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THESIS SUMMARY

The coordinated regulation of pluripotent cell development is critical for the generation

of extraembryonic tissues, the differentiated lineages of the embryo, and establishment of

the basic body plan during mouse embryogenesis. Accumulating evidence points to

considerable heterogeneity within the developing pluripotent cell pool. The generation of

specific markers will be critical for the identification and analysis of the implied pluripotent

cell subpopulations.

Mouse embryonic stem (ES) cells are a pluripotent cell type derived from the

blastocyst inner cell mass and provide a system to investigate pluripotent cell biology ln

vitro.ES cells develop to a distinct pluripotent cell type in vitro, termed X cells, in response

to MedII conditioned medium. Pluripotent cell types present during the development of ES

cells to X cells are a model for the inner cell mass to primitive ectoderm transition in vivo,

and a source of differentially expressed genes that could be exploited to identify

subpopulations of pluripotent cells during early embryogenesis.

The general aim of this thesis was to develop methods for the identification of markers

for pluripotent cell subpopulations in the developing mouse embryo.

A screen for ES cell markers was carried out, to identify transcripts that were

differentially expressed between ES cells and X cells, to define the embryological

equivalents of ES cells, and to investigate pluripotent cell heterogeneity during early

development. A modified differential display polymerase chain reaction (DDPCR) system

identified nine transcripts that were restricted to ES cells and early pluripotent cell types

within the ES to X cell transition. Of these, two novel cDNA markers, 403/360 (Icml) and

B04l4O0 (Pscl), were isolated and characterised.

DDpCR analysis identified two types of X cells, an "early" X cell that was closely

related to ES cells, and a "late" X cell type with distinctive gene expression. This analysis

demonstrated that multiple pluripotent cell subpopulations exist within the ES cell to X cell

transition
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In situhybridisation analysis demonstrated that 403/360 (IcmI) and 804/400 (Psc1)

exhibited distinct but overlapping expression profiles during early embryogenesis,

subdividing the pool of Oct-4+ pluripotent cells. Inner cell mass I (Icml, A03/360) was

expressed in pluripotent cells during preimplantation development, in the morula and inner

cell mass. Icml expression was downregulated during cellular differentiation to

trophectoderm and primitive endoderm and prior to the formation of primitive ectoderm.

Expression of lcml therefore identified a pluripotent cell sub-type present during

preimplantation development, suggesting potential roles of lcml during the differentiation of

trophectoderm and primitive endoderm, or in the maintenance of pluripotency in the inner

cell mass.

peri-implantation stem cell I (Pscl,804/400) was expressed in the late stage inner

cell mass, in inner cell mass derivatives during peri-implantation development, and in the

embryonic ectoderm prior to proamniotic cavitation . Pscl expression therefore identified a

pluripotent cell subpopulation present during peri-implantation development, suggesting

potential roles of pscl in the differentiation of primitive endoderm, proliferation of stem

cells, or proamniotic cavitation. Pscl was also expressed in the extraembryonic

ectoplacental cone, which indicated potential roles during early placental development.

Icml andPscl expression revealed the presence of overlapping subpopulations within

the pluripotent cell pool, which highlighted the complexity of pluripotent cell development

and regulation. The expression of Pscl refined the definition of the embryonic equivalents

of ES cells and "early" X cells as pluripotent cells present from approximately 4.0/4.5 days

post-coitum (d.p.c.) to 5.0 d.p.c. and the embryonic equivalents of "late" X cells as the

primitive ectoderm from approximately 5.25 d.p.c. This verified the in vitro model of

pluripotent cell development and demonstrated the potential of this system for the

identification of pluripotent cell subpopulations from the inner cell mass to the primitive

ectoderm stages of embryogenesis.

pscl was selected for additional analysis, and cDNA clones spanning a 3.5 kb Pscl

sequence were isolated. The 1005 residue Pscl open reading frame contained three regions

of similarity to the predicted C. elegans protein CLE80336.3 10 and one region to the
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human expressed sequence tag HFBDSO4, suggesting potential novel protein domains. The

presence of potential nuclear and subnuclear localisation sequences suggested that the Pscl

protein could be localised nuclear "speckle" regions, subnuclear domains that contain pre-

mRNA splicing machinery and splicing regulators.

RNase protection analysis demonstrated that Pscl was differentially regulated between

individual tissues at 16.5 d.p.c. and in the adult. High level Pscl expression was detected in

embryonic lung and brain, in adult lung, and in the placenta. This suggested that Pscl

activity could be a component of a recurring developmental function, required at multiple

sites during embryogenesis and in the adult, and confirmed a potential role for Pscl during

placental develoPment.

The approaches described in this thesis demonstrate the potential to identify and

characterise molecular heterogeneity within the developing pluripotent cell pool ln vivo, via

the controlled progression and analysis of pluripotent cells in vitro.
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CHAPTER 1

GENERAL INTRODUCTION

1.1 Development

1.1.1 The Study of Mammalian Development

The development of complex organisms from a fertilised egg has fascinated biologists

for centuries. Understanding of development has largely come from studies of invertebrates

such as Drosophila melanogaster and lower vertebrates such as Xenopus laevis, which are

amenable to genetic analysis and structural manipulation respectively. This has enabled the

investigation of developmental processes such as embryonic induction, organising centres,

cell fate decisions, differentiation and cell migration.

The study of mammalian development is particularly interesting, as we ourselves are

mammals and information gleaned from model organisms sheds light on human embryology.

This information also aids the understanding of the molecular basis of genetic and

developmental disease conditions, providing potential therapeutic approaches. Furthermore,

increased understanding of mammalian development may enable the development of useful

approaches to modify livestock or agricultural production.

The analysis of mammalian development has benefited extensively from the study of

lower organisms. However, early mammalian development is dependent on zygotic genome

activation, rather than maternal cytoplasmic contribution and development takes place within

the uterine environment. This demonstrates that fundamental developmental differences exist

in mammals that will not be resolved by the analysis of lower organisms alone.

1.1.2 The Mouse as a Model for Mammalian Development

The mouse is small, has large litters with a short gestation time and is easily maintained

in breeding colonies, factors that make the mouse a suitable model for the investigation of

mammalian development. The ability to inbreed Mus musculøs has led to the generation of

over 400 inbred strains for research (Festing 1992) and the identiflcation of at least 1000
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genes (Copeland et at. 1993). Furthermore, the morphological changes that occur throughout

murine embryogenesis have been thoroughly detailed by histological and electron microscopic

analysis (Kaufman lgg2). Finally, the capacity to culture and manipulate murine cells and

preimplantation embryos has enabled the isolation of pluripotent stem cell lines in vitro

(Evans and Kaufman 1981, Martin 1981). These cells are capable of contributing to

embryonic tissues when genetically altered and reintroduced into the preimplantation embryo,

and provide the opportunity to study gene function in a developmental context by gene

targeting (reviewed in Smith 1992). Pluripotent cell culture also enables the elucidation of

early embryonic signals and developmental gene function through the analysis of cellular

events such as proliferation and differentiation. These features make the mouse model a

powerful and effective system to analyse and decipher the molecular controls of mammalian

development.

Detailed reviews of murine development are described in Hogan et aI. 1994, Kaufman

1992, Rossant and Pedersen 1988. A summary of cell types and developmental lineages

formed during murine embryogenesis is shown in figure 1.1.

1.2 Preimplantation DeveloPment

1.2.1 Fertilisation and Cleavage Stage Development

The genesis of the embryonic mouse begins with fertilisation, the fusion of the oocyte

and sperm gametes. The fertilised oocyte subsequently initiates the second meiotic division

and nuclear membranes enclose the maternal and paternal haploid chromosomes. Following

DNA replication and migration of pronuclei towards the centre of the cell, the pronuclear

membranes break down and chromosomes align on the spindle, resulting in the first cleavage

di vis ion approxima tely 17 -20 hours post-in seminati on.

Rapid degradation of maternally loaded oocyte mRNA occurs during the two-cell stage,

being replaced by zygotic genome activation and transcription (Kidder l99Z,Latham et al.

1991). Transcriptional activation signals the transfer of developmental control to the

embryonic genome.

2



Figure 1.1 Summary of the Tissue Lineages of Murine Embryogenesis.

Darkly shaded boxes indicate tissues which will give rise to the embryo proper and

extraembryonic tissues. The open boxes indicate tissues of the embryo proper, while

lightly shaded boxes represent extraembryonic tissues.

Adapted from Hogan et aI. (1994).
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The embryonic blastomeres cleave again twice, approximately once every 20 hours,

resulting in the formation of an embryo with eight loosely associated cells' Individual

blastomeres are totipotent up to the early eight-cell stage, with normal development resulting

from single blastomeres of two- and four-cell stage embryos (reviewed in Pedersen 1988).

1.2.2 Compaction and Polarisation

As cleavage progresses beyond the 8-cell stage there is a restriction in blastomere

potential that results in the first embryonic differentiation event, the formation of

trophectoderm. Changes that result from the process of compaction, which begins at

approximately 60 hours post-fertilisation, are associated with trophectoderm differentiation.

The blastomeres of the 8-cell stage embryo flatten, reducing intercellular space and

maximising cell-cell contacts. Tight junctions form at outer surfaces (Fleming et al' 1992),

creating blastomere polarity, and an increase in cell-cell communication is mediated by the

establishment of gap junctions (Becker et aI. 1992). Blastomere polarisation generates distinct

apical and basolateral membrane, cytoskeletal and cytoplasmic domains.

Compaction therefore leads to a close association between blastomeres and ensures that

at the next cleavage, to the 16-cell morula, distinct internal and external cells are generated for

the first time. A cleavage plane horizontal to the axis of a polarised and compacted blastomere

results in apical (outer) and basal (inner) cells. Exclusive features of the polarised phenotype

are inherited by each daughter cell. Apical cells characteristically form the precursors of the

trophectodermal lineage whereas basal cells give rise to the inner cell mass (reviewed in

Gardner 1983, Pedersen 1988).

1.2.3 Blastulation and Implantation

Cells of the 16- and3}-cell morula that inherit the apical domain phenotype continue to

differentiate, forming a developmentally restricted functional epithelium, the trophectoderm.

By the late 32-cell stage the trophectoderm features a basement membrane, mature cell-cell

contacts and junctions, cytoplasmic reorganisation and membrane polarity (reviewed in

Fleming et at. 1992). The trophectoderm forms an impermeability barrier and is a precursor

of extraembryonic tissues, such as chorion and placenta. As trophectoderm differentiates
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there is a concurrent inter-cellular accumulation of fluid, creating the blastocoel. Blastocoel

cavitation is due to a passive flow of water, countering sodium influx generated by a Na+,

K+-ATpase present on the trophectoderm basal membrane (reviewed in Biggers et aI. 1988).

Some internal morula cells become precursors of the inner cell mass (ICM), a small

clump of 20-40 nonpolarised cells abutting the polar trophectoderm at one end of the

blastocoel. The ICM contains the pluripotent cells that give rise to the embryo proper and

becomes more prominent with the gradual expansion of the blastocoel.

At 4.0-4.5 days post-coitum (d.p.c.) the second differentiation event of murine

embryogenesis occurs. An epithelial layer of primitive endoderm cells differentiates from the

ICM cells that line the blastocoel. Primitive endoderm is restricted in developmental potential,

generating the extraembryonic parietal and visceral endoderm of the yolk sac (reviewed in

Gardner 1983).

Just prior to implantation, a mural trophectoderm protease and uterine enzymes digest

the zona pellucida, breaching the glycoprotein matrix. The blastocyst undergoes a series of

rhythmic contractions and hatches from the zona (Kaufman 1992). Hatched embryos enlarge

to a characteristic ovoid morphology, termed the fully expanded blastocyst. The ICM of the

fully expanded blastocyst has a flattened morphology and is termed the epiblast' The epiblast

has a reduced capacity to differentiate to primitive endoderm (Beddington 1983).

Murine preimplantation development, from the four cell stage to the fully expanded

blastocyst, is summarised in figure 1'2.

1.3 Peri-implantation Development

The surface of the uterine epithelium becomes receptive to implantation and at

approximately 4.5 d.p.c. the blastocyst attaches to the anti-mesometrial uterine wall, via the

mural trophectoderm. Blastocyst attachment is consolidated by the decidual reaction, the

stimulation of uterine stroma to deposit a spongy tissue mass around the embryo.

Implantation coincides with key developmental changes to cell types of the blastocyst

(Hogan et al. 1994). The epiblast, which consists of approximately 2O cells at implantation,

undergoes rapid proliferation and generates approximately 8000 epiblast cells by 7.5 d.p.c.

Mural trophectoderrn ceases cell division but continues DNA replication, generating primary



Figure 1.2 Murine Preimplantation Development.
(a-d) 4- to 8-cell stage embryos of pre- and early compaction stages. (a) 4-cell stage,

(b) 8-cell stage (very early compaction), (c-d) 8-cell embryos (early compaction).

(e-l) Progression of 8-cell embryo to blastocyst stage. (e) 8-cell embryo, (f) early

morula, (g) fully compacted morula, (h-k) early blastulation, (l) mid stage blastocyst.

(m-t) Blastocyst "hatching". (m o) gradual increase in blastocyst volume and thinning

of the zona pellucida, (p-s) breach in zona pellucida and escape of trophectoderm, (Ð fully
expanded blastocyst with spherical/ovoid form.
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division products of the second polar body

zona pellucida

nucleus of 8-cell stage embryo

perivitelline space

early morula stage embryo (indistinct blastomere boundaries)

fully compacted morula stage embryo

accumulation of blastocoelic fluid (early cavity formation)

inner cell mass

blastocoel

mural trophectoderm cell

inner cell mass

trophectoderm escaping through breach in zona pellucida

boundary of breach in zona pellucida

polar trophectoderm cell

fully expanded blastocyst

empty zona pellucida

Reproduced from Kaufman (1992)
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trophoblastic giant cells with polytene chromosomes. Polar trophectoderm proliferates

rapidly, migrating around the embryo and penetrating into the endometrium, eventually

forming the majority of the placenta. A projection of polar trophectoderm forces the epiblast

to protrude into the blastocoel. As the epiblast proliferates, primitive endoderm differentiates

to two distinct cell types. Firstly, endoderm that remains in contact with the epiblast and

extraembryonic ectoderm becomes organised into an epithelial layer of visceral endoderm.

Secondly, primitive endoderm cells that migrate onto the blastocoel surface of the

trophectoderm become parietal endoderm. By 5.0 d.p.c. the epiblast consists of a solid mass

of apolar pluripotent cells, the "epiblast bud", surrounded by a basement membrane and

visceral endoderm.

peri-implantation and early postimplantation stages of murine development are

summarised in figure 1.3.

1.4 Postimplantation Development

1.4.1 Proamniotic cavity and Primitive Ectoderm Formation

The process of proamniotic cavitation converts the solid bud of the 5.0 d'p.c. epiblast

to the primitive ectoderm, a pseudostratified columnar epithelium (Fig. 1.3). By 5.5 d.p.c. a

small central cavity caused by the programmed cell death of central epiblast cells has

occurred. At 6.0 d.p.c. cavitation has extended throughout the epiblast and extraembryonic

ectoderm and the pluripotent cells are organised into a cup-shaped epithelial monolayer of

primitive ectoderm.

A two step mechanism for proamniotic cavitation has been proposed by Coucouvanis

and Martin (1995). A temporal "death signal" expressed by visceral endoderm induces

apoptosis in epiblast cells. Survival of an outer monolayer of ectoderm is mediated by contact

with the basement membrane and an associated "survival signal".

There are several distinguishing features between the pluripotent cells of the ICM and

primitive ectoderm. Firstly, primitive ectoderm cells are polarised, with a subapical

concentration of cytokeratins (Jackson et aI. I98l) and a continuous basal lamina (Leivo et al.

1930) and secondly, the primitive ectoderm exhibits a higher rate of cell division than the



Figure 1.3 Peri-implantation and Early Postimplantation Murine
Development.
(A) Schematic representation of peri-implantation development, the upper row depicts

sagittal sections and the lower row depicts transverse sections through the planes indicated

by dotted lines. Pluripotent cells are shown in blue. (E 4.0) Blastocyst stage embryo prior

to implantation, containing an outer trophectodermal layer surrounding the fluid-filled
blastocoel and an inner cell mass (ICM). Primitive endoderm has formed by delamination

and differentiation of ICM cells facing the blastocoel. Some primitive endoderm cells

migrate away from the ICM and form the parietal endoderm. Primitive endoderm cells that

remain in contact with the ICM form the visceral endoderm. (E 5.0) The ICM (epiblast)

proliferates to form a solid embryonic ectodermal "bud", surrounded by visceral

endoderm. (E 6.0) The proamniotic cavity has formed and is lined by primitive endoderm.

(B) Sagittal section of a 4.5 d.p.c. implanting blastocyst

10. dilated blood vessel

I i. endometrial layer

12. inner cell mass

13. visceral endoderm

14. mural trophectoderm cells

15. blastocoel

(C) Sagittal section of a 5.0-5.5 d.p.c. embryo ("epiblast bud" stage)

ec. embryonic ectoderm

ex. extraembryonic ectoderm

pe. parietal endoderm

ve. visceral endoderm

(D) Sagittal section of a 5.5 d.p.c. embryo

1 l. ectoplacental cone

12. extraembryonicectoderm

13. visceral layer of extraembryonic endoderm

14. approximate line of demarcation between embryonic and extraembryonic

endoderm

15. proamniotic cavity

16. visceral layer of embryonic endoderm

ll . embryonic ectoderm cells (primitive ectoderm)

19. parietal layer of extraembryonic endoderm

20, Reichert'smembrane

(A) Reproduced from Coucouvanis and Martin (1995), (B) and (D) adapted from Kaufman

(1992), (C) reproduced from Hébert er aI. (1991).
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ICM (Snow lgTl).Thirdly, the ICM and primitive ectoderm exhibit distinct gene expressron

(1.s.2).

1.4.2 Gastrulation

Gastrulation is the process that transforms the cellular monolayer of primitive ectoderm

to a mul',ilayered embryo, establishing the basic foetal body plan. All the tissues of the

embryo proper are derived from the primitive ectoderm (Lawson et al. 1991, Tam and

Beddingto n 1992) through a series of complex events involving cellular migration,

proliferation, differentiation, pattern formation, apoptosis and organogenesis' The

gastrulation stages of murine postimplantation development are schematically represented in

figure 1.4.

At 6.5 d.p.c. the primitive streak forms at the posterior region of the embryo. Primitive

ectoderm within this region invaginates through the primitive streak, losing epithelial

phenotype and emerging as mesoderm, between the primitive ectoderm and visceral

endoderm layers. As gastrulation continues, the primitive streak elongates to the embryonic

distal tip and mesoderm migrates axially and laterally, reaching the anterior pole by 8.0 d.p.c.

Mesodermal derivatives exhibit regional morphological diversity and condense into

approximately 65 somite pairs and somitomeres along the anterior-posterior axis. Mesodermal

cell types form the precursors of vertebrae, ribs, dermis, kidney and muscle tissues in the

developing foetus.

Embryonic endoderm is also induced during gastrulation, emerging from anterior

regions of the streak and migrating anteriorly, displacing visceral endoderm. Embryonic

endoderm is the developmental primordium of gut, lung and liver tissues' Ectodermal cell

types are generated directly from embryonic ectodermal precursors, for example foetal skin

and nervous system.

1.4.3 Partitioning of the Primordial Germ Cell Lineage

The process of gastrulation depletes the embryo of all pluripotent cell types, except a

population of primordial germ cells (PGCs) which are partitioned from the posterior primitive

ectoderm atl.0 d.p.c. First detected in the extraembryonic mesoderm of the amniotic fold



Figure 1.4 The Gastrulation Stage of Murine Embryogenesis.
Schematic representation of murine development from 7.0 d.p.c. to 8.5 d.p.c.

(A) At 6.5-7 .0 d.p.c. the onset of gastrulation is marked by the formation of the primitive

streak, at the posterior end of the primitive ectoderm.

(B) The newly formed mesoderm moves proximally, anteriorly and laterally to generate a

distinct layer of embryonic mesoderm.

(C) By 8.5 d.p.c. a variety of differentiated tissues have formed along the embryonic
anterior-posterior axis, including somites, notochord, neural tissue, gut and heart

precursors.

Adapted from Hogan et al. (1986)
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(Ginsberg et al. l99o), a cluster of approxim ately 75 PGCs becomes incorporated into the

base of the allantois by 8.0 d.p.c. Subsequently, PGCs leave the allantois and migrate

through the gut endoderm, reaching the genital ridges by 11.0-11.5 d.p.c.Cell division

occurs every 16 hours during migration, resulting in approximately 25,000 PGCs colonising

each primordial gonad by 13 d.p.c. (Tam and Snow 1981). The proliferative activity of

pGCs is governed by the somatic microenvironment once the genital ridge has been

colonised. Female pGCs arrest in prophase of the first meiotic division once entering the

presumptive ovary, whereas male germ cells continue to divide in the developing testes until

mitotic arrest at 14 d.P.c.

1.5 Pluripotent cell Populations in Early Mouse Development

One of the characteristics of early mammalian development is the coordinated

maintenance, proliferation and differentiation of a population of undifferentiated pluripotent

stem cells, which forms the precursors of all embryonic tissues (Fig. 1-5).

The pluripotent cell pool is initially generated by cleavage divisions of a single

precursor cell, the fertilised egg. In the mouse, the first differentiation event occurs at the l6-

to 32- cell stage, where the undifferentiated pluripotent cells of the ICM, the founder cells of

the embryo proper, are partitioned from the trophectoderm. ICM cells that line the blastocoel

subsequently differentiate to primitive endoderm. The ICM of the fully expanded blastocyst

contracts and is termed the epiblast, and has a restricted capacity to differentiate to primitive

endoderm. Morphological and proliferative changes to the pluripotent epiblast accompany

implantation. The epiblast proliferates into a solid bud in the former blastocoel, and the

programmed cell death of central epiblast cells contributes to the formation of the proamniotic

cavity. These processes reorganise the epiblast into a cup shaped epithelial monolayer, the

pluripotent primitive ectoderm. The primitive ectoderm is the substrate for the inductive

signals of gastrulation, which begins with the formation of the primitive streak. The

ingression of primitive ectoderm cells through the primitive streak and the associated

morphogenic, migratory and developmental changes, generates the three primary germ layers

of the embryo. The pluripotent primordial germ cells are set aside during gastrulation and they

migrate to the presumptive gonad. Therefore, the coordinated regulation of pluripotent cell



TROPHECTODERM

PRIMITIVE
ENDODERM

MESODERM + Muscle, Dermis, Vertebrae, Genital Ridge, Kidney, etc

ENDODERM + Intestine, Lungs,liver, etc

ECTODERM + Nervous System, Skin, Skeleton, etc

Figure 1.5 Totipotent and Pluripotent cells in Murine Development.

Murine development begins with a single totipotent cell, the fertilised egg. Subsequent

cleavage generates the equivalent totipotent blastomeres of the morula. The pluripotent cell

lineage is established by the formation of the inner cell mass and is expanded and maintained

during primitive ectoderm formation. The demarcation of the germ cells maintains the

pluripotent cell lineage for the next generation. Pluripotent and totipotent cell types express the

markers Oct-4 and alkaline phosphatase and are recognised by the monoclonal antibody SSEA-

1. Some of the differentiated tissues arising from each pluripotent cell stage are indicated.
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maintenance, proliferation and differentiation is critical for the establishment of

extraembryonic tissues, the differentiated lineages of the embryo and the basic body plan.

There are therefore likely to be tight controls on the decisions and signals regulating the

proliferation and differentiation of the pluripotent stem cell pool (reviewed in Smith 1992)'

Experimental manipulation of pre-organogenic murine embryos has demonstrated

remarkable developmental plasticity within the pluripotent cell pool. For example, a normal

foetus can still be formed even if up to 80Vo of the primitive ectoderm is ablated in the

gastrulating embryo (Snow and Tam 1979). Additionally, the aggregation of multiple pre-

implantation embryos results in a single viable mouse of normal size (Petters and Markert

l9S0). It would seem therefore, that the pluripotent cell pool of the murine embryo is

regulated in a flexible manner, capable of adapting to insult by reprogramming developmental

fate. The proposal that different pluripotent cell types can interconvert through a common

intermediate (Rossant 1993) could highlight the mechanism of pluripotent cell

reprogrammlng.

Deciphering the signals and decisions that coordinate the maintenance, proliferation,

differentiation, or reprogramming of the pluripotent cell pool will therefore be essential to

reach an understanding of murine embryogenesrs.

1.5.1 The Heterogeneous Nature of Murine Pluripotent Cell Populations

The classification of murine pluripotent stem cell types, on the basis of developmental

behaviour and morphology, does not appear to delineate the full repertoire of pluripotent cell

subtypes. Accumulating experimental evidence indicates the presence of both temporal and

spatial heterogeneity within stem cell populations, and suggests that multiple distinct

pluripotent cell "states" exist during embryogenesis. Pluripotent cell "states" or

subpopulations could reflect the presence of distinct pluripotent cell types, such as the ICM

and primitive ectoderm. Conversely, different pluripotent cell "states" could be generated

within a homogeneous pluripotent cell population, if heterogeneity results from different cells

within the population responding to distinct developmental signals.

Temporal heterogeneity within the stem cell pool is observed during blastocyst

formation and development. Firstly, the capacity to ditterentiate to trophectoderm is not lost

8
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with the allocation of the ICM lineage, but is gradually lost as the ICM develops' (Gardner

1983, Nichols and Gardn er 1984, Chisholm et at. 1985). This suggests that multiple

developmentally distinct ICM cells could exist during blastulation' Secondly, pluripotent

embryonic stem (ES) cells can be isolated from the ICM/epiblast cells of the blastocyst just

prior to implantation, but have only been isolated from earlier embryos after a period of

development in culture (reviewed in Smith Ig92). These studies suggest a developmental

.,maturation" of ICM cells from 3.0-4.5 d.p.c. and indicates the potential for multiple ICM

cell types during this Period.

Other examples of temporal heterogeneity within stem cells are found during peri-

implantation development. Multiple cellular events are associated with blastocyst

implantation, leading to massive stem cell proliferation, accompanied by selective apoptosis

or survival of pluripotent cell types to form the primitive ectoderm (Coucouvanis and Martin

1995). It is likely rhat firstly, these pluripotent cells are distinct from preimplantation epiblast

cells and secondly, given the complex development of pluripotent cells during this period,

several distinct stem cell "states" could exist between 4.5 d.p.c. and 5.5 d.p.c. The implied

molecular differences within these developing stem cell types has not been resolved, and the

current term "epiblast" encompasses all pluripotent cells during this transition.

The most striking demonstration of heterogeneity within pluripotent cell populations is

in the primitive ectoderm. Extensive fate mapping and transplantation experiments have

demonstrated regionalised capacity to form certain post-gastrulation tissues within the

primitive ectoderm (Tam and Beddington 1987, Tam 1989, Lawson et aI. 1991' Tam and

Beddington 1992, euinlan et at. 1995). These differences are first detected prior to primitive

streak formation and become more defined as gastrulation proceeds (Fig. 1.6, reviewed in

Hogan et aI. 1994). Proximal epiblast regions contain precursors of primordial germ cells,

extraembryonic ectoderm and amniotic ectoderm, while lateral and posterior primitive

ectoderm is populated by cells of predominantly mesodermal fate. Up to 45Vo of the epiblast

consists of ectodermal precursors residing in the anterior and distal regions (Snow 1911),

Considerable developmental overlap is found between neighbouring fate map regions'

However, individual epiblast cells are not developmentally committed (Lawson et al. 1997),

with heterotopically grafted cells remaining competent to form derivatives in all three germ
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layers by adapting to the fate of their new location (Beddington 1982). Therefore, while fate

mapping indicates that a mosaic of committed epiblast cell types does not exist, it

demonstrates the presence of regionalised heterogeneity within the primitive ectoderm and

confirms the developmental lability of the pluripotent stem cell pool. The pluripotent cell

"states" detected in the primitive ectoderm could represent a homogeneous cell population

where different subpopulations respond to distinct developmental signals and therefore

exhibit regionalised gene expression.

The molecular basis of primitive ectoderm heterogeneity remains unclear. Recent

analysis however has demonstrated that expression of the homeobox gene Hesxl (Rp-r) is

restricted to anterior primitive endoderm and primitive ectoderm regions during gastrulation

(P. Thomas unpublished data, Hermesz et aI. 1996), possibly identifying and specifying

anterior neuroectodermal precursors within the epiblast. This is the first definitive evidence of

regionalised gene expression within the early primitive ectoderm and supports the prediction

that multiple pluripotent cell subtypes exist and are tightly regulated within this tissue.

Whether it may be possible to distinguish additional primitive ectodermal subpopulations on

the basis of gene expression correlated to developmental fate has yet to be determined.

These experiments demonstrate the existence of numerous, subtly different, pluripotent

cell "states" during early embryogenesis. The identification of pluripotent cell subtypes and

analysis of their developmental behaviour will be fundamental to the understanding of the

processes that establish and regulate the precursors for gastrulation in the mammalian

embryo. It is expected that individual pluripotent cell subtypes will express a repertoire of

functionally important, subpopulation-specific genes. Identification of these genes is likely to

enable the definition of pluripotent cell subpopulations and investigation of the molecular

basis and function of heterogeneity within the developing pluripotent cell pool.

1.5.2 Gene Expression in Murine Pluripotent Cells

The advent of molecular biological techniques has enabled investigation and

manipulation of the molecular basis of developmental programs. However, analysis of the

pluripotent cells of early murine embryogenesis has been hampered by the small size and

inaccessible nature of some stages of development in utero. Additionally, genetic approaches
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have not identified many factors critical to pluripotent cell development, with embryonic

lethality the most tikely consequence of pluripotent cell defects, leading to abortion or

conceptus resorption. Finally, while the analysis of gastrulation and later embryonic

development has benefited greatly from the study of lower organisms, the lack of a

pluripotent cell pool in these organisms means that extrapolation to the pluripotent cells of

mammalian development is not informative. Despite these difficulties a number of genes and

markers have been identified that are restricted to pluripotent stem cell populations or are

transiently expressed within the developing stem cell pool.

The POU domain homeobox gene Oct-4 is the best characterised pluripotent cell

specific transcript and is expressed by the fertilised egg, morula, ICM, primitive ectoderm,

PGC and germ lines in the testis and ovary (Rosner et al. 1990, Schöler et al. 7990a, Schöler

et at. I990b, Yeom et al. I99l). Additionally, Oct-4 expression is downregulated during the

differentiation of these cells and thus provides a specific marker for the pluripotent state.

Other markers for pluripotent cell types include the surface carbohydrate recognised by

monoclonal antibody SSEA-l (Solter and Knowles 1978) and endogenous alkaline

phosphatase expression (Johnson et al. 1977)'

Activin peptides are expressed in the early ICM at 3.5 d.p.c., but their expression is

reduced during "maturation" to the late stage ICM at 4.5 d.p.c. (Albano et aI. 1993). The zinc

finger transcription factor Rex-l is expressed in the [Cllll.. Rex-l expression is downregulated

as the primitive ectoderm forms and is not detected at 6.0 d.p.c. (Rogers et aI. 1991).

Fibroblast growth factor 5 (FGF-S) is not expressed in the ICM or epiblast bud, but

expression is upregulated in the primitive ectoderm at 5.25-5.5 d.p.c. (Haub and Goldfarb

1991, Hébert et aI. 1991). FGF-4 is not expressed in the morula, but is induced in the ICM

and expressed by the epiblast bud. FGF-4 expression appears to be regionalised to the

posterior primitive ectoderm at 6.25 d.p.c. (Niswander and Martin 1992). Hesxl ts

expressed in anterior regions of the primitive ectoderm (1.5.1). Migrating and proliferating

primordial germ cells are distinguished by their expression of tissue non-specific alkaline

phosphatase (MacGre gor et al. 1995) and the c-kit receptor (reviewed in Besmer et al. 1993).

As germ cells enter the presumptive gonad and undergo meiotic or mitotic arrest, expression

of c-kit is downregulated. In contrast to this, spermatocytes are identitìed by the subsequent
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expression of the Rex-l (Rogers et al. l99I) and cyclin A1 genes (Sweeney et al. 1996).

Unfortunately, the temporal expression patterns of most of these markers have not been

characterised in sufficient detail to map associated developmental transitions within the

pluripotent cell pool. This is generally due to the small size and inaccessibility of early murine

embryogenesis, which contributes to technical difficulties when mapping gene expression

during these stages.

Gene expression analysis has therefore provided a glimpse into the complex nature of

stem cell regulation during early development. This complements the prediction of

heterogeneity within the pluripotent cell pool, indicating that distinct temporal and spatial

pluripotent cell subpopulations may be identified on the basis of specific gene expression.

1.6 Embryonic Stem (ES) Cells as an in vitro Model of Early Development

1.6.1 Isolation of ES cells

The first reported isolation of embryonic stem (ES) cell lines from the ICM of the

mouse blastocyst was in 1981 (Evans and Kaufman 1981, Martin 1981). Undifferentiated ES

cells can be cultured as colonies on a layer of mitotically inactivated fibroblasts, or in the

presence of leukemia inhibitory factor (LIF) or other members of the IL-6 family of

cytokines. ES cells express markers of pluripotent cell types including Oct-4, SSEA-1 antigen

and alkaline phosphatase. Importantly, the developmental pluripotency of ES cells is

maintained in the undifferentiated state in vitro. ES cells are able to contribute to all tissues of

the embryo when injected into the blastocyst, including functional derivatives of the germ line

(Bradley et al. lgS4,Robertson 1987). These criteria demonstrate that cultured ES cells retain

full biological potential when reintroduced into the developing embryo. ES cells can be

induced to differentiate through alternate pathways in vitro, through exposure to different

chemical inducers or by cytokine withdrawal (Smith 1991). Cultured ES cells are therefore

likely to be capable of mimicking the proliferation and differentiation decisions of embryonic

pluripotent cells, thus providing a model system for early development in vitro.

The demoristration that ES cell lines can contribute to the germ line has enabled precise

manipulation of the murine genome and investigation of gene function in vivo (reviewed in

12
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Joyner 1991). Loci of interest can be altered by homologous recombination in

undifferentiated ES cell cultures and the modified ES cells reintroduced into the blastocyst'

The chimeric mice that result can be bred to homozygosity for the altered allele if the modified

ES cells transmit their genotype through the germ line. In this way, targeted alterations of

functionally important genes have enabled the investigation of many facets of mammalian

development in vivo, such as immunology, pattern formation and organogenesis (reviewed in

Brandon et at.1995a, Brandon et al. I995b, Brandon et al- 1995c)'

1,.6.2 T¡¡e Relationship of ES Cells to Embryonic Pluripotent Cells: a Model

of the Inner Cell Mass

The embryonic cell type that is represented by cultured ES cells has not been precisely

determined (reviewed in Smith 1992). ES cells are isolated from the early epiblast, or late

stage blastocyst ICM and retain epiblast-like properties. Like epiblast cells, ES cells are

limited in their potential to differentiate to trophectoderm and parietal endoderm in culture, cell

types that are readily formed by isolated ICM cells. Conversely, after reintroduction to the

blastocyst, ES cells have the capacity to colonise trophoblast and extraembryonic endoderm,

properries akin to ICM cells (Beddington and Robertson 1989). The gene expression

repertoire of ES cells is consistent with that of the ICM, indicating that ES cells form a model

of the IC}4 in vitro. ES cells express Rex-l (Rogers et aL l99l), a marker of the ICM

(1.5.z),butnor FGF-ï (Bettess 1993),amarkerof theprimitiveectoderm (1.5.2).

That ES cells give apparently conflicting information regarding their precise relationship

to the ICM and epiblast, may indicate that a direct embryonic equivalent does not exist.

Rather, ES cells may be an adapted pluripotent cell type, diverted from normal development

by culture conditions and undergoing a proliferation based program. Alternatively, ES cells

may represent epiblast cells that have undergone in vitro "deprogramming" or loss of

developmental commitment, allowing responses to signals provided by host blastocysts upon

injection. Interestingly, primordial germ cells can generate ES-like cells in the presence of

LIF, steel factor and basic fibroblast growth factor (Matsui et al. 1992). This suggests that

deprogramming of stem cells may be a generalised feature of a flexible pluripotent state, with
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different pluripotent cell types able to interconvert through a common intermediate (Rossant

1993).

1.6.3 Maintenance of ES Cells: the Undifferentiated State

Originally ES cell cultures were maintained by culture on a layer of mitotically

inactivated mouse fibroblast cells (Martin and Evans I975b), with extensive differentiation

occurring in the absence of feeders. This implied that cellular differentiation was the default

state of an ES cell, with active promotion required for maintenance of the undifferentiated

state. This property allowed the discovery of soluble factors that inhibit ES cell

differentiation, including members of the IL-6 family of cytokines such as Leukemia

inhibitory factor (LIF or DIA), Ciliary neurotrophic factor, Oncostatin M, Cardiotrophin-1

and the Interleukin-6/soluble Interleukin-6 receptor complex (Smith and Hooper 1981,

Piquet-Pellorce et al. 1994, Pennica et al. 1995). The cell surface receptor subunit gp130

appears to be the common signalling component of multisubunit receptors through which

these factors act (reviewed in Kishimoto et al. 1994). Therefore the identification of these

factors, in particular the purification of LIF, has allowed the monoculture of undifferentiated

ES cells over extended periods.

1.6.4 Differentiation of ES Cells and. ín vitro Models of Development

The ability to maintain ES cells with LIF in the absence of feeders and to distinguish

undifferentiated cells from differentiated cells on the basis of morphology and gene

expression, has allowed the investigation of ES cell differentiation potential and the

establishment of in vitro models of early murine development. ES cell differentiation regimes

include spontaneous differentiation by cytokine withdrawal, chemical induction, or more

complex procedures involving ES cell aggregation to embryoid bodies, or conditioned

medium-induced differentiation. The ES cell model of early development is comprised of

these cell types as summarised in figure 1.7.



Figure 1.7 The Embryonic Stem Cell Model of Early Development.

Schematic representation of the ES cell derived cell types, cell morphology and

differentiation pathways of some of the cell types that are a model for early murine

embryogenesis in vitro.ES cells are isolated from the blastocyst inner cell mass and are

cultured in the presence of LIF as compact dome shaped colonies. ES cells are induced to

differentiate by the withdrawal of LIF (spontaneous) or by chemical induction, or

aggregation and suspension culture. The morphology of some of the differentiated cell

types generated by spontaneous (top left), retinoic acid (top right), 3-methoxybenzamide

(bottom left), or dimethylsulfoxide (bottom right) induction are indicated.

X cells are generated and maintained by the culture of ES cells in the presence of MedII

conditioned medium, with or without LIF. X cells are a morphologically homogeneous

monolayer of flattened cells with characteristic nuclei and nucleolus. X cells revert to ES-

like cells by MedII withdrawal in the presence of LIF. X cells differentiate with withdrawal

of MedII and LIF, or by aggregation and suspension culture, with or without chemical

induction. X cells differentiate to alternate mesodermal cell types in response to mesoderm

inducing factors of the FGF and TGFP families. The likely embryonic cell types

represented by cultures in vitro are defined by differentiation potential and gene

expression.

ES cells and X cells were cultured for 3 days and photographed under phase contrast

optics at 100 X magnification. Differentiated cells were cultured for 5 days and

photographed under phase contrast optics at 100 X magnification.
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1..6.5 Spontaneous and Chemical Induction of ES Cell Differentiation

A variety of cell types that possess characteristics of differentiated embryonic tissues,

can be generated by the spontaneous or chemical induction of ES cell monocultures in vitro

(Smith lggl, Thomas 1995). The culture of ES cells in the absence of LIF causes

spontaneous and terminal differentiation to a range of cell types with ill-defined phenotypes.

Residual populations of pluripotent cells often persist in these cultures, as nests of

undifferentiated cells surrounded by terminally differentiated cells. Pluripotent cell nests are

thought to be caused by the upregulation of LIF expression in differentiated cells, with the

resulting feedback loop inhibiting further stem cell differentiation (Rathjen et al. I990a,

Mountford et at. 1994). Chemical inducers that are used to differentiate ES cells include

retinoic acid (RA), 3-methoxybenzamide (MBA) or dimethylsulfoxide (DMSO). RA

induction is efficient in this laboratory and generates two major cell types, large cells of

fibroblastic phenotype and parietal yolk sac-like cells, while MBA differentiation produces a

relarively uniform culture of epithelial-like cells (Smith 1991). DMSO induces ES cell

differentiation relatively ineffectively in this laboratory, and results in a variety of poorly

defined cell types (Thomas 1995). Residual pluripotent cell types can also persist in

chemically induced ES cell cultures. Analysis of homeobox gene expression has indicated that

distinct pluripotent cell subpopulations may exist as "differentiation intermediates" during

these ES cell differentiation regimes (Thomas 1995).

1.6.6 Differentiation of ES Cells as Embryoid Bodies

Embryoid bodies, formed by the aggregation and culture of ES cells in solution, are

globular structures that possess similar features to the early mouse embryo. Simple embryoid

bodies are formed after 2-4 days of culture in suspension and contain a central mass of

undifferentiated epiblast-like cells surrounded by an outer primitive endoderm-like layer.

prolonged suspension culture results in the generation of an additional ectodermal monolayer'

which resembles the primitive ectoderm, surrounding an internal cavity (Doetschman et al.

1985, Shen and Leder 1992). A variety of structures that resemble post-gastrulation

differentiated tissues can be formed by the differentiation of these cystic embryoid bodies,

including beating muscle, neurons and blood islets (Evans and Kautman 1981, Doetschman
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et al. IgS5,Robertson 1987). The differentiation of ES cells through embryoid body culture

therefore provides an in vitro system to study pluripotent cell differentiation in an

environment reminiscent of the complex embryo. The application of embryoid body systems

to the study of early developmental events is validated by recent analysis of cardiac

development (Lyons et at. 1995), proamniotic cavitation (Coucouvanis and Martin 1995) and

neuronal differentiation (Strübing et al. 1995)'

1.6.7 Expansion of the Pluripotent Cell Model of Early Development:

Lineage-specific Differentiation of ES Cells to X Cells in Response to

Soluble Biological Factors

The demonstration that cultured ES cells retain the ability to colonise all embryonic

tissues upon reintroduction into the blastocyst, including the germ line, indicates that ES cells

are capable of generating and responding to the signals that control the proliferation and

differentiation decisions of pluripotent cells during early embryogenesis. These attributes

enable the manipulation of ES cell culture conditions to identify and isolate factors that

commit pluripotent cells to specific developmental lineages, and establish in vitro

developmental models for inaccessible embryonic events. These approaches have particular

relevance to the investigation of early embryonic pluripotent cell development. As indicated

above, the pluripotent cell pool is likely to proceed through multiple distinct stages from the

ICM to mature germ cells, with developmental and molecular heterogeneity demarcating

pluripotent cell "states". Conventional investigation of this system has been limited by the

inaccessible nature of early murine development. The controlled differentiation of ES cells in

vitro couldpotentially provide stem cell types representing those downstream of the ICM, and

convenient systems to analyse pluripotent cell development and heterogeneity in vitro.

A screen of multiple conditioned media was carried out in this laboratory (Lake 1996).

A morphologically distinctive cell type, termed "X" cells, was generated by the culture of ES

cells in media conditioned by a human hepatocarcinoma cell line (MedII cells), in the presence

or absence of LIF (Fig 1.7). The differentiation event caused by this conditioned medium

(MedII) was relatively rapid, with the transition of the domed-colony ES celì phenotype to a

uniform monolayer of X cells occurring within 24 hours. X cells shared distinctive
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morphological features with the P19 embryonal carcinoma cell line (Rudnicki and McBurney

19g7), such as monolayer growth and distinguishable individual cells with characteristic

nuclei. As P19 embryonal carcinoma cells have properties related to the primitive ectoderm,

extensive analysis has been undertaken to establish the relationship of X cells with early

embryonic pluripotent cell populations.

L.6.8 X Celts as a Model for Primitive Ectoderm

Investigation of gene expression and differentiation potential indicated that X cells

represented the pluripotent stem cells of the primitive ectoderm. X cells expressed markers of

pluripotent cell types, Oct-4, alkaline phosphatase and SSEA-1 antigen (Lake 1996), but not

markers of extraembryonic cell types, ü-fetoprotein and HI9, or markers of early mesoderm,

Evx-I and brachyury (Bettess 1993). This indicated that X cells were a candidate pluripotent

stem cell population. Rex-1, a marker of the ICM (1.5.2), was expressed by ES cells and

was downregulated in X cells; whereas expression of FGF-5, a marker of primitive ectoderm

(1.5.2), was induced during X cell formation (Bettess 1993, Lake 1996). This demonstrated

that X cell gene expression was consistent with the primitive ectoderm, as distinct from the

relationship between ES cells and the late stage ICM. Importantly, while the appearance of the

X cell phenotype was rapid (1.6.7), changes in Rex-l and FGF-5 expression only occurred

after approximately four to six days, or 2 to 3 passages, in culture (Lake 1996).

X cells were shown to differentiate in vitro in response to withdrawal of LIF and

MedII, or in response to chemical inducers, or following aggregation as embryoid bodies.

These results confirmed that X cells are pluripotent (Lake 1996).

X cells exhibited a differentiation potential consistent with a cell type representative of

the primitive ectoderm (see Fig. 1.5). For example, during embryogenesis ICM cells have the

capacity to differentiate to primitive endoderm (1.2.3), which is the develpmental precursor of

visceral endoderm (1.3). Primitive ectoderm cells do not differentiate to primitive endoderm,

but acquire the capacity to differentiate to mesodermal cell types in response to inducing

factors during gastrulation (1.4.2). Aggregated X cells were restricted in their capacity to

differentiate to visceral endoderm compared to ES cells, but demonstrated a greater capacity to

generate mesodermal cell types (Lake 1996). Critically, X cells acquired the capacity to
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respond to mesoderm inducing factors of the FGF and TGFP families, differentiating to

alternate mesodermal cell types (Lake 1996), as defined by expression of the early

mesodermal marker brachyury (Herrmann et aI. 1990). These results demonstrated that the

differentiation potential of X cells was consistent with the primitive ectoderm. Alteration in

the developmental potential of X cells was detected after only 24 hours exposure to MedII,

significantly earlier than differences in Rex-I and FGF-5 expresslon.

The differentiation potential of X cells was analysed in vivo, by blastocyst injection. X

cells were not capable of contributing to chimera formation, indicating that they were

developmentally distinct from ES cells (Lake 1996). However, when X cells are cultured in

LIF in the absence of MedII they revert to an ES cell-like phenotype. Reverted X cells

regained similar morphology, gene expression and in vitro differentiation potential

characteristics to ES cells (Lake 1996).Importantly, reverted X cells contributed to chimera

formation following blastocyst injection. This demonstrated that pluripotency was maintained

in X cells and that reversion generated an ES cell "state" (Lake 1996). This correlates with the

predicted capacity of primitive ectoderm to convert to an ES cell-like state (Rossant 1993).

Germ line transmission of reverted X cells has not been investigated. These results

demonstrated that the differentiation potential of X cells in vitro and in vivo was consistent

with a cell type representative of the primitive ectoderm.

Gene expression and differentiation potential therefore demonstrated that X cells are a

distinct pluripotent cell type from ESIICM cells and can be regarded as an in vitro model of

the primitive ectoderm.

t.6.g The Significance of X Cell Formation for ín vitro Models of

Pluripotent Cell DeveloPment

The development of detailed in vitro models for pluripotent cell renewal, progression or

differentiation will simplify the experimental dissection of early embryogenesis. Several

properties of X cell fonnation suggested thc basis of an in vitro model for the development of

the ICM to primitive ectoderm (Fig. 1.7). Firstly, X cell gene expression and differentiation

potential were consistent with the primitive ectoderm. Importantly, this complemented the ES

cell model of the ICM and expanded the range of pluripotent cell types represented in vitro.
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Secondly, the appearance of the X cell morphology and alteration in differentiation potential

in vitro and in vivo occuned within 24 hours of exposure to MedII. This indicated that

significant developmental changes occurred early during the formation of X cells, generating

a distinct pluripotent cell type from ES cells. Thirdly, the alteration in expression of Rex-l

and FGF-5 occurred after four to six days, indicating the progression to a primitive ectoderm-

like gene expression. This suggested that X cell formation could be a multi-step transition, or

a developmental progression of pluripotent cell types. Importantly, several distinct pluripotent

cell types may exist during the ES to X cell transition, representing pluripotent cell

subpopulations located between the ICM and primitive ectoderm.

The analysis of pluripotent cell subpopulations during the ES to X cell transition has

several advantages over investigation of stem cell development during ES cell induction or in

embryoid bodies. Firstly, ES cell and X cell cultures are "pure" populations of pluripotent

cells, except for variable levels of background differentiation. This contrasts to multiple

pluripotent and differentiated cell types that are present during ES cell induction or embryoid

body culture. The analysis of pluripotent cell development is therefore likely to be more

accessible in the ES to X cell transition than during ES cell differentiation systems. Secondly,

the ES to X cell transition is likely to proceed in a more controlled progression than stem cell

development during ES cell differentiation. This could enable the generation and investigation

of specific stages of pluripotent cell development.

1.7 Generation and Application of Pluripotent Cell Specific Markers

A central requirement for successful dissection of the processes involved in the

generation, maintenance and differentiation of the pluripotent cells of early embryogenesis is

the isolation of cell type specific markers. This has parallels to the analysis of haematopoiesis,

where a series of specific molecular and cell surface markers has led to the functional

dissection of haematopoietic stem cell maintenance, proliferation and differentiation during

clevelopment. Examples of the application of specific markers to characterise differentiation

lineages include the tracing of haematopoietic progenitors during T- and myeloid-cell

differentiation (reviewed in Barcena et al. 1995), and the investigation of complex

differentiation hierarchies using lineage specific markers @rady et al. 1995).

l9
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Molecular markers of specific pluripotent cell populations would be expected to have

several major applications as listed below:

Ð Markers of pluripotent cell types are likely to refine our knowledge of embryogenesis'

This could include the identification and analysis of specific pluripotent cell "states" during

early embryogenesis. pluripotent cell "states" could represent either distinct cell types, or

within a homogeneous population, stem cell subtypes that respond to distinct developmental

signals (1.5.1). This could describe the complexity of pluripotent cell subpopulations in the

early mouse embryo and discernment of their spatial and temporal boundaries.

ii) These markers could be used to follow developmental events that are currently

inaccessible. For example, markers for pluripotent cell "states" could be used to identify the

source and nature of specific inductive signals during embryogenesis, such as the regulation

of primitive endoderm differentiation from the ICM, or signals that arise from the visceral

endoderm that specify developmental fate in the primitive ectoderm.

iii) Markers that define molecular heterogeneity of pluripotent cells would enable the

functional analysis of the developing pluripotent cell pool, or of distinct stem cell

subpopulations. These approaches would include the analysis of disrupted pluripotent cell

developme nt in vitro, or in induced or targeted mutations in vivo. For example, a lack of p-

catenin leads to defects in primitive ectoderm at 7.5 d.p.c. (Haegel et al. 1995). Specific

markers of primitive ectoderm, or ectodermal subpopulations, may enable the characterisation

of aberrant pluripotent cell development in these embryos.

iv) The gene products of pluripotent cell subtype-specific markers could be functionally

involved in the development of these cell populations. Characterisation of these gene products

would give insight into the molecular nature of pluripotent cell biology. Importantly, the

function of these gene products could be assayed through mutational approaches in vitro and

in vivo, and enable analysis of the development of distinct pluripotent cell subpopulations.

v) The identification of markers for distinct pluripotent cell subpopulations or "states"

could enable the isolation of specific promoter or enhancer elements for these genes. Analysis

of these elements could define transcription factors that control marker expression and enable

the characterisation of molecular hierarchies that regulate the development of pluripotent cells.

20
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These promoters would also provide tools for the functional analysis of pluripotent cell

development in vitro and during early embryogenesis.

vi) The application of ES cell technology and precise genome manipulation to non-murine

mammalian species has been severely limited by an inability to isolate embryonic stem cell

lines and demonstrate germ line transmission of cultured cells. Specific markers might enable

precise definition of a transient murine stem cell population represented by ES cells and

potential cross species equivalents, leading to enhanced stem cell isolation and

characteri sation procedures.

Pluripotent cell subpopulation specific markers would therefore define heterogeneity

within the stem cell pool and provide powerful tools for the functional analysis and

experimental perturbation of pluripotent cell development, both in vitro and during early

embryogenesis. While specific markers could be derived from diverse cellular molecules such

as protein or surface carbohydrates, advances in molecular biological techniques have resulted

in pRNA transcript analysis becoming the most efficient and accessible route for marker

generatton.

1.7.1 Mutational Approaches to Define Markers for Pluripotent Cell Types

Analysis of spontaneous and induced mutations using traditional murine genetics has

not enabled broad investigation of stem cell development, as early embryonic defects are often

undetectable, leading to abortion or conceptus resorption. Primordial germ cells and their

derivatives may be the only pluripotent cell type amenable to mutational analysis, with genetic

defects indicated by the ensuing sterility. In this way, the white spotting (W) and steel (S) loci

were identified as encoding factors critical for gametogenesis, the c-kit tyrosine kinase

receptor and steel factor (klr-ligand) respectively (reviewed in Besmer et al. 1993)' The

expression of c-kit in primordial germ cells, spermatogonia and growing oocytes

subsequently established it as a specific marker for these pluripotent cell types.

L.7.2 Generating Pluripotent Celt Markers by Homology Based Approaches

The identification of markers for mammalian pluripotent cells by the analysis of gene

expression in lower organisms such as Drosophila melanogaster and Xenopus laevis is
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difficult, as these organisms do not have a pluripotent cell pool. However, analysis of lower

organisms and other mammalian systems has defined protein motifs and domains that are

involved with the regulation of developmental processes. The isolation of transcripts with

related domains from murine pluripotent cells could identify markers for pluripotent cell

subpopulations, due to the tight expression patterns predicted for these control genes. These

approaches suffer the limitation of only describing new members of known gene classes, but

could define factors involved with the control of pluripotent cell development. For example,

Hesxl (Rpx) (1.5.1) was isolated from ES cell cDNA (Thomas and Rathjen 1992, Thomas ¿r

aI. 1995) and a 7.5 d.p.c. embryonic library (Hermesz et al. 1996) by amplification with

PCR primers designed against homeodomain consensus sequences.

1.7.3 Cloning of Pluripotent Cell Markers from Embryonic Tissue

The isolation of embryonic tissues representing individual stages of pluripotent cell

development would be the most direct approach to generate a series of pluripotent cell

subtype-specific markers. Unfortunately, the small nature of the developing pluripotent cell

pool ln utero, the existence of complex transient pluripotent cell types and the extraembryonic

tissue environment, all contribute to technical difficulties associated with isolation of

embryonic material. Limitations with this approach are therefore largely due to the

requirement for more material than can be accessed easily. However, dissection based

expression analysis is applicable to preimplantation and midgastrulation pluripotent cell

stages, where some of these problems can be circumvented.

Sufficient preimplantation embryos for simple or subtracted library construction can be

isolated through oviduct or uterine flushing (Rothstein et aI. 1992, Temeles et al. 1994).

Although misleading expression could be derived from trophectoderm and primitive

endoderm lineages in blastocyst libraries, these libraries could enable gene isolation and

definition of pluripotent cell markers for preimplantation embryonic stages. Sufficient

primitive ectoderm can be isolated from 7.5 d.p.c. embryos to construct a subtracted library

(Harrison et at. 1995), from which transient pluripotent cell markers can be isolated. The

construction of libraries from specific pluripotent cell types is therefore likely to be a powerful

method by which pluripotent cell markers will be isolated. However, embryonic dissection
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and library construction are relatively intricate and time consuming processes, and the

analysis of multiple different time points during stem cell development, to identify markers of

temporal pluripotent cell heterogeneity, has not been undertaken.

1.7.4 Cloning of Pluripotent Cell Markers from Cell Lines in vitro

An alternate method to generate pluripotent cell specific markers on the basis of

expression pattern is to utilise the proliferation and differentiation capabilities of embryonal

carcinoma (EC) and ES cell lines in vitro.Transcripts that are restricted to undifferentiated

cells, or are expressed early and transiently during stem cell differentiation, could have

characteristics expected of pluripotent cell markers representing cell types from the ICM to the

early primitive ectoderm. Advantages of in vitro pluripotent cell systems are that multiple cell

types can be generated (1.6.4), and differences in gene expression between pluripotent and

differentiated cell types can be identified. Furthermore, the expression patterns of candidate

markers can be validated in vitro. This is a significant advantage over the isolation of markers

directly from embryonic tissue (1.1.3), as these candidate markers generally have to be

validated by more complex analysis in vivo. Therefore the ECÆS system is readily amenable

to analysis of pluripotent cell gene expression, including the generation of subtracted

libraries. An example of a pluripotent cell transcript isolated in this manner in vitro is Rex- l, a

marker of the ICM (1.5.2) identified by the downregulation of expression in F9 EC cells

induced to differentiate by retinoic acid (Hosler et aI' 1989).

1.7.5 Identifying Pluripotent Cell Markers by Gene Traps

Gene trap vectors can be exploited to identify markers that are expressed by and

restricted to undifferentiated ES cells. Important features of these vectors, such as an intron

splice acceptor site, a promoterless selectable marker andlacZ gene, result in transcriptional

marking of random loci by insertion when introduced to ES cells (reviewed in Gossler ¿r al.

1989, Joyner et aI. 1992).Insertion events are selected if they reside within transcriptionally

active loci and regulation of the identified gene can be examinedby lacZ staining, eithet in

vitro or after reintroduction to the blastocyst. Although gene trap methods would seem ideal
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to analyse pluripotent cell development and generate specific markers for the ICM and related

stem cell types, interest in gene traps has focused on gastrulation and later stage development'

1.7.6 Cloning of Pluripotent Celt Markers by Differential Display Polymerase

Chain Reaction

Given the inherent difficulties with traditional genetic approaches and only moderate

success with transcript cloning methods, improved techniques to efficiently identify and

isolate stem cell markers are required to address heterogeneity in pluripotent cell populations.

Ideally, new approaches should be designed to avoid the problems associated with isolation

of embryonic material and be capable of the simultaneous analysis of multiple transcripts from

different pluripotent cell types, with markers of interest cloned on the basis of differential

expression profiles between pluripotent cell populations. Additionally, such approaches

should be combined with systems to validate the expression patterns of candidate markers irz

vúro.

Differential display polymerase chain reaction (DDPCR) was developed by Liang and

pardee (1992) and fulfils these requirements when combined with the advantages of

pluripotent ES cell culture systems. DDPCR is schematically represented in figure 1.8.

In DDPCR procedures, first strand cDNA synthesis is primed with a poly d(T) primer

from the start of the poly(A) tail. A subset of the total transcript pool is reverse transcribed.

pCR amptification is carried out with the same 3' primer in combination with a short 5'

primer of arbitrary sequence. A product of random length that terminates within the poly(A)

tail is generated for an individual transcript. Annealing temperatures during amplification are

kept low, to facilitate promiscuous binding of the short 5' primer during initial cycles.

Reaction products are resolved by conventional gel electrophoresis. Selection of appropriate

primer combinations and annealing conditions leads to the generation of 50-100 products in a

single reaction. Multiple independent reactions can be compared to identify differential gene

expression between mRNA samples from different cell populations. A large scale screen for

differential gene expression is performed by varying the primer combinations, thus generating

and comparing multiple alternate banding profiles. Markers exhibiting differential expression

can be isolated by excision of a particular band, reamplification and cloning. A common

a



Figure L.8 Differential Display Polymerase Chain Reaction.

Schematic representation of the identification and isolation of cDNA markers by differential

display polymerase chain reaction (DDPCR).

(A) mRNA representing a subpopulation of the total transcript pool is reverse transcribed

with a poly(T) primer (arrow) anchored to the 5' end of the poly(A) tail. Boxed regions

represent encoded protein domains.

(B) First strand cDNA template is amplified by PCR with the same 3'primer used in

reverse transcription, in combination with an arbitrary 5' oligonucleotide (arrowhead) that

binds at a randomly distributed position at low annealing temperatures. The reaction

incorporates radioactive label to accurately visualise the generated fragments ("Hot PCR").

(C) The reaction products are separated on a denaturing acrylamide gel. Multiple RNA

samples are compared simultaneously and differential expression between samples

detected. Candidate sample-specific markers are excised from the dried down gel, eluted

and reamplified without label, using the same primers.

(D) The candidate marker fragments represent regions at the 3' termini of transcripts

Reamplified products are cloned via ligation to an appropriate vector.

(E) The ligation reaction of a candidate marker represents a library of different fragments,

generated by specific marker reamplification and inherent variable levels of background

amplification products. Identification of individual clones that verify the original

expression profile is performed via validatory procedures such as northern blot or in situ

hybridisation.

'a
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problem with DDPCR is the contamination of markers with background amplification

products, which can be reamplified and cloned in place of the required transcript. This

necessitates the development of screening procedures for identification of the clones which

represent the desired transcript (Callard et al. 1994).

The effectiveness of DDPCR in detecting differential gene expression between cell

types and tissues has been established in a wide range of systems. Examples of these include

analysis of haematopoietic development in the yolk sac and embryoid bodies (Guimarães er

al. 1995), androgen dependence in prostrate carcinoma (Blok et al. 1995), cocaine and

amphetamine regulation in the rat brain (Douglass er al. 1995), immune response in

Drosophila(Asling et aI. 1995), oestrogen regulation in rat hepatoma cells (Diel et al- 1995),

TGFP regulation in human osteoblasts (Subramaniam et aI. 1995) and human breast cancer

(Liang et at. 1992). DDPCR has previously been used to analyse murine preimplantation

embryogenesis (Zimmerïnann and Schultz 1994,Davis et aI. 1996) and is likely to enhance

the analysis of gene expression during these stages of embryogenesis. However, the inability

to distinguish the gene expression in pluripotent cells from that of differentiated cell types, the

trophectoderm and primitive endoderm, could complicate the identification of pluripotent cell

specific markers by this approach'

The use of DDPCR is most effective when several closely related cell types are

available, as is the case with the ES cell model of development, because most of the displayed

transcripts are common and subtle molecular differences between cell types can be examined.

These factors therefore indicate that DDPCR is likely to be a powerful technique for

identifying restricted gene exprsssion in the pluripotent or differentiated cell types generated

from ES cells in vitro. Key advantages of this approach are the ability to screen for transient

expression in pluripotent cell subtypes present during the ES to X cell conversion and to

exclude transcripts that are expressed by terminally differentiated cells. A panel of markers

that identifies multiple transient pluripotent cell types in vitro could enable the definition and

functional investigation of pluripotent cell heterogeneity (1.7) during the ICM to primitive

ectoderm stages of embryogenesis.
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1.8 Aims and APProaches

pluripotent cell populations perform critical functions during the development of the

early mammalian embryo, generating precursors for formation of the three germ cell layers,

establishment of tissue pattern and axis formation during gastrulation, and ensuring the

continuation of the species through the germ line. Experimental manipulation of murine

embryos has demonstrated that the developing pluripotent cell pool is tightly but flexibly

regulated and can respond to embryonic signals, environmental cues or injury by altering

cellular fate. Correspondingly, mounting developmental and molecular evidence points to the

existence of multiple pluripotent cell "states" or subtypes, with the stem cell pool of early

development featuring both temporal and spatial heterogeneity. The elucidation of individual

pluripotent cell subtypes is an essential precursor to the understanding of the regulation of the

stem cell pool and the decisions that govern pluripotent cell maintenance, progression or

differentiation within the early embryo.

Embryonic stem (ES) cells are derived from the pluripotent cells of the early mouse

embryo and represent the pluripotent cells of the ICM/early epiblast. ES cells retain

developmental pluripotency, as demonstrated by competency to colonise all murine tissues

including the germ line, following reintroduction to the blastocyst. Therefore ES cells remain

sensitive to all the developmental signals that are present during early embryogenesis,

properties that may be exploited to examine pluripotent cell biology in vitro. ES cells can be

maintained in the undifferentiated state by LIF and related cytokines, or differentiated through

cytokine withdrawal, chemical inducers or embryoid body aggregation, thus mimicking

embryonic pluripotent cell proliferation and differentiation decisions. Potential exists for the

generation of subtly different pluripotent cell types from ES cells i¡z vitro, either transiently

during differentiation procedures, or through the manipulation of culture conditions, as

demonstrated by the generation of X cells, a model for the pluripotent primitive ectoderm.

Therefore the ES cell model of early development is likely to provide multiple pluripotent cell

types for the investigation of restricted gene expression and generation of stem cell subtype-

specific markers. Such analysis could define markers that address the molecular nature of

temporal and spatial heterogeneity within pluripotent cells during the development of the ICM

to primitive ectoderm.
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The general aim of this work was to develop methods for the identification of

pluripotent cell markers for transient stem cell populations in the developing mouse embryo

and hence provide molecular insight to the question of pluripotent cell heterogeneity.

The approach taken was to identify differentially expressed genes during the ES cell to

X cell transition, to define markers for pluripotent cell subpopulations in vlvo. This approach

has significant advantages over alternate strategies for the identification of markers for

pluripotent cell types. Firstly, distinct pluripotent cell subpopulations are predicted to exist

during the ES to X cell transition. The analysis of gene expression at timed points during the

ES to X cell transition could therefore address molecular heterogeneity during the inner cell

mass to primitive ectoderm transition in vivo. Secondly, the pluripotent cell types present

during the ES to X cell transition are closely related and are therefore amenable to DDPCR

analysis. This would enable multiple transcripts to be screened simultaneously and transcripts

cloned on the basis of differential expression profiles between ES cells and X cells. Thirdly,

candidate markers of pluripotent cell subpopulations could be verified by gene expression

analysis in vitro, prior to expression analysis during early embryogenesis.
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CHAPTER 2

MATERIALS AND METHODS

2.1 Abbreviations

APS

ATP

bp

BCIG

BCIP

bisacrylamide

BSA

CHAPS

CIP

c.p.m.

d.p.c.

DIG

DMF

DMSO

DTT

E. coli

EtBr

EDTA

FCS

HEPES

IPTG

kb

MBA

min.

MOPS

NBT

NP-40

o/N

PBS

PEG

PFA

RA

RNase

rNTPs

ammonium persulphate

adenosine triphosPhate

base pair

5-bromo-4-chloro-3-indolyl-beta-D-galactosidase

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

N'N'-methylene-bisacrylamide

bovine serum albumin

3 - [(Cholamidopropyl)dimethlyammonio] - 1 -propane-sulfonate

calf intestinal phosphatase

counts per minute

days post-coitum

digoxygenin

dimethylformamide

dimethylsulfoxide

dithiothreitol

Escherichia coli

ethidium bromide

ethylene diamine tetra acetic acid

foetal calf serum

N-2-hydroxyethyl piperazine-N-ethane sulphonic acid

isopropyl- B-D-thiogalactopyranoside

kilobase pairs

3-methoxybenzamide

minute(s)

3-[N-morpholino]propane sulphonic acid

nitro blue tetrazolium chloride

Nonidet P40

overnight

phosphate buffered saline

polyethylene glycol

paraformaldehyde

all - tr ans -retinoic acid

ribonuclease

ribonucleotide phosPhates
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RT

SDS

sec.

TEMED

Tween 20

U

UV
X-gal

2.2.3 Kits
rsequenase kit

Gigaprime kit

Bresaclean kit

RPA tr Kit

ampliFINDER RACE kit

I - deaza- ilGTP decompres sion kit

room temperature

sodium dodecyl sulphate

second

N, N, N', N'-teramethyl-ethenediamine

polyoxyethylenesorbitan monol aurate

unit(s)

ultra violet

5-bromo-4-chloro-3-indol- B-D-galactopyranoside
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2.2 Materials

2.2.1 Chemicals and Reagents

Sigma Chemical Co. supplied the following chemicals: Acrylamide, bisacrylamide,

agarose (Type 1), ampicillin, BSA, EtBr, EDTA, Heparin, MOPS, RA, rNTPs, salmon

sperm DNA, SDS, TEMED, Tris base, tRNA (from brewer's yeast).

Sources for other important reagents were as follows: IPTG, BCIG; Progen. BCIP,

Anti-DIG Fab antibody-alkaline phosphatase conjugate, NBT and glycogen; Boehringer

Mannheim. APS, phenol, NP-40 and PEG 6000; BDH Chemicals. Paraformaldehyde;

Merck. Poty dT12-1g primer and Sepharose CL-68; Pharmacia. Gluteraldehyde; Probing and

Strucrure. Dithioerythritol and DTT; Diagnostic Chemicals Ltd. Tween 20; ICN. Sequagel 6;

National Diagnostics.

All chemicals and reagents were of analytical grade.

2.2.2 Radiochemicals

[cr-32p1 dATp (3000 Cilmmol), [cx-33p1 dATP (1500 Cilmmol), [a-3s51 dATP (1000-

1500 Cilmmol) and [cr-32p1 UTP (3000 Cilmmol) were supplied by Bresatec Ltd.

Pharmacia

Bresatec Ltd.

Bresatec Ltd.

Bresatec Ltd.

Clontech

USB, Amersham Life Sciences
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2.2.4 Enzymes

Restriction endonucleases were supplied by Pharmacia and New England Biolabs.

Other enzymes were obtained from the following sources: CIP and Proteinase K; Boehringer

Mannheim. E. coli DNA polymerase I (Klenow fragment), Taq Polymerase, RNasin, DNase

1, T4 DNA ligase, SP6 RNA polymerase and T7 RNA polymerase; Bresatec. RNase A;

Sigma. RNase T1; Ambion. T7 DNA polymerase and T3 RNA polymerase; Pharmacia.

Avian Myeloblastosis Virus (AMV) reverse transcriptase; Molecular Genetic Resources. T4

RNA ligase;New England Biolabs. Pfu DNA Polymerase; Stratagene. Superscript II reverse

transcriptase; Gibco BRL.

2.2.5 Buffers and Solutions

AP buffer: 100 mM NaCl, 50 mM MgCl2, 100 mM Tris-HCl pH 9.5, O.lVoTween20

Denhardt's solution: 0.|Vo (wlv) Ficoll,0.l7o (w/v) polyvinylpyrolidone,0.lTo (w/v) BSA

Dissection buffer: 807o ES DMEM, 20VoFCS,l0 mM HEPES pH7.4

FLB: 95Vo (wlv) deionised formamide,0.O2Vo bromophenol blue, O.02Vo xylene cyanol

GEB: l0 mM Tris-HCl, 1 mM EDTA, 0.17o SDS, pH7 .5

GLB: 50Vo glycerol,0.17o SDS, 0.05Vo bromophenol blue, 0.05Vo xylene cyanol

GTE: 50 mM glucose, 25 mM Tris-HCl, l0 mM EDTA, pH7.6

B-mercaptoethanolÆBS: 100 mM B-mercaptoethanol (Sigma) in l4 ml PBS. Fresh solution

made every two weeks.

MOPS: 23 mM MOPS pH 7.0, 50 mM NaAc, l0 mM EDTA

PBS: 136 mM NaCl,2.6 mM KCl, 1.5 mM KH2PO4,8 mM Na2HPO4, pH7.4.

Sterilised by autoclaving (20 psi for 25 min. at 140'C).

RIPA: 150 mM NaCl, I mM EDTA, 50 mM Tris-HCl pH 8.0,0.57o sodium

deoxycholate, 0. l7o SDS

1 x SD buffer: 33 mM Tris-HAc pH 7.8,62.5 mM KAc, l0 mM MgAc,4 mM spermidine,

0.5 mM dithioerythritol

SSC: 150 mM NaCl, 15 mM sodium citrate

STET: 50 mM Tris-HCl pH 8.0, 50 mM EDTA, 87o sucrose,SVoTriton X-100

TAE: 40 mM Tris-acetate, 20 mM NaAc, I mM Na2EDTA, pH 8.2

1 x Taq buffer: 67 mM Tris-HCl pH 8.8, 16.6 mM (NH¿)zSO¿,0.2mglml gelatin,0.45Vo

Triton X-100

TBE: 90 mM Tris, 90 mM boric acid,2.5 mM EDTA, pH 8.3

TBST: 136 mM NaCl, 2J mM KCl, 25 mM Tris-HCl pH 7 .5,0.1Vo Tween 20

Tfb 1: 30 mM KAc, 100 mM RbCl, 10 mM CaCl2,15Vo (v/v) Glycerol, pH 5.8

(adjusted with 0.2 M Acetic Acid)

Tfb2: 10 mM MOPS, 75 mM CaCl2,10 mM RbCl, l5Vo Glycerol, pH 6.5 (adjusted

with I M KOH)
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TNM:

Trypsin:

30 mM Tris-HCl pIF'7 .6,150 mM NaCl, 15 mM MgCl2, 0'47o NP40

O.lVo trypsin (Difco) and 1 x EDTA Versene buffer solution (CSL). Sterilised by

filtration through a 0.2 pM filter (Whatmann).

10 mM Tris-HCl pH 8.0, 7 M urea,0.35 M NaCl, 1 mM EDTA, 27o SDSTUNES

2.2.6 Plasmid Vectors

Clonins vectors

i) pBluescript KS and SK were kind gifts from Dr. Blair Hopwood.

Cloned DNA sequences

ii) The GAPDH (nGAP) cDNA clone in pGEM3Z was a kind gift from Prof. Peter Rathjen

and contained a 300 bp HindIIllPsrI fragment from the 5' end of the mouse GAPDH gene

(Rathjen et al. 1990b).

iii) The Oct-4 cDNA clone in pBluescript was a kind gift from Dr. Hans Schöler and

contained a462bp ^S/¿rI 
cDNA fragment of positions 491to 953 of the Oct-4 cDNA sequence

(Schöler et aI. I99Ob). Double strand Oct-4 probes were isolated by EcoRAXhoI digestion.

2.2.7 Riboprobe Templates

Riboprobe templates were prepared as described in section 2.3.6, DIG labelled

riboprobes were generated as described in section 2.3.29.

1) IcmI (.A03/360\

Riboprobes for in slru hybridisation were generated from the 403/360 5' plasmid

containing a256bp lcml insert (3.4). The antisense transcript was generated by HindIII

digestion and transcription with T7 RNA polymerase. The sense transcript was generated by

BamHldigestion and transcription with T3 RNA polymerase.

ii) Pscl (804/400)

Riboprobes for in sitø hybridisation, northern blot and ribonuclease protection were

generated from the 804/400 plasmid containing a 458 bp insert (3.4), corresponding to

positions 1661 to 2O4l of the Pscl cDNA. The antisense transcript was generated by BamHI

digestion and transcription with T3 RNA polymerase. The sense transcript was generated by

Hindllldigestion and transcription with T7 RNA polymerase.

111) Oct-4

Riboprobes for in sirø hybridisation were generated from the 462bp Oct-4 cDNA clone

(2.2.6111). The antisense transcript was generated by EcoRI digestion and transcription with

T3 RNA polymerase. The sense transcript was generatedby XhoI digestion and transcription

with T7 RNA polymerase.

iv) GAPDH

Riboprobes for ribonuclease protection were generated from the 300 bp GAPDH cDNA

clone (2.2.6ii). The antisense transcript was generated by BamHI digestion and transcription

with SP6 RNA polymerase.
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2.2.8 Oligonucleotides
DNA primers were synthesized by Bresatec Ltd. 5' arbitrary DDPCR primers, OPA

and OpB lgmers kits, were purchased from Operon technologies. Primer sequences are

shown 5'-3', except for "Anchor" which is 3'-5'. EcoRI restriction sites are in bold.

Generation of the 3' homeodomain primer from the homeodomain consensus is indicated.

General sequencing Primers

T]: TAATACGACTCACTATAGGGAGA

T3: ATTAACCCTCACTAAAC'GGA

DDPCR orimers

3' homeodomain primer, 3'-hP

The homeodomain consensus (Scott et aI.1989).

Hel-ix l- Helix 2

1-0 20 30 40 50 60

- - - - -R- -Y- - -Q- - -L- - -F- - - -Y- - - - -R- - -A- -L-L- - -Q-KIWFQNRR-K-K- - -
KTWFQNRR+

Dashes indicate variable residues, conserved residues at invariant positions are indicated.

Numbers indicate size of the domain, dark lines indicate helices within the homeodomain

structure. KIWFQNRR indicates the highly conserved region in the third o-helix of all

homeodomain proteins. 3'-hp (arrow) is a degenerate complimentary oligonucleotide to the

sequence WFQNRR:

RRNOFW
5. TA GA.àTT CCG NCG ATT TTG A;U\ CCA 3 ¡

T TG C G

3'-hp: TAGAATTCCG/TNCG/TA/GTTCÆTGA/GAACCA

(N=4, C, G, or T; / indicates position of degeneracy)

Helix 3

GTTTCGCTCC

TGATCCCTGG

CATCCCCCTG

GGACTGGAGT

TGCGCCCTTC

TGCTCTGCCC

GGTGACGCAG

Arbitrary 5'primers:

OPA-01: CAGGCCCTTC

OPA-02: TGCCGAGCTG

OPA-03: AGTCAGCCAC

OPA-04: AATCGGGCTG

OPA-05: AGGGGTCTTG

OPA-06: GGTCCCTGAC

OPA-07: GAAACGGGTG

OPB-O1

oPB-02

oPB-03

oPB-04:

oPB-05:

oPB-06:

oPB-07:
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oPA-08:

oPA-09:

oPA-10:

oPA-l1:

oPA-12:

oPA-13:

oPA-14:

oPA-15:

oPA-16:

oPA-17:

oPA-18:

oPA-19:

oPA-20:

GTGACGTAGG

GGGTAACGCC

GTGATCGCAG

CAATCGCCGT

TCGGCGATAG

CAC'CACCCAC

TCTGTGCTGG

TTCCGAACCC

AGCCAGCGAA

GACCGCTTGT

AGGTGACCGT

CAAACGTCC'G

GTTGCGATCC

oPB-08:

oPB-09:

oPB-10:

oPB-11:

oPB-12:

oPB-13:

oPB-14:

oPB-15:

oPB-16:

oPB-17:

oPB-18:

oPB-19:

oPB-20:

GTCCACACGG

TGGGGGACTC

CTGCTGGGAC

GTAGACCCGT

CCTTGACGCA

TCCGCTCTGG

GGAGGGTGTT

TTTGCCCGGA

AGGGAACGAG

CCACAGCAGT

ACCCCCGAAG

GGACCCTTAC

Pscl RACE and RTÆCR Primers

Anchor: 3'-NH3-GGAGACTTCCAAGGTCTTAGCTATCACTTAAGCAC-P-5'

Anchor primer:

582:

to64:

1275:

16:

5'primer:

CTGGTTCGGCCCACCTCTGAAGGTTCCAGAATCGATAG

TAGAATTCGTACCGCTCATAGTCTCTCCAC

TAGAATTCGGCAGAGCAACTTCATCAACAACTA

TC'GGAAGCACAACAGAAGGT

TTTACTTTGATTGTTGTTCC

ATGAATTC CCAGGGAGTAGGTGAAGT

sup}44 deltalac Ul69 (phi80 lacZdeltaVl1) hsdRlT recAl endAIgyrA96

thi-lrelAl

supF58 supE44 hsdR5l4 gaIK2 galTLT trpR55 metBl tonA deltalacUlí9

F' þroAB+ Iaclg lacZdeltaM 1 5 Tn I 0(tet 1)l

".2.9 Bacterial Strains

All recombinant plasmids were maintained in E. coli DH5o (a kind gift from Dr. Blair

Hopwood). Library screening was carried out in host E. coli BB4 (purchased from

Clontech). O/1.{ cultures diluted with an equal volume of 80Vo glycerol were used for long

term storage of stock strains and transformed bacteria at -80'C.

DH5cr:

BB4:
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2.2.L0 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 50'C.

Luria (L) broth: l%o (w/v) Bacto-tryptone (Difco),0.5Vo (w/v) yeast extract (Difco), lVo

(w/v) NaCl, pH 7.0 (adjusted with NaOH).

LMM broth: l%o (w/v) Bacto-tryptone (Difco),0.5Vo (w/v) NaCl ,0.47o (w/v) maltose,0.2Vo

MgSOa.

Psi broth: 27o (wlv) Bacto-tryptone (Difco),0.5Vo (w/v) yeast extract (Difco), 0.57o

(w/v) MgSO+, PH 7.6 (adjusted with 1 M KOH).

Solid Media: Agar plates were prepared by supplementing the above media with 1 .5VoBacto-

agar (Difco). LMM agarose for library screening was prepared by dissolving 0.7 g

agarose/lOO ml LMM broth.

Ampicillin (100 pglml) was added where appropriate for growth of transformed bacteria to

maintain selective pressure for recombinant plasmids.

2.2.11 Tissue Culture Cell Lines and Media

ES Cell Lines

The ES cell lines used throughout the course of this work were MBL-5 and D3 (Lindsay

Williams, Ludwig Institute, Melbourne, Australia).

Other Cell Lines

MedII cells (unpublished data).

Media

ES DMEM medium: 67.4 gDulbecco's Modified Eagle Medium (Gibco BRL), 18.5 g

NaHCO3 and 6.25 ml (40 mg/ml) Gentamicin (Delta West) dissolved in 5 litres sterile

water.

Incomplete ES cell medium: 9OVoES DMEM medium, 107o FCS (Commonwealth Serum

Labo ratorie s), I Vo glutamine, 0 . | 7o þ -mercaptoethanol/PB S.

Complete ES cell medium: Incomplete ES cell medium with l7o COS cell conditioned

medium containing LIF (Smith, 1991).

X cell medium: (1:1) MedII conditioned medium:ES cell medium (complete or incomplete),

MedII conditioned medium: medium was isolated from MedII cells cultured in incomplete ES

cell medium for 5 days.

All tissue culture media were filter sterilised.

34
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2.2.12 DNA Markers

Hpalldigested pUC19 markers were purchased from Bresatec Ltd. Band sizes (bp): 501,

489, 404, 331, 242, 190, 147, 1 1 1, 1 10, 6J, 34' 26.

Ecoql digested SPP-1 phage markers were purchased from Bresatec Ltd. Band sizes (kb):

8.51, 7.35, 6.11, 4.84,3.59,2.81, 1.95, 1.86, 1.51, I .39, 1.16, 0.98, 0.72,0'48, 0'36'

2.2.13 Miscellaneous Materials

3MM chromatography paPer

X-Omat AR and Bio-max diagnostic film

Nytran nylon membrane (0.a5 PM)

Petri-dishe s, 6-, 24-, 96-well trays

Terisaki plates

Genescreen filters

Whatmann Ltd.

Kodak

Schleicher and Schuell

Corning, Falcon

Bresatec Ltd.

Dupont

2.3 Molecular Methods

2.3.1 Restriction Endonuclease Digestion of DNA
plasmid DNA was digested in SD buffer with 1-2 U of enzyme/pg DNA and incubation

at the appropriate temperature for 30 min. to 2 hours. Complete digestion of DNA was

assayed by agarose gel electrophoresis.

2.3.2 A,garose Gel Electrophoresis

Agarose gel electrophoresis (0.8Vo to 3Vo w/v agarose in TAE) was carried out using

horizontal mini-gels prepared by pouring 10 ml of gel solution onto a 7.5 cm x 5.0 cm glass

microscope slide. Agarose mini-gels were submerged in 1 x TAE and samples containing 1 x

GLB were electrophoresed at 100 mA. Nucleic acid was visualised by staining gels with EtBr

(4 mglml in water) and exposure to medium wavelength UV light. Appropriate bands were

removed from preparative gels using a sterile scalpel blade.

2.3.3 Polyacrylamide Gel Electrophoresis

i) Non-denaturing gels

A 307o acrylamide stock solution was prepared by dissolving29 g acrylamide and 1 g

bis-acrylamide in a final volume of 100 ml MQ water. Polyacrylamide gels were prepared by

pouring a 50 ml gel solution containing SVo-I}Vo acrylamide in 1 x TBE between 15 cm x 16

cm glass plates separated by 1 mm spacers. Prior to pouring the gel, 500 pl of lOVo APS and

60 pl TEMED were added to the gel solution to initiate polymerisation. The gel was allowed

to set for 30-60 min. and pre-electrophoresed at 30 mA in 1 x TBE for 10 min. DNA samples

containing I x GLB were electrophoresed at 30 mA. After electrophoresis, the glass plates
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were separated and the gel stained with EtBr, destained in water for 10 min. and DNA bands

excised under medium wavelength UV light using a sterile scalpel blade'

ii) Denaturing gels

6Vo polyacrylamide sequencing gels (20 cm x 40 cm x 0.4 mm, or 35 cm x 40 cm x 0'4

mm) were prepared from Sequagel 6 solutions according to the manufacturer's instructions-

Once the gel had set (approximately 20 min.), the comb was removed and wells flushed with

water. Denaturing gels were pre-electrophoresed for 30 min. at 50 W (small gel) or 75 W

(large gel), the wells were flushed with 1 x TBE before loading samples and electrophoresis

at the same setting (about 50'C). After the gel had run, the glass plates were prised apart and

the gel transferred to dry 3MM Whatmann paper. The gel was dried down at 65'C under

vacuum. Radioactivity was detected by exposure to X-ray film at RT or -80'C with

intensifying screens, or by exposure to phosphonmager screens.

2.3.4 Purification of Linear DNA Fragments

Linear DNA fragments greater than 200 bp in length were purified using the Bresaclean

kit according to the manufacturer's instructions. Smaller DNA fragments were separated by

non-denaturing gel electrophoresis (2.3.3i), excised and eluted O/N in 400 pl GEB. The

following day, the eluate was transferred to a fresh eppendorf tube and the DNA was

precipitated by addition of 40 pl 3 M NaAc, 1 pl glycogen and I ml ethanol and chilled at

-80'C for 30 min. After centrifugation at l4 K for 15 min. at RT the DNA was resuspended

in MQ H2O.

2.3.5 Argarose Minigels for DNA Southern Blot

Agarose minigels for southern blot analysis were prepared as described in section

2.32.DN4 was transferred to Nytran Nylon membrane as described in section2.3.24,

except that 0.4 M NaOH was used for the capillary transfer and weights were 0.1-0.5 kg.

2.3.6 Preparation of Vector DNA

i) Standard Vectors

5-10 pg midi-prep DNA (2.3.11) was digested with the appropriate enzyme(s) in 1 x

SD buffer as described in section2.3.l. 1U of CIP, l0 pl 10 x CIP buffer (Boehringer

Mannheim Biochemicals) and MQ HZO to a final volume of 100 pl were added to restriction

endonuclease digestions and incubated at3l"C for t hour. Vectors were purified by agarose

gel electrophoresis (2.3.2) and Bresaclean (2.3.4).

ii) DDPCR Cloning Vectors

The cloning vector for DDPCR product ligations (pBluescript KS EcoRI/T) was

prepared in the following manner. 10-20 pg pBluescript KS was digested with EcoRV

(2.3.1), extracted with an equal volume of l:1 phenol:chloroform and the aqueous layer

precipitated with 1/1Oth volume NaAc pH 5.2,2 ¡rl glycogen and 2.5 volumes ethanol (-80'C
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for 30 min.). Vector DNA was resuspended and T-tailed (described in Austbel et al. 1994) in

a 50 pl reaction containing 1.5 mM MgCl2, 1 x Taq buffer, 2 mM dTTP and 1 U Taq

polymerase, at J2"C for 2 hours under mineral oil. The pBluescript KS T vector was

extracted and precipitated (as above) and resuspended in 20 pl MQ HzO. pBluescript KS T

was digested with EcoRI (2.3.1) to generate the pBluescript KS EcoRl/[ cloning vector. The

DDPCR cloning vectors were purified by agarose gel electrophoresis (2.3.2) and Bresaclean

(2.3.4).

2.3.7 DNA Ligation Reactions

Ligation reaction contained 25-40 ng purified vector (2.3.6),50-100 ng DNA insert

(2.3.4),ligation buffer (50 mM Tris-HCl pIJ7.4,10 mM MgCl2, 10 mM DTT, 1 mM ATP)

and I U T4 DNA ligase, and were incubated at RT for 1-5 hours.

2.3.8 Preparation of Competent Cells

A single E. coli colony was used to inoculate 5 ml Psi broth and grown in an orbital

shaker O/lt{ at 31"C. A l:30 subculture was made in 15 ml Psi broth and grown for 90 min. at

37"C, or until O.D.0.6 was obtained. A 1:20 subculture was made in 100 ml Psi broth and

grown at3l'C until the O.D. was 0.5-0.6. The bacterial cells were chilled on ice for five min.

and harvested by centrifugation at 6 K, for 5 min., at 4"C (SS34 rotor in Sorvall RC-5

centrifuge). The cells were resuspended in 0.4 volume of Tfb I and chilled on ice for a

further 5 min. The cells were re-harvested by centrifugation (as above) and resuspended in a

0.04 volume of Tfb 2. After incubation on ice for 15 min., 50 pl aliquot's of cell suspension

were transferred to eppendorf tubes and snap frozen in a dry ice / ethanol bath. The cells were

stored at -80'C until required.

2.3.9 Transformation of Competent Bacterial Cells

Approximately 10 ng of ligated DNA (2.3.1) was added to 50 pl of thawed competent

cells and placed on ice for 30 min. The cells were heat shocked at 42"C for 2 min. and then

incubated in 1 ml of LB at 3l"C 30 min. The cells were pelleted by centrifugation and the

supernatant decanted. The cells were resuspended in the residual supernatant, spread onto L

broth ampicillin (100 pglml) plates and transformant colonies grown OA{ at 31"C. Where

blue/white colour selection was required, plates were prepared by spreading with 50 pl IPTG

(50 pglml) and20 pl X-gal (50 pg/ml in DMF).

2.3.10 Rapid Small Scale Preparation of DNA (Mini-prep)

1.0 ml L broth ampicillin (100 pglml) was inoculated with a single transformant colony

and incubated OA{ at3l'C with shaking. Cell cultures were transferred to eppendorf tubes

and spun for I min. The bacterial pellets were aerated and resuspended in 200 ¡rl STET buffer

by vortexing. The bacteria were lysed at 100"C for 45 sec. Samples were centrifuged for 10
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min. and the cell debris and chromosomal DNA removed with a sterile toothpick. Plasmid

DNA was precipitated by addition of 200 pl isopropanol and incubation at -20"C for 5 min.

Plasmid DNA was pelleted by centrifugation for 10 min. and resuspended in 20 pl MQ H2O.

2.3.1I Rapid Large Scale Preparation of DNA (50 ml Midi-prep)

50 ml L broth ampicillin (100 pglml) was inoculated with a single transformant colony

and incubated O/ì{ at37"C with shaking. Cell cultures were transferred to oakridge tubes,

pelleted by centrifugation at 5 K, for 5 min., at 4"C (SS34 rotor in Sorvall RC-5 centrifuge)

and resuspended in 3 ml GTE. 6 ml of fresh lysis solution (0.2 M NaOH / 17o SDS) was

added, mixed gently by inversion and placed on ice for 5 min. 4.5 ml of acetate solution (3M

KAc / 2M HOAc pH 5.8) was added, mixed gently by inversion and placed on ice for 5 min.,

then mixed vigorously and placed on ice for 15 min. The cell debris was pelleted by

centrifugation (12 K, 10 min., 4'C; SS34 rotor in a Sorvall RC5 centrifuge) and the

supernatant was transferred to a new tube. Nucleic acid was precipitated at RT for 5 min. by

the addition of 8 ml iso-propanol, followed by centrifugation (12K,10 min, 4'C; SS34 rotor

in a Sorvall RC5 centrifuge). The pellet was drained, resuspended in 400 pl H2O and

transferred to a eppendorf tube. RNA was removed by the addition of 2 ¡t"l RNaseA (20

mg/ml) and incubation at 37"C for 30 min. 8 ¡tl lOVo SDS and 2.5 ¡t"l Proteinase K (20

mg/ml) was added and incubated at 37'C for l5 min. Plasmid DNA was extracted once with

an equal volume of 1: I phenol:chloroform, once with chloroform and was precipitated with

100 pl 7M NHaAc and 1 ml ethanol (-20'C, 30 min.). Plasmid DNA was pelleted, dried in

vacuo and resuspended in 200 ¡rl H2O.

2.3.12 Generation of Sequencing Subclones

Sequencing of large cDNA fragments was carried out by generating a series of

overlapping 200-600 bp subclones. I pg of isolated cDNA insert (2.3.4) was digested with

either AluI, HaeIII, Rs¿I, HpaII or Sau3AI (2.3.1) in 20 pl. The reactions were terminated

by incubating at 65'C for 5 min. and digested fragments were endfilled by adding 2 pl 10 x

SD buffer, 4 pl 5 mM dNTPs (dATP, dCTP, dGTP, dTTP), 14 pl MQ HzO and 2 U

Klenow DNA polymerase and incubation at 3J"C,l5 min. Digestion products from blunt

cutting enzymes (AIuI, HaeIII, rRsal) were endfilled due to 5' overhangs generated during

isolation of the original cDNA insert. Fragments were purified on IIVo acrylamide TBE gels

(2.3.3i) and ligated (2.3.1) into a blunt cut vector.
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2.3.13 Double Stranded Sequencing of Plasmid DNA

i) Denaturation of olasmid DNA

15 pl mini-prep (2.3.I0) or midi-prep DNA (2.3.11) was incubated at37'C for 15 min.

with 1.5 pl RNase A (20 mg/ml). Plasmid DNA was denatured by the addition of 3.5 pl 1 M

NaOH / 1 mM EDTA and incubation at 37"Cfor 15 min. Denatured plasmid was purified by

centrifugation at 1.8 K for 3 min. on a Sepharose CL-68 spin column.

ii) Sequencing of plasmid DNA

Dideoxy sequencing reactions were carried out using the PharmaciaTT polymerase

sequencing kit according to manufacturer's instructions. Reaction products were separated on

a 67o poly acrylamide denaturing gel (2. 3. 3 ii).

iii) Decompression sequencing

Decompression reactions were carried out using the USB 7-deaza-dGTP sequencing kit

according to manufacturer's instructions. Reaction products were separated on a 6Vo

polyacrylamide denaturing gel (2.3 .3i\).

2.3.14 Library Screening

i) Preparation of plating bacteria

10 ml LMM broth was inoculated with a single bacterial colony and grown O/lt{ at 37'C

in an orbital shaker.

ii) Librarv olatins

5 x 10a recombinant phage were added to 200 pl plating bacteria and incubated aL3'7'C

for 15 min. 9 ml LMM agarose at 50'C was transferred to the phage / bacteria mixture and

overlayed onto 15 cm L agar plates. Bacteriophage plaques were formed by incubating at

37"C for 5-7 hours. 'When the plaques had grown to a sufficient size, the plates were cooled

at4"C for at least t hour before plaque lifts.

iii) Plaoue lifts

Genescreen filters were placed onto library plates for 60 sec. (lst lift) or 3 min. (2nd

lift) and transferred to 3MM Whatmann to air dry. Filters were then autoclaved for 2 min. and

nucleic acid was bound to the filter by UV crosslinking. Second and third round screens were

carried out on l0 cm plates and nitrocellulose filters were used. After lifts, nitrocellulose

filters were transferred to 3MM Whatmann paper soaked in denaturing solution (0.5 M

NaOH, 1.5 M NaCl) for 5 min. Filters were then transferred to 3MM 'Whatmann paper

soaked in neutralising solution (0.5 M Tris-HCl pH 8.0, 1.5 M NaCl) for 5 min. and rinsed

in 20 x SSC for 5 min. After air drying filters for 30 min. nucleic acid was bound to the filter

by UV crosslinking.

2.3.15 Lambda Zapping
cDNA clones were isolated from third round positive plaques using the zapping

protocol provided by Clontech.
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2.3.16 Reverse TranscriPtion

i) With AMV reverse transcriptase

2 (or 10) pg total RNA in a volume of 4 pl was denatured at 65'C for 10 min. before

snap cooling on ice. The denatured RNA was added to a 16 (or 36) pl reverse transcription

reaction mix containing 50 mM Tris-HCl pH 8.5, 6 mM MgCl2,4O mM KCl, 1 mM DTT,

1.5 mM each dNTP,40 U RNasin, 250 ng oligo d(T) primer (or 500 ng gene specific

primer) and l5 U AMV reverse transcriptase and incubated for t hour at4l'C.

ii) With Superscript II reverse transcriptase

10 pg total RNA was reverse transcribed according to the manufacturer's instructions

and diluted to 100 Pl with MQ H2O.

2.3.17 Reverse Transcription PCR (RT/PCR)

PCR mixes contained 5 pl cDNA template (2.3.1611),25 mM Tris-HCl pH 9.1, 16 mM

(NH+)zSO+, 250 pM each dNTP, 200 ng each primer,2IJ Taq polymerase and 0.025 U Pfu

polymerase in a final volume of 43 pl. The reactions were overlayed with mineral oil and

were "hor started" at94"C for I min. prior to addition of 7 pl 25 mM MgCl2 (3.5 mM final).

Typical thermal cycling parameters were: (1) 94'C,l min. (hot start); (2)94"C,15 sec.; (3)

50'C, 15 sec.; (4)12"C,3 min.; (5) cycle (2-4) 40 times; 72"C,5 min. PCR reactions were

amplified in a MJ research PTC-100 thermal cycler.

2.3.18 Differential DisPlaY PCR

The reverse transcription reactions used for DDPCR were a modification of AMV

reverse transcriptase conditions described in section 2.3.16. Reactions were primed with 250

ng 3'-hp (2.2.8) and the reaction mixes were preheated to 50'C before denatured RNA

template was added. The 20 pl reverse transcription reactions were incubated for I hour at

50"C under mineral oil, to prevent evaporation. The reactions were then incubated at 94"C for

5 min. to inactivate the reverse transcriptase. cDNA solution was not diluted prior to PCR.

1 pl of the reverse transcription mix was used as template in 25 ¡rl PCR reactions

containing 1.5 mM MgCl2, I x Taq buffer, 20 pM each dNTP, 500 ng 3'-hp (2.2.8),31'5

ng arbitrary l0mer (2.2.8),5 pCi [cr-33p1 dATP (or l0 pCi [o-3s5] dATP) and 1U Taq

polymerase. The DDPCR reactions were amplified in a MJ Research PTC-100 thermal cycler

for 40 cycles of: (1) 94"C,30 sec.; (2) 42"C,30 sec.; (3) 72"C,30 sec. followed by a final

extension at72"Cfor 5 min. 5 pl samples were removed after amplification, mixed with 3 pl

90Vo formamide / dye solution, boiled and run on 8M lJrea / 6Vo polyacrylamide sequencing

gels (2.3.3ii). After electrophoresis, gels were transferred to 'Whatmann 3MM paper, dried

and taped down in an autoradiographic cassette. X-ray film was carefully aligned to the top

left corner of the cassette and the gel was exposed to film for I to 3 days. Sequencing

reactions or dye migration were used as markers of product sizes.
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To reamplify DDPCR products of interest, 26G needle holes were punched in the X-ray

film surrounding the individual band. The film was carefully realigned to the top left corner of

the cassette and the position of the DDPCR product was marked through the holes with a fine

pencil. A gel / Whatmann slice was excised from the marked region of the dried gel and the

DDPCR product was eluted in 100-200 pl of 0.5 M NH4Ac, 10 mM MgAc2, 1 mM EDTA

pH 8.0,0.17o SDS at 50"C for 5-20 hours. 1 pl of eluted DDPCR product was then used

directly as a template in 100 pl PCR reamplification reactions under the same conditions as

the original DDPCR, omitting radioactive label. A 5 pl sample of reamplified product was

checked on an agarose gel (2.3.2). The remainder of the reamplified product was precipitated

with 1/l0th volume NaAc pIH5.2,2 pl glycogen and 2.5 volumes ethanol (-80'C for 30

min.). The DNA pellet was resuspended in 20 pl and digested with EcoRI (2.3.1). Digested

product was purified by non-denaturing acrylamide gel electrophoresis (2.3.3i), eluted

(2.3.4) and ligated (2.3.1) to pBluescript KS EcoRIfl (2.3-6ti).

2.3.19 Rapid Amplification of cDNA Ends (RACE/PCR)

RACE PCR was carried out using the ampliFINDER kit (Clontech) according to

manufacturer's instructions, with the following modifications: Reverse transcription

conditions were the same as for AMV reverse transcriptase (2.3.16), except 1 pg of (A)n*

RNA was used in a reaction primed by 250 ng of a gene specific 3' primer. RNA was

hydrolysed after t hour with 6 ¡tl2 M NaOH at 65'C, 30 min., then neutralised with 2 ¡t'l 6

M Acetic acid. lst strand cDNA was purified by addition of 80 pl NaI and Bresaclean

procedure (2.3.4) and eluted in 50 pl. cDNA was precipitated with 5 pl 3 M NaAc pH 5.2,2

pl glycogen and 150 pl ethanol at -80'C for 30 min., pelleted, dried in vctcuo and

resuspended in 10 pl MQ H2O. 4 pM Anchor oligonucleotide (2.2.8) was ligated to 2 ¡t'l
purified cDNA in a l0 pl reaction containing T4 RNA ligase buffer (50 mM Tris-HCl pH

7.8, 10 mM MgCl2, 1 mM B-mercaptoethanol, I mM ATP) and 10 U T4 RNA ligase at3l'C

for 6 hours under mineral oil. Ligation reactions were terminated by heating at 94'C for 2

min. and 1 pl ligated cDNA template was used undiluted in RACE/PCR analysis using the 5'

anchor primer (2.2.8) and a nested gene specific 3' primer. Amplification conditions were

essentially identical to those described for RT/PCR in section 2.3.11.

2,3.20 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 -80"C until use. Cell pellets were thoroughly

resuspendedtnZml ice cold TNM and lysed by vigorous pipetting 10 times. After incubation

on ice for 5 min., the nuclei were pelleted by centrifugation (3 K for 5 min.) and the

supernatant decanted and mixed thoroughly with 2 ml TUNES. This solution was extracted

twice with phenol/chloroform (1:1) and the aqueous layer was transferred to a corex tube.

RNA was precipitated by addition of 1/10th volume NaAc pH 5.2 and 2.5 volumes RNase



Chnpter2. Materials and Methods

free ethanol, and incubated at -80'C for 30 min. or OA.l at -20'C. After spinning at 10 K for

30 min. at 4"C, the RNA pellet was resuspended in 450 pl of sterile water, and transferred to

an eppendorf tube for re-precipitation as above. The RNA was pelleted for 15 min.,

resuspended in an appropriate volume of water, and the concentration was determined by

spectrophotometry. RNA samples were stored at -20'C.

2.3.2t Isolation of RNA from Tissue Samples

RNA from tissue samples was isolated using the acid guanidium thiocyanate method

(Chomczynski and Sacchi 1981).

2.3.22 Isolätion of (A)n+ RNA

Oligo-d(T) cellulose beads were prepared by soaking in 0.1 M NaOH and rinsed

thoroughly in MQ H20 before resuspending in pre-wash solution (0.5 M NaCl, 0.4 M Tris-

HCI pH 7.5, lO mM EDTA,0.57o SDS). 500 pg cytoplasmic RNA was precipitated and

resuspended in 100 pl MQ H20 before denaturation at 80'C for 2 min. and snap cooling on

ice. 100 ¡rl resuspension solution (1 M NaCl, 0.4 M Tris-HCl pH 7.5, 20 mM EDTA,IVo

SDS) was added to the RNA before transferring to 100 pl oligo-dT cellulose beads. After

incubation at room temperature for 5 min. the beads were washed twice with 0.5 M NaCl / 10

mM EDTA and the (A)n+ RNA eluted twice in 150 pl MQ H2O at65"C for 5 min. RNA was

precipitated by addition of 650 pl ethanol and 8 pl 4M NaCl, resuspended in MQ H20, and

stored at -2O"C.

2.3.23 RNA Gels for Northern Blot Analysis

l.3Vo agarose gels for northern blot analysis were prepared by dissolving 3.9 g agarose

\n225 ml MQ water. Once the gel solution had cooled to 60'C, 25 ml10 x MOPS and 15 ml

2O7o lormaldehyde (freshly prepared by dissolvin1 4 g paraformaldehyde in 20 ml MQ HzO)

were added before pouring the gel.

(A)n+ RNA samples (approximately l0 pg) were prepared for electrophoresis as

follows:

42

11.25 ¡t"l

5pl
8.75 pl

25 ¡tl

RNA + MQ H2O

10 x MOPS

formaldehyde (37Vo, pH 4.5)

deionised formamide

RNA samples were denatured by heating at 65'C for 15 min. and snap cooled on ice.

GLB was added before loading into wells. 5 pg EcoRI digested SPP-1 phage markers were

also loaded. Northern gels were run at 6 V / cm gel length in 1 x MOPS until the

bromophenol blue dye had reached the bottom of the gel.
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2.3.24 Northern Blot Transfer

The lane containing the DNA markers was removed from the gel, stained in EtBr for 45

min. and destained in water O/1.{ before photographing under medium wavelength UV light.

The remainder of the gel was blotted onto Nytran nylon membrane using capillary transfer.

Two pieces of Whatmann 3MM paper 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 placed

wells facing down on the damp Whatmann paper (avoiding bubbles) and parafilm placed

around the gel to avoid short circuiting. The nylon membrane was pre-wetted in 20 x SSC

and then carefully placed over the gel such that 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 I cm stack of dry Whatmann paper. A 5 cm stack of

paper towels was then added and a glass plate placed on top of the paper towels. A 0.8 kg

weight was placed on the glass plate and the gel was transferred for at least 24 hours.

Following transfer, the RNA was cross-linked to the filter by exposure to 120 mJ of UV

radiation in a Stratagene UV StratalinkerrM before pre-hybridisation.

2.3.25 Radioactive DNA Probes

DNA probes were prepared using the Gigaprime labelling kit with 50 pCi [cr-:zp1

dATP in 20 pl reactions. The reactions were terminated by addition of 20 pl stop buffer (507o

glycerol, 0.1 M EDTA pH 7.0, O.O27o bromophenol blue, 0.02Vo SDS) and 60 pl MQ H2O

and incubation at 65"C for 10 min. Unincorporated label was removed from the probe by

centrifugation on a Sepharose CL-68 column (1.8 K, 3 min.).

2.3.26 Radioactive RNA Probes

Riboprobes were synthesised as described by Krieg and Melton (1987), using 60 pCi

[cr-32p1 UTP. Unincorporated label was removed using a Sephadex G-50 column spun at

3.2K for 5 min.

2.3.27 Hybridisation of Radioactive Probes to Nylon and Nitrocellulose

Filters
i) DNA probes

Prehybridisation solution contained I M NaCl, 50Vo deionized formamide, l7o SDS,

10Vo PEG,50 mM Tris-HCl pH7.4, 100 pglml sonicated salmon sperm DNA, 100 pg/ml

denatured IRNA and 5 x Denhardt's. Filters were prehybridised for a minimum of 4 hours at

42"C in 10 ml prehybridisation solution per filter. DNA probes (2.3.25) were boiled for 5

min., snap-cooled on ice before adding to filters. Filters were probed O/N at 42"C in a

Hybaid hybridisation oven. Plaque lift filters (2.3.141\i) were hybridised in petri dishes (up to

20 per dish), with enough prehybridisation solution to cover all filters.
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ii) RNA probes

Northern filters were prehybridised for a minimum of 4 hours at 65'C in 10 ml

hybridisation solution containing 5 x SSC, 60Vo formamide, 5 x Denhardt's, 20 mM sodium

phosphate pH 6.8, 17o SDS, 100 pg/ml sonicated salmon sperm DNA and 100 pg/ml

denatured tRNA. RNA probes (2.3.26) were denatured by heating at 85'C for 2 min., snap-

cooled on ice and added to Hybaid cylinders. Hybridisation reactions were carried out O/N at

65'C.

2.3.28 Ribonuclease Protection Analysis

RNase protection analysis was carried out using the RPAII kit according to the

manufacturer's instructions. 120,000 c.p.m. of single stranded antisense Pscl riboprobe

(Z.Z.i1r) and 12,000 c.p.m. of single stranded antisense GAPDH riboprobe (2.2.7w) were

added to each RNA sample. RNase digestion products were separated on a 7 M urrea I 6Vo

TBE polyacrylamide gel and visualised using autoradiography and phosphorimager analysis.

2.3.29 Digoxygenin (DIG) Labelled RNA Probes

DIG labelled riboprobes were prepared by transcription reactions containing 1-2 pg

linearized plasmid, 40 mM Tris-HCl pH 7.5, 6 mM MgCl2,2 mM spermidine-Hcl, l0 mM

DTT, 2 U RNasin, I x DIG labelling mix and 40 U RNA polymerase in a total volume of 40

pl. Transcription reactions were incubated at 37"C for 2-3 hours before the template was

removed by addition of 40 U RNase free DNase and incubation at 37"C for 15 min.

Reacrions were precipitated at -20"C (l hour-OAi) after addition of 60 pl MQ H20, 8 pl 250

mM EDTA, I 1 pl 4 M LiCl and 330 ltl 1007o ethanol. After centrifugation for 15 min., the

probe was resuspended in 200 ¡rl of RNase free MQ HzO. A 5 pl sample of resuspended

probe was used to assess riboprobe yield and quality by agarose gel electrophoresis (2.3.2).

2.3.30 ín sítu Hybridisation of Cell Monolayers

Cell monolayers were rinsed twice with PBS and fixed OA{ in 4Vo PFA / PBS solution

at4"C. The following day, the cells were rinsed twice on ice with PBT (0.lVo Tween 20 /

PBS solution) and dehydrated on ice by the addition o125Vo methanol / PBS for 5 min., 507o

methanol / PBS for 5 min., 15Vo methanol / PBS for 5 min. and stored in l00Vo methanol at

-20"C. Cells were rehydrated to PBS using the methanol on ice series, and rinsed three times

at room temperature in PBT. Cells were then washed for 3 x 20 min. with RIPA buffer and

postfixed in 4Vo PFA / O.2Vo gluteraldehyde in PBT for 2O min. Plates were rinsed 3 x 5 min

in PBT and washed for 5 min. in 1:1 hybridisation buffer:PBT (hybridisation buffer: 507o

deionized formamide, 5 x SSC, O.lVoTween-2O, 50 pglml heparin). Cells were washed for a

further 5 min. in hybridisation buffer, and prehybridised in hybridisation buffer containing

100 pg/ml denatured salmon spenn DNA and 100 pglml denatured yeast tRNA for 1-6 hours

at 68'C. Prehybridisation and hybridisation steps were carried out in a sealed humidified box
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containing paper towels soaked in 5OVo formamide. DlG-labelled riboprobes were denatured

at 80'C for 10 min., snap cooled on ice, added to fresh hybridisation buffer containing

denatured salmon sperm DNA and yeast tRNA, and hybridised to cells O/lr{ at 68'C. Probes

were diluted 1:200 for the hybridisation step. The following day, cell monolayers were

washed in5OVo formamide / 2 x SSC l0.1Vo Tween 20for 5 min. and 3 x 30 min. at 68"C.

The cells were then washed three times at room temperature in TBST followed by incubation

in ljVo FCS / TBST for one hour at room temperature. Anti-digoxygenin Fab fragments-

Alkaline Phosphatase conjugate (Boehringer Mannheim) was diluted 1:2000 in 7Vo FCS /

TBST, preblocked for I hour at4"C and incubated with cells O/l'{ at4'C. Next day, cells

were washed for 3 x 5 min. and 6 x 30 min. in TBST and 3 x 10 min. in AP buffer. The cells

were developed in AP buffer containing 0.45 mg/ml NBT and 0.18 mg/ml BCIP in the dark

until purple staining appeared (l-8 hours). The staining reaction was terminated by rinsing

several times with PBT / I mM EDTA. Cells were viewed and photographed under phase

contrast and bright field optics using a Nikon Diaphot inverted microscope with Ectachrome

100 slide film.

2.3.3I Embryonic in situ Hybridisation
In situ hybridisation to preimplantation and postimplantation murine embryos was

carried out with a modification of the whole mount digoxygenin method of Rosen and

Beddington (1993). Embryos were treated with 2 ml solution volumesin24 well trays using

processing baskets (2.5.2).

Embryos were dissected and dehydrated as described in section 2.5.3 and 2.5.4.

Dehydrated embryos in l)OVo methanol were rehydrated on ice with J5Vo methanol / PBT

(0.lVo Tween 20 / PBS solution) for 5 min., 507o methanol / PBT for 5 min., 25Vo methanol

/ PBT for 5 min. and rinsed three times with PBT for 5 min. at RT. Embryos were bleached

with 67o HzOz / PBT for I hour and rinsed three times with PBT for 5 min. at RT. Embryos

were then washed with zuPA buffer for 3 x 20 min. at RT, rinsed twice in PBT and postfixed

in 4Vo PFA / 0.2Vo ghtteraldehyde in PBT for 2O min. at RT. Embryos were washed 3 x 5

min in PBT and washed for 5 min. in 1:i hybridisation buffer:PBT (hybridisation buffer:

5OVo deionized formamide, 5 x SSC, O.lVo Tween-Z0,50 pg/ml heparin). Embryos were

washed for a further 5 min. in hybridisation buffer and prehybridised in hybridisation buffer

containing 100 pg/ml denatured salmon spenn DNA and 100 pglml denatured yeast IRNA for

1-6 hours at 68'C. Prehybridisation and hybridisation steps were carried out in a sealed

humidified box containing paper towels soaked in 5OVo formamide. DlG-labelled riboprobes

were denatured at 80"C for 10 min., snap cooled on ice, added to fresh hybridisation buffer

containing denatured salmon sperm DNA and yeast IRNA, and hybridised to embryos OA{ at

68'C. Probes were diluted 1:200 for the hybridisation step. The following day, embryos

were washed in solution I (507o formamide, 5 x SSC pH 4.5, O.lVo Tween 20, 0.5Vo

CHAPS) for 5 min. at 68'C, 70Vo solution I / 3OVo 2 x SSC for 5 min. at 68'C, and 30Vo
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solution I /70Vo 2 x SSC for 5 min. at 68"C. Embryos were then washed twice in 2 x SSC,

o.IVo CIJAPS for 30 min. at 68"C and twice in 0.2 x SSC, O.lVo CHAPS for 30 min. at

68'C. Embryos were then rinsed twice in PBT at RT and washed three times in TBST for 5

min., followed by incubation in IOVo FCS / TBST for one hour at room temperature.

Preblocked anti-digoxygenin Fab fragments-Alkaline Phosphatase conjugate (Boehringer

Mannheim) was prepared as described in section 2.3.33, and incubated with the embryos for

4-6 hours aI"4"C with gentle rocking. Embryos were washed for 3 x 10 min. then O/N in

TBST. The following day, embryos were washed 2 x 10 min in TBST and 3 x 10 min. in AP

buffer. The embryos were gently flushed from the processing baskets into siliconised dishes

containing AP buffer. Embryos were subsequently identified and transferred to siliconised

welled microscope slides for staining. Stainings were developed in AP buffer containing 0.45

mg/ml NBT and 0.18 mg/ml BCIP in the dark until purple staining appeared (1-6 hours). The

staining reaction was terminated by transferring embryos through several rinses of PBT / I

mM EDTA. The stain was fixed by incubation in 4Vo PFA / O.2Vo gluteraldehyde in PBT for

20 min. and embryos were stored in O.4Vo PFA / PBT. Embryos were viewed and

photographed with Ectachrome 160T slide film under phase contrast and bright field optics

using a Nikon inverted microscope, or under bright field using a Leica MZ-\ dissecting

microscope.

2.3.32 Mouse Embryo Powder

14.5 d.p.c. mouse embryos were homogenised in PBS, mixed with 4 volumes ice-cold

acetone and incubated on ice for 30 min. Homogenate was spun at l0 K, for 10 min. at 4"C

(SS34 rotor in Sorvall RC-5 centrifuge) and the supernatant was discarded. The pellet was

washed in ice-cold acetone and centrifuged as above. The pellet was ground to a powder on

Whatmann 3MM paper, air dried and stored in an airtight tube at4"C.

2.3.33 Antibody Preblocking
50-100 pl embryo powder (2.3.32) was resuspended in I ml TBST, heat inactivated

for 30 min. at JO"C, spun and the pellet cooled on ice. The pellet was resuspended in I ml

17o FCS / TBST and I pl anti-digoxygenin Fab fragments-Alkaline Phosphatase conjugate

(Boehringer Mannheim) was added per in situ.The antibody was blocked for l-5 hours at

4"C with gentle rocking and centrifuged for 5 min. at 4'C. The supernatant was diluted with

1% FCS / TBST to give 2 ml per well of in situ.

2.3.34 Containment Facilities

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

Adclaide.
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2.3.35 Phosphorimager Analysis, Autoradiograph Scanning and Image

Manipulation
Gels and filters were exposed to Storage Phosphor Screens (Molecular Dynamics) and

processed using a Molecular Dynamics Phosphorlmager running the ImageQuant software

package. Quantitation by volume intergration was carried out using ImageQuant.

Phosphorlmager files were manipulated using the Adobe PhotoshoprM and MacDraw Pro

programs, and printed using a Hewlett Packard LaserJet 5MP printer.

Photographic slides of embryonic in situ hybridisation analysis were scanned. Scanned

images were manipulated using the Adobe PhotoshoprM and PowerPoint programs, and

converted to photographic images.

2.3.36 Sequencing Software and Database Searches

Sequencing reactions were read using a digitiser and MacDNASIS software (Hitachi).

Contiguous sequence allignments were performed using MacDNASIS.

Sequence searches and alignments were carried out using the BLAST program of

Altschul et aI. (1990). cDNA sequences were compared to the non-redundant nucleotide

database and expressed sequence tag database, or translated in six reading frames and

compared to the non-redundant nucleotide database translated in all reading frames.

2.4 Tissue Culture Methods

2.4.1 Maintenance of ES Cells

ES cells were routinely maintained as described by Smith (1991), in ES medium at

37'Cin 10VoCO7 Cellswereprocessedforin si/zhybridisation (2.3.30) orharvestedas

follows: cells were washed twice in PBS, incubated with trypsin (1 ml) at 37'C and

transferred into 4 ml complete ES cell medium. The cells were spun at l.2K for 5 min.,

gently resuspended in 10 ml complete ES medium (2.2.11) and re-seeded at clonal density

(20-40 fold dilution). ES cells were re-seeded every 3-4 days.

2.4.2 Differentiation of ES Cells

i) Generation of X cells

ES cells were seeded at clonal density in X cell medium (with or without LIF). X cell

colonies were detected within 24 hours of induction. X cells were maintained in X cell

medium (2.2.11), and were passaged and processed (2.3.30) for in.ril& hybridisation, or

harvested (2.4.1) as described for ES cells. The nomenclature used for the ES to X cell

conversion was based on the passage number of the culture (0-3) and the presence (+) or

absence (-) of supplementing LIF within the X cell medium. For example, the induction of X
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cells in the presence of LIF and subsequent culture for two passages results in a culture

termed X+2 cells.

Reversion of X cells to ES cell like colonies: X cells were seeded in complete ES cell

medium (2.2.11) and passaged every 3-4 days.

ii) Soontaneous Induction

ES cells were seeded at 1000 cells/cm2 in incomplete ES medium (2.2.11). The cells

were grown for 8-9 days, with daily changes of medium after the initial 72 hours, and were

processed (2.3.30) for in situhybridisation, or harvested (2.4.1) as described for ES cells.

iii) Retinoic Acid Induction

ES cells were seeded at I x 104 cells/cm2 in incomplete ES medium (2.2.11) containing

1OU/ml recombinant LIF (Amrad) and allowed to adhere O/lt{. The medium was replaced the

following day with identical medium containing 2 WM retinoic acid, and the cells cultured for

a further 72 hours with daily changes of (RA containing) medium. The cells were cultured for

a further 2-4 days in incomplete ES cell medium (without LIF) before being processed

(2.3.30) for in sir¿, hybridisation, or harvested (2.4.1) as described for ES cells.

iv) 3-Methox)¡benzamide Induction

ES cells were seeded at 1000 cells/cm2 in incomplete ES medium (2.2.11) containing

100 U/ml recombinant LIF (Amrad) and allowed to adhere O/N. The following day, the

medium was replaced with identical medium containing 5 mM 3-methoxybenzamide (MBA),

and the cells induced for 48 hours. The cells were then processed (2.3.30) for in situ

hybridisation, or harvested (2.4.1) as described for ES cells.

v) Dimethylsulfoxide Induction

ES cells were seeded at 1000 cells/cm2 in incomplete ES medium (2.2.11) containing

100 U/ml recombinant LIF (Amrad) and allowed to adhere O/N. The culture medium was

replaced the following day with identical medium containing 1.57o DMSO. Induction was

maintained for 12 hours with daily changes of DMSO containing medium. Following

induction, cells were cultured in medium without LIF for a further 3-4 days before being

processed (2.3.30) for in sita hybridisation, or harvested (2.4.1) as described for ES cells.
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2.5 Embryological Methods

2.5.1 Mouse Strains and Matings
Embryos to be used for in situ hybridisation were generally produced from Balb/C x

C57BU6J matings, or occasionally were Fl's or F2's from CBA x C57BL/6J matings.

Preimplantation embryos were generated by natural matings or standard superovulation

conditions (Hogan et aL 1994), postimplantation embryos were derived from natural matings.

Mice were maintained on a 14 hour light / l0 hour dark cycle and supplied with food and

water ad libitum.

2.5.2 Embryo Processing Baskets

For complex in situ hybridisation procedures, preimplantation and postimplantation

embryos were processed through solutions in siliconised plastic processing baskets. Baskets

were made (in a fume hood) by firstly removing the bottom of a screw capped eppendorf tube

with a heated scalpel blade. The top of the tube (without lid) was briefly melted over a bunsen

burner and held down on a piece of fine grade nylon mesh (pore size approximately 20-50
pm), until the plastic had reset. Excess mesh was removed and the basket was siliconised.

Processing baskets were suitable for both 4 well and24 well tissue culture dishes.

2.5.3 Embryo Isolation and Dissection

Embryo stages are represented as number of days post coitum (d.p.c.), assuming

fertilisation occurred at midnight preceding the discovery of the vaginal plug. As slight
variation in developmental progression occurred within litters and between litters, individual
embryos were reclassified according to idealised developmental time points such as in
Kaufman 1992, Hogan et al. 1994. Isolation and dissection of preimplantation and

postimplantation embryos was carried out according to Hogan et aI. 1994 with the following
modifications:

i) Preimplantation embryos

Uteri were removed and embryos were flushed from oviduct or uteri with dissection

medium (ZOVo FCS / ES DMEM, l0 mM HEPES pH 7.4). The zona pellucida was not
removed.

ii) 5.0-5.5 d.p.c. embryos

Uteri were removed and individual pregnancies isolated in dissection medium (20Vo

FCS / ES DMEM, 10 mM HEPES pH7 .Q. The mesometrial side of the pregnancy and early

decidua was prised open and embryos were "shelled" out of the decidua with fine forceps.
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2.5.4 Embryo Fixation and Dehydration
Dissected preimplantation and postimplantation embryos were handled using siliconised

glassware. Embryos were rinsed once in PBS and once in 4Vo PFA / PBS. Embryos were

transferred to siliconised processing baskets and fixed in 4Vo PFA / PBS for 4-16 hours at

4'C. Embryos were rinsed twice on ice with PBT (0.1Vo Tween 20 / PBS solution) and

dehydrated on ice by 25Vo methanol / PBS for 5 min., 50Vo methanol / PBS for 5 min.,J5Vo

methanol / PBS for 5 min. and lO}Vo methanol. Embryos were stored at -20"C in processing

baskets, in 2 ml l)OVo methanol in sealed 10 ml polypropylene tubes.

2.5.5 Animal Manipulations
All procedures involving animals were carried out with the approval of the University

of Adelaide Animal Ethics Committee.
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CHAPTER 3

A METHOD FOR THE IDENTIFICATION OF DIFFERENTIALLY

EXPRESSED GENES DURING PLURIPOTENT CELL PROGRESSION /N

VITRO

3.1 Introduction

The developmental progression of pluripotent cells during early embryogenesis is

fundamental for the processes that establish the embryonic body plan and tissue primordia.

While the developmental potential of these cell populations has been studied by

transplantation and fate mapping experiments (1.5, 1.5.1), a paucity of specific markers has

severely limited molecular dissection of their development (1.5.2). Detailed molecular

analysis of these developmental stages requires markers that are specifically expressed in

subpopulations of the pluripotent cell pool. The existence of stem cell subpopulations and

corresponding specific gene expression is indicated by multiple changes to pluripotent cell

morphology and the specific timing of embryonic events (1.5.1). The limited array of

markers can be attributed to the small size and inaccessibility of various stages of early murine

embryogenesis, coupled with the impracticality of mouse genetic screens for early

developmental defects. The generation of pluripotent cell markers could therefore require the

development of alternate isolation strategies.

3.I.I In vitro Models of the Inner Cell Mass and Primitive Ectoderm

ES cells are induced to form an homogeneous monolayer of flattened cells, termed X

cells (1.6.7), when cultured in the presence of medium conditioned by a transformed human

hepatic cell line (MedII cells; Lake 1996). Morphologically indistinguishable X cells are

generated in the presence or absence (+ or -) of supplementary LIF. In this analysis, X cells

were grown for up to three passages (X+0, I,2, or 3; X-0, l, 2, or 3).

Gene expression and differentiation potential analysis indicates that ES and X cells are

distinct pluripotent cell types (1.6.8). In particular, X+3 and X-3 cells, collectively termed

Xp3 (X cells, passage 3), have gene expression characteristics akin to the primitive ectoderm.
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The conversion of ES cells to Xp3 cells therefore represents a model of the ICM to primitive

ectoderm transition in vitro (1.6.9, Lake 1996). Additionally, several distinct timed

subpopulations of pluripotent cells are predicted to exist during the ES to X cell transition

(1.6.9), which could represent specific "windows" of pluripotent cell development during the

ICM to primitive ectoderm transition. Therefore, the identification of differentially expressed

genes during the ES to X cell transition has the potential to generate a series of molecular

markers for distinct pluripotent cell subpopulations during early embryogenesis.

3.1.2 Differential Display Polymerase Chain Reaction and Gene Class

Enrichment

Differential display PCR (DDPCR) is potentially a powerful method to identify

differentially expressed transcripts in the ES to X cell transition, as candidate markers for

pluripotent cell subpopulations in vivo. DDPCR can be used to exploit inherent strengths of

the ES model of early development, by comparing simultaneously the expression of

numerous genes in multiple pluripotent and terminally differentiated cell types (1.1.6).

Modification to DDPCR to bias the amplification of particular gene classes could have

significant benefits. The identification of certain gene types, for example transcription factors,

cell signalling molecules or growth factors, is often advantageous when investigating

developmental processes, as these types of factors are commonly key regulatory signals for

developmental events. Correspondingly, the expression domains of these regulatory gene

classes are often spatially or temporally restricted, thus signifying their capacity to serve as

cell type-specific markers. Homeodomain DNA binding proteins represent an example of

such a gene family.

3.1.3 Homeobox Genes and Expression in Pluripotent Cell Subpopulations

The homeodomain is a 60 amino acid DNA binding motif that has been identified in

over 65 mouse genes (reviewed in Burglin 1994). Expression and functional analysis during

murine embryogenesis has demonstrated that homeobox genes are often critical for pattern

formation and specification of regional identity. However, besides Oct-4 (1.5.2) and Oct-6
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(Suzuki et at. 1990), relatively little is known about homeobox gene expression or control

functions in the pluripotent cells of early embryogenesis.

Murine homeobox genes are grouped into approximately twenty classes (reviewed in

Burglin 1994). The homeodomain is defined by the conservation of residues at approximately

twenty one invariant positions. In particular, a short region that is critical to DNA binding is

highly conserved within the third o-helix, near the carboxyl termini of all homeodomains

(2.2.8). In addition to these invariant positions, sequence conservation throughout the

homeodomain defines an alternate consensus for each distinct homeobox class. Therefore, a

degenerate 3' PCR primer that recognises the majority of homeobox gene transcripts can be

designed to the common region near the carboxyl terminal of the homeodomain (Thomas

1995), termed 3'-hp (described in 2.2.8). Degenerate 5' PCR primers can be designed to

regions of class specific consensus and are capable of recognising the majority of members

within a homeodomain class (Thomas 1995).

A RT/PCR screen for homeobox genes of the Antennapedia and Engrailed classes,

using 3'-hp in combination with class specific 5' primers, identified thirteen different

transcripts expressed in ES cell cultures, including three novel homeobox sequences (Thomas

1995). Expression analysis during ES cell differentiation indicated that some of these genes,

for example Gbx-2, could provide molecular markers specific for pluripotent cell

subpopulations (Chapman 7994, Thomas 1995). However, this approach was limited by the

necessity to screen individually different homeobox classes, and the analysis of homeobox

genes from additional classes was not undertaken. Furthermore, extensive expression

analysis of isolated homeobox genes was required to identify those restricted to pluripotent

cell subpopulations.

The development of a modified DDPCR regime that is capable of enriching for

homeobox gene transcripts could streamline the identification of homeobox genes expressed

in pluripotent cell subpopulations. Modification of the differential display oligonucleotides

could enable enrichment for homeobox gene transcript amplification. An example of this may

be to replace the poly(A) anchored 3' primer with 3'-hp (2.2.8), a degenerate 3' primer that

should recognise the majority of homeobox sequences. DDPCR with 3'-hp and arbitrary 5'

primers could enable the amplification of homeobox gene sequences, by specific annealing of
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3'-hp to the homeodomain consensus and random priming of 5' oligonucleotides.

Advantages of this approach are firstly, the potential to amplify homeobox transcripts

irrespective of their particular class, and secondly, the opportunity to restrict analysis to

homeobox gene transcripts demonstrated to be expressed in specific pluripotent cell

subpopulations.

3.1.4 Chapter Summary

This chapter describes the development of methods for the identification and isolation of

markers for pluripotent cell populations present during the ES to X cell transition.

Modifications to DDPCR conditions were made in an attempt to develop a method capable of

enriching for homeobox gene transcripts. Using this technique, a screen for pluripotent cell

markers that were restricted to ES cell populations was carried out. Two novel, non-

homeobox, markers that were expressed by ES cells and early X cell types were identified

and isolated, 403/360 and 804/400. The analysis of 403/360 andBO4l400 expression by

DDPCR and northern blot indicated that at least three distinct pluripotent cell subpopulations

could be identified during the ES to X cell transition. The results detailed in this chapter

therefore describe the combination of two experimental systems into a powerful method for

the identification of markers for pluripotent cell subpopulations during early embryogenesis.

Lineage specific differentiation of ES cells in vitro was used to provide a source of stem cell

subpopulations and DDPCR was applied to identify and isolate transcripts within these

cultures that defined specific pluripotent cell subtypes.

3.2 Modification and Trial of Differential Display pCR Conditions

3.2.1 Differential Display PCR Modifications

All modifications to differential display PCR conditions using the homeodomain 3'

primer, 3'-hp (2.2.8), were carried out on ES cell RNA, or involved the comparison of ES

cell gene expression with that of differentiated ES cell types. The primary objectives of these

experiments were to establish differential display profiles with the 3'-hp primer, to trial

reamplification and cloning procedures, and to assess the potential for enrichment of
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homeobox gene transcripts. Total cytoplasmic RNA preparations were used for all DDPCR

analysis (2.3.20).

3.2.Ii Amplification Profiles With 3'-hp

The capacity of 3'-hp to generate differing amplification profiles in combination with

varying 5' arbitrary 10 mers (2.2.8), was assessed by DDPCR amplification (2.3.18) of ES

cell cDNA (Fig. 3.1). MBL-5 ES cell RNA was reverse transcribed with oligo d(T) primer at

42"C (2.3.16i) and first strand cDNA was amplified with 3'-hp in combination with the

arbitrary 5' 10 mers OPA-O1, OPA-02, OPA-03, OPA-04 or OPA-05.

3-10 major fragments resulted from DDPCR with each arbitrary l0 mer, with

discernible products ranging in size from approximately 20 bp to 250 bp. The amplification

profile was distinct for each 10 mer, although two common bands (arrowheads) were present

in all reactions and were likely to be generated by PCR amplification with 3'-hp alone. All

reactions exhibited a high background level of amplification, with minor bands at every

nucleotide position on the gel and a smear obscuring fragments larger than approximately 250

bp. The background amplification was thought likely to complicate specific reamplification

and cloning procedures required for successful DDPCR. This was also indicated by the co-

reamplification of fragments derived from 18S ribosomal RNA during cloning and

sequencing assessment of OPA-05 /3'-hp reactions (data not shown). This indicated that the

differential display reverse transcription or PCR conditions required modification to reduce

the level of background amplification.

3,2.1ä Assessment of Template Preparation Methods

In an attempt to reduce the high level of background amplification in 3'-hp DDPCR,

alternative reverse transcription and PCR template preparation strategies were assessed (Fig.

3.2). Reverse transcription of MBL-5 ES cell cytoplasmic RNA was primed with either oligo

d(T), or with 3'-hp at 42'C for I hour (2.3.161). The oDNA was then used directly in

DDPCR with OPA-03/3'-hp (2.3.18), or RNA was removed from reverse transcription

reactions by NaOH hydrolysis and the cDNA purified by Bresaclean (2.3.4) prior to DDPCR

analysis.



Figure 3.1 Analysis of 3'-hp Differential Display PCR Primer

Combinations and Profiles.
10 ttg MBL-5 ES cell cytoplasmic RNA was reverse transcribed (2.3.16i) with oligo d(T)

primer (2.2.1) for t hour at 42"C. ll4}th of undiluted first strand cDNA was used as the

template for DDPCR (2.3.18) using 3'-hp in combination with either OPA-01, OPA-02,

OPA-03, OPA-04, or OPA-05 (2.2.5). [cr-3s51 dATP was incorporated. Products

common to all reactions were likely to be generated by amplification with 3'-hp alone

(arrowheads). Froducts larger than approximately 250 bp were obscured by a high

background (not shown). Approximate sizes are indicated.
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Figure 3.2 Reduction in 3'-hp DDPCR Background Amplification.
3'-hp DDPCR template preparation methods were altered to investigate and reduce the

source of background amplification products. DDPCR (2.3.18) with OPA-03/3'-hp

(2.2.8), incorporating [u-33p1 dATP, was performed on the following cDNA templates.

3'-hp DDPCR reactions were run on the same gel, intervening lanes are not shown.

Approximate sizes are indicated.

(1) Unpurified oligo d(T) primed template:

10 ttg MBL-5 ES cell cytoplasmic RNA was reverse transcribed (2.3.16i) with oligo d(T)

primer (2.2.1) for t hour at 42"C in a 40 pl reaction volume. ll4}th of undiluted first

strand cDNA was used as the template for 3'-hp DDPCR.

(2) Purified oligo d(T) primed template:

30 pl of unpurified oligo d(T) primed template (1) was hydrolysed with 2 pl 6M NaOH

(65'C, 30 min.), neutralised with 2 pl 6M Acetic acid, purified by Bresaclean (2.3.4) and

eluted in 30 pl. 1/30th purified template was used in 3'-hp DDPCR.

(3) Unpurified 3'-hp primed template:

10 pg MBL-5 ES cell cytoplasmic RNA was reverse transcribed (2.3.16i) with 3'-hp

(2.2.8) for i hour at 42'C in a 40 pl reaction volume. ll4}th of undiluted first strand

cDNA was used as the template for 3'-hp DDPCR.

(4) Purified 3'-hp primed template:

30 pl of unpurified 3'-hp primed template (3) was hydrolysed with 2 pl 6M NaOH (65'C,

30 min.), neutralised with 2 pl 6M Acetic acid, purified by Bresaclean (2.3.4) and eluted

in 30 pl. 1/30th pùrified template was used in 3'-hp DDPCR.
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RNA hydrolysis and cDNA purification of oligo d(T) primed reverse transcription (lane

2) markedly reduced background amplification products compared to unpurified oligo d(T)

primed template (lane 1). The visualisation of displayed products was enhanced, particularly

for fragments larger than approximately 200 bp (compare lanes 1 and 2). Reverse

transcription with 3'-hp led to a similar reduction in background, with (lane 4) or without

(lane 3) template purification prior to DDPCR. The three modifications that reduced

amplification background (lanes 2,3, 4) generated DDPCR profiles that were similar but not

identical, with differences relating to the presence or absence of particular bands, or variation

in banding intensity. These results indicated that high levels of background amplification in

3'-hp DDPCR could be reduced by either removing RNA and reverse transcription reaction

components from oligo d(T) primed cDNA template, or by using unpurified or purified 3'-hp

primed cDNA as a template.

3.2.1iii 3'-hp Display and Detection of Differential Gene Bxpression

The application of 3'-hp DDPCR to the detection of differential transcript expression

between multiple cell types was demonstrated by comparison of DDPCR reactions (2.3.18)

carried out on mRNA from MBL-5 ES cells and terminally differentiated MBL-5 ES cell

types. ES cells (2.4.I) were differentiated by the withdrawal of LIF (SP, 2.4.21i), or by

chemical induction with retinoic acid (RA,2.4.2äi), 3-methoxybenzamide (MBA, 2.4.Ziv) or

dimethylsulfoxide (DMSO, 2.4.2v). Cytoplasmic RNA from these cell types was reverse

transcribed with 3'-hp at 52"C for I hour. Total RNA from a 10.5 d.p.c. murine embryo

(2.3.21) was included as a "non-pluripotent" control sample. Unpurified cDNAs were

amplified with OPA-01/3'-hp or OPA-02/3'-hp (Fig. 3.34, B respectively). Amplified

products were labelled according to the arbitrary 5'primer used (OPERON primer kit "A" and

oligo number,2.2.8) and approximate fragment size. Due to the low background in these

reactions, reverse transcription with 3'-hp at 52'C was used for all subsequent DDPCR

analysis.

The OPA-O1/3'-hp banding profile (Fig. 3.34) was evenly distributed and generated

approximately 20 distinct major amplification products and 50-80 minor products, as defined

by low level amplification or blurred banding. Most products appeared as single bands,

56
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although some products were doublets, a common feature of subsequent gels. This was

potentially a consequence of slightly different migration rates of individual DNA strands in

denaturing gels (Sambrook ¿t al. 1989) and could be compounded by variable promiscuous

adenosine addition by Taq DNA polymerase terminal transferase activity (Clark 1988). The

banding profile of individual transcripts could be grouped into distinct classes of expression

patterns. The majority of transcripts belonged to class I, and were expressed by all the ES cell

derived cell types and the 10.5 d.p.c. embryonic control. These transcripts were therefore

likely to represent housekeeping genes. Control 10.5 d.p.c. embryonic RNA exhibited many

distinct additional bands, or class II transcripts, for example 401/360. This was likely to

highlight specific gene expression in embryonic cell lineages not present during the ES cell

differentiation regimes. Class III transcripts were specifically upregulated in individual ES

differentiation regimes. For example, 401/400 was specifically upregulated during SP

differentiation, and 401/600 was upregulated during RA induced differentiation. These

transcripts may potentially identify differentiated cell types that are restricted to specific ES

cell differentiation regimes.

The OPA-02/3'-hp expression profile (Fig. 3.3B) demonstrated similar features of

major and minor banding and product distribution to the OPA-O1/3'-hp reactions (Fig. 3.34).

Class I transcripts were also detected, for example A02/400. Approximately five class II

transcripts were identified, for example AO2|25O and 402/335. No class III transcripts were

displayed with the OP^-02/3'-hp primer combination, but two additional transcript classes

were identified. Class IV transcripts were expressed in ES cells and differentiated ES cell

types, but not in 10.5 d.p.c. embryonic cell types, including 402/240, 402/340, 1'021350

and A021420. This signifies that cell types generated by these ES cell differentiation regimes

may not be represented at 10.5 d.p.c. of development. A Class V transcript was expressed in

multiple differentiated ES cell types. Two closely migrating doublets, collectively termed

A02/290, were not detected in undifferentiated ES cells, but were upregulated during cellular

differentiation and in the 10.5 d.p.c. control. More specifically, AO2/290 was expressed at a

higher level in SP and RA cells than in MBA and DMSO cell types. This verifies that SP and

RA induced ES cells may be more closely related to each other than to MBA and DMSO



Figure 3.3 3'-hp DDPCR of Embryonic Stem Cells and Differentiated Cell

Types.
2 pg cytoplasmic RNA was reverse transcribed (2.3.18) with 3'-hp for t hour at 52'C in a

20 pl volume. Il20th of undiluted first strand cDNA was used as the template for 3'-hp

DDPCR (2.3.13) with OPA-OI (2.2.8). [cr-l:p] dATP was incorporated. DDPCR

products were labelled by the arbitrary primer and approximate size. ES, undifferentiated

MBL-5 ES cells Q.a.l); SP, spontaneous (-LIF) induction (2.4.21i); RA, retinoic acid

induction Q.a.2i1t); MBA, 3-methoxybenzamide induction (2.4.2iv); DMSO,

dimethylsulfoxide induction (2.4.2v); 10.5, total RNA from a 10.5 d.p.c. embryo

(2.3.21).3'-hp DDPCR reactions were run on the same gel, intervening lanes between ES

and SP reactions are not shown. Approximate sizes are indicated.

(A) OPA-O1/3'-hp DDPCR of embryonic stem cells and differentiated cell types

Examples of differential or restricted transcripts:

Class II: A0l/360 (10.5)

C|ass III: 401/400 (SP)

A0r/600 (RA)
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Figure 3.3 3'-hp DDPCR of Embryonic Stem Cells and Differentiated Cell
Types.
2 pg cytoplasmic RNA was reverse transcribed (2.3.1S) with 3'-hp for t hour at 52'C in a

20 pl volume. ll}0th of undiluted first strand cDNA was used as the template for 3'-hp

DDPCR (2.3.18) with OPA-02 (2.2.5). [cr-::p1 dATP was incorporared. DDPCR

products were labelled by the arbitrary primer and approximate size. ES, undifferentiated

MBL-5 ES cells Q.a.l); SP, spontaneous (-LIF) induction Q.a.2i1); RA, retinoic acid

induction Q.a.züi); MBA, 3-methoxybenzamide induction (2.4.2iv); DMSO,

dimethylsulfoxide induction (2.4.2v); 10.5, total RNA from a 10.5 d.p.c. embryo

(2.3.21). Approximate sizes are indicated.

(B) OPA-02/3'-hp DDPCR of embryonic stem cells and differentiated cell types.

Examples of common, differential or restricted transcripts:

Class I: A02/400 (common)

Class II: 
^02/250, 

A02/335 (10.5)

Class IV: AOZ|240, A02/340, A02/350, AO2/420 (ES, SP, RA, MBA, DMSO)

Class V: AO2/290 (SP, RA, 10.5 > MBA, DMSO)
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induced ES cells, or that they may share a common differentiation pathway as proposed by

Thomas (1995).

3'-hp DDPCR enabled the detection of differential gene expression during ES cell

differentiation and at 10.5 d.p.c. of embryogenesis, identifying five distinct class of transcript

expression profiles. Application of 3'-hp DDPCR to the ES to X cell transition may therefore

enable the identification of transcripts with a range of different expression profiles. This

approach is likely to define markers of specific pluripotent cell subpopulations.

3.2.2 3'-ll.p DDPCR Reamplification and Cloning Procedures

Before 3'-hp DDPCR could be applied to the generation of pluripotent cell markers, it

was necessary to establish an effective reamplification and cloning strategy to isolate

prospective markers from DDPCR gels. Seven bands from the OPA-0213'-hp expression

profile (Fig. 3.38), A021240, A021250, A021350, A021400, A02/420 and separate top

(A02/290a) and lower (A02l29Ob) doublets from the A021290 product, were selected to trial

marker isolation procedures. Band positions were precisely determined from autoradiographic

exposures and fragments were excised as dried gel slices. Gel slice eluate was reamplified

(2.3.18) and the products visualised by agarose gel electrophoresis (2.3.2). Original and

reamplified products were expected to contain single adenosine additions at the 3' end of each

DNA strand, resulting from the terminal transferase activity of Taq DNA polymerase (Clark

1988). As 3'-hp contained an engineered EcoRI restriction site, fragments were to be ligated

directionally via EcoRI at the 3'end and a single adenosine overhang at the 5'end, to an

EcoRI/[ overhang prepared pBluescript KS vector (2.3.611).

Reamplified products were digested with EcoRI and purified by polyacrylamide gel

electrophoresis (2.3.3i) as shown in figure 3.4. The estimated size of some products

(3.2.1iii) were slightly inaccurate, but original names were retained for simplicity. Eluted

fragments appeared as a distinct major band after reamplification and digestion, with the

exception of Ã02/400. This demonstrated that fragments of specific size could be purified and

reamplified from dried DDPCR gels. Furthermore, internal EcoRI sites in the A02/290a,

A02/290b and A02/42O fragments generated a single major digestion product for each

reamplification, with small digestion products running off the gel or not sharply resolved (not
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Figure 3.4 Reamplifïcation of DDPCR Products From Dried Acrylamide Gels.

Products from OPA-02/3'-hp DDPCR of embryonic stem cells and differentiated cell

types (Fig. 3.38) were excised, eluted and reamplified (2.3.18). Reamplified 1i021240,

A02/250, A021350, AO21400, AO21420, A021290a and A02/290b products were

digested with EcoRI and purified by electrophoresis on a non-denattxing 5To

polyacrylamide gel (2.3.31). A02/400 did not reamplify effectively. 1.021290a,

AO2/290b and AO2/420 contained an internal EcoRl site, with small digestion products

migrating at the bottom or off the gel (not shown). The sizes of marker fragments are

indicated.
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shown). This indicated that for these reactions, the majority of reamplified product was likely

to be comprised of a single sequence, as background amplification products would be

expected to generate digestion products of a different size.

These results indicated that elution and reamplification procedures had the potential to

purify differentially expressed transcripts from 3'-hp DDPCR gels. This may be more

effective than reamplification of DDPCR fragments (I.7.6), with a reduction in the number of

transcripts displayed per reaction possibly contributing to lower levels of background

products during reamplification.

3.2.3 Sequence Analysis of 3'-hp DDPCR Products

To assess the types of transcripts amplified by 3'-hp DDPCR, EcoRI digested

A02/24O, A02/250 and A021350 fragments were directionally cloned into EcoRVT overhang

prepared pBluescript KS (2.3.6ii). Undigested A02l29Oa, A02/290b and 
^021420 

fragments

were cloned into T overhang prepared pBluescript (2.3.611). For rapid characterisation, a

single clone for each ligated product was sequenced in one direction. Directionally cloned

fragments were sequenced from the 3' end. This would enable the identification of homeobox

gene transcripts, by detection of conserved residues at invariant positions of the

homeodomain, adjacent to the binding site of 3'-hp (2.2.8). Sequences and conceptual

translations in all six reading frames were compared to the GenBank and EMBL nucleotide

and translated nucleotide data bases (2.3.36). As these fragments were not to be characterised

further and the primary objective was to obtain rapid information on the sequence types

present, detailed information regarding novel sequences, sequence comparisons, fragment

size or position within original transcript were not obtained and are not included in this

analysis.

A02/240 was approximately 907o similar to a coding region segment of the human

electron transfer flavoprotein c subunit (Finocchiaro et al. 1988; Accession no. HUMETF).

A02/350 was a fragment of the previously identified murine preimplantation gene (Temeles er

al. 1994; Accession no. UOl 140). A021250 and A02/420 were not homeodomain sequences

and did not contain significant similarity to any nucleotide or open reading frames within the

data bases. No differences between the sequences of A02l29Oa and AO2/290b were detected
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by this preliminary analysis, indicating they represented strand migration differences of the

same amplification product (3.2.1iii). A021290 encoded residues 152to214 of the homeobox

gene Hox-d8, a member of the clustered Hox genes involved in embryonic pattern formation

(Izpisua-Belmonte et al. 1990, Accession no. 443562). The correct orientation of primer

sequences in the cloned A02/290 product indicated that the Hox-d9 transcript was amplified

through specific binding of 3'-hp to the homeodomain sequence, in combination with the

arbitrary 5'primer OPA-02 (data not shown).

Preliminary cloning and sequence analysis of OPA-02/3'-hp products therefore

demonstrated that 3'-hp DDPCR was potentially an effective marker isolation strategy. 3'-hp

DDPCR had the capacity to amplify either homeodomain fragments through specific binding

of 3'-hp to homeodomain sequences, or to amplify transcripts randomly through the non-

specific binding of 3'-hp to random positions within transcripts, as discussed in 3.2.4.

3.2.4 Discussion of 3'-hp DDPCR Modifications

Modifications to the standard DDPCR primer combinations were made in an attempt to

enrich for homeobox gene transcripts. The DDPCR 3' primer was replaced with a degenerate

3' oligonucleotide that should recognise the majority of homeobox transcripts, by binding to a

conserved region within the homeobox consensus. This primer, 3'-hp, exiribited different

amplification profiles with varying 5' primers, thus indicating the capacity to identify

independent sets of transcripts with different primer combinations. Refinement of first strand

cDNA template preparation methods led to a significant reduction in the level of background

amplification products found in initial 3'-hp DDPCR reactions. This was important as

background amplification has the potential to significantly limit successful marker isolation,

by contamination during reamplification and cloning procedures (Callard et aL 1994).

The modified primer composition of 3'-hp DDPCR led to a reduction in banding

complexity in this analysis (3.2.111i) and additional reactions (3.3.2), with approximately 5 to

10 major products displayed for each primer combination, compared to 50 to 100 in the

original technique (Liang and Pardee 1992). While this restricted the number of transcripts

identified by each profile and was therefore likely to increase the number of primer

combinations required to detect a desired marker, it may also have contributed to lowering
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background amplification. This was supported by the demonstration that PCR reamplification

of selected transcripts resulted in the amplification of a single major product. These features

of 3'-hp DDPCR may lessen the requirement for extensive screening procedures to identify

the correct clone within a library of background ligation products (Callard et aL 1994).

Expression analysis during ES cell differentiation demonstrated that 3'-hp DDPCR

retained the capacity to detect transcripts that are differentially expressed between cell

populations. This potentially identified several markers that were restricted to individual or

subsets of differentiated ES cell types.

Preliminary analysis of the types of sequences displayed with 3'-hp DDPCR indicated

that both randomly primed and homeobox gene transcripts could be amplified. However,

Hox-d8 was the only homeodomain transcript isolated by this analysis, sequencing of further

fragments (data not shown), or during a subsequent screen for pluripotent cell markers (3.3).

In total, the clones of approximately 20 reamplified products generated from 3'-hp DDPCR

were analysed, indicating that homeodomain transcripts were enriched under these

conditions, but probably not extensively. This contrasts with a differential display method to

enrich the amplification of members of the zinc finger family of transcription factors (Stone

and Wharton 1994). In this approach, reverse transcription was primed with an arbitrary 3'

oligonucleotide and differential display performed with the same 3'primer in combination

with 5' zinc finger primers. Five zinc finger clones were identified by the analysis of twelve

amplification products. This suggested that the reverse transcription or PCR conditions in 3'-

hp DDPCR were not conducive to a high level of enrichment for homeobox gene transcripts.

Conversely, the level of enrichment may be greater in cell populations known to express a

large repertoire of homeobox genes, for example at 10.5 d.p.c. of embryogenesis (reviewed

in Duboule 1994).

For the purposes of marker isolation, 3'-hp display was regarded as a technique that

generated DDPCR profiles from random positions within transcripts, with potential for the

amplification of homeobox gene transcripts. Importantly, 3'-hp DDPCR from random

positions is more likely to amplify fragments within open reading frames than the original

DDPCR technique, which primarily amplifies 3' untranslated regions (Liang and Pardee

1992). This was advantageous during sequence analysis of isolated 3'-DDPCR clones
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(3.2.3,3.4), as it enabled the comparison of transcript coding regions and the identification

of homologous sequences in other genes or open reading frames.

3.3 DDPCR Screen for ES Cell Restricted Pluripotent Cell Markers

The capacity of 3'-hp DDPCR to detect and isolate cell type-specific markers was

demonstrated by the analysis of gene expression during ES cell differentiation (3.2.1iii,

3.2.2). The application of 3'-hp DDPCR to the ES to X cell transition therefore had the

potential to define markers for specific pluripotent cell subpopulations. The key strategy in

this approach was to screen for transcripts that were specific to particular stem cell subtypes

present during the ES to X cell conversion (1.6.9) and to exclude transcripts expressed by

terminally differentiated cells. This was potentially a more powerful approach than the

analysis of ES cell differentiation alone, as gene expression analysis suggests that a staged

series of pluripotent cell subpopulations is generated during the ES to X cell transition

(1.6.9). Additionally, the definition of markers for pluripotent cell subpopulations using ES

cell differentiation regimes is complicated by the mixed populations of differentiated and

undifferentiated cells that are generated (1.6.5). In comparison, morphology and gene

expression analysis has demonstrated that X cell cultures are relatively uniform pluripotent

cell populations at a given time point (Lake 1996). Application of 3'-hp DDPCR to the ES to

X cell transition therefore provides a system for the identification of markers for

subpopulations of pluripotent cells.

Markers for pluripotent cell subpopulations could refine our knowledge of

embryogenesis, enable analysis of inaccessible developmental events, provide insight into the

molecular basis of pluripotent cell heterogeneity and enable functional analysis of pluripotent

cell biology (1.1). Specific markers forES cells would be particularly useful as they could

enable the identification of the embryonic equivalent of ES cells, which has not been defined

rigorously (I.6.2). ES cells provide a route for precise transgenesis in the mouse but transfer

of this technology to non-murine species has been hampered by an inability to isolate ES cell

lines from these organisms (1.6.1). The identification of the embryonic origin of mouse ES

cells could therefore lead to alternative isolation strategies for ES cell lines from commercially

valuable species.

62
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3.3.1 Identification of Early Pluripotent Cetl Specific Markers

To screen for pluripotent cell specific transcripts with expression restricted to ES cells,

the gene expression of ES cells, X cells and terminally differentiated ES cell types was

compared. MBL-5 ES cells were maintained in the presence of LIF or converted to X celìs

with MedII in the presence or absence (+ or -) of supplementary LIF, for up to three passages

(X+0, 1,2, or 3; X-0, I,2, or 3). X cells of the same passage number were collectively

named when appropriate, for example X+l and X-l cells were referred to as Xpl.

Differentiated MBL-5 ES cell types were generated as before (3.z.liii). Gene expression in

selected combinations of these cell types was compared by 3'-hp DDPCR.

RNA samples were reverse transcribed with 3'-hp and first strand cDNA was amplified

with 3'-hp in combination with forty different arbitrary 5' primers (OPERON primer kits

OPA and OPB,2.2.8). The majority of primer combinations displayed approximately five to

ten major products, with the maximum being twenty five and the minimum zero. This

indicated that the expression patterns of up to 400 transcripts may have been assayed by this

analysis. The majority of products were class I transcripts (3.2.1iii), common to all the ES

cell-derived cell types assayed and were therefore likely to represent housekeeping gene

mRNAs. A significant proportion of bands represented Class II transcripts (3.2.1iii),

expressed only in the 10.5 d.p.c. embryonic control, or class III or V transcripts that were

induced during ES cell differentiation (3.2.1iii). Nine products, from four different primer

combinations, exhibited banding profiles that were potentially specific for pluripotent cell

populations and consistent with ES cell restricted expression. These products were termed

class VI transcripts. The differential display profiles of eight of these class VI transcripts are

shown in figures 3.5,3.6 and 3.7.

3.3.2 Expression Profile of ES and Early Pluripotent Cell Markers

Figure 3.5 shows the 3'-hp DDPCR profile (2.3.18) of ES cell, X cell and

differentiated ES cell types using the OPA-02 5' oligonucleotide. The banding profile was

generated from independent reverse transcriptions from the previous OPA-02 profile (Fig.

3.38),.demonstrating consistency in amplification and detection of differential gene

expression during ES cell differentiation. Products, Ã02/240, A02/295, AO2/320, A021350,



Figure 3.5 Identifying Markers of Embryonic Stem Cells:

L021295, A021320 and 
^021410.2 ¡tg cytoplasmic RNA was reverse transcribed (2.3.18) with 3'-hp for t hour at 52'C in a

20 pl volume. l/20th of undiluted first strand cDNA was used as the template for 3'-hp

DDPCR (2.3.18) with OPA-02 (2.2.8). [cr-33e1 dATP was incorporared. DDPCR

products were labelled by the arbitrary primer and approximate size. ES, undifferentiated

MBL-5EScellsQ.a.l);X+/-l,Xcells+or-LIF/lpassage; X+l-2,Xcells+or-LIF/
2 passages; X+/-3, X cells + or - LIF / 3 passages Q.a.2i); SP, spontaneous (-LIF)

induction Q.a.zi); RA, retinoic acid induction Q.a.ziir); MBA, 3-methoxybenzamide

induction (2.4.2iv); DMSO, dimethylsulfoxide induction (2.4.2v);10.5, total RNA from a

10.5 d.p.c. embryo (2.3.21). A02/240, A021350 and A02/420 were not significantly

downregulated in differentiated cell types and were disregarded. AO2/290 (Hox-d8,3.4.2)

expression in X+/-2 and X+3 cells was likely to be an indicator of background

differentiated cell types in these cultures. 3'-hp DDPCR reactions were run on the same

gel, intervening lanes between X-3 and SP reactions are not shown. Approximate sizes are

indicated.

ES and early pluripotent transcripts:

Class VI: AO2/295

AO2/320

AO2/410

(ES, X+/-l > 10.5)

(ES, X+/- l )

(ES, X+/-1 > X+2)
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^OZ/4\O 
and, AO2/420 exhibited downregulation of expression as ES cells converted to X

cells. However, as AO2:24O, AO2/350 and A02/420 were not significantly downregulated in

differentiated ES cell types, they were disregarded as candidate pluripotent specific

rranscripts . AOZ|295 and AO2l320 were detected in ES and Xpl cells, but were

downregulated in Xp2, Xp3 and differentiated ES cells. A02/410 shared a similar pattern, but

was also detectable inX+Zcells. Therefore A021295, A021320 and A02|4IO were considered

as candidate ES or early pluripotent subpopulation markers, or class VI transcripts (3.3.1).

Class VI transcripts were termed early pluripotent cell markers because they were expressed

in ES cells and during early X cell passages, and were therefore predicted to be expressed in

the ICM and in early pluripotent cell types downstream of the IC}v4 in vivo.

Expression of the homeobox gene Hox-d8 (A02/290, Fig. 3.38) was detected in Xp2

and X+3 cultures using OPA-Ozl3'-hp DDPCR (Fig. 3.5). Given the expression of Hox-d\

during spontaneous and retinoic acid inducted differentiation (Figs. 3.38, 3.5), this was

likely to be an indicator of background differentiated cell types present in these cultures.

Figure 3.6 shows the candidate ES cell and Xpl markers,403/280 and 403/360,

idenrified in the OPA-03/3'-hp DDPCR profile (2.3.18). A closely migrating doublet and

upper band with identical expression were collectively classified 403/280. 403/280 and

403/360 were both expressed in ES cells and Xpl cells, but were significantly

downregulated in Xp3 cells. A03l28O and 403/360 were detected at a reduced level in

differentiated cell types and were barely detectable in the 10.5 d.p.c. embryonic control. This

indicated that AO3l280 and 403/360 were also likely to be downregulated during ES cell

differentiation, and were therefore class VI transcripts'

Figure 3.7 demonstrates the OPB-O413'-hp expression pattern (2.3.18) of three

candidate ES and early pluripotent cell markers in ES cell, X+2 and X+3 cultures and in RA

and MBA-induced ES cells. 8041340 (arrowhead) was detected at a low level in ES and MBA

cells, but not in X+2, X+3 or RA differentiated cells. 8041400 was expressed at the highest

level in ES cells, was downregulated inX+2 cells, and was significantly downregulated in

X+3 cells. 804/400 was also downregulated in RA and MBA-induced ES cells, possibly

indicating that expression was restricted to residual stem cell types in these cultures (1.6.5).

p,O4/4I0 (open dot) exhibited a similar banding profile to 804/400, but appeared to be

64



Figure 3.6 ldentifying Markers of Embryonic Stem Cells:

403/280 and 403/360.
2 pg cytoplasmic RNA was reverse transcribe d (2.3 .1 8) with 3'-hp for I hour at 52" C in a

20 pl volume. Il20th of undiluted first strand cDNA was used as the template for 3'-hp

DDPCR (2.3.18) with OPA-03 (2.2.8). [cr-33p1 dATP was incorporared. DDPCR

products were labelled by the arbitrary primer and approximate size. ES, undifferentiated

MBL-5EScellsQ.a.l);X+l-l,Xcells+or-LIF/lpassage; X+l-3,Xcells+or-LIF/
3 passages Q.a.zi): SP, spontaneous (-LIF) induction Q.a.2i1); RA, retinoic acid

induction (2.4.Ziii); MBA, 3-methoxybenzamide induction (2.4.2iv): DMSO,

dimethylsulfoxide induction (2.4.2v); 10.5, total RNA from a 10.5 d.p.c. embryo

(2.3.2I).3'-hp DDPCR reactions were run on the same gel, intervening lanes between X-
3 and SP reactions were removed and are not shown. Approximate sizes are indicated.

ES and early pluripotent transcripts

ClassVI: A03/280,403/360 (ES, X+/-l > SP, RA, MBA, DMSO)
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Figure 3.7 ldentifying Markers of Embryonic Stem Cells:
8041340, 8041400 and BO4l4l0.
2 ¡rg cytoplasmic RNA was reverse transcribed (2.3.15) with 3'-hp for t hour at 52'C in a

20 pl volume. ll20th of undiluted first strand cDNA was used as the template for 3'-hp

DDPCR (2.3.18) with OPB-04 (2.2.8). [cx-33p1 dATP was incorporared. DDPCR

products were labelled by the arbitrary primer and approximate size. ES, undifferentiated

MBL-5EScellsQ.a.l);X+/-l,Xcells+or-LIF/lpassage; X+/-2,Xcells+or-LIF/
2 passages; X+/-3, X cells + or - LIF I 3 passages (2.4.21): SP, spontaneous (-LIF)

induction (2.4.2i1); RA, retinoic acid induction (2.4.21it); MBA, 3-methoxybenzamide

induction (2.4.2iv); DMSO, dimethylsulfoxide induction (2.4.2v);10.5, total RNA from a
10.5 d.p.c. embryo (2.3.21). Approximate sizes are indicated.

ES and early pluripotent transcripts

Class VI: BO4/340 (arrowhead)

BO4/400

BO4/4IO (open dot)

(ES > X+2, MBA)
(ES > X+2, MBA > RA)

(ES > X+2, MBA > RA)
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expressed at a lower level, most noticeable in RA and MBA differentiated cells. Both

¡¡04/400 andB14/410 (open dot) appeared to be expressed at a higher level in MBA-induced

cultures than in RA cells. This may indicate variable levels of residual stem cell populations in

these cultures. B04/3 40, BO4/400 and B04l4lO were therefore class VI transcripts and

candidate markers of ES and early pluripotent cell subpopulations.

3.3.3 Summary of 3'-hp DDPCR Screen for Early Pluripotent Cell Markers

The comparative expression patterns of the identified class VI products, transcripts

restricted to ES cell or early pluripotent cell types, are summarised in figure 3.8 and allow

some general observations to be made. All these products were expressed at the highest level

in ES cells, with significant downregulation occurring during X cell formation and little or no

expression in Xp3 cells. The expression patterns of these markers in OPA-02 and OPA-03

reactions did not vary between ES and Xpl cells, demonstrating that ES cells and early

passage X cell types were closely related. This also indicated that these transcripts were

markers for early pluripotent cells, rather than embryonic stem cell specific. Therefore, the

expression patterns of these class VI transcripts indicate that they subdivide the Oct-4+ pool

of pluripotent cells in vitro into distinct cell types, and identify an early pluripotent cell

subpopulation during the lineage specific differentiation of ES cells to X cells.

During this analysis, no products were identified with expression patterns restricted to

specific X cell populations. Specific markers of X cell types were expected because previous

analyses have demonstrated alteration in gene expression during the ES to X cell transition

(Bettess 1993, Thomas 1995, Lake 1996), for example induction of FGF-5 during the

development of X cells (1.6.8). Therefore, a potential disadvantage of 3'-hp DDPCR was

that the reduction in the number of products displayed (3.2.4,3.3.1) may have resulted in a

restricted sample of transcripts being analysed. Using the original DDPCR technique (I.1.6)

numerous X cell specific transcripts have been detected (S. Sharma, unpublished data) and

consist of three distinct transcript classes. Class VII transcripts are not expressed by ES cells

but are induced in all X cell types. A class VIII transcript has been identified that is rapidly

induced in XpQ cultures but is downregulated by Xp3 cells. A series of products that are



RELATIVE EXPRESSION

ES Xpl Xp2 Xp3 SP RA MB DM L0.5 RE

L02t295 + + +l- NA

L021320 ++ ++ NA

L02l 4r0 + + +l- NA

403/280 +++ +++ + + + + + +

403/360 +++ +++ + + + + + +

^16t430
+++ + +l-

tr-04t340 ++ + + + NA

tr^04t400 +++ ++ + ++ + +

B04t4r0 +++ ++ +l- + NA

A

Figure 3.8 Summary of ES and Early Pluripotent Cell Markers.

(A) Expression patterns of ES and early pluripotent cell markers, summarised from figures

3 .5 , 3 .6 and 3 .l . Relative expression levels are indicated by + or -. Empty boxes represent cell

types that were not assayed. X cells of the same passage, grown in the presence or absence of

LIF,weregrouped.ES,EScells;Xpl,Xcells+or-LIFlIpassage; Xp2,Xcells+or-LIF/
2 passages; Xp3, X cells + or - LIF I 3 passages; SP, spontaneous (-LIF) induction; RA,

retinoic acid induction;MB, 3-methoxybenzamide induction;DM, dimethylsulfoxide induction;

10.5, 10.5 d.p.c. embryo. A02l4l0 was expressed in X+2 cells but not inX-2 cells. 416/430,

8041340,804/400 andB}4l4l0 expression was not assayed inX-2 or X-3 cells.

(B) ES and early pluripotent cell marker reamplification and verification procedures,

summarised from 3.4,3.4.1 and 3.4.2. (R) reamplification and cloning of DDPCR fragments;

(E) verification of expression pattern by northern blot. Success is indicated by + or -; NA, not

attempted. 403/280, A03/360 and 804/400 were reamplified, cloned and verified the expected

expression pattern by northern blot. A161430 did not reamplify effectively and clones that

verified the expected expression pattern were not identified. Analysis of 8041340 was

discontinued after sequence analysis revealed it was not novel.

B
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induced in Xp2 and Xp3 cultures are termed class IX transcripts. These transcripts subdivide

X cell types into multiple pluripotent cell subpopulations.

The downregulation of early pluripotent cell marker expression (Fig. 3.8) appeared to

occur either between Xpl and Xp2 cultures, or between Xp2 and Xp3 cells. This timing was

consistent with the downregulation of Rex-I expression during X cell formation (Lake 1996).

Further analysis may indicate whether these transcripts are simultaneously downregulated

during X cell development, and therefore define a major transition point during the

development of early passage X cells to a primitive ectodermlike cell.

All the class VI markers exhibited marked downregulation in at least some of the

differentiated cell cultures. This was likely to indicate a restriction of marker expression upon

induction of differentiation, with later expression potentially limited to residual stem cell nests

within these cultures (1.6.5).

The comparison of gene expression in ES cells and X cells therefore demonstrated that

transcripts that were differentially expressed between these cell types could be detected.

Isolation of these products is likely to provide markers for early subpopulations of Ocr4+

pluripotent cells in vivo and distinct X cell subpopulations in vitro.

3.4 Isolation and Cloning of ES and Early Pluripotent Cell Markers

Five of the putative early pluripotent cell markers identified by the 3'-hp DDPCR screen

were selected for reamplification and cloning, as indicated in figure 3.8. 403/360 and the top

band of 
^03/280 

(Fig. 3.6), BO4|34O and BO4/400 (Fig. 3.7) were excised, eluted and

reamplified (2.3.18). The A16/430 product from OPA-16/3'-hp DDPCR (not shown),

reamplified poorly and screening to isolate the correct'clone was not pursued. 403/280,

BO4/340 and 804/400 fragments were cloned by digestion with EcoRI and ligation into an

EcoFiJ1T overhang pBluescript KS vector (2.3.61r).403/360 contained an internal EcoRI site,

at nucleotide positions 252 to 257 (Fig.3.104). The 256 bp 5' 403/360 fragment was cloned

into pBluescript KS EcoP.I/I and the 108 bp 3' 403/360 fragment was cloned into an EcoRI

pBluescript KS vector (2.3.61).

A single clone for each marker fragment was sequenced in one direction to identify

homeobox gene transcripts (3.2.3) or previously characterised genes. BO4l340 corresponded
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to a hydrophobic murine histocompatibility antigen (Loveland et aI. 1990; Accessron no.

L07095) and was eliminated from subsequent analysis. 403/280 spanned approximately

position 2836 bp to 3070 bp of a LINE-I (Loeb et aI. 1986; Accession no. M13002)

repetitive retrotransposon element expressed as a 7 kb mRNA in EC cells (Schichman et al.

1992) and during preimplantation development (Packer et al. 1993). The expression of

403/280 was found to be greater in ES cells than Xp3 cells by a preliminary northern blot

(data not shown) but was not analysed further. 403/360 and 804/400 were novel sequences.

403/360 was not homologous to any described sequence andB04/400 contained a region of

homology to a predicted C. elegans open reading frame (3.4.2).403/360 and 804/400 were

re-sequenced as described in figure 3.10 and selected for more detailed characterisation. No

transcripts derived from homeobox genes were identified.

3.4.1 Validation of 403/360 and 804/400 Expression Patterns

Cloning of transcripts following DDPCR can be complicated by stochastic background

amplification products in the primary DDPCR which carry through to reamplification and

cloning. This can lead to considerable difficulty when attempting to identify clones that verify

the original expression profile (Callard et al. 1994). It is therefore necessary to validate the

expression patterns of individual cDNA clones, thus demonstrating the isolation of the

desired fragment. These validatory procedures were required for A03/360 and 804/400,

despite the indication that reamplification procedures from 3'-hp DDPCR gels result in the

generation of a single major species (3.2.2). Northern blot analysis of 403/360 and 804/400

expression was carried out in conjunction with Mr. M. Bettess (Department of Biochemistry,

University of Adelaide).

To demonstrate that the cloned 403/360 and 804/400 cDNAs recognised transcripts

that were restricted to ES and early pluripotent cell populations, northern blot analysis of ES

and X ceìl populations was carried out. A northern blot of D3 ES cell, XpO and Xp3 cell

RNAs was sequentially probed with the 5' (256 bp) 403/360 cDNA fragment (3.4, Frg.

3.104), the 804/400 cDNA fragment (3.4, Fig. 3.108), Oct-4 (2.2.6111) and GAPDH

(2.2.6i\) controls and is shown in figure 3.9A. Both 403/360 and BO4/400 verified the



Figure 3.9 Northern Blot Verification of 403/360 and 804/400 Expression
in ES and X cells.
(A) 10 Ftg (A)n+ RNA isolated from ES cells and X cells was electrophoresed on a l.3Vo

agarose gel (2.3.23) and blotted (2.3.24). The northern filter was hybridised with a double

stranded A03/360 probe, isolated by EcoRllHindllldigestion of the 256bp 5'cDNA clone

(3.4, Fig. 3.104). The filter was washed once in 2 X SSC / 0.1% SDS at 42"C for 15

min. and once at 65"C for 30 min. The filter was then washed in 0.1 X SSC / 0.17o SDS

at 65"C for 15 min. The northern blot was exposed in a phosphorimager cassette

overnight. The filter was stripped and reprobed with a double stranded 804/400 probe,

isolated by EcoRl/HindIII digestion of the 458 bp cDNA clone (3.4, Fig. 3.108) and

washed once in 2 X SSC / O.lVo SDS at 42"C for 15 min. and once at 65'C for 30 min.
The filter was then washed inO.2 X SSC /0.1Vo SDS at 65'C for l5 min. The northern

blot was exposed in a phosphorimager cassette overnight. The filter was stripped,

reprobed with Oct-4 (2.2.6it1), washed and exposed as above. The filter was stripped,

reprobed wtth GAPDH (2.2.61r) as a loading control and exposed as above. The estimated

sizes of 403/360 and 804/400 transcripts are indicated. ES, undifferentiated D3 ES cells.

X cells were generated by the culture of D3 ES cells in MedII (2.4.2i). X-3, X cells -LIF /
3passages; x-0,xcells-LIF/0passages; X+0,Xcells+LIFi0passages; X+3,Xcells
+LIF / 3 passages. Oct-4 transcript: I .6 kb. GAPDH rranscripr: 1.5 kb.

(B) Graphic representation of 403/360 and 804/400 expression in ES and X cells. The

expression level of the 10 kb 403/360 and the 5.5 kb 804/400 transcripts were quantitated

by volume integration (2.3.35), normalised against Oct-4 expression and depicted as

percentage of ES cell expression.
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expected expression profile of ES cell expression and downregulation of expression during X

cell formation. This demonstrated the isolation of the desired DDPCR fragment.

The 403/360 probe identified two major transcripts at 10 kb and 7 kb and minor

rranscriprs at4.2 kb and 3 kb (Fig. 3.94). The 10 kb 403/360 transcript exhibited the highest

expression level. The B,041400 probe identified three transcripts with similar expression

levels, at 5.5kb and a doublet at 3.7kb and 3.5kb (Figs.3.9A,3.lOC).403/360 and

p,04/400 were expressed at the highest level in ES cells and their expression was

downregulated in XpO cells. Expression of 403/360 and F04/4OO was significantly

downregulated in Xp3 cells.

Oct-4 is expressed at a relatively consistent level in pluripotent cell types during X cell

formation (Lake 1996). The diminished expression of Oct-4 and GAPDH observed in Xp3

cultures (Fig. 9A) was therefore attributed to a reduced proportion of pluripotent cell types in

these cultures, or an under-loading of these lanes. To take account of this and clarify the

expression of 403/360 and 804/400 during X cell formation, the 10 kb 403/360 and 5.5 kb

804/400 transcripts were quantitated by volume integration (2.3.35) and normalised against

Oct-4. The Oct-4 normalised expression levels of 403/360 and 804/400 are presented as a

percentage of ES cell expression in figure 3.98. 403/360 and BO4|40O were detected at the

highest level in ES cells (lOÙVo) and were expressed in X+0 cells at 94Vo and 83Vo

respectively and their expression was downregulated to 50Vo and 49Vo respectively in X-0

cultures. Expression of 403/360 andB04l400 was downregulated in X+3 cultures to 35Vo

and25Vo respectively, and toTVo andI6Vo respectively in X-3 cultures.

This analysis highlighted several important features of the expression of 403/360 and

B04l40O during the formation of X cells. Firstly, as expected from DDPCR analysis (3.3.3),

these markers were restricted to an early subpopulation of Oct-4+ pluripotent cells,

demonstrated by downregulation of expression in Xp3 cells. Secondly, 403/360 and

804/400 were expressed in early X cell populations, confirming the close relationship of

these cells to ES cells (3.3.3). Thirdly, the downregulation of 403/360 and 8041400

expression was more rapid in X cell cultures passaged in the absence of LIF, than in cultures

with LIF at the equivalent passage. This demonstrates that LIF may inhibit the developmental

progression of X cells, as has previously been suggested (Thomas 1994, Lake 1996).
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Finally, the transcripts identified by the 403/360 and B04l4O0 probes appeared to be

regulated between cell types in an similar manner (Fig. 9B). This may indicate that these

transcripts are coordinately regulated during the formation of X cells.

3.4.2 Sequence of 403/360 and 804/400 Markers

The nucleotide sequence and putative open reading frames of 403/360 and 804/400

cDNAfragments are shown in figure 3.10. The sizes of the 403/360 andB04/400 cDNA

fragments were 360 bp and 458 bp respectively, excluding bases removed during restriction

digestion and cloning, with original names retained for simplicity.

Database search (2.3.36) indicated that 403/360 did not exhibit significant similarity to

described sequences, in any reading frame. The only reading frame without stop codons was

108 residues long and in the expected orientation, as is indicated in figure 3.104.

The 804/400 clone (Fig. 3.108) revealed no significant homology at the nucleotide

level by database search (2.3.36). However, when all six reading frames were translated and

compared, a region of similarity to a predicted C. elegans open reading frame was detected. A

96 amino acid sequence in the 804/400 open reading frame (ORF), spanning positions 25 to

120, contained 44.8Vo amino acid identity (43/96 residues) to positions 348 to 443 of the

predicted ORF CLE80336.3 l0 on the C. elegans cosmid 80336 i0 (Wilson et al. 1994;

accession no. U32305), as indicated in figure 3.9B.

The IZt amino acidB04l400 ORF encoding this similarity was on the opposite strand

from that predicted by the primer orientation, with 3'-hp at the 5' end of the clone and at the

amino terminal end of the predicted ORF (Fig. 3.108). Northern blot hybridisation of ES cell

RNA was used to determine the orientation of the transcripts recognised by the 804/400

product (Fig. 3.10C). A riboprobe generated by HindIII digestion of the 804/400 cDNA

clone (2.2.7ti,3.4) and transcription with T7 RNA polymerase (2.3.26), representing the

"sense" strand primed by 3'-hp, did not identify any antisense transcripts expressed in ES

cells (lane 1). An "antisense" 804/400 strand, generated by BamHI digestion of the 8041400

cDNA clone (2.2.1t\,3.4) and transcription with T3 RNA polymerase (2.3.26), detected the

3.5 kb, 3.7 kb and 5.5 kb transcripts expressed by ES cells (lane 2). A double stranded

probe, isolated by EcoRIlHindIII digestion of the 804/400 cDNA (3.4), detected the same
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Figure 3.10 Sequence Analysis of 403/360 and 804/400 cDNA Fragments.

The nucleotide sequence and conceptual translation of the 403/360 and BO4l400 3'-hp

DDPCR clones and the verification of 804/400 transcript orientation are shown. Primer

sequences are labelled and in bold, EcoRI restriction sites are underlined. Sequence

external to the 3'-hp EcoRI restriction site and Taq polymerase adenosine additions (not

shown) were not included in the nucleotide size. Primer sequences were not translated and

the open reading frames are numbered from the first non-primer codon.

(A) The nucleotide sequence of the 360 bp 403/360 cDNA fragment and the conceptually

translated 108 residue open reading frame (ORF) are indicated. The 403/360 cDNA (3.4)

contained an internal EcoRI site at nucleotide position 252-257 . The 256 bp 5' 403/360

fragment (OPA-03 end) was cloned by ligation to pBluescript EcoRVT (2.3.61i) and the

108 bp 3' 403/360 fragment (3'-hp end) was cloned by ligation to pBluescript KS EcoRI

(2.3.61). The 5' and 3' 403/360 cDNA clones were sequenced in both directions with T3

and T7 primers. Other reading frames contained numerous stop codons. The 403/360

ORF did not contain extended regions of similarity to database sequences.

(B) The nucleotide sequence of the 458 bp 804/400 cDNA fragment and the conceptually

translated 121 residue open reading frame (ORF) are indicated. The 804/400 cDNA

fragment (3.4) was cloned by ligation to pBluescript EcoRIlT (2.3.6i1). The depicted

sequence was derived from overlapping sequence from each end of the 804/400 DDPCR

cDNA clone with T3 and T7 primers and in both directions over this region by the

sequencing of B04/400 transcripts (see Fig. 5. I ). The BO4/400 ORF was encoded on the

cDNA strand primed by the 3'-hp primer and was termed the "sense" strand. The 804/400

ORF contained 43ll2l (35.5Vo) identical residues (boxed) to positions 325-445 of a

predicted C. elegans ORF, CLE80336.3 10 (accession no. U32305). Amino acid identity

was 44.8Vo in a 96 residue region (43196) between BO4/400 positions 25-102 and

CLE80336.3 10 positions 348-443.

(C) Northern blot verification of the orientation of 804/400 transcripts. 5 ¡rg (A)n+ RNA

isolated from D3 ES cells was electrophoresed on a 1 .3Vo agarose gel (2.3.23) and blotted

(2.3.24). Parallel northern filters were probed with either a sense riboprobe (l), or an

antisense riboprobe (2), prepared from the 804/400 cDNA (2.2.1ä, Fig. 3.108). The

filters were washed twice tn2X SSC, 17o SDS at 65"C for 15 min. and once in 0.2X

SSC, 17o SDS at 75"C for 20 min. The northern blots were exposed in a phosphorimager

cassette overnight. Thc scnse riboprobe northern blot (1) was stripped and reprobed with a

double stranded BO4l400 probe (3), isolated by EcoRUHindIlI digestion of the BO4l4OO

cDNA (3.4, Fig. 3.108). The filter was washed twice in2X SSC, 0.17o SDS at 42'C for

20 min and once at 65'C for 20 min. The filter was then washed in 0.2 X SSC,0.17o SDS

at 65"C for 20 min. and exposed in a phosphorimager cassette overnight. The sizes of the

transcripts recognised by the 8041400 probe are indicated.
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three transcripts as the antisense probe (lane 3). This analysis demonstrated that the only

BO4/4OO transcripts detectable by northern blot in ES cells were sense transcripts.

The sense strand orientation of 804/400 transcripts indicated that the 804/4OO DDPCR

product was generated by amplification with primers in the opposite orientation to that

expected. Sense strand amplification with the opposite primer orientation may have resulted

from two different mechanisms. Reverse transcription by Taq polymerase (Jones and Foulkes

1989) may have been primed by OPB-04, on carried over RNA in the PCR reaction,

followed by subsequent OPB-04/3'-hp PCR amplification. Alternatively, the same result may

have been generated by 3'-hp primed reverse transcription and amplification with primers in

the opposite orientation, due to primer binding at nested fortuitous sequences within the first

strand cDNA, at low annealing temperatures.

3.4.3 In situ Analysis of 403/360 and ß04/400 Expression in ES Cell

Monolayers

A second validation step was required to confirm that the cells expressing 403/360 and

804/400 by northern blot were pluripotent cells and not sporadic cell types arising by

spontaneous differentiation i¡z vitro, generally located at the periphery of undifferentiated ES

cell colonies.

Direct visualisation of 403/360 and BO4|40O expressing cells was carried out by in situ

hybridisation analysis of cell monolayers. 403/360 expression was detected using a

digoxygenin labelled (DIG, 2.3.29) antisense riboprobe generated from the 5' (256 bp)

cDNA clone (2.2.71) and 804/400 transcripts were detected with an antisense DIG riboprobe

(2.3.29) generared from rhe BO4/400 DDPCR clone (2.2.111). Both 403/360 and 804/400

exhibited similar expression in D3 ES cell cultures (purple staining), with transcripts

restricted to the undifferentiated pluripotent cells in the centre of ES cell colonies (Fig. 3.1 14,

B). Differentiated cells within the culture (for example, Fig. 3.1 I 403/360 A, B) and those at

the edge of ES cell colonies did not express either 403/360 or 804/400. This demonstrated

that 403/360 and 8041400 were expressed by pluripotent cells within ES cell cultures and

importantly, that they were specifically downregulated during cellular differentiation. The

expression levels of 403/360 and B04l4O0 appeared to be similar in this analysis, with

10



Figure 3.11 Localisation of 403/360 and B'041400 Expression in ES Cell

Cultures.
Detection and localisation of 403/360 andBO4l400 expression in embryonic stem cell

cultures was caried out by in situ hybridisation (2.3.30). D3 ES cells were cultured for

three days in the presence of LIF (2.4.1).403/360 expression was detected(1,2) using a

DIG labelled antisense riboprobe (2.3.29) of the 256 bp 5' 403/360 cDNA (2.2.7i).

8041400 expression was detected ( I , 2) using a DIG labelled antisense riboprobe (2.3.29)

of the 458 bp B04l40O cDNA (2.2.71i). In situ hybridisation was also carried out with
403/360 and BO4l400 sense probes (2.2.7i,2.2.1ü) as negative controls (3). Cells that

expressed 403/360 or BO4{4O0 were indicated by purple staining. The 403/360 and

804/400 plates were developed for 7 hours. Photographs were taken under phase contrast

(1) and bright field optics (2,3) at 100 X magnification.

D differentiated cell type
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equivalent probe and antibody concentrations and exposure times maintained for both

markers. Sense control probes for 403/360 and BO4|4O0 did not exhibit any staining (Fig.

3.11C), demonstrating the specificity of this analysis.

3.5 Discussion

This chapter described the investigation of differential display PCR as a method to

identify markers for pluripotent cell subpopulations in vitro. A modified DDPCR was

developed in an attempt to enrich for homeobox gene transcripts, therefore potentially

isolating key genes involved in the control of pluripotent cell development (3.1.2, 3.1.3). The

major modification was to substitute the poly(A) tail anchored 3' primer normally used in

DDPCR with a degenerate complimentary oligonucleotide, 3'-hp, designed to recognise a

conserved region within the homeobox consensus. This modification enabled DDPCR

profiles to be generated from random positions within transcripts, with potential for the

amplification of homeobox gene transcripts, as discussedin3.2.4.

In a screen for transcripts that were differentially regulated between pluripotent cells,

3'-hp DDPCR identified nine products that were potentially pluripotent specific and restricted

to ES cells or early pluripotent cell types within the ES to X cell transition. All these products

exhibited downregulation during ES cell differentiation, indicating they were likely to be

specific for the pluripotent state, with residual expression in differentiated cultures caused by

the persistence of pluripotent cell nests. All nine products were downregulated during X cell

formation, specifically marking ES cells and early X cell subtypes within the pool of Oct-4+

pluripotent cells in vitro.The expression of these transcripts appeared to be consistent with

that of the ES cell marker Rex-l (1.6.8), which is downregulated during the formation of X

cells.

Importantly, this demonstrated the presence of at least three distinct pluripotent cell

subtypes within the ES to X cell transition. Firstly, ES cells are distinguished from all X cell

types on the basis of morphology (1.6.7), differentiation potential (1.6.8) and DDPCR

markers for X cells (3.3.3), indicating that subtle differences occur very early during X cell

formation (1.6.9). Secondly, an "early" X cell type, in XpO and Xpl cultures, remained

closely related to ES cells on the basis of early pluripotent cell marker expression, for
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example 403/360. Thirdly, a "late" X cell type, in Xp2 and Xp3 cultures, exhibited

downregulation of these markers. The assignment of X cell subpopulations on the basis of

these early pluripotent cell transcripts is supported by the expression of Rex-I in ES cells and

"early" X cells, and downregulation in "late" X cells (1.6.8); and expression of FGF-S,

which is induced in "late" X cells (1.6.8). As consistent X cell preparations were not used

throughout this analysis and different X cell cultures have the potential to develop at slightly

variable rates, the precise assignment of pluripotent cell subtypes to passage number was not

possible. It may be possible to achieve this by marker expression analysis in matched X cell

preparations. For example, the expression of A021295, AO2/320 and AO2/410 (Fig. 3.5)

indicated that the transition from the "early" to "late" X cell type occurred between the first

and second X cell passage. Further analysis of X cell formation may also reveal if a distinct

transition point occurs, where expression of these markers is downregulated simultaneously,

or if X cells pass through several intermediate stages in their development, as defined by the

downregulation of individual markers in a temporal order.

The distinct morphological, developmental and gene expression characteristics that are

acquired during the formation of X cells (1.6.8) suggest that differential gene expression

should be detected in specific X cell populations, with the induction of a range of transcripts

at specific time points, for example FGF-5 (l.6.8). Numerous X cell specific transcripts have

been detected using the original DDPCR technique (3.3.3, S. Sharma, unpublished data).

Specifically, a transcript that is induced in XpO cultures but is downregulated by Xp3 cells,

and numerous transcripts that are induced in XpZ and Xp3 cultures, have been identified.

These transcripts should provide markers for multiple distinct X cell subpopulations and

support the assignment of "early" and "late" X cell subpopulations. These markers could

enable identification and analysis of molecular heterogeneity (1.7) during the development of

the primitive ectoderm invivo (1.6.8).

An important feature of this DDPCR screen was the availability of multiple, closely

related cell types for transcript comparison. This bypassed the requirement to compare

duplicate reactions to detect artefactual banding (Liang et al. 1993), by demonstrating

consistent amplification of common class I transcripts in multiple different cell types, as

compared to class II, III, VI, V and VI differential transcripts in the same cell types (3.2.1iii,
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3.3.2).Furthermore, analysis of multiple closely related cell types increases the likelihood of

detecting relevant molecular differences, a strategy that was also used by Guimaráes et al.

(1995) during DDPCR analysis of haematopoietic development in the yolk sac and embryoid

bodies

Of the nine early pluripotent cell markers identified, four were cloned and two, 403/360

andB04l400, were characterised in detail. The identity of the A03/360 and 804/400 cDNA

clones was validated by northern blot. Interestingly, 403/360 and 804/400 expression

appeared to be regulated in a similar manner during the ES to X cell transition, with similar

levels of downregulation found in individual cell populations (Fig 3.98). This indicates that

these transcripts may be coordinately regulated as these pluripotent cell subtypes develop. The

coordinated regulation of transcripts during the ES to X cell transition may also be suggested

by the similarity of 403/360 and 804/400 expression to that of Rex-l (Lake 1996).

Furthermore, the downregulation of 403/360 and 804/400 expression was more distinct in X

cells cultured in the absence of additional LIF, suggesting faster rates of pluripotent cell

development in these cultures. This is consistent with previous analyses of Rex-l and FGF-5

gene expression during the ES to X cell transition (Bettess 1993, Thomas 1995, Lake 1996)

and may be related to the capability of LIF to inhibit the formation of primitive ectoderm l¿

vlrro (Shen and Leder 1992).

Importantly, in situ hybridisation of A031360 and BO4/400 to ES cell cultures

demonstrated that marker transcripts were restricted to pluripotent cell types, with no

detectable expression in differentiated cells. This indicated that within the ES to X cell

transition 403/360 and 804/400 were pluripotent cell specific, and that expression did not

result from contaminating differentiated cells.

The restriction of 403/360 and 804/400 to early pluripotent cell populations suggests

that the gene products recognised by these markers may have functional roles during

pluripotent cell development in vitro. Sequence analysis revealed that 403/360 was a novel

gene. The sequence of 804/400 demonstrated 44.8Vo amino acid identity over a 96 residue

region to a C. elegans predicted open reading frame, CLE80336.3 10. As 804/400 and

CLE80336.3 10 exhibit no significant similarity to other proteins, this region may represent a

novel functional domain in these proteins. Analysis of CLE80336.3 10 that gives insight into
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expression or function during the development of C. elegans has not been documented. The

isolation of full length cDNAs for 403/360 and BO4/400 would potentially give information

about the presence of functional protein domains in these transcripts and as a result,

information on the molecular activities of these genes. This approach is also likely to yield

important tools for studying 403/360 and 804/400 function, such as transcript specific

probes, or constructs to perturb expression levels or to enable the production of specific

antibodies for protein analysis.

This analysis demonstrated the capacity of DDPCR to identify markers for pluripotent

cell subpopulations, based on a cell progression in vitro. A screen for differential gene

expression detected a series of markers that subdivided the Oct-4+ pool of cells and identified

an ES and early pluripotent cell subpopulation in vitro. Expression analysis of 403/360 and

BO4/40O during early embryogenesis therefore has the potential to identify restricted

subpopulations or "states" within the Oct-4+ pluripotent cell pool in vivo.In particular,

differential expression between the pluripotent cells of the ICM and primitive ectoderm would

be expected. Furthermore, given the ES cell restricted nature of 403/360 and 804/400

expression , invivo analysis has the potential to define the embryonic equivalent of ES cells to

a precise window of development. This could direct the development of alternative isolation

strategies for ES cells from commercially important species (1.6.1, 3.3). It may also be

possible to also correlate the expression of 403i360 andBO4l4OO with specific developmental

events, highlighting potential functions within the pluripotent cells of early development.

The investigation of DDPCR techniques outlined in this chapter therefore demonstrated

the capacity to identify and isolate specific markers for pluripotent cell subpopulations ln

vitro.The further application of this approach is likely to generate a comprehensive array of

temporally expressed markers within the ES to X cell transition. These markers have the

potential to refine the complexity of known pluripotent cell subtypes in vitro, the equivalent

stem cell populations or "states" in vivo, and to clarify the molecular basis of pluripotent cell

development during early embryogenesis.
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CHAPTER 4

EXPRESSION ANALYSN OF EARLY PLURIPOTENT CELL MARKERS IN

VITRO AND DURING EARLY EMBRYOGENESIS

4.1 Introduction

Investigation of gene expression in pluripotent cell populations generated from the

culture of ES cells enabled the isolation of two novel markers with interesting features.

Expression analysis of these markers, termed A03/360 andB}4l400, indicated that they were

likely to be restricted to pluripotent cell types in vitro and more importantly, their expression

was specific to early stem cell types within the ES to X cell progression. 403/360 and

B04|4OO were expressed by ES cells and were downregulated during X cell formation, in a

similar manner to Rex-l expression (1.6.8). 403/360 and 804/400 therefore distinguished an

Oct-4+ "early" X cell type that retained high levels of expression, from a Oct-4+ "late" X cell

type with low transcript levels. These expression profiles suggested that 403/360 and

BO4|4OO were expressed in pluripotent cell populations during embryogenesis and may be

capable of identifying transient stem cell subtypes or "states" in the early murine embryo.

Clarification of A03/360 and 804/400 expression in vitro would allow more detailed

analysis of pluripotent cell development. Firstly, it may clarify the transition between "early"

and "late" X cell types, potentially subdividing X cells into timed subpopulations. Secondly,

this analysis could enable the comparison of pluripotent cell types found in different culture

regimes.

The definition of A031360 and 804/400 expression patterns during early embryogenesis

was important for several reasons. Marker expression would be expected at the ICM stage of

development, with downregulation of expression occurring during the formation of primitive

ectoderm. This analysis may identify subpopulations that express 403i360 and 804/400

within the Oct-4+ pool of pluripotent cells. Identification of transient pluripotent cell

subpopulations may enable more precise definitions of the embryonic equivalents of ES and

X cell types. The regulation of marker expression may also be correlated with critical

developmental events, highlighting potential functional roles for 403/360 or 804/400 and
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demonstrating the potential of using these markers to probe functional aspects of pluripotent

cell development (1.7).

This chapter describes the analysis of 403/360 and 804/400 expression by in situ

hybridisation. Analysis of the ES to X cell transition and ES cell differentiation demonstrated

that 403/360 and BO4l400 were pluripotent cell specific and indicated that they may be

coordinately regulated in vitro.Investigation of expression during murine embryogenesis

revealed that A03/360 and P,041400 were expressed in overlapping but distinct pluripotent cell

populations. 403/360 was expressed in pluripotent cells during preimplantation development

and was renamed lcml, for Inner cell mass 1. 804/400 expression was induced in the late

stage ICM and was expressed in the early postimplantation epiblast, prior to the formation of

the proamniotic cavity. 804/400 was therefore renamed Pscl, for Peri-implantation stem cell

1. Expression of both lcml (A03/360) and Pscl (804/400) was downregulated by the

primitive ectoderm stage of embryogenesis. Expression of Pscl was also detected in the

extraembryonic ectoplacental cone.

4.2 Expression of 403/360 and 8041400 in vitro

Direct visualisation of the cell types that express 403/360 and 804/400 in vitro would

enable a more detailed analysis of pluripotent cell development and comparison of pluripotent

cell subpopulations. To ascertain the distribution, regulation and comparison of A03/360 and

BO4/400 expression, in situ hybridisation analysis was conducted on induced ES cell

cultures, cell monolayers representative of different stages during the ES to X cell transition,

and reverted X cells (1.6.8). To assist with the comparison of marker expression levels

between different cultures, riboprobe batch and exposure times for individual probes were

consistent throughout this analysis. Detailed comparison of expression levels between cell

types was complicated by differences in colony morphology, which varied from domed and

multilayered "ES cell" like colonies, to monolayer growth exhibited by X cells and

differentiated cell types. A higher intensity of staining in domed colonies, compared to

monolayer colonies, can be misleading due to gene expression in a three dimensional anay of

cells.
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4.2.! In situ Hybridisation Analysis of 403/360 and 8041400 Expression

During ES Cell Differentiation

D3 ES cell cultures were differentiated by LIF withdrawal (SP, 2.4.2ii), or by

induction with retinoic acid (R^, 2.4.2iii), 3-methoxybenzamide (MB A, 2.4'2iv) or

dimethylsulfoxide (DMSO, 2.4.2v), as described in section 1'6'5'

DIG labelled antisense riboprobes from the 5' (256 bp) A03/360 (2.2.1r), the B04/400

(2.2.71i) and Oct-4 (2.2.11i1) cDNA clones were used to detect expression in SP, RA, MBA

and DMSO induced ES cell cultures. The pluripotent cell specific marker Oct-4 (1.5.2) was

used to monitor the distribution and morphology of pluripotent cell types and residual

pluripotent cell niches present in these cultures (Fig. a.1). The morphology of these

pluripotent cell niches varied from rounded and "ES cell like" colonies (not shown), to

monolayer colonies of small cellS with structurally characteristic nuclei (purple staining, Fig.

4.14-D). Monolayer pluripotent cells were more frequent in MBA and DMSO induced

cultures. Examples of Oct-4+ cells that differed from "ES like" colonies are indicated in figure

4.1. Differentiated cell types were morphologically distinct from pluripotent cell types and did

not express Oct-4 (Fig. a.l A-D).

403/360 andBO4l400 exhibited similar expression patterns during this analysis (Figs.

4.2, 4.3 respectively). The expression of A03/360 or B04/400 was not detected in any

differentiated cell types (Oct-4- cells, Fig. 4.1) resulting from any of the ES cell induction

regimes (Figs. 4.2, 4.3). This confirmed that 403/360 and BO4/400 expression was

downregulated during cellular differentiation. 403/360 and 804/400 expression was tightly

restricted to nests of residual pluripotent cells, often present as colony niches surrounded by

differentiated cell types (purple staining, Figs.4.2,4.3 respectively). 403/360 and 804/400

were expressed by both "ES cell like" (Figs. 4.2A, B. Fig. 4.38 respectively) and monolayer

(Fig 4.2C, D. Figs. 4.3^, C, D respectively) colonies of residual pluripotent cells recognised

by Oct-4 expression (Fig.4.1). The expression of 403/360 and BO4|4OO in two

morphologically distinct pluripotent cell colonies indicates that these cells are closely related.

No staining was observed in the same batch of induced ES cell cultures probed with

A03/360,804/400 or Oct-4 sense control riboprobes (data not shown).



Figure 4.1, In slla Hybridisation Analysis of Oct-4 Expression During ES

Cell Differentiation.
Detection and localisation of Oct-4 expression in induced embryonic stem cell cultures was

carried out by in situ hybridisation (2.3.30). D3 ES cells were differentiated by: (A) SP,

spontaneous (-LIF) induction (2.4.2ü); (B) RA, retinoic acid induction (2.4.2iii); (C)

MBA, 3-methoxybenzamide induction (2.4.2iv); (D) DMSO, dimethylsulfoxide induction

(2.4.2v). Oct-4 expression was detected using a394 bp DIG labelled antisense riboprobe

(2.2.7ili) and indicated the prevalence and morphology of residual pluripotent cell types in

differentiated ES cell cultures. The Oct-4 plates were developed for 2 hours and 30 min.

Cells that expressed Oct-4 were indicated by purple staining. Photographs were taken

under phase contrast (l) and bright field optics (2) at 100 X magnification. In situ

hybridisation of induced ES cell cultures with an Oct-4 sense control probe (2.2.71ü) did

not exhibit any stain (not shown).
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Figure 4.2 In sifø Hybridisation Analysis of IcmI (403/360) Expression

During ES Cell Differentiation.
Detection and localisation of lcml (A031360) expression in induced embryonic stem cell

cultures was carried out by in situ hybridisation (2.3.30). D3 ES cells were differentiated

by: (A) SP, spontaneous (-LIF) induction Q.a.zü): (B) RA, retinoic acid induction

Q.a.zäi); (C) MBA, 3-methoxybenzamide induction (2.4.21v); (D) DMSO,

dimethylsulfoxide induction (2.4.2v). Icml expression was detected using a DIG labelled

antisense riboprobe of the 256 bp 5' 403/360 clone (2.2.71). The lcml plates were

developed for t hours. Cells that expressed lcml were indicated by purple staining. The

light staining cells in (D) were potentially residual pluripotent cells undergoing

differentiation. Photographs were taken under phase contrast (l) and bright field optics (2)

at 100 X magnification. In situ hybridisation of induced ES cell cultures with an IcmI
sense control probe (2.2.1i) did not exhibit any stain (not shown).
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tr'igure 4.3 In situ Hybridisation Analysis of PscI (804/400) Expression

During ES Cell Differentiation.
Detection and localisation of Pscl (804/400) expression in induced embryonic stem cell

cultures was carried out by in situ hybridisation (2.3.30). D3 ES cells were differentiated

by: (A) SP, spontaneous (-LIF) induction (2.4.2ü); (B) RA, retinoic acid induction

Q.a.zäi); (C) MBA, 3-methoxybenzamide induction (2.4.2iv); (D) DMSO,

dimethylsulfoxide induction (2.4.2v). Pscl expression was detected using a DIG labelled

antisense riboprobe of the 458 bp 804/400 clone (2.2.11r). The Pscl plates were

developed for t hours. Cells that expressed Pscl were indicated by purple staining.

Photographs were taken under phase contrast (1) and bright field optics (2) at 100 X

magnification. In.çir¿¿ hybridisation of induced ES cell cultures with an Psc,l sense control

probe (2.2.111) did not exhibit any stain (not shown).

residual pluripotent cell types

differentiated cell types

R

D



A .SP
I

D .'t'

D

\

R
È.

c

G

If

¿

^.

I

J
¡

s
a

a'

aI

t

IftNa

t

r

,

I

,

2
¡'

tI-tJ
1

[,
t
I

\

t \...t
\î ' \

t.'
t(\.'

I

rD
a



N\i

v̂(nl=
r

Àti
a

ti
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In situ hybridisation analysis during ES cell differentiation therefore demonstrated that

A03i360 andB}4l400 expression was downregulated during cellular differentiation and the

transcripts recognised by these markers were specifically restricted to pluripotent cell

populations invitro.

4.2.2 In situ Hybridisation Analysis of 403/360 and 804/400 Expression

During the ES to X Cell Transition

In situ hybridisation analysis of Oct-4, A03/360 and 804/400 expression during the

development of ES cells to X cells and in reverted X cells (1.6.8) was carried out using the

same probes as above (4.2.1) and is indicated in figures 4.4,4.5 and 4.6. Cell cultures were

generated as described in section 2.4.2i.

Morphology and the expression of Oct-4 in the ES to X cell transition demonstrated the

presence and morphology of pluripotent cells in these cultures (Fig. 4.4A-E). The transcripts

identified by A03/360 andB04l400 appeared to be regulated in a cognate manner during this

transition. 403/360 and 8041400 were expressed by D3 ES cells (Figs. 4.5A, 4.6A

respectively) and were detected in X+0 cells (Figs. 4.58, 4.68) and at a low level in X+l

cells (Figs. 4.5C, 4.6C) when D3 ES cells were passaged in MedII and LIF. Expression was

downregulated in X+2 cells (Figs. 4.5D,4.6D) and was not detected in X+3 cells (Figs.

4.58, 4.6E).403/360 and 804/400 expression was not detected in spontaneously

differentiated cell types present in X cell cultures, which may differ from those present in ES

cell cultures (Lake 1996).

Interconversion between pluripotent cell "states" is predicted to be a functional

characteristic of pluripotent cell types (Rossant 1993). X cell reversion generates a pluripotent

cell type that is similar ES cells on the basis of morphology, marker gene expression, in vitro

differentiation potential and contribution to chimera formation (1.6.8). The expression of

403/360 and 804/400 was rapidly upregulated when X+3 cells were reverted to an ES cell

phenotype by culture in LIF without MedII. Reverted X cells with ES cell colony

morphology expressed Oct-4 (Fig. a.aF), A03/360 and B04/400 at comparable levels to ES

cells.403/360 and BO4|4OO expressioriwas specifically restricted to reverted colonies with

"ES cell like" domed morphology (X+3/Rp0, data not shown) and was significant in X+3



Figure 4.4 In situ Hybridisation Analysis of Oct'4 Expression During the

ES to X Cell Transition.

Detection and localisation of Oct-4 expression during the ES to X cell transition was

carried out by in situ hybridisation (2.3.30). A sequential series of D3 ES cells, X+0 cells

(X cells +Lß /0 passages), X+1 cells (X cells +LIF / 1 passage),X+2 cells (X cells +LIF

/ 2 passages), X+3 (X cells +LIF / 3 passages) and X+3/Rl cells (X cells +LIF / 3

passages, reverted +LIF alone / I passage) were cultured as described in section 2.4.1 and

2.4.2. Oct-4 exþression was detected using a 394 bp DIG labelled antisense riboprobe

(2.2.7111). The Oct-4 plates were developed for I hour and 30 min. Cells that expressed

Oct-4 were indicated by purple staining. Photographs were taken under phase contrast (1)

and bright field optics (2) at 100 X magnification.
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Figure 4.5 In sítu Hybridisation Analysis of IcmI (403/360) Expression
During the ES to X Cell Transition.
Detection and localisation of IcmI (A03/360) expression during the ES to X cell transition

was carried out by in situ hybridisation (2.3.30). A sequential series of D3 ES cells, X+0

cells (X cells +LIF / 0 passages), X+l cells (X cells +LIF / 1 passage), X+2 cells (X cells

+LIF / 2 passages), X+3 (X cells +LIF / 3 passages) and X+3/Rl cells (X cells +LIF / 3
passages, reverted +LIF alone / 1 passage) were cultured as described in section 2.4.7 and

2.4.2. Icml expression was detected using a DIG labelled antisense riboprobe of the 256

bp 5' 403/360 clone (2.2.7i). The lcml plates were developed for 8 hours and 30 min.

Cells that expressed lcml were indicated by purple staining. Photographs were taken

under phase contrast (l) and bright field optics (2) at 100 X magnification.

X Oct-4+ (Fig.4.4)/Icml- "late" X cell types in X+2,X+3 cultures
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Figure 4.6 In situ Hybridisation Analysis of PscI (804/400) Expression
During the ES to X Cell Transition.
Detection and localisation of BO4/400 (Pscl) expression during the ES to X cell transition

was carried out by in situ hybridisation (2.3.30). A sequential series of D3 ES cells, X+0

cells (X cells +T,IF / 0 passages), X+l cells (X cells +LIF / 1 passage),X+2 cells (X cells

+LIF I 2 passages), X+3 (X cells +LIF / 3 passages) and X+3/Rl cells (X cells +LIF / 3

passages, reverted +LIF alone / I passage) were cultured as described in section 2.4.I and

2.4.2. Pscl expression was detected using a DIG labelled antisense riboprobe of the 458

bp 804/400 clone (2.2.7ir). The Pscl plates were developed for 8 hours and 30 min. Cells

that expressed Pscl were indicated by purple staining. Photographs were taken under

phase contrast (1) and bright field optics (2) at 100 X magnification. In situ hybridisation

of X+3 cells with an Pscl sense control probe (2.2.1i|) did not exhibit any stain (not

shown).

X Ocr4+ (Fig. a.ÐlPscl- "late" X cell types in X+2,X+3 cultures
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Chapter 4. Expression Analysis of Earþ Pluripotent CelI Markers

cells reverted for one passage, termed X+3iRpl (Figs. 4.5F,4.6F). Sense control probes of

X cell cultures did not exhibit any staining (data not shown).

This analysis demonstrated several important features of the regulation of 403/360 and

804/400 expression during the ES to X cell transition. Firstly, expression of 403/360 and

B04l40O was restricted within the Oct-4+ pool of pluripotent cells. These genes were

expressed only by ES cells or closely related early pluripoient cell subpopulations, such as

X+0 and X+l cell types. Secondly, this indicated that in X cell cultures passaged in the

presence of LIF, a transition point between "early" and "late" X cell types may occur prior to

the X+2 stage. Thirdly, expression of 403/360 andB04/400 was specifically upregulated in

"ES like" colonies upon reversion from a"lale" X cell type. This indicated that the regulation

of 403/360 and 804/400 was likely to be tightly associated with the ES/early subpopulation

of pluripotent cells and potentially required for, or a direct consequence of, the generation of

the ES/early pluripotent cell "state". Finally, the similarity in expression profiles of 403/360

and 804/400 during ES cell differentiation, the ES to X cell transition and X cell reversion,

suggested that these genes may be coordinately regulated in vitro.

This analysis confirmed that 403/360 and 8041400 were markers for ES and early

subpopulations of pluripotent cells in vitro. Expression analysis of 403/360 and 804/400

during early embryogenesis could therefore identify pluripotent cell subpopulations in vivo.

4.3 Analysis of 403/360 and 804/400 ExpressÍon During Early Mouse

Embryogenesis

Defining the cell types that express ES cell and early pluripotent cell specific markers in

the pre-gastrulation mouse embryo would potentially reveal information on the nature and

development of embryonic pluripotent cell subpopulations. 403/360 and 8041400 could

potentially recognise hitherto poorly defined pluripotent cell subpopulations, with the

predicted range of their expression indicated by the ES cell model of pluripotent cell

development. Expression was expected to be restricted to pluripotent cell types during early

embryogenesis, encompassing the blastocyst ICM and pluripotent ICM derivatives, prior to

the generation of primitive ectoderm. Importantly, expression was therefore expected to

subdivide the Oct-4+ pluripotent cell population. This analysis also had potential for

79
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validation of the embryonic stem cell in vitro model of development, by identifying the

embryonic equivalent of ES cells.

4.3.1 Whole Mount in situ Hybridisation Analysis of Oct-4 Expression

During Early Mouse Development

The expression of the POU domain homeobox gene Oct-4 during early embryogenesis

is well documented and it is the best characterised pluripotent cell specific transcript (Rosner

et al. 1990, Schöler et al. I990a, Schöler et aI. 1990b, Yeom et al. 1991). Oct-4 is expressed

by the fertilised egg, morula, inner cell mass, primitive ectoderm, primordial germ cells and

germ cells of the testis and ovary. Oct-4 is downregulated during terminal differentiation or

lineage restriction of these cell types. Analysis of Oct-4 expression during early

embryogenesis therefore provided the most appropriate positive control for 403/360 and

B04l4O0 expression. Furthermore this analysis enabled the development of in situ

hybridisation methodologies prior to investigation of A03/360 andB04/400 expression.

Non-radioactive whole mount in situ hybridisation was used to detect Oct-4 expression

during early embryogenesis. Modifications to existing whole mount techniques were required

to enable the analysis of preimplantation and peri-implantation embryos (2.3.31). Briefly, to

minimise loss and stress on fragile embryos, flushed preimplantation or dissected

postimplantation embryos were processed in "baskets" constructed from eppendorf tubes and

nylon mesh (2.5.2), and samples were permeabilised with RIPA buffer rather than proteinase

K. Expression was detected using a DIG labelled Oct-4 antisense riboprobe (2.2.11\i).

The morphological and developmental changes that occur within pluripotent cell

populations during early murine embryogenesis have been described in sections 1.2 to 1.4.3.

The pluripotent cell specific expression of Oct-4 during four stages of early embryogenesis is

indicated in figure 4.1 . At the blastocyst stage of development (3.5 d.p.c.), Oct-4 expression

was restricted to the pluripotent cells of the ICM (Fig. 4.1 A). Polar or mural trophectoderm

and the visceral layer of primitive endoderm did not express Oct-4. During early

postimplantation embryogenesis, the pluripotent cells of the ICM proliferate and reorganise to

form the early primitive ectoderm. By 5.5 d.p.c. programmed cell death has contributed to the

fo¡mation of the early proamniotic cavity. Oct-4 expression in embryos of this stage was



Figure 4.7 Expression of Oct-4 in Pluripotent Cell Populations During
Early Murine Development.
Detection and localisation of Oct-4 expression during early murine development was

examined by whole mount in situ hybridisation (2.3.31) using a 394 bp DIG labelled

antisense riboprobe (Z.z.lrit). Embryo stains were developed for 1-2 hours. Cells that

expressed Oct-4 were indicated by purple staining. Photographs were taken under phase

contrast with a Nikon inverted microscope (4, C), or with bright field illumination under a

Leica MZ-9 dissecting microscope (8, D). Scale bars: 50 pm (4, B, C), 100 pm (D).

(A) 3.5 d.p.c. blastocyst.

1. polar trophectoderm

2. inner cell mass

3 . visceral layer of primitive endoderm

4. blastocoel

5. mural trophectoderm

(B) 5.5 d.p.c. early primitive ectoderm stage embryo.

1. extraembryonic ectoderm

2. line of demarcation between embryonic and extraembryonic regions

3. early proamniotic cavity

4. early primitive ectoderm

5. visceral layer of extraembryonic endoderm

(C) 6.0 d.p.c. pregastrulation stage embryo.

I . remnants of Reichert's membrane

2. line of demarcation between embryonic and extraembryonic regions

3. ectoplacental cone

4. extraembryonic ectoderm

5. visceral layer of extraembryonic endoderm

6. primitive ectoderm

1 . visceral layer of extraembryonic endoderm

(D) 7.5 d.p.c. midgastrulation stage embryo.

1. exocoelom

2. visceral layer of extraembryonic endoderm

3. allantois

4. amnion

5. region of the primitive streak

6. region of the node
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restricted to the pluripotent cells of the early primitive ectoderm, which is a pseudostratified

epithelium by this stage (Fig. 4.18). No expression was exhibited by the extraembryonic

ectoderm or visceral endoderm at 5.5 d.p.c. (Fig. 4.18). At 6.5 d.p.c. the proamniotic cavity

has enlarged and the primitive ectoderm and extraembryonic ectoderm have proliferated. Oct-

4 expression at 6.0 d.p.c. was also restricted to the primitive ectoderm, with extraembryonic

cell types not staining (Fig. a.7C). Expression during gastrulation, in the early headfold stage

embryo at approximately 7.5 d.p.c., was restricted to the residual primitive ectoderm (Fig.

4JD). No expression was detectable in other embryonic or extraembryonic cell types. These

expression profiles were consistent with previously documented analyses of Oct-4 using 355-

labelled riboprobes and sectioned embryos (Rosner et al. 1990, Schöler et aI.1990).

This analysis clearly demonstrated the distribution of Oct-4+ pluripotent cell types

during early development and therefore indicated the viability of using whole mount in situ

hybridisation to investigate gene expression in pluripotent cells during these stages of

embryogenesis.

4.3.1i Specificity of Embryonic in situ Hybridisation Analysis

Sense control probes were used to demonstrate the specificity of hybridisation during

the establishment of conditions for whole mount in situ hybridisation. Blastocysts probed

with an Oct-4 sense control probe (2.2.1lri) did not exhibit any stain after development for

two hours (not shown). Early postimplantation embryos (5.25-5.5 d.p.c.) probed with a

Pscl (804/400) sense control probe (2.2.1n) did not exhibit any stain after development for

six hours (not shown). The specificity of Oct-4,Icml (A03/360) and Psc,l (804/400) in situ

hybridisation analysis was also demonstrated by their unique expression profiles, the

presence of negative and positive cell populations within individual embryos, and distinct

stages of embryonic development that were negative for expression of these markers.
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4.3.2 In siúø Hybridisation Analysis of IcmI (403/360) Expression During

Early Mouse Bmbryogenesis

To determine the expression profile of 403/360 in pluripotent cell populations during

early embryogenesis, preimplantation and early postimplantation embryos were analysed by

whole mount in situ hybridisation, as shown in figure 4.8. Transcripts were detected using a

DIG labelled antisense riboprobe generated from the 5' (256 bp) 403/360 cDNA clone

(2.2.11). During the morula to blastocyst stages of preimplantation development, the

expression of 403/360 was found to be specifically restricted to pluripotent cell populations

(purple staining, Fig. a.8). The earliest stage of development analysed was the l6 to 32 cell

morula, at approximately 2.5 d.p.c. (Fig. 4.8A). 403/360 was expressed by every cell, or

blastomere, at this early stage of embryogenesis. V/ithin the early cavitating blastocyst at

approximately 3.0 d.p.c., 403/360 expression was tightly restricted to the pluripotent cells

that had been reorganised into the presumptive ICM (Fig. 4.88, C). 403/360 expression was

not detected in polar or mural trophectoderm and is presumably downregulated during the

differentiation of these cell types from outer blastomeres of the morula. The view of this

blastocyst results in a portion of the early ICM lying below the plane of focus, which appears

as regions of fainter staining adjacent to the blastocoel (Fig. 4.88, C). The presence of

primitive endoderm within this embryo was not determined. Specific ICM staining of

403/360 expression was also shown during blastocyst development at approximately 3.5

d.p.c. (data not shown). Blastocyst expression of 403/360 at 4.0 d.p.c. is indicated in

figures 4.8D and 4.8E. 403/360 was specifically expressed by the pluripotent cells of the

ICM. Importantly, the expression of 403/360 was downregulated in three differentiated cell

lineages. Like early blastocysts, polar and mural trophectoderm did not express 403/360. At

this stage of embryogenesis, ICM cells lining the blastocoel have differentiated to primitive

endoderm. 403/360 was downregulated during the differentiation of the visceral layer of

primitive endoderm.

The analysis of 403/360 during early postimplantation development is indicated in

figures 4.8F and 4.8H. Following implantation, the conceptus undergoes rapid proliferation

and the ICM becomes reorganised into the early primitive ectoderm. 403/360 expression was

downregulated during these events, with little or no expression detected in early primitive



Figure 4.8 Expression of lcml (403/360) During Early Murine
Embryogenesis.
Detection and localisation of IcmI expression during early murine development was

examined by in sifu hybridisation (2.3.31) using a 256 bp DIG labelled antisense

riboprobe (2.2.11). Embryo stains were developed for 3-6 hours. Cells that expressed

Icml were indicated by purple staining. Photographs were taken under phase contrast (4,
B, D, F) or bright field optics (C, E) with a Nikon inverted microscope, or under bright
field illumination with a Leica MZ-\ dissecting microscope (H). Scale bars: 50 pm (A-D),

25 ¡tm (E), 50 pm (F, G), 50 pm (H, I).

BL

BC

MT

PT

ICM

VEn

VEn

PEn

De

LD

(A)
(8, C)

(D)
(E)

(F)
(G)

(H)
(r)

RM

EPC

EX

PE

PC

compacted blastomere

blastocoel

mural trophectoderm

polar trophectoderm

inner cell mass

visceral layer of primitive endoderm

visceral endoderm

residual Reichert's membrane

ectoplacental cone

extraembryonic ectoderm

primitive ectoderm

proamniotic cavity

future migratory surface of parietal endoderm

non-specific debris

approximate line of demarcation between embryonic and extraembryonic regions

2.5 d.p.c.16-32 cell compacted morula.

3.0 d.p.c. early blastocyst.

4.0 d.p.c. blastocyst.

4.0 d.p.c. blastocyst (enlarged bright field view of (D)).

5.5 d.p.c. early primitive ectoderm stage embryo.

Schematic representation of (F). Dashed lines suggest ectoplacental cone and

visceral endoderm regions.

5.75 d.p.c. early primitive ectoderm stage embryo.

Schematic representation of (H). Dashed lines suggest proamniotic cavity,

ectoplacental cone and visceral endoderm regions.

An amendment to Figure 4.8, termed Amended Figure 4.8.2, is presented on the reverse of

the following page.
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Amended Figure 4.8.2 Expression of IcmI (403/360) During Early Murine
Embryogenesis.
This figure depicts the same embryos as Figure 4.8, without panels 4.8 C, G, H & I.

Panels 4.8.2 C, D & E represent panels 4.8 D, E & F, respectively.

Scale bar: 50 pm. The labels are the same as for Figure 4.8 except: ec, ectoplacental cone;

arrowhead, approximate line of demarcation between embryonic and extraembryonic

regions.
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ectoderm stage embryos with proamniotic cavities at 5.5 d.p.c. (Fig. a.8F). Critically, the

primitive ectoderm, the pluripotent Oct-4+ descendant of the ICM, did not express 403/360,

That 403/360 was downregulated prior to the formation of primitive ectoderm was confirmed

by the lack of expression in embryos at approximately 5.75 d.p.c. of development (Fig.

4.8H). Dark areas in the ectoplacental cone region of the embryo shown in figure 4.8H are a

result of non-specific debris. The distribution of cell types in the embryos shown in figures

4.4F and 4.4H are schematically represented in figures 4.4G and 4.4I respectively.

Postimplantation embryos were staged on the basis of size and morphology of the early

proamniotic cavity.

In situ hybridisation analysis during early embryogenesis therefore demonstrated that

403/360 expression was restricted to the pluripotent cells of the preimplantation embryo.

While stages of development between the ICM and early primitive ectoderm are relatively

inaccessible and were not analysed, 403/360 clearly subdivided the Oct-4+ population,

marking a pluripotent cell type present in the morula, and in the early and late blastocyst ICM.

The gene and transcripts detected by the 403/360 probe were therefore named lcml (Inner

cell mass 1).

4.3.3 In situ Hybridisation Analysis of Pscl (804/400) Expression During

Early Mouse Embryogenesis

The expression of 8041400 during early embryogenesis was detected with a DIG

labelled antisense riboprobe generated from the 804/400 cDNA clone (2.2.7ü). The

expression of 804/400 was overlapping but different from that of lcml (403/360) within the

pluripotent stem cell pool and is shown in figure 4.9.8041400 expression was not detectable

during early blastocyst development, between approximately 3.0 and 4.0 d.p.c. (Fig 4.94,

B), even with prolonged exposures. Low levelB04l400 expression was first observed in the

late stage blastocyst, at approximately 4.0 d.p.c. and is indicated in figures 4.9C and 4.9D.

804/400 was specifically expressed in the pluripotent cells of the late stage ICM.

Interestingly, the differentiation of primitive endoderm had occuned by this stage, with no

B04l4O0 expression detected in the visceral layer of primitive endoderm. Mural

trophectoderm did not stain and it appeared that polar trophectoderm did not express



Figure 4.9 Expression of PscI (804/400) During Early Murine
Embryogenesis.
Detection and localisation of Pscl expression during early murine development was

examined by whole mount in situ hybridisation (2.3.31) using a 458 bp DIG labelled

antisense riboprobe (2.2.1ir). Embryo stains were developed for 3-6 hours. Cells that

expressed Pscl were indicated by purple staining. Photographs were taken under phase

contrast (C, E, G, H, K, N, P) or bright field optics (4, B, D, F, I, L) with a Nikon
inverted microscope. Scale bar: 50 U.m (A-Q same scale).
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approximate line of demarcation between embryonic and extraembryonic regions

3.5 d.p.c. blastocyst.

3.5 d.p.c. blastocyst,

4.0-4.5 d.p.c. blastocyst.

4.5 d.p.c. fully expanded blastocyst.

4.7 5 d.p.c. peri-implantation blastocyst.

5.0 d.p.c. peri-implantation embryo, "epiblast bud" stage.

Schematic representation of (H, I). Dashed lines suggest early ectoplacental cone

and visceral endoderm regions.

5.0-5.25 d.p.c. peri-implantation embryo, very early proamniotic cavity stage.

Schematic representation of (K, L). Dashed lines suggest early ectoplacental cone,

residual Reichert's membrane and visceral endoderm regions.

5.5 d.p.c. early primitive ectoderm stage embryo.

Schematic representation of (N). Dashed lines suggest early ectoplacental cone

and visceral endoderm regions.

5.5 d.p.c. early primitive ectoderm stage embryo.

Schematic representation of (P). Dashed lines suggest early ectoplacental cone and

visceral endoderm regions.

Amendments to Figure 4.9, ærmed Amended Figure 4.9.2 andFigure 4.9.3, are presented

on the reverse of the following two pages.
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Amended Figure 4.9.2 Expression of Pscl (804/400) During Early Murine
Embryogenesis.

This figure depicts the same embryos as Figure 4.9 panels A & E, in panels C & E,

respectively and additional embryos using the same experimental conditions.

(A) 2.5 d.p.c. 16-32 cell morula. (B) 3.0 d.p.c. early blastocyst.

(D) 4.0-4.5 d.p.c. blastocyst. (F) 5.0 d.p.c. peri-implantation embryo.

Scale bar: 50 ¡rm. The labels are the same as for Figure 4.9 except:

ee, embryonic ectodeffn; ve, visceral endoderm. Photographs were taken under phase

contrast (B) with a Nikon inverted microscope, or with differential interference optics

(4, D), or bright field optics (F) with a Zeiss microscope.
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Amended Figure 4.9.3 Expression of Pscl (804/400) During Early Murine

Embryogenesis.
This figure depicts the same embryos as Figure 4.9 panels H, N & P in panels A, B & C,

respectively. Panel D depicts the embryo in Figure 4.10 A, photographed with differential

interference optics with a Zeiss microscope.

Scale bar: 50 pm (A-C), 100 pm (D). The labels are the same as for Figure 4.9 except:

ee, embryonic ectoderm; ec, ectoplacental cone; r, residual Reichert's membrane;

arrowhead, approximate line of demarcation between embryonic and extraembryonic

feglons.
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Chapter 4. Expression Analysis of Early Pluripotent CeIl Markers

B04i400, although this cell type was not clearly distinguished (Fig. 49D). Analysis of the

fully expanded blastocyst at 4.5 d.p.c, supported the restriction of 804/4OO expression to the

undifferentiated cells of the ICM (Fig. 4.9E, F). At this stage of development the embryo has

hatched from the zona pellucida and has assumed an ovoid structure. The ICM has flattened

and abuts the polar trophectoderm.B04/400 was clearly not expressed by the polar or mural

trophectoderm, with the visceral layer of primitive endoderm not clearly distinguishable. This

analysis suggested that BO4/400 was not expressed in the early blastocyst and was not

expressed by any of the differentiated lineages of the blastocyst. BO4/400 was first expressed

during the development of the late stage inner cell mass at approximately 4.0 to 4.5 d.p.c.

The expression of 8041400 during peri-implantation and early postimplantation

development is indicated in figures 4.9G to 4.9Q. Uterine implantation of the blastocyst

occurs at approximately 4.5 d.p.c. The expression of 804/400 in a peri-implantation embryo,

flushed from uteri at approximately 4.75 d.p.c., is demonstrated in figure 4.9G. This embryo

still exhibits the basic blastocyst structure, although mural trophectodermal cell types not in

contact with the epiblast have ceased proliferation and become primary trophoblastic giant

cells (Hogan et a\.1994). The expression of 804/400 was clearly restricted to the pluripotent

cells of the epiblast. Trophectodermal derivatives and parietal endoderm did not express

BO4/400, but expression in visceral endoderm could not be ascertained due to the close

proximity of the highly stained epiblast.

The proliferation and proamniotic cavitation of the epiblast are major developmental

events involved with the conversion of the ICM to the primitive ectoderm (1.3, 1.4.1). At 5.0

d.p.c. the pluripotent cells of the embryonic ectoderm; the derivatives of the ICM, have

proliferated and protruded into the former blastocoel, forming a solid structure without a

proamniotic cavity. In an embryo isolated at this time point, 804/400 was specifically

expressed by a bud of pluripotent embryonic ectoderm (Figs. 4.9H,I). Cell types of residual

Reichert's membrane, visceral endoderm, extraembryonic ectoderm and the early

ectoplacental cone did not express BO4/4OO (Fig. a.9I). The distribution of cell types in this

embryo is schematically represented in Figure 4.9J.

At approximately 5.25 d.p.c. a small central cavity begins to form in the epiblast,

caused by the programmed cell death of central epiblast cells (Coucouvanis and Martin 1995).
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The proamniotic cavity is enlarged by 5.5 d.p.c., with the pluripotent cells becoming

reorganised into the cup-shaped epithelial layer of the primitive ectoderm. In an embryo

staged at approximately 5.25 d.p.c., specific B,O4/4OO expression in the embryonic ectoderm

was significantly downregulated (Figs. 4.9K, L). This embryo was staged on the basis of the

first detectable evidence of a proamniotic cavity (Fig.4.9L, schematically depicted in 4.9M)

and indicated the embryological event that correlated with 8041400 downregulation.

Postimplantation embryos at the early primitive ectoderm stage (5.5 d.p.c.) contained small,

but distinct proamniotic cavities and did not express BO4/400. Examples of this are indicated

in figures 4.9N and 4.9P and schematically represented in figures 4.9O and 4.9Q

respectively.

From 5.5 d.p.c. to 6.0 d.p.c. proamniotic cavitation extends through the

extraembryonic ectoderm and the ectoplacental cone (EPC) becomes a more defined structure

(Kaufman I992,Hogan et aI. 1994). The expression of B04l4O0 in embryos with intact EPC

regions, staged at approximately 5.5 d.p.c. to 5.75 d.p.c., is indicated in figure 4.10.

804/400 was not expressed in primitive ectoderm, visceral endoderm, or extraembryonic

ectoderm at this stage of embryogenesis (Fig.4.10. Additional analyses not shown).

However, 804/400 was expressed at a high level in the EPC at approximately 5.5 d.p.c. to

5.75 d.p.c. The ectoplacental cone is derived from the trophoblast and forms a major

component of the placenta during later gestation (Hogan et al. 1994). This indicated that

8041400 could have a role during the formation of early placental structures during

postimplantation development. 804/400 expression was not detected in the trophectoderm of

the blastocyst (Figs. 4.9E-G) and in early EPC regions during peri-implantation development

(Figs. 4.9H-M). This indicated that expression of Pscl in the EPC was induced during early

postimplantation development at approximately 5.5 d.p.c. The precise timing of the induction

of 804/400 expression in the EPC was not determined, as this region was generally removed

from postimplantation embryos during dissection (compare Fig. 4.10 to Fig. 4.9P).

During the analysis of 804/400 expression, all the depicted embryos excluding those in

figures 4.9G and 4.10, were simultaneously compared with consistent probe and detection

regimes.



Figure 4.10 Expression of PscI (804/400) in the Ectoplacental Cone at

5.5-5.75 d.p.c.

Detection and localisation of Pscl expression during early murine development at 5.5-5.75

d.p.c. was examined by whole mount in situ hybridisation (2.3.31) using a 458 bp DIG

labelled antisense riboprobe (2.2.1i1). Embryo stains were developed for 3 hours. Cells

that expressed Pscl were indicated by purple staining. Photographs were taken under

bright field optics with a Nikon inverted microscope, using Ectachrome 100 slide film.

Scale bar: 50 pm.
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5.5 d.p.c. early primitive ectoderm stage embryo with intact ectoplacental cone.
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An amendment to Figure 4.10 is included in Amended Figure 4.9.2.
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In situ hybridisation analysis during early embryogenesis therefore indicated that

BO4/4OO was expressed from the pluripotent cells of the late and fully expanded blastocyst

ICM, to the peri-implantation embryonic ectoderm, prior to proamniotic cavitation. 804/400

was also expressed in the ectoplacental cone at approximately 5.5 d.p.c. The gene identified

by 804/400 was therefore named Pscl (peri-implantation stem cell 1). Pscl (804/400)

clearly identified a pluripotent cell subpopulation, distinct from both Oct-4* and lcml*

(403/360) pluripotent cell populations.

4.4 Discussion

The development of early embryonic pluripotent cells through various distinct stages

has been demonstrated by transplantation, differentiation and gene expression analysis

( 1 .5. I ). This information indicates the existence of heterogeneity and specific pluripotent cell

subpopulations within the developing stem cell pool. The molecular basis of pluripotent cell

subpopulations has not been addressed in detail, hence the scarcity of markers that define

their existence and boundaries. By targeting gene transcripts as potential markers and using

an ES cell model of development, a system was designed to detect and isolate expression

differences between pluripotent cells ln vitro (Chapter 3). This chapter described the more

detailed analysis of two isolated ES cell and early pluripotent cell markers,Icml (403/360)

and Pscl (804/400).

4.4.1 The Expression of IcmI and Pscl in Pluripotent Cell Subpopulations in

vítro

The examination of lcml and Pscl expression during ES cell differentiation and the

formation of X cells provided insight into the nature of stem cell maintenance and gene

expression invitro. Both markers were regulated in a precise manner, being restricted to

subpopulations of Ocr4+ pluripotent cells. Importantly, Icml and Pscl expression was

restricted to pluripotent cell populations, with rapid downregulation observed during terminal

differentiation. The transcription of lcml and Pscl was clearly maintained within "early" X

cell types, as predicted by DDPCR (3.3,2) and northern analysis (3.4.1), as expression was

detected in proliferating colonies after passaging had split cultures to single cells. The loss of
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Icml and.Pscl transcripts prior toX+2 cultures was consistent with the downregulation of

Rex-l expression and induction of FGF-S expression in X cells passaged in the absence of

LIF (Lake 1996) and can now be associated with the regulated progression of X cells from an

"early" to a "late" pluripotent cell state. Low level expression of lcml or Pscl was not

detected in X+2 and X+3 cells, compared to DDPCR and northern analysis of these markers

(3.3.2,3.4.1). This may be caused by differences in the relative sensitivity of these

techniques, or differing rates of developmental progression in individual X cell batches.

Interestingly, pluripotent X+3 cells, or "late" X cells, that had downregulated lcml and Pscl,

rapidly induced expression of these genes when reverted to an ES cell morphology by

passaging in LIF in the absence of MedII. This information, coupled with the general

similarity of lcml and Pscl expression, demonstrates that these genes might be coordinately

regulated in these cell types. The restriction of lcml and Pscl to ES cells, "early" X cells and

reverted X cells may indicate that they are functionally linked to the maintenance of the

undifferentiated state of "early" pluripotent cell subtypes in vitro. Conversely,Icml and Pscl

may be expressed as a direct consequence of the cell state defined by ES or "early" X cells.

The roles of IcmI and Pscl during the development of pluripotent cell populations may be

functionally assayed through the use of mutational approaches in ES cells, combined with

pluripotent cell progressions or cellular differentiation regimes in vitro. Inactivation or

modification of a single or both alleles of IcmI or PscI by homologous recombination, or

ectopic expression of lcmI or Pscl, could enable the functional analysis of these genes

during the development of pluripotent cell subpopulations in vitro.

Two types of lcml+/PscI+/Oct-4* residual pluripotent cells were identified in induced

ES cell cultures (Figs. 4.I-4.3). One type exhibited a domed ES cell colony morphology,

whereas the other consisted of cell monolayers with specific nuclear characteristics. This

analysis enabled the comparison of these pluripotent cell types to those found during the ES

to X cell transition (Figs. 4.4-4.6). On the basis of morphological similarities and expression

of lcmI and Psc1, the domed residual colonies found in differentiated cultures could be

equivalent to undifferentiated ES cells, while the flattened colony type could represent a

population akin to "early" X cells, such as those present in X+0 or X+l cultures. The

identification of lcml+/Pscl+/Oct-4+ "early" X celllike cells during ES cell differentiation is
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consistent with the proposition that X cells are a normal intermediate during the differentiation

of ES cells (Thomas 1995). The existence of an lcmI-/Pscl-/Oct-4+ pluripotent cell type,

similar to "late" X cells, would therefore also be expected during ES cell differentiation, but

was not identified by this approach. The development of double labelling in situ hybridisation

techniques to compare the expression of Oct-4 to IcmI or Pscl within a single cell may be

required to identify this cell type during ES cell differentiation. Further analysis and

comparison of predicted pluripotent cell subpopulations during ES cell differentiation may

depend on the future isolation of X cell subtype specific markers by DDPCR (3.3.3).

4.4.2 lcm,l and PscI Expression and Pluripotent Cell Subpopulations in the

Mouse Embryo

In situ hybridisation analysis of Oct-4,Icml andPsc,l in the early mouse embryo

demonstrated the development of appropriate techniques for mapping gene expression during

the early stages of pluripotent cell developmenf. in vivo. These approaches, in combination

with the use of DDPCR and controlled pluripotent cell progression in vitro, have clearly

demonstrated the capacity to develop markers that address the question of molecular

heterogeneity within the developing pluripotent cell pool in vitro and in vivo, which was the

major objective of this thesis.

IcmI and Pscl were specifically expressed in overlapping but distinct stages of

pluripotent cell development in the early mouse embryo. Icml was expressed by the

pluripotent blastomeres of the morula and expression was downregulated during

trophectoderm differentiation, becoming restricted to the early ICM cells of the cavitating

blastocyst. In the late stage blastocyst, Icml was specifically expressed by the pluripotent

cells of the ICM. IcmI was not detected in early postimplantation stages of embryogenesis,

with expression of the gene being downregulated in the early primitive ectoderm. Therefore,

the expression of lcml identified a pluripotent cell subpopulation within the Oct-4+ pool,

from the blastomeres of the morula to the ICM of the late stage blastocyst. Further analysis of

cleavage stage and peri-implantation development may refine the temporal boundaries of IcmI

expression and the distribution of this pluripotent cell subpopulation.
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Pscl was not expressed during early blastulation but was first detected in the ICM of

the late stage blastocyst. Pscl was expressed during peri-implantation development in ICM

derivatives and in the embryonic ectoderm, or epiblast bud. Most interestingly, Pscl appeared

to be downregulated at the onset of proamniotic cavitation and was not expressed by the early

primitive ectoderm. While additional analysis of Pscl during peri-implantation development

may address embryonic intermediates between the proliferated blastocyst and epiblast bud

stages, it is unlikely that further refinement of the timing of Pscl downregulation could easily

be achieved.

PscI expression therefore highlighted the presence of a transient stem cell type within

the Oct-4+/lcml+ pluripotent cell pool. This stem cell subpopulation was specific to peri-

implantation development and differed at a molecular level from both preceding and following

pluripotent cell types. This represents the first identification of a specific peri-implantation

stem cell subtype and demonstrates the power of ES cell approaches to the analysis of

developmental heterogeneity within the pluripotent cell pool. This suggests that specific

transcripts and markers for other stem cell types could also be identified though these

approaches, for example markers of heterogeneity during the development of the primitive

ectoderm.

The endpoint of Icml expression was not analysed during peri-implantation

development, which is difficult to study due to the small size and inaccessibility of this stage

of embryogenesis. However, the similarity of IcmI and Pscl regulation in vitro, in cell types

representative of lineages between the ICM and primitive ectoderm, suggests that lcml may

also be expressed in the peri-implantation epiblast bud and potentially downregulated at a

similar point during proamniotic cavitation. Interestingly, Psc,l was not co-expressed with

IcmI in pluripotent cell types prior to the late stage ICM, indicating that coordinated

regulation of these genes does not occur during these stages. This was not predictable from

the expression of lcml and Pscl in vitro, which was only relevant to lineages downstream of

ICMÆS cells.
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4.4.3 Correlation of lcml and Psc,l Expression to Embryonic Development

The expression and regulation of IcmI and PscI in the pluripotent cells of early

embryogenesis may give information about the functional roles of these genes. The cellular

processes that lcml and PscI gene products are involved with may be indicated by conelating

gene expression with specifically timed embryonic events.

The expression of lcru1 was tightly restricted to pluripotent cells during preimplantation

development. Critically, IcmI expression was downregulated upon cellular differentiation, to

both the polar and mural trophectoderm and to the visceral layer of primitive endoderm.

Therefore, IcmI function may be required for pluripotent cell "maintenance versus

differentiation" decisions. In this way, IcmI may specify pluripotency in the ICM and in ICM

primordia, by'maintaining the undifferentiated state of these cells. Alternatively,

downregulation of this gene may be associated with lineage restriction during trophectoderm

or primitive endoderm differentiation. These postulated functions correlate well w\th lcml

expression in vitro.

The expression of Pscl correlated with several fundamental embryological events and

potential functions during pluripotent cell development. The timing of primitive endoderm

differentiation, from ICM cells lining the blastocoel, has not been precisely defined but occurs

during mid to late stage blastulation (1.2.3). Thus the induction of Pscl in the late stage ICM

may indicate a pluripotent cell type that has acquired endoderm differentiation potential and

differentiates if contacting the blastocoel. Conversely, Pscl could be induced in ICM cells

once primitive endoderm differentiation has occurred, restricting further differentiation and

maintaining pluripotency. It may be possible to use the expression of Pscl as a marker to

identify and follow the developmental signals that ICM cells are responding to during this

stage of embryogenesis. Examples of these may be inductive signals from the differentiated

cells of the trophectoderm or primitive endoderm that trigger key events in pluripotent cells

during peri-implantation development.

The expression of Pscl during blastulation demonstrated a clear difference between the

early (Psc1-) and late (PscI+) stage ICM. This is consistent with previous reports of a

developmêntal maturation of ICM cells from the mid to late stage blastocyst (1.5.1, 1.5.2),

and could indicate a general alteration in the state of ICM cells associated with progression to
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the peri-implantation subpopulation. Furtherïnore, a poorly defined transition occurs during

these stages of embryogenesis, where development shifts from a cleavage based system to

active proliferation of the epiblast and growth of the embryo. Thus Pscl expression may

mark pluripotent cell types that have acquired first, the capacity to proliferate and

consequently, the defining stem cell property of self renewal. Pscl could therefore be critical

for generation of the first true pluripotent stem cell type during embryogenesis, with potential

involvement in the induction of stem cell proliferative capacity. Massive proliferation of the

epiblast accompanies implantation, and it protrudes into the former blastocoel as a solid

epiblast bud. Therefore, along with potential induction or response to induction of

proliferative capacity, PscI may have functions involved with the active proliferation of the

peri-implantation epiblast.

Finally, Pscl was downregulated during the earliest stages of proamniotic cavitation.

This may indicate functional roles in the processes that convert the solid epiblast bud into the

cellular monolayer of the early primitive ectoderm, a transition that establishes structural

precursors for gastrulation. These functions may include involvement with selective apoptosis

and survival mechanisms that are thought to operate during cavitation (1.4.1). Indeed, the

expression of PscI in the peri-implantation embryonic ectoderm was consistent with a cellular

response to a predicted visceral endoderm derived "death signal", that potentially induces

apoptosis during proamniotic cavitation (Coucouvanis and Martin 1995).

In addition to potential functions during pluripotent cell development, the expression of

Pscl in the ectoplacental cone at approximately 5.5 d.p.c. indicates that this gene could have a

role during the generation of the placenta.

Analysis of predicted lcml and Pscl functions during pluripotent cell development are

likely to involve homologous recombination approaches in ES cells. In this way, single allele

modifications of lcml or Pscl may be reintroduced into mice and bred to homozygosity to

assess developmental defects. Double allele modification of ES cells may enable the analysis

of function during pluripotent cell development in vitro. Approaches to the investigation of

Icml andPscl function are discussed further in Chapter 6.
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4.4.4 Embryonic Equivalents of ES Cells and X Cells

The identification of a peri-implantation pluripotent cell subpopulation by Pscl enables

more precise definition of the embryonic equivalents of ES cells and X cell types and

validates the ES cell model of pluripotent cell development in vitro. Previous definition of the

embryonic equivalent of ES cells has depended on the developmental window within which

ES cell lines could be derived, from the late stage blastocyst or early epiblast (1.5.I, 1.6.2),

and limited gene expression information (1.6.2). Pscl expression indicates that the

embryonic equivalents of ES cells reside from the late stage ICM to the epiblast bud, from

approximately 4.0/4.5 d.p.c.to 5.0 d.p.c (Fig.4.11). The embryonic equivalent of Pscl+

"early" X cells therefore also lies within this pluripotent subpopulation (Fig. a.11). Further

subdivision of ES and "early" X cell equivalents within these stages will depend on markers

that are capable of individually recognising these cell types (S. Sharma, unpublished data).

The feature associated with the downregulation of Pscl expression was identified as the

onset of proamniotic cavitation. This could therefore mark the developmental point at which

the embryonic equivalents of ES and "early" X cells develop to a downstream stem cell

subpopulation, the early primitive ectoderm. The embryonic equivalents of PscI- "làte" X cell

types may therefore also be redefined, as existing from approximately 5.25 d.p.c., or

immediately following the onset of proamniotic cavitation (Fig. 4.11). This refinement of X

cell equivalents also correlates with the expression of Rex-I andFGF-S during X cell

development (1.6.8) and during the ICM to primitive ectoderm transition invivo (1.5.2).

Rex-l is expressed by ES cells, "early" X cells and in the ICM, butRex-l expression is

downregulated in "late" X cells and in the primitive ectoderm. FGF-5 expression is induced

in "late" X cells and is first detected in the early primitive ectoderm aI" 5.25-5.5 d.p.c.

Importantly, these results refine the embryonic equivalents of ES and X cells and validate the

in vitro model of pluripotent cell development (Fig. 4.1 1).

ES cells have become a valuable academic resource for the introduction of specific

alterations into the mouse germ line (1.6.1). However, the ability to isolate efficiently germ

line competent pluripotent stem cells from mice appears to be strain-dependent, and possibly

limited to the 129/Sv strain (reviewed in Smith 1992). This suggests that a specific genetic

component is critical to generate ES cell lines, or that variation in the developmental timing of
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tr'igure 4.11 Embryonic Equivalents of ES Cells and X Cells.

Oct-4+ pluripotent cell populations are boxed. The embryonic equivalents of ES cells

and "early" X cells in the late stage ICM and epiblast bud are indicated. The embryonic

equivalents of "late" X cells in the primitive ectoderm following proamniotic cavitation

are indicated, Expression patterns of lcml (4.3.2), PscI (4.3.3), Rex-I (1.5.2) and FGF-

5 (1.5.2) are indicated in italics. Timing of embryonic pluripotent cell populations and

gene expression are shown to the left in days post coitum (d.p.c.). FGF-S is not

expressed in the epiblast bud. The expression of lcml and Rex-l in the epiblast bud

stage has not been investigated.
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different mouse strains may account for strain-dependency. Therefore, the observation that

ES cell equivalents exist during peri-implantation development as well as in the late stage

blastocyst may have important consequences for ES cell isolation methodologies. The exact

embryological mapping of this peri-implantation stem cell subpopulation may assist the

isolation of ES cell lines from non-129Sv strains. As such, improved ES cell isolation

methods may require harvesting of peri-implantation embryos instead of blastocysts.

Additionally, the precise manipulation of the genome of commercially important species, such

as rats or livestock, has been hampered by the inability to isolate pluripotent stem cell lines

from these species. Definition of the temporal boundaries of pluripotent cell subpopulations in

the mouse and characterisation of related stem cell subpopulations in other mammals, perhaps

via the isolation of species specific Pscl homologues, may play a vital role in the isolation of

stem cell lines from these species. The isolation of pluripotent stem cell lines could enable the

advanced genomic manipulation of these species, with obvious industrial, commercial or

medical benefits.

4.4.5 Nomenclature of Pluripotent Cell Subpopulations

The expression of lcml and Pscl indicates that the pluripotent cell pool has a much

higher level of complexity than is currently understood from differentiation, transplantation

and gene expression analysis (1.5.1, I.5.2). Future identification and analysis of pluripotent

cell subtypes is likely to provide information which will enhance the prevailing embryologic

nomenclature. For example, the term "epiblast" is used for the pluripotent cells of the fully

expanded blastocyst to the late egg cylinder stage embryo and does not take into account the

described heterogeneity within these populations. The term "periblast" is therefore suggested

on the basis of results described in this thesis, to offer a distinction between epiblast cell

types, specifically describing peri-implantation Pscl+ cell types prior to proamniotic

cavitation.

4.4.6 Potential for Identifying Pluripotent Cell Subpopulations

The analysis of expression during early embryogenesis has therefore validated the

approaches taken to generate markers for pluripotent cell subpopulations or stem cell "states"
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(1.5.1). This indicates that further analysis of pluripotent cell types in vitro may generate a

comprehensive series of markers, capable of dissecting the molecular events and processes

that govern pluripotent cell development (1.7). Such markers are likely to identify further

restricted pluripotent cell populations in vivo and significantly enhance our understanding of

pluripotent cell maintenance and proliferation in the pre-gastrulation mouse embryo.
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CHAPTER 5

ISOLATION OF PSCL CDNA CLONES AND ANALYSIS OF PSCL

EXPRESSION DURING LATER DEVELOPMENT

5.1 Introduction

IcmI (AO3/360) and PscI (8041400) were two novel cDNA markers isolated for ES

and early pluripotent cell populations in vitro.Expression analysis of IcmI and Pscl during

early embryogenesis indicated that they were restricted to overlapping but different pluripotent

cell populations, suggesting potential functional roles for these genes during the development

of pluripotent cell populations in vivo. Further characterisation of IcmI or Pscl by molecular

cloning and more extensive expression analysis therefore had the potential to indicate the

cellular or developmental roles of these genes, the protein domains that they encode, or their

relationship to other genes.

Pscl was selected for further characterisation on the basis of several interesting

features. Firstly, Pscl expression indicated several possible functional activities during

pluripotent cell development, ranging from involvement in stem cell maintenance and

differentiation in vitro, to primitive endoderm differentiation, stem cell proliferation, or

proamniotic cavitation in vivo (4.4.3). Secondly, analysis of the Pscl DDPCR product

(804/400) indicated a potential relationship to an uncharacterised C. elegans protein

CLE80336.3 10. Additional analysis of Pscl transcripts was required to define these genes

as members of a novel gene class or to identify common functional domains.

Pscl expression during early embryogenesis was restricted to pluripotent cells during

peri-implantation development and extraembryonic cell types of the ectoplacental cone. The

investigation of expression during later development would indicate if PscI function was

specific to early development, or whether expression could be detected at other embryonic or

extraembryonic sites. RNase protection was used as a sensitive screen for Pscl expression in

specific tissue samples isolated during later embryogenesis.

This chapter describes the isolation and characterisation of Pscl cDNA clones likely to

represent either the 3.5 kb or 3.7 kb Pscl transcripts, and the further characterisation of Pscl
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expression during embryogenesis. The results presented in this chapter indicate that the Psc I

protein could be localised to subdomains within the nucleus, and that Pscl activity could be a

component of a recurring developmental function.

5.2 Isolation and Sequence Analysis of Pscl cDNA Clones

5.2.1 Isolation of PscI cDNA Clones

AluZap II cDNA library was generated from D3 ES cells (Doetschman et al. 1985).

Separate reverse transcription reactions of D3 poly(A)n+ RNA were primed with either oligo

d(T) or random primers. The first strand cDNA was pooled for second strand synthesis,

EcoRI linker addition, EcoRI digestion and ligation into )uZap II (Clontech). A total of 5 x

10s plaques were screened using the 458 bp Pscl (804/400) DDPCR clone (3.4.2),

generating two third round positive plaques. cDNA inserts were "Zapped" into pBluescript

SK by helper phage super infection (2.3.15), followed by restriction mapping and

sequencing of the termini with T3 and T7 primers. The sizes of the Pscl clones were 1084 bp

and 2611 bp, with the smaller clone residing within the span of the 2611 bp Pscl cDNA

clone (not shown). This indicated that full length Pscl clones were not isolated (Fig. 5.1), as

Pscl transcript sizes were determined to be 5.5, 3.7 and 3.5 kb by northern blot (Figs. 3.94,

3.10C).

The 2611 bp Pscl cDNA clone was sequenced in both directions. The 26II bp insert

did not contain an EcoRI site at the 3'end, as expected from library construction and was

therefore isolated by digestion with BamHI and HindlII. The BamHUHindIII Pscl insert was

digested with AIuI, HaeIII or RsaI and subcloned into pBluescript KS to generate a series of

shorter overlapping fragments (2.3.12). Subcloned fragments were sequenced in both

directions with T3 and T7 primers and an overlapping contiguous sequence was aligned for

the 2611 bp Pscl insert (2.3.36). Regions of the contiguous sequence that contained

compressions or were spanned in only a single direction, were sequenced with l-deaza-dGTP

reactions (2.3.13r1r), by the generation of additional subclones (2.3.12), or using custom

oligonucleotides designed against known sequence. Sequence analysis demonstrated that the



Figure 5.1 Pscl Transcript Cloning and Sequencing Strategy.

Schematic representation of the sizes, relative positions and generation of Pscl cDNA

clones, compared to the compiled 35l2bp Pscl transcript.

(A) The PscI 3'-hp DDPCR clone (3.4,3.4.2) spanned positions 166l-2041,

disregarding primer sequences.

(B) A 26llbp Pscl cDNA (spanning positions 901-3512) was isolated from a D3 ES cell

library by hybridisation to the Pscl DDPCR clone. The Pscl library clone was sequenced

in both directions by assembling an overlapping contiguous sequence of short fragments

(2.3.12), generated by AIuI, HaeIII or RsøI digestion, subcloning and sequencing with T3

and T7 primers. Regions of the contiguous sequence that contained compressions or were

spanned in only a single direction, were sequenced with 7-deaza-dGTP reactions

(2.3.13ü1), by the generation of additional subclones (2.3.I2), or with custom

oligonucleotides designed against known sequences. The 1084 bp Pscl cDNA library

clone (5.2.1) spanned positions l175-2259 (not shown).

(C) Sequence derived from the Pscl DDPCR and library clones was used to generate

primers to amplify PscI 5'regions by ampliFINDER RACEÆCR (2.3.19). D3 ES cell

(A)n+ RNA was reverse transcribed (2.3.16i) with the 3'Pscl primer 1136 (2.2.8),

corresponding to nucleotide positions 1736-1155. Anchor ligated cDNA (2.3.19) was

amplified using the Anchor primer (2.2.8) and the Pscl 3' oligonucleotide 1064 (2.2.8),

that spanned positions 1064-1088 and contained an EcoRI site to facilitate cloning. The

Pscl cDNA clone RACE #1 was isolated by EcoRI digestion and ligation to pBluescript

KS EcoRI. The RACE #1 clone was sequenced with custom oligonucleotides designed

against known sequences, or by subcloning and sequencing with T3 and T7 primers. The

RACE #1 clone was sequenced in both directions and spanned positions 478-1088.

(D) Sequence derived from the Pscl RACE #l clone was used to generate primers to

amplify additional 5' regions by ampliFINDER RACEiPCR (2.3.19). D3 ES cell (A)n+

RNA was reverse transcribed (2.3.16i) with the 3'Pscl primer I2l5 (2.2.8),

corresponding to nucleotide positions 1215-1294. Anchor ligated cDNA (2.3.19) was

amplified using the Anchor primer (2.2.8) and the Pscl 3' oligonucleotide 582 (2.2.8),

that spanned positions 582-603 and contained an EcoRI site to facilitate cloning. The Pscl

cDNA clone RACE #2 was isolated by EcoRI digestion and ligation to pBluescript KS

EcoRI. The RACE #2 clone was sequenced in both directions by T3 and T7 primers or

custom oligonucleotides designed against known sequences and spanned positions 1-603.
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(E) Pscl cDNA clones RACE #1 and RACE #2 contained several sequence ambiguities

in their overlapping region that were likely to represent Taq polymerase errors. To

confirm the sequence of the Pscl 5' region, RTÆCR clones spanning positions 19-1088

were generated. D3 ES cell (A)n+ RNA was reverse transcribed (2.3.16ti) with oligo

1215 (2.2.8 and (C)). cDNA was amplified with the 1064 primer (2.2.8 and (C)) and the

Pscl 5' primer (2.2.8), that spanned positions 19-36 and contained an EcoRI site to

facilitate cloning. PCR products were digested with EcoRI and ligated to pBluescript

KS EcoRI. Three clones were isolated from independent amplification reactions and

were sequenced in both directions using T3 and T7 or custom oligonucleotides.
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Pscl open reading frame (ORF) extended to the 5' end of the 26lI bp cDNA, revealing that

this clone was incomplete at the 5'end (Fig. 5.1,5.2).

Sequence derived from the 26ll bp Pscl clone was used to design primers for the

isolation of additional 5' regions by RACE/PCR (2.3.19) and RT/PCR (2.3.17) as described

in figure 5.1. cDNA clones amplified from D3 ES cell poly(A)n+ RNA by this approach

contained a 5' untranslated region and an ATG codon at the start of the Pscl ORF (Figs. 5.1,

5.2).

5.2.2 Sequence Analysis oT PscI cDNA Clones

The compiled sequence of the Pscl cDNA and the deduced amino acid sequence of the

Pscl protein are presented in figure 5.2. The Pscl cDNA was 3512bp with an ORF that

consisted of 1005 amino acids, from position 157 bp to 3171 bp. The presence of two in-

frame stop codons (light underline, Fig. 5.2) at positions 28 bp (tag) and 85 bp (tga)

confirmed the identification of the ATG initiation codon. The Pscl 3' untranslated region

(3112-3512 bp) did not contain a poly(A) tail or a AATAAA poly(A) addition signal,

although a non-consensus sequence GATAAA was identified at position 3501 bp to 3506 bp

(double underline, Fig. 5.2). This could indicate that the Pscl cDNA is not quite full length at

the 3' end.

Computer analysis of the translation product of Pscl did not reveal the presence of

known protein motifs, although several features of interest were observed. The Pscl ORF

was predicted to be highly basic with a [pI] of 9.5, with arginine (6.7Vo), histidine (2.8Vo)

and lysine (8.2Vo) contributing 17 .7Vo of all residues. Proline contributed 9.6Vo of residues

and Pscl contained a proline rich region (3OVo of residues) from position2l2 to 417 (proline

residues of this region in bold, Fig. 5.2). Proline rich regions have been implicated as

protein-protein interaction interfaces and transcription activation domains (Williams and Tjian

1 99 1 ). Psc 1 was also relatively serine rich at I0.27o of all residues.

The Pscl protein contained three regions of different dipeptide repeat sequences

(dashed underline, Fig. 5 .2). A serine-arginine rich sequence at positions I 64- 1 87 contained

6 serine-arginine repeats; 11 proline-glycine repeats were located at positions 337-358; and 6



Figure 5.2 Compiled Nucleotide Sequence of PscI.
The 1005 amino acid Pscl open reading frame spanned positions 157 to 3l7l.In-frame
termination codons (light underline) upstream of the initiation codon were located at

nucleotide positions 28 (tag) and 85 (tga). The non-consensus GATAAA poly(A) addition

signal was located at positions 3501 to 3506 (double underline). Boxed regions exhibited

similarity to C. elegans CLE80336.3 l0 (residues 7 toJ9,2l7 to 330 and 535 to 622) and

human expressed sequenced tag HFBDSO4 (residues 835 to 885), as indicated in figure

5.3. The proline rich region spanned amino acid positions 212 to 477 (prolines of this

region in bold). Potential bipartite nuclear localisation signals were located at amino acid

positions 114 to 138 and 759 to 776 (underlined). Regions containing dipeptide repeat

sequences (dashed underline) were located at residues 164 to 187 (serine-arginine), 331 to

358 (proline-glycine) and 897 to 910 (glycine-arginine). The termination codon was at

position 3172 (asterisk). The compiled Pscl sequence was generated as described in figure

5.1: nucleoride positions I to 36 (RACE #2 clone), positions 36 to 900 (RT/PCR clones)

and positions 901 to 3512 (2611bp oDNA library clone).
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glycine-arginine repeats, with a glycine-serine interruption, were located at positions 897-

910.

Two sequences similar to bipartite nuclear localisation signals (NLS; reviewed in

Boulikas 1993) were detected in the Pscl ORF (underlined, Fig. 5.2), at positions 114 to 138

(RKKKxT6REKKÐ andl59 to776 (KKKxI9RKKK). The potential NLS at positions 759

to ll6 was similar to the bipartite NLS (KRKxIlKKKSKK) of the human poly (ADP-

ribose) polymerase, which is functionally required for the nuclear localisation of this protein

(Schreiber et al. 1992).

5.2.3 Similarity of Pscl with CLE80336.3 10 and HFBDSO4

Database comparison indicated that the Pscl protein contained four regions of similarity

to previously identified ORFs (boxed areas, Fig. 5.2); three to the predicted Caenorhabditis

elegans gene CLE80336.3 10 (Wilson et aI. 1994; Accession No. U32305) at positions 1-80

(region I),216-330 (region II) and 535-622 (region III); and one to the human expressed

sequence tag HFBDS04 (Adams et aI. 1993; Accession No. T06332) at positions 835-886

(region IV). C. elegans CLE80336.3 10 represents a putative protein coding sequence,

predicted from the sequence of the genomic cosmid clone 80336.3 and thus requires

confirming experimental evidence. HFBDSO4 is an incomplete 412 bp sequence of a human

cDNA and represents an open reading frame 07abÐ with a 3'untranslated region (298 bp).

The structural arrangement and alignments of Pscl sequence similarity with

CLE80336.3 l0 and HFBDSO4 are demonstrated in figure 5.3, Pscl amino acid identity

with CLEB0336.3 10 was 59.5Vo (region I),55.5Vo (region II) and 48.\Vo (region III), while

the intervening regions and C-termini were not of similar size (Fig. 5.34) or sequence (data

not shown). Similarity to Region IV was not observed in CLEB0336.3 10. Interestingly, the

order of these motifs was conserved in Pscl and CLE80336.3 10, as were additional shared

features, such as a proline rich region (grey underline), a serine-arginine dipeptide repeat

region (black underline) and potential bipartite nuclear localisation signals (arrowheads).

Specifically, CLE80336.3 10 contained a proline rich region (30Vo of residues) from

positions 248 to 323 (grey underline) and also contained 11 serine-arginine dipeptides

dispersed within a 62 residue region (black underline, positions 149-211). Two potential



Figure 5.3 Comparisons and Alignment of Pscl to CLE80336.3 10 and

HFBDS04 Open Reading Frames.

(A) Schematic alignment of Pscl, CLE80336.3 l0 and HFBDSO4 open reading frames.

Regions of similarity are numbered I to IV and specifically shaded. Amino acid identity

between each region is indicated as percentage above the Pscl protein. Pscl and

CLE80336.3 10 contained a proline rich region (grey underline), a serine-arginine

dipeptide repeat region (black underline) and potential bipartite nuclear localisation signals

(arrowheads). Pscl and CLE80336.3 10 were predicted to be basic proteins ([pI] of 9.5

and 9.13 respectively). The size of each ORF is indicated to the right.

(B) Alignment of Pscl regions I, II, III to CLEB0336.3 l0 sequences and Pscl region IV
to the HFBDSO4 sequence. Open reading frame amino acid positions are indicated to the

left and right. Positions of identity are indicated by vertical lines, percentage amino acid

identity for each region is indicated in (A). A sequencing ambiguity existed in HFBDSO4 at

position 29. Comparisons were carried out with the BLAST program (2.3.36).
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bipartite nuclear localisation signals were located at positions 132 to l4l (RKRxl6KpK) and

537 to 553 (DKKxToKKIK) within the CLE80336.3 10 sequence (arrowheads).

CL880336.3 10 was also predicted to be relatively proline (8.187o) and serine (9.62Vo) rich

and a basic protein ([pI]=9.73). Pscl amino acid identity with HFBDS04 was 6O;lVo over 51

residues (region IV) and this region was located at the C-terminal regions of both these

proteins (Fig. 5.3). The N-terminal 8 residues of HFBDSO4 did not demonstrate any

similarity to the corresponding Pscl sequence (data not shown). The sequence of other

regions of IIFBDSO4 was not available for comparison.

5.3 PscI Expression in Foetal and Adult Murine Tissues

To investigate the expression of Pscl at later stages of murine development and in adult

tissues, RNase protection analysis (2.3.28) was carried out using an antisense riboprobe

derived from the Pscl (804/400) DDPCR clone (2.2.1ti). RNA samples from 10.5 d.p.c.

and 16 d.p.c. murine embryos and RNA isolated from specific tissues of 16 d.p.c. murine

embryos and adult mice, were screened by RNase protection (Fig. 5.4). The expression level

of PscI was quantitated by volume integration (2.3.35), normalised by comparison to the

GAPDH loading control probe and defined as a percentage of D3 ES cell expression. Pscl

was detected at 10.5 d.p.c and 16.5 d.p.c., indicating that Pscl was expressed during later

embryogenesis. Pscl was differentially regulated between tissues at 16.5 d.p.c. and was

expressed at a higher level in lung, limbs and brain, as compared to liver, kidney, heart,

intestine and skin. Pscl was also differentially regulated between tissues in adult mice and

was expressed highly in lung and placenta, and at a reduced level in liver, kidney, heart and

muscle.

Analysis of Pscl during later development therefore indicated that expression was not

restricted to peri-implantation pluripotent cells and the ectoplacental cone during early

embryogenesis. Importantly, Pscl expression was differentially regulated between individual

tissues at 16.5 d.p.c. and in the adult. For example, Pscl was expressed at a high level in the

lung at 16.5 d.p.c. and in the adult, but was not expressed at a high level in the heart during

these stages. The differential regulation of Pscl expression between individual tissues



Figure 5.4 Expression of Pscl During Later Development.
(A) Pscl expression was detected using an antisense riboprobe of the 458 bp B04i400

clone (2.2.7ü). RNase protection (2.3.28) was performed on 10 pg of total RNA from

10.5 and 16.5 d.p.c. CBA embryos, tissue specific RNA from 16.5 d.p.c CBA embryos

and tissue specific RNA from adult CBA mice. Li, Liver; Ki, Kidney; He, Heart; Lu,

Lung; Lm, Limbs; In, Intestine; Br, Brain; Sk, Skin; Mu, Muscle; Pl, Placenta.

Glyceraldehyde 3-phosphate dehydrogenase (G,APDFI) was used as a loading control

(2.2.7iv). Pscl signal was quantitated by volume integration (2.3.35), normalised to

GAPDH expression and presented as a percentage of the D3 ES cell expression level.

(B) Graphic representation of Pscl expression levels
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indicates that Pscl is likely to have a developmental function during later stages of gestation

and in the adult, particularly in the lung, brain and placenta.

The placenta has important functions during the growth and development of the

embryo. These include the exchange of metabolites and nutrients between the mother and the

foetus and the synthesis of hormones involved in coordinating maternal and embryonic

physiology's (Hogan et aI. 1994). Whole mount in situ hybridisation previously detected

Pscl expression in the ectoplacental cone (EPC) at approximately 5.5-5.75 d.p.c. (Fig.

4.10). The EPC consists of trophoblast derived cell types that contribute to a large proportion

of the placenta during gestation (Hogan et aL 1994). The expression of Pscl in the in the

placenta at 16.5 d.p.c. confirms that Pscl could function during the generation and

development of this specific tissue.

5.4 Discussion

5.4.1 Analysis of Pscl Transcripts

cDNA isolation and analysis generated a 3512bp Pscl sequence, encoding a 1005

residue ORF and representing either the 3.5 kb or 3.7 kb Pscl transcript. Generation of

transcript specific probes from Pscl cDNA will be required to define which mRNA is

represented by the isolated sequence. The Pscl transcript 3' terminus or a poly(A) addition

signal were not identified in this analysis, indicating that the sequence was not full length.

However, the presence of an non-consensus poly(A) signal (position 3501-3506) may

indicate that the poly(A) tail lies adjacent to the isolated 3' UTR.

The detailed nature of the three Pscl transcript variants was not addressed in this

analysis. Future investigation utilising RACE/PCR, RT/PCR and genomic analysis may be

required to define Pscl mRNA differences resulting from alternate transcriptional or

processing events.

5.4.2 Cellular Functions of Pscl and Nuclear Speckle Domains

Several features of the deduced Pscl protein were potentially indicative of protein

function. Serine-arginine repeat sequences, termed SR or RS domains, are found in
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regulators of pre-mRNA splicing such as Drosophila Tra and Tra2 (reviewed in

1992) and in general splicing factors such as the multigene family of SR

at. 1992) or the U1 snRNP protein, U1-70K (Spritz et aI. 1987). The SR domain

combination with a bipartite NLS, is capable of directing subnuclear localisation, to regions

referred to as nuclear "speckles" (Hedley et al. 1995). Nuclear speckles are interchromatin

granule regions predicted to be sites of spliceosome assembly or storage (Zhang et al. 1994).

The minimal sequence required to direct Trato nuclear speckle domains was predicted to be a

bipartite NLS and a stretch of basic residues adjacent to at least three SR dipeptide repeats

(Hedley et aI. t995). This minimal sequence was identified within the SR domains of several

splicing related proteins that localise to nuclear speckles (Hedley et aI. 1995). Analysis of the

serine-arginine dipeptide repeats of Pscl and CLE80336.3 10 (5.2.2,5.2.3) revealed regions

that were similar to this minimal sequence and may therefore function as subnuclear

localisation signals, in combination with their bipartite NLS. These were residues 163-187 of

Pscl (RRGRSKSRSKSRGLSRSRSRSRGRS; basic residues underlined, SR dipeptides

in bold) and residues 182-194 of CLE80336.3 10 (RHSKRRSRSRSRS; basic residues

underlined, SR dipeptides in bold).

The presence of this domain suggests that Pscl is a nuclear localised protein and may

be sublocalised to nuclear speckle regions. Nuclear speckles harbour spliceosomes and other

factors responsible for pre-mRNA splicing (reviewed in Moore et aI. 1993). This suggests

that Pscl may co-localise with other SR domain proteins to spliceosome containing regions of

the nucleus. Pscl did not contain characterised RNA binding domains, although close

association with RNA may be possible, given the highly basic nature of the Pscl protein. The

proline rich region of Pscl could enable protein-protein interactions within the nuclear speckle

regions.

Pscl contained four regions of cross-species similarity, three to the predicted C.

elegans gene CLE80336.3 10 (regions I, II and III) and one to the incomplete ORF of the

human EST HFBDSO4 (region IV). The similarity of regions I, II and III between Pscl and

CL8B0336.3 10, compared to the dissimilarity of intervening sequence, may define novel

domains that are functionally required for the activity of these proteins. The isolation of

additional genes with similar regions may reveal consensus sequences for these motifs and
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demonstrate if they function independently or in combination. Interestingly, Pscl and

CL880336.3 10 shared several features, such as the similarity and arrangement of regions I,

II and III, proline rich regions, bipartite NLS and SR subnuclear localisation signals and their

basic nature. Pscl and CLE80336.3 l0 may therefore define the founding members of a

novel gene class and could perform similar cellular functions. This indicates that

CL880336.3 10 function may also involve localisation to nuclear speckle regions.

Database comparison identified similar proline-glycine dipeptide repeats to those found

in Pscl; in the human DNA-dependent ATPase transcriptional activator, BRGl (Accession

no. 440910); in the Drosophila virilis zinc finger protein, suppressor of sable (Su(s))

(Accession no. 671708); and in the human sperm membrane protein BS-84 (Accession no.

532731). Specific functions ofproline-glycine repeat sequences have not been described.

5.4.4 Function of Pscl During Development

The prediction that Pscl is localised to nuclear speckle regions, which are rich in

spliceosomes and splicing factors, may give some indication as to the developmental role of

this gene. Pscl expression correlated with specific events during peri-implantation

development such as pluripotent cell proliferation, differentiation and apoptosis (4.4.3). Pscl

function may therefore regulate the pre-mRNA splicing of cellular factors that are critical for

these processes. Regulation of pre-mRNA splicing is a common feature in the control of

eukaryotic gene expression. For example, sex determination in Drosophila melanogaster

requires the Transformer (Tra) and Transformer 2 (Tra2) splicing proteins which activate the

female-specific splicing of doublesex (dsx) transcripts, leading to female sex determination

(Ryner and Baker 1991). In a similar manner, Pscl may be an activator or repressor of

splicing of a specific transcript or series of pre-mRNAs that control peri-implantation stem

cell development.

Expression analysis indicated that PscI was not restricted to the pluripotent cells of the

peri-implantation embryo or the ectoplacental cone, but was differentially expressed in a range

of tissues during organogenesis and in the adult. This indicated that Pscl was likely to be

functional at multiple stages of embryonic development and in the adult. This was confirmed

by the tissue specific regulation of Pscl expression; by elevated levels in 16.5 d.p.c. lung and
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brain, adult lung and placenta; and reduced levels in 16.5 d.p.c. liver, kidney and heart, adult

liver, kidney, heart and muscle. Pscl expression during peri-implantation development may

therefore indicate a critical cellular decision or process, such as proliferation or apoptosis,

rather than functions unique to implantation. Definition of the processes that are highlighted

by Pscl expression will require detailed analysis of transcript and protein expression at the

cellular level in multiple tissues during development.

5.4.5 Future Analysis of the Cellular Function of Pscl

The isolated Pscl cDNA clones will enable the design of approaches directed toward

investigating the functional role of this protein. These are likely to include production of Pscl

protein and generation of specific antibodies. Anti-Psc1 antibodies will be crucial to

functional analysis, allowing investigation of the predicted subnuclear localisation of Pscl

and potential interaction with components of the splicing machinery. Of particular interest

would be to define whether Pscl functions as a specific activator or repressor of splicing, and

subsequently, which transcripts are regulated. These approaches are likely to be

complimented by the isolation of Pscl genomic clones and allele disruption experiments in

vitro and in vivo (Chapter 6).
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CHAPTER 6

FINAL DISCUSSION

6.1 A System for the Isolation of Markers for Subpopulations of Murine

Pluripotent Cells

The work in this thesis described the development of an integrated system for the

generation of markers for early embryonic pluripotent cell subpopulations, based on gene

expression profiles during the differentiation and development of embryonic stem cells in

vitro.The system combined the identification and isolation of markers by differential display

PCR with verification procedures and embryonic expression, as demonstrated by the

generation and analysis of lcml and Psc1. In this way, molecular heterogeneity between

pluripotent cell types was identified in vitro, enabling subsequent identification of

heterogeneity within the pluripotent stem cell pool in vivo.

6.2 Pluripotent Cell Subpopulations or "States" During Early Embryogenesis

The distribution of lcml and Pscl during early embryogenesis revealed the presence of

pluripotent cell subpopulations within the Oct-4+ pool (4.4.2). Together with previous

descriptions of molecular, developmental and structural heterogeneity, a model of specific

stem cell subpopulations or "states" and their developmental transitions can be formulated for

cell types between the morula and primordial germ cells (Fig. 6.1).

The prediction of distinct pluripotent cell subpopulations highlights the complexity

within the developing stem cell pool and indicates that pluripotent cells develop through a

series of highly regulated stages, all critical to murine embryogenesis. These subpopulations

could be distinct cell types such as the ICM and primitive ectoderm, or could be subsets of

cells within a homogeneous population that respond to different developmental signals. For

example, specific regions of primitive ectoderm are induced to form particular tissues

following gastrulation (Fig. 1.6). However, primitive ectodermal cell types are not committed

and can reprogram developmental fate when transplanted to a different region of the primitive

ectoderm (1.5.1). This indicates that different pluripotent cell "states" within the primitive



Figure 6.L Heterogeneity and Developmental Progressions of Pluripotent
Cell Subpopulations.

Subdivisions of early embryonic pluripotent cells between the morula and PGC, on the

basis of gene expression (1.5.2), differentiation potential (1.5.1) and structural

morphology (1.2-1.4.3). Pluripotent cell populations express Oct-4, SSEA-l antigen and

alkaline phosphatase (shaded boxes). Gene expression markers that are restricted during

pluripotent cell development (1.5.2) are indicated by italics. Developmental or

differentiation potential is shown by arrows and restriction in differentiation potential is

shown by dashed arrows. Pluripotent cell types between PGCs and morula are indicated

by the dashed line. Morphological distinctions between pluripotent cell subpopulations

include blastocoel formation (l), ICM proliferation (2), proamniotic cavitation (3), and

primitive streak formation (4).

The early ICM is distinguished from the morula by the induction of FGF-4 expression,

gain of the developmental capacity to generate primitive endoderm and gradual restriction

in the capacity to differentiate to trophectoderm. The early ICM progresses the late ICM,

inducing Pscl expression, downregulating the expression of Activin peptides and

becoming restricted in the capacity to differentiate to primitive endoderm. The late stage

ICM proliferates.to form the Pscl+/FGF-4* embryonic ectoderm of the epiblast bud stage

embryo. Downregulation of lcml, Pscl and Rex-l expression and induction of FGF-S

expression distinguishes the early primitive ectoderm. Expression of Hesxl identifies an

anterior subpopulation within the pluripotent primitive ectoderm. Additional "states" within

the primitive ectoderm may be indicated by developmental fate (Fig. 1.6). Late stage

primitive ectoderm undergoes mesoderm induction and the processes of gastrulation to

form the three primary germ layers. FGF-4 expression may delineate a posterior

pluripotent cell subpopulation during these stages. Primordial germ cells are identified by

the expression of tissue non-specific alkaline phosphatase (TNAP) and c-kit. Expression

of Rex-l in the morula or epiblast bud has not been determined.
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ectoderm do not represent distinct cell types but could be due to different responses to

heterogeneous developmental signals or inductive events. A series of markers that define

distinct pluripotent cell sub-types, or identify cell populations responding to temporally or

spatially restricted inductive signals will therefore be a powerful accessory to deciphering the

developmental progression of the pluripotent cell pool.

6.2.1 ldentification of Pluripotent Cell Subpopulations or "States" During

Early Embryogenesis

Expanded utilisation of the approach detailed in this work is likely to define a series of

markers that delineate the complexity of the ES to X cell transition in vitro, and identify a

progression of specific pluripotent cell subpopulations or "states" in vivo. Promising

applications of this system have included the identification of a marker that is rapidly induced

in XpO cells and is downregulated in Xp3 cells. Expression of this marker further subdivides

"early" pluripotent cell populations i¡z vitro into ES and "early" X cell components (S. Sharma

unpublished data, 3.3.3). This marker therefore has the potential to distinguish pluripotent

cell subpopulations during peri-implantation developme nt (4.4.4).

"Late" X cells express the primitive ectoderm marker FGF-S and have downregulated

expression of Icml, Pscl and Rex-1, indicating that they represent pluripotent cell types of

the epiblast after proamniotic cavitation. "Late" X cell types also express FGF-4 (Bettess

1993), which is expressed in the early primitive ectoderm, but is restricted to the posterior

region of primitive ectoderm at 6.25 d.p.c. (1.5.2). Thus the identification of markers that are

specifically induced in "late" X cell populations (S. Sharma unpublished data, 3.3.3) could

enable the definition of pluripotent cell "states" within the early primitive ectoderm or in

posterior regions of the late primitive ectoderm (4.4.4).

6.3 Future Work and Application of lcml and Pscl to the Analysis of

Pluripotent Cell Development

The identification of lcml, Pscl and additional markers of stem cell "states" is expected

to provide valuable tools for the functional characterisation of pluripotent cell development

(1.7). Icml and Pscl could enable the analysis of pluripotent cell development through

105
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several approaches, including investigation of mutations that affect pluripotent cells,

following inductive events during embryogenesis, mutational analysis of these genes in vitro

and in vivo, and the isolation and application of lcml andPscl promoters. These are

described in more detail in the following sections.

6.3.1 Analysis of Mutations that Affect Pluripotent Cell Development

Unlike Oct-4,Icml and Pscl divide the pluripotent cell pool into distinct

subpopulations. These markers, in combination with Rex-l and FGF-5 (1.5.2), could

therefore be used to map specific stages of pluripotent cell development in mouse mutations

that lead to peri-implantation pluripotent cell defects. This could include the analysis of

naturally occurring or induced mutations, or in lines generated by gene targeting. Examples of

this include the induced mutation 1¡6¿th-J, which is lethal during early postimplantation

development and exhibits ICM defects in blastocyst outgrowths (Hendrey et al. 1995), and

the targeted mutation of FGF-4 (Feldman et al. 1995), which exhibits early postimplantation

lethality. The analysis of Icml and Pscl expression during pluripotent cell development in

these mutant embryos could indicate whether important developmental progressions occur,

such as the generation of the Pscl+ late stage ICM or the formation of primitive ectoderm. In

this manner it could be possible to refine the stage at which defects are observed and enable

detailed characterisation of the developmental effects of these mutations.

6.3.2 Identifying Developmental Signals During Embryogenesis

The pluripotent cell subpopulation identified by Pscl could be different from the earlier

and latter populations because it is responding to a developmental signal that is temporally

restricted to this stage. Therefore the expression of Pscl could be used as a reporter to follow

the origin and nature of this signal, enabling it's identification and characterisation. For

example, the expression of Pscl in the late stage ICM correlated with the differentiation of

primitive endoderm (4.4.3). Therefore, the differentiated cells of the primitive endoderm

could be emitting a developmental signal that induces Pscl expression in the late stage ICM.

In this way Pscl expression could be used as a marker to investigate developmental processes

such as cell-cell signalling, lineage restriction or cellular differentiation. Markers of other
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pluripotent cell subpopulations or "states" could be used to follow inductive and

developmental signals during embryogenesis. For example, markers of individual primitive

ectoderm "states" could be used as reporters to follow and identify signals that specify cellular

fate during gastrulation (1.5.1).

6.3.3 Analysis of Pluripotent Cell Development

Functional analysis of cell and developmental biology requires the construction of

specific genetic alterations. It is expected that mutation of lcml and Pscl by gene targeting

will enable sophisticated analysis of pluripotent cell development, both in vitro and in vivo.

This would initially require the isolation and characterisation of genomic clones for these

genes and establishment of single allele modifications of IcmI or Pscl by homologous

recombination in ES cells.

An appropriate approach could be the inactivation of lcml or PscI loci by insertion of

an IRES-Bgeo cassette (Friedrich and Soriano 1991, Mountford et aI. 1994). Firstly, this

approach would enable NeoR selection of recombinants driven from de novo promoter

elements in ES cells and could lead to a high frequency of correctly targeted lines. Secondly,

the utilisation of an IRES-Bgeo cassette would enable detailed mapping of IcmI or Pscl

expression in heterozygous mice by Bgal staining during later development. In particular, this

may identify specific cell types that express Pscl in the lung, brain and placenta at 16.5

d.p.c., or highlight a common cellular process at the sites of Pscl expression (5.4.4).

6.3.3i Functional Analysis of Pluripotent Cell Development in vitro

The development of pluripotent cells during the ES to X cell transition and during ES

cell differentiation ín vitro provides a model for the decisions and development of the

pluripotent cell pool invivo (1.6.1, 1.6.9). Mutational approaches in ES cells may enable the

functional analysis of IcmI or PscI in these cell populations. Icml and Pscl were expressed

in ES cells and "early" X cell types, but expression of these genes was downregulated in

"late" X cells and during cellular differentiation. This indicates that lcml and Pscl could have

functional roles during the development of early pluripotent cell types in vitro, such as

maintenance of the pluripotent cell state or inhibition of cellular progression or differentiation.
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The inactivation of both alleles of IcmI or Pscl in ES cells could therefore lead to disruption

of pluripotent cell development in vitro. These approaches could be complimented by

overexpression of IcmI or Pscl in vitro,which could also lead to alterations in pluripotent

cell development. Disrupted pluripotent cell development could be monitored in vitro,by

assaying gene expression, or alteration to the self-renewal or differentiation capabilities of

pluripotent cells.

These analyses could enable the investigation of the functional roles of IcmI and Pscl

during the progression and differentiation of pluripotent cells in vitro and therefore provide

insight into the processes that regulate the development of the pluripotent cell pool in vivo.

6.3.3ii Mutational Analysis of IcmI and PscI in vivo and Gene Function

During Embryogenesis

ES cell lines with a single modified lcml or Pscl allele could be reintroduced into the

mouSe by bìastocyst injection. Chimeric mice could be onbred to obtain offspring

homozygous for the mutant allele, to analyse lcml or Pscl function during the development

of pluripotent cells during early embryogenesis. Analysis of phenotypes in embryos lacking

IcmI or Pscl could reveal critical events that require gene function and therefore enable

analysis of pivotal stages of pluripotent cell development. These approaches could be

complimented by ectopic expression of lcml or Pscl during the equivalent stages of

development. In this way, constructs designed to overexpress IcmI or Pscl could be

introduced into the fertilised egg by microinjection and the corresponding developmental

phenotypes analysed. Pluripotent cell or developmental defects that arise during the

mutational analysis of IcmI or PscI in vivo could be characterised by morphological and gene

expression analysis.

Icml was expressed in pluripotent cells during preimplantation development and

expression was downregulated during cellular differentiation to trophectoderm and primitive

endoderm and prior to the formation of the primitive ectoderm. The function of lcml during

early embryogenesis could therefore involve regulation of pluripotency in the ICM and in

ICM primordia, or could be associated with lineage restriction during trophectoderm or

primitive endoderm differentiation (4.4.3). Embryos with altered lcml expression could
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exhibit dysfunction in the generation or maintenance of pluripotent cell types during

preimplantation development, such as during the formation of the morula or ICM.

Alternatively, morula or ICM cells could exhibit an altered propensity to differentiate,

particularly to trophectodermal or primitive endodermal lineages respectively. Peri-

implantation defects could also be observed, prior to the formation of primitive ectoderm.

Psc,l was expressed in the late stage ICM and in the embryonic ectoderm during peri-

implantation development and expression was downregulated at the onset of proamniotic

cavitation. The function of Pscl during peri-implantation development could therefore involve

primitive endoderm differentiation, stem cell proliferation, or proamniotic cavitation (4.4.3).

Pluripotent cell defects expected in embryos with altered Pscl expression, range from effects

on primitive endoderm differentiation, to peri-implantation dysfunctions such as altered

proliferation, proamniotic cavitation, and primitive ectoderm formation.

It is expected that mutational analysis of lcml and Pscl in vivo, coupled with in vitro

analysis (6.3.3i), would therefore reveal the functional importance of these genes during

pluripotent cell development and in cellular events during embryogenesis.

Pscl was also expressed in the ectoplacental cone (EPC) at 5.5 d.p.c. and in the

placenta at 16.5 d.p.c., indicating potential functions during the formation and development

of the placenta. Disruption to EPC and placental development could therefore be observed in

pregnancies of Pscl null mutant embryos, possibly leading to placental failure and embryonic

lethality. Embryonic lethality due to placental failure is observed at 10.0 d.p.c. in a targeted

mutation of the helix-loop-helix gene Mash-2, which is first expressed in the ectoplacental

cone at 6.5 d.p.c. (Guillemot et al. 1995), and is essential for the development of

extraembryonic lineages and the placenta (Guillemot et al. 1994). Similar phenotypes in Pscl

null mutant pregnancies could indicate a role for Pscl in extraembryonic lineages and

contribute to the functional analysis of placental development. Other developmental defects

could be observed during mutational analysis of Psc L For example, the expression of Pscl

in embryonic lung and brain, and in adult lung, could suggest a functional role of Pscl in

these tissues and point to corresponding developmental defects during mutational analysis.
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6.3.4 Isolation and Application of lcml and PscI Promoters

Promoter regions that regulate lcml or PscI expression could be isolated from genomic

clones by standard methods, and could provide a valuable resource for functional analysis of

pluripotent cell biology. This could enable the investigation of cellular mechanisms during

development, via the disruption of pluripotent cells at specific stages of embryogenesis. For

example, the molecular basis of proamniotic cavitation could be analysed by ectopic

expression of inhibitors of apoptosis during peri-implantation development, under the control

of a Pscl promoter.

Icml or Pscl promoters could enable analysis of the molecular controls of pluripotent

cell development. The generation of a series of deletion constructs of lcml or Pscl promoter

regions, combined with expression analysis during the ES to X cell transition in vitro, could

define sequences responsible for gene expression and regulation. This could identify potential

transcription factor binding sites in lcml or Pscl promoters and enable the investigation of

regulatory hierarchies that control pluripotent cell development in vitro and during early

embryogenesis.
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An Unusual Aruangement of 13 Zinc Fingers in the

Vertebrate Gene ZI3

FOREWORD TO THE APPENDIX

The material in this thesis is documented as two sections, representing two distinct projects.

The appendix presents a study conducted by the candidate in the laboratory of Dr. J. R. E.

IVells commencing in March l992.The project was discontinued in December 1993 after the

untimely death of Dr. Wells in November of that year. All the work presented in the

appendix was conducted by the candidate. This material has been published:

Schulz, T. C., Hopwood, 8., Rathjen, P. D. and Wells, J. R. E. (1995). An

unusual arrangement of 13 zinc fingers in the vertebrate geneZI3. Biochem. J.31-1.,2L9-

224.



 
 
 
 
Schulz, T.C., Hopwood, B., Rathjen, P.D., and Wells, J.R., (1995) An unusual 
arrangement of 13 zinc fingers in the vertebrate gene Z13. 
Biochemical Journal, v. 311 (1), pp. 219-224. 
 

 
NOTE:   

This publication is included on pages 111-116 in the print copy  
of the thesis held in the University of Adelaide Library. 

 
It is also available online to authorised users at: 

 
 http://dx.doi.org/10.1042/bj3110219 

 



Appendix Figure 8 The Genomic Sequence of mZL3.

The 57 4O bp sequence of the mZl3 genomic region is shown (see Appendix Figs. l, 2b,

4). Exons are in upper case and bold, introns are numbered and in lower case. The POZ

domain is boxed, individual zinc fingers are numbered and indicated by arrows. The full
sequence of intron I and the location of the mZl3 5' untranslated region was not

determined (asterisk). PsrI and BamHI restriction sites are underlined (Appendix Fig.4a).
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tcgcgtttga cccgtgctca tacctagtgt gtatctgctg tgggctatct

ctgggggact gctttgtcga gtaagctttg ggaatgactg ggctgccttg
INTRON 1*

agtgtctgga gtcatctgcc ctttttcggt agaaaagcct ctcccgtgtt

t.ctcctctgt gagtcttacc tgggcttgct aggcagttgg cagtgagttg

ctctcggtgc tgacggaagg ctctggcttt
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agcaggccac

gacagattga

agatcgaggc

agctgacagc

attgaggaag

ccattttata

aggtgatgag

atctttttag

gacagccatc

gtcccacctg

cagtatgctt

aggcaqgcct

taggctgtgt

gatggaccag

gatgtgcaaa

gccttgaaga

aagctgtccc

ctgtcctcga

ggcccttcta

agataccaag

ccagccttgt

tgtggccaca

cacagcttga

agtcaagaca

gactgagagt

gatgtccagt

gaggcttttg

gggcaatqcc

gcgggagagg

tagcagggac

tcagtcctgg

gatgggctgg

cggtactctc

ttggt.agagc

cccct tgtgt

aagtgggtgt

gctggggcct catcacgcat

ggcctgagct ctgaccttgt

agggcatgga gagaggagga
INTRON 2

agaccttcct gggtcctctc

aagatgagga qttagctgqa

tcctccatct gttttgagat

cagacacaca gaqgtcagat

ccacattgtc agaagggagg

cagcccagca gacaggtggt

TGGGGAGAGC

qagtggcttc

tttaccttgc

ctagcacttc

ggagccacac

cttagggcgt

tggctcacac

caqggctgtg

aggggtcctg

aaaaacg'aca

GTCÀCGGCCT

GCÀGÀCGCCT

tggagctcct

ccttgccttc

tggaaagggt

ctcggccaca

cctcagaagc

ctagttcgca

aatcagtgtc

aggggcctcg

agtttgctgt

GCEGAGCCGÀ

actggccggc

actgggcctc

gcggcgctgc

acctctgggc

ttcagctctt

caggtctctc

cacttgtgat

aacacacLag

aggatgaaaa

CÀÀGÀGÀGCC

GCÀGCÀCCÀC

cactcctgaa

aggttcccca

taagqcgtgg

agcagaggca

Ltggtatcct

cLgttagcac

gtggaggctq
PstI

agaagtacct.

acact.tgatg

ÀÀÀGÀCGÀGÀ

ca

GCCÀCACGCT CÀÀGTCCCTC

CAGCTGTGGÀ AGgtgaggtc

gcctgcctct ggqtctcctc

attgctgggs gtSSSSLSgS

ccccatgcct acccctttct
INTRON 3

cctgagcctg taactgccct

catagactcc tatcaggggt

ctgcccgtgt aagat.catct

ctagcctgag acggtccctg

gagcctcctc attcctctgg

gttcLgtctc cagGÀGGAGÀ

CÀGCÀCÀGCC ÀGCGTGTCTT GGÀGCAGCTG .AÀCCÀGCÀ,GC GGCåÀCTGGG

GGATfTCCCC

CCTCCTCTGT

GCTGGCAGCT

CCTÀGÀCÀTC

GÀCTGCÀCCT TTGTGGTGGA CGGCGTTGÀC TTCÀå,GGCTC ÀCÀÀGGCGGT

TGCAGCGÀGT ÀCTTCÀÀGÀT GCTCTTTGTG GÀCCÀGÀÀGG ÀCGTGGTGCÀ

¡

AGTÀÀTGCGG

GCTGÀGCCTT å,GCCCTGÀGÀ ÀCGTGGÀCGA TGTTCTGGCC GTGGCCÀGCT TCCTCCAGÀT

GCÀGGTGCTG GÀGITITCÀTGT ÀCÀCTGCTÀÀ

GCÀGGÀTÀTT



Àccccccrcc cÀccAEGTTG .ã,GCÀGGCTCG GCCÀÀGCÀÀG AGGCÀGCTCC TCCÀCÀGGCC l-860

CGGGCAGÀGA .ã,CTCÀÀGGÀG GÀGCGGGGTG GCCÀGGCÀGA .à.ã,GTGCÀTCC AGTGGTGAGT 1920

tgtgattggg tctcatgggc tggctggcta cctggaagga ggtgacagac agttggccgg 1980
INTRON4

tggccctgcc tgtcacctgt gcagcctggg ccccaggaca ggaaaggcct gtgtcLgaga 2040

qgttggtggt atgcactccc ataagtttct ggctcatgtc tagctcagac agttt.qttct 2100

qcaqqgcccg ttccggccat ggaagagagc ccttt.ggcct ctggacagag tccaatccag 2160
PstI

cctcccgtcc ttcctcagGC GCÀGÀGCÀGÀ CGGÀGAÀGGC ÀGACGCTCCC CGGGAGCCTC 2220

CACCTGTGGÀ GCTCÀ.AGCCG GÀCCCCÀC.ãÀ GCAGCÀTGGC GGCTGCAGAA
Pstl

GCCGAAGCCT 2280

TÀECÀGÀGÀG CTCÀGÀGCÀÀ Ggtgcccctc ccccagccag ggctcgtctc cctccgcacc 2340

ctcgtgggtc accactctct tctgtctcta gcctgtccLc tcagactcat ccttcacttc 2400

atctctttgc ttctttcact cttgagctgt cttcattqcc agtccccatc ccctgctcgL 2460
INTRON 5

tcctgttgtt agtgtggaag catcctgaca cagtcctgga gcttcctgct cagcccLgcc 2520

tgcgcacgac acatggtgtg ccatgttgcc cagaaacctc acaagqactt ggttggctga 2580

aaatgcccac acacatttgc ctgtggtggc atactctcta gccaatacta atgttcgatc 2640

ctggagtcac tgtcacctaa gaagtSSgSS ggaacttggg ccag'acccag aaagtgctct 2700

ggtctcagcc acgccctcag tacctgctct tttctgtgca g.àÀÀTGGÀ.AG TGGAGCCÀ.G,C 2760

CÀGCÀ.AÀGGA GÀAGÀCGGAC .AÀGÀGGÀÀ,GÀ GGGTGCÀGGG CCTGCCÀCÀG TCÀ.AÀGAÀGA 2B2O

GGGGÀTGCÀT CTGGÀTÀÀCG GGGÀGCCTCC TGÀGGÀGÀ.â,T GÀÀGÀGTCTG CCGGCÀCÀGÀ 2BBO

TTCTGGGCÀG GÀGCTTGGCÀ EGGÀGGGTCA GÀÀCCTGCGC TCGGGCÀCCT ACGGGGATCG 2940

t--+l
GCTCCATCÀT CCÀCÀÀGTGC GÀGgt.gcggg gccgtggtcg 3000

INTRON 6
gggtc tctqc aqc

-7Æît-
ccctcac gcacccttcc tcgtgcgcct 3060

l+

CÀCTGAGTCC ÀÀGGCTTÀCG

qtgccagccc tgagcctcca

qcaqGÀCTGC
PstI-l

CACGGGGGÀG

GGGÀÀGGAGT

.AÀ.A,CCTTTCT

TCACGCÀC^A,C ÀGGGÀÀCTTC .âÀÀCGGCÀCÀ TCCGCÀTCCÀ 3120
r+2

CÀTGCÀGGG.B, GTGCAGC.ã.B,G GCTTTCTCGG

2_.t
GTGCAÀGGCT CÀTGÀGÀÀGÀ CÀCÀCÀGgta cccacc ttgt c tcc tccaga

INTRON 7
gtttgggacc ctgcggcacc ccttcctgtc acctagcacc ttct.gaccca

l+3
ÀÀ¡.CCCTÀTG GGTGTGAGGÀ GTGTGGCÀÀG ÀGCTÀCÀGGC TCÀTCAGCCT

3+1 ¡+4
CÀT.ã.ã,GÀÀGA GGCACTCCGG GGÀGGCGCGC TÀCCGCTGCG GGGÀCTGTGG

cÀccÀcÀccc ÀcAÀGG.àÀcå,

ÀcccTccÀGc 3L80----PstT-

ctgggcgcct 3240

cagCCCeTTc 3300

GCTGÀ.ã,CCTG 3360

C.AÀGCTCTTC 3420

6
CàCTGCGÀCÀ .A-A.àÀGTTCÀÀ CCÀGgtgtgc 3 600

a_1
ÀCCÀCTTCAG GCÀÀCCTC.AÀ GCGCCÀCCÀG CTGGTÀCÀCÀ GTGGCCÀGÀÀ ÀCCCTÀCCAG 34BO

l-5 5+
TGCGÀCTÀCT GTGGCCGCTC CTTCTCTGÀC CCCÀCCTCTÀ ÀGÀTGCGECÀ CCTGGAGÀCT 3540

l+
C.AÀ,GTGTCCT



accctcctga gccggcccca gatggctcct ggagctcccg cgatagcaca caacagccag 3660

gacaggactc tcctaggatg gtccccggag ggctgtggtt gcttttcctt ccaqtgcLgg 3720
INTRON 8

gacctgggct tctatcagga atagagccct gccctgtggg gaaaccagga aggccattag 3780

tcccttgctc

ctgggtgcag
¡+7

TAAGTGCCGG

caaggcttgc

caaagGG¿Lã,C

>8
CCÀCTGTCAG

GGgtgggtga

agtgccat.gt

CTTTÀCCCãÀ

CGTCTGTGAÀ

acggggttgg

GTGGGGAACC

GÀGTGCGGGÀ

ccctcgcccc

CTCA.AGCGGC

CGGCÀGITTIIG

ggaggccagg

gcctctgccc

GCCÀGCTCCC

t0
CGCTGTGGCÀ

ctgtgtccca

ggagaaacca gggtccaagg gaacccttct
6_.t

TGÀÀGGCCCÀ CTTGAÀGÀTC CÀCATTGCCG

c a gGTGAG.AÀ GCCGTGCCÀG

aggcccagag

cactggtctt

GÀGAÀGCCGT

CGGCÀCGTCC

tgqggagccg

-9

'TGTGTGATAT

9-l
TCATCGCCCA TGTÀCGCCÀ.È CACÀCGGGGG

ÀGCÀGTTCÀC CÀCCTCÀGgI
INTRON 9

ccggtccctca cagtgcagca
j_

ACCTGCGGÀT CCÀCAGTGGG
BamHI

CCGÀCCCÀGG CGCGCTACÀG

INTRON 10

tgtgggctgt ggacggggaa

AcÀGgtagcAt acctgcccct
INTRON I1

gagtggtggg gacctccaaa

gagcccct.gt

ÀTGGCCCTCT

caccctttcc

gcctttcatc

BamHI

agcgagtgct

GTGGT.AAGGC

ÀGA.ã,GCCCT.è,

gagtgaggac

ctgaagctcc

accccaggga

tccctctaca

TTGTCCAGTC

l+11
ÀGTGCÀGCGT

ccccaccag,G

ÀcåÀccTGCG

ÀGCCÀGÀÀGÀ

CTGAGGCTCT

3840

3900

3960

4020

4080

4140

4200

4260

4320

4380

4440aaatctcagg

catgggtcaa catgagcccc ttatttgtga cctt.gtagÀT
l0+1

GCC.AACCACA TCCGTCÀCCÀ TGÀCAAGATC CGå,CCCGACÀ

cÀGccÀGTTG 4500

GTGTÀGCÀÀG 4560

AGÀGÀÀGCCT 4860

TTCTCÀTGTA 4920

GGGTGGTGÀG 4980

GGCÀGCGÀCÀ 5040

rr.-l
cCCTfCcTcÀ ATGTGGGGGÀ CCTGTCCÀ.ã,G CACATTÀTCA, TCCÀCACCGg tgagcaqccc 4620

accatgtccc cgcctgcgtg ggacccaggg gagggtggag gaagagagcc ccatgccaca 4680

cttgctcagc agggagcctt gaggtacaca cgtggactcc acctgccttc cgggaggagg 4740
INTRON 12

gtgcactcgg gcttctggtg gctgccttag agaacttgct agaaaagctg gggctgctgg 4800

gtactgggag gcctqcaqgc

-+'^PrtlTATTTG1TGTG ÀCÀÀGTGTGG

lZ_
.ãÀGÀCCGTGC ACCÀGGGCÀÀ

GTCÀGCGTGG TCÀCTGTGGA

ggcaggaggg

CCGTGGTTTC

GGCGGGCÀTC

CGÀCATGGTC

taacttgcct

AACCGGGTAG

Aå,GATCCTGG

ÀcccTGGccÀ

GCGGÍCÀCTC ÀGCTCÀCÀGg tgtgcactgt gggcagggcg gcaggcagag ggcagctaca 5100
INTRON 13

gcagctggcc tcagtggcaa taatggggta gctccttgtg gcttctgcct cagaccctgc 5160

tgactctgcc cacagTGGTÀ CCAGTGGGGG CCGCÀGTGÀC ÀGCTGÀCGÀG ÀCGGÀÀGTÀC 5220

TC.AÀÀGCTGÀ GATCAGCÀÀÀ GCTGTCAÀGC AÀGTGCAGGÀ ÀGÀ.ã,Ggtgag aggggcaqtc 5280

tggggcatga acatcccgrtgg acccaaggtc cttcccatcc Lgaccacaqc ccccaccLcc 5340

aca gÀccccÀ AcÀcccÀcAT ccrcrÀcccr ffirrtÉcr GTGGGGÀCÀÀ GTTCCTGGÀT 54OO



l3+1
GCCÀ.ATÀGCC TÀGCCCAGCÀ TGETCGGÀTC CACÀCÀGCCC ÀGGCÀCTGGT CÀTGETCCAG 5460

BamHI

ACGGATGCGG ÀCTTCTÀCCÀ GCÀGTÀT'GGG CCÀGGCAGCÀ CGTGGCCAGC CGGGCÀGÀTG 5520

CTGCÀGGCTG GÀGÀGCTCGT CTTCCGTCCT À,GGGÀTGGGå, CTGAGGGCCÀ ÀCCCÀCÀCTG 5580
PstI

GC.ã,GÀ.AÀGTC CACCCÀCÀGC ECCTGÀTTGC CTÀCCÀCCTG CCGAGTGAGC ÀGGEGGCCTC 5640

TGACTGTTTÀ TTTÀÀGGÀTG GATGGCÀCCC TÀGGÀCTCÀG ÀÀGGTGCTCC TGCCCCAÍTC 57OO

CCTÀGÀGAAT A.A.ATGÀTTAtr TTTCTÀÀtgt tgcctstggt 5'7 40
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