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Abstract

Gastrulation occurs between 6.5 and 8.0 days post coitum in the mouse
and is associated with a dramatic increase in cell proliferation, being
initiated when the embryo consists of some 500-600 cells and resulting
in a neural plate stage embryo contaianing 50,000 cells or more. There is
evidence to suggest that some of these areas may be determined with
respect to their future development quite early in the process of
gastrulation. During this period of development it is clear that the
growth rate of the whole embryo, and of its constituent parts, is under
intrinsic control and capable of controlled variation aimed presumably
at generating an organogenesis stage embryo of a notional target size in
which the parts are of appropriate relative size.

Investigations in the mouse bhave shown that growth of the embryo parts
and their co-ordination can be profoundly disturbed in early embryonic
stages by 1ansult with the cytotoxic agent, MXitomycin C. MMC is an
alkylating agent that inhibits DNA synthesis. It causes cell death and
reduces pre—organogenesis stage embryos to 10% of normal size as
measured by cell number, During the progression of embryogenesis the
normal co-ordination of development of different parts of the embryo is
abnormal. Considerable and localized growth control is obviously
operating in these stages, thus the proto-oncogenes with known growth
regulatory functions were looked at as likely candidates controlling the
dramatic growth patterns observed.

During the gastrulation movements the primordial germ cells are
located at the base of the allantols and appear to ‘'escape' the
movements and rearrangements of gastrulation by migrating into the
extraembryonic membranes. The primordial germ cells then appear to
undergo their own differentiation, proliferate and migrate into the
genital ridges. The germ cells multiply as they migrate until some 5000
cells ultimately invade the gonads. The proto-oncogene c-kit expression
was analysed, as it has been recently identified with the dominant white



spotting (V) 1locus of the mouse. The V¥ mutations have pleiotropic
effects on mouse development, one of which is to cause an impairment of
proliferation and/or migration of primordial germ cells. It abpears that
the c-kit product 1s necessary for the maintenance of the primordial
germ cells during their migratory/mitotically active phase. This finding
holds true for overall expression of c¢-kit in structures of the
developing embrya.

As the testes develop and become functional, the germ cells undergo
further differentiation. There is evidence from Y chromosome deletion
mapping that there is a multiple copy gene on the long arm of the mouse
Y which is needed for the normal development of the sperm head. A Y-
specific genomic DNA sequence (Y353/B) has previously been described
which is present in multiple copies on the long arm of the mouse Y and
1s specifically transcribed in the testis. Using quantitative Northern
analysis 1t was shown that the RNA transcripts are from the multiple
copies. In situ hybridization was used to demonstrate that the
transcripts are in the germ line and not in the soma, and that the
expression 1is predominantly in round spermatids. This was the first
evidence for a Y chromosome gene being transcribed in the testis (and
probably anywhere). Y353/B is thus a candidate for being the multiple

copy 'sperm morphology gene' on the mouse Y chromosomne.
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The aim of this thesis is to investigate the function qf specific
genes in growth and development, by the use of mouse mutants and by
interfering with normal gene expression in vivo.

Very few genes have been identified as being directly involved in the
control of embryogenesis in mammals. This is partly because many
important processes, such as gastrulation, occur In utero where the
effect of a mutation is not easily observed, but also because any
mutation that results in a breakdown of maternal/fetal interactions will
be lethal. Our knowledge of genes involved in development is thus
limited to a few that are not critical to embryo survival, such as those
whose mutations give limb or tail abnormalities (Copp et al., 1988);
some of the neurological defects which act post-natally, and those
involved in sexual dimorphism, eg Tdy (Eicher and Vashburn, 1986).
Investigation with such genes depends upon their isolation before their
mechanism of action at the molecular level can be determined.

There are, however, a number of genes that are suspected of having a
role in development, either by their implication in aspects of cell
physiology such as growth control, eg proto-oncogenes, or because they
share homologous sequences with developmental genes identified in other
often distantly related species, eg the homoeobox containing genes.
These may be well characterized at the molecular level, but it has not
been possiblé to prove a function for them in mammalian embryogenesis
because of the lack of identifiable mutations.

However, recently the first example of a germline mutation in a
mammalian proto-oncogene was provided by the mouse dominant white—
gspotting (W) locus. Mice carrying mutations at either the V or the Steel
(81> locus display a virtually identical array of pleiotropic defects,
including dominant white-spotting, sterility and severe macrocytic
anaemia. Transplantation and chimera studies over the past thirty years
have shown that the effects of W mutations are intrinsic to cells within
these three lineages, whereas Sl mutations affect the microenvironment
in which these cells de#elop and function (Silvers, 1979; Russell,
1979). The complementary nature of the cellular defects in W and S1
mutants has been explained by the findings that W is the c-kit proto-
oncogene (Chabot et al., 1988; Geissler et al., 1988) while Sl encodes
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the ligand for the Kit tyrosine kinase receptor (Huang et al., 1990;
Copeland et al., 1990; Zsebo et al., 1990; Brannan et al., 1991).

Development can be considered in three stages: pre—prihitive steak,
embryonic and fetal stages. The iniation of primitive streak formation
is the first overt sign of organisation of cells which will form the
fetus. Growth is slow before the formation of the primitive streak. The
embryonic stage includes the primitive steak and ensuing organogenesis
stages during which organ primordia are generated. The embryonic period
and especially its early stages is characterized by exceptionally high
rates of cell proliferation. During the fetal period, growth and
differentiation of already existing structures occurs; overall the cell
proliferation rate is not as high as during the embryonic stages.

Snow and his co-workers (Snow and Tam, 1979; Snow, Tam and McLaren,
1981; Snow, 1983, 1987) discovered a growth regulating system during
recovery from cytotoxic damage which produces independent changes in the
rates of cell proliferation and morphogenesis in early organogenesis.
The molecular basis for this altered timetable may give us some clues
about the function of specific developmentally regulated genes, since it
seems possible to liﬁk deplbyment of gene products with abserved,
experimentally induced changes in the association between graowth and
differentiation. '

Gastrulation in one form or another is an almost‘universal episode of
development throughout the vertebrates. MNesoderm induction accurs
before gastrulation and determines particular developmental or
differentiated states within the mesoderm. Gastrulation re-arranges the
cells. This dramatic process transforms a simple undifferentiated
(multipotent) epiblast into a structure with the primary germ layers
laid down. An anterior/posterior axis and the early organotypic
lineages are established. Subsequent normal development will depend on
interactions within the multilayered structure thus formed, and
communication between parts may be closely restricted in time and space
(Lehtonen and Saxen, 1986).

The morphogenetic movements which occur during gastrulation play a
crucial role in the normal development and patterning of multicellular
organisms and establish the basic structural plan. These events have

been well described in the mouse at both the light microscopic level
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(Beddington, 1983) and the ultrastructural level (Tamarin and Boyde,
1976>. They can be characterized as local changes in cell shape, cell
adhesion, cell proliferation and cell movement. Two iméﬁrtant steps in
the organisation of the embryo precede gastrulation. Firstly, during
oogenesis and cleavage the major axes are established. Secondly, during
cleavage many cell lineages become specified (although the regulatory
features of specification remain cryptic and in many cases conditional
until later in development (Davidson, 1990)>. The movements of
gastrulation depend upon these earlier specifications. Little is known,
however, about the underlying cellular mechanisms which govern these
changes, or about their molecular and genetic control.

Evidently some growth control in the embryc operates before
organogenesis is completed and is a function of the embryo itself. To
enable the highly ordered sequence of development to proceed
successfully, cells must be-able to communicate. Recent studies have
shed 1ight on some of the factors that are thought to be important (Hill
et al., 1987). These can roughly be divided into three categories:
firstly, cell adhesion molecules which are cell-surface ancharage
glycoproteins involved in cell-cell recognition and adhesion during
pattern formation and organogenesis; secondly, cell-surface adhesion
molecules, which are required for cell migration and cell shape; and
thirdly, peptide growth factors which are diffusible molecules which
stimulate cell proliferation and/or differentiation. These would
include the products of the so-called proto-oncogenes.

Oncogenes have oncogenic or cancer-causing potential. They were
initially discovered in retroviruses, although they are not native to
these viruses. Oncogenes are found in both cancerous and non-cancerous
cells and are probably genes that are required for normal growth and
development. Cellular oncogenes, known more correctly as proto-
oncogenes, have the split structural organization of normal cellular
genes with exon and introns whereas viral oncogenes do not. The protein
products of many of the oncogenes studied are protein kinases or protein
phosphorylating enzymes, and this may in some way be linked to the
altered growth properties of neoplastic cells.

Since the control of growth is most likely mediated by a diffusible
humoral factor, one (or more) of the recently identified polypeptide
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growth factors are the most likely candidates (Smith, 1981; de Laat et
al., 1983; Stern and Heath, 1983). Within the third category mentioned
above, proto-oncogenes may be included since they appear to impingedon
the chain of command that directs the response to polypeptide growth
factors. Eukaryotic cells contain proto-oncogenes which have the
potential to transform cells in vitro and induce tumours ian vivo
(Bishop, 1983), These oncogenes were initially identified through their
association with retroviruses which acted as natural transducing vectors
(Stehelin et al., 1976). It is now believed that proto-oncogene
products are components of signal transducing pathways and play a
pivotal role in regulation of cell growth and differentiation (Bishop,
1985>. Proto-oncogenes are likely to be crucially involved in growth
regulation and/or differentiation because of their canservation
throughout evolution aﬁd because of demonstrable growth deregulation
effects produced by the viral homologs to the cellular genes.

The fundamental role of growth factors in controlling the normal
proliferation of cells is well established. Some oncogenes may 'short-
circuit' the regulatory action of growth factors by encoding products
that resemble either growth factors or their receptors (Kelly, 1985).
Cell cultures that normally depend on external saurces of growth factor
to maintain proliferation may lose this requirement if they are infected
by a retrovirus carrying an oncogene (Rapp et al., 1985; Cook et al.,
1985; Pierce et al., 1985).

Proteins encoded by several proto-oncogenes have been identified as
cell surface receptors for growth factors. Several of the proteins
reside on the inner surface of the plasma membrane, enabling
transduction of signals received from outside the cell, and others may
be in the nuclear chain of command that emables a cell to divide in
response to growth factors (see Table 1.1)., At least one of the proto-
oncogenes, c-sis, encodes a portion of a growth factor receptor, the 8
chain of the PDGF peptide (platlet-derived growth factor). VPDGF (c~sis)
is expressed during the early development of the placental trophoblast
and at present is the only example of an oncogene with defined growth
factor properties expressed in embryogenesis.

Currently, little is known about the production and functioning of

growth factors, their receptors or proto-oncogenes in early

14



OECOGENE BIOCHENICAL ACTIVITY PGSSIBLE FURCTION

sis Growth factor PDGF (8 subunit)

mos Tyrosine kinase Cell surface receptor (pro-EGF)

erb-B Tyrosine kinase Cell surface receptor (EGF)

neu Tyrosine kinase Cell surface receptor (EGF)

fns Tyrosine kinase Cell surface receptor (M-CSF/CFS-I)

met Tyrosine kinase Cell surface receptor (IGF)

yes Tyrosine kinase Cell surface receptor (#)

kit Tyrosine kinase Cell surface receptor

src Tyrosine kinase Transducer at inner surface of plasma
membrane (%)

abl Tyrosine kinase Transducer at inner surface of plasma
membrane (%)

ras GTP binding protein Transducer at inner surface of plasma
membrane (%)

fos DNA binding protein Nuiclear effector of mitogenesis

Jun DFA binding protein Nuclear effector of mitogenesis

myc DNA binding protein Nuclear effector of mitogenesis

myb DFA binding protein Nuclear effector of mitogenesis

ets-1 DNA binding protein Nuclear effector of mitogenesis

erb-A Nuclear protein Glucocorticoid réceptor

int Growth factor Non—Tyrosiné kinase receptor

(#) - (presently unidentified growth factor connection)
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embryogenesis. Most of the evidence for their involvement in growth
and/or differentation comes from studies of their actions in late fetal
and post-natal stages (see Hill et al., 1987 for review). There is also
circumstantial evidence implicating proto-oncogene involvement in growth
factor receptor expression and in intracellular regulation of growth in
the gastrulation stage embryo, for instance, from studies with
teratocarcinoma stem cells and from oncogenes with known growth
regulating activity (see Adamson, 1987 for review). The expression of
certain growth factors may thus provide the link between the genes
(oncogenes 7)) involved in developmental growth control and the changing
morphology of the embryo.

The connections which have been established between many growth
factors and their receptors and cellular oncogenes (proto-oncogenes) has
led to the belief that proto—-oncogene products play an important role in
normal cell growth and differentiation. This is based fargely upon their
evolutionary conservation and the fact that viral homologs of the
cellular genes are able to perturb normal growth patterns. A survey of
proto-oncogene expression in whole mouse embryos from day 7 of gestation
until term, revealed the presence of detectable mRNA from five cellular
oncogenes: c-myc, ¢-erb, c-Ha-ras, c-src and c-sis (Slamon and Cline,
1684). The c—mos gene was also found in the early mouse embryo (Propst
and Vande Voﬁde, 1985). The fact that sequential expression of
different oncogenes occurs during development and that different orgamns
show different patterns of expression, lends credence to the view that
the products of specific oncogenes are causally related to the growth
and differentiation of different cell types.

The possible role of proto—oncogenes in mammalian development has yet
to be determined. A number of proto—oncogenes are temporally and/or
spatially expressed and regulated during mouse embrybnic development
(Miller et al., 1982), suggestive of a normal role for these.genes in
the context of embryonic development (reviews Bishop, 1983; VWeinberg,
1985; Miiller, 1986; Adamson, 1987), It is not yet clear whether the
expression of oncogenes in embryonic cells is related to proliferation,
to differentiation, or to both. Although several lines of evidence
point to a role for oncogenes in cell cycle control, they may have

additional roles during development - unrelated to proliferation.



Elevated expression of proto-oncogenes is found in proliferating cells
both in vivo (Makino et al., 1984; Slamon et al., 1984) and in vitro
(Miller et al., 1984). Several reports have shown that the expression
of some of these genes and, in turm, cell proliferation, may be
regulated in vitro by hormones and growth factors (review Adamsonm,
1987>. Por instance, platelet-derived growth factor stimulates
proliferation of quiescent fibroblasts in vitro by first binding to a
specific cell-surface receptor. This binding initiates a cascade of
events that leads to activation of c-fos gene tfanscription within 5
minutes, followed later by transcription from the c-myc gene, and then
by cell division (Miiller et al., 1984). 1In this thesis I have attempted
to determine whether a comparable sequence of events occurs during the
activation of cell proliferation in vive during gastrulation and
development. The use and deployment of products of the proto-oncogenes
is investigated by conventional molecular techniques.

Considerable and localized growth coatrol is obviously operating in
the gastrulation stages, thus the proto-oncogenes with known growth
regulatory functions were examined as likely candidates controlling the
dramatic growth patterns observed. The proto-oncogenes studied are
c-myc, c-fos and c-sis. There is evidence to suggest that these genes
nmay be co-expressed in a cascade fashion, perhaps under the initial
control of the transforming growth factor § (Adamson, 1§87). c-fos and
c-myc products are DNA binding proteins associated with cell
differentiation and cell proliferation respectively. The c-sis product
is a secreted protein and a candidate for overall co-ordination of
growth.

A central aim of this thesis is to investigate the function(s) of
growth-related proto—oncogenes during mammalian development. One
crucial approach in tackling this question will be tﬁ follow the
patterns of transcription of individual proto-oncogenes during
development. In particular it will be necessary to identify'the cell
types in which each gene 1is expressed, and to investigate spatial and
temporal restrictions on that expression. In situ Hybridization of
nucleic acid probes directly to messenger RNA in sections of embryos,
provides a potentially powerful tool for undertaking such a study. This
technique provides information on which cell type expresses the



particular oncogene, and detects minor cell sub-populations not
detectable by RNA blotting. It is also useful when dealing with a
secreted protein, such as c-sis, and allows 1nvestigatién of tissue from
which it is not possible to extract mRNA.
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CHAPTER TVO

PROTO-ONCOGENE EXPRESSION IN THE GASTRULATING MOUSE
EMBRYO FOLLOWING MITOMYCIN C TREATMENT
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INTRODUCTION

Gastrulation occurs between 6.5 and 8.0 days post cottum {(dpc> in the
random bred Q strain mouse used in this study (Snaw, 1977). This
process is associated with a dramatic and essentlial increase in cell
proliferation, being initiated when the embryo consists of some 500-600
cells and resulting in a neural plate stage embryo containing 50,000
cells or more (Snow, 1986) - (see figure 2.1.)

The growth of the mouse embryos during the gastrulation period is
achieved by a high rate of cell proliferation, resulting in a rapid
increase in -cell number (Kohler et al., 1972; Snow, 1976, 1977; Snow and
Bennhet, 1978) and reflected by a sharp rise in frequency of mitoses in
the epiblast (Snow, 1976; Poelmann, 1980; Lewis and Rossant, 1982).
These studies suggest that the average cell doubling time is in the
region of 5-6 hours in order to account for the observed cell number
increases or increases in DNA content, but may possibly be as little as
2.5 hours in places, due to the fact that the distrubution of mitoses in
the epiblast 1is not uniform (Snow, 1977). This suggests that the
average rate of céll proliferation is doubled during gastrulation, as
the population doubling time of the originators of the epiblast is about
10 hours (Snow, 1986). Furthermore, the rate of division of the cells
during gastrulation 1s much faster than that of blastomeres during
cleavage (Grabham, 1973).° However, ' Poelmann <¢1980) could find no
evidence for these short duration cell cycle times, which is in keeping
with previous autoradiographic estimates (Solter and Skreb, 1968; Solter
et al., 1971). But there is some doubt on the reliability of the
autoradiographic techniques used by Solter et al. and Poelmann (Snow,
1976>. There is also doubt about Poelmann's description of cell and
tissue movement, since he did not take account of one part of the
epiblast nor of any mesodermal tissue which has been shown to be of
epiblastic origin (see reveiw by Beddington, 1983).

Other species show an acceleration in growth rate during gastrulation,
for example, human embryos (O'Rahilly, 1973; MNoore, 1977), pig embryos
(Patten, 1953) and in the baboon (Hendrickx, 1971). The findings from
these studies also suggest that the rate "of cell proliferation during
gastrulation has doubled, providing that the changes are not due to an
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increase of cell volume or in the volume of extracellular spaces.
However, gastrulation is preceded by a decline in proliferation rate in
the Amphibia (Graham and Morgan, 1966) and ‘chick embryos.
Nevertheless, in the mouse, the best studied mammal, the comparative
studies of embryos in vivo and In vitro strongly suggest that the onset
of gastrulation is associated with, and seems’dependent upon, a sudden
acceleration 1in cell proliferation. Thus, 1t appears that the
coincidence of rapid proliferation with the onset of gastrulation is
unique to the mammals.

The high cell proliferation rate of gastrulation appears to be
particular to the gastrulation stages as it 1s not maintained in
subsequent development in the mouse embryo and is not apparent in pre-
gastrulation stages. The findings of McLaren and Bowman (1973) and
Bowman and MXcLaren (1970) indicate that the control of growth rate
operates principally during. postimplantation development and not in the
preimplantation period. Also after gastrulation, with the onset of
organogenesis, cell groups with lower, different and characteristic
growth rates are allocated to ©particular paths of development
culminating in organ formation. During this process, an increasing
number of cells become non-dividers and the overall growth rate of the
embryo gradually declines during the course of gestation (Snow, 1986)>.

During this period of development it is also clear that the growth
rate of the whole embryo, and of its constituent parts, 1is under
intrinsic control and capable of controlled variation aimed presumably
at generating an organogenesis stage embryo of a notional target size in
vhich the parts are of appropriate relative size. Thus parts of the
embryo show their own individual growth profiles (Goss, 1986; Brasel and
Gruen, 1986),

This extensive growth raises two important questions. The first
concerns the regulation of the proportions of each structure within the
embryo. Enmbryos grow in a highly defined and ordered manner, with all
parts undergoing their morphogenesis in bharmony with one another,
producing a miniature body plan which is basically preserved throughout
its lifetime. Pattern formation first appears at the start of
gastrulation, in the blastocyst a layer of primary endoderm separates

from the pluripotential ectodermal stem cells. The second 1is the
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question of the relationship between growth and the successive steps of
the developmental hierarchy. These are some of the questions that my
thesis will address. ”

Disruption of Normal Development

Investigations in the mouse have shown that growth of the embryo parts
and their co-ordination can be profoundly disturbed in early embryonic
(primitive-streak) stages by i1nsult with cytotoxic agents, suck as
mitomycin C (Snow and Tam, 1979; Snow, Tam and Mclaren, 1981; Snow,
1983, 1987, These studies demonstrated that the cell proliferation
rate can be altered, with some cell 1lineage specificity and with
interesting consequences for patterning irn the embryo. Using this
system, the embryonic development of these mice may reveal information
about growth control and its relationship to morphogenesis (Tam, 1981;
Tam and Snow, 1981; Gregg, 1985; Snow and Gregg, 1986).

Mitomycin C (MMC) 1is an antibilotic, derived from Streptomyces
caespitosus, that inhibits DNA synthesis. It 1s an alkylating agent
which 1s thought to act by binding to the major groove in the large
subunit of DFA polymerase and inhibiting DNA synthesis by cross-linking
and preventing progress to mitosis. All cells in the S <(synthesis)
phase of the cell cycle are inhibited; cells in Gl, M (mitosis) and some
of the cells in the G2 phase, which will come into the S phase within
the time that the MMC is still present, will also be inhibited. MMC is
thought to remain within the system for approximately lhour and the cell
cycle time is thought to be between 2.5 to 5 hours during gastrulationm.
It has been reported, (IARC monographs, 1976), that after intravenous
injection of a higher dose of MMC than that administered by Snow and
Tam, only traces remained in the blood after 30 mins. Thus MMC reaches
its target tissue very soon after injection. The inhibition of DNA
synthesis leads to the extensive cell death observed. The loss of these
cells produces a mitotic delay while cells in Gl progress through the
cycle to divisionm.

Vhen MMC is injected intraperitoneally into pregnant mice, when their
embryos are at the primitive-streak stage (6.5-7.5 dpc), NMC causes
extensive cell death within the embryo and a delay in mitosis. This can
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result in a reduction of pre—organogenesis stage embryos (7.5 dpc) to
only 10-15% (on average) of normal size as measured by cell number.
These embryos all appear to complete gastrulation séages as normal,
except that a very small neural plate stage embryo (8.0 dpc) is
produced. In general, these embryos do not die but accelerate their
growth such that when organogenesis i1s complete by about 13 dpc, their
size,weight and anatomical structure are normal (Snow and Tam, 1979;
Tam, 1981). There is a fetal mortality rate of 10% and some of the male
mice are infertile, but the existence of long term survivors which
appear very normal shows that development can tolerate and then correct
these disturbances in growth. During this restoration growth, the
mitotic index is raised above normal in all organs. [t appears that it
is raised more in ectodermal tissue than in mesodermal tissues and that
each organ system has its own unique growth rate (Snow et al., 1981).
However, mesoderm maintains an elevated level for longer, resulting
initially in an imbalance of the ectodermal/mesodermal tissue ratio.
The effect of this imbalance can be seen in the neural tube - a wavy
form is produced along the axis of the embryo. This abnormality is
corrected as the growth rate in the neural tube slows, and the mesoderm
continues at its raised level. The neural tube can then praoceed through
development normally, whereas various structures of mesodermal lineage
(somites, limbs, vascular systemn, haemopoietic system) show
developmental delays of differing magnitudes (Snow, 1987)>. During the
progression of embryogenesis we find that the usual co-ordination of
development of different parts of the embryo has become abnormal (see
Figure 2.2). In this way 1t 1s possible to alter the usual co-
ordination bepween organs in a predictable way, and this may enable us
to gain an insight into how early embryogenesis is cantrolled.

The features of this restorative growth are consistent with the view
that the mesoderm morphogenesis requires that a critical mass of tissue
is produced before differentiation occurs, whereas this does not happen
in the ectodermal tissues. Tissue mass cannot be claimed as a trigger
for differentiation since, in the untreated embryos when differentiation
starts, the structures are much larger than in the treated embryos.
Thus it seems unlikely that growth and/or differentiation is controlled

simply by titration of humoral factors against tissue mass, but rather
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that individual cell lineages and organ systems have the ability to
regulate their growth either in response to tissue-specific growth
factors ar by autonomous active deployment of receptors “for non-specific
growth factors (Snow, 1989).

There are other examples of embryonic growth coantrol - from natural
conditions in which the growth rate of an intact embryo is changed, and
from experiments designed to deliberately alter embryo size and monitor
the response -~ that support the notion of accelerated growth. For
example, monozygotic twins whichk originate from a single egg, must
undergo some accelerated growth since they are of normal size in the
middle trimester, but the embryos were presumably of less than average
size. Embryos that have had their size manipulated at the pre-
implantation stage generate offspring of average birthweight (for
example, removal of one or more of the blastomeres to produce a small

embryo).

Molecular Sigpals

A number of proto-oncogenes, growth factors and their receptors have

been thought to play a role in developmental decisions.
The myc gene family

The members of the myc-oncogene family encode proteins which move
raplidly to the nucleus after synthesis and are short-lived. They are
believed to be important for the regulation of cell growth. Three well
defined members of the family are known to date: c-myc (Sheiness et al.,
1980>, N-myc (Schwab et al., 1983) and L-myc (Nau et al., 1985) - and
two lesser known functional members, one of which is designated B-myc.
They are found in many species and the mRNA sequences have been deduced
from cDNAs of both human and mouse. The known myc oncogenes are all
expressed at high levels 1n the embryo (Jakobovitz et al., 1985;
Zimmerman et al., 1986; Sejersen et al., 1986), There 1is evidence,
however, that N-myc and c-myc expression are separately regulated
(Zimmerman et al., 1986; Sejersen et al., 1987). This view was
supported by the findings of Downs et al. (1989) and Schmid et al.
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(1989). c-myc expression was investigated as it is abundantly expressed
during the pre-~gastrulation and gastrulation stages in the mouse embryo,
and probably at all stages and in all tissues, whereas F-myc 1s only
expressed from 7.5 dpc and L-myc 1s expressed even later. The
impression from these papers is that c-myc is ubiquitously expressed,
while F-myc and L-myc are restricted in their expression.

The myc gene is highly conserved throughout evolution, suggesting that
this gene product 1s required for normal metabolic processes.
Expression is seen in humans, mice and chickens. Even Xenopus laevis and
Drosophila melanogaster genomes contain sequences that hybridize with
myc probes. Xenopus c-myc RNA is highly accumulated in oogenesis
through an unusual stability of the tramscript (Taylor et al., 1986).
Drosophila c-myc mRNA is also found in embryos, pupae and in adults, and
stage-specific expression was seen (Madhavan et al., 1985).

The c—myc oncogene is multifaceted and shows all the features expected
of a nuclear oncogene: namely, 1t is inducible with mitogens; it has a
rapid mRFNA turnover (30 mins); 1t 1s post-transcriptionally regulated;
its protein has a short half-life (30-90 mins); there i1is post-
transcriptional modification of the protein and involvement in cell
proliferation and/or differentiation.

The mouse c-myc gene has three exons: the codon for protein synthesis
initiation is at the start of exom 2; the protein is encoded by exons 2
and 3 with a splice position between them. Two major RNA specles (2.4
kb and 2.2 kb mRNA) are derived from two major promoters upstream of
exon 1. The function of exon 1 1s unknown. The possibilities put
forward include the ideas that a transcriptional repressor molecule
binds to it (Leder et al., 1983)> or that it is involved in the control
of protein synthesis by the mRFA (Saito et al., 1983). However, data
which might support these hypotheses has not yet been produced. Recent
studies on the stability of c-myc mRNA in cells expressing truncated c-
myc now show that truncated c-myc is more stable than its normal
counterpart (Rabbitts et al., 198%5a,b). These observations argue that
exon 1 plays a post-transcriptional role in the process of c-myc mRNA
degradation in vivo and therefore that truncation of the c-myc gene may

be a crucial tumorigenic event.
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The mouse c-myc protein product (58-62 x 10 Mr) localizes in the
nucleus and binds to chromatin (Hann and Eisenman, 1984; Ramsey et al.,
1984). Although its precise role in the control of ceil proliferation
is still unclear, when c-myc protein 1s injected into quiescent Swiss
NIH 3T3 fibroblast cells, DNA synthesis is induced (Kaczmarek et al.,}
1985). Conversely, inhibition of c-myc expression by c-myc complementary
0ligo—- deoxynucleotide prevents S-phase entry in mitogen stimulated T-
lymphocytes (Heikkila et al., 1987>. DNA synthesis and DNA polymerase
activity of isolated human nuclei from several types of human cells can
be reversibly inhibited by the addition of affinity-purified anti-c-myc
antibodies (Studzinski et al., 1986). Enhanced c¢-myc transcript
abundance has been seen in a variety of human malignancies, in normal
liver tissue induced to proliferate in vivo by partial hepatectomy and
in cells in culture induced to proliferate with the addition of growth
factors. In a recent report, the abundance of c-myc transcripts in vivo
correlates well with the degree of cell proliferation induced within a
chick oviduct by the sterold hormone, estrogen (Remple and Johnston,
1988)., These results suggest that the c-myc protein acts as a competence
factor for cell proliferation. Therefore, 1t 1s probable that an
enhanced c¢-myc +transcript abundance would accompany the onset of
proliferation associated with gastrulation and that decreased abundance
would be observed in differentiated tissues.

During early mouse development c-myc expression accompanies PDGF and
FGF-dependent cell proliferation in several tissue types <(Huang and
Huang, 1985). c-myc is also highly active in human embryonic tissues as
shown in a series of papers by Pfeifer-Ohlsson et al. (1984 and 1985)
and Goustin et al. <(19895), c-myc and c-sis were found to be co-
expressed in the human placenta, particularly the highly proliferative
and invasive cytotrophoblastic shell. Tihis suggeéts that a highly
localized autocrine growth stimulation may occur by the production of
PDGF and the subsequent induction of trophoblast proliferation involving
the expression of c-myc. Cultured trophoblastic cells responded to
exogenous PDGF with an increase in c-myc mRNA transcription and DNA
synthesis. The buman fetus also displays stage and cell-specific
expression of c-myc with highest levels in the rapidly proliferating

epithelial tissues, and which can be correlated with the extensive
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remodelling of embryonic tissues - such as that occuring in the mouth at
7 to 8 weeks post-conception in the human embryo.  These findings
suggest that c-myc expression 1is not sinmply a marker of cell
proliferation, since rapidly dividing human embryonic mesenchyme and
cartilage cells of the 1limb buds showed no iIn situ hybridization.
Furthermore, predominantly normal development occurs in transgenic mice
that express varying levels of c-myc (Leder et al., 1986). However, in
the developing Xenopus embryo c-myc 1s expressed 1in specific tissues
including ectodermal cells and rapidly proliferating gill buds - and
studies on 1limb regeneration show that c-myc is down-regulated during
cell differentiation (M. Méchali, personal communication). Since c-myc
mRYA levels rise tramnsiently during cell proliferation iIr vitro
(Blanchard et al., 1985) the findings of high transcript levels in
precise cellular structures may 1indicate a degree of  cell
synchronization during tissue remodelling (Hill et al., 1987).

Work by Jaffredo et al. (1989) on the c-myc protein expression during
avian development, has shown that there is a time and tissue-specific
expression during the gastrulation stages. The c-myc protein was barely
detectable in nuclei of blastodiscs until somite formation. Then, it
became wubiquitous 1in the embryonic body until stage E4 (post-
gastrulation). During these stages, myotomal cells displayed especially
high levels of c-myc. The signal disappeared when these cells organized
into premuscular masses.

c-myc is also active in several tissue culture systems. In mouse
fibroblasts, in which c-sis is induced by BTGF, the release of the PDGF-
like factor seems to stimulate activation of c-fos and then of c-myc
(Miller et al., 1984). It is also expressed in F9 teratocarcinoma cells
vwhich bave been used as an Iir vitro model of embryonic stem cell
differentiation, where +the steady-state 1levels bf c—myc found 1in
proliferating cells has been shown +to decrease drastically with
differentiation induced by retinoic acid (Griep and DeLuca, 1986).
Quail myoblasts infected with retroviruses carrying c-myc fail to
differentiate (F. Tato, personal communication), presumably because they
are kept proliferating. It appears that reduced levels of c-myc are not
sufficient for differentiation, but may precede differentiation or
reduced growth rates (Adamson, 1987). However, c-myc 1is inducible by
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serum or insulin in skeletal myotubes which are postmitotic cells in
vitro (Endo and Nadal-Grinard, 1986), suggesting that c-myc may have
several roles in the cell. In this context it is‘;noteworthy that
mutagenesis of the c-myc gene has shown four discrete domains and
possibly separate functions (Gilman, 1987).

It has been shown that v-myc can cancel the dependence of murine
fibroblast cells on growth factor (Rapp et al., 1985), and presumably
the action of v-myc occurs in the nucleus at a site separated from the
growth-factor receptors. The cellular myc gene, c-myc, is induced by
growth agents: 1t has therefore been suggested that it is an
intracellular mediator of mitogenesis. However, immortalized murine or
rat fibroblasts transfected with c-myc or v-myc are not made completely
independent of growth factor (Armelin et al., 1984; Roberts et al.,
1985) . Consequently, it seems +that myc sequences, at least 1in
fibroblasts, must work in concert with other intracellular mediators to
stimulate continuous proliferation in the absence of exogenous growth
factors (Kelly, 1985).

The role of the c-myc protein within the cell cycle remins largely
unknown, except that it regulates DNA synthesis, presumably by binding
to the DNA and controlling gene expression. It has been shown that
there 1s an increased abundance of c-myc RNA present in rapidly
proliferating tissues: but 1is the rapid proliferation caused by a
shorter cell cycle time or are more cells within a tissue 'pushed' into
the cell cycle from a resting phase? Preliminary results from a group
working on this particular question, have shown that an overexpression
of c-myc accelerates the rate of entry of murine fibroblast cells into
S-phase - and causes subsequent rounds of DNA synthesis to be sustained
for longer (J. Karn and J.V.Vatson, personal communication). These
results demonstrate that c~myc levels are rate limiting for events in
late Gl/early S phase. Although c-myc mRNA levels show transient
increases after growth factor stimulation of quiescent cells,
overexpression of c-myc does not appear to affect the transition of
arrested cell populations from GO0 to Gl and 1its effects are not
manifested until late Gl/early S phase. Thus it appears that the Gl
phase is shortened and that c-myc causes a shorter cell cycle time. A

further possibility is that high levels of c-myc expression may be
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needed to pass each Gl period. However, 1in a study where centrifugal
elutriation was used to enmrich pooulations of avian and human cells at
different stages of the cell cycle, it was shown, ué&ng myc-specific
anti-bodies, that the synthesis, half-life and modification of c-myc
proteins is constant throughout the cell cycle of normal and transformed
cells (Hann et al., 1985). In an accompanying paper, 1t was shown that
the levels of c-myc oncogene mRNA are invariant throughout the cell
“cycle (Thompson et al., 1985). These contrasting results suggest that
the level of c-myc expression is essentially the same in all growth
phases of proliferating cells and in non-proliferating cells. Thompson
et al. concluded that c-myc expression 1s continuous, with a rapid
turnover throughout the cell cycle in non-differentiated cells, and that
the increase in c-myc expression on stimulation, with the elevated
levels of both c-myc RNA and protein, falls back to a constant basal
level which is then maintained throughout subsequent cell cycles. At
present, it is impossible to determine if c-myc expression is specific
to the Gl part of the cell cycle or if it is an activational event that
renders the cells competent to enter the cell cycle.

The control of gene expression is thought to play an important role in
directing embryonic development. It is still unclear at what level the
c-myc protein controls gene expression, if indeed that is its functiom,
It is known that the c-myc protein binds to nucleic acids in vitro, but
it i1s not known whether it binds RNA, DNA, both, or neither as its
natural substrate. Expression of c-myc 1s thought to be regulated in
part by changing the rate of transcription from the gene, a mechanism
that enables both increased expression of c-myc during the response of
cells to growth factors and decreased expression during differentiation
of cells to a nonproliferative state. It has been shown that the c-myc
proto-oncogene is both positively and negatively reéulated (Hay et al.,
1987). A recent paper has demonstrated that there is an initiation site
of DFA replication with +transcriptional enhancer activity present
upstream of the c-myc gene, and that the c-myc protein itself may be

necessary for c-myc expression (Iguchi-Ariga et al., 1988).
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c-fas

The proto-oncogene c-fos has been directly implicated'in cell growth
(§ishikura and Murray, 1987), differentiation (Distel et al., 1987) and
development (Riither et al., 1987). The c-fos gene is of interest in the
context of embryonic growth; a transient expression of c-fos mRNA is
induced by external signals transferred by growth factors, suggesting
that 1ts protein product has a function in growth control and
differentiation (Miller, 1986; Adamson, 1987).

The c-fos protein is DFA binding, and is thought to control the
passage of cells from GO to Gl in the cell cycle (reviewed by Miller,
1986). c—fos is a nuclear phospho-protein of 55 K, which has a rapid
turnover of about 20 mins in the cell. There are also differing degrees
of post-translational modification of the protein (Curran et al., 1984),
mainly by serine phosphorylation (Barber and Verma, 1987). c-fos has
all the characteristics of a nuclear oncogene and has several
similarities with c—myc. Indeed, it was shown that the c-fos protein
efficliently trans-activates the c-fos and c-myc promoters but not a
number of other promoters in a co-transfection assay (Gilman, 1987).

c-fos mREA is expressed in 7 dpc mouse conceptuses, predominantly in
the extraembryonic components, where there 1s a stage and tissue-
specific pattern, such that the amnion > visceral yolk sac > placenta.
There is a similar pattern in humans (Miller et al., 1983). The
expression profile of c-fos is thus: 1t rises to a plateau on 16 and 17
dpc in the extraembryonic tissues and on 14 dpc 1in fetal 1liver
(haematopoietic), and later high levels are seen in the skin and
bone/bone marrow. The expression in the fetal liver and bone marrow is
thought to be the result of haematopoietic lineages (macrophages) that
express c-fos during their maturation/differentiation processes (Miller
et al., 1985, However, macrophages cannot account for the high
expression 1in very early extraembryonic tissues (Adamson, 1987).
Studies in transgenic mice reveal that overexpression of exogenous c-fos
is restricted to the developing bone tissue and T-cell development
(Ruither et al., 1987). The role of c-fos 1in bone formation was
investigated by Dony and Gruss (1987), who showed that c-fos may have a
tissue-specific regulatory role during differentiation~dependent growth
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processes of fetal bone and mesodermal web tissue. Recent findings have
shown enhanced expression of RTGF and c-fos mRNAs in the growth plates
of developing human long bones (Sandberg et al., 198851. Osteoblasts,
involved in bone remodelling, contained high levels of c¢-fos and BTGF,
suggesting that they could have functions ir both skeletal growth and
remodelling during embryogenesis. The complex pattern of stage and
tissue-specific expression has raised the hypothesis that c-fos might
function in the control of differentiation. However, no detailed
analysis of the normal expression of the c-fos proto-oncogene during
embryonic development in the gastrulation stages is presently available.

Many of the studies on the action of c-fos have been carried out on
cultured cells. VWhen quiescent fibroblasts are stimulated to enter. Gl
of the cell cycle by PDGF (Pledger et al., 1977), {fibroblast growth
factor (FGF) (Miller et al., 1984), or bombesin (Palumbo et al., 1986),
c-fos mRNA accumulates to a maximum level 30 mins later and then rapidly
disappears. c-fos expression appears to be linked to differentiation as
the following examples i1llustrate: when HL-60 human promyelocytic anemia
cells are stimulated with phorbol ester tumor promoters (Miller et al.,
1985), murine WEHI cells are stimulated with GM-CSF (Gonda and Metcalf,
1984), or PCl2 rat pheochromocytoma cells are stimulated with nerve
growth factor (NGF) (Milbrandt, 1986) - there 1s an initial rapid
synthesis and high peak of c-fos mRNA and protein product within 30
nings, followed by a decline to moderately high expression, which is
maintained in the resulting differentiated cell type. However, there is
evidence that c-fos expression is not necessary in the differentiation
of some HL-60 variants (Calabretta, 1987). Another pattern of c-fos
expression is seen in the P19 teratocarcinoma cell 1line wherein a
sustained rise in c-fos levels does not occur until 9-11 days after
induction of differentiation with DNSO (Edwards . and Adamson, 1986).
This may suggest that c-fos proteins serve separate roles in different
cell types. The strongest evidence for +the 1link between c-fos and
differentiation however, comes from the transfection and expression of
exogenous c-fos genes 1nto F9 teratocarcinoma cells - which induced
cellular differentiation (Miller and Vagner, 1984); and conversely,
~expression of c-fos antisense mRNA inhibits the differentiation of F9
cells to parietal endoderm (Edwards et al., 1988).
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Despite extensive knowledge of the structure and expression of the c-
fos gene, 1its precise role in the cell remains unclear, The rapid
induction in a wide variety of cell types in response ta many different
stimli suggests a generalized role in signal transduction (Verma and
Sassone-Corsi, 1987>. The c-fos protein can form a complex with DKNA,
thus it may have a role in the regulation of gene expression (Sambucetti
and Curran, 1986). However, the evidence to date indicates that the c-
fos protein may not bind DNA directly, but may require fhe formation of
a complex with other nuclear proteins (Verma and Sassone-Corsi, 1987) -
possibly with the c¢-jun proto-oncogene which dimerizes with itself and
with c-fos, forming complexes of different DNA binding affinities
(Halazonetis et al., 1988), or with c—-myc?

c-sis

In 1983, it was demonstrated that the v-sis (viral oncogene) of the
simian sarcoma virus, was homologous to the f§ chain of PDGF (Waterfield
et al,, 1983; Robbins et al., 1983). This was the first direct
demonstration that an oncogene encodes a molecule involved in growth
control.

The c-sis gene product is found to be expressed in the 4-5 week old
human placenta (Goustin et al., 1985), This study also showed that
placental explants secrete a PDGF-like activity into the medium, in a
similar developmental time course, and cell lines established from early
placentae display PDGF receptors which respond ta PDGF. A ten-fold
elevation of c-myc mRNA is seen in 2hr and an increased synthesis of
c-myc protein occurs (several-fold stimulation within 7hr). The c-sis
proto-oncogene 1is also expressed in mouse embryos. In a survey of
oncogene expression in whole mouse embryos from day 7 of gestation until
term, it was shown that detectable levels of c-sis were present
throughout gestation (Slamon and Cline, 1984). The mRNA levels were
greatest at 8 dpc suggesting that PDGF may be present in the mouse
embryo from early in development - and closely linked to gastrulationm.
As yet there is no information regarding c-sis expression during the-

pre-gastrulation and gastrulation stages.
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Mouse embryo fibroblast cells stimulated with BTGF express the c-sis
gene after 4hr with a peak at 12-16hr and release a PDGF-like activity
into the culture medium (Adamson, 1987). Early enbr§onic stem cells
produce a PDGF-like activity (Rizzino and Bowen-Pope, 1985), but fail to
bind the PDGF growth factor. It has not been shown whether these cells
lack PDGF receptors, or if they are down-regulated by the secreted PDGF.
However, when F9, PC13 and PSA1 cells differentiate, they are able to
bind and respond to PDGF. It has been suggested +that 1if the
corresponding embryonic cells, namely epiblast cells, produce PDGF-like
factors, then these could stimulate growth of the adjacent,
differentiating mesodermal cells which arise on 7 dpc in the mouse

(Adamson, 1987).
c-kit

Recent studies have shown that c¢-kit encodes a receptor tyrosine
kinase and is a member of the PDGF receptor/CSF-1 receptor family
(Yarden et al, 1987; Qui et al, 1988). Antibodies generated to the
encoded protein detect glycosylated forms of 124-165 X 10°M., and a
nonglycosylated form of 106 X 10°M. consistent with the size of the
predicted protein; it is a cell surface protein with autophosphorylation
activity (Yarden et al., 1987; Majumder et al., 1988). Characterization
of the molecular defects of several mutant alleles at the W locus has
shown that they affect kinase activity and other aspects of c-kit
receptor function (Tan et al., 1990; Nocka et al., 1950). c-kit
expression 1is required for normal melanogenesis, haematopociesis and
gametogenesis and any mutation within the gene leads to developmental
failure (Mintz and Russell, 1957). It is clear that c-kit and its ligand
play an essential role in normal development during.early embryogenesis

and in postnatal development.
Growth Factors
Several growth factors are present and active in murine embryos during

the gastrulation stages. Epidermal growth factor (EGF) receptors are

present d1n 10 dpc mouse embryos (Hortsch et al., 1983) and on
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trophoblast tissue developed i1in blastocyst outgrowth, which are
equivalent to about 7 or 8 dpc (Adamson and Meek, 1984), However, the
embryo/fetus does not appear to make EGF itself until around birth
(Popliker et al., 1987). oIGF, which has homology with EGF and binds to
EGF receptors (producing the same effects), has been found in 7 dpc
mouse embryos (Twardzik, 1985) and may act via EGF receptors to modulate
early embryonic growth. The other family of transforming factors, the
BTGF group, has known growth regulating functions, both inhibition and
stimilation in embryonic/fetal systems (see Massagué, 1987 for review).
BTGF 1s widely distributed 1in normal tissues and will stimulate
expression of c-sis, c-sis is the homolog of the B chain of PDGF, thus
it bhas been suggested that fetal growth may be modulated locally by the
interaction between RBTGF and PDGF (Adamson, 1987). Complex multiple
expression is also found in the FGF-like int-2 proto-oncogene, with
sites in the mesoderm and extraembryonic endoderm during gastrulation
and neurulation of early mouse embryos (Vilkinson et al., 1988), and
later in the mesenchyme of the teeth and retina and in the cerebellum
(Vilkinson et al., 1989). There 1is also a limited developmental
expression of the colony stimulating factor, CSF-1, in the uterine
epithelium, and its receptor, c-fms, (a tyrosine kinase receptor) is
found in the maternal placenta (Regenstreif and Rossant, 1989). Thus
there 1s growing evidence for the role of polypeptide growth factors in
mammalian development.

The changes in c-myc, c-fos and c-sis expression are only part of a
'panoply’ of alterations in gene expression induced by growth factors
(Marshall, 1987). Differential screening of cDNAs from quiescent and
serum-stimulated NIH-3T3 cells has revealed increases in the levels of
over 70 different nRNA species after serum treatment (R.Bravo, personal
communication). The extent of induction varies dramatically between the
different genes. The partial sequence of these cDNAs has revealed that
they encode nuclear, cytoskeletal and secretory proteins. Of the
nuclear proteins identified, there are several that could act as
transcriptional controlling molecules, such as c-fos, c¢-myc, c-jun,
JunB, Krox 20 and Krox 24 <(two finger proteins) and fos B. The
cytoskeletal-matrix proteins that are induced have been identified as

actin, tropomyosin, fibronectin receptor and fibronectin. In the group
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of secretory molecules, the homologue to human tissue factor,
plasminogen activator inhibitor, and two putative cytu?ines have been
found. N

From the data presented here, it is possible to speculate upon the
role of polypeptide growth factors and oncogené products in the control
of cell growth and differentiation. In order to maintain homeostasis
and prevent excessive proliferation, the division of normal cells must
be tightly controlled. In mouse fibroblasts in which c-sis is induced
by RBTGF, the release of the PDGF-like factor seems to stimulate
activation of c-fos and then c-myc. Both oncogenes are expressed in EC
cells, c-fos at low levels in undifferentiated cells, but increasing as
differentiation  proceeds: c-myc 1is maximally expressed during
proliferation of the stem cells and declines with differentiation. The
changes 1in c-fos expression appear to occur at the transcriptional
level, while for c-myc the changes appear toc be both transcriptional and
posttranscriptional. Both c-myc and c¢-sis are co-expressed in the human
placenta. It appears that c-sis expression leads to c-fos expression
and then to c-myc expression, although the relationship between these
oncogenes needs clarification - a growing volume of literature seems to
suppaort the notion of a cascade involving all three in that order,
possibly triggered initially by RTGF (Adamson, 1987). Unfortumately, in
the context  of embryonic growth where prolonged cell proliferation
precedes differentiation, the expression of c-fos and c-myc seems to be
in the reverse order to what would be expected (Snow, 1987). It is
possible that there could be a local interaction between BTGF and PDGF,
controlling this embryonic growth. It has been suggested that there is
also a feedback loop to limit proliferation, as some genes expressed
after growth factor stimulation encode growth inhibitors. For example,
PDGF 1induces elevated expression of two such inhibitors, BTGF and
interferon f-2 <(C-H. Heldin, personal communication). Down-regulation
of c-myc expression has been observed in haemopoietic cell lines whose
growth is inhibited by interferon (Marshall, 1987).

Given the abundance of reports suggesting that oncogene expression is
growth factor regulated, it is more than likely that oncogenes are
important components in the mechanisms controlling cell proliferation

and differentiation, Consequently, oncogenes have to be understood as
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elements in a network that governs growth control. There are probably
many pathways and widespread co-operativity amongst the oncogenes and
elements of the cell. '

The aim of this chapter is to investigate the activity of certain
cellular oncogenes with known growth control functions in normal
embryos, and then to look for changes in their deployment when the usual
growth profiles of individual tissues are disturbed by mitomycin C
treatment. The MMC treatment will provide a useful system to study the

effects of oncogenes on cell growth regulation during gastrulation.
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MATERIALS AND METHODS

Mice

Pregnant females from the randomly bred Q stock were each given a
single injection of 100-120 ug MMC intraperitoneally between 6.75 and
7.0 dpc. Mice were killed by subluxation of the cervical vertebrae and
the embryos were removed, microdissected 1f required, frozem directly in
liquid nitrogen, and stored at -80 =C until used to prepare RNA. Embryos
for In situ hybridization were washed in PBS x 3 and then immediately
fizxed in 4% PFA.

Probes

Both the RNA membrane and tissue sections were hybridized with a 1.4kb
Hind III/EcoRI fragment from pSVGZ, c-myc (from KNeuberger and Calabi,
1983) subcloned into pSP64 and pSP65. This fragment encodes the
transcribed exon 2.

The following proto-oncogene and growth factor probes were hybridized
to the Northern: the c-sis probe used was a 2.0kb BamHI/PstI cDNA
fragment <(generously provided by R. Gallo)> which dincludes coding
sequences presently described as the fifth and sixth exons of the human
c-sis gene (Gelmann et al., 1981); the c-fos probe was a genomic 1kb
HincIl/Ncol fragment (provided by I. Verma) corresponding to most of the
coding sequence (Curran et al., 1982); the c-kit probe was a 1.1kb
SacI/HindIII fragment (provided by P. Besmer) which encodes the
transmembrane region near the 5' end of +the region encoding the
extracellular domain (Besmer et al., 1986); the BTGF probe was a 1.05kb
EcoRI fragment (provided by R. Derynck) that codes for the human BTGF
gene (Derynck, 1986); the control a-actin probe was a 1.15kb Pstl
fragment, kindly provided by D. Wilkinson. |

For random priming the DNA fragments were purified from a 1% agrose
gel and labelled with 50uCi [«—==P]-dCTP (3000 Ci/mmol, Amersham, UK)
using a random priming kit (Amersham, UK). The reaction was carried out
in a final volume of 50ul according to the supplier's instructions. The
reaction was stopped by addition of 40ul TNE (10mM Tris-Cl, 10mM NaCl,
2mM EDTA, pH 8.0). The 1labelled DNA was collected by isopropanol
precipitation for 15 min at RT in the presence of 1lug/ul carrier tRNA.
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After washing with 70% ethanol the pellet was redissolved in 10mM Tris-
Cl, 1mM EDTA, pH 8.0 and heat denatured by boiling for 5 min. The probe
was chilled on ice and added to the hybridization mixture. Probes were
labelled to an approximate specific activity of 1.5 x 10® cpm/ug DNA.
These high specific activity were always used within 24 hours of
preparation.

KNA Isoclation

Firstly, total RNA was extracted from control and mitomycin C treated
9.0 and 13.5 dpc whole embryos by LiCl precipitation (Auffray and
Rougeon, 1980): embryos were homogenized in 4ml of 3M LiCl, 6M urea,
0.5% SDS, 70 mM Z2-mercaptoethanol, 10mM sodium acetate, pH 5.0. The
homogenized embryos were stored at 4°C overnight, then RNA was pelleted
by centrifugation in an HB4 rotor at 8000 revs min~' for 20 mins. RNA
was resuspended in 0,2% SDS, 100mM sodium acetate, pH 5.0 and extracted
twice with phenol:chloroform:isoamyl alcohol (24:24:1) and once with
chloroform: isoamyl alcohol (24:1). The aqueous phase was adjusted to a
final concentration of 0.3 M sodium acetate pH 5.2 prior to overnight
ethanol precipitation at -80°C. The RNA was recovered by centrifugation
at 8000 revs min~' for 20 mins, the pellet washed twice with 70%
ethanol, once with 95% ethanol and air-dried. The RNA was then dissolved
in DEPC-treated water and stored at -80°C until used for mRNA isclationm.

Poly (A)>* RNA was then prepared by two cycles of chromatography on
0ligo(dT)~cellulose. '

Tissue from 7.5, 8.5 and 9.5 dpc control embryos was also collected.
Embryonic and extra-embryonic fractions were collected for the 7.5 dpc
embryo, complete 8.5 dpc embryos, and forelimb bud, branchial arch and
rest-of-body fractions for the 9.5 dpc embryo. A typical mammalian cell
contains 10=® ug of total RFNA and 1-5 % is thought fo be mRNA (Maniatis
et al., 1982). An 8.5 dpc embryo has been found to contain 1 ug of
total RNA or 10% ug mRNA. Thus, from these data,in order to collect 5
ug for a northern, it was necessary to collect 250 9.5 dpc embryos, 1000

8.5 dpc embryos and 4000 7.5 dpc embryos.
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Northern blots and Hybridizations
This technique 1s more sensitive than in situ hybridization as the
tissue 1s fixed immediately after removal and allows some degree of
quantitation of the mRNA levels in different fractioms.
5ug of mRNA was electrophoresed in 1.2% agarose gels and blotted onto
Hybond+ (Amersham, UK). Blots were hybridized at 65°C overnight with a
series of randomly primed probes. Blots were washed at 60°C for 3 x 20
min in 0.1 x SSC, 0.1% SDS, filters were then exposed to preflashed Fuji
RX-100 X-ray film with intensifying screens for 3-14 days at -70°C.
Bound probes were removed prior to rehybridization by immersing the
membrane in boiling 0.1% w/v SDS.
Several test Northerns were carried out in order to perfect the
technique, and re-probing of a single blot was tested under suitable
conditions. It was possible to re-probe a single blot up to six times

without a large increase in background.

Densitometry

Relative amounts of DNA and RRA were quantitated by densitometry with
a Sigma FTR-20 TLC densitometer and normalized with respect to the
control probe. The densitometer was pre-set at appropiate parameters for
the baseline sensitivity, speed and attenuation level and each track was

similarly scanned.

in situ Hybridization

Due to the technical complexity of the technique and the absence of
well-tested protocols, for its application to mammalian embryos, it was
felt that preliminary work with a well characterized tissue specific
gene was essential. The mouse a-fetoprotein gene was therefore chosen
to establish the technique (results shown in figure 2.5). Once the
technique was working correctly, the c-myc proto-oncogene was used.

To prepare single-stranded RNA probes, the same c—myc probe used for
random priming was subcloned into pSP64 and pSP65 (Promega). A 1.4 kb
Hind 111/EcoRl fragment from pSVG2.c-myc (from Neuberger and Calabi,
1983> was subcloned into pSP64 and pSP65. Visceral yolk sac RNA

Northern blots were used to test the constructs. These demonstrated that
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single-stranded probes generated from pSP.c-myc64 (114) hybridized to a
2.4 kb message (=c-myc), whilst probes from pSP.c-myc65 (113) detected
no bands (data not shown). This confirmed that pSP.c—m§b64 generated the
antisense (=probe) transcript, whilst pSP.c-myc65 generated the sense
(=control) tramscript.

[®=Sl-labelled single-stranded RNA probes (specific activity 8.5 x 10°
dpm/ug) were synthesized by a modification of the method of Melton et
al, (1984). Briefly, the transcription reaction was performed at 40°C
for 60 min in a final volume of 20ul containing 40mM Tris-Cl, pH 7.5,
6mM MgCl>, 2mM spermidine, 10mM NaCl, 10mM DTT, 2.5mM each of ATP, CIP,
GTP, 30U RFase inhibitor (Amersham, UK), lug template DNA, 100uCi [o-
2588]-UTP (>1000Ci/mmol, Amersham) and 16U SP6 RNA polymerase (Amersham).
Follawing ia vitro transcription, 7.5U DNase I (FPLC pure, Pharmacia)
together with 30U RNase inhibitor and 20ug E.coli tRNA (Boehringer,
Mannheim, FRG) were added to remove the template DNA. After incubation
for 15 min at 37°C, the RNA was extracted once with phenol:chloroform
(1:1> and once with chloroform. Unincorporated nucleotides were removed
by ethanol precipitation of the labelled RNA (2M ammonium acetate, 2vol
ethanol) for 10 min on dry ice. The RNA was then redissolved in 20mM
DTT. The antisense (-) strand (i.e., complementary to c—myc mRNA) was
synthesized using SP6 RNA polymerase after linearizing the template DNA
with HindIII. The sense (+) strand was synthesized using SP6 RNA
polymerase after 1linearizing with EcoRI, and was used for control
hybridization.

It has been suggested that for effective Im situ hybridization, probes
should be hydrolysed down to 50-150 nucleotides in length (Cox et al.,
1984>. A time course for hydrolysis was determined for the c-myc which
confirmed that the time dependence described by Cox et al. (1984) also
held true for these probes. Probes were stored in 50% formamide and 20mM
DTT at -20°C.

Embryos were dissected from pregnant females, testes and ovaries were
dissected from adult and young animals, fixed in 4% paraformaldehyde,
embedded in paraffin and cut into 5Sum sections. The paraffin was
extracted with xylene and the tissue was re-hydrated using an increasing
alcohol series. Pretreatment of sections'was performed as described by
Hogan et al. (1986) except that the incubation step in 2 x SSC at 70°C
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was omitted. After incubation in 0.2X HCl (20 min, RT) to remove basic
proteins, sections were treated with proteinase K at lug/ml for 10 min
at 37°C. The proteinase reaction was subsequently blécked with 0.2%
glycine in PBS (30 sec, RT). The slides were then rinsed in PBS, fixed
in 4% paraformaldehyde, acetylated, dehydrated and air-dried.
Hybridization conditions were as described by Ingham et al. (1985).
Probes were used at a final concentration of approximately 0.3ng/ul.
Post hybridization washes including RNase A digestion were performed as
described (Hogan et al., 1986). For autoradiography the slides were
dipped in emulsion (G5, Ilford), diluted 1:1 with 1% glycerol in water.
After air-drying, slides were exposed at 4°C for 3-10 days, developed in
Kodak D19 developer (2 min at 20°C), stopped in 1% acetic acid (1 min at
20°C)>, fixed in 30% sodium thiosulphate (5 min at 20°C) and rimnsed in
distilled water. Sections were stained in toluidine blue (0.02% for 30
sec), dehydrated and mounted. Photographs were taken under bright field
and dark field illumination.

Hydrolysed single stranded probes from each construct were then used
to probe sections from 7.0, 7.5, 8.5 and 9.5 dpc normal mouse embryos
and to 9.0 dpc MMC treated embryos (9.0 dpc embryos were analysed as
this was the stage where the greatest catch-up growth has been seen).
Important general results are that the background in these experiments
was low with respect to the signal, under conditions--deseribed above,
and that hybridization is specific to the antisense probe. As well as
the positive controls mentioned above (xAFP), negative controls were
also included. Hybridization was carried out with the sense (mRNA)
probe, RNase A treatment prior to hybridization and hybridization was
performed without the antisense RNA praobe. All three of these controls
showed no hybridization.

The determination of mRNA levels by in situ hybridization in tissues
is a prominent topic of concern for workers in this field. Two degrees
of quantitation are theoretically possible. Firstly, the ability to
provide a minimum estimate of mRNA amounts for comparing conditions is
the easier of the two. Secondly, the ability to measure absolute
amounts of mRNA by ia situv hybridization 1s a much less certain
proposition. In both cases, it is necessary to convert grain demnsities

to tissue radiocactivity and finally to mRNA levels. In order to do
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this, emulsions of wuniform +thickness are required to eliminate
variability in grain density due to variatiomns in emulsion thickness.
The main difficulty "with wmeasuring absolute quafx‘tities is the
uncertainty about the extent of loss of mRFA during tissue processing
and about the efficiency of hybridization. 1In order to standardize the
results, a system of using standard thickness emulslon-coated coverslips
was used (Kodak, UK). Control and experimental sections were always
placed on the same slide, and tissue processing was always uniform.
Thus, these hybridizations provide an estimate of mRNA quantities and

not merely indicate if a cell does or does nat transcribe a given gene.

Dot blot analysis

Genomic DNA was isolated from extra-embryonic material according to
Hogan et al. (1986). The DNA was subsequently cut with EcoRI, and 10 ug
was spotted onto nylon membrane (Hybond KN*, Amersham>. The membranes
were hybridized with random primed Y353/B genomic probe <(Feinberg and
Vogelstein, 1983) according to the manufacturer's instructions. Y353/B
is a Y-specific 1.5 kb probe (Bishop and Hatat, 1987). The mnembranes
were then washed at high stringency (0.1 x SSC, 0.1% SDS at 65 =C for 2
x 20 min) and exposed to X-ray film.
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RESULTS

The use and deployment of the products of thé'protdLoncogenes c-myc,
c-fos, c-sis, c-kit and the growth factor BTGF were investigated using
in situ hybridization and Northern blotting.

Northern Blaotting

Blot hybridizations using mREA from control and mitomycin C treated
9.0 and 13.5 dpc embryos with varlous proto-oncogenes and a growth
factor probe are shown in Figure 2.3. The 9.0 dpc embryo was chosen as
this is the stage where the greatest catch-up growth profile has been
reported. The 13.5 dpc stage was used as a control, as this is the stage
where the MMC-treated and control mice are at their most similar.
Results with c-myc, c-fos, c-sis, c-kit and BTGF were compared with a
control probe - a-actin,

c-myc transcripts are detectable in control embryos at both 9.0 and
13.5 dpc 1in roughly equal quantities, in accordance with published
results (Slamon and Cline, 1984). Expression was also seen in the MMC-
manipulated 9.0 and 13.5 dpc fractions. Comparison of the relative
levels of expression by densitometric scanning of the autoradiograms
revealed a 2 to 4-fold increase of c¢-myc sequences in the MMC-treated
9.0 dpc embryo, as compared to the control. However, no such difference
in c-myc signal was observed in either the control or MNC-treated 13.5
dpc samples. Thus,‘the elevation in c-myc levels at 9.0 dpc, after MMC
injection at pre-gastrulation stages, i1s not maintained in the 13.5 day
0ld embryo.

The expression of c-myc during the gastrulation stages was further
investigated and a blot was prepared containiﬁg controel 7.5 dpc
embryonic and extra-embryonic fractions; 8.5 dpc whole embryos; and 9.5
dpc fractiomns containing head, branchial arches and the embryornic tail.
Figure 2.4 illustrates the expression pattern. c-myc expression was only
present in the extra-embryonic part of the 7.5 dpc embryo, as shown by
Downs et al. (1989). There was some c-myc expression in the 8.5 dpc

conceptus, but the strongest expression was seen in the 9.5 dpc embryo.
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The branchial arch-containing sample contained the highest level of c-
myc expression.

Expression of c-fos was also present in the control 910 dpc embryo but
not in the control 13.5 dpc stage, as reported earlier (Miller et al.,
1982>, Densitometric scanning showed no difference in the levels of
expression between the control and MMC-treated embryos.

Expression of c-sis and c-kit showed similar patterns of expressiom.
There were equal levels of c-sis and c-kit transcription in both the
MNC-treated and control 9.0 and 13.5 dpc embryos.

BTGF expression was found to be similar in both the control and MMC-
treated 9.0 and 13.5 dpc samples, although there was a 2-fold decrease
af BTGF signal in bath the 13.5 dpc samples. This is consistent with the
findings of Heine et al. (1987), who demonstrated the continuously high
expression of STGF in mouse embryos from 8 to 18 dpc, in contrast to the
expression of oTGF which is expressed during early embryogeneslis (Lee et
al., 1985).

Aln situ hybridization

Several important observations relating to the pattern of c-myc
expression can be made from these In situs. The data show that c-myc
expression is uniformly high throughout the early gastrulating embryo
and that 1t decreases and becomes restricted as gastrulation proceeds.
For instance, in the 7.0 dpc embryos, there is a higher ubiquitous
expression than in the 7.5 dpc embryos (data not shown). At 7.5 dpc c-
myc expression was observed throughout the entire conceptus, although
the extraembryonic tissue showed the highest levels of c-myc expression
- particularly the allantois and the extraplacental cone (see figure
2.6), as reported by Downs et al, (1989)., Similarly, no increased c-myc
expression was found in the highly proliferative zone (Snow, 1977). The
1n situ method can only show that the message is present and not how it
is being used. The size and turnover of the transcripts cannot be
analysed using this technique. ‘

By 8,5 dpc the c-myc expression had become uniform in both the
extraembryonic and embryonic parts. This 1s probably due to the

maturation of the maternal implantation site. There was a particularly
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strong signal in the primitive streak and in the secondary giant cells,
and the nuclear location of the c-myc mRNA is evident in these in situs
(Figure 2.7), ‘ g

At 9.5 dpc the most intensely labelled organ was the primitive liver
cells associated with the foregut. At 9.0 dpc the liver first forms, and
proliferates rapidly from the beginning of 9.5 dpc. The c-myc expression
was not uniform but restricted to certain areas of the liver, possibly
the pre-cursors of the hepatocytes. This discontinuous distribution of
c-myc signal 1s probably due to differences in proliferation between
individual cell clusters (as observed by Schmid et al., 1989). The hind
gut also expressed c-myc to a greater level +than the ubiquitous
background expression. c-myc expression was also seen at a higher level
in the newly formed somites as aopposed to the pre-somitic non-epithelial
areas (see fig. 2.10). The branchial arches also showed a high c-myc
signal with the strongest expression in the first branchial arch (see
fig. 2.8a and c¢), similarly, a strong signal was presnt in the oral
floor plate <fig. 2.8b).

At 9.5 dpc expression is seen primarly in the first branchial arch,
the mouth, the somites, liver and the tail tip - and in the forelimb
bud. It appears that the areas of rapid proliferation and greatest
morphogenesis (according to Theiler, 1972), all have an abundance of c-
myc present.

The c-myc In situ hybridization expression pattern was found to be
similar in both the normal and MMC treated embryocs, although the c-myc
signal was raised in the MMC embryo (Table 2.2 and Fig. 2.9a). The
higher signal in the manipulated embryos reflects the blot results,
where the MMC treatment appears to raise the level of c-myc expression
in the embryo - which parallels the increased proliferation observed
with MMC treatment. The 9.0 dpc MMC-treated embryo appears slightly
smaller than the control 9.0 dpc embryo, and the c-myc expression in the
MMC embryos 1is significantly greater than the controls. The grain
density counts indicate that +the cell proliferation in the first
branchial arch is raised in the mitomycin C-treated embryo, as opposed
to the normal embryos - whereas the grain density is roughly equal in
both the MMC-treated and the control embryos in *he second branchial
arch. At 9.0 dpc the first branchial arch is undergoing maximal cell

45



proliferation, in contrast to the smaller second branchial arch. This
illustrates ‘that the interference caused by MMC treatment bhas not
drastically altered the embryos, but merely altered the level of c-myc
expression. The cell proliferation rate has been raised in tandem with
the c-myc levels, but the timing and pattern of c-myc expression has not
altered.

The proto~oncogene expression in male and female mice was compared, as
a report has shown that there is a sex difference in mouse embryonic
development at neurulation (Seller and Perkins-Cole, 1987). The least
developed embryos were more likely to be female than male, whilst the
most advanced embryos were predominantly male - the mean somite number
was greater in males than females, in 9 dpc embryos. A Y-specific probe
(pY353/B) was used to distinguish between male and female mice (Bishop
and Hatat, 1987), as seen in the dot blot in figure 2.11. The grain
density of c-myc hybridization in selected tissues of four female and
four male 9.5 dpc mice was calculated and no significant differences in
total amounts and positions of c-myc expression could be observed (see
Table 2.3).
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BAND 9.0 9.0 MMC 13.5 13.5 MMC
(unit area) (unit aread

c-myc 7.7 24.1 8.9 8.6

2.7 kb

c-fos 23.7 22.8

(2.2 kb)

c-sis 44.8 46,0 42.4 42.8

(3.9 kb

c-kit 46.3 46.7 47.2 46. 4

(5.8 kb

B-TGF 41.8 43.1 24.2 24.8

(2.5 kb)

a—actin 52.6 53.1 52.5 52.9
Iable 2.1 Densitometer readings from the Northern analysis of protgo-
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NITOMYCIN C-TREATED  CONTROL
EXPERIMENT ONE
First Branchial arch: Section 1 3628 1430
Section 2 4576 1794
Section 3 6011 2462
Second Branchial arch: Section 1 675 492
Section 2 590 574
Section 3 677 591
Few Somite: Section 1 2113 (10th) 1349 (15th)
Section 2 3218 (10th) 1764 (15th)
Section 3 4396 (10th) 2701 (15th)
EXPERIN¥ENT TWO
First Branchial arch: Section 1 4572 1348
Section 2 5678 1901
Section 3 7401 2420
Second Branchial arch: Section 1 1467 1089
Section 2 1009 1121
Section 3 2143 2017
New Somite: Section 1 3794 (10th) 1758 (15th)
Section 2 4130 (10th) 1981 (15th)
Section 3 4724 (10th) 2348 (15th)
EXPERIMENT THREE
First Branchial arch: Section 1 1640 665
Section 2 1721 788
Section 3 2092 863
Second Branchial arch: Section 1 641 720
Section 2 605 711
Section 3 829 817
Yew Somite: Section 1 1038 (10th) 575 (15th)
Section 2 1402 (10th) 594 (15th)
Section 3 1815 (10th) 948 (15th)
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MALE FENALE
EXPERIMENT ONE
First Branchial arch: Section 1 4501 5668
Section 2 4817 5789
Second Branchial arch: Section 1 1230 1394
Section 2 1439 1476
Yew Somite: (25th) Section 1 2876 3049
Section 2 3149 3176
EAPERIMENT TWO
First Branchial arch: Section 1 3678 3108
Section 2 3049 2947
Second Branchial arch: Section 1 948 936
Section 2 876 913
Few Somite: (25th) Section 1 1432 1217
Section 2 1137 1287
EXPERIMENT THREE
First Branchial arch: Section 1 2748 2564
Section 2 2495 2401
Second Branchial arch: Section 1 564 641
Section 2 702 719
New Somite: (25th) Section 1 1492 1204
Section 2 1762 1645
EXPERIMERNT FQUR
First Branchial aréh: Section 1 3956 3649
Section 2 4127 3918
Second Branchial arch: Section 1 1649 1491
Section 2 1903 1688
New Somite: (25th) Section 1 3116 2940
Section 2 2794 3018
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DISCUSSION

WVhen growth factors are added to serum-starved cells In vitro, one of
the cellular responses is the rapid activation of c-sis, c-fos and c-
myc; expression from these genes precedes the onset of DNA synthesis and
rapid cell proliferation and differentiation. Cell proliferation and
DA synthesis appear to be very closely assoclated with increased c-myc
expression, which may be caused by the PDGF-like activity of the c-sis
oncogene. In vitro studies indicate that c—myc expression is assoclated
with proliferation and is usually down-regulated during differentiation
(reviewed by Cole, 1986) as is the case in c-sis oncogene expression,
but in some cases these genes are inducible even in differentiating or
postmitotic cells In vitro, For example, c-myc is inducible by serum or
insulin in skeletal myotubes (Endo and Nadal-Grinard, 1986). However,
there appears to be no such correlation between cell proliferation and
c-myc expression iIa vivo, as shown among various tissues during
embryogenesis (Pfeifer-Ohlsson et al., 1985; Zimmerman et al., 1586;
Downs et al., 1989; Schmid et al., 1989), or during hepatic regeneration
(Makino et al., 1984). The signals controlling c-myc expression In vivo
are not known - as is the case for c-sis and c-fos oncogenes. Thus it
is not known how these proto-oncogenes regulate cell proliferation and
differentiation inz vivo as they appear to In vitro; and how their
induced expression iIn vivo correlates with growth control during
gastrulation.

A recent report (Harris et al., 1992) in which the contrasting
patternas of c-myc and N-myc expression in proliferating, quiescent and
differentiating cells of the embryonic chicken lens was shown - it was
suggested that the function of each of the myc gemes 1s dependent upon
each other. The level of c-myc mRNA was found to be proportional tao the
percentage of proliferating cells only when there was a low level of N-
myc expression. Vhen c-myc and F-myc are co-expressed there seems to be
an uncoupling of praliferation in relation to c-myc expression. This may
be due to the fact that N-myc and c-myc proteins compete for
dimerization partners. It could also mean that c-myc functions as a
proliferation factor on its own (for example, in the limb bud or the 9.5

dpc branchial arch) or as a factor with diverse cellular properties
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(including proliferation, differentiation and invasiveness) when N-myc -
and other growth/oncogeneic factors are present (for example, in the
secondary giant cells which are invasive but not prolifé}ating).

The response of a characterized system, the gastrulating embryo, was
therefore analysed with respect to the administration of a defined
developmental manipulator - Mitomycin C. MMC-treatment results in a pre-
organogenesis stage embryo that contains only 10% as many cells as
normal, but completes the gastrulation stages as normal due to
accelerated growth. Growth control is obviously present in these stages,
thus the proto-oncogenes with known growth regulatory functions were’
examined as likely candidates controlling the dramatic growth observed.

To examine the 1In vivo expression of growth factors and proto-
oncogenes, the levels of expression were compared in normal and MMC-
manipulated embryos. Only the c-myc proto-oncogene showed a transient
elevation in the MMC-treated embryos. This 1s consistent with the
increased proliferation induced by MMC treatment. Vhen quiescent
fibroblasts are induced to proliferate in vitro with the addition of
serum, an elevation in c-myc expression is observed (Thompson et al.,
1986>. Remple and Johnston (1988) have reported that a similar steroid-
induced cell proliferation In vivo is associated with increased c-myc
transcript abundance. c-myc transcript abundance is also enhanced by
estrogen treatment in immature rat uterus (Travers and Knowler, 1987;
Murphy et al., 1987).

The observations presented here provide clear evidence of an elevation
in proto-oncogene tramnscript abundance during stimulated cell
proliferation iInm vivo., The In situ data confirm the elevation of c-myc
expression and also suggests that the pattern of expression is not
altered. If the pattern were to be altered the embryos would probably
not complete development. -

It is not known whether the elevation in c-myc expression is primarily
due to increased transcription induced by the catch-up growth of MMC
manipulation or by the stabilization of +the +transcripts against
degradation, as reported for ovalbumin and vitellogen (Palmiter & Carey,
1974; Brock & Shapiro, 1983). This could explain the fact that Downs et
al. (1989) and I could not detect high levels of c—myc expression in the
'proliferatve zone' that contains cells with high mitotic indices (Snow,
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1977>: this could be due to mitosis being the result of the
stabilization of c-myc rather than increased transcription.

The 1n situ method can only show that the message ié.present and not
how it is being used. The size and turnover of the tramnscripts cannot
be analysed using this method. A possible method would be to use o-
amanitin (mRNA transcription inhibitor) in conjunction with the in situ
technique and a time-course in order to determine the turnover of the c-
myc mRNA in rapidly and non-rapidly proliferating tissues. The minimum
amount of «-amaninitn required to stop transcription of proteins from
the mRNA would have to be determined - as a-amanitin 1is thought to
affect development. The size of the c-myc transcript iIn situ, could be
analysed by using different parts of the c-myc probe to praobe different
parts of the transcripts in situ.

There appears to be a general correlation between the number of c-myc
transcripts and the overall rate of cellular proliferation. One apparent
exception to +this correlation 1s +the adult testes, which have
substantial numbers of actively proliferating cells and low amounts of
c-myc message (Stewart et al., 1984>. This may be due +to the
stabilization of transcripts, to a decrease in cell turnover (as seen in
the germ line) or to the fact that the germ cells are unique - which is
probably the most likely explanation. Germ cells are located in an
extraembryonic position during gastrulation and thus their proliferation

may be controlled by different proto—-oncogenes, possibly c-kit.



CHAPTER THREE

EXPRESSION OF THE RECEPTOR TYROSINE KINASE
GENE (c-kit) IN MOUSE DEVELOPMENT

PART A: GENE EXPRESSION, PROLIFERATION AND NIGRATION
OF THE PRIMORDIAL GERM CELL POPULATION
IN THE MOUSE EMBRYO

PART B: c-kit GENE EXPRESSION IN SOMATIC TISSUES OF
THE MOUSE EMBRYO AND ADULT

67



INTRODUCTION

In the search for the genes controlling mammalian egbryogenesis, the
most intensively studied genes are those isnlated on the basis of their
homology to conserved sequence motifs within genes that regulate
Drosophila development - the homeobox-containing genes, the paired box
family and the zinc-finger-contalning genes. These genes are probably
mostly involved in tramscript regulation <(via their conserved DNA-
binding motifs). However, genes acting at other stages in the pathway
controlling gene expression may also be important in the regulatory
control of embryonic development.

A number of proto-oncogenes, growth factors and their receptors have
been suggested to play a role in development. A large body of evidence
supports the general hypothesis that proto-oncogenes play central roles
in normal cellular proliferation and differentiation. Some proto-
oncogenes encoding growth factors or their receptors; are implicated in
cell cycle control, can prevent or promote differentiation, and are
expressed in a temporally regulated or spatially restricted manner
during development (Bishop, 1983; Varmus, 1987). Evidence for this
comes from Drosophila where some genes involved in development have been
shown to be homologues of mammalian proto-oncogenes, for example, the
Drosophila segmentation gene wingless 1s homologous to the proto-
oncogene jint-1 (Rijsewijk et al., 1987). The int-1 proto-oncogene is an
extreme example of a developmentally regulated gene. It is expressed in
the developing nervous system of the mouse in a highly localized manner,
but in no adult tissue except testes (Vilkinson et al., 1987).

Evidence that growth factors are involved in development comes from
Xenopus, where transforming growth factor-beta (TGF-f) and fibroblast
growth factor (FGF)-like molecules are ianvolved in mesoderm induction in
the early embryo (Smith, 1989). In the mouse, int-2, a member of the
FGF famlly, 1s expressed in mesoderm cells migrating through the
primitive streak and in other sites involved in cell migration or
inductive interactions (Wilkinson et al., 1988), suggesting that such
molecules are important in the mouse embryo. The most direct evidence
for the importance of a proto-oncogene in mouse development is provided

by the recent demonstration that alleles of ¥, a cell-autonomous

68



mutation affecting the development of stem cells in the haematopoietic,

neural crest and germ cell lineages, contain mutations in the c-kit
proto-oncogene (Chabot et al., 1988; Geissler et al., 1938).

In all vertebrate embryos, certain cells are determined early in
development as progenitors of the gametes. These primordial germ cells
(PGCs) migrate to the developing gonads (ovaries in females; testes in
males), where, after a period of mitotic proliferation, they undergo
meiosis and differentiate into mature gametes (Nieuwkoop and Sutasurya,
1979 for review). The fusion of egg and sperm during fertilisation
begins the cycle again.

It is unclear what causes certain cells to become germ cells in
mammalian embryos. In Drosocphila, the determinant of germ-cell
character can be shown to be located in a specialized region of
cytoplasm at one pole of the egg (Illmensee and Mahowald, 1974). If
this polar plasm is injected into the anterior pole of the egg, cells
that would have normally developed into somatic cells, develop into

primordial germ cells instead.

Qrigin of Primordial Germ Cells

There 1s broad agreement as to the position of the PGCs within the
mouse embryo from about 8 days of development onwards. Early
investigators suggested that PGCs originate within the yaolk sac endoderm
(Chiquoine, 1954; Mintz and Russell, 1957)>, but it is now accepted that
PGCs arise from the epiblast. At what point the gérm cell lineage is
determined remains unknown. However, although the germ cell precursors
are located in the presumptive mesoderm, they may possibly be a unique

cell type.



Identification of Primordial Germ Cells

PGCs can first be recognised in the extraembryomnic mesoderm of 7-7.25
days post coitum (dpc) mouse embryos <(Ginsburg et al., 1990). The
putative PGCs in most mammalian species can be identified by their
strong alkaline phosphatase (ALP) activity localized on the plasm
membrane (Chiquoine, 1954; Mintz, 1959; Clark and Eddy, 1975) and in the
Golgli apparatus (Jeon and Kennedy, 1973)>. It has been shown that ALP-
positive cells are greatly reduced in two sterile mouse mutants known to
lack germ cells in the gonads, ¥hite-spotting (Mintz and Russell, 1957
and Steel (McCoshen and McCallion, 1975). Further evidence that these
were 1indeed PGCs came from 1light and electron microscope studies
(Spiegelman and Bennett, 1973; Clark and Eddy, 1975). ALP activity is
not specific to germ cells, but can be found in many other tissues in
post-implantation embryos (Moog, 1965). Rabbit PGCs seem to lack it
altogether (Chretien, 1966).

Alkaline phosphatase
Alkaline phosphatases (ALP, orthophosphomonester phosphohydrolase, EC

3.1.3.1) constitute a small family of cell surface enzymes that may play
a role in morphogenetic or differentiative processes. In general, the
physiological functions of the ALPs are unknown. Their importance has
been inferred by their ubiquitous species expression, their stage and
tissue specificities in vertebrate development and their association
with active centres of differentiation or morphogenesis.

By histochemical staining ALP activity appears at the late 2- or 4-
cell stage of mouse embryos and appears to be restricted to the ICN of
late blastocysts and primary ectoderm of pregastrulation embryos
(Mulnard and Huygens, 1978; Izquierdo et al., 1980). There are foci of
high ALP activity in post-gastrulation embryos, including PGCs
(Chiquoine, 1954; Mintz and Russell, 1957). Ginsburg et al. (1990)
demonstrated the presence of ALP-positive PGCs which each contained a
'small cytoplasmic spot' of concentrated ALP. It was suggested that
development of a spot was a step towards terminal differentiation, as
predominantly more and more cells developed this spot. At 7-7.25 dpc
only 8 cells contained the spot, but by 8-8.5 dpc (the time when PGCs
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start to migrate) there are many more ALP-positive spots. The spot is
thought to be localized within the Golgi complex <(Ginsburg et al.,
1990>, and the electron microscopy work of Jeon andf Kennedy (1973)
provides corrocboration. The Golgl apparatus is a cellular organelle
with multiple cisternae and is a modified area of smooth endoplasmic
reticulum (that is, it lacks ribosomes). The Golgi functions in linking
carbohydrates to proteins and in secretion, by packaging proteins into

membrane-bound vesicles.

The Role of Alkaline Phosphatase

The function of alkaline phosphatase (ALP) is unknown. It is an enzyme
that is commonly extracted from E. c¢oli and used in nucleic acid
sequencing and gene manipulation to remove selective terminal 5'-
phosphoryl groups. ALP has.a molecular weight of 80,000 and the enzyme
is composed of two protomers of 40,000 each. ALPs are distinguished from
the acid phosphatases primarily by the pH dependence of their catalytic
activity which is higher in alkaline range than at neutral or acid pH.
Alkaline phosphatase occurs in practically all animal and human tissues,
but it is absent from higher plants. The enzyme is abundant in mammals
in those tissues concerned with tramsport of nutrients and in developing
tissue; it is often present in secretory organs. The enzyme is almost
absent from muscle, mature connective tissue, non-ossifying cartilage
and red blood cells. The inital enzyme differs from the other alkaline
phosphatases by substrate specificity, the electrophoretic mobility and
the inactivation by L-phenylalanine.

Most of what is known about the ALP isozymes comes from studies with
human adult tissues (reviewed by Fishman, 1974; Sussman, 1984; Millan,
1688; Harris, 1989). In man, the cDNAs and genomic sequences for four
isozymes have been determined, and they code for the enzymes referred to
as tissue non-specific or liver/bone/kidney ALP (TN-ALP) and the tissue-
specific ALPs intestinal ALP (I-ALP), term placental ALP (P1-ALP) and
testicular germ-cell ALP(GC-ALP). There is immunological cross-
reactivity between human I-ALP, PL-ALP and GC-ALP, but no cross-
reactivity between any of these and the TN-ALP form. The ALP proteins
are coded for by mRNAs that are approximately 2.4kb long. I-ALP , Pl-
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ALP and GC-Alp are highly homologous (a minimum of 90% sequence identity
at the amino acid level), whereas, THN-ALP is only 57% identical to I-ALP
at the amino acid level. In mice, two isozymes have been distinguished
by biochemical techniques, one characteristic of the intestine and the
other (TN-ALP) of liver, bone, kidney and placenta (Goldstein et al.,
1980>. A separate placental form of the enzyme, egquivaleat to human Pl-
ALP, does not appear to exist in mice (Goldstein et al., 1980; Terao and
Mintz, 1987>. There is alsoc a preimplantation form of ALP, Ziomek and
Lepire (1984) reported the onset of ALP activity after the 2-cell stage.
The enzyme is active 1in embryos at all developmental stages, but
different stages show characteristic changes in the multiple forms of
the enzyme Kim et al., 1989). Of the three ALP genes known to be
expressed in mice, two are expressed by preinmplantation mouse embryos
(Hahnel et al., 1990). The ALP gene transcribed and translated by mouse
postimplantation embryos is' the TN—-ALP. The TN-ALP is the major gene
transcribed by 7.5, 8.5 and 9.5 day embryos and is also expressed by
PGCs, mpuse embryonal carcinoma (EC) cells and the placenta. There is a
sudden change in ALP form in day 7 embryos, when the forms previocusly
present are replaced by a single form that persists to day 13 of
gestation (Kim et al., 1989, This change at day 7 1s presumably

indicative of a maturation process.
Migration of Primordial Germ Cells

The earliest appearance of distinctive ALP-positive PGCs is at 7-7.25
dpc in the mouse embryo (Ginsburg et al., 1990). The cells are found in
a compact cluster at the base of the allantols. A few hours later they
are found in the base of the allantois and in the endoderm of the yolk
sac adjacent to the allantois. They have also moved laterally away from
the mid-sagittal plane. By 9.5 dpc the hind gut has been formed by
invagination of the endoderm overlying the primitive streak, and the
embryo has turned so that its curvature is reversed. The PGCs are now
located in the hind gut, which Jjoins directly onto the base of the
allantois. The PGCs move along the ventral face of the gut. By 10 dpc

the genital ridges have started to form as paired longitudinal
thickenings of the epithelium lining the dorsal part of the coelom,
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posterior to the mesonephros. The PGCs then move dorsally and laterally
through the dorsal mesentery of the hind gut and around the angle where
the mesentery joins the posterior wall into the genital“ ridges. By day
11, most of the PGCs are located in the genital ridges.

The movement of PGCs into the hindgut between 7.5 and 8.5 dpc, may
result from the passive carriage of cells along with the invaginating
hindgut endoderm, as the cells show no ultrastructural features of a
migratory phenatype <(Clark and Eddy, 1975). In contrast, the second
phase, in which they move through the dorsal mesentery and into the
genital ridge between 9.5 and 11.5 dpc, is believed to result from
active migration as the PGCs now show ultrastructural features of
migration <(Clark and Eddy, 1975; Stott and Vylie, 1986; Blandau et al.,
1963). PGCs can be dissociated from the embryo before, during and after
the phase of active migration and can be identified by their cell-
surface ALP activity (Donovan et al., 1986).

The routes taken by different migratory cells have usually been found
to possess specializations that assist in directional movements. For
example, amphibian mesoderm cells migrate over an extracellular matrix
(ECM> on the blastocoel roof (Nakatsuji and Johnson, 1984), and avian
neural crest cells move through transient ECM-filled spaces after
leaving the neural tube (Thiery et al., 1982). However, the route taken
by the PGCs of mouse embryos shows no obvious specializations that may
assist movement of the cells.

Chemaotropic agents are well known to play a role in the migration of
several cell populations, of different lineages. In the developing
nervous system, neurotropic agents are released by target tissues and
influence the migration of outgrowing nerve processes (Davies, 1987).
Diffusible agents also control the direction of movement of mammalian
neutrophils and slime mould amoebocytes (Devreotes and Zigmund, 1988).
There 1is same evidence for such +tropic agents in PGC migrationm.
Grafting experiments in birds (Dudois, 1968; Rogulska et al., 1971), and
amphibians. (Giorgi, 1974) give indirect evidence for these. However,
these experiments are difficult to interpret. The action of tropic
factors can only be shown unambiguously in vitro, where the cells can be
shown to respond directly to the target tissue in preference to other
tissues. Godin et al. (1990) have recently shown In vitro that PGCs
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accumulate in the vicinity of 10.5 dpc genital ridges in preference to
other explanted organs, suggesting that tropic factors released from

genital ridges exert long-range effects on mouse PGCs.

Proliferation of Primordial Germ Cells

Little previous work has been done on PGC proliferation, although
studies on various cell types suggest that proliferation is controlled
by a balance between different growth factors (reviewed by Sporn and
Roberts, 1988; Mercola and Stiles, 1988).

During the process of migration, the number of PGCs increases from
about 100 germ cells per embryo (8.5 dpe) to 25,000 germ cells per
embryo (13.5 dpc) in the counts made by Tam and Snow (1981). Mitotic
figures can be seen in PGCs of the hindgut and genital ridges, but no
detailed analysis of mitotic rates has been performed. Ginsburg et al.
(1990) found evidence of mitosis at 8 dpc, but not earlier.

Quantitative studies on the population of PGCs in mammals suggest that
proliferation is due to mitotic activity both in the migratory phase and
after the PGCs have colonised the genital ridges. In the mouse, the
germ cells in the female gonads cease mitosis at about 14.5 dpc and
enter meiosis, whereas proliferation of the male PGCs is temporarily
arrested, but resumes after birth (McLaren et al., 1972; Bellve, 1979).
At present, we do not know what controls the size of the final gamete

population.

Gene Expression of Primordial Germ Cells

In order to discover which genes are important in the developmental
regulation of PGCs and their numbers, it 1is wuseful to analyse
appraopriate mutant genes. In the mouse, there are several genetic loci
which have effects on PGCs. Analysis of the basis of these defects
might help to define extrimsic or intrimnsic factors required by PGCs for
their growth and differentiation, and the role played by PGCs in the
differentiation of the gonad.

In mouse embryos carrying some of the alleles for dominant yhite
spotting (viable, Wv; lethal, V; Jay's, ¥4¥), PGCs are present in normal
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numbers at 8 dpc but fail to multiply from 9 dpc onwards (Mintz and
Russell, 1957; Mintz, 1959, 1960>. The Paich (Ph) mutants behave very
similarly to the V mutants: the Ph homozygotes appear to have normal PGC
numbers at 10 dpc, but postnatal fertility is found to be low (Truslove,
1977). A semidominant mutation, Steel <(S1), also affects PGC
proliferation and migration. The heterozygotes have a reduced gonad
size, which may be related to a reduced PGC population, but the
homozygotes show no PGCs at 14 dpc (Bemnett, 1956)., In contrast to the
situation in S1/81 mice where no PGCs reach the genital ridges, in
S1/81<9 (Steel-dickie, S1<) embryos, the reduction is less severe. There
are fewer PGCs in these mice, but during migration they are found in
normal locations on about the same day as in the normal genotype, and
some may even reach the genital ridge (McCoshen & McCallion, 1975).
Although the S1 mutants mimic the general effects of the W locus, the
two genes are effective through different mechanisms. Embryos carrying
both mutant genes (ie. S1/+ and W/+) do not exhibit the effects seen in
either homozygote (Mintz, 1960).

¥, the dominant white spotting locus comprises a series of semi-
dominant alleles located on chromosome 5 with pleiotropic effects,
including spotting, macrocytic anaemia and sterility (reviewed by
Russell, 1970). The degree of spotting can vary between alleles.
Animals heterozygous for some mutant alleles have only a white belly
patch, whereas animals heterozygous for other alleles have an almost
completely white coat except for a hood of coloured hair around the
face. Viable homozygotes have a white coat with black eyes, the pigment
being confined to the retina,

Viability of the homozygote mutant individual varies over the series
from lethality in late fetal and early neonatal life in some cases to
normal viability in others. The viability of the mice is probably
inversely related to the degree of anaemia present. Some alleles ( eg
V44) show no anaemia in the homozygotes where other alleles (eg. W=5,
V4' and¥v) produce anaemia in both homozygotes and heterozygotes (Reith
et al., 1990).

The fertility of the homozygous mutant individuals also varies over
the serles from complete sterility in some cases to normal fertility in

others., Sterile homozygous mutant individuals have a marked reduction
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in the number of germ cells, and a reduction in the size of the gonad.
The pleiotropic effects of various V mutations on pigmentation,
haematopoiesis and gametogenesis are shown in Table 3.1.-

The anaemia is due to some defect in the haematopoietic stem cells of
the fetal liver and adult bone marrow. The erythrocyte number is
reduced and the mean blood cell volume increased (Russell and Fondal,
1951>. The fetal liver and adult bone marrow show a preponderance of
immature erythroid cells compared to normal littermates (Russell et al.,
1953>, indicating some defect in blood cell maturation. The rate of
erythrocyte production is affected. If labelled haem precursars are
injected into normal mice, labelled erythrocytes appear in the
circulation after about 3 days compared to about 10 days for affected
individuals (Altman and Russell, 1964). The anaemia depends entirely on
the genotype of the haematopioetic stem cells, since it is possible to
completely cure affected mice by injection of isologous normal bone
marrow cells (Bernstein and Russell, 1959). If bone marrow stem cells
from anaemic mice of the W series are injected into lethally irradiated
normal hosts, they fail to produce macroscopically visible colonies in
the spleen (McCulloch et al., 1964). This is consistent with a defect
in either the proliferation or maturation of haematopoietic stem cells.

Harrison and Cherry (1975) have shown that suitably marked bone marrow

transplants into anaemic individuals can colonise both 1lymphoid and

" haemopoietic cell populations, indicating that the defect might reside

in the putative common precursor cell of the lymphoid and haematopocietic
systems.

The homozygous coat colour defect appears to be at least partly the
result of a specific defect in the melanocytes. Hayer and Green (1968)
show that if a proportion of 9 dpc neural crest from embryos homozygous
for the allele Vv are grafted to the testes alongside normal 11 dpc
skin, the mutant melanocytes fail to produce pigment in the grafted
skin. However, normal neural crest cells can produce pigment in Wv/Wv
skin in a similar graft. In addition normal neural crest cells can
produce pigment in skin from 16 dpc Vv/Vvskin. The melanocytes have
normally arrived in the skin by 16 dpc and further melanocyte invasion
is prevented (Mayer, 1970). This 1indicates that either Wv/Wv
melanocytes reach the skin or fail to reach the skin, but die before 16
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GEROTYPE PIGMERTATION HAEMATOPOIESIS FERTILITY VIABILITY

V7/+ mostly white . normal normal viable

W27/W=27 postimplantation lethal
lethal

V/+ white spot normal normal viable

V/v postimplantation lethal
lethal

V/+ white spot mild anaemia normal viable

wrsw all white severe anaemia sterile viable

WEs/+ white spot mild anaemia normal

ves/yss all white severe anaemia sterile

war/+ white spot mild anaemia nﬁrmal viable

var/war mostly white severe anaemia normal viable

V4=z/+ mostly white severe anaemia normal viable

V42 /W4a= severe anaemia lethal

Va4s+ white spot normal normal

Vs /Was mostly white normal reduced

ws7/+ white spot fiormal normal

Ve7/ws7 white patches mild anaemia normal

WisH/+ white spat normal normal viable

WisH/y sH lethal

17



dpc. Deol <(1973)> has argued that the distinctive distribution of
melanocytes in heterozygotes might involve a tissue environment effect
as well as a melanocyte defect. ’

The germ cell defect in>mutant individuals has been less studied than
other aspects, possibly due to lack of available techniques. Mintz and
Russell (1957> counted the number of PGCs in a series of embryos
obtained from the mating of heterozygous V~v/+ mice. They observed that
by 11 dpc a distinct class of embryos, amounting to about 29% of the
total had significantly fewer PGCs than their littermates, as assessed
by use of ALP histochemistry. This class was presumed to represent the
homozygous mutant individuals.

The few PGCs that were observed in these individuals followed the
usual course of migration, but the +total number of observable PGCs
failed to increase during the course of migrationm. It is not clear
whether this is due to failure to divide or to degeneration en route.
The deficiency of PGCs -in homozygous mutant mice almost certainly
accounts for the deficiency of mature germ cells in the adult gonad
(Coulombre and Russell, 1954). The few germ cells which are found in
adult Wv/Vv male mice undergo a limited amount of differentiation, but
seem to degenerate before mature gametes are produced. These mice tend
to develop ovarian tumors, the lack of germ cells resulting in
overproduction of pituitary gonadotropic hormone with excess stimulation
of the gonad (Murphy, 1972).

Vhen the ¥V~ allele 1is transferred to a stock of W/+ mice which has
been selected for prolonged survival of V/V anaemics, more fertile males
than females are found. This is 1likely to be due to the recovery

capacity of the the surviving germ cells in the postnatal testes whereas

" the germ cells in the ovaries have already embarked upon meiosis

(Russell & Lawson, 1959; Mintz, 1960).

81 (Steel) 1is a serles of semi-dominant mutations, located on
chromosome 10, with a varlety of pleiotropic effects closely mimicking
those of the WV locus. However, despite the superficial similarity
between the two mutants, the underlying basis of the defects appears to
be different. Attempts at curing the anaemia by transplantation of
isologous bone marrow cells have proved unsuccessful. Indeed it 1is

possible to cure the V anaemia by transplantation of S1/Sl1 bone marrow
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cells (NcCulloch et al., 1965). S1/81 bone marrow cells also produce
normal spleen colonies in lethally irradiated recipients (McCulloch et
al., 1965). This implies that the anaemia is caused bibsome feature of
the bore marrow haematopoietic stem cell environment (reviewed by Cole,
1975>.

Yayer and Green (1968) in a similar series of experiments to those
outlined for W showed that S1/S51 neural crest could produce pigment in
normal skin, but normal neural crest cells could not produce pigment in
S1/81 skin. This implies some deficiency in the melanocyte environment
in S1/81 mice.

Counts of PGCs in embryos from matings of S1/+ mice show a class of
embryos amounting to 25% of the total which are deficient in PGCs by 11
dpc (Bennett, 1956; McCoshen and McCallion, 1975). Those PGCs observed
in the deficient embryos follow the normal path of migration, but fail
to increase in number.

Yice carrying mutations at either the W or the Sl locus display a
virtually identical array of pleiotropic defects. Transplantation and
chimera studies have shown that the effects of W mutations are intrinsic
to cells within the melanocyte, haematopoietic and germ cell lineages,
whereas S1 mutations affect the microenvironment in which these cells
develop and divide (Silvers, 1979; Russell, 1979). The complementary
nature of the cellular defects in W and S1 mutants has been explained by
the findings that ¥ is the c-kit proto-oncogene (Chabot et al., 1988;
Geissler et al., 1988) while S1 encodes the ligand for the Kit tyrosine
kinase receptor (Huang et al., 1990).

Another pathway in the investigation of PGCs was suggested by the work
of Tam and Snow (1981). Embryos could be chemically assaulted with
Mitomycin C (MMC), which causes extensive damage to primitive-streak-
stage embryos, reducing cell number to about 15% of normal values.
Subsequently, accelerated growth and morphogenesis restore gross
morphology to normal by mid-organogenesis stages. The compensatory
growth affects the proliferation and migration of the PGCs. Many adults
have impaired fertility due to a reduction of PGCs in the adult gonads.
The deficiency was mainly caused by a severe reduction of the primordial
germ cell population in early embryonic 1life, which was not fully
compensated for during the compensatory growth phase of the Nitomycin C-
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treated embryo. Also contributing to such impaired fertility were
retarded migration of the primordial germ cells into the genital ridges,
poor development of the fetal gonad and secondary loss of the germ cells
during gametogenesis in males. This system may provide some clues to how

the proliferation and migration of normal PGCs operates.

Part B: c-kit gene expression in the mouse embryo and adult.

The WV <(c-kit) gene encodes a receptor tyrosine kinase that |is
structurally similar to the receptors for colony stimulating factor-1
(CSF-1) and platelet derived growth factor (PDGF) (Qui et al., 1988;
Yarden et al., 1987). These receptor tyrosine kinases have unique
features: an extracellular domain which 1is made up of five
immunoglobulin-like repeats, and a tyrosine kinase which is split into
two domains by an insert sequence of variable length (Qui et al., 1988;
Yarden et al., 1987). A ligand for the receptor encoded by the V locus
was 1dentified, the S1 factor (Huang et al., 1990; Villiams et al.,
1990; Vitte, 1990),

Melanocytes, erythroid precursors, mast cells and germ cells express
the c~kit receptor (Keshet et al., 1991; Orr-Urtreger et al., 1990,
whereas cells supporting their migration, proliferation or
differentiation express the Sl facfpr (Keshet et al., 1991; Matsui et
al., 1990). Both c-kit receptors and Sl factors are bound to the cell
membrane (Anderson et al., 1990; Chabot et al., 1988), and these
molecules appear to act as adhesion molecules at least between murine
mast cells and fibroblasts (Adachi et al., 1992). There is also a
soluble form of the S1 factor, consisting of the first 164 or 165 amino
aclds of the extracellular domain encoded by the cDNA, which seems to be
important for germ cells (Nocka et al., 1990; Williams et al., 1990;
Zsebo et al., 1990).

Strong expression of mRNA for both the c-kit receptor and the Sl
factor have been observed in both the mouse embryo and in the adult.
Using the 1In situ hybridization technique, the expression of the
receptor tyrosine kinase gene, the proto-oncogene c-kit, was examined in
mouse embryonal development. c-kit 1is expressed in the central and

peripheral nervous systems, in the epithelium and muscular layer along
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- the digestive tract, in the liver - the main site of haematopoiesis, in
the PGCs and in sub-epidermal cells, presumably melanoblasts. The
expression in the last three systems correlates strongl§ with the tight
genetic connection between c-kit and the dominant white-spotting <«W)
locus of the mouse. c-kit expression was also investigated in the adult
germline, The gene is expressed in young and mature ococytes, but not in

spermatogonia or in sperm cells.
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MATERIALS AND METHODS

Nouse stocks

From a stock in which the V= allele was segregating, wild-type control
mice, V mutant mice and heterozygous V/+ mice were collected. For the
mitomycin C study, pregnant females from the randomly bred Q stock were
each given a single injection of 100-120 ug MMC intraperitoneally
between 6.75 and 7.0 dpc.

Processing of embryos

The development of the PGC population was studied in embryos between
8.5 day when the PGCs were observed in the developing hind gut and 13.5
day when the PGCs have colonised the genital ridges. 8.5 and 9.5 day
embryos, together with their extra-embryonic membranes were fixed in
toto. For 10.5 and 11.5 day embryos, only the embryo proper was fixed;
the yolk sac and amnion were used for chromosomal preparation. They
were treated with 1% sodium citrate solution, fized in methanol:glacial
acetic acid (3:1), then dissociated in 60% acetic acid and the cell
suspension was spread or microscope slides. The preparations were
stained with Giemsa (1:20 in Sorensen buffer, pH 7). The sex of the

embryos was determined from amnion preparatioms.

Histological analysils

Due to the size of the 13.5 day embryos, only that part of the embrya
posterior to the fore limb bud was fixed. All the specimens were fixed
in cold 80% ethanol for 24 hr, dehydrated in three changes of absolute
ethanol, cleared in two changes of chloroform at 4°C, They were then
embedded 1n' low melting point wax <(54°C, R.A. Lamb, London). The
specimens were serially sectioned at 8 or 10 um, mounted and stained for

ALP activity according to the azo-dye coupling method illustrated below.

PGC measurement and counts

PGCs were identified by the high ALP activity in their cell membrane
and cytoplasm (Ozdzenski, 1967; Jeon and Kennedy, 1973)>. All positively
stained cells were counted in every section of 8.5 to 13.5 day embryos.

The number of ALP-positve spots were also counted. Cell diameters were
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measured with an eye plece graticule. About 50 cells at each age were
measured and both methods gave cell diameters in the range of 10-13 um.
PGC numbers were computed from the gross counts of positive cells,
corrected by a factor taking into account the section thickness and cell
diameter (Abercrombie, 1946). For 13.5 day embryos, PGC numbers were
estimated from the size of the gonads (gonadal volume). PGCs outside the
genital ridges were counted as in younger embryos. Complete series of
properly stained sections were analysed in 9 normal embryos, 11 MMC-

treated embryos and 8 known W/V embryos derived from 3 litters.

Alkaline phosphatase method for germ cell identification

For sectioning, embryos were left in their deciduae, but for whole-
mount preparations they are dissected from decidua and both Reichert's
membrane, ectoplacental cone and any tissue covering the genital ridge
is removed. Intact deciduae and embryos were fixed in absolute ethanol :
glacial acetic acid (7:1> at 4°C for 1 hour. Then dehydrated in two
changes of absolute ethanol at 4°C for 24 hr each, and cleared in two
changes of chloroform at 4°C, 1 hr each. Embeded in paraffin wax at
54°C. Three changes of wax, bhalf-hour each. Serial sections were cut,
thickness T7um, and attached to slides coated with albumin-glycerol.
Dewaxing and hydration were carried out; Xylene 2 x 10 mins, Absolute
ETOH 1 x 10 mins, 95% ETOH 1 x 10 mins, 70% ETOH 1 x 10 mins, Dist. H=0
1 x 10 mins. Tissue was stained to demonstrate ALP activity using the
following staining solution freshly made up:

Sodium a~-naphthyl phosphate (Sigma) 5. 0mg
5% borax solution 5.0ml
Distilled water 44,6ml
10% MgCl= solution 0.3ml
Diazonium salt (Fast Red TR salt) 25.0mg

The pH of the staining solution was 9.2. Staining time was 15-30
mins; the slides were checked at intervals for the development of the
reaction. Mechanical stirring during staining was used. Samples were
washed with water, and mounted in water-soluble medium <(u.v.-inert
aqueous mounting medium - Sigma)d. Vhole mounts were cleared in xylene to
make the tissue more transparent, hydrated and stained for ALP using the

same protocol as for the sectiomns.
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Detection of praliferation by bromodeoxyuridine-incorporation

Pregnant mice were injected i.p. with Smg BUdr in 0.5ml1 PBS. Embryos
were collected after 2 hours and frozen immediately in;liquid nitrogen.
Only embryos of 9.5 dpc and older could be analysed, as the placenta in
younger embryos has not fully formed -~ preventing the uptake of BUdr.
BUdr uptake in culture was tried, but it was found that uptake was a
marker for length of culture not proliferation. Cryostat sections (10um)
from embryos were fixed three‘times for 15 min in methanol/acetic acid
(3:1) and air-dried. The sections were denatured for 10 sec in 0.07 X
NaOH, washed three times in PBS and preincubated in 1% bovine serum
albumin ¢(BSA) in PBS. Mouse mono-clonal anti-BUdr antibody (Partec) was
applied at a 1:500 dilution (0.5% BSA) for 90 min at 37°C. The slides
were rinsed four times in 1 x PBS and rabbit-anti-mouse antibody coupled
with peroxidase (Dakopatts) was added at a 1:100 dilution (0.5% BSA) for
30 min at 37°C. After rimnsing in PBS, the peroxidase was visualized
with H=0/diaminobenzidine reaction. The sections were counterstained

with 0.1% methylene blue and mounted in Entellan.

Probes

For the Southern blotting a 4.3 kb fragment of c-kit cDNA,
corresponding to the 3' terminal region, was used (Geissler et al.,
1988; Koopman et al., 1990).

For the Northern blotting and in situ hybridization, a Sacl/HindIII
1.1 kb fragment was used, generously provided by P. Besmer (Chabot et
al., 1988). This cDNA probe corresponds to a large part of the
extracellular domain and so did not contain the more conserved
intracellular kinase domain, thus lacking sufficient homology to cross-
hybridize with the most closely related known gene, the CSF-1 receptor
(Qui et al., 1988). |

Southern blotting

DNA was digested with BglII, electrophoresed on 0.8 % agarose-TBE
gels, and transferred to Hybond N* filters (Amersham). DNA was from the
matings of two heterozygous W/+ mice. Filters were hybridized with a c-
kit probe 1labelled with *2P using a random priming kit <(Amersham),

according to the manufacturer's instructions. After washing with 0.5 x
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SSC buffer at 65°C, filters were autoradiographed for 1-6 days. Band
sizes were estimated using known molecular weight markers. If necessary,
the blots were repeated and the presence or absence of the diagnostic

13.5, 9.0 and 6.5 kb bands was re-assessed.

Northern blotting
Forthern blotting was carried out as described in chapter two,
materials and methods section.

RNA was extracted from 14.5 dpc whole embryos resulting from a single
mating of two heterozygous (V/+) mice, whose genotype was known by
Southern blotting of the extraembryonic membrane DNA.

The developmental expression of c-kit was analysed by Northern
blotting. RNA was extracted from control whole embryos of 7.5 to 18.5
dpc.

in situ hybridization
Slides of paraffin sections were prepared and hybridized to 255-
labelled RNA probes as described in chapter two.
All in situ hybridization results reported were seen in at least three
embryos. For each embryo sectioned, alternate sections of the same

embryo were stained for ALP-activity.

85



PART A: RESULTS

The gene expression, proliferation and migration of tie PGC population
in the mpuse embryo were analysed with a variety of nolecular
techniques. Firstly, the migration pathway, the number of PGCs and the
distance travelled were examined by ALP-staining of the PGCs. Secondly,
the environment of the PGCs and the entire embryo were examined for the
presence of ALP. Thirdly, the proliferation was measured using
bromodeoxyuridine-incorporation. Finally, the «c¢-kit proto-oncogene

expression was examined using In situ hybridization.
Southern Blot Analysis of the c-kit Gene in W/V, V/+ and Vild-Type Mice

A blot was run with genomic DNAs from V/W, wild-type and heterozygous
mice. The blot was hybridized to a probe containing the EcoRl fragment
of c-kit (probe length 4.1 kb) on Bgl 11 digested DFA. This probe
contains +the entire +tyrosine kinase encoding fragment and can
distinguish between all three genotypes by virtue of a restriction
fragment length polymorphism <(Koopman et al., 1990). The V mutant
allele contains a large deletion (Fig. 3.1). Enough DFA could be
extracted from the extraembryonic material from a single 8.5 day embryo.
This method was used to identify a series of ¥/V mutant embryos from 8.5
dpc to 14.5 dpc. Table 3.2 gives the results from the Southerns. The
results show the expected 1 in 4 recovery of W/V mutants in the early
embryos, but there is a significant decrease in mutants from the 12.5
and 13.5 dpc mice - this is probably due to intrauterine death - due to
the action of the mutation.

Alkaline phosphatase identification of PGC numbers and position In
control, V/+, W/W and MMC-treated embryos

PGC identification:
PGCs were 1dentified by their high alkaline phosphatase activity,

which gives a purplish-brown colour reaction with the azo dye. At 6.0

dpc, a faint reaction can be seen in the epiblast adjacent to the



extraembryonic ectoderm. At 7.0 dpc, a faint staining could be observed
in the posterior ammiotic fold close to the endoderm. Ginsburg et al.
(1990) - reported that PGCs could first be recognised in  the
extraembryonic mesoderm of 7-7.25 dpc mouse embryos. At 7.5 dpc, many
cell types such as the epiblast, some mesodermal cells and allantoic
mesenchyme were also giving positive reactions, but the PGCs were
usually larger in size and showed a more intense staining reaction. At
7.5 dpc, a compact cluster of ALP-positve cells could clearly be seen
in the base of the allantois. A number of these cells displayed ALP-
positive spots (Ginsburg et al., 1990). At 8.0 dpc, in the presomitic
stage the PGCs are located at the posterior end of the primitive streak,
in a mesodermal position (fig. 3.2). The ALP activity was stronger at
this stage than earlier, and the ALP-positive spot was distinct, thus it
was possible to localize the spot in the cytoplasm. By 8.5 dpec, the PGCs
are mostly found in the endoderm of the invaginating hind gut. A number
of migrating PGCs were found 1in pairs, suggesting that the PGCs are
mitotically active at this stage. By 9.5 dpc, they were mostly in the
hind gut but with some entering into the dorsal mesentery (fig. 3.3>.
The cells were found near the mesenteric root and the coelomic
epithelium at 10.5 dpc, and in the genital ridges by 11.5 dpc. Nany
other cells in the embryos at these stages also showed some ALP
activity. However, 1dentification of PGCs was unequivocal because the
PGCs were always the most darkly stained and the surrounding tissues
were morphologically distinctive. The genital ridges were completely
colonised by PGCs at 13.5 dpc at which time phenotypic differences
between fetal ovary and fetal testis can be discerned. The 13.5 dpc male
genital ridges had distinctive testicular cords containing PGCs and the
female ridges on the other hand showed no defined cord arrangement but

with clusters of PGCs found throughout the stromal matrix (fig. 3.4).
PGC number

In this study, only ALP-positive cells found along the normal
migratory path were scored as PGCs. This may underestimate the PGC

numbers particularly 1f in mutant embryos they follow an abnormal

migration pathway. Due to the presence of other positive cells in some
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tissues of +the enmbryo, 1t was dimpossible to positively identify
individual strayed PGCs. The number of PGCs and the number of ALP-
positive spots were simultaneously counted. Table 3.3 ghows the number
of PGCs in control, heterozygous W/+, homozygous W/V and MNC embryos
between 7.5 and 13.5 dpc. The number increased from around 50 PGCs at
7.5 dpc to 25000 at 13.5 dpc in control embryos. A similar increase is
found in the W/+ heterozygous embryos, indicating that fertility is not
affected in heterozygotes. However, the PGC number in the homozygote
V/V embryos appeared normal at 8.5 dpc (fig. 3.5), but increased at a
markedly slover rate from 9.0 dpc onwards. The number of PGCs colonizing
the genital ridges was so low as to explain why these homozygous mutant
mice are sterile. The reduction was not due to a developmental
retardation of the embryo, as developmental horizons matched the control
embryos - such as somite number and branchial arch development. It is
clear that the proliferation of PGCs in the mutant embryos did not
proceed normally, from 8.5 dpc onwards.

The proportion of ALP-positive spats, in the control embryos, was seen
to increase as development proceeded, suggesting the 'spot-PGC' |is
further differentiated than the early PGC which displayed 'fuzzy' ALP
activity. These results are summarized in Table 3.4. ALP-rich spots were
seen in migratory PGCs and in the germ cells in both the male and female
gonads. In the mutant W/V mice, the same increase in ALP-spots was seen
(as controls) in the 8.5 dpc embryos - but between 8.5 and 9.5 dpc a
larger proportion of the PGCs contain spats. Usually, by 13.0 dpc there
are no PGCs still present in the entire embryos (fig. 3.6). The single
PGC that reached the vicinity of the genital ridges, in Figure 3.6,
contained an ALP-spot.

The MMC-treated mice are known to have impaired fertility due to a
reduction in germ cells (Tam and Snow, 1681), which is probably due to
the fact that the accelerated proliferation of the PGCs at 9.5 to 10.5
dpc does not fully restore the numbers of the ALP-spot-containing PGC
population - as shown by the fact that the proportion of spot-
containing PGCs was constant, and did not increase as in the controls
(see Table 3.4).



PGC migration

The distribution of PGCs at various locatioms, nameiy the primitive
streak, the allantois/yolk sac, the gut, the mesentery/coelomic wall and
the genital ridges, was noted in control and mutant V/W embryos between
8.5 and 13.5 dpec. According to chromological age, the PGCs in both
genotypes migrated in unison - although there were markedly less and
less PGCs in the W/V embryos. The PGCs -~ in both genotypes - started to
nigrate at the four somite stage (8.0 dpc). A solitary PGC that reached
the genital ridges in one of the W/V embryos was at 11.5 dpc, in
accordance with the controls. However, the decreasing number of PGCs
makes accurate comparisons difficult. Table 3.5 details the location of
the PGCs in mouse embryos.

The genital ridges in both genotypes appeared to be of similar size,
indicating that the arrival and presence of germ cells is not necessary

for the development of the somatic cell lineages (see fig. 3.6).
Alkaline phosphatase distribution in the pathway of the migrating PGCs

Along the pathway of the migration, PGCs express ALP-activity from 7.5
to 13.5 dpc. The gonads appear to be fully colonised with PGCs by about
13-14 dpc, at which time their ALP-activity begins to decline in the
female embryos.

The distribution of ALP-positive tissue - other than PGCs -~ along the
migration pathway, included the hind gut, and a diffuse staining of the
genital ridges. Several other tissues also expressed ALP, including the
neurcepithelium,  mesenchyme of the presomitic mesoderm and mnewly formed
somlites, apical ectodermal ridge of the 1limb buds and some epidermal
cells. |

At 8.5 dpc strong ALP-activity is present in the primitive strealk,
foregut and neurcepithelium (fig 3.7). By 9.5 dpc the ALP-activity in
the entire neural tube has intensified, strong ALP-activity is also
present in the otic and optic vesicles as well as the hindgut (fig 3.8).
A similar pattern of expression 1s seen in the 10.5 dpc embryo (fig.
3.9), 11.5 and 12.5 dpc embryos. At 13.5 dpc the mesenchyme of the

presomitic mesoderm and newly formed somites express ALP (fig. 3.10), as
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