in the absence of LIF (Hosler et aL 1989,Rogers et al.

1991).

The homeobox gene Gbx-2 (MMoxB) was initially identified in PCR screens of ES

cell 9DNA (Thomas 1994) and the telecephalon of the 13.5 day mouse embryo (Murtha ¿r

at. l99l). Further characterisation of Gbx-2 expression revealed that it was expressed in
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ES cells and down regulated as ES cells spontaneously differentiated in the absence of

LIF (Chapman 1994, Thomas 1994). Gbx-2 expression is not detected in the primitive

ectoderm of the murine embryo at day 6.0 (J. Rathjen, unpublished results, Chapman

lgg4). Preliminary evidence suggests that Gbx-2 is expressed in the ICM of

preimplantation murine blastocyst at day 4.0 (G. Chapman, unpublished observations).

The exact developmental stage at which Gbx-2 expression is down regulated as the ICM

forms the primitive ectoderm has not been determined.

This chapter describes the gene expression of X cells with respect to the

aforementioned pluripotential cell markers.

4.2 Expression of Marker Genes that Discriminate Between the ICM and

Primitive Ectoderm in X Cells Passaged with and without Added LIF

Results in Chapter three indicated that X cells cultured at high cell density in the

presence of MED2 and LIF (1000U/ml) were more stable than X cells cultured in MED2

in the absence of LIF (1000U/ml) (3.6). The expression of the pluripotential cell marker

genes, FGF-í, Rex-L, Gbx-2 and Oct-4, were examined in X cells cultured and passaged

at high cell density in MED2, with and without LIF supplementation.

ES cells were seeded at high cell density (6x103 cells/cm2) into MED2 with and

without LIF (1000U/ml). After two days uniform conversion of ES cells into X cells had

occurred. X cell cultures at this stage were termed XpO+ and Xp0- (3.6). Xp0+ cell

cultures were continually passaged in MED2 with added LIF and XpO- cells were

continually passaged in MED2 without added LIF. Cultures were reseeded at high cell

density every two days (2.3.9). Investigation in this instance was confined to passages

up to and including passage two.

4.2.1 Northern Blot and RNAase Protection Analysis of Pluripotential

Cell Marker Gene Expression

RNA was harvested from ES cells, X cells passaged in the presence of MED2 and

added LIF (XpO+ to Xp2+) and X cells passaged in the presence of MED2 in the absence

of added LIF (XpO- to Xp2-). The expression of FGF-5, Rex-I and Oct-4 relative to a

6GAP loading control in ES and X cells was determined by Northern blot analysis of
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total RNA. The results of this analysis are presented in Figure 4.1. The levels of FGF-5,

Rex-l and Oct-4 relative to a wGAP loading control were quantitated by volume

integration and expressed as a percentage of ES cell expression (Figure 4.2). Oct-4 is

expressed in ES and X cells but is not expressed in differentiated cells. Therefore Oct-4

expression can be considered representative of the level of X cells compared with

differentiated cells within the population (3.6). An estimate of the proportion of

pluripotential stem cells within the population allows alterations in gene expression levels

to be interpreted more clearlY.

Expression of FGF-5 was not detected at appreciable levels in Xp0+ and Xp1+ but

was detected at increased levels in Xp2+. The expression of Rex-l decreased steadily

relative to Oct-4 expression as X cells were passaged in MED2 and LIF (XpO+ to Xp2+).

This indicated that the decrease in R¿x-1 expression reflected a decrease of ^R¿x-1

expression in X cells themselves and not simply a decrease in the level of X cells within

the population.

X cells formed in MED2 in the absence of added LIF (XpO-) had an increased level

of FGF-S expression when compared to ES cells and XpO+ cells. The level of FGF-5

expression increased dramatically as X cells were passaged in MED2 without added LIF,

with the highest expression level observed at XpZ-. The levels of Rex-l expression

decreased steadily relative to Oct-4 expression from ES toXp2-. Decreases in Rex-I

expression were greater in X cells cultured in MED2 in the absence of LIF than in X cells

cultured in MED2 in the presence of LIF. The level of Oct-4 expression was at a

significantly decreased level in Xp2- this reflected the higher proportion of differentiated

cells within this population (3.6).

Consistent alterations in gene expression were observed in similar experiments

described in Sections 5.2 and 5.3, however in these and other experiments Xp0+ and

Xp1+ cells clearly exhibited increases in FGF-5 expression when compared to ES cells.

Thus while expression levels varied between experiments, alterations in gene expression

were similar,

Northern analysis of total RNA was not sensitive enough for determining Gbx-2

expression levels, therefore RNAase protection was carried out on RNA derived from ES

cells, Xpg+ toXpZ+ cells, and XpO- to Xp2- cells. The results are presented in Figure



FIGURE 4.1 Northern blot analysis of FGF-S, Rex-I and Oct'4

expression in X cells passaged in the presence and absence of added

LIF.

X cells were passa ged at high cell density in the presence of MED2 with and without

added LIF (2.3.9). RNA was isolated from ES cells, Xp0+/-, Xpl+/- and Xp2+l-

(2.5.10) and 30pg of total RNA was analysed by Northern blot (2.5.12). The filter

was probed sequentially with FGF-S, Rex-I, Oct-4 and finally with a wGAP loading

control. DNA probes were used in this analysis (2.5.14) and the filter was stripped

after each hybridisation (2.5.16). Washes were in 2xSSC/O.l7oSDS aT 42oC,

0.2xSSC/0.1% SDS at 42oC, with a final wash in 0.2xSSC/0.17oSDS at 65oC. All

washes were for a minimum duration of 30 minutes. The expression of each gene was

determined by phosphorimager analysis (2.5.20). The exposure time for FGF-5 was

22hours, Rex-l5 hours, Oct-4 2.5 hours andwGAP 16 hours. FGF-5 transcripts

were of 2.7 and 1.8kb, Rex-I 1.9kb, Oct-4 1'6kb andwGAP 1.5kb.
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FIGURE 4,2 Comparison of FGF-S,Rex-I and Oct'4 expression in X

cells passaged in MED2 with and without added LIF.

The level of FGF-5, Rex-l and Oct-4 compared to wGAP in (Fig. 4.1) was quantitated

by volume integration (2.5.2O). FGF-S expression in ES cells was assigned a value of

\Vo and the level of FGF-S expression in each X cell culture is shown as a percentage

above ES cell expression. Rex-l and Oct-4 expression in ES cells were assigned values

of 1007o. The level of Rex-l and Oct-4 in each X cell culture is represented as a

percentage of ES cell expression.
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4.3A. Gbx-2 expression was quantified compared to a nGAP loading control by volume

integration and was expressed as a percentage of ES cell expression. This is represented

graphically in Figure 4.38.

Overall, Gbx-2 expression decreased as X cells were passaged in MED2.

Expression of Gbx-2 was down regulated earlier in X cells passaged in the absence of

added LIF than it was in X cells passaged in the presence of added LIF. Gbx-2

expression increased transiently in XpO+ and then subsequently decreased from Xpl+ to

Xp2+. Similar observations have been made in previous experiments where Gbx-2

expression has been analysed in X cells cultured in MED2 and added LIF (Chapman

lgg4). The possibility exists that Gbx-2 expression in the embryo may reach maximal

levels after the inner cell mass stage and then subsequently decrease during primitive

ectoderm formation. Evidence for this will require a more detailed analysis of Gbx-2

expression in vivo.

X cells expressed FGF-S. FGF-í expression is detected in the primitive ectoderm

from day 5.25. Both Rex-I and Gbx-2 are expressed in the inner cell mass at day 4.0 but

are not expressed in late primitive ectoderm at day 6.0. These observations suggest that

X cells are most likely to represent primitive ectoderm prior to Rex-l and Gbx-2 down

regulation at day 6.0.

The gene expression changes observed as X cells were cultured in MED2

represents the transition of cells from a gene expression profile characterised by low

FGF-5,high Rex-1 and high Gbx-2, to one which is characterised by higher FGF-5,

lower Rex-l and lower Gbx-2. The inner cell mass expresses Rex-l and Gbx-2 and

expression of these genes is down regulated as the primitive ectoderm is formed (Rogers

et al. IggI, G. Chapman, unpublished observations, Chapman 1994). FGF-5 is

expressed in the primitive ectoderm at approximately day 5.25 but not in the ICM (Haub

and Goldfarb 1991). The gene expression profiles as ES cells formed X cells and X cells

were passaged in MED2 were therefore consistent with the predicted gene expression

profile of the inner cell mass as it forms the primitive ectoderm in vivo. The addition of

LIF to X cell culture conditions slowed this transition. In the absence of LIF, transition

to cells with higher FGF-5,lower Rex-l and lower Gbx-2 expression occurred faster and

to a greater extent than observed in the presence of added LIF. An inhibitory effect of



FIGURE 4.3 RNAase protection analysis of Gbx-2 expression in ES

cells and X cells passaged in MED2 with and without added LIF.

RNAase protection analysis was carried out on 20pg of RNA, using a Gbx-2 antisense

riboprobe and a nGAP loading control (2.5.13). RNAase protection products were

separated on a 6Vo polyacrylamide gel (2.5.2) and exposed to a phosphorimager screen

for !2 hours (2.5.20). Gbx-2 expression as determined by RNAase protection is

shown in A.

The level of Gbx-2 compared to nGAP was quantitated by volume integration (2.5.20)

The level of expression for each culture is shown as a percentage of ES cell expression.

Gbx-2 expression in ES cells was assigned a value of lÙOVo. Results of this analysis

are represented graphically in B.
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LIF on primitive ectoderm formation in vitro has also been demonstrated by others (Shen

andLeder 1992).

4.2.2 In Situ Hybridisation Analysis of FGF-S, Rex-r and Gbx'2

Expression

XpO+ and XpO- cultures contain low levels of differentiated cells. While X cells

can be maintained by passage in the presence of MED2 in the absence of added LIF (3.6)'

the level of differentiated cells is higher and is particularly evident in Xp2- cultures.

Interpretation of gene expression in 4.2.1relies on the assumption that it was the X cells

within the popula.tion that were expressing FGF-S,Rex-l andGbx-2 and not the

differentiated cells. The cellular expression of FGF-5, Rex-l and Gbx-2 was visualised

by in situhybridisation to X cell monolayers.

Xpg- and Xp2- cultures were analysed for FGF-5 expression using DIG labelled

antisense riboprobes. Results of these analyses are presented in Figute 4.4. In situ

hybridisation indicated that FGF-í was expressed by X cells and not by their

differentiated derivatives. This is particularly important as it shows that the large increase

in FGF-S expression observed in Xp2- cultures can be attributed to the X cells within the

population rather than the differentiated cells'

ES and XpO- cultures were analysed for the expression of Rex-l and Gbx-2 using

antisense DIG labelled riboprobes. The results of this analysis for Rex-l and Gbx-2 ate

presented in Figure 4.5 and Figure 4.6 respectively. Rex-I and Gbx-2 expression was

also detected in X cells but was not detected in differentiated cells.

V/hile Gbx-2 expression appeared relatively uniform within ES cell populations, it

appeared to be differentially expressed between X cells within X cell populations. X cells

expressing higher levels of Gbx-2 were estimated to constitute approximately 2OVo of the

population. In contrast Rex-I and FGF-5 expression appeared more uniform within X

cell populations. However, the level of staining and therefore the expression of FGF-5

and Rex-l did appear higher in certain cells and may reflect small variations in expression

levels between cells. The implications of differential expression of FGF-ï,Rex-I and

Gbx-2 within X cell populations will be discussed in Chapter 5.



FIGURE 4.4 In situ analysis of FGF-S expression in X cells passage in

MED2 without LIF.

In situ analysis of FGF-S expression in XpO- (4, B) and Xp2-(C, D) cultures (2.5.19)

FGF-í expression was detected using a 800bp DIG labelled antisense riboprobe

(2.5.17). Plates were developed for 24 hours before the colour reaction was stopped.

Cells expressing FGF-ï were detected by purple staining. Staining could not be

detected in differentiated cells (d).

Photographs were taken under phase contrast (4, C) and bright field optics (8, D) at a

magnification of 50x.
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FIGURE 4.5 In sítu analysis of Rex-I expression in ES and Xp0' cells.

In situ analysis of Rex-l expression in ES (4, B) and XpO- (C, D) cultures (2.5.t9)

Rex- I expression was detected using a 848bp DIG labelled antisense riboprobe

(2.5.17). Plates were developed for 10 hours before the colour reaction was stopped.

Cells expressing.iRex-1 were detected by purple staining. Staining was not detected in

differentiated cells (d).

Photographs were taken under phase contrast (A, C) and bright field optics (8, D) at a

magnification of 50x.
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FIGURE 4.6 In situ analysis of Gbx-2 expression in ES and Xp0' cells.

In situ analysis of Gbx-2 expression in ES (4, B) and XpO- (C, D) cultures (2.5.19).

Gbx-2 expression was detected using a 440bp DIG labelled antisense riboprobe

(2.5.17). Plates were developed for 24 hours before the colour reaction was stopped.

Cells expressing Gåx-2 were detected by purple staining. Staining was not detected in

differentiated cells (d).

Photographs were taken under phase contrast (4, C) and bright field optics (B, D) at a

magnification of 50x.
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The results of these experiments demonstrated that FGF-\, Gbx-2 and Rex-l

expression in RNA derived from X cell cultures was confined to X cells rather then

differentiated cells. Therefore alterations in gene expression during X cell culture are

attributable to X cells within the population rather than alterations in the level of

differentiated cells. This examination verifies the gene expression associated with X cells

which suggests that X cells represent the in vitro equivalent of early primitive ectoderm.

4.3 Comparison of X Celt Cultures and Spontaneously Differentiated ES

Cell Cultures

When ES cells are cultured in the absence of LIF they differentiate spontaneously

into multiple differentiated cell types over a 6 day period (Smith et aI. 1988, Williams ¿r

al. 1988). Conover et al. 1993 has shown that depriving ES cells of LIF results in the

induction of FGF-5 expression within 18 to 48 hours, well before obvious morphological

differentiation occurs. This observation was thought to represent the differentiation of ES

cells into cells of the primitive ectoderm prior to overt differentiation. Rex-1 expression

also decreases as ES cells are differentiated by culture in the absence of LIF (Rogers el a/.

1991). Thus spontaneous differentiation of ES cells appears to proceed via an

intermediate cell population with a gene expression similar to that exhibited by X cells

(4.2.1). The transient gene expression observed in spontaneously differentiated ES cell

cultures may reflect a transient appearance of X cells within these cultures. This would

suggest that X cells represent a natural differentiation intermediate of ES cells and further

support their proposed relationship with the primitive ectoderm.

4.3.1 The Morphology of Spontaneously Differentiated ES Cell Cultures

ES cells were cultured and passaged at cell densities routinely used for X cell

formation and maintenance in incomplete ES medium without added LIF (2.3.I5). When

ES cells were seeded into incomplete medium at high cell density, after two days the

culture (SPp0) consisted of colonies with morphologies intermediate between ES cell

colonies and X cell colonies (Figure 4.7A). The morphology of the cells within this

culture was clearly different from the moqphology of X cells in XpO+ and Xp0- cultures

(Figure 3.9). lVhen SPpO cultures were re-passaged at high cell density (SPp1) after two



FIGURE 4,7 T|rre culture morphology of spontaneously differentiated ES

cells.

Spontaneously differentiated ES cells were formed and passaged as described in

2.3.15. Briefly, ES cells were cultured at high cell density in the absence of LIF for 2

days (SPpO). These cells were passaged at high cell density in the absence of LIF for a

further 2 days (SPp1). Subsequently, upon further passage the plating efficiency

decreased substantially cultures were therefore grown for 7 days (SPp2). Photographs

representative of cells present in SPpO (A), SPpl(B), SPp2 (C, D) cultures are shown.

ES = nest of stem cells, PE = cells with the morphology of parietal endoderm

(Strickland et aI. 1980), F = cells with the morphology of fibroblasts and X = cells with

the morphology of X cells.

Photographs were taken using phase contrast optics at a magnification of 50x
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days, a decrease in plating efficiency was evident by the sparse distribution of relatively

differentiated colonies within cultures. Cells with a morphology similar to X cells were

observed within a relatively high proportion of colonies in SPpl cultures, however the

colonies were highly differentiated (Fig. 4.78). When SPpl cells were passaged further

(SPp2) and observed after two days the plating efficiency had decreased substantially

such that very few colonies could be detected. SPp2 cultures were therefore cultured for

a total of seven days before sufficient cells were present for RNA preparation. At this

time cultures were characterised by the sparse distribution of relatively large colonies

which contained high levels of terminally differentiated cells, including fibroblasts and

cells with the morphology of parietal endoderm (Figure 4.7C). Nests of stem cells with

an ES cell morphology were also observed (Figure 4.7D). These cells are known to be

pluripotent and are thought to be maintained by LIF which is expressed by terminally

differentiated cells (Rathjen et aL 1990). The extremely differentiated state and sparse

distribution of colonies within SPp2 cultures at this time prevented further passage.

Culture of ES cells in MED2 induced the rapid and uniform formation of X cells.

After two days X cells existed as a relatively confluent homogeneous cell population, ES

cell colonies were not observed and the level of differentiated cells was low. Upon

further passage, X cells proliferated rapidly and could be indefinitely maintained by

passage in the presence of MED2 as a relatively homogeneous pluripotential cell

population (3.6). This contrasts with the behaviour of ES cells when differentiated by

culture in the absence of LIF. Such differentiation generated a relatively heterogeneous

and differentiated cell population which could not be maintained indefinitely. While cells

with a morphology similar to X cells could be observed within these cultures, their

appearance was transient. These cells were not formed immediately and were present at a

relatively low, non-uniform level. Furthermore, these cells could not be maintained in

culture beyond two passages due to extensive differentiation.

ES cells are considered analogues of the inner cell mass, differentiation into

embryonic cell types occurs via a primitive ectoderm intermediate in vivo. A similar

progression has been proposed to occur during the spontaneous differentiation of ES cells

in vitro (Conover et al. 1993). The transient appearance of cells with the morphology of

X cells during spontaneous differentiation of ES cells suggests that they constitute a
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natural cell intermediate in this process. This observation, coupled with X cell gene

expression therefore supports their proposed relationship to the primitive ectoderm'

4.3.2 The Gene Expression of Spontaneously Differentiated ES Cell

Cultures

RNA was harvested from SPpO, SPpl and SPp2 cultures and the expression of

FGF-ï, Rex- 1 , Oct-4 and nGAP were determined by Northern analysis of total RNA

(Figure 4.8). Gene expression levels were quantitated against a nGAP loading control

expressed as a percentage of ES cell expression. The results of this analysis are presented

in Figure 4.9.

ES cells cultured in the absence of LIF at high cell density exhibited increased

levels of FGF-5 expression and decreased levels of Rex-l expression. This is consistent

with the expression of these genes during spontaneous differentiation reported by others

(Conover et aI. 1993, Rogers et al. l99l). In SPpl the level of Oct-4 expression was

64Vo,the level of FGF-S expression 2IOVo and Rex-l expression 4Vo. FGF-S and Rex-l

expression are confined to stem cell populations (4.2.2). Therefore, pluripotential cells

within the SPpl population had a gene expression characterised by high FGF-5 and low

Rex- l. This gene expression is consistent with the presence of morphologically

recognisable X cells in this population (4.3.1). Passage of SPpl cultures resulted in a

substantial decrease in plating efficiency as assessed by the relatively sparse distribution

of colonies after two days. RNA could not be harvested from these cultures at this time

due to insufficient cell numbers therefore the gene expression alterations during this time

could not be followed. RNA was harvested from cultures after seven days (SPp2). In

theseculturesthelevelof Oct-4 expression was29Vo,FGF-S 46VoandRex-120%o. The

expression of Oct-4 in these cultures is indicative of the presence of pluripotential cells

within the culture. The pluripotential cell population in this culture was characterised by a

lower FGF-S expression and a higher Rex-l expression than those in SPpl cultures.

Thus gene expression was reminiscent of ES cells. Nests of cells with an ES cell

morphology were observed within these cultures at this time (4.3.1). Therefore the gene

expression associated with SPp2 cultures is consistent with the observation of ES cells

within these cultures.



FIGURE 4.8 Northern blot analysis of F GF - 5 , Rex- I and o ct-4

expression in spontaneously differentiated ES cells.

RNA isolated from ES, SPp0, SPpl and SPp2 cells was analysedvia Northern blot.

FGF-|, Rex- I , Oct-4 and ruGAP expression was determined as previously described

(Fig. a.1). The exposure time for FGF-S was24 hours, Rex-l 22houts, Oct-4 2O

hours and wGAP 20 hours.
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FIGURE 4.9 Comparison of FGF-SrRex-I and Oct-4 expression in

spontaneously differentiated ES cells.

The level of FGF-S,Rex-l and Oct-4 in ES cells and spontaneously differentiated

cultures (Fig. a.S) compared to rnGAP was quantitated by volume integration (2.5.20)

and is represented as previously described (Fig. a.D.
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The observation that the appearance of X cells during spontaneous ES cell

differentiation is transient, and can be followed by morphology and alteration in gene

expression to high FGF-5,low Rex-L, suggests that X cells represent a natural

intermediate in ES cell differentiation. This further supports the proposal that this stem

cell population is likely to be the in vitro equivalent of early primitive ectoderm.

4.4 Discussion

Work carried out in collaboration with M. Bettess, (Bettess 1993) investigating the

expression of marker genes in X cells restricted their biological equivalent to the inner cell

mass, primitive ectoderm or an unrecognised pluripotential cell population. To resolve

these possibilities the expression of pluripotential marker genes which discriminate

between the inner cell mass and primitive ectoderm were analysed in X cells and ES cells.

The expression of such markers suggested that X cells represent the in vitro equivalent of

early primitive ectoderm. X cells expressed increasing levels of FGF-5 during culture in

MED2 and decreasing levels of Rex-l and Gbx-2. FGF-ï is expressed in the cells of the

primitive ectoderm at day 5.25. Rex-1 and Gbx-2 are expressed in the ICM and are down

regulated upon primitive ectoderm formation in vivo. These genes are not expressed in

the primitive ectoderm at day 6.0. This gene expression therefore suggested that X cells

were equivalent to primitive ectoderm prior to day 6.0. Based on their gene expression

profile the proposed position of X cells in embryonic development is schematically

represented in Figure 4.10.

A more precise identification of X cells is limited by our knowledge of

pluripotential cell marker gene expression in vivo. The exact developmental stage at

which FGF-ï expression commences and Rex-I andGbx-2 expression are down

regulated in vivo are unknown. Definitive identification will ultimately require

comprehensive analysis of the expression of these genes in the inner cell mass at day 4.0

through to the late primitive ectoderm at day 6.5 by whole mount in situ hybridisation.

Gene expression alterations during the transition of the inner cell mass to primitive

ectoderm have not been well characterised, due largely to the difficulties associated with

the context, size and fragility of early murine embryos. Differential display PCR has been

used successfully for the isolation of genes specifically expressed in ES cells and X cells



FIGURE 4.10 The embryonic equivalent of X cells based on gene

expression analysis.

The proposed position of X cells in embryonic development is schematically

represented. Based on marker gene expression X cells can not be considered equivalent

to early mesodermal, primitive endodermal derivatives or germ cells. The expression of

pluripotential cell marker genes, which discriminate between the inner cell mass and

primitive ectoderm, suggests that X cells represent the in vitro equivalent of a

pluripotential cell population downstream of the inner cell mass toward the primitive

ectoderm, or the early primitive ectoderm.
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(T. Shultz, S. Sharma, unpublished observations). These genes have not yet been fully

characteris ed in vivo blt may represent markers which can be used for definitive

identification of the biological equivalent of X cells'

Shen and Leder (1992) cultured ES cells as embryoid bodies in the presence and

absence of LIF. The addition of LIF at 1000U/ml had no effect on the ability of embryoid

bodies to form primitive endoderm and its derivatives as assessed by the expression of

H19, alphafetoprotein, collagen and laminin. However, the addition of LIF to embryoid

body culture inhibited the ability of these embryoid bodies to form late stage primitive

ectoderm as assessed by the absence of FGF-5 expression and the persistence of Rex-1

expression. This result is consistent with results described here. Although the addition

of LIF to X cell cultures did not completely inhibit FGF-5 expression, increases in

expression were lower and observed later when compared to X cells cultured in MED2 in

the absence of added LIF.

Analysis of cells present within spontaneously differentiated ES cell cultures and

the gene expression profiles associated with these cultures suggested that X cells

represent a natural intermediate between ES and their differentiated derivatives. X cells

were clearly discernible in spontaneously differentiated ES cell cultures at times when

pluripotential gene expression profiles exhibited high FGF-5 and very low Rex-1

expression. The appearance of these X cells was transient and they could not be

maintained in the absence of MED2.

The results of this chapter therefore suggest that X cells represent a natural

pluripotential cell intermediate of ES cell differentiation and that this intermediate is the irz

vitro equivalent of the early primitive ectoderm.

4.4.'1, Tlrre Isolation of XB Celts from Embryoid Bodies

During embryoid body formation ES cells differentiate in a sequential and relatively

organised manner giving rise to cell types similar to those found in the early murine

embryo (1.5.4). By day 6 of culture embryoid bodies have differentiated into organised

cellular structures which consist of an outer layer of primitive endoderm and an inner

layer of primitive ectoderm (Doetschman et aL 1985, Robertson 1987). During the

course of this work a number of clonal X cell lines were isolated at high frequency from
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day 6.0 embryoid bodies in the presence of MED2 and LIF. These cells were termed XB

cells (J. Rathjen and J. Washington, unpublished observations). ES cells were not

isolated from the same embryoid bodies in LIF alone. This suggested that XB cells did

not arise from undifferentiated ES cells within the embryoid body. XB cells constitute

clonal cell lines with a morphology identical to X cells. Gene expression analyses of XB

cells indicated that these cells have a gene expression profile similar to X cells derived

from ES cells (data not shown). The isolation of X cell lines which express Oct-4,high

levels of FGF-5 and low levels of Rex-l and Gbx-2, from embryoid bodies which

contain primitive ectoderm, supports the proposal that X cells represent the in vitro

equivalent of primitive ectoderm.



94

CHAPTER FIVE:

X CELL GENE EXPRESSION

DEFINES THREE DISTINCT PLURIPOTENTIAL CELL STATES
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CHAPTER FIVE: X CELL GENE EXPRESSION DEFINES THREE

DISTINCT PLURIPOTENTIAL CELL STATES

5.1 Introduction
'When ES cells are cultured in MED2 they convert to X cells. X cells constitute a

morphologically distinct pluripotential cell population. While uniform conversion of ES

cells to X cells occurred within 24 hours, gene expression alterations occurred gradually

as X cells were passaged, and were impeded in the presence of added LIF (4'2.I). As X

cells were cultured in MED2 the gene expression profile altered from one which was

characterised by low FGF-5, high Rex-l and high Gbx-2 (XpO), to one characterised by

higher FGF-5,lower Rex-l and lower Gbx-2 (Xpz). Therefore while X cells within

different X cell cultures were morphologically identical they appeared to possess distinct

gene expression profiles.

X cells have the capacity to revert at high frequency to ES cells when cultured in the

presence of LIF, in the absence of MED2 (3.7). This has also been demonstrated for

clonal X cell lines (J. Rathjen, unpublished observations) and therefore appears to be a

general property of X cells. Thus X cells can exist in at least three distinct pluripotential

cell states depending on the presence of MED2 and/or LIF.

The interconvertibility of stem cell populations is not unprecedented. If murine

primordial germ cells are cultured in the presence of Steel factor, LIF and bFGF they

convert to ES-like cells, termed EG cells (Matsui et al. 1992, Resnick et al. 1992). EG

cells contribute extensively to murine tissues including the germ line following blastocyst

injection (Stewart et aI. 1994). The finding that ES cells could be derived from primordial

germ cells led to the prediction that all pluripotential cell populations, including the

primitive ectoderm, might be convertible to a common ES like-cell (Rossant et al. 1993).

X cells appear to representthe in vitro eqtivalent of early primitive ectoderm and are able

to revert to ES cells, a finding which is consistent with this prediction.

The early murine embryo exhibits considerable developmental lability. It is

possible to destroy alarge proportion of the cells present in the blastocyst or egg cylinder

stage embryo and a normal embryo will still form (Snow and Tam 1979, Smith 1992).

This developmental lability must involve reprogramming of pluripotential cells within the
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murine embryo at the level of gene expression. The interconvertibility of pluripotential

stem cell population s in vitro may explain the developmental flexibility associated with

these cells in vivo.

Gene expression alterations as ES cells form X cells and X cells are passaged in

MED2 are reminiscent of gene expression alterations which occur as the ICM forms the

primitive ectoderm in vivo. X cells appear to exist in at least two states based on gene

expression, and are able to revert to ES cells. Although a phenotypic reversion of X cells

to ES cells has been shown (J. Rathjen, unpublished observations, 3.7), the gene

expression associated with the reverted phenotype has not been assessed.

This chapter describes the gene expression associated with passaged X cells and

their reverted derivatives and indicates that the phenotypic reversion to ES cells is

reflected by a reversion in gene expression. Analysis of gene expression associated with

X cells cultured for extended periods suggests that X cells can exist in two

morphologically identical states which are distinguished by gene expression. A

correlation between the state of X cells and capacity for reversion and differentiation is

proposed.

5.2 Gene Expression in Reverted X Cells

ES cells were cultured in the presence of MED2 with and without LIF. X cells

were harvested at XpO, Xp1 andXp2 for RNA preparation. At each passage X cells

were seeded into medium containing LIF in the absence of MED2. Reversion of X cells

to ES cells was observed within 36 hours. Reverted X cells were cultured in the presence

of LIF for two passages and harvested for RNA isolation. The phenotypes of reverted X

cells were comparable to the phenotype of an ES cell culture and are shown in Figure 5.1.

The expression of FGF-ï,Rex-l,Oct-4 andwGAP in X cells and their reverted (R)

derivatives was determined by Northern analysis of total RNA and quantitated as

previously described. The results of these analyses are presented in Figure 5.2 and

Figure 5.3 respectively.

The gene expression profile of X cells passaged in MED2 with and without LIF

was consistent with gene expression profiles shown in section 4.2.1. Reverted X cells

exhibited low FGF-5 expression, high Rex- I expression which was comparable to the



FIGURE 5.1 The morphology of reverted X cells.

X cells were reverted to an ES cell phenotype by culture in the presence of LIF and the

absence of MED2 (2.3.10). Reverted X cell lines were cultured in LIF for two

passages. The photograph shown was taken of reverted X cells derived from Xp2-

cultures (Xp2-R) and is representative of all reverted X cell populations analysed.

The photograph was taken at a magnification of 50x using phase contrast microscopy.
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FIGURE 5.2 Northern blot analysis of FGF-S,Rex-I andOct-4

expression in reverted X cells.

X cells were passaged every two days in the presence of MED2 with and without added

Lß (2.3.9). At each passage, X cells were reverted to an ES cell phenotype by culture

in the presence of LIF, and absence of MEDZ (2.3.10). RNA was isolated from

cultures of ES cells and Xp0+/- cells to Xp2+/- cells and reverted derivatives of these

cultures, denoted XpO+/-R to Xp2+/-R (2.5.rc). 30pg of total RNA was analysed via

Northern blot (2.5. 12). FGF-5, Rex-1 , Oct-4 and wGAP expression was determined

as previously described (Fig. 4.1). The exposure time for FGF-5 was 24 hours, Rex- I

22hotrs, Oct-4 20 hours andnGAI'20 hours.
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FIGURE 5.3 Comparison of FGF-írRex-I and Oct'4 expression in

reverted X cells.

The level of FGF-S, Rex-l and Oct-4 expression in ES cells, X cells and reverted X

cells (Fig. 5.2), compared to nGAP was quantitated by volume integration (2.5.20).

The levels of expression are represented as previously described (Fig. a.Ð.
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gene expression observed in ES cells. FGF-5 expression was detected at very low levels

in reverted Xp2- cultures (Xp2-R). This may represent an inherent variability between

ES cell cultures or may reflect incomplete conversion of X cells to ES cells. The gene

expression of reverted X cells derived from Xp3+l-,Xp|+l-,Xp6+/- and Xp8+/- cells

was also consistent with a conversion to ES cells (data not shown).

The expression of Gbx-2 was examined by RNAase protection of RNA derived

from ES, Xp3+, Xp3+R, Xp3- and Xp3-R. The levels of Gbx-2 expression were

quantified against a nGAP loading control by volume integration and expressed as a

percentage of the ES cell expression level. The results of this analysis are presented in

Figure 5.4. Reversion of both Xp3+ and Xp3- cells was accompanied by an increase in

Gbx-2 expression to levels comparable to ES cell expression levels.

XB cells (4.4.1) are clonal X cell lines which also possess the capacity to revert to

ES cells when cultured in the presence of LIF, in the absence of MED2 (J. Washington,

J. Rathjen, unpublished observations). The analysis of FGF-S, Rex-l and Gbx-2 in

reverted XB17 and XB15 cells indicated that reversion in XB phenotype was also

accompanied by reversion in gene expression (data not shown).

The results presented in this section indicate that X cells and XB cells can be

reverted to ES cells at any stage of culture, independent of the gene expression profile of

the X cell population. The gene expression of every reverted X cell population was

comparable to the gene expression determined for ES cell populations.

If reverted X cells behave as ES cells they should retain the capacity to re-

differentiate into X cells when cultured in the presence of MED2. The ability of reverted

X cells to differentiate into X cells was investigated. XB17 cells are routinely cultured in

MED2 with added LIF. At passage 23,X817 cells were reverted to ES cells by culture in

the presence of LIF and absence of MED2. Reverted XB17 cells were passaged as ES

cells for seven passages (XB 17Rp7) and then cultured in the presence of MED2 with and

without LIF. 'When XBITR cells were cultured in MED2 they converted to X cells

indistinguishable from those shown in Figure 3.9. X cells were harvested at stages

equivalent to XpO- and Xp1- and RNA was isolated. The expression of FGF-5, Rex-l

and Oct-4 was determined by Northern analysis of total RNA. Results of this analysis are

presented in Figure 5.5.



FIGURB 5.4 RNAase protection analysis of Gbx'2 expression in

reverted X cells.

A) RNA was isolated from ES, Xp3+l- and Xp3+/-R cultures (2.5.10). RNAase

protection analysis was carried out on 20pg of total RNA, using a Gbx-2 antisense

riboprobe and a nGAP loading control (2.5.13). RNAase protection products were

separated on a 6Vo polyacrylamide gel (2.5 .2) and exposed in a phosphorimager cassette

(2.5.20) for 12 hours.

B) The level of Gbx-2 expression in A compared to nGAP was quantitated by volume

integration (2.5.2O) and is represented as previously described (Fig.4.3B).



xx
A p3-R p3- ES p3+ p3+R

Gbx-2
440bp

MGAP
24obp

B 1.60

140

t20

100

80

60

40

20

z
(n
(D
f¡lú
Êr
X
r¡
Fl
l.lti
O
(h
ri
\a

Gbx-2

0

Xp3'R Xp3- ES Xp3+ Xp3+R



FIGURE 5.5 Northern blot analysis of FGF-S,Rex-I and oct'4

expression in X cells derived fÏom XBl'7 reverted cells.

Reverted XB17 cells passage seven, (XB17Rp7) were cultured in the presence of

MED2 with and without added LIF as described for ES cells (2.3.9). RNA was

isolated from XB17Rp7, XB17RXp0- and XB17RXp1- cultures (2'5'10). 30pg of

total RNA was analysedviaNorthern blot (2.5.12). FGF-S,Rex-l,Oct-4 andwGAP

expression were determined as previously described (Fig.a.1). The exposure time for

FGF-í was 40 hours, Rex-l 22hotrs, Oct-4 20 hours and wGAP 20 hours.
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The gene expression changes were similar to those seen in passaged X cells derived

directly from ES cells. Thus it can be concluded that reverted XB cells regain the capacity

to differentiate into X cells in the presence of MED2. Therefore phenotypic reversion of

X cells to ES cells is accompanied by a reversion in both gene expression and

differentiation c apabil ity.

5.3 The Cyclic Nature of X Cell Gene Expression During Long Term

Culture

It appears that X cells can exist in two distinct, morphologically identical states

based on the expression of FGF-5,Rex-1 and Gbx-2 (5.1). Therefore the gene

expression associated with X cells during long term cultured could not be assumed. The

expression of these genes in X cells passaged for extended periods was therefore

examined.

RNA was harvested from ES cells, XpO+ to Xp8+ and XpO- to Xp8- cells and the

expression of FGF-5, Rex-I and Oct-4 was ascertained and compared to a wGAP loading

control. Results of this analysis are shown in Figure 5.6. The expression of FGF-5,

Rex-I and Oct-4 was quantitated as previously described and the expression of these

genes is represented relative to ES cell expression in Figure 5.7.

As reported previously (4.2.1) FGF-5 expression increased as X cells were

cultured in MED2, and Rex- I expression decreased steadily relative to Oct-4 expression

until day 6 or Xp2. The increase in FGF-5 expression and decrease in Rex-l expression

was more pronounced in X cells passaged in MED2 in the absence of added LIF than in

X cells passaged in the presence of LIF.

From Xp3- to Xp4- FGF-S levels decreased and Rex-l levels increased such that

the gene expression levels were approaching levels seen in ES cells. From Xp5- to Xp6-

FGF-ï expression increased again while Rex-l expression decreased in a manner

reminiscent of X cell formation from ES cells. The levels of FGF-5 and Rex-l

expression were then maintained to passage 8, although Rex-l had again increased

slightly. Thus gene expression profiles of X cells beyond passage 2 altered cyclically

from high FGF-S,low Rex-l expression to low FcF-s,high Rex-[ expression. Similar

cyclic gene expression profiles were seen in X cells cultured in the presence of LIF



FIGURE 5.6 Northern blot analysis of FGF-5,Rex-l and oct-4

expression in X cells passaged in the presence and absence of added

LIF.

X cells were passaged every two days in the presence of MED2 with and without added

LIF (2.3.9). RNA was isolated from cultures of ES cells and XpO+/- through to

Xp8+/- (2.5.10) and 30¡rg of total RNA was analysedvia Northern blot (2.5.12).

FGF-S, Rex-I, Oct-4 and nGAP expression was determined as previously described

(Fig.a.1). The exposure time for FGF-5 was24 hours, Rex-l 4 hours, Oct-4 19

hours and wGAP 20 hours.

(A) depicts expression in Xp0+/- toXp4+/- cultures compared to ES cells. Expression

in Xp5+/- to Xp8+/- cultures compared with ES cells is shown in (B).
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FIGURE 5.7 Comparison of FGF-Í,Rex'L and Oct'4 expression in X

cells passaged in MED2 with and without added LIF'

The level of FGF-S, Rex-l and Oct-4 expression compared to wGAP in ES cells and

passaged X cells cultured in the presence of MED2 with and without added LIF (Fig.

5.6) was quantitated by volume integration (2.5.20). The levels of expression are

represented as previously described (Fig. 4.2).
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beyond passage 2 (Figure 5.7). However, alterations in gene expression were delayed

compared to those observed in X cells cultured in the absence of added LIF.

After passage 3, X cells cultured in the presence and absence of added LIF could

not be distinguished morphologically. Photographs of Xp6+/- cultures are shown in

Figure 5.8 and are representative of all X cell cultures after passage three. Although ES

cells may be present within cultures at low levels, colonies with the morphology of ES

cells were not detected in X cell cultures at these stages. In particular, nests of stem cells

with ES morphology, which are often seen in spontaneously differentiated ES cell

cultures (4.3.1), were never observed at any time in any X cell culture. Therefore the

cyclic alterations in X cell gene expression were not reflected in a morphological

alteration. Further evidence for cyclic alterations in X cell gene expression was obtained

from the gene expression profiles of XB cell lines during long term culture (data not

shown).

5.4 The Behaviour of X Cell Cultures at Clonal Cell Density

FGF-ï is expressed in the primitive ectoderm prior to and during gastrulation

(Haub and Goldfarb 1991). It has been hypothesised that FGF-5 acts as a competence

factor which renders cells of the primitive ectoderm competent to respond to other

inductive signals during gastrulation (Hebert et aI. l99l). FGF is expressed in the

marginal zone of the Xenopzs embryo and has been proposed to act as a competence

factor which permits these cells to form mesoderm in response to an activin-type signal

(Cornell et aI. 1995). High levels of FGF-5 may render X cells competent to respond to

additional factors, present in MED2 or serum, by differentiation. In agreement with this,

as X cells were cultured in MED2, FGF-í expression increased and the level of

differentiated cells also increased (5.3, 3.6). Culture of X cells in MED2 in the presence

of added or higher levels of LIF impeded increases in FGF-S expression and the level of

differentiated cells was lower. Thus there is a correlation between the level of

differentiation observed in high density X cell cultures and their FGF-5 expression

profile.

The level of FGF-S expression distinguishes two morphologically identical X cell

states. The proposal that FGF-S is a competence factor for X cell differentiation suggests



FIGURE 5.8 The morphology associated with passaged x cells.

The photographs shown are of Xp6- (A) and Xp6+ (B) cultures and are representative

of X cell cultures beyond passage three.
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that the two X cell states should also be distinguished by their respective abilities to

differentiate and perhaps revert to ES cells.

XpO+ cells and XpO- cells while morphologically identical, exhibit distinct gene

expression profiles. Although XpO+ and XpO- cultures exhibit similar Oct-4 expression

levels and therefore contain similar levels of X cells, XpO- cells consistently exhibit

higher levels of FGF-5 and lower levels of Rex-l than XpO+ cells (4.2.1, 5.2 and 5.3).

The differentiation behaviour of these cells at clonal cell density in the presence of MED2

and./or LIF was investigated. ES, XpO+ and Xp0- cells were cultured in the presence of

incomplete ES medium containing l) LIF alone, 2) No addition, 3) MED2 + LIF and 4)

MED2 alone. The assays were stained at 5 days for alkaline phosphatase activity and

colony analysis was carried out as previously described (Figure 3.4). The results of this

analysis are presented in Figure 5.9.

The general behaviour of X cells as described in section 3.7 applied. X cells

reverted to ES cells when cultured in the presence of LIF in the absence of MED2. If LIF

and MED2 were omitted from the culture conditions X cells differentiated spontaneously.

X cells were maintained in MED2 supplemented conditions. The level of X cell

maintenance was lower in MED2 in the absence of added LIF.

However, the relative stability of X cells derived from ES, XpO+ and Xp0- cultures

differed. While 64Vo of colonies were maintained as undifferentiated X cell colonies

when ES cells were cultured in MED2 and LIF, a lower level (4OVo) were maintained

under these conditions with Xp0+ cells. This level decreased further (ZOVo) when Xp0-

cells were cultured in these conditions. Similar decreases in stability were observed in all

described conditions. Thus the level of X cell stability at clonal cell density correlated

with the initial level of FGF-5 expression in ES, XpO+ and XpO- cells. XpO- cells

exhibited the highest level of FGF-S and also exhibited the highest level of differentiation.

X cell reversion to ES cells appears to occur relatively early during culture in the

presence of LIF in the absence of MED2 (3.7,5.2). Culture of ES cells in the presence

of LIF resulted in maintenance of ES cell colonies at a level of 84Vo. When XpO+ cells

were cultured in the presence of LIF and absence of MED2 they reverted at high

frequency to ES cells. 807o of colonies were undifferentiated ES cell colonies. By

contrast when XpO- cells were cultured in these conditions the reversion frequency



FIGURE 5.9 The behaviour of passaged X cells at clonal cell density in

MED2 and LIF supplemented conditions.

ES, Xpg+ and Xp0- cells were cultured in duplicate wells containing incomplete ES cell

medium and/or MED2, and/or LIF (2.3.13ä,2.3.14i). The assays were stained for

alkaline phosphatase activity at day five (2.3.24) and the proportion of ES cell colonies

(ES), X cell colonies (X), semi-differentiated colonies (SD), and differentiated colonies

(D) present in each well was determined as previously described (Fig.3.4). The mean

percentage and standard deviation for each variable was derived from colony analysis of

four duplicate wells and are represented graphically. Results for ES, XpO+ and XpO-

cells are presented in A, B and C respectively. The mean plating efficiency for each

culture is tabulated in D.
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decreased, only 45vo of colonies were ES cell colonies. Thus

distinguished from Xp0+ cells by a lower reversion frequency (Figure

Thus while XpO+ and XpO- cultures are morphologically identical and contain

similar levels of pluripotent cells, Xp0- cultures could be distinguished from XpO+

cultures by their lower capacity for reversion and higher capacity for differentiation. This

suggests that X cell populations expressing higher levels of FGF-5 and lower levels of

Rex- I have a decreased ability to revert and an increased ability to differentiate, compared

to X cell populations exhibiting lower levels of FGF-5 and higher levels of R¿x-1. This

is supported by the behaviour of other X cell cultures in MED2 and/or LIF at clonal cell

density (data not shown) and is consistent with the proposal that FGF-5 acts as a

competence factor for X cell differentiation.

5.5 Discussion

5.5.1 A Model for X Cell tr'ormation, Maintenance and Differentiation

Based on the experimental observations described in this chapter a revised model

for X cell formation, maintenance and differentiation is presented in Figure 5.10. This

model proposes that X cells within X cell populations can exist in two morphologically

identical states which can be distinguished by gene expression and differentiation

capacity. X cells in state I express lower levels of FGF-5 and higher levels of Rex-I and

Gbx-2, while X cells in state 2 express higher levels of FGF-5 and lower levels of Rex-I

and Gbx-2. The proportion of cells in state I and state 2 in any given X cell population is

dependent on the culture time spent in MED2 and the concentration of LIF present. X

cells in state t have a higher capacity for reversion while cells in state 2 have a higher

capacity for differentiation. The level of differentiation and frequency of reversion

exhibited by X cell cultures is therefore dependent on the proportion of X cells in state I

and state 2.

Thus the behaviour of XpO+ and XpO- cells at clonal cell density can be explained

by the proportion of X cells in state 1 and state 2 within these cultures. Since XpO+ cells

were formed in MED2 in the presence of high concentrations of LIF, a high proportion of

X cells will be in state 1 compared to state 2. Thus Xp0+ cells revert at high frequency in



FIGURE 5.10 A model for X cell formation, maintenance and

differentiation.

Modifications of the model depicted in Figure 3.18 were made based on the gene

expression profile observed in passaged X cells and their behaviour at clonal cell

density in MED2 and/or LIF culture conditions. See text for complete description

(5.5.1). Briefly the model proposes that X cells can exist in two morphologically

identical states. State 1 is characterised by a lower FGF-5, higher Rex-I andGbx-2

expression than cells in state 2. Cells in state I exhibit a high capacity for reversion

while cells in state2 exhibit a high capacity to differentiate. The proportion of X cells in

each state is dependent on the presence of added LIF and culture time in MED2.
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the presence of LIF in the absence of MED2. Since Xp0- cells were formed in the

presence of low concentrations of LIF a higher proportion of X cells will be in state 2.

Therefore XpQ- cells exhibit a lower capacity for reversion and are more prone to

differentiation.

This model might explain the cyclic alterations in gene expression of X cell

populations described in this chapter. Culture in MED2 at high cell density results in a

decrease in the proportion of X cells in state I and an increase in the proportion of X cells

in state 2 (XpO to Xp2). High concentrations of LIF slow this transition. A high

proportion of cells within Xp2- cultures exist in state 2 and therefore differentiate.

Differentiated cells within the population may possess a lower ability to reseed and/or

proliferate in subsequent cultures. This may therefore result in a population of X cells

largely consisting of cells in state 1 (Xp3-, Xp4-). As these cells are cultured in MED2

they again progress to state 2 (Xp5-, Xp6-). Similarly cells in state 2 in Xp2+ cultures

may differentiate leaving behind a population of cells in state 1(Xp3+ to Xp5+). Since

transition to state 2 occurs more slowly in the presence of high concentrations of LIF it is

possible that the population may exhibit low FGF-5,high Rex-I expression for an

extended period (Xp6+, Xp7+) before increases in FGF-5 expression and decreases in

Rex-l are detected.

In situ hybridisation analysis of gene expression in X cell cultures indicated that X

cells express FGF-S, Rex-l and Gbx-2. Cells expressing high levels of Gbx-2 in XpO-

cultures were detected (Figure 4.6). While differences in FGF-5 and Rex-I expression

levels between X cells were not obvious, slight differences between cells were seen

(Figure 4.4 and 4.5). This supports the model that X cells exist in two morphologically

identical states distinguished by gene expression

Investigation of this model will ultimately require the development of a highly

sensitive, quantitative in situ hybridisation technique and rigorous examination of gene

expression and differentiation capabilities of different X cell populations.
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S.S.Z Implications for Pluripotential Cell Isolation from Mammalian

Embryos

Results presented in this chapter demonstrated that X cells can be phenotypically

reverted to ES cells when cultured in LIF in the absence of MED2, at any stage of culture.

Reverted X cells had a gene expression profile characteristic of ES cells.

At present embryonic stem cell isolation is a relatively species and strain specific

exercise. Embryonic stem cells can only be routinely isolated from strain 129 mice. In

addition, stem cells have only been obtained at low frequency from murine blastocysts at

specific developmental stages. Thus pluripotential stem cell isolation is only possible

during a relatively small developmental time period using existing approaches. The ability

of MED2 to aid the isolation of XB cell lines from embryoid bodies supports the proposal

that X cells are present in vivo and may represent early primitive ectoderm. In addition it

implies that a similar method may enable the isolation and maintenance of primitive

ectoderm from the murine embryo. Preliminary experiments using MED2 to aid the

isolation of pluripotential stem cells from the primitive ectoderm have met with some

success. Cells expressing pluripotential stem cell markers have been cultured for up to 3

weeks (J. Rathjen, unpublished observations). The development of any alternative

method of stem cell isolation might be of importance for the isolation of pluripotential

stem cells from species that have proved refractory to current approaches. The ability of a

primitive ectoderm cell line to revert to ES cells might be important for the ultimate

success of any transgenic technique.

The observation that X and XB cell lines reverted to ES cells, which were capable

of reconversion to X cells, may signify that the primitive ectoderm within the murine

embryo is capable of such reversion. This may explain the considerable developmental

lability associated with the early murine embryo. As previously described it is possible to

destroy a large proportion of the cells present in the egg cylinder stage embryo and a

normal embryo will still form (Snow and Tam 1979, Smith 1992). If primitive ectoderm

cells present within the embryo are capable of reversion to ICM-type cells then normal

embryogenesis may well proceed in such circumstances.

As ES cells form X cells and X cells are maintained in culture, pluripotential cells

proliferate rapidly, FGF-5 expression increases and cells acquire the ability to
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differentiate. Similarly, as the inner cell mass forms the primitive ectoderm, cells

proliferate rapidly (Snow lg77), FGF-í expression increases (Haub and Goldfarb 1991)

and cells may become competent to respond to signals which induce differentiation

(Hebert et at. l99l). Gene expression alterations occurring during X cell culture appear

progressive and heterogeneous, cells capable of reversion to ES cells are maintained.

Similar alterations in gene expression as the inner cell mass forms the primitive ectoderm

may constitute a system for ensuring the maintenance of a population of cells capable of

reversion well into gastrulation. In a reverted, non competent state pluripotential cells

may proliferate and again acquire competence to differentiate, thus ensuring the

progression of development when the established system fails.
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CHAPTER SIX: THE DIFFERENTIATION POTENTIAL OF X CELLS

6.1 Introduction

ES cells are representative of cells constituting the inner cell mass (ICM) in the

early murine embryo (1.6). Cells of the ICM form the primitive endoderm and the

primitive ectoderm. Subsequently the primitive endoderm differentiates into parietal and

visceral endodermal cell types, which gives rise to part of the extraembryonic tissues of

the embryo. The primitive ectoderm during the process of gastrulation forms the

mesoderm, ectoderm, endoderm, geÍn cells and remaining extraembryonic tissue of the

embryo. The gene expression associated with X cells is consistent with their existence

downstream of the ICM toward the primitive ectoderm or equivalent to early stage

primitive ectoderm (Figure 4.10). Investigation of the developmental potential of X cells

would further define their position in this developmental progression.

ES cells can be induced to differentiate in vitro by culture in the presence of

chemical inducers of differentiation, or via embryoid body formation (1.5.4). When ES

cells are aggregated by culture in suspension in the absence of LIF they form structures

termed embryoid bodies. Embryoid bodies differentiate in a sequential and relatively

organised manner, giving rise to tissues which are present in the early murine embryo

such as primitive endoderm and primitive ectoderm, and ultimately form a variety of cell

types, including muscle, cartllage, neurons, blood and pigmented epithelium (Evans and

Kaufman 1981, Martin 1981, Doetschmann et al. 1985, Robertson 1987).

6.2. X Cells can Differentiate as Embryoid Bodies.

X cells grow as monolayer colonies in which individual cells are clearly

discernible. ES cells form compact, dome-shaped colonies in which individual cells can

not be seen (Figure 1.8). The difference in the colony morphology of ES and X cells is

likely to reflect differences in cell adhesion. When ES cells are grown in suspension, by

culture in non-adhesive bacteriological dishes, cells adhere to one another forming

aggregates. Since X cells appear to have different cell adhesion properties from ES cells,

the ability of X cells to aggregate in a similar manner to ES cells was investigated.
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XpO+ cells were trypsinised and cultured at a cell density of I x 105 cells/ml in

bacteriological petri dishes containing incomplete ES cell medium (2.3.16b). After 2 days

aggregated cells were observed. These continued to grow and by four days a small

proportion (lOVo) of aggregates had formed a discernible outer layer of cells, reminiscent

of primitive endoderm. By day 6, cavitation had also occurred in a low proportion of

aggregates (8Vo), and an inner layer of columnar cells reminiscent of primitive ectoderm

was observed in a low percentage of aggregates (4Vo). Overt layer formation was not

apparent in the majority of aggregates (9OVo).

Embryoid bodies, once formed, can be treated in two ways (Robertson 1987).

Free floating embryoid bodies are continually cultured in suspension. Seeded embryoid

bodies are cultured in gelatinised tissue culture plates after 4-6 days. Embryoid bodies

treated in this manner attach to the surface of plates and outgrowths containing a multitude

of differentiated cell types are formed.

Differentiation is more clearly visualised in seeded embryoid bodies than in free

floating embryoid bodies, therefore X cell aggregates were seeded into tissue culture

dishes at day 6 of development. In the majority of these aggregates a multitude of cell

types and structures could be distinguished based on morphology including parietal

endoderm, cardiac muscle, haemopoietic cells, vasculature, neuronal filaments and

pigmented epithelium. Despite differences between the cell adhesion properties of X cells

and ES cells, X cells were therefore capable of forming and differentiating as embryoid

bodies. This ability demonstrates that X cells are pluripotent, and allows the

differentiation potential associated with ES and X cells during this complex differentiation

regime to be compared directly.

The cells chosen for this analysis were XpO+ cells and Xp0- cells. Oct-4

expression levels indicate that XpO+ and Xp0- cells constitute relatively homogeneous X

cell populations and contain a similar level of cells expressing Oct-4 (3.6). However

Xp0- cultures consistently exhibit higher levels of FGF-5 expression and lower levels of

Rex-l and Gbx-2 expression than XpO+ cells. XpO+ cells exhibit a gene expression

profile, intermediate to that exhibited by ES and Xp0- cells (4.2.1 ,5.2,5.3).
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6.3 Comparison of ES, Xp0+ and XpO- Cetl Differentiation as tr'ree

Floating Embryoid Bodies

D3 ES cells were seeded at 7.5x103 cells/cm2 into medium containing LIF alone to

generate ES cells and at 2.5x103celllcm2 into MED2 with and without LIF to form XpO+

and Xpg- cultures respectively (2.3.9). A lower seeding density was used for X cell

formation to compensate for the higher proliferation rate of X cells in culture. After three

days, cultures were partially trypsinised and the cellular aggregates were cultured in

bacteriological petri dishes in incomplete ES cell medium (2.3.16a). Partial trypsinisation

results in the formation of cellular aggregates rather than single cells. It was thought that

this method would overcome any differential cell adhesion between cells within cultures.

While this method was routinely employed, alternative methods of embryoid body

formation (2.3.16) produced similar results.

After four days a phenotypic distinction could be made between the different

cultures. Photographs representing the differences observed between ES, XpO+ and

XpO- embryoid bodies are shown in Figure 6.1. ES cell cultures were defined by the

presence of round, relatively smooth aggregates which contained a discernible outer layer

of cells (A). In XpO+ and XpO- cultures the majority of embryoid bodies appeared

globular, relatively disorganised and did not contain a distinct outer layer of cells (B). A

low proportion of the embryoid bodies observed in XpO+ cultures exhibited

morphologies characteristic of ES cell embryoid bodies (Table C).

The first differentiation event to occur during embryoid body development is the

formation of an outer layer of primitive endoderm at day 4 (Doetschman et al. 1985).

Embryoid bodies derived from ES cells exhibited a clearly discernible outer layer of cells

at day 4. A similar layer was not detected in embryoid bodies derived from X cells. This

suggested that ES and X cells may be distinguished by their ability to give rise to

primitive endoderm during embryoid body differentiation. This proposal is examined in

Section 6.1.3.

A striking difference in the level of cardiac muscle in ES, XpO+ and XpO-

embryoid body cultures at day 6 was also observed. Cardiac muscle was identified as

cellular regions within the embryoid body which had the ability to contract rhythmically.

In Xpg+ and XpO- cultures, embryoid bodies which contained large areas of beating



FIGURE 6.1 The morphology of ES, Xp0+ and Xp0- embryoid bodies.

The layered morphology exhibited by the majority of embryoid bodies derived from ES

cells is shown in A.

The morphology exhibited by the majority of embryoid bodies derived from XpO+ and

Xp0- cells is shown in B.

At day 4 the number of embryoid bodies exhibiting morphology shown in A and B was

determined for ES, XpO+ and XpO- cultures. Percentages were obtained from the

analysis of 100 embryoid bodies in each culture. The results of this analysis are

tabulated in C.

Photographs were taken at a magnification of 50x using phase contrast microscopy
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muscle were first detected at day 6 of development. It was not until day 8 of embryoid

body development that beating was detected in ES cell cultures. X cells therefore

appeared to form cardiac muscle, a mesodermal derivative, earlier than ES cells when

differentiated as embryoid bodies.

6.3.1 The Formation of Cardiac Muscle in ES, Xp0+ and Xp0- Embryoid

Bodies

The profile of beating muscle formation in embryoid bodies derived from ES,

Xpg+ and XpO- cells was determined by monitoring the development of individual

embryoid bodies. These profiles were compared with the expression of the cardiac

specific marker gene Nkx 2.5 (Lints et al. 1993).

Embryoid bodies were formed from ES, XpO+ and XpO- cells as previously

described (6.3). At day 4 embryoid bodies were placed individually into agarose coated

wells (2.3.17). Coating of wells with agarose inhibits the attachment of embryoid

bodies, which therefore remain in suspension. Individual embryoid bodies were

examined for the presence of beating muscle on days 4,6,8,10 and 12. The profile of

beating muscle formation in ES, XpO+ and XpO- embryoid bodies is depicted in Figure

6.2.

At day 6, ISVo of XpO- embryoid bodies were observed to contain beating muscle,

this level rose to 58Vo at day 8 and stabilised thereafter. In XpO+ embryoid bodies 307o

of embryoid bodies contained beating muscle by day 8 and by day 10 the level was

comparable to the level in XpO- cultures. By contrast only 2Vo of embryoid bodies

derived from ES cells contained beating muscle at day 8. This level increased to 42Vo at

day 12, however, this level was below the percentage observed in XpO- and Xp0+

cultures. The regions of beating muscle observed in X cell embryoid bodies were

considerably larger than regions observed in ES cell embryoid bodies, but could not be

quantitated reliably.

Consistent with previous observations (6.3) embryoid bodies derived from X cells

formed beating muscle earlier and to a greater extent than ES cell embryoid bodies. This

capacity for beating muscle formation was higher in embryoid bodies derived from XpO-

cells than XpO+ cells which in turn was higher than ES cells.



FIGURE 6.2 Thre formation of beating muscle in ES, XpQ+ and Xp$-

free floating embryoid bodies.

Embryoid bodies derived from ES, XpO+ and Xp0- cells (2.3.16) were placed

individually into agarose coated wells at day 4 of development (2.3.11). Embryoid

bodies were cultured until day 12 and inspected at day 6,7, 8, 10 and 12 for the

presence of beating muscle. The percentage of embryoid bodies containing beating

muscle was derived from the analysis of 48 embryoid bodies for each variable The

percentage of embryoid bodies, derived from ES, Xp0+ and Xp0-, containing beating

muscle is represented graphically.
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The homeobox gene Nkx 2.5 is first detected in the murine embryo at day 7.5 in

myocardiogenic progenitor cells and expression is largely confined to regions of the

developing heart (Lints et al. 1993). Nlec 2.5 is expressed prior to observable contraction

both in vivo, dtring murine embryogenesis, and in vitro, during embryoid body

formation (Lints et aL 1993,Lyons et aI.,1995,Kaufman 1992). Targeted disruption of

Nkx 2.5 results in abnormal heart morphogenesis (Lyons et al. 1995). Thus Nkr 2.5

expression serves a marker for cardiac tissue.

Embryoid bodies derived from ES, XpO+ and XpO- cells were harvested at day 4,

6, 8, 10 and 12 of development. The expression of Nkx 2.5 compared to a wGAP

loading control was determined by Northern analysis of total RNA. The results of this

analysis are presented in Figure 6.3. The levels of Nkx 2.5 and wGAP expression were

determined by volume integration and the ratio of Nkx 2.5/wGAP expression is

represented graphically in Figure 6.4.

Expression of Nkx 2.5 in ES, XpO+ and Xp0- embryoid bodies was consistent

with the profile of beating muscle formation observed in these cultures (Figure 6.2). At

day 6 high levels of expression were detected in Xp0- and Xp0+ cultures. By contrast,

significant Nkx2.5 expression was notdetected in ES cell cultures. The level of Nkx2.5

expression increased in the order ES, XpO+, Xp0-. This correlated with the percentages

of beating muscle observed in these cultures at day 8 which also increased in the order

ES, XpO+, XpO- (Figure 6.2). Thus X cells could be distinguished from ES cells by

their capacity to form cardiac muscle earlier and at higher levels when differentiated as

embryoid bodies.

In vivo, the ICM gives rise to the primitive ectoderm which subsequently through

the process of gastrulation gives rise to mesoderm, including cardiac muscle. A similar

progression occurs during embryoid body development in vitro (Doetschman et aL 1985).

ES cells are analogous to the ICM (1.6), therefore differentiation into cardiac muscle

should progress via aprimitive ectoderm intermediate prior to mesodermal differentiation.

X cells possess a gene expression consistent with the cells of the early primitive

ectoderm. It therefore follows that differentiation into mesodermal derivatives, such as

cardiac muscle, during embryoid body differentiation should occur earlier in X cells than

ES cells. The intermediate nature of cardiac muscle formation in Xp0+ cells compared to



FIGURE 6.3 The expression of the cardiac specific marker Nkx 2.5 in

ES, Xp0+ and Xp0- free floating embryoid bodies.

RNA was prepared from ES, XpO+ and Xp0- embryoid body cultures harvested at day

0, 4, 6,8, 10 and 12 of development (2.3.I9,2.5.11). The expression of Nkx 2.5 was

determined by Northern analysis of total RNA (2.5.12) using an antisense riboprobe

derived from Nkx 2.5 cDNA (2.5.15). Filters were washed in 2xSSClO.IVoSDS and

then in 0.2xSSC/0.17o SDS at 50oC for 15 minutes, This was followed by washes in

0.2xSSC/0.17oSDS and subsequently 0.1xSSC/O.l7oSDS at75oC for 45 minutes.

Filters were exposed to a phosphorimager screen for 24 hours (2.5.20). A differentially

expressed band corresponding to the 1.7 kb transcript of NIu 2.5 was detected in RNA

derived from embryoid bodies. Filters were stripped and reprobed with a wGAP

loading control (2.5.14,2.5.16), exposure time 2l hours.
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FIGURE 6.4 Comparison of the expression of N/cx 2.5 in ES' XpO+ and

Xp0- free floating embryoid bodies.

The level of Nkx 2.5 and nGAP expression in embryoid bodies derived from ES,

Xp0+ and Xp0- at day 0, 4, 6,8, l0 and 12 (Fig. 6.3) was quantitated by volume

integration (2.5.20). The expression of Ntroc 2.5 normalised to the wGAP loading

control is represented graphically.
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ES and Xpg- cells is consistent with this hypothesis. ES and XpO- cells possess a gene

expression consistent with the ICM and early primitive ectoderm, respectively. Since

Xpg+ cells exhibit a gene expression intermediate to that observed in ES and XpO- cells

formation of a mesodermal derivative such as cardiac muscle might be delayed compared

to Xpg- cells, but earlier compared to ES cells. Thus the onset of cardiac muscle

formation in XpO-, XpO+ and ES cell cultures is therefore consistent with the proposed

relationship of X cells to the primitive ectoderm as indicated by gene expression.

As with murine embryogenesis, differentiated cell types produced during embryoid

body differentiation are dependent on multiple and sequential interactions between

different cell populations. Therefore while the onset of cardiac muscle formation can be

correlated with the stage of primitive ectoderm to which X cells correspond, the extent of

cardiac muscle formation is likely to be dependent on other differentiation events which

give rise to a cellular environment conducive to cardiac muscle formation.

6.4 Comparison of ES, XpO+ and XpO- Cell Differentiation as Seeded

Embryoid Bodies

ES, XpQ+ and Xp0- embryoid bodies were prepared as described previously (6.3)

and at day 6 were seeded into gelatinised tissue culture dishes (2.3.16). By day 7

embryoid bodies had attached to tissue culture surfaces and outgrowths of cells

surrounding a central embryoid body core were observed. At this stage obvious

differences could be seen in the proportion of beating muscle in ES cell and X cell

cultures. Consistent with previous observations (6.3), beating muscle could be detected

at significant levels in Xp0- cultures. By day 8 beating muscle was observed in XpO+

cell cultures, however it was not until day l0 that the presence of beating muscle was

detected in ES cell cultures.

At day 8 a morphological difference in the cells surounding embryoid body cores

was observed in ES, Xp0+ and XpO- cultures. V/hile cells with the morphology of

parietal endoderm were observed in approximately l5Vo of embryoid bodies in all

cultures, ES cell cultures were discernible by the presence of a flat non refractile layer of

cells in which individual cell boundaries could not be deciphered (Figure 6.5 A). This

cell type was observed in 65Vo of ES cell embryoid bodies compared to llVo of X cell



FIGURE 6.5 Cell types present in ES cell seeded embryoid bodies.

At day 8 seeded embryoid bodies derived from ES cells were distinguished from those

derived from XpO+ and Xp0- cultures by the presence of the cell type shown in A. This

cell type had a morphology consistent with visceral endoderm.

At day 10 seeded embryoid bodies derived from ES cell embryoid bodies could also be

distinguished from X cell embryoid bodies by the presence of extensive neuronal

networks (B).

Photographs were taken at a magnification of 50x using phase contrast microscopy.
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embryoid bodies and had a distinctive morphology reminiscent of visceral endodermal

cells derived from EC cells (Van den Eijen-van Raaij er al. l99l). The majority of X cell

embryoid bodies (80%o) were surrounded by cells with a fibroblastic appearance similar to

that shown in Figure 6.9 B. As embryoid bodies were cultured for longer periods these

differences were masked by further differentiation.

At day 10 an obvious difference in the level of neuron-like cells in ES and X cell

embryoid bodies became apparent. Seeded embryoid body cultures derived from ES cells

were distinguished from both Xp0+ and XpO- cultures by the formation of neurons which

were present as interconnecting cell networks (Figure 6.58). Neuron formation

constitutes a clear and quantifiable biological difference in the differentiation potential of

ES and X cells.

6.4.1 The Formation of Beating Muscle and Neuronal Networks in Seeded

Embryoid Bodies

The profiles of beating muscle and neuron formation in ES, Xp0+ and XpO-

embryoid bodies were determined. At day 6 individual embryoid bodies were seeded into

gelatinised tissue culture wells containing incomplete ES cell medium. Wells were

inspected for the presence of beating muscle and/or neurons at day 7, 8, 10, 12, 14 and

16. The percentages of embryoid bodies containing beating muscle and neurons are

presented graphically in Figure 6.6.

The level of beating muscle in seeded embryoid bodies derived from ES, XpO+ and

XpQ- cells was consistent with results obtained with free floating embryoid bodies (6.3).

Beating muscle formation was observed at day 7 in embryoid bodies derived from XpO-

cells. It was not until day 8 that beating muscle was detected in embryoid bodies derived

from ES and XpO+ cells. At day 10 the percentage of embryoid bodies containing beating

muscle was higher in Xp0- cultures (62Vo) than in XpO+ cultures (547o) which in turn

exhibited higher levels than ES cell cultures (327o). The percentage of beating muscle

increased in all cultures thereafter. However, while XpO+ cultures reached levels similar

to XpO- cultures at Day 14 (787o), the level observed in ES cell cultures was significantly

lower (49Vo). The expression profile of the cardiac specific marker Nkx 2.5 correlated

with the profiles of beating muscle in these embryoid bodies (data not shown).



FIGURE 6.ó The formation of beating muscle and neurons in ES, Xp0+

and Xp0- seeded embryoid bodies.

At day 6 of development embryoid bodies derived from ES, XpO+ and XpO- cells were

individually seeded into gelatinised tissue culture wells containing incomplete ES cell

medium. The presence of beating muscle and/or neurons in individually seeded

embryoid bodies was assessed by observation of each well at day 7,8, 10, 12, 14 and

16 (2.3.11,2.3.18). 48 embryoid bodies were analysed for each variable. The

percentage of ES, XpO+ and XpO- embryoid bodies containing beating muscle and

neurons is represented graphically in A and B respectively.
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Neurons were not detected in cultures until day 10. At this stage 25Vo of the ES

cell embryoid bodies contained obvious neuronal networks. This rose to 42Vo by day 16.

Neurons were detected in embryoid bodies derived from XpO+ (8Vo) and to a lesser extent

XpO- (3Vo) cells, however the levels were significantly lower than the levels observed in

ES cell embryoid bodies.

To confirm the identity of neurons, cultures were stained for the presence of

neurofilaments. ES cell and XpO+ embryoid bodies were seeded on to glass slides at day

6 of development. Slides were stained for the presence of neurofilaments at day 12 using

immunofluorescent antibody staining (2.3.25). Examples of anti-neuronal filament

staining were observed in ES cell embryoid bodies (Figure 6.7) but were not observed at

a significant level in X cell embryoid bodies.

The results of these experiments demonstrated that ES and X cell differentiation

within embryoid bodies can be distinguished by their respective abilities to form neurons

and beating muscle. The earlier onset and increased formation of cardiac muscle during

differentiation of X cells as seeded embryoid bodies is consistent with the proposed

relationship of X cells to the primitive ectoderm, as previously described (6.3.1)' X cells

were also distinguished from ES cells by their lower capacity to form neurons when

cultured as embryoid bodies. XpO+ cells again possessed differentiation capacities

intermediate between those of ES and XpO- cells.

6.5 Reverted X Cells and Embryoid Body Formation

Embryoid bodies were formed from ES, XpO+, XpO+R, XpO- and XpO-R cells as

previously described (6.3). Embryoid bodies derived from reverted X cells were identical

in morphology to those derived from ES cells. At day 6 embryoid bodies were seeded

individually into wells as previously described (6.4.1). The number of embryoid bodies

containing beating muscle and/or neurons were determined by inspection of cultures at

day 7 through to 10 and subsequently at day 12. 
^ 

total of 32 aggregates were analysed

for each variable and the formation of neurons and beating muscle is presented in Figure

6.8.

Embryoid bodies derived from ES, XpO+ and Xp0- cells exhibited neuron and

beating muscle differentiation potentials as previously described (6.4.1). In contrast to X



FIGURE 6.7 The identification of neurons in seeded embryoid bodies.

At day 6, ES and Xp0+ embryoid bodies were seeded on to glass slides. At day 10

slides were stained for the presence of neuronal filaments, using immunofluorescent

antibody staining (2.3.25). An example of neuronal staining observed in embryoid

bodies derived from ES cells is shown.

The photograph were taken at a magnification of 40x under fluorescence.





FIGURE 6.8 The formation of beating muscle and neurons in reverted

Xp0+ and Xp0- cells.

At day 6 of development embryoid bodies derived from ES, XpO+, XpO+R, Xp0- and

XpQ+R cells were individually seeded into gelatinised tissue culture wells containing

incomplete ES cell medium. The number of embryoid bodies containing beating muscle

and neurons wefe determined on day 7 , 8, I0 and 12 (2.3.17 ,2.3.18). The percentage

of embryoid bodies containing beating muscle and neurons were determined from the

analysis of 32 wells for each variable. The percentage of beating muscle is shown in

graph A and the percentage of neurons observed in these cultures is shown in graph B.
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cells, reverted X cells exhibited a lower potential for beating muscle formation and a

higher potential for neuron formation. Reverted X cells therefore differentiated along

differentiation pathways analogous to ES cells when cultured as embryoid bodies. This

complements the gene expression profile of reverted X cells which is comparable to the

gene expression profile of ES cells and indicates that X cell reversion constitutes a

genuine event with respect to differentiation potential.

6.6 X Cells form Neuronal Networks at High Frequency when Treated

with Retinoic Acid

The differentiation of murine embryonal carcinoma (EC) cells with chemical

inducers such as retinoic acid (RA) and DMSO, has been examined by a number of

investigators (Strickland and Mahdavi 1978, Strickland et al. 1980, Hogan et al. 1981,

McBurney et al. 1982). P19 EC cells are widely regarded as similar to the primitive

ectoderm (Rogers et al. l99l). Consistent with this is the observation that Pl9 EC cells,

unlike other EC/ES cell lines, do not express Rex-l (Hosler et aI. L989,Rogers et al.

1991). X cells express lower levels of Rex-I than ES cells and have a morphology which

is very similar to P19 EC cells. When P19 EC cells are aggregated in the presence of

retinoic acid (RA) they differentiate predominantly into neuroectodermal lineages,

including neurons and astroglial cells, and a poorly defined fibroblastic mesodermal cell

type (McBurney et al. 1982, Jones-Villeneuve et al. 1982). X cells have a low capacity to

form neurons when differentiated as embryoid bodies (6.4.I). Given the similarities

between X cells and Pl9 EC cells it is possible that differentiation with RA could allow

the differentiation potential of X cells with regard to neuron formation to be assessed.

ES, XpO+ and Xp0- cells were trypsinised and resuspended in bacteriological petri

dishes at a cell density of 105 cells/ml in incomplete ES cell medium containing 10-6 M

RA (2.3.20). After four days aggregates were cultured for 2 days in the absence of RA,

then seeded into gelatinised tissue culture dishes containing incomplete ES cell medium.

After a further 2 days, aggregates were inspected for the presence of differentiated cell

types. RA-treated aggregates derived from ES, XpO+ and XpO- cells differentiated into

four principal cell types, neurons, fibroblasts and cells with morphologies reminiscent of
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visceral and parietal endoderm (Van den Eijen-van Raaij ef aI. 1991, Strickland et al'

1980). Photographs of these four cell types are shown in Figure 6.9'

The proportion of cell types present in ES, XpO+ and Xp0- RA-treated aggregates

was determined by inspection of individually seeded aggregates. ES, XpO+ and XpO-

cells were aggregated in the presence of RA as previously described. At day 6 aggregates

were seeded individually into gelatinised wells containing incomplete medium and scored

for the presence of differentiated cell types after 2 days. 36 aggregates were analysed for

each variable (ES, XpQ+ and XpO-) and the results of this analysis are presented in Figure

6.10.

RA-treated aggregates derived from ES, XpO+ and Xp0- exhibited similar

capacities for neuronal formation of 65Vo,62Vo and70Vo, tespectively. Differences were

seen between ES, Xp0+ and XpO- in the formation of cells classed as parietal endoderm,

visceral endoderm and fibroblast cells. RA-treated aggregates derived from ES cells were

characterised by a high level of parietal endoderm (617o), a lower level of visceral

endoderm (36Vo) and a very low level of fibroblasts (3Vo). XpO+ RA-treated aggregates

were distinguished from ES cell cultures by the presence of a higher level of fibroblasts

(147o) and a lower level of visceral endoderm (23Vo). The level of parietal endoderm in

Xpg+ cultures was similar to that observed in ES cell cultures (637o). XpO- cultures were

distinguished from both ES and XpO+ cultures by a higher level of fibroblasts (46Vo) and

lower levels of visceral (9Vo) and parietal endoderm (45Vo).

SPARC is expressed in the parietal endoderm of the murine embryo (Holland et aI.

lgST) and therefore can be used to identify cells classed as parietal endoderm. In situ

hybridisation was carried out on RA-treated aggregates derived from ES cells using

S¿ARC DIG labelled antisense riboprobes. SPARC expression was observed in cells

classed as parietal endoderm based on moqphology (Figure 6.1 1).

SPARC expression levels in RA-treated aggregates derived from ES, XpO+ and

Xpg- were determined by Northern blot analysis of total RNA. The expression of

SPARC compared with a nGAP loading control is shown in Figure 6.12. As expected

from observation of individually seeded aggregates, ES and XpO+ RA-treated aggregates

expressed higher levels of SPARC than Xp0- aggregates.



FIGURE 6.9 The morphology of differentiated cell types observed in

RA-treated aggregates derived from ES, XpO+ and XpO' cells.

When ES, XpQ+ and XpO- cells were differentiated by aggregation in the presence of

RA (2.3.20), four distinct cells types were observed, neurons (A), fibroblasts (B),

parietal endoderm (C) and visceral endoderm (D).

Photographs were taken at a magnification of 50x using phase contrast optics
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FIGURE 6.10 The proportion of differentiated cell types in ES, Xp0+

and XpO- RA-treated aggregates.

RA-treated aggregates derived from ES, XpO+ and XpO- cells were individually seeded

into tissue culture wells containing incomplete ES cell medium (2.3.2O). After 2 days

individually seeded aggregates were scored for the presence of the cell types outlined in

Figure 6.9. 36 aggregates were analysed for each variable (ES, Xp0+ and XpO-). The

presence of neurons was established by examination of each well. The percentage of

neurons was determined by dividing the number of wells scored as positive for neurons

with the total number of wells examined. Since aggregates often contained more than

one of the other cell types, the percentage of each cell type within the well was

determined. The percentage of each cell type present in each well was totalled and

divided by the number of wells examined. Results of this analysis are presented

graphically in A and tabulated in B.
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FIGURE 6.L1 ldentification of parietal endoderm by ín sítu analysis of

SPARC expression.

SPARC expression was detectedby in silø hybridisation, using a l.5kb DIG labelled

antisense riboprobe (2.5.17), on RA-treated aggregates derived from ES, XpO+ and

XpO- cells (2.3.20). Plates were developed for 5 hours. Cells expressing SPARC

were detected by purple staining. Expression was confined to cells with the

morphology of parietal endoderm.

Photographs were taken under phase contrast (A) and bright field optics (B) at a

magnification of 50x.
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FIGURE 6.12 The expression of SPARC in RA-treated aggregates

derived from ES, Xp0+ and XpO' cells.

RNA was prepared from RA-treated aggregates derived from ES, XpO+ and XpO- cell

(2.5.n). The expression of SPARC was determined by Northern analysis of total

RNA (2.3.12) using a SPARC DNA probe (2.5.14). The filter was washed in

2xSSCiO.17oSDS at42oCfor20 minutes,0.2xSSCi0.17oSDS at42oCfor20 minutes,

0.2xSSC/0.17oSDS at 65oC for 30 minutes and finally in 0.1xSSC/O.17oSDS 65oC for

60 minutes. The filter was exposed to a phosphorimager screen for 24 hours (2.5.20).

A band conesponding to the 2.2kb SPARC transcript could be detected in RNA derived

from RA-treated aggregates. The filter was stripped and reprobed with amGAP loading

control (2.5.14,2.5.16), exposure time 2l hours. The results of this analysis are

presented in A.

The level of SPARC and wGAP expression in ES, Xp0+ and Xp0- RA-treated

aggregates was quantitated by volume integration (2.5.20). The level of SPARC

expression normalised to nGAP is represented graphically in B.
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These results firstly confirm the ability of X cells to differentiate into neurons as

would be predicted for primitive ectoderm cells. This differs from the observation during

embryoid body differentiation which indicates that X cells have a reduced capacity to form

neurons compared to ES cells. The reason for this apparent discrepancy probably lies in

the nature of the differentiation environments. Embryoid body differentiation is more

complex than differentiation with RA. Embryoid bodies give rise to different tissues in a

sequential manner and these tissues in turn produce factors which influence the

differentiation of other tissues. The differentiation of neural tissue is a relatively late step

in development both in vitro and in uivo (Kaufman 1992, work described here).

Therefore the inability of X cells to form neurons when differentiated within embryoid

bodies may be due to the absence of a neural inducer or conversely the presence of a

neural repressor at this particular stage of development. Clearly it does not reflect an

innate restriction of X cell developmental potential.

Secondly, the distribution of cell types formed upon differentiation in the presence

of RA defines further differences between the differentiation potential of ES and X cells.

ES cell RA-treated aggregates were characterised by the presence of a high proportion of

primitive endodermal cell types and a low proportion of fibroblasts, while Xp0-

aggregates were characterised by a lower proportion of primitive endodermal cell types

and a higher level of fibroblasts. Aggregates derived from Xp0+ cells exhibited cell types

at a level intermediate between those observed in ES and XpO- cultures. This is

consistent with the behaviour of Xp0+ cells during embryoid body differentiation and

appears to be related to their initial gene expression profile (6.3.1).

Cells with a fibroblastic morphology are thought to have a mesodermal origin. It

can therefore be concluded that when X cells are differentiated by aggregation in the

presence of RA they have a higher capacity to form mesoderm and a lower capacity to

form primitive endodermal cell types. This is consistent with their differentiation as

embryoid bodies (6.3,6.4) and supports a proposed relationship between X cells and the

cells of the primitive ectoderm.
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6.7 Gene Expression During Embryoid Body Differentiation

Differentiation events occurring during embryoid body development parallel

differentiation events occurring during murine embryogenesis. The inner cell mass gives

rise to primitive endoderm and then subsequently primitive ectoderm. The primitive

ectoderm through the process of gastrulation gives rise to the mesoderm, endoderm and

ectoderm of the embryo. A number of genes which are expressed stage and tissue

specifically during murine embryogenesis have been identified.

The expression of genes specific for the inner cell mass, primitive ectoderm,

primitive endoderm and early mesoderm were examined during the differentiation of ES,

XpO+ and Xp0- embryoid bodies.

6.7.1 Formation of Primitive Ectoderm in Embryoid Bodies

The formation of primitive ectoderm in embryoid bodies derived from ES, Xp0+

and XpO- embryoid bodies was examined by analysing the expression of Rex-L, FGF-5

and Oct-4 during embryoid body differentiation. Rex-l is highly expressed in the ICM of

the preimplantation murine blastocyst and expression decreases as the ICM forms the

primitive ectoderm. Rex-l expression is not detected in the primitive ectoderm at day 6.0

of development (Rogers et al. 1991). The expression of FGF-5 during early development

is confined to the primitive ectoderm prior to and during gastrulation, from day 5.25 to

day 7.75. FGF-í is not expressed in the ICM of preimplantation embryos at day 3.25

(Haub and Goldfarb 1991). Oct-4 is expressed in the inner cell mass and primitive

ectoderm (Scholer et al.1990b, Rosner et aI. l99I).

ES, XpO+ and XpO- embryoid bodies were harvested for RNA preparation at days

1,2,3 and4. The expression of Rex-1,FGF-5 andOct-4 was assessed by Northern

analyses of total RNA and compared to a nGAP loading control. The results of these

analysis are presented in Figure 6.13. The expression of each gene was quantified by

volume integration. The ratio of the expression of each gene, normalised against amGAP

loading control is represented graphically in Figure 6.14.

Rex-l expression decreased as ES, Xp0+ and XpO- cells were differentiated as

embryoid bodies. One day after embryoid body formation, Rex-l expression had

declined substantially in XpO- and XpO+ cultures. It was not until day 2thatRex-l



FIGURE 6.13 Northern blot analysis of Rex-1, FGF-5 and Oct'4

expression in ES, Xp0+ and XpO' embryoid bodies.

RNA was prepared from ES, XpO+ and XpO- cells harvested at day 0 (2.5.10) and at

day 1,2,3 and 4 of embryoid body development (2.5.11). The expression of Rex-1,

FGF-| and Oct-4 compared to a nGAP loading control was determined by Northern

blot analysis of total RNA (2.5.12). DNA probes were used in all analyses (2.5.14).

Filters were washed in 2xSSCl}.lToSDS at 42oC,0.2xSSC/0.1%SDS at 42oC and

finally in 0.2xSSC/0.17oSDS at 65oC. All washes were for a minimum duration of 30

minutes. Filters were exposed to phosphorimager screens for l8 hours (2.5.20) and

subsequently stripped and reprobed with nGAP (2.5.14,2.5.16), exposure time 20

hours

Theexpressionof the l.9kbRex-l transcriptisshowninA) Theexpression of tbe2.7

and 1.8kb FGF-5 transcripts are shown in B). The expression of the 1.6kb Oct-4

transcript is shown in C)
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FIGURE 6.14 Comparison of Rex-L,FGF-í and, Oct-4 expression in

embryoid bodies derived from ES, Xp0+ and Xp0' cells.

The level of Rex- I , FGF-í , Oct-4 and nGAP expression (Fig. 6.13) was quantitated

by volume integration (2.5.20). Rex-l expression, normalisedto mGAP, in ES, XpO+

and XpO- embryoid bodies from day 0 to day 4 is shown in graph A. FGF-S

expression normalised to mGAP for these embryoid bodies is represented graphically in

B. Similarly Oct-4 expression is shown in graph C.
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expression reached a similar level in ES cell cultures. FGF-í expression increased as ES,

XpO+ and XpO- cells differentiated as embryoid bodies. The level of FGF-5 expression

increased dramatically in XpO- cells and at day 2 reached a maximum level far greater than

the levels observed in ES and XpO+ cultures, before declining. At day 1 and 2 of

embryoid body development FGF-S expression was higher in XpO+ cultures than in ES

cell cultures. Oct-4 expression decreased steadily during the differentiation of ES, Xp0+

and XpO- cells as embryoid bodies.

Consistent with differentiation of the inner cell mass to the primitive ectoderm in

vivo, Rex-l expression decreased and FGF-5 expression increased during embryoid

body formation in vitro. Formation of late stage primitive ectoderm occurred earlier in X

cell embryoid bodies than ES cell embryoid bodies. This is consistent with the proposed

relationship of X cells with the early primitive ectoderm. Late stage primitive ectoderm is

the substrate for mesoderm formation during gastrulation in vivo. The earlier formation

of late stage primitive ectoderm in X cell embryoid bodies may therefore explain the

earlier onset of cardiac muscle formation in X cell embryoid bodies when compared to ES

cell embryoid bodies.

6.7.2 Formation of Mesoderm in Embryoid Bodies

To determine whether the ability of X cell embryoid bodies to form cardiac muscle

was also related to an increased or earlier appearance of mesoderm, the expression of the

early mesodermal markers Brachyury and goosecoid was examined. Brachyury

expression in vivo begins at gastrulation and is restricted to the primitive streak and

mesodermal cells emerging from the streak. At later stages of development expression is
: a i.,. r;ì

restricted to the notochord,rand head process (Herrmann et aI. 1990). Goosecoid

expression commences prior to gastrulation in the region of the epiblast where the

primitive streak forms. ,Expression is confined to this region of the primitive streak as it
tf rlt jJ!' 1\

moves anteriorly towards'the node. At day 6.9 goosecoid expression is no longer

detected (Blum et al. 1992).

The expression of Brachyury and goosecoid in ES, XpO+ and XpO- embryoid

bodies was determined by Northern analysis of total RNA and compared with wGAP

expression (Figure 6.15). The RNA used in this analysis was derived from ES, Xp0+



FIGURE 6.15 Northern blot analysis of Brachyury and goosecoíd

expression in ES, XpO+ and Xp0- embryoid bodies.

RNA was prepared from ES, XpO+ and XpO- embryoid bodies cultures at day 0,I,2,

3 and 4 of development (6.7 .l). The expression of Brachyury and goosecoid compared

to a nGAP loading control was determined by Northern blot analysis of total RNA.

Antisense riboprobes were used to detect expression (2.5.15). Filters were washed in

2xSSC/0.17oSDS at 65oC, 0.2xSSC/O.17oSDS at 650C and finally in

0.2xSSC/0.17oSDS at75oC. All washes were for a minimum duration of 30 minutes.

Filters were exposed to phosphorimager screens for 20 hours (2.5.20). The filters were

subsequently stripped and reprobed with wGAP (2.5.14,2.5.16), exposure time 20

hours.

The expression of the 2.lkb Brachyury transcript is shown in A). The expression of

the l.4kb goosecoid transcript is shown in B).
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and Xpg- embryoid bodies from days I through to 4 (Section 6,7.1). The levels of

expression of Brachyury, goosecoid and mGAP were quantitated by volume integration

and the ratios of Brachyury and goosecoid expression normalised against a wGAP

loading control are presented graphically in Figure 6'16.

As XpO- cells differentiated as embryoid bodies, a dramatic increase in the

expression of Brachyury was seen at day 2 of development. By day 3 the level declined

slightly and by day 4 Brachyury was expressed at low levels. In embryoid bodies

derived from Xp0+ cells Brøchy,Øry expression was first detected at day 3 At lower levels

than in XpQ- cells, this level increased slightly at day 4. In ES cell embryoid body

cultures Brachyury was expressed at a very low level for the first time at day 4.

Goosecoid expression parallelled Brachyury expression during embryoid body

differentiation. Significant expression could be detected in Xp0- embryoid bodies at day

2 andat a slightly lower level at day 3. Goosecoid expression could be detected at low

levels in XpO+ embryoid bodies at day 3 and day 4 but could not be detected at significant

levels in ES cells at any stage examined (Figure 6.16 B).

The expression patterns of goosecoid and Brachyury sùggest that X cells form

early mesoderm prior to and at a higher extent than ES cell embryoid bodies. This

correlates with the earlier and greater capacity for late stage primitive ectoderm formation

and cardiac muscle formation compared to ES cell embryoid bodies. The appearance of

late stage primitive ectoderm, early mesoderm and cardiac muscle in X cell embryoid

bodies is consistent with the proposed relationship between X cells and the early primitive

ectoderm.

6.7.3 Formation of Primitive Endodermal Derivatives in Embryoid Bodies

To investigate the presence of primitive endodermal cell types in ES, XpO+ and

XpO- embryoid bodies, RNA derived from embryoid bodies at days I,2,3 and 4 of

developmerfi (6.7 .1) was analysed for the expression of markers expressed in derivatives

of the primitive endoderm. H19 is expressed in the extraembryonic cells of the murine

embryo from day 5.5 (Poirier et al. 1991) and is a marker for both visceral and parietal

endoderm (Shen and Leder 1992). SPARC is expressed in the parietal endoderm of the

murine embryo at day 8.0 (Holland et aL 1987, Wilkinson et al. 1988). AFP is



FIGURE 6.16 Comparison of Brachyury and goos ecoid expression in

embryoid bodies derived from ES' XpO+ and Xp0' cells.

The level of Brachyury, goosecoid andnGAP expression (Fig. 6.15) was quantitated

by volume integration (2.5.20). Brachyury expression, normalised to wGAP, in ES,

Xp0+ and Xp0- embryoid bodies from day 0 to day 4 is shown in graph A. Goosecoid

expression normalised to mGAP for these embryoid bodies is represented graphically in

B
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expressed in the visceral endoderm of murine embryos from day 7.0 (Dziadek and

Adamson 1978, Dziadek and Andrews, 1983). The expression of HI9,SPARC and

AFp compared to a nGAP loading control was assessed by Northern analysis of total

RNA. The results of this analysis are presented in Figure 6.17. The ratio of the

expression of each gene normalised against nGAP is presented graphically in Figure

6.1 8.

At day 2 of development H19 expression was approximately the same in embryoid

bodies derived from ES, XpO+ and XpO- cells. After this stage the level of Hl9

expression increased dramatically in XpO- cultures. H19 expression also increased in

XpO+ cultures and to a lesser extent ES cell cultures, however these increases were lower

than the increase in Xp0- cultures.

SPARC expression levels also increased during embryoid body development.

XpO- embryoid bodies exhibited higher levels of SPARC expression than Xp0+

embryoid bodies which in turn exhibited higher levels than ES cell embryoid bodies at

day 3 and4.

AFP expression was at very low levels in embryoid bodies derived from ES, Xp0+

and XpO- at day 4 of development and was not significantly different between cultures.

Visceral endoderm can be distinguished in the early murine embryo at day 5.5 of

development (Kaufman 1992). This suggested that AFP expression may be better

examined in embryoid bodies at later stages of development. AFP expression was

analysed by Northern analysis of RNA derived from ES, XpO+ and XpO- embryoid

bodies at days 4,6 and 8 of development. The results of this analysis are presented in

Figure 6.19. The level of AFP expression increased with development, however

expression was significantly higher in Xp0+ and XpO- embryoid bodies than in ES cell

embryoid bodies. This has also been shown in RNA derived from seeded ES, XpO+ and

XpO- embryoid bodies at day 7, 8 and 10 (data not shown).

ES cell embryoid bodies can be distinguished from X cell embryoid bodies by the

presence of a discernible outer layer of cells reminiscent of primitive endoderm at day 4,

and by the presence of visceral endoderm-like cells at day 8. These differences were not

reflected by increases in the expression of HI9,SPARC orAFP in ES cell embryoid

bodies compared to X cell embryoid bodies at relevant stages.



FIGURE 6.17 Northern blot analysis of Hl9, SPARC and' A F P

expression in ES, XpO+ and XpO- embryoid bodies.

RNA was prepared from ES, XpO+ and Xp0- embryoid bodies harvested at day 1,2,3

and 4 development (6.1 .1). The expression of Hl9, SPARC and AFP compared to a

wGAP loading control was determined by Northern blot analysis of total RNA

(2.5.12). DNA probes were used to detect H19 and SPARC expression (2.5.14). An

antisense riboprobe was used to detect AFP expression (2.5.15). Filters probed with

Hl9 and SPARC DNA probes were washed in 2xSSC/0.17o SDS at 42oC,

0.2xSSC/0.17o SDS at 50oC and finally in 0.2xSSC/0.1%SDS at 65oC. Filters probed

for AFP expression were washed in 2xSSCl0.lVoSDS at 65oC,0.2xSSC/0.17oSDS at

65oC and finally in 0.2xSSC/0.1%SDS at 75oC. All washes were for a minimum

duration of 30 minutes. Filters were exposed to phosphorimager screens for 2O hours

(SPARC, HI9) and 18 hours (AFP). The filters were subsequently stripped and

reprobed with wGAP (2.5.1 4, 2.5. 16), exposure time 2O hours.

The expression of the 2.6kb H 19, 2.2kb SPARC and 2.2kb AFP transcripts are shown

respectively in A, B and C.
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FIGURE 6.18 Comparison of HL9,SPARC and AFP expression in

embryoid bodies derived from BS, XpO+ and XpO' cells.

The level of HI9, SPARC, AFP and wGAP expression (Fig. 6.17) was quantitated by

volume integration (2.5.20). H19 expression, normalised to nGAP, in ES, Xp0+ and

XpO- embryoid bodies from day 1 to day 4 is shown in graph A. SPARC expression

normalised to nGAP for these embryoid bodies is shown in graph B. Similarly AFP

expression is shown in graph C.
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FIGURE 6.19 Northern blot analysis of AFP expression in ES, XpO+

and Xp0- embryoid bodies at later stages of development.

RNA was prepared from ES, XpO+ and XpO- cells harvested at day 0 (2.5.10) and at

day 4,6 and 8 of embryoid body development (2.5.11). The expression of AFP and

mGAp was determined by Northern blot analysis of total RNA (2.5.12). Antisense

AFP rrboprobes were used to detect expression (2.5J5). Filters were washed in

2xSSC/0.17oSDS at 50oC, 0.2xSSC/0.17oSDS at 50oC and finally in

0.2xSSC/0,17oSDS at'l1oC. All washes were for a minimum duration of 30 minutes.

Filters were exposed to phosphorimager screens for 20 hours (2.5.20). The filters were

subsequently stripped and reprobed with %GAP (2.5.14,2.5.16). AFP expression in

ES, XpO+ and Xp0- embryoid bodies is shown in A.

The level of AFP and nGAP expression in ES, XpO+ and XpO- embryoid bodies was

quantitated by volume integration (2.5.20). The ratio of AFP expression to wGAP

expression is presented graphically in B.
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Embryoid development in ES cells proceeds via the initial formation of primitive

endoderm and the subsequent formation of primitive ectoderm and mesoderm. The earlier

appearance of mesoderm in embryoid bodies derived from X cells complicates

interpretation of H19, SPARC and AFP expression in embryoid bodies. Although I/19

can be used as a marker for extraembryonic endodermal cell types, it is also expressed in

a variety of mesodermal and endodermal derivatives after gastrulation (Poirier et aI.

1991). The earlier formation of mesoderm in X cell embryoid bodies as assessed by the

expression of Brachyury and goosecoid suggests that H 19 expression observed in these

cultures could be due to the presence of mesodermal and/or endodermal derivatives rather

than extraembryonic endodermal cell types. Similarly at later stages of development

SPARC is expressed in the region of the developing heart (Holland et al. 1987). X cell

embryoid bodies exhibit a high capacity to form cardiac muscle, and the elevated

expression of SPARC in X cell embryoid bodies may therefore be related to this. Finally

AFP while widely used as a marker of visceral endoderm, is also detected within foetal

hepatocytes later during development.

Embryoid body formation constitutes a considerably complex differentiation

process, the cell types produced are dependent on multiple, sequential inductions between

different cell populations. Examination of gene expression at later stages of embryoid

body development, particularly after primitive ectoderm and mesoderm formation, may be

related to indirect inductions rather than the initial propensity of a cell type to form one

tissue over another or express a particular gene.

Accurate assessment of primitive endoderm formation in ES and X cell embryoid

bodies requires an earlier and more specific marker. HNF-4 is a transcription factor

expressed in the early primitive endoderm at day 4.5 and subsequently in the visceral

endoderm from day 5.5 to 8.5 (Duncan et aI. 1994). Analysis of expression of this gene

in ES, XpO+ and Xp0- may clarify the differentiation of primitive endoderm within these

cultures.

The ability of X cells to form parietal endoderm when aggregated in the presence of

RA demonstrates that X cells can form primitive endodermal derivatives. The level of

primitive endodermal derivatives in X cell RA-treated aggregates was however lower than

that level observed in ES cell RA-treated aggregates. This suggested that X cells have a
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lower capacity to form primitive endodermal derivatives than ES cells. This was

supported by the layered appearance of ES cell embryoid bodies at day 4, and visceral

endoderm cell type at day 8 in ES cell embryoid bodies, compared with X cell embryoid

bodies. However the formation of primitive endodermal derivatives in X cell embryoid

bodies compared to ES cell embryoid bodies could not be resolved with the available

markers.

6.8 Discussion

The aim of the experiments described in this chapter was to define the

developmental potential of X cells compared to ES cells. This was achieved by

investigation of the differentiation of cells as embryoid bodies and as aggregates in the

presence of RA. The ability of X cells to differentiate as embryoid bodies and in the

presence of RA, generating multiple, differentiated cell types, demonstrates that X cells

constitute a pluripotential cell population. The developmental potential of ES and X cells

could be discriminated in a number of ways, related to the formation of primitive

endoderm, late stage primitive ectoderm, mesoderm and neural tissue.

6.8.1 The Differentiation Potential of X Cells Compared to ES Cells

Differentiation by aggregation in the presence of RA resulted in the formation of

increased levels of cells with the morphology of parietal endoderm and visceral endoderm

in ES cell cultures compared to X cell cultures. The presence of parietal endoderm at

lower levels in Xp0- cells than ES cell cultures was confirmed by the expression of

SPARC, a marker of parietal endoderm. During differentiation of ES and X cells as

embryoid bodies, ES cells exhibited a layered morphology consistent with the formation

of an outer layer of primitive endoderm. A similar layer was not observed in the majority

of X cell embryoid bodies. At day 8 of embryoid body development ES cell embryoid

bodies could also be distinguished from X cell embryoid bodies by the presence of a

visceral endoderm-like cell type. While these observations suggested that X cells

exhibited lower capacities for primitive endodermal formation than ES cell embryoid

bodies this difference could not be demonstratedvia H19, SPARC or AFP expression.
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Late stage primitive ectoderm formation in embryoid bodies derived from ES and X

cells was examined by the expression of Rex-1, FGF-5 and Oct-4. X cell embryoid

bodies formed late stage primitive ectoderm earlier than ES cell embryoid bodies.

Several lines of evidence demonstrated a higher capacity of X cells to form

mesodermal derivatives when compared to ES cells. Firstly, differentiation of X cells as

embryoid bodies was marked by earlier and elevated expression of the early mesodermal

markers Brachyury and goosecoid, and formation of cardiac muscle earlier and to a higher

extent than embryoid bodies derived from ES cells. This difference was seen in embryoid

bodies cultured in suspension and in embryoid bodies seeded at day 6 of development.

Secondly, when X cells were differentiated by aggregation in the presence of RA they

exhibited a higher propensity to form fibroblasts, a mesodermal derivative, than ES cells.

Embryoid bodies derived from X cells exhibited a lower capacity for neuron

formation than ES cell embryoid bodies. However RA differentiation of aggregates

demonstrated that X cells retain the ability to differentiate into neurons. In murine

embryogenesis neural induction occurs in a region of primitive ectoderm adjacent to

invaginated mesoderm (reviewed in Beddington 1988). Induction of neural specific

genes in this region by underlying and anterior mesendoderm has been demonstrated

(Ang and Rossant 1993, Ang et al. 1994). Inhibition of neural genes by posterior

mesendoderm has also been demonstrated (Ang et aL 1994). Recently the capacity of

primitive streak mesodermal cell lines to induce the expression of Pax-3 (a neural specific

marker) in undifferentiated P19 EC cells has been shown (Pruitt I994a). Thus

mesodermal and endodermal tissues can have specific roles in neural induction and

rePression 
t.ii-..r r: ,.-.: í; ,r .

Visceral endoderm is a seesnd early embryonic cell type that may produce inductive

signals regulating primitive ectoderm differentiation. The absorption of nutrients and

secretion of serum components necessary for the general growth and maintenance of the

embryo has been thought to be the main function of the visceral endoderm in

embryogenesis (Hogan et al. 1994). The instructive capacity of the visceral endoderm

during development is however gradually being recognised. A visceral endodermal cell

line, END-2 produces a factor which can induce the differentiation of P19 EC cells into

muscle and neurons in vitro (Mummery et aL 199l, van den Eijen van denRaaij et aI.
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1991). Secondly, the homeobox gene Hesx-l is expressed in a small subset of visceral
uÌ

endoderm cells on the anterior side of the early murine embryo at day J.$ where it appears

to play a role in forebrain development during gastrulation (R. Beddington, P. Thomas,

personal communication).

These observations highlight the inductive capacity possessed by different tissues

within the early murine embryo. Low level neuron formation in X cell embryoid bodies

is probably due to the presence or absence of a particular tissue or factor involved in

neural induction or repression rather than an intrinsic property of X cells.

Overall the differentiation potential of X cells can be discriminated from ES cells by

an increased capacity to form late stage primitive ectoderm and mesodermal derivatives,

and a lower capacity to form primitive endodermal derivatives. The ability of X cells to

form neurons compared to ES cells was dependent on the differentiation regime

employed. The differentiation potential exhibited by X cells is therefore consistent with

their gene expression profile and consistent with the proposal that X cells representthe in

vitro equivalent of early primitive ectoderm.

6.8.2 Gene Expression Correlates with Differentiation Potential

ES cells have a gene expression consistent with their origin within the inner cell

mass. XpO- cells have a gene expression characterised by higher expression of FGF-5

and lower expression of Rex-1, consistent with early primitive ectoderm in vivo. XpO+

cells exhibit a gene expression which is intermediate between XpO- and ES cells (4.2.1,

5.2,5.3). In all experiments Xp0+ cells displayed differentiation properties intermediate

to those observed with ES and XpO- cells. The differentiation profile of ES and X cell

populations therefore appears to be dependent on the initial gene expression of the

population and therefore their relationship with the inner cell massþrimitive ectoderm.

The differences observed between ES and X cells with regard to differentiation

potential were not marked by differentiation events specific for ES cells and not X cells,

nor the converse. ES and X cells were able to give rise to similar cell types, but were

distinguished by the time and extent of their formation. In vivo the restriction in

differentiation capacity as the ICM forms the primitive ectoderm is thought to be a

progressive event rather than an absolute restriction (Smith 1992). Therefore the graded
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differentiation observed in ES, XpO+ and XpO- cells may reflect the alteration of

developmental potenti al in vivo as the inner cell mass forms the primitive ectoderm.

6.8.3 The Formation of Primitive Endoderm In Vitro and. In Vivo

The inner cell mass is distinguished from the primitive ectoderm by the inability of

the latter to give rise to the primitive endoderm in vivo (Smith 1992). V/hile the exact

nature of this restriction remains unclear, the similarities between X cells and early

primitive ectoderm suggest that X cells should exhibit a decreased potential for primitive

endoderm formation. Several observations supported this prediction. Firstly, when X

cells were differentiated in the presence of RA, they exhibited a lower capacity to form

primitive endodermal derivatives than ES cells. Secondly, during differentiation as

embryoid bodies X cell embryoid bodies lacked the layered morphology consistent with

primitive endoderm formation atday 4,and the visceral endoderm cell type atday 8 when

compared to ES cell embryoid bodies. Unfortunately, a lower potential for primitive

endoderm formation in X cell embryoid bodies compared to ES cell embryoid bodies

could not be demonstrated using markers of primitive endoderm derivatives.

The potential for X cells to form primitive endoderm is difficult to predict for

several reasons. In vivo, cells on the outside of the inner cell mass differentiate into a

layer of primitive endoderm at approximately day 4.0 of development (Hogan et aI.

1994). Cells isolated from the inner cell mass of the embryo after primitive endoderm

formation are still capable in certain circumstances of forming primitive endoderm in vitro

(Gardner 1983). Therefore although the fate of these cells ln vivo would normally be

restricted to primitive ectoderm, this restriction is not seen in vitro. Similarly, while X

cells in an in vivo environment may not give rise to primitive endoderm, they may do so

in an in vitro environment.

In addition, aggregation appears to be an obligatory step in the formation of

extraembryonic endodermal cells types both in vivo and in vitro. In the early murine

blastocyst cells located on the outside of the inner cell mass form primitive endoderm

lineages. Similarly cells on the outside of embryoid body aggregates, differentiate into

derivatives of the primitive endoderm. Differentiation of ES cells via aggregation in the

presence of RA resulted in the high level formation of primitive endodermal derivatives.
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By contrast differentiation of ES cells with RA in monolayer culture results in the

formation of high levels of fibroblasts, and derivatives of primitive endoderm are only

observed at a low frequency (J. Rathjen, unpublished observations, Thomas 1994). It

therefore appears that the high level appearance of primitive endodermal derivatives in

RA-treated aggregates derived from ES cells (6.6) is related to aggregation rather than to

RA treatment alone. The mechanism which induces primitive endoderm to form on the

outside of embryoid bodies and in RA-treated aggregates may override gene expression

differences in ES and X cells.

Furthermore, X cells have the ability to revert to ES cells, which are able to form

primitive endoderm. Therefore while X cells themselves may not directly differentiate

into primitive endoderm during embryoid body formation, they may be capable of its

formation via an ES cell intermediate. Sporadic reversion to ES cells and irregular

formation of primitive endoderm on the outside surface of X cell embryoid bodies might

underlie their disorganised appearance.

6.8.4 The Differentiation Potential of X Cells in Relation to the Two State

Model of X Cell Formation and Maintenance

In Chapter 5 the gene expression of passaged X cells as they were cultured at high

cell density and their differentiation state at clonal cell density lead to the proposal of a2

state model for X cell formation and maintenance (Figure 5.10). This model is applied to

embryoid body formation and aggregation in RA in Figure 6.20. The differentiation

potentials observed in ES, XpO+ and XpO- cultures described in this chapter were marked

by graded differences. The existence of X cells within two states might further explain

the graded nature of ES and X cell differentiation.

ES cells can either differentiate into primitive endoderm or primitive ectoderm,

hence mesoderm. X cells in state I may revert to ES cells and form primitive endoderm

or they may be capable of forming it directly. Alternatively X cells in state 1 may

differentiate to state 2. Cells in state 2, characterised by high FGF-S, low Rex-l may be

confined to the formation of late stage primitive ectoderm and"/or mesoderm formation.

Xp0+ cultures were proposed to consist of a high proportion of cells in state I and

a low proportion of cells in state 2, while Xp0- cultures were thought to contain a lower



FIGURE 6.20 The two state model for X cell formation, maintenance

and differentiation as applied to differentiation regimes.

The existence of X cells in two states may further explain the behaviour of X cell

populations when differentiated as embryoid bodies and by aggregation in the presence

of RA. See text for description (6.8.4).
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proportion of X cells in state 1 and a higher proportion of X cells in state 2. rühen XpO+

and Xpg- cells are differentiated, either by aggregation in the presence of RA or as

embryoid bodies, the particular cell types generated, as well as the time and the extent at

which they are generated may be related to the proportion of X cells in state 1 and state 2

in the initial X cell culture.

This chapter has highlighted the complexities of studying cell differentiation both in

vitro and in vivo. Notwithstanding these difficulties differences in the developmental

potential of X cells compared with ES cells were determined. These differences were

generally graded rather than absolute, which is consistent with the developmental lability

displayed by the pluripotential cell populations of the murine embryo. Despite the

additional complexities which must be taken into account in any in vitro system, the

differentiation of ES, XpO+ and XpO- cells could be correlated with events occurring

during early murine development. The results obtained in this chapter support the

proposal that X cells are the in vitro eqtivalent of early primitive ectoderm.
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CHAPTER SEVEN: DIFFERENTIATION OF X CELLS WITH

MESODERM INDUCING CYTOKINES

7.1. Introduction

Diverse vertebrate species exhibit similar body plans at mid-embryogenesis (Gould

I9l7). Therefore it is commonly thought that the underlying mechanisms of gastrulation

will be conserved between different species. The murine embryo andXenopzs embryo

have similar fate maps (Lawson et al. 1991, Quinlan et al. 1995), and many of the genes

expressed during gastrulation are conserved both stage and tissue specifically (reviewed

in DeRobertis et al. 1994).

The identification of biological factors which are able to cause mesoderm induction

in Xenopus has been the focus of intense research over the last ten years. The first

molecules to be implicated in mesoderm induction inXenopus were basic FGF, a member

of the fibroblast growth factor (FGF) family and activin A, a member of the transforming

growth factor beta (TGFB) family (for reviews see Slack 1990, Ruiz i Altaba and Melton,

1990, Cooke 1991). Ãn in vivo role for these factors during mesoderm induction in

Xenopus has been suggested by the introduction of dominant negative receptor constructs

into early embryos (Amaya et aI. 1991, Hemmati-Brinvalou and Melton 1992).

Introduction of such constructs inhibits mesoderm formation during gastrulation. FGFs,

activins and their respective receptors are expressed throughout murine embryogenesis,

including gastrulation (Crossley and Martin 1995, Manova et aL 1994), however the role

that these factors play in such processes is at present unclear.

When ES cells are reintroduced into the blastocyst they have the capacity to

contribute to all differentiated cell types constituting the murine embryo, including the

germ line (Bradley et al. 1984, Robertson 1987). Since ES cells can respond to all of the

developmental signals in vivo, it should be possible to investigate specific embryonic

differentiation events by appropriate manipulation of these cells in vitro. Whlle factors

which prevent the differentiation of ES cells ¿n vitro have been discovered, biological

factors which induce the specific differentiation of ES cells have not. A variety of factors

shown to be active in a range of developmental processes, including members of the FGF

and TGFB family, have no effect on the differentiation of ES cells in vitro (P. Rathjen,
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personal communication). MED2 therefore contains a novel biological activity which has

the ability to induce the specific differentiation of ES cells.

The gene expression and differentiation analysis described in this thesis suggest

that X cells represent the in vitro equivalent of primitive ectoderm . In vivo the primitive

ectoderm is the substrate for mesoderm induction, during gastrulation. If the underlying

mechanisms of mesoderm induction in Xenopus and mouse are conserved, then basic

FGF and activin A might induce the differentiation of X cells.

This chapter describes the differentiation of X cells in response to members of the

FGF family and activin A. Consistent with mesoderm induction in Xenopus, gene

expression analysis suggests that these factors induce the specific differentiation of X

cells into alternative mesodermal derivatives. The ability of X cells to differentiate

specifically in response to FGF and activin A further distinguishes these cells from ES

cells which are unable to respond to these factors. Furthermore, the results of this chapter

add substantial evidence to the proposal that X cells represent the in vitro equivalent of

primitive ectoderm and establish X cells as a model system for the analysis of mesoderm

induction in vitro.

7.2 Basic FGF Induces Specific Differentiation of X Cells but not ES

Cells

Fibroblast growth factors constitute a family of nine structurally and functionally

related growth factors. These factors have been implicated in many important biological

processes including mitogenesis, angiogenesis, cell migration and differentiation

(reviewed in Basilico and Moscattelli 1992, Mason l994,Baird 1994). FGFs transduce

their biological signal through a family of four transmembrane receptor tyrosine kinases

(reviewed in Johnson and Williams 1993). FGFs are expressed throughout

embryogenesis and certain members have expression patterns consistent with a role in

gastrulation (V/ilkinson et al. 1988, 1989, Haub and Goldfarb 1991, Hebert et aI. 1990,

1991, Niswander and Martin 1992, delapeyrierc et al. 1993, Han and Martin 1993,

Mason et al. 1994, Crossley and Martin 1995, Mahmood et al. 1995). Basic FGF (FGF-

2) was one of the first members of the FGF family to be discovered (Gospodarowicz et

aI. 1914, Gospodarowicz and Moran 1914). The effect of basic FGF on mesoderm
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induction in Xenopus embryos is well characterised. In these studies bFGF induces the

formation of ventral mesoderm, including blood, mesenchyme and muscle (Slack et al.

1987, Kimelman and Kirschner 1987, Ruiz i Altaba and Melton I989a,1989b, Green et

aI. l99O).

7.2.1 Tlne Effect of bFGF on ES Cells and X Cells

ES and XpO+ cells were seeded at clonal cell density into medium containing LIF

and 5OVo MED2 + LIF, respectively. In mesoderm induction assays bFGF is generally

used at a concentration of 2O-5Ong/ml (Green et aI. 1990, LaBonne and Whitman 1994).

In cell proliferation assays a concentration of l-20n9/ml is recommended. Cells were

therefore cultured in the presence of increasing concentrations of recombinant bovine

bFGF (0.lng/ml to 100ng/ml) for a period of five days and subsequently stained with

alkaline phosphatase. Consistent with previous observations (P. Rathjen, personal

communication), addition of bFGF to ES cells in the presence of LIF had no effect on

their differentiation at any concentration examined. By contrast, 1Ong/ml bFGF induced

the differentiation of X cells to a characteristic fibroblastic cell type which did not stain for

alkaline phosphatase. The morphology of this cell type is shown in Figure 7.1 and has

been designated cell type A.

The proportion of ES cell, undifferentiated X cell, semi-differentiated and

differentiated colonies present were assessed as previously described in Chapter 3 (Figure

3.4). Colony analyses of ES and X cells cultured with and without lOng/ml of bFGF are

presented in Figure 7.2. The proportion of undifferentiated ES cell colonies observed

after 5 days was similar regardless of the presence of bFGF. The addition of bFGF to X

cell cultures caused a decrease in the level ofundifferentiated X cell colonies from 58Voto

2IVo, with corresponding increases in the levels of differentiated colonies. The level of

semi-differentiated and differentiated X cell colonies in the presence of bFGF rose from

3IVo to 45Vo and lÙVo to 34Vo, respectively. The plating efficiencies of X cells under the

two conditions were similar. Therefore it appeared that colonies which comprised

undifferentiated and semi-differentiated colonies in control cultures became semi-

differentiated and fully differentiated colonies, respectively, in the presence of bFGF.

This suggested that bFGF effects X cell differentiation. Cell type A was also observed in



FIGURE 7.1 Basic FGF induces the specific differentiation of X cells:-

morphology at day 5.

XpO+ cells were cultured at clonal cell density in MED2 and LIF in the presence of

bFGF (lOng/ml) (2.3.21). After five days colonies have the morphology and contain

the cell type observed in A. This cell type can be more clearly seen after cultures are

stained with alkaline phosphatase and counterstained with haematoxylin (a general cell

stain) (2.3.24) in B and C. This cell type does not stain for alkaline phosphatase and

has been designated cell type A.

Photographs A and C were taken at a magnification of 50x, B 25x, using phase contrast

optics.
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FIGURE 7.2 Basic FGF induces the differentiation of X cells but not ES

cells:- colony analysis at day 5.

ES and Xp0+ cells were seeded at clonal cell density into LIF, MED2 and LIF,

respectively, with and without bFGF (lOng/ml) (2.3.21). After 5 days cultures were

stained with alkaline phosphatase (2.3.24) and the proportion of ES cell colonies (ES),

X cell colonies (X), semi-differentiated colonies (SD) and differentiated colonies (D)

was determined as previously described (Fig. 3.4). Four duplicate wells were included

in each analysis. Results of this analysis are tabulated in A and represented graphically

in B.
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X cells cultured without bFGF. However in these cultures it was present at a much lower

levels among several morphologically distinct differentiated cell types.

In a separate experiment, cell counts were performed on triplicate wells containing

X cells cultured in 5OVo MED2 and LIF, at clonal cell density, with and without lOng/ml

bFGF. After 5 days cells were trypsinised and total number of cells in each well

determined. The results of this analysis are presented in Figure 7.3. The total number of

cells present at day 5 in lOng/ml bFGF was 40Vo higher than the total number of cells

determined for control wells. This implied one or a combination of three possibilities: 1)

bFGF has a proliferative effect on X cells, which then differentiate forming cell type A, 2)

bFGF has a proliferative effect on cell type A itself or 3) bFGF induces the differentiation

of X cells to cell type A which proliferates at a high rate.

7.2.2 Basic FGF Induces X Cell Differentiation

Basic FGF was first identified by its ability to induce the proliferation of BALB-C

3T3 fibroblasts (Gospodarowisz l9'74, Godspodarowisz and Moran I914).

Subsequently its mitogenic properties on all cells of mesodermal origin and many cells of

neuroectodermal, ectodermal and endodermal origin have been demonstrated (reviewed in

Gospodarowicz et al. 1986a,1986b, 1987). This raised the possibility that bFGF may be

inducing the proliferation of spontaneous differentiated cells present within the X cell

¿r ¡r " ',ffet'elltiation.populauon ratner tnan etrecullg 
^. 

cell ul

However, the distribution of colonies in bFGF-treated cultures compared to

untreated cultures (Figure 7.2), suggested that this was not the case. Other lines of

evidence also support that bFGF effects X cell differentiation. Firstly, examination of X

cells cultured in the presence of bFGF at earlier time points suggests that bFGF has an

effect on the differentiation of X cells. The proportion of differentiated cells observed in

X cells at clonal cell density increases substantially from day 3 to day 5 (3.3). At day 3

the majority of X cell colonies are in the undifferentiated form and differentiated cells are

at relatively low levels. A difference in the colony morphology between bFGF-treated

and untreated cultures can be seen as early as two days and was particularly evident in the

majority of colonies at day 3 (Figure 7.4). X cell colonies in control cultures appeared

more compact than those observed in bFGF-treated cultures. bFGF appeared to be

a



FIGURE 7.3 The effect of bFGF on X cells:- the number of cells at

day 5.

XpO+ cells were seeded at clonal cell density into MED2 and LIF with and without

bFGF (1Ong/ml). After 5 days cells from triplicate wells were harvested and the mean

cell number associated with each condition was determined (2.3.21). Results of the

analysis are tabulated in A and represented graphically in B.
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FIGURE 7,4 Basic FGF induces the differentiation of X cells:'

morphology at day 3.

Xp0+ cells were cultured at clonal cell density in the presence of MED2 and LIF with

and without bFGF(lOng/ml) (2.3.21). The morphology of X cell colonies within

control cultures at day 3 is shown in A. The morphology of X cell colonies within

bFGF-treated cultures at day 3 is shown in B.

Photographs were taken under phase contrast at a magnification of 50x.
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causing the migration and differentiation of X cells within colonies at times when

differentiated cells were not present at significant levels. X cell colonies in bFGF also

appeared larger than X cell colonies in control conditions. This may be an initial

morphology change associated with differentiation or may result from a proliferative

effect on X cells themselves.

Secondly, the effect of bFGF could not be reproduced by exposure of X cells to

other growth factors which induce cell proliferation. Platelet Derived Growth Factor

(PDGF) A, like bFGF, is a potent mitogen for a variety of cell types, including

fibroblasts (Ross et aL 1986). The PDGF receptor is expressed in mesodermal

derivatives in murine embryos at7.5 days of development (Mercola et aL 1990, Orr-

Urtreger and Lonai 1992) and in the mesodermal derivatives of ECÆS cells (Mummery er

al. 1986, Mummery and van den Eijnden-van Raaij 1990). Cell type A is likely to be a

mesodermal derivative (refer to 1.6.1). X cells cultured at clonal cell density in 507o

MED2 and LIF in the presence of PDGF A (1-10Ong/ml) appeared identical to control

cultures (data not shown). While both PDGFA and bFGF were fully functional in

fibroblast proliferation assays (data not shown) only bFGF was able to effect X cell

cultures. PDGFA is also inactive in Xenopus mesoderm induction assays (Cooke 1991).

Thirdly, the presence of cell type A at relatively homogenous levels in bFGF-

treated cultures compared with the heterogeneity of differentiated cell types in untreated

cultures also suggests that bFGF directs the differentiaiion of X cells.

Finally, bFGF reduces the frequency with which X cells revert to ES cells. X cell

reversion appears to be an immediate response to LIF in the absence of MED2 (3.7 , 5.2).

If bFGF has its effect by inducing the proliferation of differentiated cells within X cell

colonies then it should not affect X cell reversion. XpO+ cells were seeded at clonal cell

density into medium containing LIF with and without bFGF(l0ng/ml). The assay was

stained with alkaline phosphatase at day 5 and colonies were analysed as previously

described (Figure 7.5).

In the absence of MED2 and in the presence of LIF, X cells reverted to ES cells.

'When bFGF was added to these cultures, reversion decreased from 6OVo to 387o. The

level of fully differentiated colonies increased from lÙVo to l8Vo. The level of semi-



FIGURE 7.5 Basic FGF effects X cell reversion.

Xp0+ cells were seeded at clonal cell density in LIF in the absence of MED2 with and

without bFGF (lOng/ml) (2.3.21). Cultures were stained for alkaline phosphatase after

5 days (2.3.24) and the proportion of ES cell colonies (ES), X cell colonies (X), semi-

differentiated colonies (SD) and differentiated colonies (D) was determined as

previously described (Fig. 3.a). Results were derived from the analysis of four

duplicate wells and are tabulated in A and represented graphically in B.
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differentiated colonies appeared to be at similar levels while the proportion of

undifferentiated X cell colonies had increased from IOVI to 27 Vo .

lOng/ml bFGF lowered the frequency with which X cells reverted to ES cells.

This implies that bFGF has an effect on X cells and indirectly supports a role for bFGF in

X cell differentiation. Basic FGF did not inhibit the reversion of all X cells. This is

consistent with its inability to cause the differentiation of all X cells (7.2.1).

These observations suggest that bFGF can induce X cell differentiation. This effect

may or may not be direct. bFGF may also have a proliferative effect, whether this effect

is on X cells or cell type A or both has not been ascertained at this stage.

7.3. The Effect of Heparin on bFGF X Cell Differentiation

Basic FGF has a strong affinity for the glycosaminoglycan heparin, and this

property has facilitated its purification and characterisation (Godspodarowicz et aL 1984,

Shing et aI. 1984). The affinity of FGFs for their receptors, and therefore their effect on

cell processes, are often dependent on the presence of cell surface heparin sulphate

proteoglycans (HSPGs). These effects are therefore potentiated in the presence of

heparin (reviewed in Klagsbrun and Baird 199I, Yayon et al. 199I, Mason 1994).

Inhibitory effects for heparin on FGF function are not as well characterised as stimulatory

effects. However, heparin has been reported to inhibit the ability of bFGF to stimulate

the proliferation of vascular endothelial cells ¿i¿ vitro and to be a potent growth inhibitor of

smooth muscle cells (reviewed in Gospodarowisz et al. 1986, Gospodarowisz et aL

1987a,1987b).

In section 7.2.1the effect of bFGF on X cell differentiation was described. While

dramatic effects on X cells differentiation were seen, undifferentiated X cell colonies were

present at low levels in treated cultures. The ability of heparin to potentiate the effect of

bFGF on X cell differentiation was examined.

Xp0+ cells were seeded at clonal cell density into 50Vo MED2 containing LIF with

and without bFGF, in the presence and absence of heparin (lOpg/ml). The assay was

cultured for 5 days and stained for the presence of alkaline phosphatase activity. The

colony types were determined as previously described and are presented in Figure 7.6.

Rather than potentiating the effect of bFGF on X cell differentiation, heparin appeared to



FIGURE 7.6 The effect of heparin addition on the differentiation of X

cells with bFGF.

XpO+ cells were seeded at clonal cell density into MED2 and LIF, with and without

bFGF(1Ong/ml), in the presence and absence of heparin (lOpg/ml) (2.3.21). Cultures

were stained for alkaline phosphatase activity at day 5 (2.3.24) and the proportion of ES

cell colonies (ES), X cell colonies (X), semi-differentiated colonies (SD) and

differentiated colonies (D) was determined as previously described (Fig. 3.4). Results

were derived from the analysis of four duplicate wells and results are tabulated in A and

represented graphically in B.
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impede its effect. When X cells were cultured in the presence of bFGF with heparin a

higher proportion of undifferentiated X cell colonies (32Vo) could be distinguished

compared to X cells cultured in bFGF without heparin (l2%o).Interestingly, heparin

resulted in a small yet significant decrease in the level of differentiation observed in

untreated X cell cultures. Thus it appears that heparin can also inhibit the action of other

factors which induce background differentiation in X cells cultures.

Heparin has also been shown to have an inhibitory effect on mesoderm induction in

Xenopus (Mitani et al. 1989, Johnson et ql. 1992, Cardellini et al. 1994) and has been

specifically shown to inhibit mesoderm induction by bFGF (Slack et al. 1987). However

the mechanism by which heparin exerts an inhibitory effect on this process remains

unclear.

7.4 Thie Effect of Other Members of the FGF Family on the Differentiation

of X Cells

The ability of other members of the FGF family to induce X cell differentiation in a

manner analogous to bFGF was investigated. Of particular interest was the effect of

FGF-5 on X cell differentiation, since X cells express FGF-S themselves (4.2.2).

Furthermore, there appears to be a correlation between the level of FGF-5 expression and

the level of differentiation observed in passaged X cells (4.2.I,5.2,5.3). The effect of

iru¡nan reconrbinant FGF-5, acidic FGF (aFGF, FGF-I) and FGF-4 on X cell

differentiation w as investigated.

XpO+ cells were seeded at clonal cell density in 50Vo MED2 and LIF with

increasing concentrations of FGF-5 (0.1 to 500ng/ml), aFGF, bFGF and FGF-4 (0.1 to

100ng/ml). Assays were stained at five days for alkaline phosphatase activity and colony

types were determined as previously described. Results are presented in Figure 7.7.

Maximal differentiation of X cells was achieved with concentrations of bFGF equal

to or greater than l0ng/ml and was characterised by the generation of high levels of cell

type A (Figure 7.1). Acidic FGF and FGF-4, although less potent than bFGF in this

assay, were also able to induce the differentiation of X cells to cell type A. FGF-5 had no

effect on the differentiation of X cells at any concentration examined. Swiss 3T3

fibroblast proliferation assays (2.3.23) indicated that maximal proliferation of fibroblasts



FIGURE 7.7 The effect of aFGF, FGF'4 and FGF's on the

differentiation of X cells:- a comparison with bFGF.

XpO+ cells were seeded at clonal cell density in MED2 and LIF in the presence of

increasing concentrations of aFGF, bFGF, FGF-4 and FGF-5 (2.3.21). After 5 days

assays were stained for alkaline phosphatase activity (2.3.24) and the proportion of ES

cell colonies (ES), X cell colonies (X), semi-differentiated colonies (SD) and

differentiated colonies (D) was determined as previously described (Fig. 3.4). Results

were derived from the analysis of four duplicate wells and results obtained for bFGF,

aFGF, FGF-4 and FGF-5 are represented graphically in A, B, C and D respectively.
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was obtained using a concentration of FGF-5 at 500ng/ml in the presence of 10pg/ml

Heparin (data not shown). Addition of heparin at any concentration including 500ng/ml

had no effect on the differentiation of X cells in response to FGF-5 (data not shown)'

Results of this experiment demonstrate that aFGF, bFGF and FGF-4, but not

FGF-j, are able to induce X cell differentiation to cell type A. The effects of the different

FGFs on X cell differentiation are likely to be mediated at the level of the receptor.

The FGF receptor family constitutes a complex system and four high affinity FGF

receptors have been identified. Alternative isoforms of receptors are produced by

alternative exon usage. Different FGFs have been shown to have different affinities for

the four receptors as well as their different isoforms (Mansukan\ et al. l992,Wang et al.

1994, Clements et al. 1992). The presence or absence of HSPGs further complicates

receptor binding by different members of the FGF family (reviewed in Klagsbrun and

Baird 1991, Mason 1994). While X cells have been shown to express FGFR-I (Bettess

1993), the exact isoforms of FGFR-I have not been determined. In addition the

expression of the other FGF receptors has not been fully assessed. Therefore the receptor

or receptors responsible for the different activities of the FGF members can not yet be

determined.

7.5 Activin A Induces the Differentiation of X Cells

Activins are members of the TGFB family and function as dimers of two p-

subunits of which there are two forms BA and BB. Three types of activin have been

isolated, activin A (PABA), activin B (PBBB) and activin AB (BAPB) (Ling et al, 1988,

Yale et aL 1990). Activins interact with two classes of serine/threonine kinase membrane

receptors, Type I and Type II, which are distinguishable by their binding properties

(Attisano et al. 1993, ten Dijke et al. 1994). Activin subunits and receptors are expressed

throughout murine embryogenesis and are present during gastrulation where they may

play a role in mesoderm induction (Albano et al. 1993, 7994, Manova et aI. 1994,

Verscheueren et al. 1995). Xenopus transplantation and animal cap induction studies

indicate that activin A induces the formation of dorsal mesoderm, including notochord and

neural inducing tissue (for reviews see Slack 1990, Ruiz i Altaba and Melton,1990,

Cooke 1991 and Sive 1993).
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7.5.1 Activin A Induces the Differentiation of X Cells but not ES Cells

ES and XpO+ cells were seeded at clonal cell density into medium containing LF

and 507o MED2 + LIF, respectively. Activin A activity in Xenopus mesoderm induction

studies has been reported from concentrations as low as 0.2 ng/ml to those as high as

100ng/ml (Green et al. I99O. Slack 1990, Asashima 1990). The cells were cultured in

the presence of increasing concentrations of recombinant human activin A (1ng/ml to

200ng/ml).

Activin A had no effect on ES cell differentiation at any concentration examined.

However addition of activin A to X cells induced their differentiation. Differences

between treated and untreated X cell cultures could be seen as early as two days and

became obvious at three days (Figure 7.8). After five days the majority of colonies in

activin A-treated wells had the colony morphology shown in Figure 7.9. Differentiation

with activin A was characterised by the appearance of a fibroblastic cell type which did

not stain with alkaline phosphatase. This cell type exhibited a cellular morphology which

was different from cell type A observed in bFGF-treated cultures (Figure 7.1) and has

therefore been denoted cell type B. Cell type B was not observed in untreated cultures.

Assays were stained for alkaline phosphatase activity and the percentage of ES, X,

semi-differentiated and fully differentiated colonies were determined as previously

described. Although differentiation of X cell cultures was seen at S0rrgr'ml activin A,

maximal differentiation was seen at 15Ong/ml. This contrasts with the low levels of

activin A required for mesoderm induction in Xenopzs (Slack 1990, Green et al. 1990).

The colony types associated with ES and X cells treated with 150ng/ml activin A are

presented in Figure 7.10.

Like bFGF, activin A had no effect on ES cell differentiation. This is consistent

with observations made by others (P.Rathjen, personal communication). However,

activin A had a dramatic effect on the differentiation of X cells. The percentage of

undifferentiated X cell colonies decreased from 52Vo in untreated cultures to 3Vo in activin

A-treated cultures. The level of semi-differentiated and fully differentiated colonies rose

from3gVo to 657o and from 9Vo to 3lVo, rcspectively. The dramatic decrease in the level

of undifferentiated X cell colonies and the generation of cell type B, which was not



FIGURE 7,8 Activin A induces the differentiation of X cells:'

morphology at day 3.

XpO+ cells were seeded at clonal cell density into MED2 and LIF with and without

activin A (150ng/ml). Differentiation of X cell colonies within activin A-treated cultures

was evident at day 3. The morphology of X cell colonies within untreated cultures is

shown in A. The morphology of X cell colonies in activin A-treated cultures is shown

in B.

Photographs were taken under phase contrast at a magnification of 50x
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FIGURE 7,9 Activin A induces the differentiation of X cells:-

morphology at day 5.

After 5 days X cells cultured in the presence of activin A exhibited a colony morphology

shown in A. Cultures were stained for alkaline phosphatase activity and counterstained

with haematoxylin (2.3.24). The colony morphology associated with activin A

treatment is clearly seen in B. Cellular morphology associated with the differentiated

cells within these colonies can clearly be seen in C. This cell type did not stain with

alkaline phosphatase and was designated cell type B.

Photographs A and C were taken at a magnification of 50x, B 25x, using phase contrast

optics.
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FIGURE 7.10 Activin A induces the differentiation of X cells, but not

ES cells:- colony analysis at day 5.

Xp0+ cells were seeded at clonal cell density in MED2 and LIF in the presence and

absence of activin A (150ng/ml). Cultures were stained for alkaline phosphatase activity

(2.3.24) and the proportion of ES cell colonies (ES), X cell colonies (X), semi-

differentiated colonies (SD) and differentiated colonies (D) was determined as

previously described (Fig. 3.a). Results were derived from the analysis of duplicate

wells, are tabulated in A and represented graphically in B.
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present in untreated cultures, upon activin A treatment suggested that activin A was

inducing the differentiation of X cells.

7.5.2 Comparison of bFGF-Induced and Activin A-Induced X Cell

Differentiation

Both activin A and bFGF induced the differentiation of X cells, however activin A

appeared to be more effective at inducing X cell differentiation than bFGF as assessed by

the level of undifferentiated X cell colonies (3Vo and 2l%o. respectively). At day 3 of

differentiation the colony morphology of X cells treated with bFGF and activin A

appeared similar (compare Figure 7.4 with 7.8). X cells within colonies treated with

these factors appeared migratory, with a spread morphology. After 5 days the majority of

colonies observed in bFGF-treated cultures contained cells with a compact fibroblastic

morphology, cell type A (Figure 7.1). Activin A-treated cultures had colonies which

contained cells which had a highly motile fibroblastic appearance, cell type B (Figure

7.9). Therefore activin A and bFGF directs the alternative differentiation of X cells to

morphologically different cell types. This is consistent with alternative cell types formed

upon bFGF and activin A treatment in Xenopøs mesoderm induction studies (7.2,7.5,

Sive 1993).

7.6 The Gene Expression Associated with X Cell Differentiation in

Response to Mesoderm Inducing Cytokines

A number of genes expressed stage and tissue specifically during gastrulation have

been identified. Of these, the transcription factors goosecoid and Brachyzry have been

examined extensively. The homeobox gene goosecoid was originally discovered in

Xenopus (Blumberg et aI. I99I) and subsequently the murine homologue was isolated

(Blum et al. 1992). Goosecoid expression is conserved stage and tissue specifically

between many vertebrate species including the mouse, chick, zebra fish and Xenopus

(DeRobertis et aL 1994). During murine embryogenesis goosecoid expression is

confined to the posterior region of the egg cylinder where the primitive streak forms.

Cells expressing goosecoidmove anteriorly, bråäiruïUJ-s€¿+o the node during

gastrulation (Blum et aI. 1992). Thus goosecoid is a marker of anterior dorsal mesoderm.
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Brachyur'), was originally identified as the gene mutated in the murine

developmental mutation, Z (Herrmann et al. 1990). Brachyury is required for mesoderm

formation during gastrulation (Wilkinson et al. 1990, Hemmann lggl,Beddington et al.

1992) and the expression pattern of Brachyury is highly conserved among vertebrates

(DeRobertis et aI. 1994). During murine embryogenesis Brachyrry expression begins at

gastrulation and is restricted to the primitive streak and mesodermal cells emergingform,
lr-trlb'r,j

the streak. At later stages of development expression is restricted to the notochord¡and

head process (Herrmann et al. 1990, Wilkinson et al, 1990). Brachyury is a marker of

posterior and ventral mesoderm.

V/hile both bFGF and activin A induce the formation of ventral mesoderm in

isolated Xenopus animal caps, only activin A induces dorsal mesoderm in isolated animal

caps (reviewed in Sive 1993). Consistent with this, both bFGF and activin A induce the

expression of Brachyury in Xenopzs animal cap assays (Smith et aI. l99l), while only

activin A induces goosecoid expression (Cho et al. 1992).

'When isolated egg cylinder stage mouse embryos were treated with activin A,

goosecoid expression was detected throughout the primitive ectoderm (Blum et aI. 1992).

This implies that an activin-like molecule can direct in vivo expression of goosecoid in

responsive cells during murine embryogenesis. Activin A and bFGF have been shown to

induce the expression of Brachyury in Pl9 EC cells (Vidricaire et aI. 1994).

7.6.L Gene Expression in bFGF-Treated X Cell Cultures

In situ hybridisation was used to examine the expression of goosecoid and

Brachyury in X cells cultured with and without bFGF. XpO+ cells were seeded at clonal

cell density into 5O7o MED2 and LIF with and without bFGF (l0ng/ml). At day 5 plates

were fixed and examined for the expression of goosecoid and Brachyøry using DIG

labelled antisense RNA probes.

Goosecoid expression could not be detected using this method. Brachyury

expression was detected in bFGF-treated cultures and the characteristic expression pattern

is shown in Figure 7 .Il. Brachyury expression could not be detected in undifferentiated

X cells nor in differentiated cells. Expression appeared to be confined to differentiating X

cells within semi-differentiated colonies. In vivo, Brachyury expression is confined to



FIGURE 7.tl a) and b) Gene expression associated with bFGF-induced

X cell differentiation:- Brachyary expression.

Photographs outlining Brachyury expression in bFGF-treated cultures are shown in a)

and b).

Basic FGF-treated and untreated cultures were fixed at day 5 and Brachyury expressron

analysed by in situ hybridisation (2.5.19). Brachy¿¿ry expression was detected in these

cultures using a 1.8kb DIG labelled antisense riboprobe (2.5.17). Plates were

developed for t hours before the colour reaction was stopped. Cells expressing

Brachyury were distinguished by purple staining.

Undifferentiated X cells are generally found within the centre of semi-differentiated

colonies, while differentiated cells are found around the outside. Brachyury expression

appeared to be confined to the differentiating cells within semi-differentiated colonies.

A schematic view of the colony photographed is depicted in A. Photographs in B and C

show Brachyøry expression within this colony. [ = undifferentiated X cells.

Photographs were taken under phase contrast (B) and bright field optics (C) at a

magnification of 50x.
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newly formed mesodermal derivatives emanating from the primitive streak and is down

regulated in these cells with subsequent differentiation. The Brachyury expression pattern

observed in bFGF-treated cultures appeared consistent with this, and suggests that bFGF

induces the differentiation of X cells to a mesodermal derivative via a Brachyury

expressing intermediate. While bFGF-induced differentiation of X cells was easily

observed by the formation of high and homogeneous levels of cell type A, Brachyury

expression was also detected in differentiating cells within semi-differentiated colonies in

untreated X cell cultures. This suggests that spontaneous differentiation of X cells in

culture also results in mesodermal derivatives and complicates the interpretation and

analysis of Brachyury expression specifically related to the presence of bFGF. This

complication \ryas resolved by comparing the level of Brachyury expression due to

background differentiation in control cultures with the level observed in bFGF-treated

cultures by Northern analysis.

The level of semi-differentiated colonies in treated cultures is l57o higher than the

level observed in untreated cultures (7.2.1). Therefore the level of Brachyury expression

in bFGF-treated cultures should be higher than the level in untreated cultures. XpO+ cells

were seeded at clonal cell density into replica 150mm tissue culture plates in 50VoMED2

with LIF with and without bFGF (lOng/ml). Cells in untreated and treated cultures were

harvested for RNA preparation at day 5. The level of Brachyury expression, compared

with mGAP, in untreated and treated X cell cultures was determined by Northern analysis

of total RNA. The results of this analysis are presented in Figure 7 .12. X cells treated

with bFGF exhibited higher levels of Brachyury expression than control cultures. The

level of Brachyury expression in bFGF+reated cultures correlated with the level of semi-

differentiated colonies observed in these cultures compared with control cultures. A

significant proportion of the colonies within bFGF cultures are fully differentiated (34Vo)

compared to untreated cultures (IÙVo). Therefore while the level of Brachyury expression

in bFGF-treated cultures is higher than the level in untreated cultures it does not reflect the

total level of differentiation which has occurred within the culture. Consistent with in situ

hybridisation analysis, goosecoid expression could not be detected by Northern analysis

of RNA derived from these cultures (data not shown).



FIGURE 7.12 Quantitation of the level of Brachyury expression within

bFGF-treated cultures.

RNA was harvested from X cells cultured at clonal cell density in MED2 and LIF with

and without bFGF (1Ong/ml) (2.5.10). The expression of Brachyury compared to a

6GAP loading control was analysed by Northern blot of total RNA. An antisense

riboprobe was used to detect Brachyury expression (2.5.15). The filter was washed in

2xSSC/O.17oSDS at 65oC, 0.2xSSC/0.17oSDS at 65oC and finally in

0.2xSSC/0.17oSDS at75oC. All washes were for a minimum duration of 30 minutes.

The filter was exposed to a phosphorimager screen for 20 hours (2.5.20). The filter

was subsequently stripped and reprobed with nGAP (2.5.14,2.5.16), exposure time

21 hours. The results of this analysis are presented in A.

The level of Brachyury and wGAP expression was quantitated by volume integration

(2.5.20). The level of Brachyury expression normalised to wGAP observed in treated

and untreated cultures is represented graphically in B.
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The nature of the differentiated cell type, cell type A, observed at high frequency in

bFGF-treated cultures, was examined by Northern blot and in situ analysis. Cell type A

did not express AFP,SPARC orHlg (data not shown), markers for extraembryonic

tissues (Dziadek and Adamson 1978, Dziadek and Andrews, 1983, Holland et al. 1987,

V/ilkinson et al. 1988, Poirier et aI. l99l)'

The homeobox gene, ,S8, is expressed predominantly in the mesenchyme of the

developing embryo from day J.5, and expression is confined to fibroblast-like cell lines

in vitro. S8 expression is found in mesodermal cells further away from the primitive

streak (Opstelten et aL I99I, DeJong and Meijlink, 1993). The expression of S8 in

bFGF-treated and untreated X cell cultures, was examined by Northern analysis. The

expression of 
^S8 

compared to amGAP loading control is shown in Figure 7.13.

,S8 expression could be detected at a higher level in treated cultures than in untreated

cultures. S8 expression was not detected at a significant level in RNA derived from ES

and XpO+ cells (data not shown). XpO+ cells are formed at high cell density and

represent a relatively uniform X cell population (3.6). This indicates that S8 expression is

confined to differentiated cells within treated and untreated cultures. The higher level of

^S8 
expression observed in treated cultures is consistent with the observation of cell type A

at higher levels in these cultures. Attempts to visualise S8 expression in cell type Aby in

situ hybridisation were unsuccessful. The expression of S8 at higher levels in bFGF-

treateri cultures is consistent with bFGF inducing the differeniiation of X cells to a

mesodermal derivative.

V/hile the interpretation and analysis of gene expression exhibited by bFGF{reated

cultures was complicated by the presence of background differentiation in control

cultures, several conclusions can be made. Firstly, bFGF does not induce the

differentiation of X cells into primitive endodermal derivatives as assessed by AFP,

SPARC and H19 expression. Secondly, the higher levels of Brachyury and S8

expression in bFGF-treated cultures indicate that bFGF induces the differentiation of X

cells to a mesodermal derivative. This mesodermal derivative also arises during

spontaneous differentiation in routine X cell culture, perhaps in response to low levels of

FGF in serum or MED2, Brachyury expressed in intermediate cells and S8 expressed in

terminally differentiated cells. Differentiation to mesoderm via intermediate cells that



FIGURE 7.13 Gene expression associated with bFGF-induced X cell

differentiation¡- S8 expression.

The expression of S8 compared to a nGAP loading control was analysed by Northern

blot of total RNA derived from bFGF-treated and untreated cultures. A DNA probe was

used to detect S8 expression (2.5.14). The filter was washed in 2xSSC/O.1%SDS,

0.2xSSC/0. l7oSDS at 42oC and finally in 0.2xSSC/0.17oSDS at 65oC. All washes

were for a minimum duration of 30 minutes. The filter v/as exposed to a

phosphorimager screen for 24 hours (2.5.20). The filter was subsequently stripped and

reprobed with wGAP (2.5.14,2.5.16), exposure time 22 hours. The results of this

analysis are presented in A.

The level of ,S8 and nGAP expression was quantitated by volume integration (2.5.20).

The level of S8 expression normalised to wGAP observed in bFGF-treated and

untreated cultures is represented graphicaliy in B.
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express Brachyury but not goosecoid is consistent with the expression of these genes

during mesoderm induction with bFGF inXenopus.

7.6.2 Gene Expression in Activin A-Treated X Cell Cultures

The expression of goosecoid and Brachyury in X cells cultured with and without

Activin A was analysed using ln situhybfidisation and compared with X cells treated with

bFGF. Xp0+ cells were seeded at clonal cell density into 50Vo MED2 and LIF with and

without activin A (150ng/ml) or bFGF (lOng/ml). At day 5 plates were fixed and

examined for the expression of goosecoid and Brachyury using DIG labelled antisense

riboprobes.

Brachyury expression could be detected in the differentiating X cells within semi-

differentiated colonies in all cultures. The quantity of semi-differentiated colonies in X

cells treated with activin A was higher than the level of these colonies in bFGF-treated

cultures (compare the Vo of semi-differentiated colonies shown in Figure 7.2 with that

shown in Figure 1.lO). Consistent with this 60Vo of the colonies in activin A-treated

cultures exhibited Brachyury expression compared with 43Vo of colonies in bFGF-treated

cultures.

Goosecoid expression was detected in activin A-treated cultures but could not be

detected in bFGF-treated and untreated cultures. Goosecold expression appeared to be

restricted tc X cells within the centre of differentiating colonies, whereas Brachyury

expression was restricted to differentiating cells between X cells and differentiated cells.

Photographs showing the expression pattern of Brachyury and goosecoid within activin

A-treated cultures are presented in Figure 7 .14 and Figure 7.15 respectively.

Treatment of murine embryos at 6.4 days of development with activin A leads to

ectopic expression of goosecoid throughout the primitive ectoderm. The expression of

goosecoid in X cells treated with activin A is therefore consistent with their proposed

relationship with primitive ectoderm. The results of these experiments are also consistent

with mesoderm induction experiments carried out in Xenopus which demonstrate

Brachyury expression in response to activin A and bFGF, and goosecoid expression in

response to activin A, but not bFGF. Similarly, Brachyury but not goosecoid was



FIGURE 7.14 Gene expression associated with activin A-induced

differentiation of X cells:- Brachyury expression.

Activin A-treated and untreated cultures were fixed at day 5. Brachyury expression

within these cultures was analysed by in situ hybridisation (2.5.19). Brachyury

expression was detected in these cultures using a l.8kb DIG labelled antisense

riboprobe (2.5.I7). Plates were developed for t hours before the colour reaction was

stopped. Cells expre ssing Brachyury were distinguished by purple staining.

Undifferentiated X cells are generally found within the centre of semi-differentiated

colonies, while differentiated cells are found around the outside. A schematic view of

the colony photographed is depicted in A. Brachyury expression within this colony is

shown in photograph B and appeared to be confined to the differentiating cells within

semi-differentiated colonies.

X = undifferentiated X cells

The photograph was taken under phase contrast at a magnification of 50x
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FIGURE 7.15 Gene expression associated with activin A-induced

differentiation of X cells:- goosecoíd expression.

Activin A-treated and untreated cultures were fixed at day 5. Goosecoid expression

within these cultures was analysed by in sifø hybridisation (2.5.19). Goosecoid

expression was detected using a 920bp DIG labelled antisense riboprobe. Plates were

developed for 14 hours before the colour reaction was stopped. Cells expressing

goosecoid were denoted by the presence of purple staining.

A schematic view of the colony photographed is depicted in A. Goosecold expression

within this colony is shown in photographs (8, C) and appeared to be confined to

undifferentiated X cells (X) within the centre of colonies.

Photographs were taken under phase contrast (A) and bright field optics (B) at a

magnification of 50x.
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expressed in X cell cultures treated with bFGF, while activin A-treated cultures expressed

both Brachyury and goosecoid.

The pattern of goosecoid and Brachyury expression observed in activin A-treated

cultures also correlates with the expression pattern of these genes during mesoderm

induction in vivo. Goosecoid is expressed in the primitive ectoderm where the primitive

streak will form, while Brachyury is expressed in the primitive streak and mesodermal

cells emanating from the streak. Similarly, goosecoid expression appears to be confined

to X cells, while Brachyury expression is confined to intermediate differentiating cells.

The similarities betw een in vivo and in vitro expression of these genes is an extremely

important result and requires confirmation before definitive conclusions can be made.

Complete analysis of the expression pattern of goosecoid, Brachyury and other marker

genes in activin A-treated cultures was prevented by an inability to acquire sufficient

quantities of activin A.

7.7 Discussion

Similarities in the fate maps and gene expression associated with murine and

Xenopus embryogenesis suggest that similar factors will regulate gastrulation. Mesoderm

induction studies in Xenopus implicate the involvement of FGF-type and activin-type

molecules in early developmental processes (Sive 1993). X cells have a gene expression

and morphoiogy consisteni with cells of the primitive ectoderm which is the substrate for

differentiation during gastrulation. This raised the possibility that X cells may

differentiate in response to bFGF and activin A.

X cells, but not ES cells, differentiate when treated with either activin A or bFGF.

This result defines a further difference between the developmental capacity of ES and X

cells. Basic FGF-treated cultures were characterised by a high level of differentiated cells

with a compact fibroblast morphology, cell type A. These cells were also observed at

lower levels in untreated X cell cultures where they arose through spontaneous

differentiation. Activin A-treated cultures were characterised by a highly motile

fibroblastic cell type, cell type B, which could not be detected in untreated cultures. Thus

bFGF and activin A induced the specific differentiation of X cells into alternative cell

types. The appearance of the different cell types in response to activin A and bFGF may
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be related to the expression of goosecoid and Brachyury in these cultures. Differentiating

X cells within cultures treated with either activin A or bFGF expressed Brachyury'

Goosecoidexpression was only detected in activin A-treated cultures, where expression

appeared to be confined to cells within the centre of semi-differentiated colonies. This

pattern of goosecoid and Brachyury expression is consistent both with events occurring

during mesoderm induction in Xenopus and with their patterns of expression during

murine embryogenesis. The results of this chapter therefore provide substantial

supporting evidence to the proposal that X cells represent the in vitro equivalent of

primitive ectoderm. The expression of genes expressed during mesoderm induction in

vivo, in response to mesoderm inducing cytokines in vitro, suggests that the ES/X cell

system may constitute a useful model for the analysis of mesoderm induction in vitro.

In previous chapters a two state model for X cell formation and maintenance was

proposed. The two state model is applied to bFGF-induced and activin A-induced X cell

differentiation in Figure 7.16. The gene expression alterations occurring as X cells are

cultured at clonal cell density have not been ascertained, it is therefore difficult predict the

proportion of cells in state I and2 at any given stage. The persistence of undifferentiated

X cells within bFGF{reated cultures suggests that bFGF may direct the differentiation of

cells in state 2 which are competent to respond to inductive signals, to cell type A. The

effect of bFGF on X cell reversion may also suggest an effect on X cells in state 1,

perhaps inducing their progression to state 2. The expression of goosecoid irt

undifferentiated X cells and the formation of cell type B in activin A-treated cultures

implies an affect on X cells in state I and state 2. V/hile activin A induces the expression

of goosecoid in cells in state 1 they may require progression to state 2 before

differentiating.

Late stage primitive ectoderm is the substrate for mesoderm induction in vitro. X

cells have a gene expression consistent with early primitive ectoderm. The ability of

bFGF and activin A to direct the differentiation of X cells into mesodermal derivatives in

vitro may suggest that factors directing mesoderm induction in vivo are not functionally

active and/or present until a later stage of embryogenesis.

While bFGF, aFGF and FGF-4 were able to induce X cell differentiation, FGF-5

had no effect on X cell differentiation. Given that X cells express FGF-5, the failure of



FIGURE 7.16 The two state model applied to bFGF-induced and activin

A-induced X cell differentiation.

Basic FGF induces the differentiation of X cells to cell type A via a Brachyury

expressing intermediate. Activin A induces the expression of goosecoid in X cells and

induces their differentiation to cell type B via a Brachyury expressing intermediate.

Activin A and bFGF may have an effect on X cells in state 1 and state 2. See text for

description (7.7).
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FGF-5 to induce X cell differentiation is consistent with it having an alternative role such

as the establishment of competence (5.4) rather than a direct effect on cell differentiation.

FGF-5 is expressed in cells of the primitive ectoderm at day 5.25, prior to the onset of

gasrrulation and overt differentiation (Haub and Goldfarb 1991, Hebert et al. l99l).

Thus it is unlikely to have a direct role in induction of cell differentiation. FGF-4 is

expressed in the primitive streak in the gastrulating embryo where it may have a role in

cell specification (Niswander and Martin 1993). Acidic FGF and basic FGF are

expressed during murine embryogenesis (Hebert et aI. 1990). However, their precise

expression patterns prior to and during gastrulation have not been determined.

FGF-3 and FGF-8 are also expressed in the newly migrating mesoderm emanating

from the primitive streak during gastrulation (V/ilkinson et al. 1988, Crossley and Martin

Igg4) and may play an important role in gastrulation. The effects of these factors on X

cell differentiation have not been established. FGFR-1 and 2 are expressed in the

primitive ectoderm of gastrulation stage embryos and are therefore potential mediators of

FGF signalling (Orr-Urtreger et aI. l99l). The role that these factors play during

gastrulation has been examined by gene targeting. The majority of investigations have

proved uninformative as functional inactivation of the relevant genes results in defects

either before (FGF-4) or well after gastrulation (FGF-3 and FGF-5) (Mansout et aI.

1993, Hebert et aI. 1994, Feldman et al. 1995). Targeted disruption of FGFR-1 indicates

that this gene is essential f'or embryonic growth an<i mesodermai organisation riuring

gastrulation but is not necessary for mesodermal differentiation (Deng et al. 1994,

Yamaguchi et aI. 1994).

The expression patterns of activin subunits and receptors in the murine embryo are

consistent with a role in mesoderm formation. Activin transcripts are expressed in the

uterine tissue surrounding embryos prior to and during gastrulation (Albano et aI. 1994)

and activin receptor type II and type IIB are expressed in the primitive ectoderm during

these stages (Manova et al. 1995). However functional inactivation of activin subunits

and activin receptor type II by gene targeting, have no effect on mesoderm formation ln

vrvo (Smith l995,Matzuk et al. I995a, Matzuk et al' I995b).

Many of the results obtained with gene targeting can be explained by genetic

redundancy. Multiple factors and receptors are expressed stage and tissue specifically and
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these factors, or other unidentified factors, may compensate for the loss of a given

activity. This together with the inaccessibility of the murine embryo at these early

developmental stages, makes the analysis of roles that particular factors play during

embryogenesis extremely difficult to dissect. The ES/X cell system may ultimately

constitute an in vitro system more accessible for defining the function of particular factors

and./or genes during primitive ectoderm formation and downstream differentiation events

associated with gastrulation. The power of being able to study differentiation in relatively

homogeneous cell populations in vitro underlies much of the progress in our

understanding of haemopoiesis. The sporadic differentiation of X cells under current

growth protocols complicates the analysis and interpretation of differentiation induced in

response to added factors. Current growth protocols employ 5O7o cond\tioned medium

and addition of LIF for maximal maintenance of X cells. This is not considered optimal

for several reasons, LIF has functions in cell differentiation apart from ES and X cell

maintenance, and has been reported to suppress mesodermal differentiation in vitro and in

uivo (Pruitt and Natoli 1992, Conquet et al. 1992, Vidricare et al. 1994), and regulate

neuronal differentiation (Murphy et al. 1994). Therefore the presence of LIF may

influence the outcome of differentiation induced by added factors. In addition, both

MED2 and serum are likely to contain factors which influence X cell differentiation.

The following observations suggest that greater X cell stability will be achieved.

Firstly, semi-purification of active fäctors contained within ll4EDZ inciicate that X ceiis are

more stable in the absence of contaminating factors (J. Washingon, unpublished

observations). Secondly, greater X cell stability has been observed when X cells are

cultured on collagen and laminin substrates (J. Rathjen, unpublished observations).

Finally, a chemically defined serum free medium has been developed to enable

assessment of the effect of cytokines on mesoderm induction in embryoid bodies

(Johansson and V/iles, 1995). Growth of X cells in similar medium may constitute a

better method for the analysis of X cell differentiation. The development of more stable X

cell culture conditions such that X cells can be maintained as relatively homogeneous cell

populations is of considerable importance for the use of this system to analyse mammalian

mesoderm induction.

-a
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CHAPTER EIGHT: REINTRODUCTION OF X CELLS INTO THE EARLY

MURINE EMBRYO

8.1 Introduction

The expression of biochemical markers, differentiation potential and morphology

exhibited by X cells are consistent with X cells being an in vitro analogue of the

pluripotential cells of the primitive ectoderm. If MED2 is removed and LIF is present X

cells revert to an ES cell phenotype. The gene expression and in vitro differentiation

properties of reverted X cells are similar to those possessed by ES cells (5.2, 6.5)'

Primordial germ cells (PGC) can be maintained in vitro by culture in the presence

of Steel factor and LIF. When bFGF is added to PGC culture conditions they revert to

ES-like cells termed EG cells (Matsui et al. 1992. Resnik et aI. t992). This experiment

led to the proposal that all pluripotential stem cells of the murine embryo will have a

similar potential for interconversion (Rossant 1993). This is consistent with the

properties of X cells.

An extremely important property of ES cells and EG cells is their ability to

participate in normal development when reintroduced into early murine blastocysts

(Bradley et aI. 1984, Stewart et al. 1994). ES cells are capable of contributing progeny to

all three germ layers of the embryo, including the germ line. Since reverted X cells have

rr :l, l- rl- -t Á^^-. 
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contribution. Indeed as pluripotential cells, X cells themselves might possess a capacity

for tissue contribution. Analysis of the ability of X cells and reverted X cells to contribute

to murine tissues viø blastocyst injection would confirm their pluripotentiality and further

define their biological nature.

8.2 Contribution of X Cells and Reverted X Cells to Murine Embryos

The ES cell line E14 was chosen for analysis in blastocyst injection experiments.

This cell line contributes to all tissues of the mouse at high frequency when reinjected into

murine blastocysts. Like D3 and MBL5, El4 ES cells convert to X cells when cultured in

the presence of MED2 (J. Rathjen, unpublished results). Similarly, X cells derived from

E14 ES cells reverted to ES cells when cultured in the presence of LIF, in the absence of
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MED2 (J.Rathjen, unpublished observations). The profile of neuron and beating muscle

formation in embryoid bodies derived from E14 ES, E14 Xp0+ and E14 XpO- was

consistent with that previously described for D3 ES and X cells (data not shown).

Furthermore, X cells derived from 814 ES cells differentiated similarly to D3 Xp0+ cells

in the presence of bFGF (data not shown).

It has been reasoned that if X cell cultures contain ES cells it must be at very low

levels since colonies with the morphology of ES cells are not observed (3.3). However

to minimise the possibility of residual ES cell contamination, X cells formed and passaged

in the absence of added LIF (Xp1-) and reverted derivatives of these cells (Xp1-R) were

chosen for analysis by blastocyst injection.

E14 ES cells were seeded at high cell density and uniformly converted to X cells by

culture in MED2 in the absence of added LIF (XpO-) (2.3.9). These cells were passaged

in MED2 for a further 2 days (Xp1-) and prepared for blastocyst injection (2.3.21). Xp1-

cells were also reverted to ES cells by culture in the presence of LIF in the absence of

MED2 (2.3.10), cultured/passaged in the presence of LIF for a period of six days and

prepared for blastocyst injection (2.3.27). All cells prepared for injection were optimal as

assessed by morphology (Figure 8.1). Xp1- cultures appeared highly uniform, ES cell

colonies were not observed and levels of differentiation were low. Xp1-R cultures

contained uniform ES cell colonies.

Blastocyst injections were carrietl out in coilaboration with Anita Peura and Steven

Macllfatrick (Bresatec, Adelaide) (2.3.27). Xp1- and Xp1-R cells were injected into

CBA/C57F2 blastocysts which were then transferred to pseudo-pregnant foster mothers.

Ten mice were derived from blastocysts injected with Xp1- cells and ten mice were

derived from blastocysts injected with Xp1-R cells. E14 ES cells are derived from
{r i &*

I49lfi mice. While ES cell contribution can be definitively identified by the presence of

chinchilla, contribution can not be assessed based on the presence of agouti unless the

host blastocyst injected is black (Silvers 1979, Bultman et al. 1992). While low level

contribution based on coat colour chimerism could be seen inll7O mice derived from

blastocysts injected with Xp1-R cells, 0/10 mice derived from blastocysts injected with

Xp1- cells exhibited coat colour chimerism (Figure 8.3).



FIGURE 8.1 The morphology of X cells and reverted X cells injected

into murine blastocysts.

Xp1- cells and reverted X cells (Xp1-R), prepared for blastocyst injection are shown in

A and B, respectively.

Photographs were taken at a magnification of 50x using phase contrast microscopy
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The ubiquitously expressed enzyme glucose phosphate isomerase is a biochemical

marker which is commonly used to assess chimerism. GPI exists in three..:Ì_",:y1it {11: ,,,,

Ia, Ib and a relatively rare form Ic (Bladley] 19ql) E14 ES cells are Cr.P)-+aP while

CBA/C57F2 host embryos ur" Cþt tbIb. îhe contribution of pluripotential cells to

chimeric mice can therefore be observed by the presence of GVt;'â'in a GPI 16'

background.

Tail blood taken from progeny mice was analysed for GPI content (Figure 8.2). Of

the mice derived from injection of blastocysts with reverted X cells, 4/10 exhibited

contribution to blood. Contribution to blood could not be detected in any of the mice

derived from the injection of blastocysts with X cells.

The results of chimeric analysis are summarised in Figure 8.3. 10 mice were

derived from blastocysts injected with X cells cultured in the presence of MED2 and the

absence of LIF for 4 days. Contribution from X cells to differentiated tissues was unable

to be detected in at least two different tissue compartments, the skin as observed by coat

colour and the blood as detected by GPI analysis. Of 10 mice derived from blastocysts

injected with X cells which had been reverted to ES cells, in the presence of LIF, 7/10

showed contribution to blood and/or skin tissue compartments.

The results of this experiment indicate that X cells can contribute to murine tissues,

including blood and skin, provided they have been reverted to ES cells prior to blastocyst

r, ¡! 1r, - rlff------ -- t^ V ^^tl^ ^-l nõ ^^ll^/-^-,^-¿^l VlnJecuon. Ingse results colltillIt ulc uillcrcilu9 uç[wççu -^. ucils allL.t |jù r-çllù/levúrr"çL¡-1\

cells deduced from in vitro analysis of phenotype, gene expression and differentiation

potential. Secondly, they suggest that X cell populations formed by conversion of ES

cells in vitro do not contain high levels of residual ES cells, since contribution to

differentiated tissues from X cells was not seen. Finally, they support the proposal that X

cells represent an alternative pluripotential cell population which is capable of tissue

contribution.

Complete and accurate interpretation of this experiment is hampered by several

limitations. In this experiment only low levels of contribution (5-l5Vo) were observed in

chimeric mice. Typically levels greater than 5OVo are observed and are considered optimal

for germ line transmission. Mice were derived from only a limited number of injected

blastocysts, which suggests that technical limitations associated with injection may



FIGURE 8.2 Blood GPI analysis of mice derived from blastocyst

injections.

Tail blood derived from progeny mice was analysed for GPI isoenzyme content

(2.3.27). Lanes l-10 correspond to mice derived from blastocysts injected with Xpl-

cells and lanes 11-20 correspond to mice derived from blastocysts injected with Xpl-R

cells.
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FIGURE 8.3 Levels of chimerism observed as assessed by coat colour

and blood GPI content in mice derived from blastocysts injected with

Xpl- and Xpl-R cells.

Mice numbered 1-10 and 11-20 correspond to those derived from blastocysts injected

with Xpl- cells and Xpl-R cells respectively. The percentage of agouti, chinchilla and

black coat colouring as well as blood GPIa content is shown for each mouse.
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explain the low levels of chimerism. A positive ES cell control was not included in these

experiments. Therefore it is not possible to determine whether the absence and low level

of chimerism seen with Xp1- cells and reverted X cells, respectivelY, were products of

these technical limitations or cellular phenotype.

8.3 Contribution of Reverted XBL7 Cells to Murine Embryos

XB17 cells are a clonal X cell line originally isolated from Day 6 D3 embryoid

bodies in the presence of MED2 and LIF (4.4.1, J. Rathjen and J.Washington,

unpublished results). ES cells were not isolated from the same embryoid bodies in the

presence of LIF. Therefore XB 17 cells originate from an X cell and not an ES cell. Use

of this cell line in blastocyst injection experiments allows the possibility of contaminating

ES cells to be excluded. XB17 cells have a morphology and gene expression profile

similar to X cells derived from ES cells, and exhibit the capacity to revert to ES cells

when cultured in the presence of LIF, in the absence of MED2 (5.2). Furthermore,

XB17 cells are able to form embryoid bodies and are able to differentiate in response to

bFGF and activin A in a similar manner to X cells (data not shown)'

XB17 cells were passaged in the presence of MED2 and LIF (2.3.11) and at

passage 20 cells were prepared for blastocyst injection (2.3.27). Passage 20 cells were

also reverted to ES cells by culture in the presence of LIF in the absence of MED2

,t 1l Tn f^-- C^--,- 
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for blastocyst injection. All cells prepared for injection were optimal as assessed by

morphology (Figure 8.4).

XBlTp2O and XB17Rp4 cells were injected into CBA/C51F2 blastocysts which

were then transferred to pseudo-pregnant foster mothers (2.3.27). Mice were not derived

from blastocysts injected with XB17p20 cells. This is likely to be the result of sub-

optimal injection and husbandry conditions rather than a direct effect of the cells (8.2).

Four mice were derived from blastocysts injected with reverted XB17 cells. Low level

contribution could be assessed by the presence of 5Vo agouti coat colour in one mouse

(Figure 8.5).

V/hile the ability of XB17 cells to contribute to murine tissues could not be

assessed in this experiment, it is considered unlikely in view of the inability of Xpl- cells



FIGURB 8.4 The morphology of XB17 cells and reverted XBL7 cells

injected into murine blastocysts.

XB|T and reverted XB17 cells prepared for blastocyst injection are shown in A and B

respectively.

Photographs were taken at a magnification of 50x using phase contrast microscopy.
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FIGURE 8.5 Levets of chimerism observed as assessed by coat colour in

mice derived from blastocysts injected with reverted XB17 cells.

Four mice were derived from blastocysts injected with reverted XBlT cells. The

percentage of agouti, chinchilla and black coat colouring observed, is shown for each

mouse.
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to contribute (8.2). The contribution of reverted XB17 cells to chimeric mice is extremely

significant and a rather impressive result given the origin, manipulation, extended passage

and cultures conditions associated with these cells. XB cells were derived clonally from

embryoid bodies in the absence of ES cells, therefore any contribution is attributable to

reverted cells derived directly from XB 17 cells rather than contaminating ES cells. This

result directly demonstrates the pluripotential nature of X cells and further defines their

use as an alternative pluripotential cell population capable of tissue contribution'

8.4 Discussion

The results of experiments presented in this chapter indicate that X cells can

contribute to murine tissues, including blood and skin, even after extended passage ln

vitro. Contribution appears to require reversion of X cells to ES cells by culture in LIF

prior to blastocyst injection. These results demonstrate that X cells and XB cells are

pluripotent and provides further evidence discriminating ES cells from X cells. The

inability of X cells to contribute directly to murine tissues may be due to their altered cell

adhesion properties and consequent inability to combine with the cells of the ICM.

Experiments are currently being repeated using EI4F,G'12a ES cells, which have

been shown to contribute to tissues of the mouse including the germ line at high levels in

our laboratory (L. Whyatt, unpublished observations). The ability of X cells derived

from these ES ceiis cuirured in both the presence and iire al¡sence of added LIF are being

assessed. In addition, a more extensive analysis of tissue contribution by XB cells is

underway. The results derived from these experiments will allow a more precise

interpretation of the ability of X cells versus ES and reverted X cells to contribute to

murine tissues

The ability of X cells to contribute to chimeras has profound implications for

mammalian transgenesis which is currently limited by an inability to isolate embryonic

stem cells capable of germ line contribution from species other than the mouse and

Chinese hamster (Smith 1992). The conditioned medium MED2 converts ES cells to X

cells and allows isolation of X cells from embryoid bodies, Experimental evidence

presented in this thesis suggests that X cells are the in vitro equivalent of the primitive

ectoderm of the murine embryo. Preliminary evidence suggests that MED2 can maintain
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embryonic primitive ectoderm in vitro (9.7) (J. Rathjen, unpublished observations).

Distinct from the inner cell mass and primordial germ cells, the primitive ectoderm

represents an alternative pluripotential stem cell population within the murine embryo, and

may represent an alternative target tissue for the isolation of pluripotential stem cells from

mammalian embryos. Pluripotential stem cell lines isolated in this way must be capable of

germ line contribution. Further experiments will demonstrate the feasibility of using X

cells as an alternative source of pluripotential cells capable of germ line contribution.

Furthermore, they will give an insight into the methodology that will ultimately be

required for the successful integration of cells of the primitive ectoderm into the inner cell

mass of murine embryos. The establishment of any alternative method for pluripotential

stem cell isolation in mice should have direct application in the isolation of pluripotential

stem cells from other mammalian species.
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CHAPTER NINE: FINAL DISCUSSION

9.1 The Embryological Equivalent of X cells

Mammalian development requires the coordinated differentiation of pluripotential

embryonic stem cells. Access to homogeneous populations of embryonic stem cells in

vitro potentially gives rise to an invaluable system for the analysis of factors which

control stem cell proliferation, maintenance and differentiation during embryogenesis.

While biological factors capable of ES cell maintenance have been identified, biological

factors involved in the specific differentiation of ES cells have remained elusive.

Identification of a conditioned medium (MED2) which induced the specific and uniform

differentiation of ES cells therefore represented an important discovery. Culture of ES

cells in MED2 in either the presence or absence of exogenous LIF caused their uniform

differentiation to a morphologically distinct cell type, termed X cells (1.8). The overall

aim of the work presented in this thesis was to characterise X cells and to define their

embryonic equivalent. The approaches employed involved extensive analysis of X cell

gene expression and differentiation potential.

9.2 X Cell Gene Expression is Consistent with the Early Primitive

Ectoderm

- -1,- ,-- -^- l^,----^l ^^ll ¿- --2^2+2-,^
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endodermal cell type based on the lack of expression of marker genes specific for these

cell populations in vivo. Expression of Oct-4, alkaline phosphatase and SSEA-1 confined

the embryonic equivalent of X cells to a pluripotential cell population in the murine

embryo. The expression of uvomorulin in X cells restricted the pluripotential cell

equivalent to either the inner cell mass, primitive ectoderm or an unidentified pluripotential

cell population within the embryo. Marker genes which discriminate between these

alternatives included FGF-ï, Rex-I and Gbx-2. Rex-l and Gbx-2 expression are

expressed by cells of the inner cell mass and absent in primitive ectoderm at day 6.0 of

embryonic development (Rogers et al. 1991, G. Chapman, J. Rathjen, unpublished

observation s). FGF-5 is not detected in the inner cell mass at day 3.25 but is detected in

the primitive ectoderm at day 5.25 (Haub and Goldfarb, 1991). X cells exhibited higher

'a
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levels of FGF-5 expression and lower levels of Gbx-2 and Rex-I expression than ES

cells. This implied that X cells correspond to the early primitive ectoderm, consistent

with cytokeratin expression, cell morphology and cell cycle time (1.8.3).

Precise gene expression alterations occuning during the inner cell mass to primitive

ectoderm transition in vivo have not been fully characterised. The exact onset of FGF-ï

expression and down regulation of Gbx-2 and Rex-I expression within these tissues has

not been determined. Thorough analysis of the expression of these genes will more fully

define this transition in vivo and the exact stage of pluripotential cell development to

which X cells correspond.

9.3 X Celt Differentiation Capacity is Consistent with the Barly Primitive

Ectoderm.

The developmental fates of the ICM and primitive ectoderm within the embryo are

different. A relationship between X cells and the primitive ectoderm implies an alteration

in the developmental capacity of X cells compared to ES cells. In particular it might be

expected that X cells would exhibit a lower capacity to form primitive endoderm, a higher

capacity to generate late stage primitive ectoderm and derivatives, and respond to

mesoderm inducing cytokines.

9.3.i Differentiation of X Cells in Response to Retinoic Acid

X cells differentiated by aggregation in the presence of RA exhibited a higher

capacity to form fibroblasts, a mesodermally-derived cell type, and a lower capacity to for

primitive endodermal derivatives than ES cells differentiated under identical conditions.

This correlates well with the proposed relationship of ES cells to the inner cell mass and

X cells to the early primitive ectoderm.

9.3.2 Differentiation of X Cells as Embryoid Bodies

The pluripotential nature of X cells was confirmed by their ability to differentiate as

embryoid bodies. X cells could be distinguished from ES cells during embryoid body

differentiation in a several ways. Analysis of marker gene expression indicated that X

cells formed late stage primitive ectoderm and mesodermal derivatives earlier and at higher
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levels than ES cells. This observation was consistent with the gene expression of X cells

and supports the proposed relationship between X cells and the early primitive ectoderm.

ES cell embryoid bodies were distinguished by a higher potential to form neurons

than X cell embryoid bodies. High levels of neurons were however observed in X cell

aggregates differentiated in the presence of RA. This suggested that the lack of neuron

formation in X cell embryoid bodies was due to the absence or presence of an earlier cell

type or regulatory factor rather than an inherent property of X cells.

The presence of an outer cellular layer reminiscent of primitive endoderm in ES cell

embryoid bodies but not X cell embryoid bodies at day 4 of development, coupled with

the observation of a visceral endoderm-like cell type in ES cell and not X cell seeded

embryoid bodies, suggested that X cells might be deficient in primitive endoderm

formation during embryoid body differentiation. This could not be demonstrated using

available gene expression markers. 'While the embryonic ICM and primitive ectoderm are

distinguished by the inability of the latter to give rise to primitive endoderm in vivo, this

restriction in developmental capacity appears to be progressive (Smith 1992). Therefore

the ability of X cells to form primitive endoderm in vitro may reflect the true

developmental capacity of early primitive ectoderm in vivo. Alternatively, the ability to

form primitive endoderrn may be related to the reversion capability of X cells.

9.3.3 Differentiation of X Cells in Response io lT{esoderm Inducing

Cytokines

The ability of X cells to differentiate in response to mesoderm inducing cytokines

including bFGF and activin A distinguished these cells from ES cells which failed to

respond to these cytokines in vitro. The morphology of the cell types produced and the

gene expression alterations were consistent with the formation of mesoderm. Activin A

and bFGF induced specific but alternative differentiation of X cells. bFGF-induced X

cell differentiation was characterised by expression of Brachyury,while activin A-induced

X cell differentiation was characterised by the expression of both Brachyury and

goosecoid. V/hile Brachyury expression was confined to a differentiating X cell

intermediate, goosecoid expression was confined to undifferentiated X cells within the

centre of colonies. The alternative expression of Brachyury and goosecoid in response to
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activin A and bFGF is consistent with their expression in response to these factors during

mesoderm induction in Xenopus. Furthermore, the pattern of Brachyury and goosecoid

expression observed in differentiating X cell cultures was consistent with the expression

patterns of these genes during gastrulation in vivo. Goosecoid is expressed in the

primitive ectoderm where the primitive streak will form while Brachyury expression is

Ít'ìo,-ì*",.' C.¡l\ì'-, \' 1,-'!l :-': !" ' ' ' :f,'1"Ï,

confined to,iearly mesodermal cells emanating from the streak during gastrulation. The

ability of X cells to differentiate in response to bFGF and activin A into early mesoderm is

consistent with their proposed relationship to the primitive ectoderm, and suggests that X

cells may comprise an invitro assay system for the identification and functional analysis

of inductive factors during gastrulation.

9.4 X Cells and In Vivo Differentiation Events

In vivo the term primitive ectoderm is applied to cells of the inner cell mass after the

formation of primitive endoderm (Rossant 19SS). It is not until the formation of the

proamniotic cavity that a morphological difference in the organisation of these

pluripotential cell populations becomes apparent. The gene expression associated with X

cells and related differentiation capacity suggest that the differentiation of the inner cell

mass to primitive ectoderm is a progressive differentiation event marked by subtle

alterations in gene expression and differentiation potential. The restrictions occurring in
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progressive and heterogeneous loss of developmental capacity (Smith 1992). The

formation of X cells from ES cells in vitro may therefore be informative about the nature

of the inner cell mass to primitive ectoderm transition in vivo.

9.5 X Cell Reversion

X cells exhibit the capacity to revert phenotypically to ES cells when cultured in

LIF in the absence of MED2. Gene expression analysis demonstrated that reverted X

cells exhibit similar gene expression to ES cells. Furthermore, analysis of the

differentiation potential of reverted X cells compared with their X cell counterparts

revealed that these cells behave as ES cells when differentiated as embryoid bodies, and in

contribution to murine tissues following blastocyst injection. Reverted X cells were also
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able to reconvert to X cells when cultured in MED2. Pluripotential stem cell

interconversion has also been demonstrated for primordial germ cells (PGC) (Matsú et al.

lgg2, Resnick et aL 1992). Culture of PGCs in the presence of LIF, Steel factor and

bFGF induces their reversion to ES cells. It has been predicted that cells of the primitive

ectoderm should also convert to a common ES cell intermediate (Rossant 1993). The

correlation between X cells and the cells of the primitive ectoderm and their ability to

revert to ES cells supports this proposal. Stem cell interconversion may underlie the

developmental lability associated with murine embryogenesis. The ability of

pluripotential stem cells to reprogram their fate during development may constitute a

method for ensuring developmental progression in adverse circumstances.

9.6 The Relationship Between X Cell Gene Expression and Differentiation

Capacity

Under current growth conditions LIF addition appears to be required for stable

maintenance of X cells in the undifferentiated state. This is not surprising given the

reversion capability of X cells and the requirement of LIF for maintenance of PGC and

ES cells in vitro (Matsui et al. 1991, Pesce et aI. 1993, Cheng et al. 1994, Smith et aI.

1988). Interestingly, correlations can be drawn between the presence of added LIF, gene

expression and differentiation capability. X cells formed at high cell density in the

presence oi MED2 anci LIF exhibit iower FGF-5 expression and higher R.ex-i expressiotr

than X cells formed in the presence of MED2 in the absence of added LIF. Consistent

with their gene expression and therefore a relationship to the primitive ectoderm, XpO+

cells exhibit differentiation capabilities intermediate to those exhibited by Xp0- and ES

cells.

As X cells are formed and passaged in IN{ED2, gene expression alterations

characteristic of an inner cell mass to primitive ectoderm transition occur. The presence of

LIF appears to impede this transition. This correlates with the observation that LIF

inhibits primitive ectoderm formation during embryoid body differentiation in vitro (Shen

and Leder 1992). X cells cultured in the absence of added LIF exhibit dramatic increases

inFGF-5 from passageOto2. This appears to correlate with the increased level of

differentiation observed in these cultures. Furthermore, passaged X cells exhibit
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reversion and differentiation capacities which appear to be dependent on their initial gene

expression, such that X cells with higher levels of FGF-5 and lower levels of Rex-I and

Gbx-2 exhibit higher levels of differentiation and lower levels of reversion. FGF-5 has

been proposed to confer differentiation competence in uncommitted embryonic cell

populations (Hebert et aL 1992, Conlon 1994). Consistent with this, FGF-5 itself does

not appear to induce X cell differentiation. FGF-5 expression at high levels in X cell

populations may therefore alter their competence to respond to other factors which induce

differentiation.

The gene expression of X cells after passage 2 appeared to undergo cyclic

alterations. While FGF-| increased and Rex-l decreased from p0 to p2, FGF-5

decreased and Rex-l increased after this stage, only to increase and decrease again.

Alterations in gene expression in X cells passaged in the presence of LIF appeared to

undergo cyclic alterations at a slower rate. To explain the reversion capacity,

differentiation capacity and cyclic alterations in gene expression a two state model for X

cell formation, maintenance and differentiation was proposed. This model proposed that

X cells could exist in two states related to gene expression. X cells in state 1 exhibited a

high capacity to revert and a lower capacity to differentiate, and a gene expression profile

characterised by lower FGF-í, higher Rex-l and Gbx-2. X cells in state 2 exhibited a

low capacity to revert and a high capacity to differentiate, and exhibited a gene expression

profiie characterise<i by higher FGF-5, iower R.ex-i arui Gbx-2.

While it is appreciated that current in vitro growth protocols may play a large part in

X cell stability and behaviour, a two state model may explain a progressive restriction of

developmental potential as the ICM forms the primitive ectodetm in vivo. Subtle

alterations in gene expression and therefore differentiation potential during this period

may explain much of the developmental lability associated with murine embryos in vivo.

9.7 The Primitive Ectoderm as an Alternative Target for Pluripotential Cell

Isolation

The isolation of clonal XB cell lines from embryoid bodies at stages of

development where primitive ectoderm is present (J. Rathjen, J. 'Washington,

unpublished observations), supports the postulated relationship between X cells and the
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primitive ectoderm. The demonstration that reverted XB cells can contribute to mouse

embryos upon blastocyst injection suggested that the primitive ectoderm within the murine

embryo itself would possess similar properties for isolation, reversion and embryonic

contribution. Preliminary experiments employing MED2to aid the isolation of primitive

ectoderm cells from day 5.5 murine embryos have supported this suggestion (J' Rathjen

unpublished observations). MED2 allows the proliferation of embryonic primitive

ectoderm cells in vitro. These cells revert to an ES cell phenotype when cultured in LIF

and have been maintained in this form for up to three weeks before rui¡..t to expression

analysis. The primitive ectoderm thus promises to constitute an alternative target tissue

for pluripotential stem cell isolation. Experimental evidence described in this thesis,

suggests that these cells will be capable of tissue contribution when recombined with

murine blastocysts.

The ability to investigate embryogenesis and generate transgenic animals in other

mammalian species has been hampered by the inability to isolate species specific stem

cells. The isolation of pluripotential cells from the primitive ectoderm may constitute an

alternative approach to the isolation of stem cells from species which do not give rise to

ES cells via traditional methods. Isolation of pluripotential stem cells from other

mammalian species, particularly from livestock and human, is of enormous intellectual,

medical and commercial importance.

9.8 X Cells and the Primitive Ectoderm

The work described in this thesis provides strong evidence that X cells represent

the in vitro eqrivalent of primitive ectoderm. The expression of over twenty different

marker genes for a variety of embryonic cell types is consistent with this identification. X

cells are pluripotent and distinct from ES cells, yet represent a natural ES cell

differentiation intermediate (4.3.1, Thomas 1994). Furthermore, X cells have a high

capacity to form late stage primitive ectoderm and mesodermal derivatives and are able to

differentiate in response to mesoderm inducing cytokines, expressing genes consistent

with early mesoderm formation in vivo. Finally, they exhibit differentiation and reversion

properties consistent with those predicted for the cells of the primitive ectoderm
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Work carried out concomitant with this research show that X cells can be isolated

from embryoid bodies at stages of development where primitive ectoderm is present (J.

Rathjen, J. V/ashington, unpublished observations). ES cells were not isolated from the

same embryoid bodies in the presence of LIF. XB cells exhibit a gene expression and

differentiation capability similar to X cells derived from ES cells. Furthermore, primitive

ectoderm cells of the murine embryo can be maintained in MED2 and subsequently

reverted to an ES cell phenotype (J. Rathjen, unpublished observations). Taken together,

these observations provide substantial evidence in favour of X cells representin g the in

vitro eqtivalent of primitive ectoderm.

9.9 Future Work

A requirement for future work is the development of more stable X cell culture

conditions. Conditioned medium is inherently depleted of nutrients and will contain

additional factors not involved in X cell formation or maintenance that may effect the

stability of X cells. The factors responsible for X cell formation and maintenance are

currently being purified. Identification and purification of these factors is therefore a pre-

requisite for the establishment of more stable X cell culture conditions. Preliminary

evidence also suggests that X cells are more stable when cultured on collagen IV,

fibronectin and laminin substrates (J. Rathjen, unpublished observations). Greater X cell

stability wiii aiiow the precise function oi LIF in X ceii ittaintenarrce io be established, and

should aid complete characterisation of bFGF-induced and activin A-induced X cell

differentiation. Establishment of stable X cell culture conditions is particularly important

for the successful use of X cells as an in vitro system for the identification and/or

functional analysis of factors and genes involved in murine development.

The ability to recreate the inner cell mass to primitive ectoderm transition in vitro

will enable molecular characterisation of factors involved in and genes expressed during

this stage of murine development in vivo. This system has already been used by

members of the laboratory for the identification of genes expressed specifically in the

inner cell mass and primitive ectoderm in vivo. Utilising differential display PCR, genes

with specific expression patterns in ES cells but not X cells and the converse have been

identified. Preliminarily characterisation of a gene specifically expressed in ES cells and
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not X cells in vitro has indicated that it is expressed in the inner cell mass but not the

primitive ectoderm of the murine embryo (T. Shultz, unpublished observations). This

supports the use of ESD( cells as an model system for the identification of factors and

genes involved in early murine embryogenesis.

The differentiation of ES cells to X cells is marked by an increase in FGF-5

expression and a decrease in Rex-l and Gbx-2 expression. While this alteration in gene

expression is consistent with the inner cell mass to primitive ectoderm transition, the

precise temporal and spatial expression patterns of these genes in vivo have not been

determined. Analysis of the expression of these genes via whole mount in situ

hybridisation in early murine embryos at successive stages of development will more

clearly define the position of X cells during primitive ectoderm formation and will be

informative of the inner cell mass to primitive ectoderm transition in general.

The differentiation capacity of X cells as embryoid bodies has been examined at a

very simplistic level. Further examination may identify additional differences between the

cell lineages generated by ES and X cell embryoid bodies, and may provide insights into

the underlying mechanisms of neuron and cardiac muscle formation. Differences in the

differentiation capabilities of ES and X cells may ultimately serve as a way to identify

genes or factors specifically involved in specific developmental events by function or

differential gene expression analysis. Furthermore, treatment of X cell embryoid bodies

with known cytokines may iea<i to the generation oi defined ceii lineages irt vilro. For

example, the propensity which X cells possess for mesoderm formation when combined

with haemopoietic regulators, may allow development of a system for the generation of

haemopoietic stem cell populations in vitro.

While X cell embryoid body differentiation may constitute a system for the isolation

of progenitor stem cells, it is a relatively complex and heterogeneous cell differentiation

system. Access to homogeneous X cell cultures which can be differentiated into specific

cell types in response to added factors is likely to constitute a far better system for

progenitor stem cell formation, characterisation and/or isolation. The ability to generate

precursor stem cell populations invitro is fundamental to the successful application of

gene therapy.
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The specific differentiation of X cells to mesodermal cell populations, in response

to mesoderm inducing cytokines, suggest that X cells will constitute an accessible invitro

system for the identification and/or functional analysis of factors and genes involved in

gastrulation. Assignment of function to genes during embryogenesis has been hampered

by genetic redundancy and embryonic complexity. The ability to investigate gene

function within the primitive ectoderm in vitro would therefore be extremely valuable.

In vitro culture systems have proved invaluable for the identification and isolation

of biological factors directing haemopoietic stem cell differentiation. By analogy, the

culture of murine embryonic stem cells in vitro,long promised to provide a powerful

system for the dissection of biological events occuning during mammalian development.

The ability to form primitive ectoderm from ES cells i¡¿ vitro represents a significant

advance in this direction. The primitive ectoderm responds to signals which direct

embryonic differentiation. Access to this cell type in vitro should not only allow the

identification of further developmental restrictions occurring during mammalian

development, it may allow defined cell lineages to be generated in vitro. V/ith the

identification of X cells as the in vitro equivalent of primitive ectoderm, the full potential

of ES cells as an in vitro assay system for analysis of mammalian development may at

last be realised.
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