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Molecular Analynls of the Gastrulatlng Mouse Embryo and its
germ Cell Population

Abstract

Gastrulation occurs between 6.5 and 8.0 days post coltum 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 containing 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 have shown that growth of the embryo parts 
and their co-ordination can be profoundly disturbed in early embryonic 
stages by insult with the cytotoxic agent. Mitomycin C. MMC is an 
alkylating agent that inhibits DMA 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 allantois 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> locus of the mouse. The V mutations have plelotropic 
effects on mouse development, one of which is to cause^an impairment of 
proliferation and/or migration of primordial germ cells. It appears that 
the c-kit product is 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 embryo.

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 D M  sequence (Y353/B) has previously been described 
which is present in multiple copies on the long arm of the mouse Y and 
is specifically transcribed in the testis. Using quantitative Northern 
analysis it was shown that the RNA transcripts are from the multiple 
copies. JLcl situ hybridization was used to demonstrate that the 
transcripts are in the germ line and not in the soma, and that the 
expression is 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 chromosome.
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The aim of this thesis is to investigate the function of 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 (Richer 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 possible 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- 
spotting (V) locus. Mice carrying mutations at either the V or the Steel 
(SI) locus display a virtually identical array of plelotropic 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 V mutations are intrinsic to cells within 
these three lineages, whereas 81 mutations affect the microenvironment 
in which these cells develop and function (Silvers, 1979; Russell,
1979). The complementary nature of the cellular defects in W and 81 
mutants has been explained by the findings that ¥ is the c-kit proto
oncogene (Chabot et al., 1988; Geissler et al., 1988) while 81 encodes
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the ligand far 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-primitive 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 link deployment of gene products with observed, 
experimentally induced changes in the association between growth and 
differentiation.

Gastrulation in one form or another is an almost universal episode of 
development throughout the vertebrates. Mesoderm induction occurs 
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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(Beddlngtan, 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 Important 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 embryo 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 light 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 anchorage 
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 impinge on 
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 in 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 conservation 
throughout evolution and 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 sources 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 enables 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 # 
chain of the PDGF peptide (platlet-derived growth factor). PDGF (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
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TABLE 1.1; Proto-oncogenes encoding peptides related to growth factors, 
their receptors, or their Intracellular messengers

OTCOGEIE BIOCHEMICAL ACTIVITY POSSIBLE FHMCTIOH

sis Growth factor
mos Tyrosine kinase
erb-B Tyrosine kinase
neu Tyrosine kinase
fms Tyrosine kinase
met Tyrosine kinase
yes Tyrosine kinase
kit Tyrosine kinase
src Tyrosine kinase

abl Tyrosine kinase

ras

fos
Jun
myc
myb
ets-1
erb-A
lut

GIF binding protein

DMA binding protein 
DMA binding protein 
DMA binding protein 
DMA binding protein 
DMA binding protein 
Nuclear protein 
Growth factor

PDGF (j3 subunit)
Cell surface receptor (pro-EGF)
Cell surface receptor (EOF)
Cell surface receptor (EOF)
Cell surface receptor (M-CSF/CFS-I) 
Cell surface receptor (IGF)
Cell surface receptor ($)
Cell surface receptor
Transducer at inner surface of plasma

membrane (*)
Transducer at inner surface of plasma

membrane (*)
Transducer at inner surface of plasma

membrane ($) 
Nuclear effector of mitogenesis 
Nuclear effector of mitogenesis 
Nuclear effector of mitogenesis 
Nuclear effector of mitogenesis 
Nuclear effector of mitogenesis 
Glucocorticoid receptor 
Non-Tyrosine 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 ?) 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 largely 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 mRITA from five cellular 
oncogenes: c-myc, c-erb, c-Ha-ras, c-src and c-sis (Slamon and Cline,
1984). The c-mos gene was also found in the early mouse embryo (Propst 
and Vande Voude, 1985). The fact that sequential expression of 
different oncogenes occurs during development and that different organs 
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 embryonic development 
(Küller et al., 1982), suggestive of a normal role for these genes in 
the context of embryonic development (reviews Bishop, 1983; Weinberg, 
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.
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Elevated expression of proto-oncogenes Is found in proliferating cells 
both in vivo (Xakino et al., 1984; Slamon et al., 1984) and in vitro 
(ttüller et al., 1984). Several reports have shown that the expression 
of some of these genes and, in turn, cell proliferation, may be 
regulated in vitro by hormones and growth factors (review Adamson,
1987). For 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 transcription within 5 
minutes, followed later by transcription from the c-myc gene, and then 
by cell division (Miiller et al., 1984). In this thesis I have attempted 
to determine whether a comparable sequence of events occurs during the 
activation of cell proliferation in vivo during gastrulation and 
development. The use and deployment of products of the proto-oncogenes 
is investigated by conventional molecular techniques.

Considerable and localized growth control 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 
may be co-expressed in a cascade fashion, perhaps under the initial 
control of the transforming growth factor g (Adamson, 1967). 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 to 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 is expressed, and to investigate spatial and 
temporal restrictions on that expression. in situ Hybridization of 
nucleic acid probes directly to messenger ENA in sections of embryos, 
provides a potentially powerful tool for undertaking such a study. This 
technique provides information on which cell type expresses the
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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-sls, and allows Investigation of tissue from 
which It Is not possible to extract mEÏA.
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CHAPTER TVO

PROTO-ONCOGEHE EXPRESSION IN THE GASTRULATING MOUSE 
EMBRYO FOLLOWING MITOMYCIN C TREATMENT
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imODUCTIQI

Gastrulation occurs between 6.5 and 8.0 days post coîtum (dpc) in the 
random bred Q strain mouse used in this study (Snow, 1977). This 
process is associated with a dramatic and essential 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 
Bennet, 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 DITA 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 is not uniform (Snow, 1977). This suggests that the 
average rate of cell 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 is much faster than that of blastomeres during 
cleavage (Graham, 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; Moore, 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 in cell proliferation. Thus, it 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 is not maintained in 
subsequent development in the mouse embryo and is not apparent in pre- 
gastrulatlon stages. The findings of McLaren and Bowman (1973) and
Bowman and McLaren (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, 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. 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. Embryos grow in a highly defined and ordered manner, with all 
parts undergoing their morphogenesis in harmony 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 is 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 Forml. .D.eyalopment

Investigations In the mouse have shown that growth of the embryo parts 
and their co-ordination can be profoundly disturbed in early embryonic 
(primltive-streak) stages by Insult with cytotoxic agents, such 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 lineage specificity and with 
interesting consequences for patterning in 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) is an antibiotic, derived from Streptamyces 
caespltasuSf that inhibits DMA synthesis. It is an alkylating agent 
which is thought to act by binding to the major groove In the large 
subunit of DMA polymerase and inhibiting DMA 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 Ihour and the cell 
cycle time Is thought to be between 2.5 to 5 hours during gastrulation. 
It has been reported, (lASC 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 mlns. Thus MMC reaches 
its target tissue very soon after Injection. The inhibition of DMA 
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 division.

When MMC Is Injected intraperitoneally Into pregnant mice, when their 
embryos are at the prlmltlve-streak stage (6.5-7.5 dpc), MMC 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 stages 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 is 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. It 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 proceed through 
development normally, whereas various structures of mesodermal lineage 
(somites, limbs, vascular system, 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 it is possible to alter the usual co
ordination between organs in a predictable way, and this may enable us 
to gain an insight into how early embryogenesis is controlled.

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 or by autonomous active deployment of receptors 'for non-specific 
growth factors (Snow, 1989).

There are other examples of embryonic growth control - 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 which 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).

Jlo I ecu 1 ar.. Signa 1 s

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 
rapidly 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 mEIfA sequences have been deduced 
from cDUAs of both human and mouse. The known myc oncogenes are all 
expressed at high levels in the embryo (Jakobovitz et al., 1985;
Zi miner man et al., 1986; Sejersen et al., 1986). There is 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-gastrulatlon and gastrulation stages in the mouse embryo, 
and probably at all stages and in all tissues, whereas F-myc is only 
expressed from 7.5 dpc and L-myc Is 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 is required for normal metabolic processes. 
Expression is seen in humans, mice and chickens. Even Xenopus laevis and 
Drosophila mslanogaster genomes contain sequences that hybridize with 
myc probes. Xenopus c-myc RFA is highly accumulated in oogenesis 
through an unusual stability of the transcript (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, it is inducible with mitogens; it has a 
rapid mRFA turnover (30 mins) ; it is post-transcriptionally regulated; 
its protein has a short half-life (30-90 mins); there is 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 exon 2; the protein is encoded by exons 2 
and 3 with a splice position between them. Two major RFA species (2.4 
kb and 2.2 kb mRNA) are derived from two major promoters upstream of 
exon 1. The function of exon 1 is 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., 1985a,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 Elsenman, 1984; Ramsey et al. ,
1984). Although its precise role in the control of cell proliferation 
is still unclear, when c-myc protein is injected into quiescent Swiss 
NIH 3T3 fibroblast cells, DMA synthesis is induced (Kaczmarek et al.,
1985). Conversely, inhibition of c-myc expression by c-myc complementary 
oligo- deoxynucleotlde prevents 8-phase entry in mitogen stimulated T- 
lymphocytes (Heikkila et al., 1987). DMA 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 steroid hormone, estrogen (Remple and Johnston,
1988). These results suggest that the c-myc protein acts as a competence 
factor for cell proliferation. Therefore, it is 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. <1985). c-myc and c-sis were found to be co
expressed in the human placenta, particularly the highly proliferative 
and invasive cytotrophoblastic shell. This suggests 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 mEITA transcription and DHA 
synthesis. The human 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 securing in the mouth at 
7 to 8 weeks post-conception in the human embryo. These findings 
suggest that c-myc expression is not simply a marker of cell 
proliferation, since rapidly dividing human embryonic mesenchyme and 
cartilage cells of the limb buds showed no in 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 is expressed in specific tissues 
including ectodermal cells and rapidly proliferating gill buds - and 
studies on limb regeneration show that c-myc is down-regulated during 
cell differentiation <M. Méchali, personal communication). Since c-myc 
m E M  levels rise transiently during cell proliferation in vitro

(Blanchard et al., 1985) the findings of high transcript levels in
precise cellular structures may indicate 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 ubiquitous in 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 #TGF, the release of the PDGF- 
like factor seems to stimulate activation of c-fos and then of c-myc 
(Küller et al., 1984). It is also expressed in F9 teratocarcinoma cells 
which have been used as an in vitro model of embryonic stem cell 
differentiation, where the steady-state levels of c-myc found in
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 is 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: It has therefore been suggested that It Is an
Intracellular mediator of mltogenesls. 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 in 
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 remains largely 
unknown, except that It regulates DEA synthesis, presumably by binding
to the DNA and controlling gene expression. It has been shown that
there is an increased abundance of c-myc RNA present in rapidly 
proliferating tissues: but Is 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 
8-phase - and causes subsequent rounds of DNA synthesis to be sustained 
for longer <J. Karn and J.V. Watson, personal communication). These 
results demonstrate that c-myc levels are rate limiting for events in 
late Gl/early 8 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 GO to G1 and its effects are not 
manifested until late Gl/early 8 phase. Thus It appears that the G1 
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 G1 period. However, In a study where centrifugal 
élutriation was used to enrich peculations of avian and human cells at 
different stages of the cell cycle, it was shown, using 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, it was shown that 
the levels of c-myc oncogene mRlTA 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 is 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 RHA 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 G1 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 function. 
It is known that the c-myc protein binds to nucleic acids in vitro, but 
it is not known whether it binds RHA, DNA, both, or neither as its 
natural substrate. Expression of c-myc is 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 regulated (Hay et al., 
1987). A recent paper has demonstrated that there is an initiation site 
of DNA 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-fos

The proto-oncogene c-fos has been directly Implicated^ In cell growth 
(Fishlkura and Murray, 1987), differentiation (Distel et al., 1987) and 
development (Eüther et al., 1987). The c-fos gene is of interest in the 
context of embryonic growth; a transient expression of c-fos mEITA is 
induced by external signals transferred by growth factors, suggesting 
that its protein product has a function in growth control and 
differentiation (Muller, 1986; Adamson, 1987).

The c-fos protein is DMA binding, and is thought to control the 
passage of cells from GO to 01 in the cell cycle (reviewed by Muller,
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 
efficiently 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 mEM A is expressed in 7 dpc mouse conceptuses, predominantly in 
the extraembryonic components, where there is a stage and tissue- 
specific pattern, such that the amnion > visceral yolk sac > placenta. 
There is a similar pattern in humans (Muller et al., 1983). The 
expression profile of c-fos is thus: it rises to a plateau on 16 and 17 
dpc in the extraembryonic tissues and on 14 dpc in fetal liver 
(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 (MuHer 
et al., 1985). However, macrophages cannot account for the high 
expression in 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 
(Eüther et al., 1987). The role of c-fos in 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 )3TGF and c-fos mRFAs in the growth plates 
of developing human long bones (Sandberg et al., 1988). Osteoblasts, 
involved in bone remodelling, contained high levels of c-fos and #TGF, 
suggesting that they could have functions in 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. Vhen quiescent fibroblasts are stimulated to enter G1 
of the cell cycle by PDGF (Pledger et al., 1977), fibroblast growth 
factor (FGF) (Muller 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 illustrate: when EL-60 human promyelocytic anemia 
cells are stimulated with phorbol ester tumor promoters (Muller et al. , 
1985), murine VEHI cells are stimulated with GM-CSF (Gonda and Metcalf, 
1984), or PC12 rat pheochromocytoma cells are stimulated with nerve 
growth factor (NGF) (Milbrandt, 1986) - there is an initial rapid
synthesis and high peak of c-fos mEITA and protein product within 30 
mins, 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 line wherein a 
sustained rise in c-fos levels does not occur until 9-11 days after 
induction of differentiation with DMSÜ (Edwards and Adamson, 1986). 
This may suggest that c-fos proteins serve separate roles in different 
cell types. The strongest evidence for the link between c-fos and 
differentiation however, comes from the transfection and expression of 
exogenous c-fos genes into F9 teratocarcinoma cells - which induced 
cellular differentiation (Müller and Vagner, 1984); and conversely, 
expression of c-fos antisense mRBTA 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, its precise role in the cell remains unclear. The rapid 
induction in a wide variety of cell types in response to many different 
stimuli suggests a generalized role in signal transduction (Verma and 
Sassone-Corsi, 1987). The c-fos protein can form a complex with DNA,
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 the 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-sls

In 1983, it was demonstrated that the v-sis (viral oncogene) of the 
simian sarcoma virus, was homologous to the J3 chain of PDGF (Vaterfield 
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 to 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 is 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 gastrulation. 
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 j3TGF 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 embryonic 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 PSAl cells differentiate, they are able to 
bind and respond to PDGF. It has been suggested that if 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 lO^Mr, and a 
nonglycosylated form of 106 X lO^Mr 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 V locus has 
shown that they affect kinase activity and other aspects of c-kit 
receptor function (Tan et al., 1990; Mocka et al., 1990). c-kit 
expression is required for normal melanogenesis, haematopoiesis 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 in 10 dpc mouse embryos (Hortsch et al., 1983) and on
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trophoblast tissue developed In 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 
CPopliker et al., 1987). aTGF, 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 
#TGF group, has known growth regulating functions, both inhibition and 
stimulation in embryonic/fetal systems (see Massagué, 1987 for review), 
#TGF is widely distributed in normal tissues and will stimulate 
expression of c-sis. c-sis is the homolog of the ^ chain of PDGF, thus 
it has been suggested that fetal growth may be modulated locally by the 
interaction between #TGF 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 is 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 (Eegenstreif and Rossant, 1989). Thus 
there is 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 cDIAs from quiescent and 
serum-stimulated NTH-3T3 cells has revealed increases in the levels of 
over 70 different mRMA 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 cytokines have been 
found.

From the data presented here. It Is possible to speculate upon the 
role of polypeptide growth factors and oncogene 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 #TGF, 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 Is maximally expressed during 
proliferation of the stem cells and declines with differentiation. The 
changes In c-fos expression appear to occur at the transcriptional 
level, while for c-myc the changes appear to be both transcriptional and 
posttranscrlptlonal. Both c-myc and c-sls 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 
support the notion of a cascade Involving all three in that order, 
possibly triggered Initially by J3TGF (Adamson, 1987). Unfortunately, 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 #TGF 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 Induces elevated expression of two such Inhibitors, #TGF and 
Interferon p-2 (C-H. Heldln, personal communication). Down-regulation 
of c-myc expression has been observed in haemopoletic 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

35



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 AKD B EIBQDS 

Nice

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

Probes

Both the RITA membrane and tissue sections were hybridized with a 1.4kb 
Hind III/EcoRI fragment from pSVG2, c-myc (from Reuberger 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 Rorthern: the c-sis probe used was a 2.0kb BamHI/PstI cDRA
fragment (generously provided by R. Gallo) which includes 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 Ikb 
HincII/RcoI fragment (provided by I, Verma) corresponding to most of the 
coding sequence (Curran et al., 1982); the c-kit probe was a l.lkb 
Sacl/Hindlll 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 J3TGF probe was a 1.05kb 
EcoRI fragment (provided by R. Derynck) that codes for the human #TGF 
gene (Derynck, 1986); the control a-actin probe was a l.lSkb PstI 
fragment, kindly provided by D. Wilkinson.

For random priming the DRA fragments were purified from a 1% agrose 
gel and labelled with SOuCi [a-==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 (lOmM Tris-Cl, lOmM RaCl, 
2mM EDTA, pH 8.0). The labelled DRA was collected by isopropanol 
precipitation for 15 min at RT in the presence of lug/ul carrier tRRA.
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After washing with 70% ethanol the pellet was redlssolved In lOmX Trls- 
Cl, ImM EDTA, pH 8.0 and heat denatured hy boiling for 5 mln. 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.

ENA Isolation

Firstly, total RNA was extracted from control and mitomycin C treated
9.0 and 13.5 dpc whole embryos by LlCl precipitation CAuffray and 
Rougeon, 1980): embryos were homogenized In 4ml of 3M LlCl, 6M urea,
0.5% SDS, 70 mM 2-mercaptoethanol, lOmM 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 mln~’ for 20 mins. RNA 
was resuspended In 0.2% SDS, lOOmM 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 It sodium acetate pH 5.2 prior to overnight 
ethanol precipitation at -80*0. The RNA was recovered by centrifugation 
at 8000 revs mln"' for 20 mins, the pellet washed twice with 70% 
ethanol, once with 95% ethanol and alr-drled. The RNA was then dissolved 
In DEPC-treated water and stored at -80"C until used for mRNA Isolation.

Poly (A)^ RNA was then prepared by two cycles of chromatography on 
ollgo(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 forellmb bud, branchial arch and 
rest-of-body fractions for the 9.5 dpc embryo. A typical mammalian cell 
contains 10“® ug of total RNA and 1-5 % Is thought to be mRNA (Itanlatls 
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 Is more sensitive than in si tu hybridization as the 
tissue is fixed immediately after removal and allows some degree of 
quantitation of the mRFA levels in different fractions.

5ug of mRFA was electrophoresed in 1.2% agarose gels and blotted onto 
Hybondt (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 
RÏ-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 D M  and R M  were quantitated by densitometry with 
a Sigma FTR-20 TIC 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.

jLa 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 pS7G2.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 p8P.c-myc64 (114) hybridized to a 
2.4 kb message (=c-myc), whilst probes from p8P.c-myc65 (113) detected 
no bands (data not shown). This confirmed that p8P.c-myc64 generated the 
antisense (=probe) transcript, whilst pSP.c-myc65 generated the sense 
(=control) transcript.
[ -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 MgCla, 2mM spermidine, lOmM NaCl, lOnM DTT, 2.5mM each of ATP, CTP, 
OTP, SOU RNase inhibitor (Amersham, UK), lug template DNA, lOOuCi [ a- 
®®S]-UTP OlGOOCi/mmol, Amersham) and 16U SP6 RNA polymerase (Amersham). 
Following in vitro transcription, 7.5U DNase I (FPLC pure, Pharmacia) 
together with 30U RNase inhibitor and 20ug F.coli tRNA (Boehringer, 
Mannheim, ERG) were added to remove the template DNA. After incubation 
for 15 min at 37*0, 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 Hindlll. The sense (+) strand was synthesized using SP6 RNA 
polymerase after linearizing with EcoRI, and was used for control 
hybridization.

It has been suggested that for effective in 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 5um 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 0.21C 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 blocked 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*0, stopped in 1% acetic acid (1 min at 
20*0, fixed in 30% sodium thiosulphate (5 mln at 20*0 and rinsed 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-described above, 
and that hybridization is specific to the antisense probe. As well as 
the positive controls mentioned above (aAFP), 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 probe. 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 in situ hybridization is a much less certain 
proposition. In both cases, it is necessary to convert grain densities 
to tissue radioactivity and finally to mRNA levels. In order to do
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this, emulsions of uniform thickness are required to eliminate 
variability in grain density due to variations in emulsion thickness. 
The main difficulty with measuring absolute quantities is the 
uncertainty about the extent of loss of m R M  during tissue processing 
and about the efficiency of hybridization. In order to standardize the 
results, a system of using standard thickness emulsion-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 mRlîÀ quantities and 
not merely indicate if a cell does or does not 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 N"̂ , 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 membranes 
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 the proto-oncogenes c-myc, 
c-fos, c-sls, c-kit and the growth factor #TGF were investigated using 
li situ hybridization and Northern blotting.

Northern Blotting

Blot hybridizations using mEJA from control and mitomycin C treated
9.0 and 13.5 dpc embryos with various 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 IMC-treated and control mice are at their most similar. 
Results with c-myc, c-fos, c-sis, c-kit and #TGF were compared with a 
control probe - a-actin.

c-myc transcripts are detectable in control embryos at both 9.0 and
13.5 dpc in 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 XMC-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 JCMC-treated 13.5 
dpc samples. Thus, the elevation in c-myc levels at 9.0 dpc, after MMC
injection at pre-gastrulation stages, is not maintained in the 13.5 day
old embryo.

The expression of c-myc during the gastrulation stages was further 
investigated and a blot was prepared containing control 7.5 dpc 
embryonic and extra-embryonic fractions; 8.5 dpc whole embryos; and 9.5 
dpc fractions containing head, branchial arches and the embryonic 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 9*. 0 dpc embryo but 
not in the control 13.5 dpc stage, as reported earlier (Müller 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 expression. 
There were equal levels of c-sis and c-kit transcription in both the 
MMC-treated and control 9.0 and 13.5 dpc embryos.

#TGF 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 
of PTGF signal in both the 13.5 dpc samples. This is consistent with the 
findings of Heine et al. (1987), who demonstrated the continuously high 
expression of #TGF in mouse embryos from 8 to 18 dpc, in contrast to the 
expression of aTGF which is expressed during early embryogenesis (Lee et 
al., 1985).

in si tu 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 it 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 
in 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 is 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).

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 is 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 opposed 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 embryos, 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 is 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 the second branchial 
arch. At 9.0 dpc the first branchial arch is undergoing maximal cell
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proliferation, in contrast to the smaller second branchial arch. This 
illustrates that the interference caused by 2ŒC treatment has not 
drastically altered the embryos, but merely altered the level of c-nyc 
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 T-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).

4 6



B

t  %

A B

200 um
200 um 100 um

£l4ao:s_2.._L Ecirim iliirin'i; ..g:9.at r.ula.ttQD.
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BAND 9.0
(unit

9.0 MMC 
area)

13.5 13.5 MMC 
(unit area)

c-myc 
(2.7 kb)

7.7 24.1 8.9 8.6

c-fos 
(2.2 kb)

23.7 22.8

c-sls 
(3.9 kb)

44.8 46. 0 42.4 42.8

c-klt 
(5.8 kb)

46.3 46.7 47.2 46.4

P-TGF 
(2.5 kb)

41.8 43.1 24.2 24.8

a-actln 52.6 53.1 52.5 52.9

Table 2.1 Densitometer readings from the Northern analysis of proto- 
oncDgene and growth factor expression In control and 
Mitomycin.Cztreated SLO, and 13.5 dpd-ambcyas,.
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Flg.ur.a-2- 5 Eosltlve. çontrol .hybridizatlan, ..Dark-field, photomicrographs
of a section of 9.0 dpc embryo hybridized with a probe for 
g-fetoprotein. Note the strong signal observed_in the yolk
sac.
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Figure 2.8 c-myc R M  localization in 9.5 dpc embryos by Id situ
hybridization. Dark-field photomicrographs of a sagittal 
section show high 1 eve 1 s. .ai..CTW  . 1 n_.the._lir.sl,_.braachlal 
arch (BA) and-iiL-the oral.floor .plats .<:QE£.L and a general 
lo% leYel of expression in all..tlssu.es. Magnification (a) 
400X and (b and C) 800%.
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M M C

NORMAL

Flfeüxe .2 ,9 c-myc R M  expression In the noriial and Mitomycin C-treated
.̂_Q_ dpc embryos■ sint>ry.QS . in .sagittal sgctlan..— tks. 
Ipp Qiî  bsiûg MKG tce.a.te.d,,.2mbr.y.ô  (b.) Higher
magnification of the first branchial arch^ Darkzfi&ld. 
photomicrographs are presented.
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Qu ant I t  at 1 Ye in si tu  hybridization analysis ,qX c-myc. 
expression in 9.0 dpc control and mitomycin C-treated 
embryos. Grain density values were determined by counting 
silver ,grains over the entire f i r s t  aad second, branchial 
arches,.and neyly.. formed.-SQiait e s tiie lO tk in  t be.MC- 
treated embryos and the 15th in the control embryo.
Three equivalent mid-sagittal sections were used for each 
counting.
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MITOMYCIN C-TREATED CONTROL

EÏPEEIMEIÏT 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

lew Somite: Section 1 2113 (10th) 1349 (15th)
Section 2 3218 (10th) 1764 (15th)
Section 3 4396 (10th) 2701 (15th)

EXPERIMENT 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

Few 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

New Somite: Section 1 1038 (10th) 575 (15th)
Section 2 1402 (10th) 594 (15th)
Section 3 1815 (10th) ' 948 (15th)
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Table 2.3 in situ hybridization analysis of c-myc RHA.expression In 9.5 
dpc male and femle normal embryos. Grain densities were 
counted In two serial ml d-sagj-ttaL. sect Ions of four, male 
and female embryos. The sex was determined by dot blot 
, bybrldl.zatl.QiiL.
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MALE FEMALE

EIEEEIKE&TLmE.
First Branchial arch: Section 1 4501 5668

Section 2 4817 5789
Second Branchial arch: Section 1 1230 1394

Section 2 1439 1476
Few Somite: (25th) Section 1 2876 3049

Section 2 3149 3176
EÏPEEIMEIÎT 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

EIPEEIMEÏÏT THEEE
First Branchial arch: Section 1 2748 2564

Section 2 2495 2401
Second Branchial arch: Section 1 564 641

Section 2 702 719
Few Somite: (25th) Section 1 1492 1204

Section 2 1762 1645
EZFEEIXEET FOVE

First Branchial arch: Section 1 3956 3649
Section 2 4127 3918

Second Branchial arch: Section 1 1649 1491
Section 2 1903 1688

Few Somite: (25th) Section 1 3116 2940
Section 2 2794 3018
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Figure 2.11 Dot blot Identification of imle and female embrvos.,.
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DISCUSSION

When 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 
DNA synthesis appear to be very closely associated 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 associated 
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 CEndo and Nadal-Grinard, 1986). However, 
there appears to be no such correlation between cell proliferation and 
c-myc expression in vivo, as shown among various tissues during 
embryogenesis (Pfeifer-Ohlsson et al., 1985; Zimmerman et al., 1986; 
Downs et al., 1989; Schmid et al., 1989), or during hepatic regeneration 
(Hakino 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 in vivo as they appear to in vitro; and how their 
induced expression in vivo correlates with growth control during 
gastrulation.

A recent report (Harris et al., 1992) in which the contrasting 
patterns 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 genes is dependent upon 
each other. The level of c-myc mRNA was found to be proportional to the 
percentage of proliferating cells only when there was a low level of N- 
myc expression. When c-myc and N-myc are co-expressed there seems to be 
an uncoupling of proliferation in relation to c-myc expression. This may 
be due to the fact that N-myc and c-myc proteins compete for 
dlmerizatlon 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 ïï-myc - 
and other growth/oncogeneic factors are present (for example, in the 
secondary giant cells which are invasive but not proliferating).

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-treat ment 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 in 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 is 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 transcript abundance during stimulated cell 
proliferation in 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 in 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 method. A possible method would be to use a- 
amanitin CmRITA transcription inhibitor) in conjunction with the in situ 
technique and a time-course in order to determine the turnover of the c- 
myc ulRM in rapidly and non-rapidly proliferating tissues. The minimum 
amount of a-amaninitn required to stop transcription of proteins from 
the m R M  would have to be determined - as a-amanitin is thought to 
affect development. The size of the c-myc transcript in situ, could be 
analysed by using different parts of the c-myc probe to probe 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 is 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.
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CHAPTER THREE

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

PART A; GENE EXPRESSION, PROLIFERATION AND MIGRATION 
OF THE PRIMORDIAL GERM CELL POPULATION 

IN THE MOUSE EMBRYO

PART B: c-klt GENE EXPRESSION IN SOMATIC TISSUES OF 
THE MOUSE EMBRYO AND ADULT
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In the search for the genes controlling mammalian embryogenesis, the 
most intensively studied genes are those Isolated on the basis of their 
homology to conserved sequence motifs within genes that regulate 
Drosophila development - the homeobox-contalning genes, the paired box 
family and the zinc-finger-containing genes. These genes are probably 
mostly involved in transcript regulation (via their conserved DBA- 
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 is homologous to the proto
oncogene lnt-1 (Rljsewijk et al., 1987). The intnl. 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-bet a (TGF-J3) and fibroblast 
growth factor (FGF)-llke molecules are involved In mesoderm Induction in 
the early embryo (Smith, 1989). In the mouse, int-2. a member of the 
FGF family. Is 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 Ï, a cell-autonomous
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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., 1988).

Part A; Gene expression, proliferation and migration of the primordial 
germ cell population in the mouse embryo

In all vertebrate embryos, certain cells are determined early in 
development as progenitors of the gaiætes. 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 (Fieuwkoop 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 Drosophila, 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.

Origin of Primordial Germ.Cells

There is 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 yolk sac endoderm 
(Chiquoine, 1954; Mintz and Russell, 1957), but it is now accepted that 
PGCs arise from the epiblast. At what point the germ 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.
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Identification of Primordial G e m  Cells

PGCs can first be recognised in the extraembryonic mesoderm of 7-7.25 
days post coltum (dpc) mouse embryos (Glnsburg et al., 1990). The 
putative PGCs in most mammalian species can be Identified by their 
strong alkaline phosphatase (ALP) activity localized on the plasma 
membrane (Chiquoine, 1954; Mlntz, 1959; Clark and Eddy, 1975) and In the 
Golgl apparatus (Jeon and Kennedy, 1973). It has been shown that ALP- 
positlve cells are greatly reduced in two sterile mouse mutants known to 
lack germ cells in the gonads, Vhlte-spotting (Mlntz and Russell, 1957) 
and Steel (McCoshen and McCallIon, 1975). Further evidence that these 
were Indeed PGCs came from light and electron microscope studies 
(Splegelman 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 histochemlcal staining ALP activity appears at the late 2- or 4-
cell stage of mouse embryos and appears to be restricted to the ICM 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). Glnsburg 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 and Kennedy (1973) 
provides corroboration. The Golgi 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. EQle...Qf-Alkali ne Phosphatase

The function of alkaline phosphatase (ALP) is unknown. It is an enzyme 
that is commonly extracted from E. coll 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 transport 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, 
1988; Harris, 1989). In man, the cDMAs 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 (Pl-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 TM-ALP form. The ALP proteins 
are coded for by mRMAs 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, TÎ-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 (TF-ALP) of liver, bone, kidney and placenta (Goldstein et al. , 
1980). A separate placental form of the enzyme, equivalent to human Pl- 
ALP, does not appear to exist in mice (Goldstein et al., 1980; Terao and 
Mintz, 1987). There is also a preimplantation form of ALP, Ziomek and 
Lepire (1984) reported the onset of ALP activity after the 2-cell stage. 
The enzyme is active in 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 preimplantation mouse embryos 
(Hahnel et al., 1990). The ALP gene transcribed and translated by mouse 
postimplantation embryos is the TN-ALF. The TF-ALP is the major gene 
transcribed by 7.5, 8.5 and 9.5 day embryos and is also expressed by 
PGCs, mouse embryonal carcinoma (EC) cells and the placenta. There is a 
sudden change in ALP form in day 7 embryos, when the forms previously 
present are replaced by a single form that persists to day 13 of 
gestation (Kim et al., 1989). This change at day 7 is 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 allantois. 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 joins 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 dorsal 1 y 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 hlndgut between 7.5 and 8.5 dpc, may 
result from the passive carriage of cells along with the Invaglnatlng 
hlndgut endoderm, as the cells show no ultrastructural features of a 
migratory phenotype (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 Vylle, 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 (Rakatsujl and Johnson, 1984), and avian 
neural crest cells move through transient ECM-fllled spaces after 
leaving the neural tube (Thlery et al,, 1982). However, the route taken 
by the PGCs of mouse embryos shows no obvious specializations that may 
assist movement of the cells.

Chemotroplc 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 Zlgmund, 1988). 
There Is some evidence for such tropic agents In PGC migration. 
Grafting experiments In birds (Dubois, 1968; Rogulska et al., 1971), and 
amphibians. (Glorgl, 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 dpc) 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 hlndgut and genital ridges, but no 
detailed analysis of mitotic rates has been performed. Glnsburg 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 melosls, 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 Is useful to analyse 
appropriate 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 extrinsic or Intrinsic 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 white 
spotting (viable, V^; lethal, V; Jay's, V^), PGCs are present In normal
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numbers at 8 dpc but fail to multiply from 9 dpc onwards (Xintz and 
Russell, 1957; Xintz, 1959, 1960). The Patch (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 <81), 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 (Bennett, 1956). In contrast to the 
situation in 81/81 mice where no PGCs reach the genital ridges, in 
81/81^ (Steel-dickie. 81^) 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 (KcCoshen & McCallion, 1975). 
Although the 81 mutants mimic the general effects of the V locus, the 
two genes are effective through different mechanisms. Embryos carrying 
both mutant genes (ie. 81/+ and V/+> do not exhibit the effects seen in 
either homozygote (Xintz, 1960).

W, 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. 8ome alleles < eg 
V'*”*) show no anaemia in the homozygotes where other alleles (eg. W®®, 
V'*’ andV^) produce anaemia in both homozygotes and heterozygotes (Reith 
et al., 1990).

The fertility of the homozygous mutant individuals also varies over 
the series 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 Fondai, 
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 precursors 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 ¥ 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 lymphoid and 
haemopoietic cell populations, indicating that the defect might reside 
in the putative common precursor cell of the lymphoid and haematopoietic 
systems.

The homozygous coat colour defect appears to be at least partly the 
result of a specific defect in the melanocytes. Mayer and Green (1968) 
show that if a proportion of 9 dpc neural crest from embryos homozygous 
for the allele V'̂  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 W''/W^ 
skin in a similar graft. In addition normal neural crest cells can 
produce pigment in skin from 16 dpc ¥^/¥^skin. The melanocytes have 
normally arrived in the skin by 16 dpc and further melanocyte invasion 
is prevented (Mayer, 1970). This indicates that either ¥''/¥'' 
melanocytes reach the skin or fail to reach the skin, but die before 16
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TABLE 3.1: PLEIOTROPIC EFFECTS OF VAS1QÜS V MUTATIQITS

GEIOTYPE PIGMBITATI01Ï HAEMATOPOIESIS FERTILITY YIABILI'

\P^/+ mostly white normal normal viable
ysT/ysr postimplantation

lethal
lethal

W/ + white spot normal normal viable
V/V postimplantation

lethal
lethal

V^/ + white spot mild anaemia normal viable
V'^/V^ all white severe anaemia sterile viable
yss/ + white spot mild anaemia normal
yss/yss all white severe anaemia sterile
V^ V + white spot mild anaemia normal viable

mostly white severe anaemia normal viable
mostly white severe anaemia normal viable

ya=/y4= severe anaemia lethal
V*^/+ white spot normal normal

mostly white normal reduced
VS7/ + white spot normal normal
ys7/ys7 white patches mild anaemia normal
yi9H/+ white spot normal normal viable
yi 3H/yi 9H lethal
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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. Mlntz and 
Russell (1957) counted the number of PGCs In a series of embryos 
obtained from the mating of heterozygous 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 migration. 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 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 (Kurphy, 1972).

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

SI (Steel) is a series of semi-dominant mutations, located on 
chromosome 10, with a variety of pleiotropic effects closely mimicking 
those of the V 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 is 
possible to cure the V anaemia by transplantation of Sl/Sl bone marrow
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cells (McCulloch et al., 1965). Sl/Sl bone marrow cells also produce 
normal spleen colonies in lethally irradiated recipients (McCulloch et 
al., 1965). This implies that the anaemia is caused by some feature of 
the bone marrow haematopoietic stem cell environment (reviewed by Cole, 
1975).

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

Mice carrying mutations at either the W or the SI 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 SI mutations affect the microenvironment in which these cells 
develop and divide (Silvers, 1979; Russell, 1979). The complementary 
nature of the cellular defects in V and SI mutants has been explained by 
the findings that W is the c-kit proto-oncogene (Chabot et al., 1988; 
Geissler et al., 1988) while SI 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 life, which was not fully 
compensated for during the compensatory growth phase of the Mitomycin 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-klt gene expression in the mouse embryo and adult.

The V (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 is 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 identified, the SI 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-ïïrtreger et al., 1990), 
whereas cells supporting their migration, proliferation or
differentiation express the SI factor (Keshet et al,, 1991; Matsui et 
al,, 1990), Both c-kit receptors and SI 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 SI factor, consisting of the first 164 or 165 amino 
acids of the extracellular domain encoded by the cDMA, which seems to be 
important for germ cells (Mocka et al,, 1990; Williams et al,, 1990; 
Zsebo et al,, 1990),

Strong expression of elRITA for both the c-kit receptor and the 81
factor have been observed in both the mouse embryo and in the adult.
Using the in situ hybridization technique, the expression of the 
receptor tyrosine kinase gene, the proto-oncogene c-kit, was examined in 
mouse embryonal development, c-kit is 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 strongly 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 oocytes, but not in 
spermatogonia or in sperm cells.
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MATERIALS AMD METHODS

Nouse stocks

From a stock in which the V* allele was segregating, wild-type control 
mice, W 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 MKC 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, fixed in methanol : glacial 
acetic acid (3:1), then dissociated in 60% acetic acid and the cell 
suspension was spread on microscope slides. The preparations were 
stained with Giemsa (1:20 in Sorensen buffer, pH 7). The sex of the 
embryos was determined from amnion preparations.

Histological analysis

Due to the size of the 13.5 day embryos, only that part of the embryo 
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 in low melting point wax <54*C, R.A. Lamb, London). The 
specimens were serially sectioned at 8 or 10 urn, 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 piece 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 KMC- 
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, half-hour each. Serial sections were cut, 
thickness 7um, and attached to slides coated with albumin-glycerol. 
Dewaxlng 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, Dlst. HsO 
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% MgCla 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). Whole mounts were cleared In xylene to 
make the tissue more transparent, hydrated and stained for ALP using the 
same protocol as for the sections.
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Detection of proliferation by bromodeoxyuri dine-incorporât ion

Pregnant mice were injected i. p. with 5mg BUdr in 0.5ml 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 (lOum) 
from embryos were fixed three times for 15 mln in methanol/acetic acid 
<3:1) and air-dried. The sections were denatured for 10 sec in 0.07 M 
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% ESA) 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 rinsing in PBS, the peroxidase was visualized 
with HaO/diamlnobenzidine 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 Sad/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

DMA was digested with Bglll, electrophoresed on 0.8 % agarose-TBE 
gels, and transferred to Hybond N'" filters (Amersham). DMA was from the 
matings of two heterozygous V/+ mice. Filters were hybridized with a c- 
kit probe labelled with ®^P 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.

Forthern blotting

northern 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 extraembryonlc membrane DITA.

The developmental expression of c-kit was analysed by northern 
blotting. RFA 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 ®®S- 
labelled ERA 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.
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PART A: RESULTS

The gene expression, proliferation and migration of tHe PGC population 
in the mouse embryo were analysed with a variety of molecular
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 V/W, V/+ and Vi Id-Type Nice

A blot was run with genomic DRAs 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 DNA. 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 W mutant
allele contains a large deletion (Fig. 3.1). Enough DJTA could be
extracted from the extraembryonlc material from a single 8.5 day embryo. 
This method was used to identify a series of V/W 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/t, W/V and MNC-treated embryos

PGC identification:

PGCs were identified 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
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extraembryonlc ectoderm. At 7.0 dpc, a faint staining could be observed 
in the posterior amniotic fold close to the endoderm. Ginsburg et al.
(1990) reported that PGCs could first be recognised in the 
extraembryonlc 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 dpc, the PGCs
are mostly found in the endoderm of the invaginating hind gut. A number
of migrating PGCs were found in 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. Many 
other cells in the embryos at these stages also showed some ALP 
activity. However, identification 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 if 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 embryo, it was impossible to positively identify 
individual strayed PGCs. The number of PGCs and the number of ALP- 
positive spots were simultaneously counted. Table 3.3 shows the number 
of PGCs in control, heterozygous W/+, homozygous W/V and MKC 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 V/+ heterozygous embryos, indicating that fertility is not 
affected in heterozygotes. However, the PGC number in the homozygote 
W/V embryos appeared normal at 8.5 dpc (fig. 3.5), but increased at a 
markedly slower 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 spots, 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 spots. 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, 1981), 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).

88



PGC migration

The distribution of PGCs at various locations, namely the primitive 
streak, the allantois/yolk sac, the gut, the mesentery/coelomlc wall and 
the genital ridges, was noted in control and mutant V/V embryos between
8.5 and 13.5 dpc. According to chronological 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 
migrate 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 
neuroepithelium, . mesenchyme of the presomitic mesoderm and newly formed 
somites, apical ectodermal ridge of the limb buds and some epidermal 
cells.

At 8.5 dpc strong ALP-activity is present in the primitive streak, 
foregut and neuroepithelium (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 is 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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does the apical ectodermal ridges of the limb buds (figs. 3.11 and 3.12) 
and the genital ridges (fig. 3.6). However, the ALP-activity in the 
neural tube has become restricted (figs. 3.10 and 3.11).* In the 13.5 dpc 
neural tube the strongest ALP-activity seems to be located in the areas 
of the spinal cord that have closed, or are in close alignment (fig.
3.10).

By 13.0 dpc the genital ridges enlarge considerably with interstitial 
tissue. At this time, the epithelium covering the genital ridge of the 
presumptive gonads develops a slight ALP-positive reaction. 
Interestingly, the genital ridges in the V/V mutants were also diffusely 
stained for ALP-activity (fig. 3.6) in the absence of PGCs. The PGCs 
therefore, migrate through structures displaying a slight ALP-activity 
and into a structure with some ALP-activity. The ALP-activity along the 
pathway indicates a possible supporting role for the PGCs.

BUdr and proliferation

Proliferation was seen along the pathway of the PGC migration. In 9.5 
dpc this was along the hind gut. Intense BUdr staining was observed 
within the hind gut (fig. 3.13). BUdr staining was also present within 
the optic and otic vesicles (fig. 3.13f), and in the branchial and 
pharygeal pouches (fig. 3.13). Proliferation was also present in the 
tail end of the neural tube - in the neuroepitheium surrounding the 
neural canal (fig. 3.13b). At 11.5 dpc cell proliferation could be 
observed in the genital ridges. From 13.0 dpc onwards, individual PGCs 
could be seen to be stained with BUdr. Extensive proliferation was seen 
throughout the 13.5 dpc embryo (fig. 3.14 and 3.15). BUdr-incorporation 
many neuroepithial elements of the brain and spinal cord, as well as the 
branchial arches and mouth areas (fig. 3.14). The 13.5 dpc gonads show a 
strong level of BUdr-incorporation and hence proliferation (fig. 3.15b 
and c). High levels of BUdr-incorporation are also seen in the optic and 
otic vesicles (fig. 3.16)
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in situ hybridization

The embryonic expression of c-kit in the PGCs was analysed in embryos 
of various developmental stages. Ho c-kit expression was present in the
5.5 and 6.5 dpc conceptus, as reported by Manova and Bachvarova, <1991), 
and first detected c-kit expression in the 7.5 dpc extraembryonlc 
ectoderm and yolk sac (fig. 3.20), as reported by Orr-Urtreger (1990) 
and Motro et al. (1991). In accordance with Manova and Bachvarova,
(1991), c-kit mRITA was also present in the PGC-contalning cluster at the 
base of the allantois at 7.5 dpc (fig. 3.21) - PGCs were identified by 
ALP-activity (as demonstrated by Ginsburg et al., 1990). This is the 
earliest time that PGCs can be identified.

Strong c-kit expression was also found along the endodermal hindgut at
9.5 dpc (fig. 3.26) and in the dorsal mesentery en route to the genital 
ridge at 10.5 dpc. Individual migrating PGCs could be seen to be 
expressing c-kit. In the genital ridge of 12.5 and 13.5 dpc (fig. 3.29) 
embryos, c-kit was strongly expressed.

In order to define further the role of c-kit In gametogenesis, its 
expression in late fetal and postnatal ovaries and testes was examined. 
Gonads contain germ cells and somatic cells. The somatic cells comprise 
two types: firstly, the supporting cells, which are the Sertoli cells in 
the male and the follicular granulosa in the females; and secondly, the 
interstitial cells, made up of the Leydig cells in the male and the 
thecal cells in the female.

Adult testes were examined for c-kit expression. From the analysis of 
testes of mice of different ages, c-kit expression was observed in 
spermatogonia from 6 days post partum (dpp) into the adult stages. The 
interstitial Leydig cells expressed c-kit most strongly (fig. 3.33). c- 
kit was also expressed in some spermatogenic cells. Significant 
expression could be seen in the type A spermatogonia, type B and in the 
preleptotene spermatocytes. No expression was detected in the spermatids 
or in the mature sperm. Likewise, no c-kit expression was observed in 
the Sertoli cells. Thus, in the spermatogenic cells of the adult testis, 
c-kit expression is switched off when the germ cells enter meiosis.

In fetal ovaries of 14 dpp, several oocytes expressed c-kit, while in 
adult ovaries, all oocytes (from primordial to mature) very strongly
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expressed c-kit (fig 3.34). Expression was also seen in the ovarian 
interstitial cells, with the strongest expression being adjacent to the 
follicles. ITo c-klt expression could be seen in the ‘granulosa cells. 
Thus, in late fetal and adult gonads, c-kit expression is seen when the 
germ cells enter the diplotene stage of meiosis.
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PART B: RESULTS

RJfA Blot Analysis of c-kit Expression in Embryonic and A'dult Tissues

An initial survey of the expression of c-kit mRITA in normal mouse 
tissues was carried out by REA blot analysis using a 1.1 kb c-kit probe, 
REA was prepared from adult brain, testes, ovary, liver, fetal liver at 
13 and 14 days of gestation and placenta of females at 18 days of 
gestation (results not shown). The highest level of c-kit expression 
was found in placenta from pregnant females at 18 days of gestation. In 
all samples, a 5.5 kb REA species was seen, as reported earlier (Yarden 
et al., 1987; Qui et al., 1988). In addition, in samples with high 
levels of c-kit, bands of approximately 8 and 11 kb are seen, which may 
represent partially processed c-kit transcription products.

Expression of c-kit REA in fetal livers was detected at higher levels 
than in the adult liver. This correlates with the time at which the 
liver is the major haematopoietic organ. c-kit expression was also 
present in the adult brain, testis and ovary, but to a lesser degree.

The developmental expression of c-kit was analysed (fig, 3.17). c-kit 
mREA is present, in increasing levels, in 7.5 dpc embryos and through 
development.

Expression of c-kit REA transcripts in V/W, wild-type and heterozygous 
embryos was compared. REA was prepared from whole 14 dpc embryos from 
an entire litter resulting from a mating of two heterozygous (W/+) mice 
and analysed by blot hybridization. The genotypes were known from the 
Southern blot data and homozygous mutant fetuses were also double
checked by liver morphology, as reported by Borghese (1959). The liver 
is much lighter in the W/V embryos (fig. 3.18). A 5.5 kb transcript was 
present in the heterozygous and wild-type tissue samples (in equal 
amounts), but not in the V/W mutant sample (fig. 3.19). These findings 
were supported by in situ hybridization studies, which showed no c-kit 
mREA in the 14.5 dpc V/W embryos (results not shown).
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in situ Hybridization Analysis of c-kit in the Embryo

in situ hybridization was used to confirm and extend t*he investigation 
of expression of c-klt RITA in normal and mutant embryos. The in situ 
hybridization was carried out using the 1.1 kb probe, as a test 
hybridization showed that the 1.1 kb probe and the 4.1 kb probe gave 
similar results.

To investigate further the role of c-klt in mouse embryogenesls, 
sections were prepared at different stages of embryogenesls and 
hybridized with the c-kit probe.

c-kit expression above background, was not observed in 5.5 and 6.5 dpc 
embryos. The first detection of c-klt was as early as 7,5 dpc in the 
presomitic embryo. c-kit probe was found in the embryonic ectodermal 
cells and in high levels in the decidual cells, c-kit is also expressed 
in the extraembryonlc tissues, particularly in the germ cell containing 
fraction, and in the parietal endoderm.

At 8.5 dpc transcripts were present in the embryo itself. Expression 
was present in multiple tissues, with the highest levels of transcript 
in the embryonic gut, the neural grove and the yolk sac. The embryonic 
heart and newly formed somites showed very little c-kit transcription 
(fig. 3.22).

At 9.5 dpc c-kit expression is highly localized. The otic vesicle, 
optic vesicle, neural tube, oral placode and branchial arches strongly 
expressed c-kit. Significant c-kit expression was seen in the yolk sac. 
No c-kit expression was seen in any of the developing somites. In 
particular the endoderm of the branchial pouches (fig. 3.25c) and the 
surface ectoderm of the branchial arches (fig. 3.24) strongly expressed 
c-kit. The developing aorta (fig. 3.25b) and forelimb bud also expressed 
c-kit. c-kit was present throughout the neural tube and in several areas 
of the brain (fig. 3.26). There was a particularly high level of 
transcript over rhombomere five (fig. 3.26). The otic vesicle expressed 
c-kit strongly (fig. 3.27). The ectodermal cells around the lumen 
strongly expressed c-kit, as does the outer epithelial surface. Several 
individual mesenchymal cells and cell clusters, on the branchial arch 
side of the otic vesicle, also express c-kit. The otic vesicle lies 
close to the fifth rhombomere (Deol, 1964) and consists of tall cells.
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and all mitoses are localized In the superficial layer bordering the 
lumen (Theiler, 1972). At 9.5 dpc the epithelial pigmented cells of the 
membranous labyrinth of the ear are not yet present.* Thus the c-kit 
expressing cells within the otic vesicle are not pigmental cells and the 
individual cells and cell clusters observed in the mesenchyme (fig. 
3.27) are probably the pigment cells migrating towards the otic vesicle.

At 12.5 dpc there is a significant amount of transcripts at multiple 
sites. The c-kit probe over the fetal liver gave the strongest signal. 
There was also significant expression from the central nervous system, 
the fetal gut and the genital ridge - in which individual PGCs could be 
identified.

At 13.5 dpc the expression of c-kit drops in females, coincident with 
entry into meiosis. c-kit expression was present in multiple tissues, 
principally the liver, lung, spinal cord, brain, optic and otic vesicles 
and gonads (fig. 3.28). The genital ridge has a high level of
heterogeneous c-kit expression, suggesting individual PGCs expressing c- 
kit (fig. 3.29).

At 13.5 dpc individual migrating melanoblasts could be observed
throughout the entire embryo (fig. 3.30). Migration of these 
melanoblasts begins at about 9.0 dpc from the dorsal surface of the
neural tube and by about 12.5 dpc they are incorporated into the 
epidermal hair follicles. In agreement with a recent study by Keshet et 
al. (1991), the c-kit expression in the brain was within the early
postmitotic regions (figs. 3.31 and 3.32).

in situ hybridization analysis of mutant embryos showed that the
pattern of expression was Identical In the early stage embryos (7.5, 8.5
and 9.5 dpc), but the overall amount of c-kit message fell in later
stage embryos and was similar to background levels. In two 14.5 dpc
V*/V* mutant embryos examined, no c-kit mRMA was present. This is in 
contrast to the findings of Motro et al. (1991) who showed c-klt 
expression In some tissues of a 16 dpc embryo. The tissues where
expression was observed were in those lineages not affected by the V 
mutation (i.e. haematopoietic, gamete and melanogenic cell lineages), 
and mutant is a less severe mutation as anaemia leads to death 2-3 
days later in gestation than the V* mutant.
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Correlation of c-kit expression with proliferation

Proliferation studies with the BUdr-antibody technique have been 
performed in mouse embryo sections, c-kit gene expression was revealed 
only in tissues with high proliferative activity. This is exemplified 
by a comparison of proliferation and c-klt expression at 9.5 dpc. The 
highly proliferative oral placode and first two branchial arches showed 
strong c-kit expression.

In eye lens development, mitotically active cells were found in the 
epithelium of the outer pole of the lens. Cytodifferentiation to lens 
fibres takes place during the migration of cells from the peripheral 
epithelium towards the equatorial region (reviewed by Piatigorsky, 
1981). At 14.5 dpc, high levels of c-klt transcripts were located in 
the mitotically active zone at the outer pole. At later stages (16.5 
dpc) c-klt expression became restrictive to the region of 
differentiating lens fibres. No c-kit expression was detected in organs 
having finished proliferation, while c-klt expression remained high in 
organs that were still actively proliferating (for example, the 
embryonic gut).

One Important exception to the correlation of c-kit and proliferation 
is In the early germ cells, which express c-kit before they start to 
proliferate. This could be because of the lack of the SI ligand, which 
is only switched on later (Matsui et al., 1990). Thus, it is probable 
that receptor-1Igand interaction is necessary for proliferation to 
occur.

Alkaline phosphatase distribution during embryogenesis

The distribution of the ALP matches the expression of c-kit, in that 
sites of c-kit expression correlate with the sites of ALP-activity. 
However, there are sites of ALP-activity which have no c-kit expression, 
for example, the mesenchyme of the presomitic mesoderm and newly formed 
somites and the gonads of the V/W mutant embryos.
Table 3.6 illustrates the correlation between c-kit expression, ALP- 

activity and proliferation.
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TABLE 3.2: RESULTS OF GENOTYPE ANALYSIS.

AGE

(DPC)

SD. XICE USED GEIOTYPE ÏUXBEK 

V/V V/+ +/+

% V/V

8. 5 20 5 11 4 25

9.5 25 6 12 7 24

10.5 41 9 2 12 21.95

11.5 20 5 12 3 25

12.5 18 3 10 5 16.6

13.5 24 3 15 6 12.5
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EigUZ2_3,2 The location, of primordial géra cells (PGC) lu mouse embryos 
at S.O apc, The.PQCa.are beglaaiag ta,Migrate from the base
of the allantois (ALL), (a) 8.0 dpc embryo with four
somites. (b) 8.0 dpc embryo with five somites. (c) an
enlargement of (b).
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Figure 3.3 The location of FGCs In a 9.5 dpc embryQ whole niQU%t._ The 
PGCs are mostly In the hind gut, which has come away iroa 
the embryo. Some FGCs are within the dorsal mesentery.
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Figure 3.4 Alkaline phosphatase staining of normal 13.5 dpc male and 
£emle gQnadSi
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Figure 3.5 A comparison of PGC number and position In the V/V mutant. 
V/+ and +/+ genotype 8.5 dpc embryos.
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Eigurg 2,6 Alkaline phosphatase s t a i n i n g 13,5 dpc male aad
female gonads. Note the total lack of primordial germ cells 
(PGC) in. both gonads, except for a solitary dividing PGC In 
tke. nialê ..which Is not in tke .■gpna.lSLi..
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TABLE 3.3; NUMBER OF PRIMORDIAL GERM CELLS (PGCs) IKT EKBRTQS BETVEEIT 
7.5 ABP.iac5 .PAYS.-

AGE
(DPC)

TYPE 10. OF 
EMBRYOS

PGC MTTKBES 
MEAK +/- SEN

SPOT
NEAR

KUMHER
+/— SEN

7.5 Control 4 40 +/— 6 9 +/- 2
8.5 Control 4 150 +/- 12 81 +/- 9

V/ + 4 161 +/- 14 87 +/- 11
V/V 4 132 +/- 17 71 +/- 8
KXC 3 35 + /- 4 7 +/- 3

9.5 Control 4 378 + /- 29 242 +/- 21
V/ + 4 367 +/- 41 257 +/- 32
V/V 4 168 +/- 15 145 +/- 13
XXC 3 61 t/— 8 28 +/- 5

10.5 Control 4 1016 +/- 78 710 +/- 54
V/ + 4 1123 +/- 87 752 +/- 6
V/V 4 52 +/- 7 40 +/- 3
KXC 3 607 +/- 53 321 +/- 35

11.5 Control 4 3078 +/- 164 2154 +/- 98
V/ + 4 2989 +/- 149 2086 +/- 124
V/V 4 26 +/- 3 22 +/- 4
KMC 3 1645 +/- 116 952 +/- 67

12.5 Control 3 13508 +/- 348 9574 +/- 876
V/V 3 12 +/- 3 12 +/- 3

13.5 Control 3 25,843 +/- 2472 23,976 +/- 2151
V/V 3 0 +/- 1 0 +/- 1

1 0 4



TABLE 3.4 : PRQPQBTIQI OF PGCs CQffTAIÏÏIIfG ALP-SPQTS

AGE (DPC) GEIDTYPE Z PGCs VITE ALP-SPOTS

7.5 Control 22.5 %

8.5 Control 54 %
V/V 53 %
MKC 20 %

9.5 Control 64 %
V/V 86 %
MKC 45 %

10.5 Control 70 %
V/V 76 %
m e 52 %

11.5 Control 70 %
V/V 84 %
MKC 57 %

12.5 Control 70 %
V/V 100 %

13.5 Control 90 %
V/V
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STAGES

AGE GESOTYPE 10. OF ( DISTBIBOTIOH OF PGCs (%) )
(DPC) EMBBTOS EXEKB EMB EG MCV GB

7.5 Control 4 96 4

8.5 Control 4 16 84
V/V 4 20 80

9.5 Control 4 2 8 63 27
V/V 4 3 12 64 21

10.5 Control 4 7 88 5
V/V 4 10 72 18

11.5 Control 4 46 54
V/V 4 52 48

12.5 Control 3 12 88
V/V 3 21 79

13.5 Control 3 100
V/V 3 100

EXEMB - Extraembryonlc mesoderm, EMB - Embryonic mesoderm, HG - Hind gut 
endoderm, 2tCW - Mesentery and coelomic wall, OS - Genital ridge.
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F.lgur&_3.,.7 Alkaline phosphatase (ALP) distribution In the 8.5 dpc 
embryo. Abbreviations: PGC. primordial germ cell; P. 
primitive streak: A L L _ i o r e g u t: A. amnion: H. 
bead fold: tf. neuroepithellumi S. somite.
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Figure 3.8 Alkaline phosphatase (ALP) distribution in the 9.5 dpc 
embryo. Abbreviations: H. Mndgut; !f. neural tube; T. 
telencephalon: D. dlsnceplialoa;.HS^.jieseiigephalDn; MI., 
metencephalon; Q. otic vesicle.
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Figure 3>9 Alkaline phosphatase (ALP) distribution In the 10.5 dpc
embryo. The serial longitudinal sections show ALP-actlvity 
throughout the spinal cord (S). the dorsal mesentery (K). 
the, o t ic vesl.gIe....(Q} ...aiid.i a the primordial germ cells (FGG),
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Figure 3.10 Alkaline phosphatase (ALP) distribution in the 13.5-dpc.
embryo. The serial longitudinal sections show ALP-actlvity. 
within the neural tube <g) and in the mesenchyme of the 
presomitic mesoderm (K) .
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Alkaline, phosphatase (ALP) distribution In the 13.5 dpc 
eabryoi The transverse section, shQia_atrQ.ii& restricted 
ALP-activity within the neural tube (1) and In the 
primordial gsra izells <FQC? within.the.genital ridge.
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Figure 3.12 Alkaline phosphatase (ALP) distribution In the 13.5 dpc 
embryo limb buds.
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Figure 3.13 Detection of proliferation by brQjQQdeQxyuridine-.
Incorporation In 9.5 dpc embryo..Serial sagittal and para- 
sagittal sections illustrate prol iferation in ...the. hludgul., 
otic vesicle, branchial arch .pouclie.s_a.iid An. ĵ harny-ggal- 
pQuches.
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Figure 3.14 Analysis of proliferation In the 13.5 dpc embryo. BUdr- 
lacarporatlflii Is present ia mltiplg .siiea..
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Figure 3.15 Analysis of proliferation, in the 13.5 dpc embryo. BUdr-
incorporatlon is present, in multiple sites. Cai_Iall
section. <b) an enlargement of (a) illustrating 
proliferation In the., genital...ridge .<G1. and tbe.aesanephcQs 
(X), <c> higher magnification ol..the..&enital ri<ige area...
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El jure 3,15 Analysis J3f, j?rDll£ai:Atl.gn.lii„tha. Qgblg. and otic v.esisles of.
a 13.5 dpc mouse embryo. BUdr-lncorporatlon is present In 
both structures.
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Figure 3> IS CQlaur photamicro&rapl of a normal <rigM} aad-a homozygous 
a^mtant. (leitl_ 14.,̂  dpc mouse -eml3ry.CL--IfQte . tbe..lighter 
liver and the absence of blood vessels in the head of the 
mutant embryo.
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Analysis of c-klt expression in V* 14.5 dpc whole embryos.
Iforthern blot analysis of the. offspri.n^.jpf _a. matlng between
two heterozygous (V/+) mice, revealed a 5,8 kb transaiilpA 
In the resulting heterozygous (V/t) and wild-type (+/+) 
embryos. Fo c-kit is present In the homozygous.J_Y/y>_mutan 
Qfflbr.yQg.,
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Figure 3.20 c-klt expression early after Implantation. Transverse
sections through entire uterus containing 7.5 dpc embryos. 
(a) EstraembrypnlQ-laY-gLL-seatloQ sha%ing c-klt..azprassi.Qii 
in the maternal decidua, the embryonic yolk sac and some 
elements of the extraembryonlc ectoderm, (b) An enlargement 
of (a), (c) Embryonic level section showing strong yolk sac
c-klt expression. <d) Transverse section through the distal
endoderm.
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F-tgura 3.21 c-klt e^presstnn in the alla^tolS of - 5 dp-Q. .a.'.!'LiL',.l_. AL.
activity confirmed the of FGCs,— AbbrSYi.l ii/lill-AL

allant Pis.1-
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Expression_Qf c-klt lu a transverse section of a 8,5 dpc 
emb]qfQ._S-trflng expression Is present in the neural groove 
(BGl. yolk sac endoderm (E) and the foregut (FG). There is 
a_ubiquitous weak expression in the rest of the embryo. The 
embryonic heart (H) and a somite (S) show weak c-kit 
expression, The yolk sac and amnion have folded in on the
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Figure 3.23 c-klt expression in the 9.5 dpc embryo, (a) Para-saglttal.
section probed with antisense c-kit probe. (b) .Sériai
section probed with sense (control) c-klt prob^^
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Figure 3.24 A close up of fig. 3.23, .showiüg__a strong. c-:kit_.expre_s&l!iii.
in the three branchial bars (Bl. B2 and B3), the otic 
vesicle (QT). optic vesicle (OP) and the neural tut>e (LD
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El SUIS 3. >2 5 c-klt expression in d sagittal section .af_ the 9.5 dpc
embryo, (a and b. opposite) The first and second branchial 
arches (Bl and B2). the forebrain (FB). otic vesicle (QT). 
the aortic arch (AA) of the developing dorsal aorta (DA) 
and the fifth trigeminal cranial sensory ganglion (gV) all
ggpr^ss c-klt strongly, .a.hom) Seria l . sagittal as^JLon--
11lustrâtIng c-kit expression in the pharynx and developing 
aorta, AbbraYi&tioiis; AAl*. aortic arch I; AA2. a&rtiG.arcl 
2; E. ky.QjaandlbuIar pouch: E2. pharyngeal. pQusb..2;. F3. 
pharyngeal pouch 3; DA. dorsal aorta: ?. ventricle.
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Figure 3.2Ô Gagitta i i lie rii(
embryo. High le /vie; 'jF. O - m ^ eiqjLiiSglQn are oresei
oral cavity (PC). iJixJeeliill'2i(T), meseilQ<Sj
the foregut (F) and Qv -r b vnibumere <R5)..-.
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embryo. The ccll^ Ground the lumen strongly express c-kit, 
as does the oul-er epithelial surface, and.several 
individual mesencliymal cells and cell clusters (C) can be 
s&ea to express neural , t.uM
s-kll. mEgA.-sssp.r.e.sslQn
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Figure 3.28 c-klt expression in the 13,5 dpc embryo.
Abbreviations; <Q), Qvar.y; Œ ? . mesoaephrasL
(KU). Mullerian duct; (LI), liver: (L9), lung:
(Rl... .Tibs.
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Figure 3.29 c-kit RITA expression in the male 13.5 dpc embryonic genital 
ridge. Panel a. taken.mider-ligiit-fleld illumination 
illustrates localized foci of c-kit expression in the fetal 
testis, and a high level■of expression in the nesonephric 
dual.and.gat epithelium, Panel b illustrates this 
expresslQU..under dark-field illumination. Panel c , taken at 
a higher magnification, illustrates c-kit expression from 
individual FGCs.
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Figure 3,30 c-klt expression in Indlvldual-iiilgratlng melaaoblasts at
13,5 dpc. Panel b. taken.un.der. llgklrli,aid IIlualnation^.. Is 
a. magnified, view of .panel .æl-, and ..panel c is taken under 
dark-field illumination.
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Eigure..3̂ .21 iü. gltu.-LybrldlzatIan analysis of c-klt espressiQu. in the
13,5 dpc embryonic forehead, Fanel a 11 lustrâtea_Mg2i 
levels oi .expression, in.the . telenaepbalan. the fifth
trigeminal (panel b> and in the optic.lens <pa.nel...c>.
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Fig-nrp 3.32 c-klt expression In the 13,5 .dpc head, @73, fflOUtll and. 
fOrel1mb bud.
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Figure 3.33 ç-kit e%prass 1 on...iiL 1 he..aduli...testla._£Qt2i...phatomlcrograplis 
were taken under dark-field Illumination, and panel b is an 
enlargement of panel a.
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Figure ,3 .34 c-klt expression in fetal_ogarles. <14 dpp). Panel a and b 
are light-fleld and dark-field photomicrographs of a 
female gonad. Panel c and d Illustrate high levels of c-kit 
e.spr.esslQ.a flyer, the, follicle .calls,
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DISCUSSION

Mice carrying mutations at either the V or SI locus display virtually 
identical pleiotropic defects, particularly dominant white-spotting, 
sterility and severe anaemia. The complementary nature of the cellular 
defects is due to the W locus encoding the c-kit proto-oncogene, while 
SI encodes the ligand for the Kit tyrosine kinase receptor. Recent 
transgenic studies have confirmed these facts and ectopic expression of 
a c-kitw^2 minigene in transgenic mice has mimicked the V phenotype (Ray 
et al., 1991).

The results show that c-kit expression is linked with proliferating/ 
migrating cells. There is also a close association with alkaline 
phosphatase which may play a role in signal transduction (by de- 
phosphorylating the tyrosine kinase), maturation or provision of 
positional information (Table 3.6). The earliest expression of c-kit in 
the embryo is in the P(X)s, and this coincides with the expression of 
ALP-activity. c-kit, ALP and Oct-4 are the only known genes to be 
expressed in P(X)s from 7.5 dpc. Oct-4 (the same as Oct-3) is a 
maternally expressed transcriptional regulator gene that is switched on 
in the pre-implantation mouse embryo and is also known to be expressed 
in 7.5 dpc PGGs (Scholer et al., 1990). The primordial germ cells start 
to migrate at about 8 dpc and then require the use of the SI ligand to 
stimulate the c-kit tyrosine kinase growth factor to start/maintain 
proliferation. When c-kit is not present or non-functional, the PGCs 
migrate normally, but do not proliferate, and therefore low numbers of 
PGCs are seen in V and 81 mutant mice. In the 81°i mutant, which has 
PGCs, but no growing follicles, it lacks the ligand necessary for oocyte 
growth. This suggests that c-kit is a factor in mitotic competence 
during migration in the regulation of PGCs.

c-kit is expressed in PGCs and seems to have a definite function in 
mitosis, c-kit is also expressed during mitosis in type A and B 
spermatogonia and highly expressed in oocytes. These results suggest 
that c-kit may have a second period of function in germ cells in 
postnatal gonads. However, a recent paper suggests that the function of 
c-kit is more necessary for the development of PGCs than for postnatal 
germ cells (Koshimizu et al., 1992).
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PROLIFERATION DURING EKBEYONIC DEYELOENEST. *■

c-kit ALP Proliferation

7.5 dpc embryo:
PGCs + + -

8.5 dpc embryo ;
PGCs + + +
Neural tube + + +
Gut + + +
Somites - + +

9.5 dpc embryo:
PGCs + + +
Neural tube + + +
Gut + + +
Optic/Otic vesicle + + +
Branchial pouch + + +
Pharygeal pouch + + +
Somites - + +

13,5 dpc embryo;
PGCs/Gonads + + +
Spinal cord + + +
Brain + + +
Eye/Ear + + +
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Occasionally ectopic PGCs can be found in the skin epithelium or the
extraembryonic regions of the yolk sac adjacent to the placenta. These
are presumably PGCs that migrated but have been unable to recognize 
their cellular markers or follow the chemical signals released from the
genital ridge. These PGCs contained no ALP-spots suggesting that these
are immature cells that have not come under the controlling signals of 
the SI/c-kit pathway.

c-kit is also expressed along the migration pathway of the PGCs, as is 
the c-kit ligand - Steel (Matsui et al. 1990), and indeed ALP. This 
simultaneous expression of the receptor (c-kit), its ligand (Steel) and 
ALP could play a self controlling role, via a feed-back loop, in 
stimulating growth and proliferation.

It has been shown that the c-kit gene is expressed in melanoblasts, 
germ cells and haematopoietic progenitors, which are the expected sites 
of expression of defects in the V mutants. Interestingly, c-kit is also 
expressed at other sites, including the brain, lung and gut, in which 
abnormalities have not yet been described. This suggests that either 
the 81/kit pathway has no function; that the V function has not yet been 
detected or that there is a functional redundancy between the 81/kit 
pathway and other signalling pathways. The probable outcome is that c- 
kit, like all the other proto-oncogenes, is one controlling molecule 
within a pathway of interacting growth factors and oncogenes, which 
control differentiation, development and survival.

The Foie of Alkaline Phosphatase

ALP has clearly been shown to be active at all stages of embryonic 
development, and the correlation between the changes in forms and 
development suggests that the multiple forms may have different 
functions in the process of early development (Kim et al., 1989).

In order to examine the function of ALP it is helpful to see how the 
enzyme is used in single cells. For example. Bacillus subtills is 
triggered to sporulate when nutrients are exhausted. Cells stop growing 
and begin to make proteins and enzymes that are absent in the vegetative 
cell, 8ets of sporulating genes (about 100) are activated and a sequence 
of metabolic adjustments initiate a programme of morphological change.
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The ALP genes are transcribed within the first hour of sporulation and 
ALP-activity is necessary for morphogenesis. Thus, it appears that ALP 
is an important gene within the pathway of development of form and 
structure.

ALP plays an important role in early development, in the timing of the 
inner cell mass and trophectoderm differentiation. Cellular polarization 
at compaction is soon followed by the appearance of a small group of 
inner cells that show distinct patterns of ALP-activity (Izquierdo, 
1975; Ishiyama and Izquierdo, 1977; Kerchant-Larios et al., 1985). 
Izquierdo (1975) suggests that plasma membranes in mouse morulae and 
early blastocysts may encode positional or spatial information during 
cleavage by differential activities and ultrastructral localization of 
the ALP enzyme. Thus, ALP may play a role in providing cells with 
information on its stage and position. This could be the reason for the 
migration of PGCs through tissues expressing some ALP-activity, as in 
the hind gut.

ALP is also known to play a role in cancer tissue. Fishman et al. 
(1976) has shown that ALP isozymes are of value in the diagnosis of 
diseases, because when ALP isozymes known to be associated with specific 
disease states are identified in serum, the diseased organ may be 
pinpointed. An ALP isozyme having a unique electrophoretic mobility was 
found in hepatoma patients (Higashino et al., 1975). The localization 
of this enzyme in cancer tissue and the occurrence of the identical ALP 
in the serum and tumors of other hepatoma patients, both male and 
female, suggested that this enzyme is an actual product of the hepatoma 
cells and not a degradation product of either the liver or placental 
ALP. Thus, variant and possibly non-functional ALP isozymes are linked 
to cancer, and it is possible to suggest a similarity with proto
oncogenes, in which, important normal cell controlling genes - once 
mutated, overexpressed and not controlled - give rise to cancer. These 
results suggest that ALP is a single important factor in the pathway 
controlling cell growth, differentiation and development.
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Possible Pathway linking c-kit and Alkaline Phosphatase in the PGCs

Since the PGCs are richly endowed with ALP in the form of a 
concentrated spot, the function of the ALP could be in the control of 
the supply of energy for their migration and movement through the 
embryonic tissues, ALP is an enzyme that catalyses the removal of 
phosphate groups - dephosphorylation, c-kit is a tyrosine kinase cell 
surface protein with autophosphorylation activity, in that, it is 
capable of self-phosphorylation on tyrosine residues (Yarden et al., 
1987; Majumder et al., 1988). Phosphorylation is the addition of a 
phosphate group to another molecule which temporarily alters the 
activity of many proteins. The combination with phosphate, which is 
usually done by ATP (adenosine triphosphate) produces compounds that are 
highly reactive in water with other organic molecules in the presence of 
appropriate enzymes - possibly ALP. When the phosphate is in turn 
transferred, energy becomes available for biochemical and other work - 
migration/proliferation. Such processes form the fundamental energy- 
transfer system in metabolism.

The cytoplasmic domain of the c-kit protein contains a ATP binding 
site and a tyrosine-specific kinase domain (Yarden et al., 1987). The 
changes in enzymic activity produced by phosphorylation can be reversed 
by the hydrolytic removal of the phosphoryl group. Thus, the ALP can 
reverse the regulatory effects of the tyrosine kinase. ALP and c-kit may 
therefore work in tandem to control the rates of phosphorylation and de
phosphorylation, and hence energy production.

The results show that ALP is present in the migrating PGCs until 14 
dpc, at which time their ALP-activity begins to decline in the females. 
Thus, once migration and mitosis are complete, the requirements for 
energy are decreased and this is reflected in the reduction of ALP- 
activity. The continued presence of ALP in the males is due to continued 
mitosis in the germ cells. Thus the function of ALP may be to regulate 
the enzymic activity of the tyrosine kinase domain. It is likely that c- 
kit utilizes its SI ligand-induced tyrosine kinase activity to generate 
an intracellular signal that eventually triggers mitogenesis - maybe a 
build up of ATP.
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A recent report has shown the existence of a novel c-kit transcript of 
3.2 kb, which lacks the ATP-binding site and the kinase insert domain 
(Rossi et al., 1992). This transcript is thought to ‘be specific for 
postmeiotic male germ cells, and has a tyrosine kinase-independent 
function in spermiogenesis. Thus, expression of the truncated receptor 
in post-meiotic mouse spermatids, supports the findings that ALP- 
activity and normal c-kit expression are interdependent during 
spermatogenesis.

It is also possible that autophosphorylation by the c-kit oncogene is 
regulated by the ALP-activity. It is possible that phosphorylation of 
the c-kit protein regulates the level of transcription from the c-kit 
promoter. Setoyama et al. (1986) demonstrated that v-fos can trans- 
activate transcription from the collagen promoter, and Barber and Verma 
(1987) report the enhancement of transcription of c-fos and c-myc 
promoters by the c-fos protein. ALP-activity may then be required to 
reverse the effects of the tyrosine kinase.
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CHAPTER FOUR

GEIE EIPRESSIOir IS THE GERM CELLS OF THE 
ADULT MOUSE TESTIS
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The 7 chromosome is almost exclusively involved in primary sex 
determination and fertility. It has been generally thought that dominant 
gene or genes on the mammalian Y chromosome control primary sex 
determination by inducing the bipotential fetal gonad to differentiate 
into a testis. The bipotential fetal gonad develops along the testicular 
pathway even when there are multiple copies of the I chromosome present, 
due to the dominant influence of the Y (Jacobs & Strong, 1959; Kussell & 
Chu, 1961). Recently, the mechanism by which the Y initiates and 
controls this pathway has been discovered. Gubbay et al. (1990a) and 
Koopman et al. (1991a) have shown that the short arm of the Y chromosome 
includes the primary sex-determining gene, known as Sry. In mice and 
men, Sry appears to be a regulatory gene that may initiate a cascade of 
genes which provide all the components for testis formation.

Male germ cell differentiation results from the expression of the 
primary male sex determining gene during the course of development. 
Primordial germ cells are derived from primitive ectoderm (epiblast) 
and by 8 days post coitum (dpc) they are visible as alkaline phosphatase 
positive cells at the base of the allantois (Chiquoine, 1954). The 
genital ridges originate as mesodermal thickenings of the peritoneum at 
approximately 11.5 dpc. The Sry gene appears to be expressed in the 
genital region of male embryos at about 10.5 dpc, but within 2 days - 
when the first sign of testis differentiation appears - the gene is shut 
off. The differentiation of Sertoli cells and the formation of testis 
cords appear to be responsible for the germ cells in the testis entering 
mitotic arrest rather than meiosis before birth, and hence developing as 
male rather than female germ cells. After birth, the germ cells 
proliferate extensively, maturing into spermatogonia, then stop and 
proceed down the pathway of spermatogenesis which involves both meiosis 
and spermiogenesis.

Once the germ cells have entered meiosis, they are known as primary 
spermatocytes. Each primary spermatocyte undergoes two divisions 
yielding four haploid round spermatids which subsequently undergo 
extensive morphological changes during spermiogenesis (Bellve, 1979). 
The spermatid undergoes a stepwise process of cellular differentiation

154



to form a functionally and morphologically specialized spermatozoon 
(sperm). In the mouse, spermiogenesis lasts approximately two weeks and 
consists of 16 stages based on various morphological criteria associated 
with changes in nuclear structure and acrosomal development (Oakberg, 
1956). Figure 4.1 illustrates the course and tlme-factor involved in 
sperm development. These events result in most of the cytoplasm 
(Including the cytoplasmic RHA) being eliminated from the spermatozoon 
as a residual body, and nuclear condensation occurs. Transcription 
terminates during mid-spermiogenesis as the nucleus exchanges its 
somatic-like nucleosome structure for the nucleoprotamine structure of 
the mammalian spermatozoon. The resulting sperm shapes are species- 
specific. These transformations are accompanied by a stage-specific 
synthesis of polypeptides, resolvable by two-dimensional 
electrophoresis, in pachytene spermatocytes, round spermatids and 
elongating spermatids (Boitani et al. , 1980; Kramer and Erickson, 1981; 
Stern et al., 1983a; Gold et al., 1983), and the production of a variety 
of known testis-specific proteins (cited by Stern et al., 1983a; Bellve, 
1979).

The differentiation processes occurring during spermatogenesis are 
unique because primary spermatocytes are genetically diploid, but 
functionally tetraploid; round spermatids are haploid, while elongating 
spermatids become functionally anucleate due to ongoing condensation of 
the chromatin (Monesi, 1964; Kierszenbaum and Tres, 1975). The control 
of specific protein synthesis is as yet not completely understood. 
Translational regulation and stable ulRHAs are thought to be especially 
important because RITA synthesis ceases about 1 week before protein 
synthesis, due to condensation of the nuclei (Gold et al., 1983; Stern 
et al., 1983b). However, regulation of mRNA accumulation at the 
transcriptional levels is less well documented. Poly(A)+ RHA is known 
to be synthesised in round spermatids (D'Agostino et al., 1978; Erickson 
et al., 1980a) and the levels of translatable phospho-glycerate kinase 2 
m R M  increase in round spermatids (Erickson et al., 1980b; Gold et al., 
1983).

Hany of the dif ferentiative events of the latter stages of 
spermatogenesis are controlled by gene products solely expressed from 
the haploid genome. For any system of multicellular development, lineage
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committment and overt cellular differentiation require the ordered 
interaction of specific sets of regulatory genes. To determine the key 
steps underlying spermiogenesis, one strategy is to identify cell-
specific molecular markers.

To date, a number of genes expressed during spermatogenesis have been 
described (review by Willison and Ashworth, 1987). Some of the genes
which have been shown to have post-meiotic transcription and are
expressed in a sperm or testis specific manner ,but several are not germ 
line specific (see Table 4.1). A number of genes with altered splicing
or processing are also expressed during post-meiotic transcription (see
Table 4.2).

Several of the germ line specific genes encode proteins such as
protamides (Hecht, 1986) and tubulins (Villasante et al. , 1986) which
participate in the structural changes that occur during spermatogonial
differentiation. Other genes have been shown to encode enzymatic
variants that are implicated in basic cell functions, such as PGK-2
(Gold et al., 1983) and LDH-X (Tanaka and Fujimoto, 1986). The heat
shock protein 70 (Zakeri and Volgemuth, 1987) is first seen in the
pachytene spermatocytes, while preproacrosin (Adham et al., 1989) and 
transition protein one is observed in the spermatids (Heidaran et al. , 
1988 ).

Among the genes expressed during spermatogenesis, relatively few have 
been implicated as candidates for controlling the differentiation
process. The cellular oncogenes c-abl (Ponzetto and Volgemuth, 1985), c- 
mos (Goldman et al., 1987), plm-1 (Sorrentlno et al., 1988), int-1
(Shackleford and Varmus, 1987), and N-ras (Leon et al., 1987) and the 
homeobox-containing gene Hox-1.4 (Volgemuth et al., 1986) each exhibit a 
specific pattern of expression that may suggest a developmental role
during spermatogenesis. To date, no genes specifically implicated in 
the control of spermatogenesis have been identified, though in the mouse 
there is a gene ('Spy') mapping to the Y short arm, which is required 
for normal spermatogonial proliferation and/or survival (Burgoyne et 
al., 1986; Sutcliffe and Burgoyne, 1989).

Since spermiogenesis (the haploid phase of spermatogenesis) is a male- 
limited process, it is reasonable to ask whether any of the genes
regulating spermiogenesis are located on the Y chromosome. Studies of Y-
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Table 4.1 Some genes which have been shown to have post-meiotic
transcription

name time Ql IsL appearance

Spem/testes specific

a-tubulln
heat shock protein 70
LDH-X
Pgk-2
protamine
preproacrosin
transition protein one

late spermatids 
pachytene spermatocytes 
pachytene spermatocytes 
pachytene spermatocytes 
round spermatids 
spermatids 
spermatids

Hot germ line sptxzific

actin, smooth muscle type 
1 kb calmodulin 
c-jjiL-l oncogene 
Tcp-1 (testicular

cell proteln-1) 
Zinc finger Y 
Hale enhanced antigen

late spermatids 
round spermatids 
spermatids 
earliest stages

spermatids 
earliest stages
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Table 4.2 Genes with altered splicing/processing during post-meiotic
transcription

gene class name normal tissue normal
transcript

alterations

oncogenes c-abl many 5.5 & 6.5 kb

develop
mental
genes

others

c-mos

c-pim-1

rfp (ret 
finger 
protein 
IT-ras

hox-4

many

immune
tissue
many

many

embryo
spinal
cord

histone testes
2B

preproen brain 
kephalin

1.3, 1.4,
& 2.3 kb 
2.8 kb

2.4 kb,
3.4 kb

1.3, 2.4 
& 5.0 kb 
1.7, 2.4 kb

500 bp not
polyadenyl-
ated

1500 bp

4.0 kb with trun
cated 3' terminus, 
polyadenylation at 
unusual site with
out consensus 
polyadenylation 
signal

1.7 kb 
2.4 kb

2.8 kb

1.3 kb

1.35 kb in 
spermatocytes, 
1.45 kb sperm
atids

800bp
polyadenylated 
+12 extra C-term 
a. a. s.
1900 bp, little 
met enkephalin 
peptide detected
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chromosomal deletions and rearrangements in mouse and man have in fact 
shown that the Y, in addition to its testis-determining role, carries 
additional male-specific genes that are necessary for 'spermatogenesis, 
normal sperm development and function (Davis, 1981; Eicher et al., 1983; 
Burgoyne, 1987, 1991). Very little is known of how the Y chromosome
controls these processes at the molecular level.

Krzanowska <1969, 1976, 1986) has demonstrated Y chromosome strain
effects on the incidence of sperm head abnormalities and on normal sperm 
head shape. More recently information necessary for the normal 
development of the sperm head has been mapped to the mouse Y long arm 
(Moriwaki et al., 1988; Styrna et al., 1991a, b; Burgoyne et al., 1992). 
The available evidence suggests that this information must be present in 
the form of a multiple copy gene: in the absence of any Y-specific DMA 
from the long arm all sperm are abnormal, but partial long arm 
deletions, rather than having an 'all or none' effect, produce an 
intermediate phenotype <ie. an increased frequency of abnormal sperm 
heads).

At the molecular level a number of Y-chromosomal genes have been 
identified in the course of the intensive search for the Y-chromosomal 
testis determinant. The male-specific histocompatibility antigen, Hya, 
which is known to be controlled by a gene or genes on the Y-chromosome - 
was until recently, thought to be the primary testis inducer (Wachtel et 
al., 1975) until it was found that some mice had testes but lacked Hya 
(McLaren et al., 1984). The location of Hya is not yet known. In mouse 
the genes Zfy-1 and Zfy-2 (Magamine et al., 1989; Mardon et al., 1989; 
Mitchell et al., 1989) on the Y short arm (McLaren et al., 1988; Roberts 
et al., 1988) show germ cell dependent expression (Eoopman et al., 1989; 
Magamine et al., 1990), thus precluding a role in testis determination. 
However, either or both Zfy genes have been considered as candidates for 
Spy (Sutcliffe and Burgoyne, 1989; Koopman et al., 1991b). Very 
recently, another gene mapping to the mouse Y short arm has been cloned, 
which encodes a ubiquitin activating enzyme (Mitchell et al., 1991; Kay 
et al., 1991). Once again there is testis-specific, germ cell dependent 
expression, which, together with the known involvement of the ubiquitin 
pathway in cell cycle progression, makes this new gene a strong 
candidate for Spy.
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A family of testis specific RITA transcripts encoded by the Y 
chromosome was identified by Bishop and Hatat <1987). Using a Y derived 
random DUA probe <pY353/B) taken from a highly enriched mouse Y 
chromosome genomic library, an mRlTA transcript expressed in the adult 
mouse testis was Identified and cloned. Y353/B is germ line specific and 
is present as a multiple repeat along the entire long arm of the Y 
chromosome, and appears to be expressed in a tissue-specific and male- 
specific manner. The tissue specific expression within the testis 
suggests that the Y353/B copies must be associated on the Y with testls- 
speciflc promoter/enhancer elements (Bishop and Hatat, 1987). The Y353/B 
transcript represents a novel mRITA encoded by the Y chromosome and if 
translated would yield an internalised protein rather than a cell 
surface/secreted protein. The function of Y353/B family Is as yet 
unknown. However, as Y353/B is present in multiple copies and shows 
testis specific expression; it Is a candidate for the multiple copy 
'sperm morphology gene' predicted by the deletion mapping.

In this chapter, the question as to whether the transcription occurs 
from multiple copies and in which testicular cell type mRHA expression 
Is seen, is addressed. The experiments were designed to answer two 
questions: Firstly, Is Y353/B RHA, shown by Bishop and Hatat (1987) to 
be specifically transcribed from adult male testis, transcribed from the 
multiple copies of the gene which are known to be present on the Y long 
arm or only from a single gene (the rest being pseudogenes)? Secondly, 
what Is the function of Y353/B? I have Identified the cell type In 
which the transcript Is expressed and at what time during embryogenesls 
it first appears.
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XÂTEHIALS AHD XETE0D6

Kouse stocks

The Y chromosome with a large long arm deletion used in this study was 
found in one of the male offspring of an XT Sxr male. The Y chromosome 
associated with Sxr is known to originate from the HIII inbred strain 
(Tease and Cattanach, 1989). This EIII Y-del chromosome and a normal 
RIII Y from a littermate were initially backcrossed onto a random bred 
MFI background, and subsequently also onto a C57BL/10 background. The 
offspring sex ratio data were collated from breeding records after there 
had been more than ten generations of backcrossing.

The prepubertal testes for in situ hybridization were 'spare' control 
testes from the study of Sutcliffe et al. (1991) and the adult testes 
came from mice from the same type of cross. These mice were outbred 
(predominantly MFI background) and carried an RIII Y chromosome. For the 
prepubertal series the ages were calculated from the time of mating 
(ie. , midday on the day of plug = ié days post coituxa - dpc) since the 
duration of pregnancy and hence the stage of development relative to 
postnatal age, can be affected by litter size. In our stocks 19% dpc 
approximates with the day of birth.

Standard Sxr strain adult mice (Cattanach et al., 1990) were used as 
the genetic background for the Y^'T' deletion experiment and for 
producing the adult testis for the quantitative Northern analysis. To 
minimize RNA degradation, tissues collected for northern blotting were 
immediately frozen on dry ice after removal, and care was taken to 
remove them immediately after decapitation. Adult and prepubertal 
testes, used for in situ hybridization analysis, were dissected under 
sterile conditions from normal adult and XOSxr mice (6 weeks old), and 
33% dpc, 35%, 37%, 39%, 41% and 47% dpc mice. The XOSxr males were
identified by karyotyping: at least 5 consecutive spreads with 39
chromosomes and no evidence of a Y chromosme, were deemed to indicate 
XOSxr mice.

Quantitation of sperm bead abnormalities

The incidence of sperm head abnormalities was assessed from 
nigrosin/eosin smears of sperm from the vasa deferentia (Hancock, 1951).
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The contents of the vasa were expressed into a drop of pH phosphate 
buffered saline, mixed with nigrosin/eosin stain and smeared onto glass 
slides (two slides per male). The Rill Y and Rill V-del slides were 
coded and randomised before scoring 100 sperm per slide.

Probes

The genomic 1.5 Kb Y353/B and cDNA 1.3 Kb YMT2/B (Bishop and Hatat, 
1987) probes have been described previously. The Zfy probe was a 1.9 Kb 
Hindlll Zfy-1 genomic fragment (Gubbay et al., 1990b). The mouse Tcp-1 
probe was a 5' 650 bp Pstl fragment kindly provided by Keith .Villison 
(Villison et al., 1989). The mouse #-actin probe was a gift from Dr 
David Vilkinson.

DFA analysis

Genomic DHA was isolated from tail biopsy material according to Hogan 
et al. (1986). The DHA was subsequently restricted with Eû q RIi 
electrophoresed and transferred to nylon membranes (Hybond N+, Amersham) 
using 0.4M NaOH as the transfer buffer. Blots were prehybridized and 
hybridized with random primed probes (Feinberg and Vogelstein, 1983) 
according to the manufacturer's instructions. The filters were then 
washed at high stringency (0.1 x SSC, 0.1% SDS at 65*C for 2 x 30 min) 
and exposed to preflashed Fugi RÏ-100 X-ray film with intensifying 
screens for varying lengths of time at -70*C. Bound probes were removed 
prior to hybridization by immersing the membranes in bailing 0.5% (w/v) 
SDS.

Northern analysis

Total RITA was extracted from tissues using a modification of the 
guanidinium thiocyanate method of Chirgwin et al. (1979). Briefly, the 
tissue was quickly homogenized in a 6H guanidinium thiocynate solution 
on ice. The RITA was then directly precipitated with lithium chloride and 
a phenol-chloroform step removes any contaminating protein. Messenger 
affinity paper (Hybond-mAP, Amersham) was then used to select poly A+ 
RRA. Samples were subjected to electrophoresis at 30V overnight through 
1.4% agarose gels containing 0.66M formaldehyde. RMA was transferred to 
Hybond N+(Amersham) using 0.05M MaOH. Filters were hybridized at 65'C,
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as recommended by the manufacturer, to probes that had been labelled 
with either by random priming (Y353/B, YMT2/B and a-actln) or by SP6 
polymerase (Tcp-1>. Post hybridization washes were carried out at 65*C 
for 3 X 30 min in 0.1 x SSC, 0.1% SDS and the filters exposed to X-ray 
film as for D M  analysis. Bound probes were removed prior to 
rehybridization by immersing the membranes in boiling 0.1% (w/v) SDS.

Densitometrlc scanning'

Relative amounts of D M  and R M  were quantitated by densitometry with 
a Sigma FTR-20 TLC densitometer and normalized with respect to control 
probe. The densitometer was pre-set at appropriate parameters for the 
baseline sensitivity, speed and attenuation level and each track was 
similarly scanned. Corrections for differences in loading were made to 
the Y353/B and YMT2/B readings by using the densitometry results for the 
control Zfy-1 (DM blots) dr a-actin (RM blots) probes. Because of the 
major differences in Intensity between bands in the Y353/B and YMT2/B 
blots, several autoradiograms of different exposure times were scanned - 
in order to minimize the effects of burning in of the more intense 
bands.

In situ hybridization to testis sections

To prepare single-stranded R M  probes, the same pY353/B probe used for 
random-priming was subcloned into a pGEM vector (Promega). C^®S]-
labelled single-stranded R M  probes were synthesized to a specific 
activity 8 x 10® disintegrations min”  ̂ ug-^ . The antisense strand 
(i.e., complementary to pY353/B mRRA) was synthesized using T7 R M  
polymerase after linearizing the tençlate D M  with Hindlll. The sense 
strand was synthesized using T3 R M  polymerase after linearizing with 
EcoRl, and was used for control hybridization. The probe was hydrolysed 
in alkali to an average length of 100 bases (Cox et al., 1984), heat 
denatured and used at 300 ug/ml in the hybridization buffer. Probes were 
stored in 50% formamide and lOmM DTT at -20*C.

Testes were dissected from adult and young animals, fixed in 4% 
paraformaldehyde. Embedding, sectioning and hybridization were carried 
out as described previously (chapter two, materials and methods 
section). Post-hybridization washes including RHase A digestion were
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performed as described (Hogan et al,, 1986). For autoradiography the 
slides were dipped in emulsion <G5, Ilford), dilute# 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*0, stopped in 1% 
acetic acid <1 min at 20*0, fixed in 30% sodium thiosulphate (5 min at 
20*0, and rinsed 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. In order to 
assess the stages of some of the prepubertal testes more accurately, the 
contralateral testes were fixed in Bouin's fixative, processed, embedded 
and sectioned. Serial sections were cut at Sum and stained with 
haematoxylln and eosin.
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RESULTS

The frequency of sperm head abnormalities in lY and XY-del mice

The only function that has been mapped to the long arm of the Y 
chromosome, via deletions, is sperm head abnormality - the rest have 
been mapped to the short arm (Sxr region); such as Hya (Vachtel et al., 
1975), Spy (Burgoyne et al., 1986) and Tdy. Moriwaki et al. (1988) and 
Styrna et al. (1991a,b) have described a large Y long arm deletion which 
occurred in a male of the BIO-BR inbred strain (this strain is a 
derivative of C57BL/10). This deletion was shown to be associated with a 
marked increase in the frequency of abnormal sperm and that there was a 
sex ratio difference in the Y-del mice, in that there were more female 
than male offspring. This suggests impaired haploid expression in the Y 
sperm during spermatogenesis. Mice with a similar large Y long arm 
deletion were analysed and showed that a deletion of a central portion 
of the long arm does not cause sterility, but merely an increase in the 
incidence of sperm head abnormality (Table.4.3). This deletion occurred 
in an outbred mouse carrying the sex reversal factor Sxr (the presumed 
origin of the Y deletion chromosome is shown in Fig.4.2.), in which the 
Y chromosome was known to originate from the RIII inbred strain. This 
RIII Y-del chromosome (together with a normal RIII Y derived from a sib 
of the proband) is now maintained on two genetic backgrounds - inbred 
C57BL/10 and random bred MFI. There is a three-fold increase in the 
percentage of abnormal sperm heads, which is present on different 
genetic backgrounds to differing degrees. The sperm head abnormalities 
are most frequent on the C57BL/10 background, although the proportional 
increase compared to controls is similar on the two backgrounds 
(C57BL/10 3.5x and MFI 3.4x control frequency). Figure 4.3 illustrates 
the difference between normal and abnormal sperm head morphology. From 
Figure 4.3 it is clear that there is a range of abnormalities, but the 
characteristic abnormal shaped sperm head is shown in photographs c and 
d. The cut at the base of the sperm head ranges from slight to major. 
The only difference between the normal Y chromosome and the Y deletion 
chromosome is the presence of abnormal sperm head formation and a slight 
sex ratio difference. The testis size (150 mg) of the Y-del male mice
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was normal, as was, the sperm count (4.5 x 10®). From these data it is 
clear that the genes being deleted from the long arm of the Y chromosome 
have a role in sperm head morphology and spermiogenesis (formation of 
mature sperm from round spermatids). Furthermore, it also suggests that 
there are multiple copies of a single gene controlling spermiogenesis, 
for if there was a single copy gene, then a deletion would either not 
affect sperm head morphology or would cause 100% abnormal sperm and 
sterile males. The results point to a multiple copy gene that controls 
sperm head morphology, and Y353/B is a likely candidate.

From breeding studies 311 mice were examined, 162 resulting from the 
cross of males carrying the deleted Y chromosome and normal females, 149 
resulting from the cross of males carrying the normal Y chromosome and 
normal females. In the control offspring there were 76 females and 73 
males, however, in the cross with the Y deletion, there were 103 females 
and 59 males. There is a significant deviation to the female in the sex 
ratio in the strain carrying the Y deletion. This data independently 
support the findings of Moriwaki et al. (1988).

Detection of Y353/B sequences

pY353/B is a mouse genomic 1.5Kb random Y specific DMA probe, which 
under stringent conditions reacts strongly with male mouse DMA. In 
C57BL/6 male DMA restricted with EcoRI it identifies, in addition to the 
intense cognate 1.5Kb EcoRl band, six homologous hybridizing bands of 
approximately 1.2, 1.7, 5.0, 7.0, 10.5, and 15Kb, as shown in Figure
4.4a. Two extra bands were detected, in contrast to Bishop and Hatat 
(1987), as our mice carried the Y chromosome of Rill origin present in 
the standard Sxr strain (Cattanach et al. 1990), as opposed to the 
C57BL/6 Y chromosome used in the Bishop and Hatat (1987) study. Bishop 
et al. (1985) showed that clear dimorphism could be seen between 
laboratory mouse strains carrying different Y chromosomes using the 
Southern blotting technique.

The Y location of Y353/B is demonstrated by its hybridization to XY 
male DMA, but not to female XX DMA. Its absence from the Y short arm is 
shown by its lack of hybridization to XXSxr DMA. From the lack of 
hybridization, under stringent conditions (data not shown), to either

1 66



human ÏY or XX D M  it appears that there is no highly homologous 
sequence present in man. However, these results do not preclude the 
presence of Y353/B in man.

A mouse Y chromosome with a large long arm deletion in a fertile male 
from an Sxr carrying father has been identified (Fig. 4.2 shows the
origin of the deleted Y chromosome). When the genomic probe Y353/B was 
used to probe the normal and deleted Y*''' DNA, the Y-del was shown to
have lost a third of its Y353/B copies from the cognate 1.5Kb band and
various copy numbers from all of the homologous bands. Figure 4.4a shows 
this result and the corresponding densitometer readings are shown in 
Figure 4.5.

As the transcriptional differences between the normal and deleted Y 
chromosomes were of intrest, the Southern blots were reprobed with the 
cloned Y353/B-related cDHA probe pYMT2/B which is 1.3Kb in length
(Bishop and Hatat, 1987). Hybridization under stringent conditions was 
male specific, as expected. The probe hybridized to the 1.5, 1.7, 7.0,
10.5 and 15.0Kb bands recognised by the genomic probe pY353/B but not to
the 5.0Kb band (Fig.4.4b). The intensity of hybridization to the 1.5Kb 
band was much reduced, as reported by Bishop and Hatat (1987), and that 
the 7.0Kb band increased in intensity to become the most prominent band. 
Figure 4.4b shows that this is also true of both RIII Y and RIII Y-del
DM. Furthermore the 1.2Kb band recognised by Y353/B has also
disappeared. Once again the Y-del D M  shows the same (although less
intense) pattern of bands as the control Y DM, and from the
densitometry there is an estimated loss of 75% of the cognate 1.5Kb band
YMT2/B-related sequences and the homologous bands have all lost
approximately 60% of their YMT2/B copy number (Fig. 4.5b).

All blots were routinely reprobed with Zfy (Gubbay et al., 1990b), the 
zinc finger gene which hybridizes specifically to the short arm of the Y 
chromosome, in order to make the Southern blotting quantitative 
(Fig.4.4c).

Detection of transcribed sequences

Although the Southern blot results demonstrate a marked reduction in 
Y353/B copies and a similar reduction in the YMT2/B-related sequences in
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RIII Y-del mice, this does not necessarily mean there is a corresponding 
reduction in transcription, since only a small subset of the sequences 
may be transcribed. The Southern data raised the question of whether 
Y353/B RRA, shown by Bishop and Hatat (1987) to be specifically
transcribed from the adult male testis, was transcribed from the 
multiple copies of the gene on the Y long arm or only from a single 
gene. This question can be addressed by quantitative Northern analysis 
by comparing poly A'*' ENA from normal Y and Y-del testes. A hybridizing 
doublet band of approximately 1.3Kb could be detected in both the normal 
and Y-del testes, but not in the male liver (Fig.4.6a). The densitometer 
counts (Fig. 4.6) demonstrate that there are only a third of the mRNA 
copies present in the Y-del ENA as compared to the normal mRNA level, 
once the loading was corrected with reference to Tcp-1 (Villison et al. , 
1986), which is specifically transcribed abundantly in spermatids cells, 
or the a-actin controls (Fig.4.6). The densitometer counts also show 
that both bands in the doublet are reduced in the Y-del ENA. Figure 4.6 
also demonstrates that there is a much lower level of transcription of 
Y353/B than Tcp-1 (2 autosomal copies), despite the multiple copies of 
Y353/B and YXT2/B-related sequences, as the exposure time for the Tcp-1 
hybridization was 15-fold shorter than that for Y353/B,

When the blot was reprobed with the YMT2/B cDNA probe the same 
hybridization pattern was observed (data not shown).

Recently, Bishop has shown using the reverse transcription-polymerase 
chain reaction method - RT-PCR (Eappolee et al., 1988), that the doublet 
observed in the Northern studies is actually a triplet (personal 
communication - C.E. Bishop).

Tissue- and stage-specific transcriptional control

The question of the function of Y353/B can be addressed by finding the 
specific cell type and timing of expression in the normal mouse testis. 
To define the cellular localization of Y353/B transcripts in the testis. 
■^®S-labelled Y353/B riboprobes were hybridized to adult mouse testis 
sections. Figure 4.7 presents the patterns obtained with adult mouse 
testis sections hybridized with the antisense strand. As a specificity 
control, adjacent sections were hybridized using the sense strand

168



(Fig. 4.7c). The antisense probe was also used on sections from adult 
male liver and adult îOSxr male testis and no signal could be seen (data 
not shown). The most striking feature is the very strong signal in some 
seminiferous tubules, a weaker signal in others and no signal above
background (sense strand control) in the rest. Germ cells move into 
spermatogenesis in longitudinally transmitted waves as a signal passes 
along the length of the tubule (Perey et al., 1961). There are also 
several points of signal initiation along the axis of any one tubule, 
therefore several waves are usually propagated simultaneously. 
Correspondingly, the germ cells are in different states of 
differentiation, at different positions along the tubule. This is 
evident in the range of signals observed. There is also a range of 
signal strengths between different layers of cells within the same 
tubule, which suggests a spermatogenic stage-specific expression. This 
is due to the mechanism of germ cell differentiation within the testis 
tubules. Oakberg (1956) suggests that there is a progressive movement of 
germ cells from the peripheral basal lamina of each tubule towards the 
central lumen, and during this movement, cellular associations change. 
This is due to the accompanying differentiation of neighbouring germ 
cells. Thus, in a cross-section of tubules, there are a series of 
concentric rings of germ cells, each composed of cells at the same stage 
of development. A detailed analysis of the pattern of Y353/B 
hybridization reveals no signal above background in interstitial cells, 
in the lumen containing mature sperm, in the primary and secondary 
spermatocytes or in type A or B spermatogonial cells (located at the 
periphery of the seminiferous tubules). A high grain density is found 
over round spermatid cells. Vhen the emulsion was stripped and the
testis sections were stained with periodic acid-Schiff ' s, it was found
that the areas of strong hybridization had been over the round
spermatids in the tubules (Oakberg stage 1 to 3) that had fully matured 
sperm and early round spermatids in the Golgi phase (data not shown). 
The tubules with weaker signal were late spermatocytes in meiotic stage 
1. The sections of seminiferous tubule that contained no signal above 
background were at stage 9 which lack the early round spermatid stages. 
From these observations it can be concluded that T353/B is transcribed 
in early round spermatids.
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To confirm that Y353/B transcripts first appear during the 
differentiation of early round spermatids, testis sections of 
prepubertal mice were hybridized under the same conditions. The exact 
stage reached was assessed from the contralateral testis which had been 
processed for standard histology. During testis development of the 
prepubertal mouse, the appearance of different spermatogenic cell types 
occurs in a defined sequence. At 35% days post coitum (dpc) the most 
advanced spermatogenic cell type seen was secondary spermatocytes. The 
majority of tubules contained primary and secondary spermatocytes. At 
37% dpc the first round spermatids were seen. Approximately ten days 
later at 47% dpc, the first elongating spermatids were seen, and at 49% 
dpc all the stages of spermatids and mature sperm were present. A 
significant signal is detected only in prepubertal testis of 39% dpc and 
older mice. At 39% dpc occasional tubules show some hybridization and 
this correlates with the first appearance of a few tubules with round 
spermatids. By 41% dpc when the majority of tubules have round
spermatids, the range of hybridization intensity seen in the adult is
already evident. Figure 4.8a illustrates an example of moderate
expression (47% dpc), a cross-section through a tubule mainly containing 
peripheral darkly staining zygotenes (Z), pachytenes (P) and late 
spermatocytes (cells too large to be round spermatids). This tubule has 
not yet reached the end of the meiotic division two stage, and is 
probably in the meiotic division one stage (which is a very short
stage). Figure 4.8b is a 47% dpc tubule and once again a very strong 
signal is seen in only the round spermatids, but not in the more
peripheral pachytenes. Finally, Figure 4,8c shows a 47% dpc tubule
containing elongating round spermatids and there is no signal above
background, confirming the result from the adult testis. By 41% dpc 
when the majority of tubules have round spermatids, the range of 
hybridization intensity seen in the adult is already evident. Figure 4.9 
shows a section through a 39% dpc testis which has two tubules that have 
strong signals in the round spermatids but not in the more peripheral 
pachytene cells, and another tubule that has no signal (above
background). The latter tubule contains leptotenes (L), large pachytenes 
(P) and four cells undergoing division, in metaphase 1 stage (M).
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Figure 4.10 illustrates the onset of Y353/B expression in a 37% dpc 
tubule that contains the first round spermatids. Figure 4.11 is a 
section through a 35% dpc prepubertal testis and no hybridization can be 
seen. At 35% dpc there were no round spermatids (Sutcliffe et al., 1991; 
confirmed by examination of the contralateral testis). Such data are 
consistent with the conclusion that there is a peak of Y353/B 
expression in early round spermatids which declines rapidly before the 
elongation of the round spermaitids. Using RT-PCR, C.E. Bishop has 
recently confirmed these results (personal communication).

171



SPERMATOGENESIS •

SEMINIFEROUS TUBULE EPIDIDYMIS FERTILITY

Spermatozoa

Elongated
Spermatids

eo

Round
Spermatids

Primary
Spermatocyte

Subsequent cycles of spermatogenesis 
initiated every 13 3 days8-type

13.3 27 40 53.2 68
DAYS

Figure 4.1 Diagrammatic illustration of the time-factor In sperm
development. The earliest germ cell_types (A-apermtogpnlal 
divide every 13.3 days to initiate cycles of germ.ce.LL 
development. These germ cells multiply an<L gradually, 
dlfferentlate Into Immature spermatozoa within the 
seminiferous tubule. They are then transported to the, 
epididymis where they mature.„
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% ABNORMAL SPERM HEADS

Xym 1 1 iT-del

1 1.0 6.0
2 5. 0 6. 0

MFl 3 2.0 9. 0
BACKGROUND 4 1.0 4. 0

5 . 1.0 8.5
6 2.0 8. 0

POOLED 2.0 6.9

1 14.5 51.5
C57/BL10 2 9.5 61. 0
BACKGROUND 3 27. 0 59. 0

POOLED 16.3 57.2

Table 4.3 I2ie. effect__of a Y chromosome long arm deletion on sperm head 
abnormality,,
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BA3TD ÏORMAL Y 
(unit area)

DELETED y 
(unit area)

y/Y

GEHOMIC Y353/B

1.2 Kb 8.3 3.3 0.39
1.5 Kb 258.5 170.6 0. 66
1.7 Kb 7.5 3.3 0.44
5.0 Kb 51.6 59. 0 1. 1
7.0 Kb 5.1 6.2 1.2
10.5 Kb 27.1 16.8 0.62
15.0 Kb 0.7 0.9 1.28

358.8 260.1 0.72

GDM.JŒT2/2

1.5 Kb 34.0 7.7 0.23
1.7 Kb 33. 0 6.2 0.19
7.0 Kb 183.7 113. 0 0.62
10.5 Kb 151.4 44. 0 0.29
15.0 Kb 0.6 0.2 0.33

402.7 171.1 0.42
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b1 b2

cl c2

Figure 4.5 Deasltoneter readings from the Southern.blotting..The scans 
of lanes 1 and 2 of the Southerns are lllustrate&_above._ 
and>..-t]ie ,.ng.tiial data are sLQYm in the table on the.opposite, 
pagg..-
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Flj^ure 4. S Kortherp _M.ot analysis of mouse tissues for Y353/B
a&p^sssioû, Poly .CSug) was e % t r a , a t ..fr0Æ_nüzm.l
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1.3 Kb
1.3 Kb

58.3
97. 0

14.6
35.7

0.25
0.36

155.3 50.3 0. 32
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Figure 4.7 The result , pf ifl .gItü..]iyl3rldi2Sit.lQii-Ql.-ï353/B .tfl
RFA in testes sections. Panel A illustrates the_range.of 
expression patterns seen in the adu_lt_ testes...Panel B was 
taken with dark-field illumination, and panel C shows the 
QQ3itiiQl^.hy.brldlzatiPii with the sense .probe,
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Figure 4.8 An illustration of Y353/B expression In 47% dpc 
prepubertal mice testes.
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Figure 4.10 Y353/B RÏÏA expression In 37% dpc prepubertal
testes sections. Panel C. taken with llght-fleld 
Illumination, shows that the autoradiographic grains 
are .concentrated over-tLe-round spermatid layer,.. Other 
cell types show background levels of grains.
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' DISCUSSION

Spermiogenesls In mice lasts approximately two weeks and is divided 
into two stages of roughly equal duration, round spermatids (steps 1-8) 
and elongating spermatids (steps 9-15). In round spermatids, the 
acrosome and flagellum start to differentiate and the rate of RNA 
synthesis declines, ceasing entirely by the beginning of the elongating 
spermatid stage (Konesi et al., 1978: Kierszenbaum and 1res, 1975).

The results show that Y353/B ENA is transcribed from the multiple 
copies on the long arm, and that it is transcribed in the round 
spermatids in prepubertal and adult testes. The transcripts are in the 
germ line and not the soma. Mice carrying a Y chromosome from which 3/4 
of the copies of Y353/B had been deleted, showed a corresponding 
reduction in Y353/B expression during spermatogenesis. This reduction in 
transcript is correlated with an increace in the frequency of abnormal 
sperm heads. Furthermore, Burgoyne et al. (1986) have shown that in male 
mice in which the only Y specific material is derived from the short 
arm, and which consequently have no Y353/B sequence, all the sperm have 
abnormal heads.

The increased frequency of abnormal sperm heads associated with the Y 
long arm partial deletion described in Table 4.3, supports the results 
of Burgoyne et al. (1992) which suggest that there is a multiple copy 
' sperm morphology' gene on the long arm of the mouse Y chromosome. The 
results on the transcription of the multiple copy long arm sequence 
Y353/B support Y353/B as a candidate for the multiple copy 'sperm 
morphology gene' in two ways. Firstly, the Northern analysis of 
testicular ENA from XY and XY-del mice shows that Y353/B-related 
transcription is from multiple copies. Secondly, the in situ analysis 
shows that this transcription is restricted to round spermatids, the 
stage when information relating to the development of the sperm head 
would logically be expressed.

There are very few examples of transcribed multiple copy genes in 
mammals, and for these examples there are plausible arguments to explain 
the need for the gene amplification. In the case of ribosomal and 
transfer ENA genes (Long and Dawid, 1980), where the ENA transcript is 
the end product, the gene amplification substitutes for the

188



amplification normally provided during translation from the RITA 
transcript. In the case of the histone genes (Kedes, 1979), the gene 
amplification is believed to be necessary to enable a very rapid 
production of histones (structural components of chromosomes) in rapidly 
proliferating cell populations.

Why should gene amplification be necessary in the case of Y353/B? One 
possibility is that the condensation and associated inhibition of 
transcription from the I and Y chromosomes during male meiotic prophase 
(Konesi, 1965), may necessitate Y353/B amplification in order to get 
sufficient transcript. In support of this view, the Northern analysis 
of testicular poly k* RNA does indicate that there is much more 
transcription of Tcp-1 RNA from two autosomal copies, than of Y353/B- 
related transcripts from multiple genomic copies. Nevertheless, 
transcriptional repression of the Y does not appear to be an inevitable 
consequence of condensation, since Zfy-1 & 2.» Sry and the new Spy 
candidate gene (encoding a ubiquitin activating enzyme), all of which 
show germ cell dependent expression, are quite strongly expressed from 
single genomic copies. These single copy expressed genes are all located 
on the mouse Y short arm, whereas Y353/B sequences are on the long arm, 
so it is pertinent that Richler et al. (1987), using the criterion of 
DNase I sensitivity as an indicator for potentially active chromosome 
regions in pachytene cells, have shown that the unpaired end of the Y 
(i.e. the short arm) is DNase 1 sensitve. The only other region of the Y 
which shows DNase 1 sensitivity is the paired ('pseudoautosomal*) 
region. Sensitive segments probably reflect active chromatin 
configurations and can therefore explain the requirement for multiple 
copies.

An alternative explanation for the presence of multiple copies of 
Y353/B is suggested by Bishop & Hatat's (1987) failure to identify a 
testicular protein using antibodies raised against the In. vitro 
translated product of the Y353/B-related cDNA. When the predicted 
protein sequence was used to produce a synthetic peptide, no antibodies 
could be raised. This raised the possibility that Y353/B is transcribed, 
but not translated, and this suggestion is supported by the fact that 
the Y353/B sequence does not contain a good Kozak sequence at the 5' 
start of the postulated protein coding region. Kozak sequences are
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thought to be necessary for the initiation of translation around the 
methionine <ATG) start codon (Kozak, 1987). However, the Y353/B 
nucleotide sequence does have a purine (adenine) tiree nucleotides 
upstream from the ATG codon, which is the most highly conserved position 
in the consensus sequence for the initiation of translation. A Kozak 
sequence is found in 97% of vertebrate mRHAs. However, the failure to 
raise antibodies is not conclusive for the absence of translation.

If the failure to produce antibodies can be taken as an indication 
that the functional Y353/B product is an RITA transcript, then multiple 
copies may be needed in the absence of the amplification that is 
provided during translation when the end product is a protein. In 
Drosophila spermatocytes there is active transcription of a number of Y 
chromosomal sequences which are required for fertility, and it is a 
matter of some debate whether the transcripts encode any proteins 
(Goldstein et al., 1982; Hackstein, 1987). Intriguingly, using D.hydei 
Y-chromosomal sequences as probes, Vogt et al. (1991) have identified 
cross-hybridizing sequences from the human Y which map to the same 
deletion interval as the human Y fertility factor AZF. The Y-specific 
puffs on the Drosophila chromosome are not thought to be translated, but 
are transcribed, and are thought to act via the mRNA product directly 
(de Loos et al., 1984). These repetitive, non-protein-coding sequences 
of the lampbrush loops form Y chromosomal fertility genes (for reviews 
see Lifschytz, 1987 and Hackstein, 1987). However, it is not clear 
whether the fertility factors act in a conventional coding function, or 
unconventionally via protein-binding to specific loops. Absence of the 
loops does cause sterility, but a recent paper by Hackstein et al. (in 
press), has shown that modified loops can decouple the loop morphology 
from its genetic function and that the binding of proteins does not 
affect spermiogenesis. Thus, the Y353/B transcripts may also act via the 
mRSA directly, stabilising actin or some other structural protein, and 
thereby controlling sperm head morphology.

It has been shown that a-tubulin is transcribed at the late spermatid 
stage (Distel et al., 1984), as is the multiple copy protamine gene 
which is present in the round spermatid stage (Kleene et al., 1983). It 
may be possible that the protamine gene, which is associated with the 
chromatin of sperm, enables the multiple Y353/B copies to be transcribed
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and thereby control the a-tubulin expression and hence sperm morphology. 
This is the stage at which a large number of events are occurring, as 
shown by the 2D gel analysis of Fujimoto and Erickson (1682).

Vhat is the distribution and organisation of Y353/B-related sequences 
on the mouse Y? Since the RIII Y long arm deletion used in the present 
study results in a three-quarters reduction in sequences recognised by 
Y353/B, and this affects all the clearly discernible bands on Southern 
blots, the sequences must be present on the long arm in tandemly 
repeated sections of DITA which are at least tens of kilobases in length. 
These sequences are apparently restricted to the X-Y differential region 
of the Y long arm, since they are absent from Sxr (C. Bishop, personal 
communication), which is thought to represent most of the mouse Y short 
arm (KcLaren et al., 1988; Roberts et al., 1988), and from the tiny Y** 
chromosome, which comprises most of the pseudoautosomal region, but 
lacks any Y-specific D M  (Ei.cher et al., 1991).

The observed doublet transcripts may be due to the presence of an 
additional polyadenylation signal CATAAA upstream of the consensus 
poly(A) signal AATAAA at position 1274 in the nucleotide sequence 
(Bishop and Hatat, 1987). Besides the predominant AATAAA sequence, a 
data bank search suggested that there are other sequences that are found 
at an appropriate distance from the poly(A) addition sites that may also 
be functional hexamers, such as the CATAAA sequence (Birnstiel et al. , 
1985). The relative efficiences of the two signals appear to be the same 
and are perhaps an additional aspect of gene regulation.

Bishop and Hatat (1987) have shown that the Y353/B genomic probe is 
completely male specific, even at reduced stringency. However, when the 
c D M  probe (pYMT2/B) was used on genomic blots under non-stringent 
conditions and extended exposure times, a band could be seen in female 
DBA. Preliminary data using somatic cell hybrids has localized this band 
to the X chromosome or chromosome 16 (Bishop and Hatat, 1987). From 
these data it appears that the Y353/B transcripts may have originated 
from a single sequence that has inserted in the Y and evolved by 
duplication to its present repeated nature. This interpretation is 
supported by the detected duplication and the presence of a weakly 
hybridizing band on the X chromosome, which may represent the ancestral 
sequence. It is not known if there is any transcription from this X
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copy.
One puzzling characteristic of the XY-del males described here and of 

those described by Korlwakl and colleagues (Mbrlwakl et al., 1988; 
Styrna et al., 1991a,b) Is the deficiency of males among their 
offspring. At first It Is tempting to conclude that the deficiency of 
Y353/B transcripts results In the Y-bearlng sperm being preferentially 
affected by the sperm head defect. However, this would require that the 
X-bearing sperm produce functionally equivalent transcripts that protect 
them from the head defect. That this is not so Is apparent from the 100% 
incidence of abnormal sperm heads In XY’*=”= males (Burgoyne et al., 1992), 
since half these sperm should be X-bearlng although all lack Y353/B 
sequences. If, as this suggests, the X-bearlng spermatids depend on 
adjacent Y-bearlng spermatids for their Y353/b-related transcripts, then 
it should be the X-bearlng sperm which are the first to be affected when 
there is Y353/B deficiency.

Ho human sequences are detected by the pY353/B probe even at low 
stringency (Bishop and Hatat, 1987). Arnemann et al. (1987) have 
reported a human Y-chromosomal DHA sequence (JA36B) that is transcribed 
in testis. In late spermatocytes and early spermatid stages. However, 
unlike Y353/B, JA36B Is a low-copy DNA sequence (localized on the short 
arm of the human Y-chromosome) and a protein product has been Identified 
(personal communication - Arnemann). The JA36B sequence shows no 
homology with mouse DHA even at low stringency. One would expect 
conserved functions between mammalian Y chromosomes, but this does not 
appear to be the case for Y353/B and JA36B. Interestingly, a similar 
intronless gene (JA923) has been Isolated from a human testis cDHA 
library using JA36B2 as a probe (personal communication and In press). 
JA923 RHA transcripts have been localized mainly to the early spermatid 
stage and, to a lesser extent, also to secondary spermatocytes, 
suggesting a possible function In the post-melotlc phase of 
spermlogenesls.

The segregation of chromosomes during spermatogenesis produces post- 
meiotlc haploid cells that are genetically distinct. During 
spermiogenesls, the round spermatid is transformed Into the 
spermatozoon. Transcription terminates and the nucleoprotamine structure 
of the mammalian spermatozoon is formed (Hecht, 1990). The resulting
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sperm shape is species-specific. The impaired haploid expression of 
Y353/B in the Y-del sperm during spermatogenesis, and the resultant 
increase in sperm head abnormality, would suggest that"the post-meiotic 
Y353/B gene product is shared by all the developing gametes and that it 
is required for normal sperm head morphology.

Clearly, the present results do not prove that Y353/B sequences can 
be equated with the multiple copy 'sperm morphology' gene, but at 
present there are no alternative candidates. Definitive proof will 
require a transgenic approach to see if Y353/B transcription, directed 
to round spermatids by using a spermatid specific promoter, will rescue 
the sperm head defect in the best candidate mice, either the XY** or XO 
Sxr mice. The mouse protamine 1 promoter, which is ubiquitously 
expressed in round spermatids (Braun et al, , 1989) would be appropriate 
to rescue XOSxr mice which contain sperm with 100% abnormal sperm head 
morphology.
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Development provides the ideal system for the study, as a means of 
understanding gene expression and oncogenesis. My thesis reports the 
analysis of growth-related oncogenes In normal and abnormal development. 
The cytotoxic agent, Mitomycin C <MMC), was used to disturb early 
development; and the V mutant was used as a model for altered gene 
expression. Using in situ hybridization and Northern blotting the 
oncogene expression patterns In normal and abnormal development were 
determined.

The c-myc proto-oncogene in mouse embryos was shown by RNA in situ 
hybridization to be preferentially expressed in tissues of endodermal 
and mesodermal origin. Expression was correlated with proliferation as 
Mitomycin C treatment appears to raise the level of c-myc expression In 
the embryo - which parallels the Increased proliferation observed during 
MMC treatment. However, the increased c-myc expression could only be 
seen in normally rapidly proliferating tissues within the gastrulating 
embryo.

The V locus of mice encodes the c-klt tyrosine kinase receptor. In 
embryos homozygous for severe V* mutations, the number of germ cells 
does not Increase after 8 days of development, melanocytes do not 
appear, and production of erythrocytes and mast cells is deficient. To 
gain some insight into the role of the c-kit receptor, in situ 
hybridization was used to explore the time period of expression of c-kit 
transcripts in early germ cells and embryos. Germ cells displayed a low 
level of c-klt transcripts from their first appearance in the 7% day 
embryo, continuing through early proliferation and migration to the 
gonad. During migration, surrounding tissues also expressed c-kit. 
Expression increased In gonia and then ceased as they became 
nonproliferative. Expression In presumptive melanoblasts was first seen 
in the 10 day embryos and continued as they spread over the surface of 
the body, entered the epidermis, and differentiated in hair follicles 
after birth.

The effects of mutations of c-klt on germ cells and melanoblasts can 
be Interpreted as an absence of proliferative signal that maintains 
proliferation, after being stimulated to proliferate by the c-kit ligand
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(81). This signal may be required throughout the proliferative phase of 
early germ cells.

Alkaline phosphatase expression appears to be associated with c-kit 
expression and proliferation - and probably has a regultatory function - 
in that the tyrosine kinase can be phosphorylated and de-phosphorylated.

Proto-oncogenes clearly play an important role in growth and 
development, as several oncogene products have been clearly associated 
with polypeptide growth factors or their receptors. Most of the rest of 
the proto-oncogenes appear to be related to proteins involved in the 
transfer of the stimulus from the cell surface to the intracellular 
machinery.

However, the assignment of a function to a particular proto-oncogene 
is not going to be straightforward. Despite an enormous scientific 
effort, the function of the proto-oncogene c-src is still largely 
unknown. Its ubiquitous expression, together with the strong 
transforming ability of mutated alleles, has always suggested a very 
general role in the life of a cell. Recently, possible theoretical 
functions have included a role in signal transduction and/or the 
regulation of the cell cycle. These ideas will have to be re-evaluated 
in light of the results of Soriano et al. (1991) where a 'knock out' 
strategy was used to generate mice that lack both alleles of the 
endogenous c-src gene. Surprisingly, the embryos were viable, although 
the mice died within the first weeks after birth. Their main defects 
were in bone re-modelling, suggesting deficiencies in osteoclast 
function. These highly cell-type specific defects are surprising given 
the very general functions suggested for c-src and the fact that those 
tissues where c-src expression is highest (ie neurons and platelets) 
appear to be unaffected. A potential explanation could be that src is a 
member of a multigene family whose members may carry out redundant 
functions.

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 DMA 
sequence (Y353/B) has previously been described which is present in 
multiple copies on the long arm of the mouse Y and is specifically 
transcribed in the testis. Y353/B is thus a candidate for being the
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multiple copy 'sperm morphology gene' on the mouse Y chromosome. In 
further support of this proposal, it was shown here by Southern and 
northern analysis that mice with a partial Y long arm deletion 
associated with a 3.5-fold increase in the frequency of abnormal sperm 
heads, have a marked reduction in genomic Y353/B copies and a similar 
reduction in the number of Y353/B-related transcripts. Furthermore, by 
in situ hybridization with a Y353/B riboprobe to testis sections it has 
been shown that transcription is limited to the round spermatid stage of 
spermi ogenesis.
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