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ABSTRACT
The aim of this research was to investigate the functions of Retinoic Acid Receptor-p
(RAR-P) and Bone Morphogenetic Protein-4 (BMP-4) in pattern formation and
morphogenesis in the developing chick wing. The approach was to alter the pattern of
RAR-p and BMP-4 expression in wing buds using recombinant retroviruses encoding
these proteins. The vector used was RCAS(BP), a replication competent virus derived
from Rous Sarcoma Virus. Recombinant viruses were prepared with either human RARP or mouse Bm p-4. Both cDNAs encode proteins with a high degree of amino acid
sequence identity to their chick counterpart and should function in chicken cells.

The constructs were transfected into primary chick embryonic fibroblasts. Ten to
fourteen days later the supernatant, which contained infectious virus particles, was
harvested. The viral supernatants were then used to infect early chick embryos in either
the right wing primordia or the right wing bud in ovo. The infected embryos were
analysed for phenotypic changes and for viral spread.

Embryos infected with the hRAR-p virus showed very little or no spread of the virus.
None of these embryos infected with RCAS(BP) hRAR-P showed any changes in the
phenotype. PolyA+ mRNA was extracted from the transfected cells and northern blots
were performed. The results showed that splicing of the primary viral RNA to hRAR-p
mRNA was very inefficient. In addition, no evidence for expression of hRAR-p could
be obtained from a

retinoic acid binding assay, a reporter gene assay or from western

blotting or immunocytochemistry.

In contrast, the RCAS(BP) mBmp-4 virus spread well in the limb bud. Northern blotting
showed that Bm p-4 mRNA was efficiently spliced from the primary transcript of the
RCAS(BP) mBmp-4 virus. The virus was shown to direct synthesis of functional
mBMP-4 by its effects on Xenopus animal caps and on chick limb bud micromass

cultures. The RCAS(BP) mBmp-4 virus was then injected into the limb bud, between
stages 10 and 26. The results showed that by expressing BMP-4 ectopically in the chick
wing, an increase in the width of the cartilage was seen in both the anterior-posterior and
dorsal-ventral axes. The number and combination of elements affected varied. This
supports the hypothesis that BMP-4 is involved in modelling cartilage formation.
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RCAS(BP)-B4a : RCAS (BP) mBmp-4 antisense
RCAS(BP)-B4s : RCAS (BP) mBmp-4 sense
r : recombinant
RSV : Rous Sarcoma virus
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Shh : Sonic hedgehog
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T 3 R : thyroid Hormone receptor
TGF-p : transforming growth factor-p
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benzoic acid
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VD3 R : vitamin D receptor
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CHAPTER 1
Introduction

1.1 - Prologue

The focus of research in this thesis is on signalling molecules involved in determining
pattern during limb development and manipulating their expression in order to further
understand their function. In this introduction I have covered chick limb development,
the role of retinoic acid in the limb and other aspects of embryonic development and how
the effects of retinoic acid are mediated through nuclear receptors and cellular proteins.
Also discussed are cartilage formation and factors, in particular the bone morphogenetic
proteins, that are thought to be involved in this process.

Embryonic development is a complex process, which has interested researchers for
many years. It can be divided into four main processes: growth, differentiation, pattern
formation and morphogenesis. Many species have been used experimentally to
investigate the developmental process, including invertebrates. Drosophila and C.elegans
and vertebrates, rodents, birds, amphibians and fish.

The chick embryo has provided an excellent model in which to investigate developmental
processes in vertebrates, as the embryo is accessible in ovo. The embryo can easily be
manipulated and then reincubated so that developmental effects of the manipulations can
be observed. More recently molecular approaches have been used to learn more about
mechanisms controlling development. With the combination of embryonic manipulations
and understanding of molecular processes, many genes have now been identified and
their roles in embryonic development better understood. One area of chick development
that has been extensively studied is limb development and it is this area of study that I
shall focus on.
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1.2 - Chick limb development

Outgrowth of the chick limb bud begins by day 3 of gestation and consists of a core of
undifferentiated mesenchyme cells, which originate from the lateral plate mesoderm and
from the somites. Cells from the lateral plate mesoderm give rise to connective tissues
and cartilage, and cells derived from the somites give rise to myogenic cells (reviewed by
Wolpert and Tickle, 1993). The mesenchyme cells are surrounded by a thin layer of
ectoderm, with a thickening at the distal end, known as the apical ectodermal ridge
(AER). This ridge consists of columnar pseudostratified epithelium and arises due to
interactions of the mesenchyme and epithelium. The AER is important for the outgrowth
of the limb and for maintaining a region of undifferentiated cells immediately below the
ridge, the progress zone (Summerbell et al, 1973). It has been shown that the removal of
the AER from a developing wing bud results in the limb being truncated, with no distal
structures forming (Summerbell, 1974). Similarly if an extra ridge is grafted on to the
progress zone, next to the existing ridge, then an extra limb will develop with
supernumerary structures (reviewed by Tabin, 1991).

The interaction between the progress zone and the AER is thus important in maintaining
the outgrowth of the limb and specification along the proximal-distal (p-d) axis. When
the limb is laid down the more proximal structures are formed first; in the case of the
wing, the humerus, followed by the radius and ulna and finally the digits. The limb bud
also has two other axes, anterior-posterior (a-p) and dorsal-ventral (d-v) axes. Patterning
along the a-p axis seems to be controlled by a group of cells found at the posterior
margin of the limb bud which have polarising activity, this area is known as the zone of
polarising activity (ZPA). Saunders and Gasseling showed in 1968 that grafting a donor
ZPA on to the anterior margin of a second wing bud, resulted in a wing that has

6

digits

in mirror image duplication and was symmetrical. The usual pattern of digits in the limb
is 2 3 4, in these duplications the pattern was 4 3 2 2 3 4. The ZPA, possibly releasing a
signal, interacts with cells in the progress zone to control the pattern of structures across
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the a-p axis in both wing (Tickle et aU 1975) and leg buds (Hinchliffe and Sansom,
1985). The mouse polarising region when grafted into the chick limb bud also induces
the formation of extra digits (Tickle et aU 1976), suggesting that the signal from the ZPA
is conserved across species. It has been shown that there is a quantitative relationship
between the number of polarising cells grafted into the anterior margin of a wing bud and
the resulting digits (Tickle et al, 1981). When the anterior region of a limb bud is grafted
posteriorly, no duplication is observed. It is possible that the signal released from the
ZPA passes through the limb bud via gap junctions (Allen et al, 1990).

The ZPA can also respecify a-p pattern in a disaggregated limb. If the limb mesoderm is
dissociated from the ectoderm, disaggregated and then placed in fresh ectodermal
jackets, limbs lacked characteristic differences on the a-p axis, however when a fragment
of the ZPA was also grafted into one of these limbs the terminal parts of the limb then
often showed a normal a-p order of digits (MacCabe et al, 1973).

Pattern across the d-v axis seems to be controlled by the ectoderm (MacCabe, 1974).
Recombinant limb experiments showed that when the ectoderm was reversed, all the
embryonic limbs had their d-v polarity conforming to the reversed ectoderm. This was
stage dependent, before stage 16 (at the onset of outgrowth. Hamburger and Hamilton,
1951) limbs were under mesodermal control, but after stage 16 they were under
ectodermal control (Geduspan and MacCabe, 1987). Figure 1.1 summaries the cell-cell
interactions that take place in the chick limb bud.

Pattern formation is a two step process where cells are assigned positional information
and interpret it according to the genetic programme (Wolpert, 1969, 1978). Various
models exist to describe how pattern formation occurs, three of these are the polar co
ordinate model, the progress zone model and the morphogenetic gradient model.
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Figure 1.1
Cell interactions in the chick wing bud
a) Epithelial-mesenchymal interactions between the AER and the undifferentiated
mesenchyme, the progress zone, are involved in patterning across the proximal-distal
axis
b) Signal from the polarising region (PR) interacts with cells at the tip of the limb bud,
involved in patterning along the anterior-posterior axis
c) Limb bud cut off and end on view shown. The arrows represent the signal from the
epithelium to the mesoderm, involved in patterning along the dorsal-ventral axis
(Adapted from Tickle, 1991)
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1.3 - Models of pattern formation

1.3.1 - The Polar Co-ordinate Model

This model was initially derived to explain how amphibian limbs regenerate, but can also
be applied to embryonic development. According to this model pattern is determined by
the outside boundary of the limb, the epidermis or the sub-epidermal mesoderm. If cells
with non-adjacent positional values come into contact, the incongruity induces growth at
the junction, until the cells with the appropriate positional values have been intercalated
(Bryant and Muneoka, 1986). An example of where this model has been used to explain
an effect is where a wing bud is removed, rotated ISO^C, and then pinned back.
Supernumerary structures form due to intercalation between the bud and its base,
causing the formation of new positional values in this area (Javois and Iten, 1986). One
example of where this model does not appear to apply is when anterior cells of the limb
bud are grafted to a more proximal region, when mirror image duplication of digits does
not occur.

However this model may be more applicable in other situations, for example, molecular
studies of genes involved in the primary segmentation patterning of Drosophila, their
expression patterns and mutant phenotypes, have provided evidence of the polar co
ordinate model of positional information in Drosophila development (Bryant, 1993).

1.3.2 - Progress Zone model

This model proposes a two step process, specification of position followed by
appropriate differentiation by the cells concerned (Summerbell et al, 1973). The progress
zone was suggested to be the key to positional information, therefore as the limb grows
out, positional values are assigned by the progress zone to the cells leaving it. These
values become progressively more distal. Cells in the progress zone are also rapidly
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dividing and the positional value of each cell is dependent as to how long that cell
remains there (reviewed by Hinchliffe and Johnson, 1980).

1.3.3 - Morphogenetic Gradient Model: Specification across the A-P axis

It has been proposed that the ZPA acts as a source of a morphogen which then diffuses
from these cells and forms a gradient across the limb bud (Summerbell and Tickle,
1977). This morphogen would act as a positional signal across the limb, responding, to
different concentrations of the morphogen and therefore assume different characters and
respond accordingly (reviewed by Eichele, 1989).

Other areas of the developing embryo also exhibit polarising activity and are capable of
causing digit duplications when grafted into a limb bud. These include Hensen's node
(Hornburch and Wolpert, 1986), the tail bud (Saunders and Gasseling, 1983), floor
plate cells of the neural tube of embryos stage 17 and older (Wagner et al, 1990) and
cells in the flank of pre limb bud stage embryos (Homburch and Wolpert, 1991). The
fact that other areas exhibit polarising activity supports the idea that development and
pattern formation in different parts of the embryo are related and could possibly be due to
a morphogen diffusing from these areas forming a gradient.

1.4 - Candidates for A-P the morphogen

Until recently there have been two main candidates for the morphogenetic signals in
development, these are the growth factors which I shall discuss later, and the retinoids,
which are derivatives of Vitamin A. A third candidate has now come to light, hedgehog.

1.5 - Hedgehog

Hedgehog (hh) is a segment polarity gene in Drosophila, that is thought to encode a
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signal that acts on neighbouring cells in order to regulate gene expression (Ingham,
1993). It is thought that in Drosophila limb development hh acts as a signalling molecule
to which anterior cells respond (Easier and Struhl, 1994).

A chick counterpart of hedgehog was isolated and its expression pattern characterised to
see whether it was expressed in limb development. Sonic hedgehog (Shh) transcripts
were found to colocalise with the ZPA and also other areas with polarising activity
(Riddle et al, 1993). To investigate whether Shh could actually cause digit duplications
in the limb, cells expressing ectopic Shh were grafted into the anterior margin of the limb
bud, which resulted in a range of ZPA phenotypes (Riddle et al, 1993).

In the mouse embryo Shh transcripts are also expressed in the posterior region of the
limb, that approximates the ZPA. Expression is also seen in the notochord (Echelard et
al, 1993), which is interesting because a signal from the notochord is required for the
induction of the floor plate (Placzeck et al, 1993). There are three isoforms of hh in the
mouse and it is thought that they are secreted proteins with highly conserved aminoterminal and divergent carboxyl-terminal halves. It is not known whether Shh acts
locally or is a diffusible signal (Echelard et al, 1993).

The evidence that has been presented to date indicates that hh is an important signalling
molecule in development. It is possible that it is the proposed morphogen (Summerbell
and Tickle, 1977) or that it acts by switching on other genes, which in turn could have
morphogenetic properties. More research will be required to determine whether hh is a
morphogen, but the evidence so far indicates that it has great importance in
developmental processes.

1.6 - Retinoic acid

The possibility that retinoids could be the morphogen involved in limb development was
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discovered by Tickle and others in 1982. They grafted a positively charged piece of
paper that had been soaked in all-fra/w-retinoic acid (RA) into the anterior margin of the
wing bud, and found that, like ZPA grafts, this resulted in a mirror image duplication of
digits. Figure 1.2 shows the effect of grafting a polarising region compared to a RA bead
in the anterior margin of the limb bud. The addition of RA to the limb effects the
mesenchyme, which leads to an increase in the AER to form extra digits (Tickle et al,
1989). Consequently there was immediate interest as to whether RA was the morphogen
that researchers had long hypothesised about.

It has been shown that the effects of grafting a polarising region or more recently a bead
soaked in RA were very similar, each were position, dose and time dependent (reviewed
by Smith et at, 1989). The position of the ZPA graft or a RA soaked bead were
important. If either were grafted anteriorly, mirror-image duplications occurred, but
when grafted posteriorly the pattern of the limb remained normal. Like a ZPA graft, the
effect of RA is dose dependent. For the formation of an extra digit 2, 30 polarising
region cells or less than 5 nM RA are required, whereas for an extra digit 4, at least 130
cells or 25 nM RA are needed (Tickle et at, 1981, 1985). The sequential formation of
digits is 2 2 3 4, 3 2 2 3 4 and 4 3 2 2 3 4. Both experimental procedures also require the
cells/bead to be left in position for a minimum amount of time to get an effect. There is
an 8 hour lag phase followed by a 6 hour induction phase, during which the additional
digits are irreversibly specified (Eichele et al, 1985), so that if the cells/bead were
removed the extra digits still form. These similarities strengthen the proposal that RA is
the morphogen released by the ZPA, resulting in a-p patterning.

Experiments using TTNPB, a synthetic vitamin A compound, showed that a
concentration gradient was established across the limb, and depending upon the extent of
the gradient, certain digits were duplicated. If a dose was discharged that resulted in only
the formation of an extra digit 2, the gradient was short and shallow. This illustrates a
correlation between the expanse of the concentration gradient and the type of digit pattern
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Figure 1.2
Morphogenetic gradient model.
In the morphogenetic gradient model a normal limb is thought to pattern its anteriorposterior axis by the production, from the posterior region, of a diffusible substance
whose gradient decreases anteriorly. As the concentration falls through certain threshold
levels, the limb bud tissue is instructed to form particular digits. Grafting a second
polarising region at the anterior margin would create a second source of the morphogen,
changing the concentration profile of the postulated morphogen such that each threshold
would be reached twice in a symmetrical pattern. Implanting a retinoic acid bead has the
same effect on limb pattern as transplanted polarising region, consistent with the
hypothesis that retinoic acid is or induces the proposed morphogen.
(Reproduced from Tabin, 1991)
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that developed (Eichele and Thaller, 1987).

However for RA to be the proposed morphogen, there would have to be endogenous RA
in the ZPA and other regions with polarising activity and also means or mechanisms by
which the presence or absence of RA can be transduced into genetic activity.

1.7 - Endogenous RA

Retinoic acid is derived from retinol (vitamin A). Figure 1.3 shows the structure of
retinol and some of its naturally occurring metabolites. Limb buds can synthesise RA
from its precursor retinol in vivo (Thaller and Eichele, 1988). Retinol has a uniform
distribution in the limb bud, whereas there is a graded distribution of RA, with high
levels posteriorly in the ZPA, about 2.5 times posterior to anterior (Thaller and Eichele,
1987).

A second biologically active retinoid, 3,4-didehydroretinoic acid has also been
discovered in developing chick limb buds (Thaller and Eichele, 1990). The striking
observation is that the endogenous levels of 3,4-didehydroretinoic acid are six times
higher than those for RA, and it can also induce polarising activity (reviewed by Tabin,
1991). The precursor retinol is presumably being broken down in vivo to produce these
two derivatives in the limb bud.

A third derivative of retinol, 9-cis-RA also induces polarising activity, and is 20-30 times
more potent in mimicking polarising activity than RA. All-fm/ij-RA in the limb bud can
be converted to the 9-cis isomer (Thaller et al, 1993), so the action of exogenously
applied RA in the limb may be more complicated than initially thought.

An antibody against RA, which weakly bound to retinol, showed immunoreactivity
throughout the limb bud mesoderm at stage 18 and continued until stage 22. Staining in
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Figure 1.3
(1) Retinol and some of its naturally metabolites, (2) all-rraw^-retinoic acid, (3) 9-cisretinoic acid; (4) 3,4-didehydroretinoic acid
(adapted from Rowe and Brickell, 1993).
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these sections was more intense in the peripheral mesoderm. At stage 24, RA was only
detected in the peripheral mesoderm, by stage 26, RA was restricted to the ectodermal
cells. Even though the antibody bound to retinol only weakly, this is present at levels 20
times higher than RA. It is possible that the antibody may predominately be binding to
retinol. It is interesting that staining was observed in the peripheral mesoderm, as the
ZPA is located in this region in the posterior part of the limb bud and the RA produced in
the ZPA may move anteriorly through the distal mesoderm (Tamura et al, 1990).

The presence of endogenous RA in limb development strengthened the hypothesis that
RA is the proposed morphogen released from the ZPA. Also in support of this
hypothesis is the finding that Hensen's node, a site with polarising activity, is a site of
RA synthesis (Hogan et al, 1992). The floor plate of the neural tube also synthesises RA
and 3,4-didehydroretinoic acid (Wagner etal, 1990).

1.8 - RA may not be the morphogen

Recent research has however provided doubts as to whether RA is in fact the putative
morphogen (Brockes, 1991), and that rather than RA being the signal produced from the
ZPA, it actually mimics its action by changing anterior cells into polarising cells (Wanek
et al, 1991). This hypothesis was tested by implanting RA soaked beads in the limb bud
for 15 hours, removing the bead, allowing time for the exogenous RA to clear and then
grafting tissue that was anterior to the bead into an untreated host wing. This resulted in
digit duplications, as shown by quail grafts into the chick. The quail anterior cells
contributed to the posterior margin of the duplicated pattern and host chick cells to the
rest, hence the RA had converted anterior cells into ZPA cells, which then interacted with
adjacent anterior cells in the host.

Also Noji et al (1991) showed that when a RA soaked bead was placed anteriorly in a
wing bud, a higher level of retinoic acid receptor-P (RAR-p is one of the receptors that

31
binds to RA and will be reviewed later) expression was induced around the bead. This
was not observed around the grafted ZPA, concluding that it is unlikely that exogenous
RA is identical to the signal from the ZPA. Different concentrations of RA affect the
number and types of digits duplicated, possibly by varying the concentrations, the
number of cells converted to have polarising activity were affected, rather than
establishment of a morphogenetic gradient.

1.9- RA in embryonic development

RA has been shown to affect the development of regenerating axolotl limbs. If the limb
is amputated, a blastema (a small population of mesenchyme cells) forms under the
wound epidermis. The blastema cells grow to form a large bud and then differentiate into
new structures of the limb that were amputated. In contrast to the chick limb, if these
blastemas are treated with RA the regenerate is affected along the p-d axis and not the a-p
axis, causing proximalisation of the regenerate pattern (Maden et al, 1982). The amount
of proximalisation is dependent on the dose of RA administered, for example if the limbs
were amputated just distal to the radius and ulna, and a sufficient amount of RA was
added, a new limb would develop with all p-d structures formed on the amputation site
and not just structures that were removed. At doses higher than that required for
maximum proximalisation, RA inhibits regeneration (reviewed by Brockes, 1990;
reviewed by Stocum, 1991).

In contrast to the axolotl, RA has been shown to affect the frog, Rana temporaria, in
both p-d and a-p axes, causing a mirror image duplication and regeneration of limbs
(Maden, 1983). Again as with all RA treatment the effects are time and concentration
dependent. More recently RA has caused ectopic hind-limbs to form from the tails of
Rana tadpoles which had been amputated at the onset of metamorphosis and then treated
with RA. Seventy percent of these embryos subsequently had between 1-9 hind-limbs
forming at the amputation site (reviewed by Rowe, 1994).
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The limb is not the only structure to be affected by RA, the pattern of the craniofacial
processes are also altered by RA. In early development, the vertebrate face consists of a
series of primordia; the upper beak forms from a central primordium, the frontal nasal
mass, two lateral nasal processes and two maxillae. The lower beak develops from just
two mandibular primordia. These primordia are derived from mainly neural crest cells.
Treatment of the facial primordia in the chick results in an abnormal phenotype, with the
upper beak being severely truncated (Wedden et al, 1988, Rowe et al, 1991).

In rodents craniofacial defects, due to RA, include absent external ears and ear ossicles,
small malformed jaws and cleft palate (reviewed by Morriss-Kay, 1991). RA has also
been shown to alter development of hindbrain segmentation (formation of rhombomeres)
in developing mice embryos. One such effect is the homeotic transformation of
rhombomere 2/3 into a 4/5 identity. A change in homeobox gene expression also occurs
(Marshall et al, 1992).

Exogenous RA also effects hindbrain development in Xenopus, by inducing an apparent
lack of segmentation. Like effects with RA in the chick limb, these effects are
concentration dependent (reviewed by Krumlauf et al, 1991). In Xenopus, RA (Durston
et al, 1989) and a metabolite 4-oxo-RA (Pijnappel et al, 1993) affect the developing
CNS, resulting in microcephaly. It is thought that neural induction occurs in two steps.
First the competent ectoderm is converted to anterior specified neural tissue and then this
tissue is converted to a posterior specification, RA appears to affect this latter process,
causing the loss of anterior neural structures, by switching anterior specified
neuroectoderm to posterior. At the stages where RA can affect the a-p pattern, the
embryos contain endogenous RA (Durston et al, 1989). These data indicate that even if
RA or a related molecule is not the signalling molecule that specifies a-p patterning in
Xenopus, it may be important in this process (reviewed by Green, 1990).
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Further experiments have added support to the theory that RA is important in Xenopus
development. The approach taken was to either inactivate retinoic acid receptor (RAR)
function, by the injection of v-erbA mRNA (v-erbA has been shown to repress ligand
induced gene expression mediated by the RARs), or to interfere in the metabolism of
retinol into RA, using citral (3,7-dimethy 1-2,6-octadienal), which has been shown to
inhibit the oxidation of retinol to RA in the mouse epidermis. Both treatments were
shown to reduce the teratogenic effects of exogenous RA on developing Xenopus. In
addition, both v-erbA and citral, affected the normal development, presumably by
interfering with the normal function of RA. The effects seen were similar to those of
vitamin A deficient embryos (including defects to the head, face, eye, ear and
cardiovascular malformations). These findings suggest the necessity of RA in normal
Xenopus development (Schuh etaU 1993).

Another suucture affected by RA is the normal development of epithelium throughout the
body. Both an excess and a deprivation of RA can effect its structure. A deficiency of
RA causes squamous metaplasia and kératinisation of most columnar epithelia of the
body. In most cases this can be reversed with very low doses of RA (reviewed by
DeLuca, 1991). This example illustrates the importance of retinoids in normal epithelial
developments. Retinoids are also used in the treatment of some skin conditions, such as
acne.

The examples given illustrate the importance of RA in embryonic development and that
both an excess and lack of RA can effect many diverse processes. It is also known that
RA exerts its effects by altering endogenous gene expression.

1.10 - RA and its effects on gene expression

Previously discussed are the variety of effects that RA has on embryonic development
and differentiation. RA has also been shown to effect the endogenous pattern of various
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genes, by not only upregulating the amount of expression, but also altering patterns of
expression. For example the distribution of RAR-P transcripts is altered by the
implantation of a RA bead in the limb anteriorly (Noji et al, 1991) and in the embryonic
chick face (Rowe etal, 1991). Members of the homeobox-containing genes also respond
to RA treatment with new domains being formed (reviewed by Tabin, 1991). When
either a polarising region or a RA-soaked bead are grafted into a wing bud in the anterior
margin, as well as a mirror image limb forming, ectopic domains of the Hoxd cluster are
induced (Izpisua-Belmonte et al, 1991). Treatment of mice embryos with teratogenic
doses of RA, resulted in an anterior displacement of some of the Hox-2 boundaries
within the prospective hindbrain, these changes were detected before morphological
defects of a reduction in size of the fore- and mid-brains and loss of segmentation of the
hindbrain. This suggests that the defects were caused, in part, due to the new Hox gene
expression domains induced by RA (Conlon, 1992). It appears, therefore, that many of
effects on patterning by RA occur due to changes in gene expression.

The response of genes to RA has also been studied in vitro. F9 cells differentiate in
response to RA, from embryonal carcinoma cells into endoderm (Strickland and
Mahdavi, 1978). Due to this change in morphology, genes endogenously expressed in
this cell line have been studied to see if they respond to RA treatment. Various genes
have been found to be upregulated in response to RA. Two of these are early RA-1 gene
(LaRosa and Gudas, 1988) and Hox-1.3 (Murphy et al, 1988). It is possible that the
change in morphology of the cell line is due to the effect of RA on endogenous gene
expression.

Some genes contain hormone response elements (HRE), which are short cz5 -acting
sequences required for hormonal activation of transcription. The presence of a HRE to
an otherwise hormone non-responsive gene causes that gene to respond to the hormone.
Their activity is dependent upon the presence or absence of the ligand (Evans, 1988).
They are located in the promoter regions of regulated genes and are recognised by the
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receptor DNA binding domain. RA regulates development and homeostasis via RA
responsive genes in target tissues. It is thought that RA exerts its effects by controlling
the expression of genes that play more specific regulatory roles (reviewed by Glass et al,
1991). A retinoic acid response element (RARE) has been identified in the promoter
regions of some genes which are transcriptionally activated in response to RA. A RARE
has been identified in the RAR-|3 gene (de The et al, 1990). Other RA-responsive genes
have RAREs (see figure 1.4).

1.11- Steroid and thyroid nuclear receptor family

Members of this family can be divided into two distinct groups, type 1 and type 11. Type
n receptors differ from type 1 in their abihty to bind to their hormone response elements
(HRE) in the absence of the ligand, they bind and transactivate through their response
elements, which are composed of half sites arranged as direct repeats (A G ^/tTCA ), in
contrast to type 1, which have three nucleotides separating the palindromically arranged
half sites (AGAACA (GR, PR), AGGTA (ER)) (reviewed by Stunnenberg, 1993). Type
1 contains the glucocorticoid receptor (GR), the progesterone receptor (PR) and the
oestrogen receptor (ER), type 11 the thyroid hormone receptor (T 3 R), the vitamin D
receptor (VD3 R), the peroxisome proliferator activated receptor (PPAR) and the retinoid
receptors (RARs and RXRs) (Stunnenberg, 1993). Type 11 receptors have to form
heterodimers with RXRs for high affinity binding (Kleiwer et al, 1992; Marks et al,
1992; Zhang etal, 1992).

The structure of the steroid and thyroid nuclear receptors is composed of six domains,
designated A-F. The two most highly conserved regions are the C domain, responsible
for DNA binding and the E domain, for ligand binding. The C domain is important for
specifying target gene activation, it is rich in cysteines and basic amino acids and
contains a highly conserved core of

6 6 -6 8

amino acids. It also contains two cysteine-

type zinc finger binding motifs (Green and Chambon, 1988), with two different
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Gene

sequence of retinoic acid response element

ADH3:

TGAACTCTGAATGACCC

CRBPII:

reference

( 1)

GCTGTCACAGGTCACAGGTCACAGGTCACAGTTCA
7

FH:

7

7

7

AGGTCACTGACAGGGCA
-------------- 7

(2)

7

(3)

7

LamininBl: TGACCCTTnTCrAAGGGCTTAACCTAGCTCACCT
\
---------

(4)

PEPCK:

CTCATGACCTTTGGCCGTGGGA

(5)

mRAR-a2:

AGTTCAGCAAGAGTTCA

(6)

----------

------------- 7

mRAR- 3 2:
hRAR-B:

7

GGTTCACCGA AAGTTCA
--------------7

7

GGTTCACCGAAAGTTCA
-------------- 7

7

(7)
(8)

Figure 1.4
Retinoic acid response elements
Each core element is underlined and its orientation with respect to the gene promoter is
shown with a half-arrow-head. The consensus core sequence is 5'-A/G G T/G T C A-3'
(or 5'-T G A A/C C C/T-3' in the opposite orientation).
(1) Human alcohol dehydrogenase gene (Duester gf o/, 1991); (2) Cellular retinol binding
protein II (Mangelsdorf et al, 1991); (3) Complement factor H gene (Munoz-Canoves et
al, 1990); (4) Laminin B1 (Vasios etal, 1989); (5) Phosphoenolpyruvate carboxykinase
(Lucas et al, 1991); (6 ) mouse retinoic acid receptor-a2 (Leroy et al, 1991); (7) mouse
retinoic acid receptor-P2 (Sucov et al, 1990); (8 ) human retinoic acid receptor-p (de The
etal, 1990).
(Adapted from Rowe and Brickell, 1993).
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functions. The N-terminal zinc finger is involved in DNA binding and is important in
controlling the specificity of binding. The other is thought to mediate receptor
dimérisation and thus control both the specificity and stability of DNA binding (Berg,
1989). The ligand binding domain contains a very large number of hydrophobic amino
acids, which are thought to be important in the formation of a hydrophobic pocket into
which the ligand can fit. This domain is approximately 25 kDa in size. Between
members of the steroid and thyroid hormone nuclear receptor superfamily only the C and
E domains are highly conserved and the A, B, D and F domains differ. The A and B
regions are important in the modulation of transcription (Evans, 1988).

1.12- Nuclear Retinoid Receptors

Nuclear retinoid receptors mediate the action of RA and are members of the steroid and
thyroid hormone nuclear receptor superfamily (reviewed by Lohnes et al, 1992). There
are two families of retinoid receptors: retinoic acid receptors (RAR) and retinoid X
receptors (RXR). Both are ligand-inducible, trans-regulators. The RARs can be activated
by either dl\-trans-KA or 9-cis-RA at low (50nM) concentrations. RXRs respond to the
same dose of 9-cis-RA, but will only respond to higher concentrations of RA due to the
conversion of all-trans to 9-cis-RA. (reviewed by Lohnes et al, 1992). 9-cis-R A
transactivates RXR 40 times more efficiently than RA (Heyman et al, 1992). The
heterodimers formed between RARs and RXRs will bind to the RARE in the absence of
ligand, but will only activate transcription in the presence of the ligand (reviewed by
Rowe and Brickell, 1993).

1.13 - Retinoic acid receptors

Three types of RARs have been identified in humans and mice, RAR-a (Giguere et al,
1987, Petkovich et al, 1987), RAR-p (de The et al, 1987, Brand et al, 1988) and RAR-y
(Zelent et al, 1989). Counterparts of these genes have also been found in the chicken

38
(Rowe et al, 1991, Smith and Eichele, 1991, Noji et al, 1991) and in amphibians
(Giguere et al, 1989, Ragsdale, 1989). A new RAR has been discovered in newts,
RAR-Ô, which is a homologue of RAR-y (Ragsdale et al, 1989).

Between species each subtype is highly conserved in all domains (figure 1.5a), whereas
within each species, the three subtypes, RAR-a, p, y are conserved only in regions, B,
C and E (figure 1.5b), suggesting that each subtype regulates different RA responsive
genes, as each subtype has different expression patterns in adult or embryonic tissues
(reviewed by Leroy et al, 1992).

Each of the RARs has at least two protein isoforms (Leid et al, 1992). Currently there
are two main isoforms for RAR-a (Leroy et al, 1991), four for RAR-p (Zelent et al,
1991, Nagpal et al, 1992) and two for RAR-y (Kastner et al, 1990). The different
isoforms are identical to each other except for differing in their A and/or 5' untranslated
regions, which are located upstream from the A/B region border (Leroy et al, 1991). The
transcripts encoding the isoforms are generated by multiple promoter usage and
alternative splicing. Of the four RAR-p isoforms, RAR-P 1/P3 transcripts are initiated
upstream at PI promoter and RAR-p2/p4 at the downstream promoter P2 (Mendelsohn
et al, 1994). In the case of the RAR-p4 isoform, the third initiation codon of chick RARp2 seems to be utilised to produce an amino terminal truncated RAR-p4 isoform (Nohno
et al, 1991). The isoforms have different expression patterns during development
(reviewed by Leroy et al, 1992).

1.14 - Distribution of RAR transcripts.

The distribution of the transcripts encoding the RARs have been analysed in the
developing mouse limb buds by Dolle and colleagues. At embryonic day 10 (ElO),
RAR-a and y are expressed throughout the limb buds, RAR-a transcripts were also seen
extending in to the adjacent tissue, whereas RAR-y expression was not seen beyond the
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Figure 1.5.
a) Percentage identity between the predicted amino acid sequences of human, mouse and
chicken RAR-(î in domains A-F of the protein
(reproduced from Rowe et al, 1992a)
b) Simplified domain structure of the retinoid nuclear receptor proteins
(reproduced from Rowe and Brickell, 1993)
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proximal region of the limb bud. In contrast RAR-P has a more restricted expression
pattern, in the proximal region of the bud (see chapter 4). By E12.5, RAR-y was
predominately restricted to central precartilaginous blastemas and in the distal
undifferentiated mesenchyme of the limbs, RAR-a was still distributed throughout the
limb bud. By E l4.5 RAR-y was seen only in the skin and in the cartilage cells of
developing skeletal elements, expression was also located in the developing digits which
had not differentiated into muscle, skin or bone. At later stages RAR-y is not expressed
in bone. RAR-a was still expressed throughout the limb bud at low levels in developing
cartilage (Dolle et al, 1989). In the chick limb, RAR-P transcripts have also been shown
to be restricted to the proximal region of the bud and in the ectoderm (Schofield et al,
1992). The fact that these genes are expressed during limb development and RAR-p and
y have restricted expression patterns, suggests their importance in this process.

RARs are also expressed in other areas of embryonic development. Expression of RARy in the skin consists of mainly isoform RAR-y2 in early development (E8.5, 9.5) and
RAR-yl in later development (Kastner et al, 1990). RAR-y is not expressed in mouse
developing neural tissues, but RAR-a and p are. RAR-a was ubiquitously expressed in
the spinal cord and brain. At neural tube closure RAR-P transcripts are found only in the
closed neural tube and not in the open folds. In the early spinal cord RAR-p is located in
the proliferating neuroepithelium layer. Once motor neurons have begun differentiating
RAR-P was seen in the developing motor columns (Ruberte et al, 1993). RAR-p
transcripts are also expressed during development of the facial primordia (Rowe et al,
1992b).

In various human tissues analysed, RAR-a transcripts were present at low levels
(kidney, prostrate, spinal cord, cerebral cortex, adult and foetal liver, spleen, uterus,
ovary, testis and breast), in contrast RAR-p transcripts showed high levels of expression
(kidney, prostrate, spinal cord, cerebral cortex), average levels (spleen, liver, uterus,
ovary) and low levels (breast and testis) (de The et al, 1989). The examples show the
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difference in expression patterns of the different RARs and also of their isoforms,
suggesting each gene has specific functions in development.

The RARs have been tested both in vitro and in vivo to see if they are transcriptionally
upregulated by RA. A hepatoma cell line was treated with RA and the amount of
endogenous RAR-a and p in response to this treatment analysed. The levels of RAR-P
increased, but the levels of RAR-a remained unaffected, concluding that the increase in
RAR-P levels due to RA was due to enhanced transcription. The fact that the levels of
R A R -a remained unaltered suggested that these two receptors have distinct roles in
mediating the effects of RA (de The et al, 1989). A similar effect was observed by Zelent
et al (1989) in RA treated F9, embryonal carcinoma, cells, RAR-P was upregulated 30fold, RAR-a remained the same and RAR-y decreased 2-fold. The responses to RA
differ between RARs.

In vivo RA elevates the levels of RAR-p2 mRNA. Hamish and colleagues (1992) treated
pregnant mice with RA and looked at the subsequent levels of RAR isoforms. The levels
of RAR-P2 mRNA increased 7-fold, whilst both RAR-a2 and RAR-yl increased only
2-fold. In contrast to the results seen with RAR-p2, levels of RAR-P 1 and p3 did not
increase in response to RA. The limb buds of day 11 embryos exhibited the greatest
increase in RAR-p2 mRNA levels, increasing to 12 times the normal amount. Retinol
was also shown to increase the levels of RAR-p2 mRNA in the limb bud. This was
slower acting than RA, presumably because the retinol was being converted to RA. What
is interesting from this data, is that the levels of RA administered, result in limb
abnormalities, which leaves the question how does RA through the elevated levels of
RAR-P2 result in these defects? Soprano and others (1994) showed that mice treated
with both teratogenic and non-teratogenic doses of RA caused an elevation of RAR-p2
mRNA levels. They show that just an increase in RAR-p2 mRNA levels is not sufficient
to cause malformations, but that these levels must remain for 6-9 hours post treatment,
hence in mice treated with teratogenic doses there is a high probability of
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dysmorphogenesis when RAR-p2 and RAR-p protein levels are increased for a
prolonged period of time. This illustrates how RAR-P mediates the effects of RA.

RA also alters the pattern of RAR-p transcripts in the facial primordia. The normal
distribution of RAR-p transcripts in the maxillary primordia is restricted to the anterior
part. In response to RA, high levels of RAR-P transcripts are induced in this area. RA
causes a truncation of the upper beak and the increase in RAR-p levels is seen before the
morphological changes (Rowe et al, 1991).

1.15 - The RAR-p promoter

The activity of the RAR-p promoter has been investigated by several groups, using
transgenic mice. Reynolds and others made lacZ reporter constructs with 250 bp (base
pairs), 625 bp and 3100 bp of the RAR-p promoter sequence, they found that 250 bp
was sufficient for the lacZ transgenic mice to reproduce the endogenous RAR-P
expression pattern between E 8.5 - 12.5, but that the 625 bp construct was needed to
achieve high levels of expression after E 12.5, the 3100 bp construct could also be
detected in the meninges and around the eyes, this could not be detected with the other
two constructs. LacZ expression was lower than endogenous expression after E 13,
suggesting that a silencer element may be present in the 625-3100 bp region. The
expression of the transgene was more restricted than the endogenous RAR-P, suggesting
there may be more cis -acting elements that are important in the production of high levels
or that the primary transcripts are subject to transcriptional regulation (Reynolds et al,
1991).

Mendelsohn et al used the same approach to investigate the RAR-p2 promoter. They
fused 3.8 kb of sequences located upstream of the mRAR-P2 capsite and the lacZ gene,
with which transgenic mice were derived. They found that lacZ expression was found in
the majority of sites that mRAR-p is. The sites where expression was not detected may
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correspond to the other isoforms. RAR-p2 promoter activity was detected in the AER of
limb buds and spinal nerves, endogenous RAR-P is not seen at these sites. This is
possibly due to the high sensitivity of the lacZ reporter system, and the endogenous
levels are so low that they cannot be detected by in situ hybridisation. Analysis of
embryos from mothers treated with teratogenic doses of RA, at day 9.5-10.5, revealed
that expression of lacZ was induced only in the AER, indicating that RAR-p2 may be
important in switching on other genes that are expressed in the ridge and hence result in
limb abnormalities (Mendelsohn et al, 1991). In contrast mothers treated at 11.5 days of
gestation, showed induction of promoter activity in sites of the limb where RAR-P is
endogenously expressed, and in the core mesenchyme and the AER. The effects of RAtreatment on transgenic mice derived from the RA R-pl/p3 PI promoter region were
analysed and unlike transgenic mice from RAR-p2/p4 P2 region, the promoter activity
was not affected by RA (Mendelsohn et al, 1994). This further illustrates the separate
roles the RARs and their isoforms have in development.

1 . 1 6-The RAR-P RARE

The sequence of the RAR-p RARE located in the promoter region of RAR-p contains
two direct repeats: GTTCA (de The et al, 1990; Sucov et al, 1990)), it has been shown
that the RARs can bind to this RARE in vitro and induce gene expression. The number
of nucleotide gaps between the direct repeats can effect the activity with which RAR-p
binds to the RARE (Vivanco Ruiz et al, 1991). RAR-p is upregulated by RA and this
occurs due to the presence of a RARE in the P gene which mediates trans -activation by
RA. In vitro it has been shown that the RAR-p protein can bind to its own promoter
sequence (de The etal, 1990). Davis and Lazar (1993) demonstrated that the response of
RAR-P, through its RARE, can be cell-specific. They suggest that cw-acting sequences
in the RAR-P promoter, other than the RARE, may be important for cell-specific
induction of RAR-p mRNA.
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1.17 - Investigation of the roles of the RARs using transgenic mice

One approach to investigate the action of RA would be to block endogenous RARs.
Damm and colleagues (1993) took this approach and constructed dominant negative
receptor mutants. The hRAR-a mutant (closely resembling the structure of the oncogene
product v-ErbA) which was truncated at amino acid 403, was shown to act as an
inhibitor of co-transfected wild-type receptor in CVl cells. RAR-p and y mutants were
similarly constructed and had the same effect in vitro, in inhibiting their wild-type
counterparts. The RAR-a and y also inhibited all three wild-type receptors. Transgenic
mice were created with the a-mutant. Preliminary studies showed that two out of twelve
transgenics exhibited severe craniofacial abnormalities, similar to effects seen with
teratogenic doses of RA. They suggest that these effects occurred due to perturbations in
retinoid pathways either by applying excess signal or by inhibiting receptor activity result
in alterations of development and differentiation. This approach should provide
interesting information to the roles of the RAR isoforms in development. Some studies
have already been carried out creating 'knockout' mice which do not express certain
RARs.

Transgenic mice in which either RAR-y or RAR-y2 has been inactivated were
constructed. The RAR-y2 null mice exhibited no malformations, whereas RAR-y null
mice, in which all the isoforms have been inactivated, various abnormalities occur,
which resembled vitamin A deficiencies. These included male mice being sterile,
probably as a result of squamous metaplasia of the seminal vesicles and prostrate glands.
Two congenital malformations observed in RAR-y null mice were agenesis of the
Harderian gland and defects of the tracheal cartilaginous rings. It was interesting that no
other cartilage seemed to be affected, as RAR-y is expressed in all areas of cartilage
during organogenesis. This indicates that possibly functional redundancy occurs within
the RAR subgroups. RAR-y deficient mice also have homeotic transformations along the
a-p axis, which occur with variable frequencies. No limb abnormalities were seen. This
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could be because RAR-a is also expressed in limb cartilage, so when the RAR-y is
inactivated, possibly RAR-a substitutes for RAR-Ys function. Preliminary analysis of
RAR-a null mice shows no limb malformations (Lohnes et al, 1993), further supporting
the theory of functional redundancy. The fact that RAR-y null mice (for all isoforms)
exhibit abnormalities and yet the RAR-y2 null mice appear normal, suggests that at least
one RAR-y isoform is required for normal development. In summary the RAR-y null
mice have growth deficiency, early lethality and male sterility. Mendelsohn et al (1994)
have constructed mice in which the RA R-p2/p4 isoforms are inactivated. The
preliminary analysis shows that these animals are normal. These results further support
the existence of functional redundancy, that the other two RAR-p isoforms or other
RARs can fulfil the role of RAR-p2/p4 isoforms if they are made inactive during
development.

1.18 - Retinoid X receptors

The RXRs also belong to the steroid and thyroid nuclear receptor family. As previously
stated, the RXRs can form heterodimers with the RARs, to provide more efficient DNA
binding (Zhang et al, 1992) and also enhance thyroid hormone receptor and vitamin D
receptor DNA binding (Kleiwer et al, 1992). The ligand for RXRs is 9-cz^-RA, the
activated proteins can regulate the transcription of target genes that have promoters
containing a RXRE (Mangelsdorf et al, 1991) and may also regulate promoters
containing a thyroid response element (Eager et al, 1991). These receptors have been
identified in humans (Mangelsdorf et al, 1990), mice (Hamada et al, 1989), chicks
(Rowe et al, 1991) and Xenopus (Blumberg et al, 1992). The predicted amino acid
sequences of RX R-a, RXR-p and RXR-y are very similar in the B, C, D and E
domains, but differ in their A and F domains. The DNA binding domain, C, is highly
conserved between the RARs and RXRs, in contrast, the other domains have no
significant amino acid identity (reviewed by Rowe and Brickell, 1993).
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Unlike the RARs, RXRs have an invertebrate homologue, ultraspiracle (USP), in
Drosophila (Oro et a/, 1990), suggesting that the RXR retinoid response system is the
more ancient type. Interestingly the ecdysone receptor in Drosophila needs to
heterodimeiise with either RXR or USP for DNA binding and transactivation (Thomas et
a l 1993).

In the chick embryo, RXR-y transcripts are expressed in the liver and elements of the
peripheral nervous system, that are derived from the neural crest, suggesting a new role
for RA, TH, VD or PP in the peripheral nervous system (Rowe et al, 1991). RXR-y is
also expressed in the eye (Seleiro et al, 1994). In the mouse embryo RX R-a has a
diffuse expression pattern in early development and later becomes restricted in the
epidermis and other squamous epithelium. RXR-p has a diffuse expression pattern
throughout development and RXR-y is restricted to the myogenic lineage, otic
epithelium, retina, pituitary, thyroid gland and other areas of the CNS (Dolle et al,
1994). The expression pattern of RXR-p in the striatum and horns of the spinal cord
colocalised with that of RAR-p, suggesting that these two receptors can function as
heterodimers in these areas (Dolle et al, 1994). RXR-a is also highly expressed in the
adult rat liver, which is a site of vitamin A storage, metabolism and mobilisation
(Mangelsdorf etal, 1990).

To further investigate the role of the RXRs during development, RXR mutant transgenic
mice are beginning to be established. RXR-a null mutant mice resulted in embryonic
lethality caused by hypoplastic development of the ventricular chambers of the heart.
This defect is identical to an effect of embryonic vitamin A deficiency. These data
provide evidence of the function of RXR-a during development and also that in certain
aspects of development RXR is required to mediate the effects of vitamin A either as
heterodimers with RARs or as RXR homodimers (Sucov et al, 1994).
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1.19 - Cellular retinoic acid binding proteins (CRABP) and cellular
retinol binding proteins (CRBP)

The cellular retinoid binding proteins are cytoplasmic proteins that specifically bind to
RA (CRABP) or retinol (CRBP). They are between 15-16 kD in size and each exists as
two isoforms. The role of the cellular retinoid binding proteins may be to regulate the
formation of active retinoids or to control the cellular distribution of free ligand available
to bind with the nuclear retinoid receptors (Lohnes et al, 1992). Figure 1.6 shows a
schematic representation of the components of the retinoid signalling pathway.Two co
operating RAREs are found in the 5' flanking region of mCRABPII. Durand and others
(1992) demonstrated in vitro, that RARs and RXRs bind to the RAREs and mediate
transcriptional activation. RAR-RXR heterodimers bind more efficiently than
homodimers. An RARE has also been discovered in the mouse CRBPI promoter (Smith
et al, 1991) and the rat CRBPI (Husmann et al, 1992). The RARE in the rCRBPI can
also be efficiently activated by RAR-RXR heterodimers (Husmann et al, 1992).

In the developing chick limb, a gradient of CRABP is found across the a-p axis, with
CRABP being higher in the anterior margin than the posterior. Using an antibody,
Maden et al found the CRABP immunoreactivity to be more intense in the anterior region
by a factor of 3.5:1 (Maden et al, 1988). This would indicate that the function of
CRABP in the limb bud is to steepen the gradient of RA in the posterior region, by
binding free RA in the anterior region (Vaessen et al, 1990). With the existence of this
3.5:1, a-p gradient of CRABP, the amount of free RA in the limb bud can be recalculated
to have a 10 times higher posterior-anterior gradient (Smith et al, 1989) of RA, in
contrast to the 2.5:1 endogenous gradient of total RA. A similar distribution of CRABP
is seen in mouse limb buds (Perez-Castro et al, 1989). High levels are also seen in the
progress zone (Maden et al, 1989). CRBP is barely detected in chick and mouse limb
buds (Maden, 1991a). CRABP has also been found in amphibians. Tissues that were
more susceptible to the effects of RA contained high levels of this protein. In

48

PA-RBP-ROL

SA-RA

BLOOD

Œ LL MEMBRANE
T-RA

ROL
CRBPI

CRABPI
CRABPI-RA
CRABPn

9-cis-RA

CRBPI-ROL
CRBPII

CRABPn-RA

CRBPII-ROL

NUCLEUS
TARGET GENES

RARs

RA

RXRs

Figure 1.6
Schematic representation of the components of the retinoid signalling pathway.
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regenerating limb tissue there was a large increase in the quantity of CRABP in cone
stage blastemas, compared to normal non-regenerating limbs (Keeble and Maden, 1986).
Interestingly, the retinoids that can alter limb pattern also showed high affinity for
CRABP, indicating the important role that CRABPs play in the action of RA in pattern
formation of the regenerating limb (Keeble and Maden, 1989).

Other areas of the chick embryo also express CRABP. Transcripts are first detected at
stage 9, within the developing neural tube and in the rhombencephalon region. These
transcripts then spread posteriorly within the neural tube. The hindbrain showed a
striped expression pattern at stage

11,

with expression extending up to rhombomere

6

(r.6 ), r.5 showed no expression, r.4 had expression and then r.1-3 contained no
CRABP. As the embryo developed expression could be seen in r. 1 and r.2, then finally
the entire hindbrain became positive for CRABP and also the mesencephalon. Outside
the neural tube the major population of CRABP positive cells are the neural crest cells.
From stage 14, CRABP positive neural crest cells migrated through the anterior halves
of the somites (reviewed by Maden, 1991a). In contrast in the developing chick embryo,
only two cell types express CRBP, one isoform is expressed in the epithelial lining of
the developing gut and the other in the ventral floor plate in the neural tube (reviewed by
Maden, 1991a).

Maden et al (1990) examined the distribution of CRABP and CRBP, using antibodies
raised against them, in developing rat and mouse embryos. CRBP is found in the heart,
gut epithelium, notochord, otic vesicle, sympathetic ganglia, lamina terminus of the brain
and in a ventral stripe across the t neural tube from which the motor region will form. At
later stages it is expressed in motor neurons but not sensory axons. CRABP is found in
the neural crest cells and later on in neural crest derivatives. The distribution of CRABP
provides an insight into which parts of the embryo use RA in their development (Maden,
1991b).

50
The effect of overexpression of CRAB PI protein was looked at in F9 murine
teratocarcinoma stem cells (these cells have provided a useful in vitro system to
investigate the effects of RA, as they resemble the pluripotent inner cell mass of mouse
blastocysts) (Boylan and Gudas, 1991). CRABPl protein transfected into these cells
resulted in a loss of expression of RAR-p, at low RA concentrations. It seems that the
CRABPl is sequestering the RA and preventing the elevation of expression of other
genes in response to RA.

The effect of overexpression of CRABP has also been investigated in vivo. Recent work
has identified a CRABP gene in Xenopus (XCRABP). It is expressed early in
development, at stages where RA can modify the a-p axis. It is also expressed in the
hindbrain, heart, cranial ganglia, eye region and spinal cord (Dekker et al, 1994). To
investigate its function, XCRABP was overexpressed in Xenopus embryos. This caused
axial defects. The development of both anterior and posterior structures was affected.
These effects resembled defects incurred after RA treatment of early Xenopus embryos.
Dekker et al suggest that the CRABP is functioning by transducing or enhancing
endogenous retinoid signal (Dekker et al, 1994). These results differ from those of
Boylan and Gudas (1991), possibly because the CRABP identified in Xenopus does not
correspond to mCRABPl and the different isoforms have different developmental
functions.

The RARs, RXRs, CRABPs and CRBPs all illustrate the complexity of the retinoid
signalling pathway and how the pathways are interconnected. Other genes are also
involved in limb development. One group is the Hox genes.

1.20 - Hox genes in limb development

The homeobox genes were first discovered in Drosophila. In Drosophila these are found
in two clusters, antennapedia and bithorax, which are known as the HOM-C. In
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vertebrates there are four clusters: Hoxa, b, c and d (Scott, 1992). Other homeobox
genes are also expressed in vertebrates which are not found in the clusters, for example:
m sxl, msx2, evx-1 and dlx-1. All the homeotic genes encode nuclear proteins with a
DNA binding motif, the homeodomain (reviewed by Marata, 1993).

The Hox genes are expressed during limb development O f the four vertebrate clusters,
three are expressed in the developing limb bud, Hoxa, Hoxc and Hoxd clusters. Other
homeobox genes are also involved in limb development, such as evx-1 (evenskipped),
dlx-1 (Drosophila homologue of distal-less), m sxl and msx2. Dlx-1 is expressed in the
AER, Evx-1 in the progress zone, msxl and msx2 are expressed before the formation
of the AER and remain in the distal region of the limb bud as it grows out. Within this
region msx2 expression is seen in a subset of m sxl expressing cells. These two genes
are also expressed in the anterior third of the developing limb bud, a small posterior
region and at later stages, interdigitally and in the AER (reviewed by Morgan and Tabin,
1993). Davidson and colleagues showed that the expression of m sxl and msx2 was in
response to a signal from the AER. They grafted mouse limb bud mesoderm into a host
chick wing bud. When the graft was placed distally, m sxl and msx2 were switched on
due to a signal from the AER, and when it was placed proximally, even if the graft itself
was expressing these two genes, they are switched off in response to their new position
(Davidson et al, 1991, Brown et al, 1993). The expression patterns of these two
homeobox genes in limb development, indicates their probable importance in limb
patterning.

The three clusters that are involved in limb patterning seem to have different functions.
Not much is known to date about the function of the Hoxc cluster, except that they are
possibly involved in the specification of fore- and hind-limb differences (Oliver et al,
1988; Tabin, 1989). The Hoxa cluster are expressed in domains along the p-d axis.
Successively more 5' Hoxa genes show more distal restrictions (Yokouchi etal, 1991).
This would suggest these genes are possibly necessary for p-d patterning. In contrast.
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the Hoxd cluster are thought to be involved in a-p patterning, due to their expression
domains across this axis, with the more 5' members of the cluster being restricted more
posteriorly. At stage 21, Hoxd9 is expressed throughout the chick limb bud, HoxdlO is
expressed more posteriorly (its domain does not reach the anterior region of the limb),
H o xd ll and H o xd ll are located within the domain of HoxdlO, and Hoxdl3 is the most
posteriorly restricted domain. These early domains are thought to specify the primordia
of the major structural elements of the limb (Morgan et al, 1992).

Further support of the hypothesis that this cluster is involved in a-p patterning and digit
specification, is the misexpression in the talpid (taVta^) polydactylous chick mutant, with
defects along the a-p axis of its developing wings. The resulting H oxd expression
domains overlap along this axis, whereas discreet Hox domains remain along the p-d
axis, which could explain the outgrowth of the limb being relatively normal along the p-d
axis, in contrast to the lack of morphological differences between the talpid^ digits
(Izpisua-Belmonte et al, 1992).

To determine whether the Hoxd cluster is involved in a-p patterning, H o x d ll was
ectopically expressed throughout the limb bud using a retroviral vector. This ectopic
expression caused posterior transformations, the combination of Hoxd genes expressed
in the developing primordium of digit I was changed to the combination of Hox genes in
the primordium of digit II. This resulted in digit I in the leg being converted to a digit II,
and an extra digit II forming in the wing bud (Morgan et al, 1992).

Dolle et al (1993) constructed H oxd 13 'knockout' mice. They found these mice
displayed skeletal alterations, not only along the a-p axis, but along all body axes. The
limbs of these mice were affected along the a-p axis, with the formation of a
supernumerary digit and carpal bone. Digits 2 and 5, exhibited an abnormal pattern
across the p-d axis. Dolle et al suggest that the Hox genes may control limb patterning by
regulating the timing and extent of local growth rates. The role of the Hoxd cluster in
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limb patterning seems to be more complex than initially thought and not just involved in
a-p patterning.

1.21 - Cartilage development

The chick wing is composed of various skeletal elements which are laid down in a p-d
pattern. The elements are formed by the differentiation of mesenchyme into cartilage.
The cells that remain in the progress zone the longest will give rise to the most distal
structures, and the cells that leave the zone first, to the proximal structures (Wolpert,
1978). The cells are assigned position and interpret this positional information according
to their genetic programme and developmental history, for example legs and wings in the
chick differ due to different developmental histories (Wolpert, 1981). The formation of
bone in the chick wing therefore occurs via the intermediary, cartilage. This process is
known as 'endochrondral bone development'. Cartilage undergoes a maturation process,
which includes, proliferation, hypertrophy and calcification, as it differentiates into bone
(Carrington and Reddi, 1991). In summary, the mesenchyme condenses and
differentiates into chrondrocytes which synthesises cartilage matrix. This in turn
undergoes mineralisation and finally the cartilage is replaced by bony tissue (Campbell
and Kaplan, 1992). Enlargement of cells is a major feature of the growth of cartilaginous
elements. Cartilage shape and form are the outcome of an interplay between intrinsic and
extrinsic factors (extrinsic factors are those that act on the element from its immediate
environment within the embryo). However the exact mechanisms that shape the cartilage
remain largely unknown (Thorogood, 1983).

It takes approximately one cell cycle (around 10 hours) for each element to be laid down.
Hence approximately seven cell generations occur in the progress zone for the formation
of the complete wing: humerus, radius, ulna, wrist (small carpals), metacarpals,
proximal phalanges and finally the distal phalanges (Wolpert, 1981). Cartilage formation
begins by the aggregation of the presumptive cartilage cells, with a 50% increase in cell
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density and an increase in the number of cellular processes. Cells at the periphery of the
cartilage, develop into the perichondrium. In the long bones, differentiation begins at the
centre of the element, the cells secrete matrix and begin to hypertrophy, from the central
diaphysis to the epiphyses. The diaphysis contains rounded, hypertrophied cells and the
epiphyses smaller, rounded cells. Between the two lies an intermediate zone, where the
cells are flattened at right angles to the long axis of the element. The long bones grow
rapidly due to cell division, cell hypertrophy and matrix secretion (reviewed by Wolpert,
1982). The development of the perichondrium has been looked at in some detail in the
chick ulna. During the course of development the structure of the perichondrium
changes. At stage 27/28, the cells which will form the perichondrium are aligned
circumferentially around the expanding cartilage core, hypertrophy begins at stage 30
and the cells become realigned around the central diaphysis and lie parallel to the
element's long axis. By stage 33, the perichondrium has up to 4 cell morphologies (see
figure 1.7) (Rooney and Archer, 1992). Rooney and Archer suggest that the
perichondrium acts as a constraining sheath. It is possible that it occurs by 'directed
dilation', that is the embryonic cartilage is a viscoelastic fluid that exerts pressure on the
perichondrium during development. If the pressure is greater than the resistance, then
circumference expansion occurs, for example at the ends of the elements. In contrast, if
the resistance is greater than the pressure, the length of the elements will increase
(Wolpert, 1982; Rooney and Archer, 1992). The perichondrium eventually transforms
into the periosteum.

Two main models exist by which the skeletal pattern is laid down :

i) Chemical model

In this model the cartilage cells are specified for their future pattern before condensation,
either due to positional information or a prepattem mechanism.
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Figure 1.7
Diagrammatic representation of changes in the structure of the developing perichondrium
with age. At stage 27, prior to cell hypertrophy, the perichondrium is a layer of
polygonal cells surrounding the central, flattened cell core. When hypertrophy begins
(stage 30) the perichondrial cells are stretched and reorientated to lie parallel to the long
axis of the rudiment. By stage 3 1 a different structure can be seen with the perichondrial
cells surrounding the hypertrophic cell region showing some cell-cell contacts.
Perichondrial cells surrounding the flattened cell region elongate and overlap at this time
but do not exhibit cell-cell contact. No perichondrium is seen around the epiphysis. By
stage 33, a perichondrial structure with up to 4 morphologies is produced. The
perichondrium at the hypertrophic cell region is a compact structure with many cell-cell
contacts; the perichondrium at the flattened cell region has elongated cells now in contact
with each other; perchondrial cells at the periphery of the rounded cell region have
elongated and overlapped whilst those which cover the remainder of the rounded cell
region show little change from the surrounding mesenchyme.
(Adapted from Rooney and Archer, 1992).
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ii) Physical model

Mechanical forces act at the time of cartilage differentiation and specification arises from
condensation (Oster et aU 1983).

Wolpert and Homburch (1990) investigated these models by constructing double
anterior limbs at stages prior to condensation. They argued that if the chemical model is
correct then the double anterior limbs would result in the formation of two humerii, due
to the pattern having been specified prior to condensation. They found that in 28% of
cases, two humerii developed and in another 39% the humerus was thicker than normal.
This therefore suggests that the skeletal pattern is laid down prior to condensation.

The developing hind and fore-limbs both undergo cytodifferentiation, in that cartilage,
muscles and tendons develop, but their pattern remains different due to how they are
organised (Wolpert, 1978), resulting in different skeletal elements. Downieand Newman
(1994) looked at the morphogenetic differences in the hind and fore-limb precartilage
mesenchyme to try and gain an insight into the differences that distinguish between the
fore and hind limb elements. They found that at early stages (stage 24) leg/wing bud
mesenchyme develops differently in vitro, leg micromasses produced a nodular pattern
of cartilage, whereas the wing mesenchyme developed into a sheet of cartilage. This
indicates that even at early stages there are differences between leg and wing
development that distinguishes their different skeletal elements.

Much of the research to date on cartilage formation has been done in vitro, in micromass
cultures, which represent an in vitro model of developing limb bud mesenchyme (Ahrens
et al, 1977). The micromass model was used to investigate the differences between the
proximal and distal areas of the limb bud. The distal cultures seemed to be able to retain
their chondrogenic potential more readily in vitro than proximal cultures. In micromass
cultures myogenesis and chondrogenesis occur independently of each other, which is in

57
agreement with the limb being derived from two separate lineages (Swalla and Solnrsh,
1986). Gregg et al (1989) looked at the effect the ectoderm has on cartilage formation in
vitro. They showed that where the ectoderm was in contact with the micromass, cartilage
formation was inhibited and no cartilage specific collagen type II transcripts could be
detected in this area either. Collagen type II transcripts are detected in the developing
chick limb in areas of cartilage development. This finding shows that the ectoderm
inhibits cartilage at the level of gene transcription.

1.22 - Growth factors in development

Many factors have been implicated in cartilage/bone formation, these include various
growth factors, in particular, the bone morphogenetic proteins (BMPs).

1.23 - Bone morphogenetic proteins

There are eight members of the BMP family: BMP-1 through to BMP-8 (Celeste et al,
1990; Ozkaynak et al, 1992). BMP-2 to 8 are structurally related to each other and are
members of the transforming growth factor-(3 superfamily (TGF-p). The prototype of
the BMP family is TGF-p, a 25 Kd disulfide-linked homodimer which was originally
discovered in transformed fibroblasts (Massague', 1987). The TGF-P family, which has
at least 19 members (see figure 1.8), consists of secreted factors encompassing a wide
range of structurally related proteins that control the state of determination or
differentiation in a variety of cell types. Members are related through an approximately
100 amino acid carboxyl-terminal domain with seven conserved cysteines. The proteins
seem to be synthesised as preproproteins which form disulfide-linked homo or
heterodimers that are proteolytically cleaved to release the 100 amino acid carboxylterminal domain (reviewed by Hoffmann, 1991).
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Factor

TGF-P 1
TGF-P2
TGF-P3
TGF-P4
TGF-P5
Inhibin-a
Inhibin-pA (Activin A)
Inhibin-pB (Activin B)
Mullerian-inhibiting substance
Growth/differentiation factor-1
Vegetal-specific-1
Bone Morphogenetic Protein-2
Bone Morphogenetic Protein-4
Drosophila decapentaplegic
Bone Morphogenetic Protein-3
Bone Morphogenetic Protein-5
Bone Morphogenetic Protein-6 (vegetal-specific-related-1)
Bone Morphogenetic Protein-7 (osteogenic protein-1)
Drosophila 60A

Figure 1.8
Members of the TGF-p family of growth and differentiation factors,
(adapted from Hoffmann, 1991)
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The BMPs were originally identified in extracts of demineralised bone. When these
extracts are implanted into ectopic sites in the rat, ectopic bone forms. The implant is
initially invaded by migrating mesenchyme, which then differentiates into cartilage and
eventually bone, which has functional marrow. The activity in the extract was termed Bone Morphogenetic Protein, and it is from this that the BMPs are named (Wozney et aU
1988).

The members of the BMPs that belong to the TGF-p superfamily, can be divided into a
further three groups: BMP-2 and 4, BMP-3 and BMP-5 through to 8. Each protein has a
hydrophobic leader sequence, which is required for the protein to be secreted from the
cell and a large propeptide region (Wozney et al, 1993). BMP-2 and 4 have 92%
sequence identity in the carboxyl terminal 101 residues, yet differ in their amino-terminal
10% of the mature protein. BMP-5, 6 and 7 have 90% sequence identity in the carboxyl
terminal 101 residues and approximately 60% identity to BMP-2 in their cysteine rich
carboxyl-terminal domains. The BMPs also show homology with other factors. They
have between 49-58% sequence identity in the cysteine rich carboxyl terminal domain
with Vg-1, a factor present in Xenopus and BMP-2 and 4 show 75% sequence identity
with dpp (found in Drosophila), in contrast to BMP-5 to 7 which only have 58%
identity. It is possible that BMP-2 and 4 are vertebrate homologues of the dpp gene
product (Wozney et al, 1988) and BMP-5 to 7 of the 60A Drosophila gene product
(Wozney et al, 1993). This is known as 60A due to its cytological location at polytene
chromosome division 60A (Hoffmann, 1991). Figure 1.9 shows the structure of the
BMPs. The role of dpp in Drosophila development is in d-v patterning of the body and
in imaginai disk formation, the expression pattern of 60A suggests that it is involved in
multiple stages of Drosophila development. This suggests that the roles of the BMPs
may be more diverse than their name suggests and that they are not just involved in
cartilage/bone formation (Rosen and Thies, 1992). BMP-1 is structurally unrelated to the
TGF-P superfamily, and is the homologue of Drosophila tolloid protein (Rosen and
Thies, 1992). Tolloid is required for proper d-v patterning in Drosophila. Its effects are
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Figure 1.9
Schematic representation of the human TGF-p-Iike BMPs. The amino acid sequence of
each derived from the full length cDNA is represented by a bar. Each precursor peptide
contains a hydrophobic leader sequence, a substantial propeptide sequence (light
shading) and the mature region (filled shading) at the carboxyl terminus. Potential Nlinked glycosylation sites (Asn-X-Ser/Thr) are represented by triangles above the bars.
Cysteine residues (exclusive of the leader sequences) are indicated by (c) below the bars.
(adapted from Wozney et al, 1990).
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partly due to its interaction with dpp. It is possible that the function of BMP-1 in
vertebrates is to interact with BMP-2 and BMP-4 during development (Rosen and Thies,
1992). The distribution of B m p 'l transcripts has recently been analysed in the mouse
embryo. Its expression pattern does suggest that BMP-1 associates with a multiple
protein complex containing one or more TGF-p related factor. Many areas of Bmp-1
expression overlap with the expression of other members of the TGF-p superfamily
(Fukagawa et aU 1994). Further research will be needed to identify the exact role of
BMP-1 during vertebrate development.

The activity of BMP-2 has been examined in a rat ectopic bone formation assay.
Recombinant human BMP-2 (rhBMP-2) was reconstituted with a bone-derived
collagenous matrix, this was then implanted at an ectopic site in the rat. The results
showed that rhBMP-2 can induce cartilage and bone formation in a subcutaneous site
(Wang et aU 1990; Wozney et al, 1990). What is very interesting is that not only do the
BMPs induce bone formation at ectopic sites, but that their Drosophila counterparts can.
When recombinant dpp and 60A were placed in ectopic sites in vivo, they induced
ectopic sites of bone (Sampath etal, 1993).

The expression patterns of the BMPs have been analysed. In the chick limb bud two
areas of expression are seen, one is in the posterior region of the bud, that overlaps with
the ZPA and the other is in the AER. Later in chick development, Bmp-2 is expressed
interdigitally and around regions of cartilage differentiation (Francis et al, 1994).
Transcripts of Bmp-2 are also seen in areas of the developing heart, particularly in the
outer myocardial layer of the atrium and truncus arteriosus at 9.5 dpc. Expression
remains in the myocardial layer of the atrioventricular canal, but not the truncus
arteriosus, until at least day 14 dpc. Bmp-2 transcripts are also located in developing
whisker follicles and at 12.5 dpc expression is seen in a small population of epithelial
cells in the base of developing tooth buds (Lyons et al, 1990). The large range of
expression sites of Bmp-2 transcripts indicates the diverse roles this gene appears to play
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in development. Not only does it appear important in limb development, but also in
organogenesis.

Similarly Bmp-A is seen in a variety of areas during development. In chick limb
development, Bmp-4 has an anterior and a posterior region of expression, as well as
being expressed in the AER, with low levels of transcripts detected under the ridge
(Francis et al, 1994). Bmp-4 is also expressed in mouse limb buds. Expression of Bmp4 is also seen in the neuroepithelium of the diencephalon, which will give rise to the
posterior lobe of the pituitary gland and in the developing heart. In the heart Bmp-4
transcripts are located in the myocardial layer of the atrioventricular canal, but later in
contrast to Bmp-2 becomes restricted to the myocardial layer of the truncus arteriosus
(Jones et al, 1990). Both Bmp-2 and Bmp-4 transcripts are expressed during facial
development in the mouse (Lyons et al, 1990; Jones et al, 1991) and the chick (FrancisWest etal, 1994).

The expression patterns of other members of the BMP family have also been analysed,
but not in such great detail, by Wozney and colleagues (1993) (see figure 1.10) vc\Bmp-6
is not expressed in early stages of limb development, but is expressed in areas of
hypertropic cartilage once the skeleton has begun to form. Bm p-3 transcripts are
expressed in individual cartilage cells in the limb at 13.5 dpc, at 15.5 dpc transcripts are
localised in areas of cartilage undergoing hypertrophy and regions where cartilage is
differentiating into bone. It is also expressed in the periosteum once the bones have been
laid down, Bmp-3 is not expressed in other skeletal areas. Bm p-5 transcripts are
expressed earlier in development than Bmp-3. At 10.5 dpc a diffuse expression pattern is
seen throughout the limb bud mesenchyme and it is expressed in low levels in all skeletal
areas. Like Bmp-3, Bmp-5 is seen in the periosteum. Bm p-7 transcripts are located
throughout the limb bud mesenchyme at 10.5 dpc, but not in the AER. By 13.5 dpc
Bmp-7 transcripts are expressed in many areas of the skeleton. Finally it is located in the
periosteum.
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mesenchymal cells
Bmp-5 Bmp-7

condensations
low levels of
Bmp-3

periosteum
Bmp-3, Bmp-5,
Bmp-7

cartilage undergoing
hypertrophy
Bmp-3 Bmp-6

Figure 1.10
Cartoon of longitudinal section through different stages of cartilage/bone development,
to show where Bmp-3, Bmp-5, Bmp-6 and Bmp-7 transcripts are expressed.
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The expression patterns of Bmp-2 through to Bmp-7 all indicate an important role in
limb development. They may also have multiple roles during this process. For example,
Bmp-2 is expressed both in early and late limb development, suggesting an early and late
role for this gene. An added complexity is that many of the expression patterns are
overlapping, which could indicate that many of the BMPs act as heterodimers or that
functional redundancy exists within this family. Other members of the TGF-p
superfamily are also thought to be involved in bone development, due to their expression
patterns, for example Vgr-2, transcripts are seen in developing bone in mid-gestation
embryos, in both endochondral and intramembrous bones, including the long bones, the
calvarium, bones of the developing head and ribs. Highest levels of expression are
observed when most bones begin to calcify at 14.5 dpc in mouse embryogenesis (Jones
et al, 1992). TGF-p 1, 2 and 3 are thought to be involved in coupling new bone
formation to bone and cartilage matrix resorption during endochondral ossification and
remodelling in the chicken, due to their expression patterns in three week old chicks
(Thorp et al, 1992), which shows they are also important in the neonate.

It has often been suggested that due to the expression patterns of Bmp-4, that it may be
involved in epithelial-mesenchymal interactions. For example in the developing limb bud
Bmp-4 transcripts are found in the AER and restricted domains in the mesenchyme
(Francis et al, 1994). Another example is its expression in the initiation of tooth
development, where it is expressed in the presumptive dental epithelium. The effect of
exogenous addition of recombinant BMP-4 protein on dental mesenchyme was analysed
in vitro. The addition of BMP-4 using a carrier bead induced a translucent mesenchymal
zone. This was similar to the effect of the epithelium on dental mesenchyme in vivo. In
vitro BMP-4 also switched on the expression of Msx-1, Msx-2 and Egr-1 (Vainio et al,
1993). These findings support the hypothesis of the involvement of BMP-4 in epithelialmesenchymal interactions during various aspects of development. BMP-4 and BMP-2
have also been shown to increase alkaline phosphatase activity when exogenously added
to bovine pulp cells in culture and BMP-4 also increases collagen-type I mRNA levels.
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This study showed that adult pulp cells have the ability to differentiate and express the
predontoblast lineage in vitro, with BMP-2 and 4 having different regulatory roles
(Nakashima et al, 1994).

In the mouse cell line, C3H-10T1/2, which has the capacity to differentiate in vitro into
myeoblasts, adipocytes, chondrocytes and osteoblasts, and the rat cell line, ROB-C26,
which in vitro gives rise to adipocytes, myeoblasts and osteoblasts, BMP-2 and -4 are
endogenously expressed. The addition of RA to these cells results in a transient decrease
in their levels, however their lowest levels of expression corresponded to high levels of
TGF-P 1 and TGF-P2 mRNA levels. The TGF-P response was also transient and was
followed by a virtual disappearance of TGF-p receptors from the cell surface, followed
by the cells becoming responsive to BMP-2 and/or -4. These findings, therefore,
suggest a sequential role of these genes in osteogenic differentiation of multipotential
mesenchymal stem cells (Gazit et al, 1993). What is interesting about these results is
their response to RA in vitro, as debate still exists as to whether or not RA is the putative
morphogen in limb development. Bmp~2 is activated in response to RA in vivo and the
ectopic domain was visible after 24 hours (Francis et al, 1994). It would be interesting to
see if this was preceded by an ectopic domain of TGF-p 1 and/or 2. It has been
suggested that BMP-2 could be a downstream component in the chick limb signalling
pathway.

Members of the TGF-P superfamily have many roles in development. As stated, various
members, in particular the BMPs are found in different areas of developing bone,
suggesting they are involved in aspects of this process. Nodal, a more recently cloned
member, is found in the mouse node during gastrulation. It is thought to encode a
signalling molecule necessary for mesoderm formation and organisation of axial
structures in early mouse development (Zhou et al, 1993). daf-4, a homologue of human
Bmps is found in the free-living soil nematode, C.elegans and controls a developmental
switch in its life-cycle (Estevez etal, 1993). Xenopus BMP-4 has been shown to induce

66
ventral mesoderm, in preference to axial tissues when XBmp-4 mRNA was injected into
the animal hemisphere of the fertilised egg (Dale et al, 1992). These examples highlight
the numerous and diverse roles of the TGF-p family.

Another growth factor, FGF-4 is also involved in limb development and is expressed in
the posterior apical ridge. The maintenance of polarising activity is dependent on a signal
from the AER, addition of FGF-4 in vivo can substitute for the ridge (Vogel and Tickle,
1993). FGF-4 is therefore important for outgrowth and patterning of the limb
(Niswander et al, 1993a). Another gene expressed in the ridge is Bmp-2, which has
been shown to have an opposite role to FGF-4 in that it inhibits outgrowth (Niswander
et al, 1993b). Thus this appears to be one of the early roles of Bmp-2 before cartilage is
laid down.

Two approaches have been taken to further explore the role of different members of the
TGF-p superfamily, in particular the BMPs, by either using animals which are deficient
in members of this family or ectopically expressing a chosen gene during development in
transgenic mice and assessing their phenotypes for any alterations. The mouse mutation
short ear has been found to be lacking the Bm p-5 gene, a predominant phenotype in
these mice is a specific alteration in many skeletal elements, which affect the presence or
absence of many small bones and the number of ribs. These defects are mainly to the
axial skeleton. Analysis of the skeletal defects in short ear suggests that the gene causes
local defects in the production or interpretation of signals that will cause cells to
aggregate into particular skeletal elements (Kingsley et al, 1992). Not only have the
Bmps been thought to be involved in bone formation but also in organogenesis. Short
ear mice also have defects in various organs, for example, a hydrotic kidney and liver
granulomas result. These findings indicate that Bmp-5 could also be involved in the
development of these organs.
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Another mouse mutant, Brachypodism {bp) (Gruneberg and Lee, 1973), has skeletal
phenotypes which are altered, in contrast to short ear these defects are mainly to the
limbs and hardly affect the axial skeleton. The limbs are shorter, especially the feet
where the proximal and medial phalanges have been replaced by a single bone. Defects
in the lengths of the metacarpals and metatarsals also occur. The defects have been
localised to a mutation in the gene Gdf-5 (Growth/differentiation factor), a new member
of the TGF-P superfamily, closely related to the Bmps (Storm et aU 1994). The
identification of genes responsible for these mutants has led to the increasing belief that
members of the BMP family may be responsible for the development of specific skeletal
structures.

BMP-4 has been ectopically expressed in developing mice hair follicles, by making mice
transgenic for this gene (Blessing et al, 1993). They found that the effect of ectopic
BMP-4 resulted in the inhibition of cell proliferation. The transgenic mice showed a
deficiency in hair growth after the first growth cycle, which led to progressive balding.
These studies emphasise the other roles the Bmps have in development.

Another approach to study genes involved in development is by the use of a retroviral
vector encoding the gene of interest. Embryos can then be infected with the virus and in
the areas infected, the protein of the gene of interest should be translated. The effects of
the protein can then be monitored.

1.24 - Retroviral vectors for manipulating gene expression

Two types of retroviral vectors exist, replication defective and replication competent.
Replication defective viruses work by infecting the initial target cells and then being
passed on to their progeny, but not spreading from cell-cell, as replication competent
viruses do. The reason for this difference is that replication defective viruses are lacking
essential parts of their coding sequences, and therefore rely on a packaging cell line.
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which provides it with helper functions or helper viruses. For many years replication
defective retroviral vectors have been used to investigate the lineage of various cells
during development, for example neural crest cells (Frank and Sanes, 1991) and the
nervous system (Price et aU 1987). Targeted cells can be infected with a replication
defective virus encoding P-galactosidase and the lineage of the cells can be followed by
staining for p-gal. More recently these replication defective vectors have been used to
express chosen genes ectopically during development to try and gain an insight into what
role these genes have during this process. Riley et al (1993) have used a replication
defective virus encoding FGF-2, which resulted in duplications of anterior structures
when injected into the chick limb, de la Pompa and Zeller (1993) describe a study using
a replication defective vector encoding P-galactosidase, in contrast to Riley et al (1993)
who found they had poor viral spread in vivo, which was analysed with an antibody to
FGF-2, de la Pompa and Zeller found that if they grafted aggregates of clonal producing
cells into the chick limb bud in contact with the progress zone, then in the majority of
cases they achieved complete spread of the construct in the chick limb bud in vivo.

Replication competent retroviral vectors allow more efficient transfer of genes in vivo
and are beginning to be used successfully in the chick embryo, targeting not only the
limb (Morgan et al, 1992; Riddle et al, 1993), but also other structures, for example the
nervous system (Fekete and Cepko, 1993 a, b). Riddle et al (1993) have also shown
another advantage of replication competent vectors, that if infection is only required in a
very limited area, then virus-infected tissue or cells can be grafted into a strain of chicken
that is not susceptible to infection. The disadvantage of replication competent vectors is
that due to the vector containing all the genes required for transcription, gag, pol and
env, (see chapter 3) only 2 kb of exogenous coding sequences can be inserted (Hughes
etal, 1987).

Retroviral vectors can therefore be used to ectopically express genes either in vivo or in
vitro. Another approach has been to use them to express 'antisense' sequences in order
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to inactivate an endogenous gene thereby blocking its 'function'. Galileo et al (1992)
used a retroviral vector encoding antisense integrin RNA, and found that neuroblast
migration was inhibited. The virus infected cells were inhibited from migrating from the
ventricular zone into the tectal plate, due to the inactivation of the endogenous integrin
message. The injections were targeted to the optic tectum. Replication defective retroviral
vectors have also been constructed to allow the efficient expression of two genes from
the vector (Ghattas et al, 1991). This will further broaden the range of experiments that
can be done to investigate embryonic development, genes that are thought to act as
heterodimers in order to mediate their function could then be ectopically expressed in
parallel. Retroviral vectors have provided a new and important tool in the study of
development to allow us to investigate the role different genes have in this process.

1.25 - Aims of the work described in this thesis

Due to the endogenous expression pattern of RAR-p in the chick embryo, which is
tightly restricted during the early stages of limb and face development and the effects of
exogenously applied RA, that results in this gene being switched on, we decided to
examine the role of RAR-p during chick limb and face development by testing the effects
of overexpression of the RAR-p gene throughout the limb and face during pattern
formation.

The BMPs are thought to be involved in cartilage and bone formation during
development. It is thought that each BMP has a specific function and that a combination
of these family members will result in the correct formation of the pattern of skeletal
elements. It has previously been shown that if certain Bmp genes are not expressed
during development, the skeletal elements will have an altered phenotype. During early
chick limb development. Bmp-4 has restricted domains of expression and that later in
development, it is expressed in the perichondrium of the elements as well as interdigitally
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(Francis et al, 1994). Therefore to see if BMP-4 is involved in the modelling of skeletal
elements we overexpressed this gene during stages of pattern formation.

The two genes, RAR-(3 and Bmp-4 were ectopically expressed using a replication
competent retroviral vector. In order to obtain infectious viral particles with which to
infect chick embryos, we set up a system in our laboratory to reproducibly make high
titer viral stocks (Chapter 3).

We tested various methods to obtain good in vivo viral spread with the RAR-p viral
construct and functional assays are described to determine whether this construct was
encoding functional protein. The phenotypes of the RAR-p infected embryos were also
analysed for any changes (Chapter 4).

We investigated whether the BMP-4 construct was encoding functional protein by the
use of in vitro assays. Chick embryos were infected in ovo with either high titer viral
supernatant or virus-producing cells. The skeletal phenotypes were analysed for viral
spread and phenotypic changes (Chapter 5).
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CHAPTER 2
2.1 - Materials and Methods

The materials were from standard laboratory suppliers, unless otherwise stated. The
enzymes were from either Gibco/BRL or Sigma, Poole, Dorset. The two retroviral
vectors, RCAS, RCAS(BP) and the adaptor plasmids, C lal2 Nco and C lal2 were gifts
from Dr. S. Hughes: Bionetics, Research, Inc.- Basic Research Program, National
Cancer Institute-Frederick Cancer Research Facility, P.O Box B, Frederick, Maryland
21701-1013, USA.

All the following methods were carried out using aseptic techniques where required. The
solutions used were either filter sterilised or autoclaved. All the water used was double
deionised water.

2.2 - DNA techniques

2.2.1 - Mini preps
Mini preps were prepared as described by Grosveld et al (1981).

10 ml of L Broth (1% (w/v) tryptone, 0.5% (w/v) yeast extract, 0.5% (w/v) NaCl, pH
7.2) containing 0.1 mg/ml ampicillin was inoculated, either from a bacterial colony or a
glycerol stock and incubated overnight at 37®C in a shaking incubator.

The culture was centrifuged at 3,000 r.p.m for 20 minutes at 40C in a Beckman J-6B
centrifuge. The resulting pellet was resuspended in 200 pi of Tris-glucose, to which 400
pi of 1% SDS, 0.2M NaoH were added at room temperature. This was left at room
temperature for 10 minutes in order to lyse the bacterial cells. Next 200 ml of 3M KAC
was added, the solution was vortexed and microfuged at 13,000 r.p.m for 10 minutes.
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The aqueous phase was removed and 0.6 times the volume of iso-propanol added, they
were vortexed and centrifuged as before. The pellet was washed with 70% (v/v) ethanol
and microfuged for another 10 minutes. The ethanol was removed and the pellet freeze
dried, then resuspended in 50 |il of TE (lOmM Tris-Cl, ImM EDTA, pH 8.0). The
DNA was RNA treated with 1 |il of 10 mg/ml RNAse A at 37®C for 1 hour. The DNA
was then cleaned by phenol/chloroform extraction and resuspended in 50 |il of TE.

2.2.2 - Phenol/chloroform extraction of nucleic acids

The DNA was cleaned with 50:49:1 (v/v) phenol/chloroform/isoamyl alcohol and
vortexed. This was followed by microfuging at 13,000 r.p.m for 5 minutes. The lower
phenol layer was discarded and an equal volume of equilibrated chloroform added and
again vortexed and microfuged for 20 seconds. The lower organic layer was discarded
and the concentration of anionic salt in the DNA solution adjusted to the appropriate
levels, to a final concentration of 0.3M sodium acetate, pH 5.2. This was followed by
the addition of 2.5 times the volume of ethanol, then vortexed and incubated at -20®C for
2 hours. The ethanol/DNA was microfuged for 15 minutes and the resulting pellet
washed with 70% (v/v) ethanol, again spun for 5 minutes, the pellet was freeze dried
and resuspended in an appropriate volume of TE.

2.2.3 - Electrophoretic separation of DNA fragments

Restriction digests were set up to check the DNA obtained from the mini preps. The
digest was set up using a maximum of 1 |ig of DNA to which 2|il of the relevant buffer
for the enzyme being used (manufacturers recommendation) was added, the volume was
then made up to 19 |il with water and 1 unit of enzyme added. This was then incubated
for 1 hour at 37^0.
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An agarose gel was prepared of 1% (w/v) agarose (Sigma, Poole, Dorset) in 1 x TBE
(Tris-Borate-EDTA - lOxTBE, 1 M Tris-Cl, IM Boric acid, 20 mM EDTA, pH 8.35)
and 0.5 M-g/ml of ethidium bromide. The running buffer was comprised of 1 x TBE. 10
|il of the enzyme digest was taken and 1 }il of loading dye added (0.25% (w/v)
bromophenol blue, 25mM EDTA, 50% (v/v) glycerol), then loaded on to the gel. The
gel was run at 75 volts and visualised on a short wave ultraviolet transilluminator (254
nm) and photographed with Polaroid type 667 film (Polaroid, UK, St.Albans, Herts).

2.2.4 - Maxi prep: Lithium chloride method
The protocol used is an unpublished procedure of R. Treisman.

A conical flask containing 500 ml of L-broth was prepared and autoclaved, 500 |xl of
(0.1 mg/ml) ampicillin was added and it was inoculated with bacterial glycerol stocks of
the DNA required. This was incubated in a 37°C shaking incubator overnight. The next
day the culture was centrifuged at 3,000 r.p.m in a Beckman J-6B centrifuge for 30
minutes at 4^0 and the bacterial pellet was resuspended in 18 ml of solution 1 (50 mM
glucose, 25 mM Tris-Cl, pH 8.0, 10 mM EDTA). Next 40 ml of solution 2 was added
(0.2 M sodium hydroxide, 1% (w/v) SDS) and thorough mixing ensured by inverting
the centrifuge bottle several times, this was then incubated at room temperature for 10
minutes. 20 ml of solution 3 was then added (60% (v/v) 5M potassium acetate, 11.5%
(v/v) glacial acetic acid). The mixture was then shaken and stored on ice for 10 minutes,
to allow a precipitate to form. This was then centrifuged at 4,000 r.p.m in a Beckman J6B centrifuge (with the brake switched off), 15 minutes, 4^C, a tight pellet formed
consisting of the bacterial debris. The supernatant was then filtered through four layers
of cheesecloth into a fresh 250 ml Beckman centrifuge bucket and 0.6 volume of iso
propanol added, mixed well and incubated at room temperature for 10 minutes. This was
then centrifuged at 5,000 r.p.m, 15 minutes, 4°C in a Sorval GS3 rotor, in a Sorval RC
5B centrifuge, and the resulting pellet carefully washed with 70% (v/v) ethanol, air dried
and resuspended in 3 ml of TE.
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The plasmid DNA was then purified. The DNA was transferred to a 15 ml corvex tube
and 3 ml of ice cold 5M lithium chloride added to precipitate the high molecular weight
RNA, mixed well and centrifuged at 10,000 r.p.m in a Sorval SS34 rotor, in a Sorval
RC 5B centrifuge for 10 minutes, 4^0. The supernatant was carefully poured away and
discarded and the pellet washed with 70% (vA^) ethanol. The ethanol was poured off and
the pellet left to dry at room temperature for a few minutes, it was then resuspended in
500 p.1 of TE containing DNase-free pancreatic RNAse A (20 |Xg/ml), this was
transferred to an eppendorf and incubated at room temperature for 30 minutes. To this
500 pi of 1.6M sodium chloride, 13% (w/v) polyethylene glycol (PEG 8000) was
added. This was mixed well and then microfuged at 12,000 r.p.m for 5 minutes, 4®C.
The supernatant was discarded and the pellet resuspended in 400 pi of TE, pH 8. This
was then cleaned by phenol/chloroform extraction (see section 2.2.2). The aqueous
phase was removed to a fresh eppendorf, to which 100 pi of lOM sodium acetate was
added and 2.5 times the volume of ethanol, vortexed and incubated at room temperature
for 10 minutes. This was then microfuged for 5 minutes at 12,000 r.p.m, 4°C and the
pellet was washed carefully with 70% (v/v) ethanol. The pellet and 70% (v/v) ethanol
were then microfuged for 2 minutes at 12,000 r.p.m, 4°C. The 70% (v/v) ethanol was
then removed and the DNA pellet allowed to air dry, before resuspending it in 500 pi of
TE, pH 8.0. The optical density (O.D) at 260 and 280 nm was then measured to
ascertain the yield of DNA. (1 O.D of DNA at 260 = 50 pg/ml, the O.D 260/280 ratio for
DNA = 1.8).

2.3 - RNA techniques

All the following techniques were carried out in an RNase-free environment, using
RNase-free solutions and tubes/eppendorfs.
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2.3.1 - RNA extraction from cells

Total RNA was extracted from tissue culture cells by the acid Guanidium-ThiocyanatePhenol-Chloroform extraction method, described by Chomczynski and Sacchi (1987).

The cells were harvested in 1-2 ml of solution D per tissue culture plate (4M
Guanidinium Thiocyanate, 25mM sodium citrate, pH 7.0, 0.5% (w/v) sarcosyl and
O.IM 2-mercatoethanol). To the resulting solution, 0.1 ml of 0.2M sodium acetate, pH
4.0, 1 ml of phenol (water saturated) and 0.2 ml of chloroform-isoamyl alcohol mixture
(49:1 v/v) were added per ml of solution D. After addition of each solution the tube was
inverted several times to ensure thorough mixing and left on ice for 15 minutes, then
centrifuged at 10,000 r.p.m in a Sorval SS34 rotor, in a Sorval RC 5B centrifuge for 20
minutes at 4^0. The aqueous phase was removed which contains the RNA, leaving the
DNA and proteins in the interface and phenol phase. An equal volume of iso-propanol
was then added to the aqueous phase in a clean sarstedt tube. The tube was placed at
-20®C for a minimum of 1 hour to precipitate the RNA. The tube was then spun at
10,000 r.p.m in a Sorval SS34 rotor for 20 minutes, 4^0 and the resulting RNA pellet
dissolved in 0.3 ml of solution D. The RNA was transferred to an 1.5 ml eppendorf. An
equal volume of iso-propanol added and placed at -20®C for 1 hour. The eppendorf was
then microfuged for 10 minutes at 4^0, washed with 75% (v/v) ethanol and respun for a
further 5 minutes and the resulting pellet resuspended in 50 pi RNase-free double
deionised water, cleaned with phenol/chloroform and chloroform extraction, ethanol
precipitated and finally resuspended in 50 pi of RNase-free water. The O.D at 260 and
280 nm was measured. (1 O.D at 260 of RNA = 40pg/ml. Ratio of O.D260/280 for RNA
= 2.0).The RNA was stored at -20OC, with 1/10 the volume of 3M sodium acetate, and
2.5 times the volume of ethanol.
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2.3.2 - Isolation of poly A+ mRNA

2.3.2.1 - Dynal beads

Isolation of polyA+ mRNA was carried out using Dynabeads according to the
manufacturers recommendation. In an RNase-free environment 100 fig of total RNA
was resuspended in double deionised water to a final volume of 100 fil. This was then
heated for 2 minutes at 65®C to disrupt the secondary structures. 200 p,l of the
resuspended Dynabeads Oligo (dT)25 was taken and placed in the magnetic stand
(Magnetic Particle Concentrator, Dynal MPC-E-1), the supernatant was then removed
and the beads resuspended in 100 fil 2 x binding buffer (from the kit). The tube was
placed in the stand for 30 seconds and the supernatant discarded and 100 fil 2 x binding
buffer added. The total RNA was then added to the bead solution and mixed gently. This
was left to stand and hybridise for 3-5 minutes at room temperature. The tube was then
placed in the magnetic stand for 30 seconds and the supernatant removed. The tube was
removed and the beads washed twice with 200 fil of washing buffer (from the kit). To
elute the mRNA 5 fil of elution buffer was added to the beads and heated at 65®C for
two minutes and then placed immediately in the magnetic stand, the eluted mRNA was
transferred to a fresh eppendorf. This final process can be repeated to ensure maximum
elution of the mRNA. 0.1 times the volume of 3M sodium acetate and 2.5 times the
volume of ethanol were added to the mRNA, this was then stored at -20®C until ready
for use.

2.3.2.2 - PolyATract mRNA Isolation System

Isolation of polyA-k mRNA was carried out using a kit from Promega according to the
manufacturers instructions. In an RNase-free eppendorf 100 fig of total RNA was made
up to a final volume of 500 fil with double deionised water. This was then placed in a
65°C water bath for 10 minutes, removed and 3 f il of the Biotinylated-Oligo (dT) probe
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and 13 |il of 20xSSC (3M sodium chloride, 0.3M trisodium citrate) were added to the
RNA. This was mixed well and left at room temperature until it had completely cooled.
While this was cooling the streptavidin-paramagnetic particles (SA-PMPs) were washed
by initially resuspending them by gently flicking the tube and then capturing the particles
by placing the tube in the magnetic stand until the SA-PMPs have collected at the side of
the tube. The supernatant was removed. The SA-PMPs were washed three times with
0.5xSSC (0.3 ml per wash) and the particles captured each time using the magnetic stand
and the supernatant removed. Next the particles were resuspended in 0.1 ml of
0.5xSSC, to this the entire contents of the annealing reaction - the RNA was added, and
incubated at room temperature for 10 minutes.

Next using the magnetic stand the supernatant was removed and the SA-PMPs washed
four times with 0.1 ml of O.lxSSC, after the final wash the particles were resuspended
in 0.1 ml of water to elute the RNA. The elution step was repeated using 0.15 ml double
deionised water. The final pooled volume of water contains the mRNA. The mRNA was
stored at -20°C with 0.1 times the volume of 3M sodium acetate and 2.5 times the
volume of ethanol.

2.3.3 - Northern blotting

A formaldehyde denaturing agarose gel was made on which to run the RNA samples to
allow separation of the transcripts of RNA, this gel was then blotted and hybridised with
a radiolabeled probe of interest.

2.3.3.1 - Agarose gel electrophoresis of RNA

Formaldehyde denaturing gels were prepared for the separation of RNA samples,
according to the method outlined in Sambrook et al (1989).
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Typically, 10-15 |ig of total RNA or 1-2 |ig of poly A-k RNA was used. The RNA (total
and polyA-k) had been stored in ethanol, so this was precipitated and the pellet
resuspended in 20 jil of loading buffer (75% (v/v) deionised formamide, 9% (v/v)
formaldehyde, 1.5xMEA (20xMEA stock - 400mM MOPS (morpholinopropanesulfonic
acid), lOOmM sodium acetate, 200mM EDTA, pH 7.2)), and heated for 10 minutes at
65®C. The samples were then loaded into the gel (1% agarose, IxMEA, 5.4%
formaldehyde, 0.5 |Xg/ml ethidium bromide) and run at 5 volts/cm, until the loading
buffer had migrated 3/4 of the way down. The gel was then photographed with a ruler,
to enable the transcript sizes to be calculated later, on a UV short wave transilluminator,
using Polaroid type 667 film. Chicken total RNA contains two transcripts of ribosomal
RNA which can be used as a size marker - 288 (approximately 5 kb) and 188
(approximately 2 kb).

2.3.3.2 - Blotting the gel

After running the gel it was rinsed twice for 20 minutes in 500 ml of 10x880 to remove
the formaldehyde from the gel. The blot was assembled in the usual way described by
8ambrook et al, (1989) in 10x880, using either Gene 8creen Plus (DuPont, Dreieich,
Germany) or Hybond N+ (Amersham International pic., Aylesbury, Bucks., UK) for
the transfer of the RNA. The blot was left overnight.

Before removing the membrane, the positions of the wells were marked and it was
rinsed briefly in 2x880. The Genescreen+ was then baked for 2 hours at 80®O, or if
using Hybond N+, this was fixed by UV crosslinking. The filter was now ready for
hybridisation.

2.3.3.3 - Making a riboprobe

The template of the riboprobe was linearised with an appropriate enzyme, then cleaned
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by phenol/chloroform extraction, ethanol precipitated (see section 2.2.2) and
resuspended in water at l|ig/|il.

The transcription reaction was set up, consisting of - Ix transcription buffer (T3/T7 or
SP6 buffer), 20mM DTT, 0.5mM GTP, 0.5mM ATP, 0.5mM UTP, 2^iM CTP
(ribonucleotides from Pharmacia), 2-3 p.g of linearised DNA and made up to 25 pi with
water. To this 50 pCi [a-32p] CTP (New England Nuclear Inc., Boston, USA), 50
units of RNase inhibitor (Boehringer Mannheim, Lewes, Sussex) and 1 pi
(approximately 10 units) transcription enzyme (T3, T7 or SP6 RNA-polymerase) were
added. The reagents were mixed together at room temperature and then the RNase
inhibitor and enzyme added. This mixture was then incubated for 40 minutes at 37°C,
after which time 1 pi (10 units) of fresh enzyme was added and the mixture reincubated
for a further hour at 37°C. The transcription reaction was then DNase treated to remove
the template DNA. This was done by adding 50 units RNase inhibitor, 10 pg E.Coli
tRNA (Sigma, Poole, Dorset) and 10 units of stock (BCL or BRL) RNase-free DNase I,
and incubated for 10 minutes, 37®C. After this incubation 95 pi water and 10 pi of 5M
lithium chloride were added, mixed and followed by the addition of 2.5 times the volume
of ethanol. This was placed at -70®C for 15 minutes or -20^C for 2 hours to precipitate
the RNA. The solution was microfuged for 15 minutes and the pellet washed with 70%
(v/v) ethanol. The ethanol was removed, the pellet allowed to air dry and then it was
resuspended in 50 pi of double deionised water. One pi of this was taken and counted in
8 ml of Ecoscint (National Diagnostics, Atlanta, USA).

2.3.3.4 - Hybridisation
Northern blots were hybridised with RNA probes as described by Rowe et al. (1991).

The prehybridisation and hybridisation were carried out in Hybaid bottles at 65®C in a
Hybaid rotary hybridisation oven. The prehybridisation solution was made of 5xSSC,
60% (v/v) deionised formamide, 20 mM sodium phosphate pH 6.0, 5x Denharts (lOOx -
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20% Ficoll, 20% polyvinylpyrrolindene (PVP), 20% BSA) 1% (w/v) SDS, 100 mg/ml
herring sperm DNA, 100 }ig/ml yeast total RNA and 10 |ig/ml polyA+ RNA (Sigma,
Poole, Dorset). The filter was prehybridised for 2-4 hours. The hybridisation mix was
the same as the prehybridisation mix, except with 7% Dextran sulphate and the riboprobe
added. The herring sperm DNA, yeast total RNA and polyA+ were pretreated by
denaturing at SO^C for 5 minutes before using. Once prehybridisation had been carried
out, the prehybridisation mix was removed and the hybridisation mix added. The bottle
was then replaced in the Hybaid rotary hybridisation oven at 65®C overnight. The next
day the hybridisation solution was removed, and five 30 minute washes carried out. The
first wash was at 65®C, made up of 3xSSC, 0.5% (w/v) SDS, the second wash was
also at 65®C, 2xSSC, 0.5% (w/v) SDS. The third wash was at 70°C, IxSSC, 0.5%
(w/v) SDS, the fourth at 75°C, O.lxSSC, 0.5% (w/v) SDS. The final wash was at
80°C, using O.lxSSC, 0.1% (w/v) SDS. After the final wash the filter was blotted dry
and wrapped in saran wrap and placed in a cassette. A piece of Kodak fast film (Kodak
X-omat AR fast film, Kodak Ltd., Kernel Hempstead, Hertfordshire, UK) was placed
on the filter and the cassette placed at -7(PC, for the required amount of time.

2.3.4 - Linearising a template

The DNA was prepared by the maxi-prep method, and then digested with the appropriate
enzyme to linearise the template for either sense or antisense probes. The linearised DNA
was then phenol/chloroform ed and ethanol precipitated and resuspended at
approximately 1 |ig/|J.l. The template DNA was then ready for transcription.

2.3.5 - Dioxigenin (DIG) probe

The DIG probe was prepared by mixing the following reagents, which were all at room
temperature before setting up the reaction. 2-3 |ig of template DNA, 1 x transcription
buffer (T7/T3 or SP6 buffer), RNase-free double deionised water (to make the reaction
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up to 25 |il), 0.7 pi 10 mM DIG UTP (Dioxigenin products were from Boehringer
Mannheim GmbH, Germany), 1.3 pi 10 mM rUTP, 2 pi 10 mM rATP, 2 pi 10 mM
rCTP, 2 pi 10 mM rGTP were mixed together and 1 pi (50 units) of RNase inhibitor and
1 pi (10 units) of transcription enzyme (T3, T7 or SP6) were added to the reaction. This
was then incubated at 37®C for 1-2 hours. 1 pi of the reaction was then run on a mini
gel to ensure the probe had transcribed properly.

Next 10 pg Ecoli tRNA, 0.5 pi RNase inhibitor and 1 pi (10 units) of RNase-free
DNase I were added and the reaction incubated at 37°C for 15 minutes, this was done to
remove the template DNA. 10 pi of 5M lithium chloride and 95 pi of water were added,
followed by 300 pi of ethanol. The reaction was then incubated at -70°C for 15 minutes
or at -20®C for 2 hours. Next the reaction was microfuged at 12,000 r.p.m, 15 minutes,
40c.

The pellet was then washed with 70% (v/v) ethanol and respun at 12,000 r.p.m, 5

minutes, 4°C, the 70% (v/v) ethanol was removed, the pellet air dried and resuspended
in 100 pi of water. The DIG probe was now ready for use.

2.3.6 - Wholemount in situ hybridisation
This protocol is as described by Wilkinson (1992).

The chick embryos were removed from the egg, deviscerated and washed in PBS
(phosphate buffered saline - 135 mM sodium chloride, 27 mM potassium acetate, 10
mM sodium hydrogen phosphate, 15 mM potassium dihydrogen phosphate, pH 7.5)
and fixed overnight in 4% (w/v) paraformaldehyde. (The paraformaldehyde was made
up in PBS, with a few drops of sodium hydroxide added (lOM) and heated at 65°C until
the paraformaldehyde had dissolved.) They were then washed twice in PBT (PBS and
0.1% Tween-20) and hydrated through a series of 5 minute methanol washes - (v/v)
25%, 50%, 75% methanol in PBT, then twice in 100% methanol and at this stage they
can be stored at -20°C. In all the washes at room temperature the embryos were gently
rocked on a rocking platform (Luckman). Next the embryos were rehydrated back
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through the methanol/PBT series and washed twice with PBT, for five minutes. The
embryos were incubated in 6% (v/v) hydrogen peroxide in PBT for 1 hour to bleach
them, this was followed by three 5 minute washes in PBT. They were then treated with
10 |ig/ml proteinase K in PBT for 15 minutes. This was removed and replaced with 2
mg/ml glycine in PBT for 5 minutes and then two 5 minute washes with PBT. The
embryos were refixed with 0.2% glutaraldehyde/4% Paraformaldehyde (v/v) rocking
gently for 20 minutes, again this was followed by 2 x 5 minute washes with PBT. The
PBT was removed and replaced with 1 ml prehybridisation mix (50% (v/v) deionised
formamide, 5 x SSC pH 4.5, 50 |ig/ml phenol/chloroformed yeast total RNA, 1% (w/v)
SDS, 50 ng/ml heparin), the embryos were transferred to a fresh vial and the
prehybridisation mix removed and replaced with fresh prehybridisation mix, minimum
of 1 ml. This was then incubated in a 7(PC oven for 1 hour. The prehybridisation mix
was replaced with hybridisation mix (prehydridisation mix containing 1 |ig/ml
dioxigenin-labelled RNA probe) and reincubated at 70°C overnight. (The
prehybridisation and hybridisation mixes were preheated to 70®C before being added to
the embryos).

The next day the embryos were washed twice with solution 1 (50% (v/v) deionised
formamide, 5 x SSC pH 4.5, 1% (w/v) SDS), at 70°C for 30 minutes, followed by a 10
minute wash in an equal volume of solution 1: solution 2 (solution 2 - 0.5M sodium
chloride, lOmM Tris-HCl, pH 7.5, 0.1% (v/v) Tween-20), at 70®C. Three 5 minute
washes were carried out in solution 2 at room temperature. Next they were washed twice
with 100 lig/ml RNase A in solution 2 for 30 minutes at 37®C, this was followed by a 5
minute wash in solution 2 and a 5 minute wash in solution 3 (50% (v/v) formamide, 2 x
SSC, pH 4.5), both at room temperature. Two washes were then carried out in solution
3 for 30 minutes at 65®C, followed by 3 x 5 minutes in TBST (stock solution of 10 x
TBS - 1.4M sodium chloride, 27mM potassium chloride, 0.25M TrisHCl pH 7.5, 0.1%
Tween-20. This was diluted to 1 x TBST on the day of use and 100|il of 2mM
levamisole was added). The embryos were then preblocked for 60-90 minutes with 10%
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(v/v) sheep serum in TBST, the sheep serum was heat treated before use for 30 minutes
at 70°C. The antibody was prepared by weighing out 3 mg of chick embryo powder*,
adding 0.5 ml TBST and 5 |il sheep serum and heat treating at 7CPC for 30 minutes (per
embryo). This was cooled on ice and 1 |il of anti-dioxigenin antibody added and shaken
gently at 4°C for 1 hour to reabsorb the antibody, and microfuged for 10 minutes. This
was then diluted to 2 ml with 1% (v/v) heat-treated sheep serum in TBST. The blocking
serum was removed from the embryos, replaced with the antibody and rocked overnight
at 4 0 c .

(* The chick embryo powder was prepared by homogenising 10, 10 day old chick
embryos in a minimum volume of PBS, pH 7.5, to which 4 times the volume of ice-cold
acetone was added and mixed well then placed on ice for 30 minutes. This was
centrifuged at 10,000 r.p.m in a Sorval SS34 rotor for 10 minutes and the supernatant
discarded. The pellet was washed with ice-cold acetone and recentrifuged. The pellet
was then placed on a piece of filter paper and allowed to air-dry before being ground
into a fine powder with a mortar and pestle. The powder was then stored in an air-tight
tube at 4°C.)

After the overnight antibody incubation, the antibody was removed from the embryo and
the embryo was washed 3 times with TBST for 5 minutes at room temperature. This was
followed by five 1 hour washes in TBST. The embryos were then washed three times
for 10 minutes with NTMT (lOOmM sodium chloride, lOOmM TrisHCl pH 9.5, 50mM
magnesium chloride, 0.1% Tween-20, 2mM levamisole). They were then incubated with
NTMT including 4.5 |il NBT (nitroblue tétrazolium salt - 75 mg/ml in 70% (v/v)
dimethylformamide, 3.5 |il BCIP (5-bromo-4-chloro-3-indolyl phosphate - 50 mg/ml in
dimethylformamide) per ml and this was rocked for the first 20 minutes. The embryos
were kept in the dark after the addition of the colour reaction and left in this solution until
the colour had developed to the required extent. They were then washed twice for 5
minutes in PBT and stored in PBT at 4®C.
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2.4 - Protein techniques

2.4.1 - Western blotting
Western blots were carried out based on the method described by Towbin et al (1979),
using mini Western gel apparatus.

2.4.1.1 - Preparation of the samples

Cells were washed three times with sterile ice-cold PBS, pH 7.5 and harvested in 100 |xl
of sample buffer (20% (w/v) glycerol, 4.6% (w/v) SDS, 0.125M Tris-HCl, pH 6.8,
10% (v/v) p-mercatoethanol). 10-20 |il of this was taken and boiled for 5 minutes. This
was then microfuged at 6,500 r.p.m for 5 minutes and the cell debris discarded. 10 |il of
sample buffer and 1 |il of BPB (Bromophenolblue) dye were added and boiled for a
further 5 minutes.

2.4.1.2- SDS-Polyacrylamide gel electrophoresis

The gel apparatus was set up and 400 ml running buffer (3g Tris (per litre), 14.4g
glycine (per litre), 0.1% (w/v) SDS) added to the central area, the gels were placed in
their stands and running buffer added until the shorter of the two gel plates was covered
in buffer. The samples had been prepared in duplicate as two gels were run and the
samples were then loaded. The gel was run lOOV, 40 mAMPs for 20 minutes and then
150V for 30 minutes or until the samples reach the bottom of the gel.

2.4.1.3 - Blotting the gel

The gels were removed from the apparatus and using a scalpel blade the top stacking gel
was discarded, the top corner of the gel was also removed to enable the gel to be
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orientated later. One gel was placed in Coomassie blue stain (20% (v/v) glacial acetic
acid, 10% (v/v) methanol, 0.05% (w/v) coomassie blue) overnight, and the other
blotted.

The gel was blotted as described in Sambrook et al (1989) in transfer buffer (39mM
glycine, 48mM Tris-base, 0.037% SDS, 20% methanol). The protein was transferred on
to Hybond C (Amersham International pic., Aylesbury, Bucks., UK). This was run at
30V overnight.

The western blot was blocked in TBS (20mM Tris, 137 mM sodium chloride, 0.1%
Tween-20) with 5% (w/v) marvel for 1 hour shaking at room temperature, prior to
incubation with the primary antibody. Two 5 minute washes in TBS were then carried
out. hRAR-p6 and hRAR-P8 antibodies (a gift from P.Chambon) were diluted 1:400 in
TBS/ 0.5 % (w/v) marvel and added to the filter. This was shaken for 1-2 hours at room
temperature. The filter was then washed twice in TBS for 15 minutes, followed by two 5
minute washes. The secondary anti-mouse antibody (1:200 dilution) was added and
shaken at room temperature for 1 hour. The filter was washed twice for 15 minutes in
TBS/Tween and followed by four 5 minute washes. The filter was now ready for ECL
developing. An equal volume of the two ECL solutions (ECL western blotting,
Amersham International pic, Amersham Place, Little Chalfont, Buckinghamshire,
England) were placed in a petri dish and the filter added, this was shaken for 1 minute.
The filter was then placed in a plastic bag and then in a cassette and ECL hyperfilm
placed on top. This film was developed after one minute.

The gel that had been placed in Coomassie blue stain overnight, was then destained to
determine how efficient the gel separation was (destain - 10% glacial acetic acid, 10%
isopropanol).
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2.5 - Tissue culture

All the tissue culture techniques were carried out under sterile conditions. The solutions
were either autoclaved, filter sterilised or Gibco/BRL (Paisley, Scotland) products which
were purchased as sterile solutions ready for use. The plastic ware was also sterile and
purchased from Nunc.

2.5.1 - Making a primary cell line
The dissection kit was baked overnight at ISO^C to sterilise it before use.

The primary cell line was derived from 10 day old Line O chick embryos, which had
been incubated at 37®C. (The O line eggs were from the Institute of Animal Health,
Compton, UK.) To obtain a suitable cell number 10-12 chick embryos were used. The
eggs were first cleaned using 70% (v/v) ethanol. The blunt end of the egg was then
opened using a pair of blunt forceps, then using a pair of curved forceps the embryo was
removed into a sterile petri dish containing PBS, pH 7.5 by hooking the embryo
between head and body, by the neck. The head was removed from the embryo and
discarded, the viscera were also removed by pinching the body cavity, and discarded.
The trunk of the embryo was washed three times in PBS, by transferring the embryos to
new petri dishes containing PBS. The reason for doing this was to remove the
erythrocytes. Once the embryos had been washed, they were transferred to a dry, sterile
tissue culture dish and chopped up into very small pieces with a pair of curved scissors.
The pieces of tissue were then transferred to a sterile side arm conical flask containing
0.5 g glass beads (710-1180 jim in diameter. Sigma Chemical Company), the beads
were autoclaved in 5 ml water and the water removed before adding the tissue. 10 ml of
ice cold trypsin-versene (1 :9 v/v) was then added to the flask and swirled around with
the tissue and left to settle for about 30 seconds for the larger fragments to sediment
before discarding the trypsin containing erythrocytes by pouring through the side arm.
Trypsin:versene was added a further 4-5 times and was poured into sterile 20 ml
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universals. The universals were kept on ice whilst this process was being carried out.
Next the universals were centrifuged for 5 minutes at 1,500 r.p.m in a Beckman J-6B
centrifuge at 4^0. The supernatant was discarded and the pellets resuspended in 10 ml of
PBS to wash away the trypsin, this was then centrifuged as before. The pellets were
then resuspended in a total of 10 ml PBS and transferred to a fresh sterile conical flask
containing glass beads. This was then placed on ice for 1 hour, swirling approximately
every 10 minutes. This incubation allows any residual trypsin to carry on the digestion,
as well as further mechanical dispersion.

After the incubation on ice the cell suspension was poured through a 220

|Lim

sieve

(Sigma chemical company), which had previously been sterilised by baking overnight at
180°C. The cells were then counted and plated out in SOcm^ tissue culture flasks at a
density of 6x10^ cells per ml. 20 ml of medium was then added (90% DMEMDulbecco's Modified Eagle's Medium, 10% PCS-Foetal Calf Serum, heat inactivated,
virus screened from Gibco/BRL, Paisley, Scotland, prewarmed to 37°C), and the cells
incubated at 37°C, 5% CO 2 overnight. The next day the cells were examined under the
microscope and passaged if they were confluent, if not they were washed with PBS or
serum-free DMEM and fresh medium added to remove any dead cells.

2.5.2 - Passaging of cells

2.5.2.1 - Monolayers - O line, QT6 (quail cell line, a gift from Dr. A. Stoker,
Department of Human Anatomy, Oxford University, Oxford, UK.)

Once the cells had reached confluence, they were passaged. This was carried out by
initially removing the medium from the cells and washing the cells with either 5 ml of
PBS or serum-free DMEM. The cells need to be washed well to ensure that all the serum
has been removed, as this will inhibit the action of the trypsin. The cells were then
trypsinised ( 1:9 v/v trypsin/versene (TV) ) by adding 2 ml of TV and replacing the flask
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in the incubator for 1-2 minutes to allow the cells to dissociate from their monolayer.
This action was then terminated by the addition of 5 ml of medium (90% DMEM, 10%
PCS (v/v)), the number of cells was then counted using a hemocytometer and the cells
replated out at a density of 5x10^ cells per ml, with 20 ml of medium in a 80 cm^ flask.
The cells were then incubated at 37°C, 5% CO2 .

2.5.2.2 - Suspensions - 3C2 cells (a gift from Dr. H. Land, ICRF, Lincoln Inn Fields,
London, UK).

The 3C2 cells produce a monoclonal antibody, these cells were grown to harvest the
supernatant to use in antibody reactions against gag viral protein (Potts et aU 1987). The
3C2 cells were cultured in 90% RPMI 1640, 10% PCS (v/v) and were passaged by
counting 10 |il of the suspension to calculate the total cell number. These cells were
grown in 25 cm^ flasks and required 1x10^ cells per flask. By counting the cell number,
the correct number of cells could be calculated and removed to a fresh flask with fresh
medium. To determine the viability of the cells, an equal volume of cells was added to an
equal volume of 0.25% (w/v) | trypan blue, using the hemocytometer the cells that
stained blue were no longer viable and could be taken into consideration. The cells were
incubated at 37^0,5% CO 2 .

2.5.3 - Transfection
This protocol is based on the method first described by Graham and Van Der Eb (1973).

All the solutions should be sterile, including the DNA. The transfections were performed
on CEP(O) and QT6 cells. The cells are grown in 90% DMEM (with glucose), 10%
PCS (v/v).

The cells were plated out at 5 x 10^ cells per 10 cm tissue culture petri dish and left in
the incubator overnight. The next day, four hours prior to transfection, the medium was
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removed and replaced with 5 ml of fresh medium. To transfect the following solutions
were added together in the order stated: 10 fig DNA to be transfected, 10 }ig carrier DNA
(herring testes DNA ), 31 |il 2M CaCl 2 and made up to 250 |i.l with double deionised
water. The above was added dropwise to 250 |il 2 x Hepes Buffered Saline (lOxHBS8.18% (w/v) NaCl, 5.94% (w/v) Hepes, 0.2% (w/v) diNa 2 HP 0 4 ), pH 7.12. Once a
milky white precipitate had formed, this was then added to the cells and left overnight,
for a maximum of 18 hours at 37°C, 5% CO^.

The medium was removed from the cells and they were washed 3 times with serum free
DMEM medium. Once the cells had been washed 10 ml fresh medium was added. The
cells were then grown for 7 - 14 days, passaging every other day (for good viral spread,
good cell proliferation is required).

2.5.4 - CAT transfection

The cells were initially transfected with the retrovirus, constructs in both sense and
antisense orientations, and once parallel cultures were found to be 100% positive for gag
viral protein, the cells were plated out in 10 cm tissue culture plates at a density of 6 x
10^ cells. The cells used for this experiment were either QT6 cells or CEF(O).

The cells were transfected by the method described in section 2.5.3 using 2 p.g of
(TRE3)3-tk-CAT plasmid (Zelent et al, 1989; this was a gift from P.Chambon) and 0.5
P-g of p-galactosidase, plasmid PCHIIO (Lee et al, 1984), in addition to 10 pg of carrier
DNA. The cells were left overnight and then washed. 48 hours after transfecting, RA
was added to a final concentration of 10"^ M. Controls of each cell type were also set up
adding an equal volume of ethanol. This was left for 48 hours and the cells were
harvested to CAT assay.
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2.5.5 - CAT assay

The cells that had been transfected with the CAT construct were then harvested and
assayed for CAT activity. The cells were washed with 3 ml of PBS and scraped off the
plates in 1 ml of PBS, pH 7.5. This was then microfuged at 6,500 r.p.m for 5 minutes
and the cells were resuspended in 100 p,l 0.25 mM Tris-Cl, pH 7.8. The cells were
broken up by freeze/thawing in liquid nitrogen/370C water bath 3 times. The supernatant
was then microfuged for 3 minutes at 6,500 r.p.m. The supernatant was placed in a
fresh eppendorf and the cell debris discarded.

To carry out the assay the following were added together, 70 |il 0.25 M Tris-Cl pH 7.8,
35 |il water, 20 |il cell extract (see section 2.5.6), 1 p.1

C (dichloroacetyl-1,2-14C,

Cloroamphenicol (60 mCi/mmol), New England Nuclear Inc. Boston, USA) and 20 |il
of 4mM acetyl CoA. Two controls were also set up, with 25 p.1 of 0.25mM Tris-HCl
added instead of cell extract, to the positive control 1 }xl of chloramphenicol acetyltransferase enzyme was also added. These reactions were then incubated at 37®C for 1
hour. Then 1 ml of ethyl acetate was added to each eppendorf and vortexed then
microfuged at 12,000 r.p.m for 5 minutes. The top layer was kept and the lower layer
discarded. This was then freeze dried for 1 hour gradually increasing the pressure up to
the maximum. The isotope was resuspended in 20 |xl of ethyl acetate and loaded on to
TLC (thin layer chromatograph) plates. The plates were run in 95 ml of chloroform/5 ml
of methanol (v/v) in the TLC tank for approximately 45 minutes or until the
chloroform/methanol had migrated three quarters up the plate and the CAT products had
separated. The plate was then removed, allowed to air dry and placed in a cassette with
Kodak fast film overnight at room temperature.

2.5.6 - Normalisation of transfection efficiency with P-gal.

The cell extract obtained (section 2.5.5) was assayed for p-galactosidase activity so that
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the transfection efficiency could be calculated. 40 |il of this extract was taken and added
to 500 |il of solution 2 (426 mg N a2H P04^ 312 mg N aH 2 P 0 4 .2 H 2 0 , 12 mg
MgS 0 4 .7 H 2 0 , 37 mg KCl, 135 |il mercatoethanol in 50 ml) this was then vortexed and
incubated at 37°C for 5 minutes. 100 |il of ONPG (4 mg/ml stock) was added and then
reincubated at 37®C for 5 minutes to overnight, until the solution had turned yellow. The
reaction was then terminated by adding 250 p.1 IM sodium bicarbonate, and the O.D at
420nm measured. The amount of cell extract to be used in the CAT assay could now be
determined.

2.5.7 - Har\^esting viral supernatant

24 hours prior to harvesting the supernatant from the viral transfected cells, the medium
was removed and fresh medium added (5-10 ml per 10 cm tissue culture plate). The next
day the medium was removed from the cells and put through a 0.45 |im acrodisc
(Gelman Sciences LTD, Northampton, UK) to remove any cells from the medium. This
medium was then aliquoted in 0.5 ml aliquots and stored at -70°C, to be titered and for
use in experiments. To gain a higher titer the supernatant was concentrated.

2.5.8 - Concentrating the Supernatant

Instead of aliquoting out the unconcentrated supernatant, the following was also carried
out to obtain a higher titer.

2.5.8.1 - Concentration using Centron-30 microconcentrators

The centron-30 components were initially sterilised in 70% (v/v) ethanol before use, they
were assembled according to the manufacturers instructions (Amicon LTD., Upper Mill,
Stonehouse, Glos., UK). Two ml of filter-sterilised (0.45pm acrodisc) viral supernatant
was added to the sample reservoir, this was then sealed with nescofilm, to ensure the
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contents remained sterile. The device was centrifuged at 5,000 r.p.m for 30 minutes at
40c

in a SS34 Sorval rotor in a Sorval RC 5B centrifuge. The filtrate was then discarded

and the retentate cup placed on the sample reservoir. The device was then inverted and
centrifuged at 1,000 r.p.m for 2 minutes at 4 ^0 in a SS34 Sorval rotor to transfer the
concentrate into the retentate cup. The concentrate was then stored at -7(PC.

2.5.S.2 - Concentration by ultracentrifugation

The medium was placed in ultracentrifuge tubes, which had been sterilised with 70%
(v/v) ethanol, the rotor tubes and caps had also been sterilised. A SW41 rotor (Beckman)
was used with 10-12 ml of viral supernatant per tube. The tubes were centrifuged at
20,000 r.p.m, 2 hours, 4^C. Once spin was complete all the medium was removed
leaving 50 - 100 pi per tube to resuspend the pellet in. These tubes were then placed in
sterile falcon tubes and shaken gently on ice for 1 hour. After this hour the supernatant
and pellet were gently pipetted to ensure maximum resuspension. Any air bubbles that
appeared were microfuged down to ensure a maximum yield of viral particles. All the
supernatant was then transferred to one eppendorf. (Initially 60 ml of supernatant was
concentrated, giving approximately 300-600 |il of concentrate). The concentrate was
aliquoted into sterile eppendorfs, with 20 |xl per eppendorf, this was then frozen on dry
ice and stored at -TO^C. At all steps the viral supernatant was kept on ice.

2.5.9 - GAG antibody staining

To assay cells for viral spread, the cells were stained with a monoclonal antibody - 3C2:

The transfected cells were plated out into 15 mm plates and left overnight. The medium
was removed from the cells and they were washed with 0.5 ml PBS, pH 7.5/well for 5
minutes. The cells were then fixed for 20 minutes with 2% (w/v) paraformaldehyde and
Vectastain ABC elite kit (Vector Labs., 16, Wulfric Square, Bretton, Peterborough, UK)
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was used to carry out the immunocytochemistry. All the solutions were provided in the
kit except the primary antibody, the PBS, the Diaminobenzidine tetrahydrochloride
(DAB) (Sigma, Poole, Dorset) and the Tris-HCl, pH 7.5. The staining procedure using
the kit was :

After fixing the cells they were washed for 5 minutes in PBS, then 0.5 ml of 0.3% (v/v)
hydrogen peroxide (from a 30% stock solution) made up in methanol was added, to
quench any endogenous peroxidase activity. This was left on the cells for 30 minutes,
followed by washing with 0.5 ml PBS for 20 minutes. Next 0.5 ml blocking buffer was
added for 20 minutes. The blocking buffer was prepared from the species the secondary
antibody was derived from, 150 |il horse serum was added to 10 ml PBS. The cells
were then washed with 0.5 ml PBS for 5 minutes. The primary antibody was then
added, this was isolated from 3C2 cells and 0.5 ml was added of a 1/10 (v/v) dilution of
primary antibody in PBS. The cells were washed times for 5 minutes with PBS. Next
the cells were incubated with the secondary antibody: 0.5 ml of 50 p,l biotinylated
secondary antibody, 150 |il horse serum made up in 10 ml of PBS, for 30 minutes.
Again the cells were washed three times with 0.5 ml PBS for 5 minutes. Next the cells
were incubated with 0.5 ml elite ABC reagent, which was 1(X) |il of reagent A and 100
|il reagent B added to 5 ml of PBS and immediately mixed and left to stand for 30
minutes before adding to the cells for a further 30 minutes. The cells were then washed
three times with 0.5 ml PBS for 5 minutes and then incubated with the colour reaction
DAB for 2-7 minutes or until the colour was intense enough. The DAB was made of an
equal volume of 0.02% (v/v) hydrogen peroxide (from a 30% stock) made up in double
deionised water and 0.1% (w/v) DAB made up in 0.1 M Tris, pH 7.2. Once the colour
had developed the DAB was removed and the cells washed twice for 5 minutes in water.
The cells were stored in 50/50 (v/v) PBS/glycerol.
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2.5.10 - Titering the virus to determine the concentration

The QT6 or CEF(O) cells were plated out in 15 mm wells at a concentration of 2 x 1Q4
cells/well and left overnight. The viral supernatants, both concentrated and
unconcentrated, were removed from the -70®C freezer and varying dilutions of viral
medium was made up in fresh medium, in total volumes of 1 ml. The medium was then
removed from the cells and replaced with the dilutions of virus. These cells were then
reincubated in a 37®C, 5% CO 2 incubator for 18 hours. The medium was removed and
the cells washed for 5 minutes with PBS and then fixed in 2% (w/v) paraformaldehyde
for 20 minutes. The cells were then stained for gag using the protocol in section 2.5.9.

The titer was then calculated by counting the number of virus positive cells in the wells,
taking into account the dilution factor, magnification of the microscope and area of the
well. Five areas are counted in each well (using a graticule in the eye-piece of the
microscope) under 32 x magnification, the average number of positives were taken,
multiplied by 1963 (the area counted is 1/1963 of the total area ) and multiplied by the
dilution factor to give the number of virus particles per ml.

2.5.11 - Human RAR-p antibody staining

The antibody staining was carried out using the Vectastain ABC elite detection kit
(section 2.5.9). Three primary antibodies were used to detect the hRAR-p protein (Gaub
et al, 1989), these were antibody 8p, antibody 6p^ and antibody 7P (The antibodies
were a gift from Professor Pierre Chambon, Laboratoire de Genetique, Moléculaire des
Eukaryotes du CNRS, Strasbourg, France). The antibodies were used at varying
dilutions - 1/100, 1/500, 1/1000, 1/10,000 and 1/100,1000.
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2.5.12 -

Retinoic Acid binding assay

CEF(O) were transfected with RCAS(BP)-P in both sense and antisense orientations and
the vector with no gene insert. Once parallel cultures of cells were 100% positive for gag
(see section 2.5.9), the cells were trypsinised and centrifuged at 1,500 r.p.m, 5 minutes,
4®C. The supernatant was removed from the pellet of cells and the pellet was
resuspended in 5 ml of serum-free medium and again centrifuged 1,500 r.p.m, 5
minutes, 4®C. The supernatant was removed and discarded and the cell pellet
resuspended in 1 ml of semm-free medium. The number of cells in the ml was counted
using a hemocytometer and the cells kept on ice. To carry out the assay 10^ cells per ml
was required.

100 |il of these cells were added to tubes containing a single saturated dose (500
fmol/tube: 5 nM) of tritiated retinoic acid (^H RA) in the presence or absence of a 2000
fold excess of unlabelled RA. The doses of RA used were 250 fm, 125 fm, 62.5 fm,
31.25 fm, 15.625 fm and 7.8 fm. These mixtures were incubated at 37®C for 1 hour. To
isolate the cell nuclei, the cells were first washed 3 times with 500 |il of cold PBS
(centrifuged at 500 r.p.m after each wash) and then washed twice with 500 |il of a Tris
buffer containing 0.25M sucrose and 1% Triton X-100 (pH 7.4). After adding the Tris
buffer, the tubes were incubated on ice for 5 minutes before centrifuging at 1000 r.p.m
for 5 minutes. The pellets obtained at this stage were dissolved in 100 pi of PBS and
500 |il of ethanol added. Scintillation fluid was added to this and the amount of
radioactivity counted per sample from which the amount of bound

RA could be

calculated and from that the number of retinoic acid receptors.

To calculate the amount of free RA, the amount of bound RA was subtracted from the
original amount. To calculate the affinity and the number of retinoic acid receptors a
Scatchard graph was plotted of the bound retinoic acid along the x axis and the
bound/free on the y axis.
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2.5.12.1 - Calculations

i) The affinity for RA can be calculated from the change in y/change in x axis. This
equals 1/F, F = 1 divided by change in y/change in x fmoles in 100 |il of cell
suspension:

Kd (affinity) = 1 x 106 x F Moles
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ii) To calculate the number of retinoic acid receptors:

intercept on the x axis = Xmax. >and using A vos. number 6.023 x 10^^ divided by 10^
(cells) gives 6.023 x 10^^ and then converted to fmoles : 6.023 x 10^ (which is
therefore multiplied by intercept on x axis), this gives the number of retinoic acid
receptors per cell.

2.6 - Embryology

The outbred chick embryos, as well as O line embryos, were used for the in vivo
experiments. The outbred eggs were from Poydon Farm, Waltham Cross, Herts, and
were incubated at 38+/-10C.

2.6.1 - Microinjections with RCAS(BP)-p and RCAS(BP)-B4

The injections were carried out with needles obtained from capillary tubes (Intramark
tubes, 50 |il) pulled on a Leitz needle puller. A sterile yellow gilson tip was then taken
and the end cut off, the capillary needle was inserted into the yellow tip and secured with
glue - UHU and a thin strip of nescofilm. The yellow tip was then inserted into a rubber
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teat, which had a hole at the top to control the release of viral supernatant. By placing a
thumb over the hole and making it air tight, the supernatant can be released.

To allow the embryo to be seen more easily, ink was injected underneath it to allow
greater contrast between embryo and yolk. The ink was pelican India ink (D-300
Hannover 1, West Germany)/tissue culture medium 1/4 (v/v).The virus stock was
thawed quickly at 37®C and kept on ice. Concentrated viral supernatant was then taken
by placing the needle in the eppendorf and allowing it to be taken up by capillary action.
A small quantity of concentrated virus was released into the area of the embryo required,
to allow the virus to spread in the area targeted. The injections were all done free hand.

The eggs were windowed to allow access to the embryo. For the early injections the
chick embryo was injected between stages 7-15 into the right wing primordia, to allow
the right wing once developed to express the gene of interest. Two microinjections were
carried out, releasing approximately 0.1 - 0.2 |il per injection (up to 1x10^ viral particles
per injection). The later injections were carried out between stages 16-26 (Dolberg and
Bissell, 1984), and the virus was injected into the developing wing bud (see below).
Some of the injections were specifically targeted at distal or proximal areas of the limb
bud. After injecting, the window in the egg was sellotaped over and the egg reincubated
at 38+/-P C . The operated embryos were harvested before or at embryonic day 10 and
they were analysed for effects on the normal phenotype of the operated wing. Two
examples of injecting are shown in the following cartoon:
Stage 20

Stage 24

microinjection
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2.6.2 - Embryonic grafts

A confluent 80 cm^ flask of CEF(O) transfected with the viral construct was trypsinised
(see section 2.5.2.1). Once the cells had dissociated from their monolayer they were
centrifuged for 5 minutes, 1,5(X) r.p.m in a Beckman J-6B centrifuge, 4°C. The pellet
was resuspended in 1 ml of medium and transferred to a sterile eppendorf, which was
then microfuged at 6,500 r.p.m for 3 minutes. This pellet was removed from the
eppendorf under aseptic conditions in the tissue culture hood by using a wire needle to
gently scoop around the pellet to release it into the medium intact. This was removed
from the eppendorf by cutting the end off a blue 1 ml tip and using this transferred into a
6 cm tissue culture dish containing 5 ml of medium (90% DMEM, 10% PCS). This was
then incubated at 37°C for one hour to consolidate. The pellet was then ready to use for
grafting in ovo.

The eggs were incubated at 38+/-l®C until they had reached the correct stage for
grafting. They were then windowed to allow access to the embryo. The pellets for the
grafts were prepared and a slit was made in the limb bud of the chick embryo at various
stages and the pellet inserted either distally under the AER or proximally, as shown in
the cartoon below. The window was then sellotaped over and the eggs reincubated.

stage 20 limb bud

AER
0

Distal graft

proximal graft

graft of transfected cells
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2.6.3 - Reaggregates

The leg buds were removed from stage 20 chick embryos into sterile PBS, pH 7.5,
trypsinised ((v/v) 2% trypsin in CMF, Gibco) for approximately 30 minutes on ice until
the ectoderm had dissociated from the mesoderm. The trypsin was then inactivated by
the addition of PCS. The mesodermal cells were disaggregated by pipetting, soaked in
viral supernatant for 1 hour at 37®C, 5% CO 2 and then pelleted by microfuging for 3.5
minutes at 6,5(X) r.p.m and reincubated in the same conditions for 1 hour, to allow the
pellet to consolidate. The mesodermal cells were then placed in fresh ectodermal jackets
derived from stage 20-24 leg buds, which had also been trypsinised. The reaggregate
was then pinned on to a host wing, as shown in the cartoon below:

mesoderm
ectodermal
jacket

Reaggregate-

pin
Host wing with reaggregate
pinned on.

The operated embryos were then allowed to develop up to embryonic day 10 and
harvested to analyse for transcripts of the gene insert in the virus and any phenotypic
changes.
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2.6.4 - Recombinants

Stage 20 wing buds were removed from the chick embryo directly into PBS, pH 7.5.
They were then placed into a solution of (v/v) 2% trypsin in CMF on ice, until the
ectoderm had dissociated from the mesoderm. The mesoderm was then soaked in viral
supernatant and rejacketed in ectodermal jackets, derived from stage 24 wing buds.
(These were treated by the same procedure as the stage 20 buds). These buds were then
pinned back on to a host embryo by three different methods, as shown by the following
cartoons :

1) The recombinant was pinned on top of a host wing bud

metal pin

77Z Recombinant
Host wing bud

2) Removing the host wing bud and pinning on the recombinant limb bud

metal pin

Recombinant
Host wing with the majority
of the bud removed
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3) Placing the recombinant into the coelom, by making a slit just behind the host wing

Recombinant
I

I Host limb bud

Coelom

Pins are not required for this method, as the recombinant will remain in the slit. The
operated embryos were then reincubated and allowed to develop for the required period
of time. They were then analysed for transcripts of the gene inserted in the viral vector
and for any phenotypic changes.

2.6.5 - Micromass cultures
The dissection kit had been baked at 18(PC overnight to sterilise the instruments before
use.

To make micromass cultures, stage 20 or 21 whole limb/wing buds were used. The
embryos were removed from the egg aseptically, placed in a petri dish with PBS, pH 7.5
and all the membranes removed. Next using a pair of dissection scissors, the buds were
removed from the embryos and washed again with PBS. The PBS was removed and a
solution of (v/v) 2% trypsin made in CMF added. They were then left on ice for 20 - 35
minutes to allow the trypsin to dissociate the ectoderm from the mesoderm. The trypsin
was then removed once the dissociation had occurred and micromass culture medium
((v/v) 45% DMEM, 45% F I2, 10% FCS, with antibiotic (1% of final volume) and LGlutamine (2(X)mM, lOOx; 2% of final volume)) added to block the action of the trypsin.
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Next the petri dish was placed on a cold plate and using two pairs of fine forceps, the
ectoderm separated from the mesoderm. The ectoderm was then discarded.

The mesoderm was then placed in a sterile eppendorf and disaggregated by pipetting
approximately 50 times. The mesodermal cells were then microfuged for 3.5 minutes at
6,500 r.p.m, the supernatant removed and 1 ml of micromass medium added. The pellet
was resuspended in this medium and the number of cells counted using a
hemocytometer. The cells were required at a final concentration of 2 x 10^ cells per ml (2
X 10^ cells were needed per micromass). The cells were microfuged 3.5 minutes, 6,500
r.p.m and resuspended in an appropriate volume of medium to give this concentration of
cells. The cells were then plated out in 1 cm diameter wells using 10 |il cell suspension
per well, this was placed in the centre of the well. The micromasses were then incubated
for 1 hour at 37®C, 5% CO^. Next 300 |il of micromass medium was added and the
micromasses reincubated overnight.

The next day the micromasses were infected with viral supernatant at varying dilutions
(the constructs used to infect the micromasses were RCAS(BP)-B4 in both sense and
antisense orientations and also the vector with no insert RCAS(BP)). They were again
reincubated and 3 days after the initial viral infection the medium was removed and fresh
dilutions of virus added. The micromasses were allowed to grow for 6 days before being
fixed and analysed for any phenotypic effect the virus may have had.

2.6.6 - Alcian blue staining of micromasses

The micromasses were fixed overnight in 4% (w/v) paraformaldehyde at 4®C. The
paraformaldehyde was removed and replaced with filter sterilised (0.45

)Lim

acrodisc) 1%

(w/v) alcian blue for 3 hours at room temperature. The alcian blue was then removed and
the micromasses rinsed with water for 1 minute. The water was removed and 50% (v/v)
ethanol added for 5 minutes, followed by 70% (v/v) ethanol for 5 minutes, 90% (v/v)
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ethanol for 5 minutes and finally absolute ethanol for 5 minutes. The last ethanol wash
was then removed and 100% glycerol added to cover the micromasses.

2.6.7 - Cartilage wholemounts

The embryos, when harvested, were removed from the egg into PBS, pH 7.5 where the
head was removed and also the viscera. They were then fixed in 5% (w/v) TCA
(trichloroacetic acid) overnight. The next day the TCA was removed and they were
rinsed in water, then stained with 0.1% (w/v) alcian green in acid alcohol ((v/v) 70%
ethanol, 1% HCl) for 6 hours to overnight. They were again rinsed in water then washed
with acid alcohol ((v/v) 70% ethanol, 1% HCl) for 4 hours. Next the embryos were
washed twice for a minimum of 2 hours in absolute ethanol. Finally the embryos were
cleared in methyl salicilate.

2.6.8 - Wax Sections

Embryonic limbs were sectioned transversely. The limbs were incubated in a solution of
50:50 (v/v) wax (Fibrowax, BDH, Lutterworth, Leics.) /methyl salicylate at 60®C for 30
minutes. This was then repeated by pouring off the wax/methyl salicilate and adding
fresh wax every 30 minutes at 60®C, over the course of three hours. The limb was then
placed in a plastic mould and orientated before allowing the wax to set. The block was
then stored at 4°C until it was sectioned.

Sections of 8 pm were cut in a standard microtome. These were transferred on to slides
and placed on a hot plate at 40°C overnight. Water was placed on the slides before
adding the sections to allow the tissue within the wax to stretch, once the sections had
completely dried overnight, they were then ready to stain.
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2.6.8.1 - Staining of sections

Mallory's triple stain

To remove the wax from the sections, histoclear (Nat. Diagnostics, Atlanta, USA) was
added to the sections for 5 minutes. This was followed by a 5 minute 100% ethanol
wash, 3 minute 90% (v/v) ethanol wash, 3 minute 70% (v/v) ethanol wash and a 3
minute 50% (v/v) ethanol wash. Acid fuchsin was then added for 10 seconds and rinsed
off with double deionised water (10 seconds). Next Phosphemolypolic acid was added
for 1 minute and again rinsed with double deionised water for 10 seconds. Three alcohol
washes were carried out for 10 seconds, the first with 90% (v/v) ethanol and the second
two with 100% ethanol. The final wash was with histoclear for 5 minutes to remove the
alcohol. The sections were then mounted with DPX mountant (BDH) and coverslipped.
The slides were placed on a 40®C plate for several hours, to allow the DPX mountant to
dry.

2.6.9 - Photography

Photographs of manipulated embryos were taken on either a Stemi-SV-6 Zeiss (4, Bennett
Court, Bennett Road, Reading, Berkshire, UK) microscope, with a Yashica 108 multi
program camera or on a Zeiss 4750 52-9901 dissecting microscope with an Olympus
camera, using 64-T Ektachrome colour slide film or ASA 100 Ilford black and white film.
Cells were photographed on a Zeiss Axiovert 405M microscope with an inbuilt camera,
using 64-T IEktachrome colour slide film. Sections were photographed on a Stemi-SV-6
Zeiss microscope.
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CHAPTER 3
Construction of recombinant retroviruses and generation of high titer
virus stocks.

3.1 - Introduction

Many genes are involved in the developmental process. They have specific functions and
are often involved in a cascade of events by switching on other genes. One approach to
investigate their role is to express them ectopically during development and to see what
effect, if any, it has on normal development. Chick embryos are a good model system
for such experiments, as they can be manipulated in ovo and the timing of ectopic
expression can be chosen, so that the effect of a particular gene can be analysed at a
particular stage of development. The approach we have taken to express genes
ectopically in the chick embryo is by the use of a retroviral vector.

Retroviruses are powerful tools in the study of the function of genes during
development. Infectious viruses can be used to introduce non-viral genes into mitotic
cells in vivo or in vitro. There are two types of retroviral vectors. These are replication
competent viruses and replication defective viruses (see Introduction). Most studies to
date, when investigating the effect on development i of ectopically expressing a chosen
gene, have involved the use of mice, by making them transgenic for that particular gene.
Transgenic animals have been important in providing new insights into mechanisms of
development and developmental gene regulation. The technique of making transgenic
animals allows the insertion of defined genetic material into the germline of mice and
other organisms. The most commonly used technique for generating transgenic mice is
by direct microinjection of recombinant DNA into the pronucleus of a fertilised egg
(reviewed by Jaenisch, 1988) and then implanting these embryos in a pseudo-pregnant
mother. The somatic cells of the offspring are then tested for the presence of the gene.
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By this method tandemly arranged copies of the gene are inserted randomly into one
chromosome in each cell. An advantage of this method is the efficiency of generating
transgenic lines that express most genes in a predictable manner.

Another approach is by transfecting a DNA fragment containing a desired mutant into a
cell line of pluripotent embryo derived stem cells. Individual cells, in which a gene
replacement has occurred, are then implanted into an early mouse embryo, these cells
proliferate to produce major portions of a normal mouse. By breeding mice that have this
replacement, heterozygotes can be obtained. They in turn can also be bred to result in
homozygotes, analysis of the altered gene can then be studied in the homozygotes
(Alberts et al, 1989). The promoter activity of various genes can also be analysed in
transgenic mice. Mendelsohn et al (1991) used this approach to investigate the activity of
the RAR-p promoter (see section 1.15).

Another approach to obtain transgenic mice is by using a retrovirus. In contrast to
microinjection of DNA, retroviruses integrate by a defined mechanism into the genome
of the infected cell. Only a single proviral copy is inserted at a given site (Jaenisch,
1988). Jaenisch and others (1980) investigated the effects of Moloney leukemia virus
(M-MuLV), by infecting mice with the virus. They found that the most efficient
expression of the virus was achieved by injecting the developing embryos at mid
gestation stages. New-born viremic animals were analysed for any effects caused by the
virus. The effects of injecting M-MuLV in utero caused thymus-dependent-leukemia
four-six months after birth. Robertson and others (1986) also obtained transgenic mice
using retroviruses. Their approach differed from Jaenisch et al (1980), they used a
retroviral vector to introduce exogenous DNA sequences into a stem cell line and these
viral infected cells were then reintroduced into blastocyst stage embryos and were found
to contribute to germ cell and somatic lineages in the transgenic mice. Soriano and
colleagues also used a retroviral vector to derive transgenic mice strains by infection of
preimplantation embryos. They introduced a retroviral vector containing a human beta-
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globin gene under the control of its own promoter and a neomycin phosphotransferase
gene, under the control of the viral LTR into the mouse germline. They showed that the
beta-g\obm gene was expressed in a tissue-specific pattern in three of their transgenic
mouse lines (Soriano et al, 1986). The results of Robertson et al (1986) and Soriano et al
(1986) demonstrate that retroviruses can be used for the introduction and expression of
foreign genes into the mouse germline.

It is harder to obtain transgenic chickens with microinjection of DNA, as the chicken
pronucleus cannot be injected, therefore in order to obtain transgenic chickens the easiest
approach is by using retroviruses. Chickens have been made transgenic using both
replication competent and replication defective retroviruses. Salter and others (1987)
injected wild type and recombinant avian leukosis viruses into the yolk of unincubated,
fertile chick eggs. The viruses were then expressed in the new bom chicken. One of the
viruses used was a candidate vector, which could be used to express chosen genes
during development. Bosselman and colleagues (1989) used replication defective
retroviruses to obtain transgenic chickens. They also injected supernatant containing
virions beneath unincubated chick embryo blastoderms and found that this resulted in
infection of germ line cells. These methods are difficult and can result in the whole
embryo being infected with the virus. These methods were inappropriate for
investigating ectopic gene expression in targeted areas of a chick embryo. In this
research we wanted to examine the effects selected genes, when ectopically expressed,
have specifically on limb development and not the entire embryo. The retroviral vector
we have used can be injected into the embryo at a chosen developmental stage. The
embryos are then reincubated and harvested at a chosen time. In the limb this approach
has been used to inject chick embryos at stage 10 into the developing limb primordia and
then left to embryonic day 10, to see if the infection has any effect on the normal skeletal
pattern (Morgan et al, 1992). This approach can also be used in other areas of the
developing chick embryo, for example in the study of the nervous system. Fekete and
Cepko (1993a), using a replication competent retroviral vector encoding the marker
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alkaline phosphatase, varied the site and time of their infections, so that targeted gene
transfer was confined to selected populations of neural cells. Therefore by using the
approach of replication competent retroviral vectors in the developing chick embryo,
targeted areas of the embryo can be made transgenic (reviewed by Tickle, 1992). These
vectors can also be used to investigate the promoter activity of genes. Petropoulos and
others (1992) linked the CAT gene to the chicken skeletal muscle a-actin promoter and
found that chickens infected with this construct expressed high levels of CAT activity in
striated muscle and lower levels in other tissues. These results were similar to those seen
in mice transgenic for the chicken muscle a-actin gene (Petropoulos et al, 1989).

Retroviral particles consist of an encapsidated ribonucleoprotein core ensheathed by a
membrane envelope coat and contain two copies of a positive sense single-stranded (ss)
RNA genome. Viral gene products are synthesised from a double-stranded (ds) DNA
provirus integrated within the chromosomal DNA of a host cell (figure 3.1 illustrates the
life cycle of a retrovirus). The retrovirus contains three genes: gag, pol and env, that are
flanked by the long terminal repeats (LTRs) which contain cis -acting sequences that
regulate proviral transcription. All three genes have specific functions that allow the
replication and production of new virus particles.

The virus enters a cell via receptors present on the cell surface to which the viral env
protein binds. Viruses are divided into envelope glycoprotein classes according to their
recognition of cellular receptors. The virus must recognise the envelope group receptors
of the host cell, or it will not be able to enter the cell and integrate (the avian sarcoma
viruses can be divided into five envelope sub groups, designated A-E) (Weiss et al,
1984). Fusion of the viral membranes and the cell, releases the retroviral core particle
into the cytoplasm (reviewed by Whitcomb and Hughes, 1992), the ss RNA is then
converted into ds DNA by reverse transcriptase, encoded by pol. There are two enzyme
activities involved in reverse transcriptase; DNA polymerase and Ribonuclease H (this
degrades the RNA strand of the DNAiRNA hybrid, but does not degrade the free or ds
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The life cycle of a replication competent retrovirus.
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RNA). The ds DNA is then integrated into the host cell genome (reviewed by Stoker,
1993). The integration of the viral DNA is mediated by the viral int gene product
(encoded by the 3' end of the pol region) and occurs at the ends of the viral genome
(reviewed by Cepko, 1992). The DNA provirus, now within the host cell's genome,
acts as a template both for the replication of viral DNA and the synthesis of viral RNA.
Once the virus has been integrated into the cell and the provirus formed, the next stage in
the life cycle is the production of new viral particles.

Transcription is initiated by enhancer / promoter elements located within the U3 region of
the 5' LTR and is terminated by the polyadenylation signal in the 3' LTR (reviewed by
Morgenstem and Land, 1991). The proviral genome contains one splice donor site, just
upstream of gag and one splice acceptor site, just upstream of env which allows the
splicing of two transcripts from the provirus: the entire genome of the virus and env
mRNAs (figure 3.2 shows the splice products from a retrovirus). The full length mRNA
is translated to give two polypeptides, gag and gag-pol. The latter is made by infrequent
read-through translation of the stop codon at the end of the gag polypeptide (reviewed
by Miller, 1992). This fusion product is then cleaved to yield more gag products and
pol, which mediates the various cleavage events (reviewed by Kingsman and Kingsman,
1988). Gag encodes capsid proteins (reviewed by Stoker, 1993) and accounts for 80%
of the total viral protein. The gag gene product is synthesised as a single large precursor
molecule, Pt.16S^8. During viral assembly five mature proteins are synthesised from
this precursor : p27, pl9 , pl5, p l2 and plO. At least two smaller peptides are also
synthesised (Potts et al, 1987). Both spliced and unspliced forms of viral RNA in the
cytoplasm serve as mRNAs for the production of viral proteins. Some of the unspliced
RNA is packaged in the virion to serve as the viral genome (reviewed by Whitcomb and
Hughes, 1992). The new viral genomic RNA undergoes encapsidation via a packaging
signal, (p, located in the 5' end of the viral RNA (reviewed by Cepko, 1988). The subgenomic env mRNA lacks the (p site and therefore is not packaged. Viral particles are
assembled in the cytoplasm and are released by budding through the plasma membrane
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Figure 3.2
Splice products from the RSV provirus.
SD, slice donor; SA, splice acceptor site
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where they acquire a membrane envelope. The viral env proteins are embedded in this
membrane (reviewed by Kingsman and Kingsman, 1988).

In this research the replication competent retroviral vectors RCAS and RCAS(BP), have
been used as a way of ectopically expressing two genes, human RAR-p and mouse
Bm p-4, in the developing chick wing. The use of a replication competent vector was
chosen rather than a replication defective vector, so that the entire limb of the chick
embryo would be infected by the virus (Morgan et al, 1992), and not just the initial target
cells and their progeny (Riley et al, 1993).

RCAS (RC, replication competent; A, Avian Leukosis Virus Long Terminal Repeat; S,
with a splice acceptor) is derived from the Schmidt-Ruppin strain of Rous Sarcoma
Virus (RSV), which was discovered in 1911 by Peyton Rous (Rous, 1911). The src
gene has been excised from the virus and replaced with a synthetic DNA linker
containing the recognition site of Clal (Hughes and Kosik, 1984). Thus this vector has
been used as a means of introducing hRAR-p and mBMP-4 ectopically into chick
embryos. Figure 3.3 shows a map of RCAS. RCAS has envelope subgroup A
specificity. RCAS(BP) is an unpublished version of RCAS (Hughes et al, 1987) that
contains pol sequences derived from the Bryan high-titer strain of RSV (BH RSV) and
that allows more efficient replication of the virus in host cells (Sudol et al, 1986;
Petropoulos and Hughes, 1991). Petropoulos and Hughes (1991) also showed that the
presence of the BH RSV pol region enhanced levels of reverse transcriptase in QT 6 cells
(an immortalised quail cell line) and also increased the amount of gag p27 protein in both
QT 6 cells and chick embryonic fibroblasts (CEF), following transfection with viral DNA
into these cell lines. The RCAS and RCAS (BP) vectors have been designed as a DNA
provirus to allow more efficient transfer into host cells.

Inserts are cloned into the Clal site between the env gene and the 3' LTR (see figure
3.4). A splice acceptor site ,placed just upstream of the Clal, site enables the splicing of
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the mRNA containing the inserted sequence from the primary viral transcript (figure
3.4). To assist the cloning into the Clal site, Hughes et al (1987) designed adaptor
plasmids containing a polylinker flanked by two Clal sites. There are three such adaptor
plasmids, named Clal2, Clal2Nco and SA Clal2Nco. The simplest is C la l2 and
consists of nothing more than an array of restriction sites between the C lal sites.
Clal2Nco contains, in addition, a eukaryotic initiator codon ATG and an untranslated
leader sequence, which has been designed to optimise RNA stability and efficient
translation. The ATG came from the w-src gene of the Schmidt-Ruppin strain of RSV
and is contained within an Ncol site. The third adaptor plasmid SA C lal2 Nco is the
same design as C lal2 Nco, but also contains a splice acceptor site (figure 3.5 shows the
adaptor plasmids C lal2 and C lal2 Nco).

The cDNA sequence of interest is cloned into the adaptor plasmid using the sites in the
polylinker. It is then excised on a Clal fragment and inserted into the Clal site of the
RCAS vector. Sequences of up to 2 kb can be inserted into the RCAS vectors. Unlike
replication defective vectors, the RCAS vector cannot accommodate a marker, such as
the alkaline phosphatase gene or LacZ gene, as well as the sequence of interest. If
fragments larger than

2

kb were cloned into this vector, the viral genome is too large for

them to be packaged, as RCAS contains all the genes necessary for replication. The
reason that replication defective vectors can accommodate larger inserts is because of the
deletion of essential parts of the retroviral coding sequences. They retain the cw-acting
viral sequences necessary for transmission, which include the (p packaging sequence,
reverse transcription signals, integration signals and viral promoter, enhancer and
polyadenylation sequences, therefore using transcriptional regulatory sequences
provided by the virus, virtually any cDNA can be expressed in the vector (reviewed by
Cepko, 1992). However due to the deletion of parts of the coding sequences, they rely
on helper functions provided by packaging cell lines or through co-transfection with
helper viruses (de la Pompa and Zeller, 1992).

Figure 3.5
The two adaptor plasmids, Cla 12 Nco and Cla 12.
Cla 12 Nco was used to insert the sequences of mouse Bmp~4 into the RCAS (BP) vector
(see section 3.1.2).
C lal2 was used to insert the sequences of human RAR-p into both the RCAS and
RCAS (BP) vectors (see section 3.1.1).

(Adapted from Hughes, 1987)
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RCAS(BP) contains the envelope glycoprotein subgroup A and is used to infect cells and
chick embryos also containing the A subgroup of envelope receptors. By changing the
envelope, vectors with other host ranges can be made. Fekete and Cepko (1993b)
replaced the A-subgroup sequences of RCAS(BP)A with E-subgroup sequences, in
order to change the host range.

The hRAR-p cDNA was cloned into the RCAS vector, in both sense and antisense
orientations. Once the higher titer RCAS (BP) was available, the cDNAs encoding mouse
(m) BMP-4 and human (h) RAR-p were cloned into this vector, also in both sense and
antisense orientations. In the sense orientation, the inserted gene should be transcribed
and translated into functional protein, provided that correctly spliced mRNA is produced.
Viruses containing antisense sequences were prepared for use as controls, to ensure that
any effect seen, in either in vitro assays or on pattern formation and morphology in vivo,
was not due to the viral vector, but to BMP-4 or RAR-p. An alternative control would
have been to use the retroviral vector RCAN, which differs from RCAS in that it lacks
the splice acceptor site immediately upstream of the Clal cloning site (Petropoulos and
Hughes, 1991). The cDNA sequences of interest could be cloned into this vector in the
sense orientation, but unlike the RCAS construct, the primary transcript would not be
spliced to yield mRNA encoding the protein of interest and therefore no protein would be
produced (Morgan et al, 1992).

3.1.1 - Cloning of human RAR-p cDNA sequences into RCAS and RCAS (BP)

These cloning procedures were carried out by Dr. A. Rowe in our laboratory.

Human RAR-p cDNA sequences were cloned into the RCAS and the RCAS (BP) vectors
using the adaptor plasmid Cla 12. The approach used for both vectors was the same. The
RAR-P insert was derived from a cDNA clone (RAR-p<j)) in the vector pSG5 (Brand et
al, 1988). This was a gift from Prof. P. Chambon, Strasbourg, France. A 1.4 kb
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BarriHl-SsîI fragment containing the whole hRAR-p coding sequence including start and
stop codons was cut out of RAR-p<|). This fragment was ligated into the adaptor plasmid
Cla 12, which had been cut with BamYil and Sstl, yielding plasmid Clal2-p. Since
there was a Clal site in the RAR-P cDNA insert, at nucleotide 392 of the human RAR-P
coding sequence, a partial Clal digest of C lal2-p was carried out and the partially
digested Clal fragment containing the whole RAR-P insert was ligated into the Clal site
of the RCAS and RCAS (BP) vectors, yielding a collection of plasmids with inserts in
both orientations. Figure 3.6 summaries the hRAR-p cloning procedure.

3.1.2 - Cloning of mouse Bmp-4 into RCAS (BP)

This cloning procedure was carried out by Dr. P. Francis-West in our laboratory.

Mouse Bmp-4 cDNA sequences were cloned into the RCAS (BP) vector using the
adaptor plasmid Cla 12 Nco. Plasmid mBMP-2b, 1321, containing mBmp-4 cDNA
sequences (Jones et al, 1991) was a gift from Dr. Brigid Hogan, Nashville, USA. We
decided to insert just the mBmp-4 coding sequences into the adaptor plasmid with no 5'
or 3' non-coding regions. The reason for inserting just the coding region is that it is said
to enhance the efficiency of expression of the insert, as non-coding sequences could
reduce the stability of the RNA transcribed from the insert and/or the efficiency with
which it is translated.

The coding region of the Bmp-4 cDNA was generated using PCR (polymerase chain
reaction). A PCR primer was designed for the 5' end to create a Ncol site at the Bmp-4
ATG (figure 3.7a), in order to insert the 5' end of the Bmp-4 coding region directly into
the Ncol site in Cla 12 Nco. A primer for the 3' end was designed to add a site that was
absent from the Bmp-4 sequences, but present in the adaptor plasmid. BarnYll was used
(see figure 3.7b). Figure 3.7c illustrates the changes generated by the PCR primers. The
PCR product obtained was then cut with N col and Bam Hl, giving a 1.2 kb N col-
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5am H I fragment containing the whole Bmp-4 coding region. This was ligated into
Cla 12 Nco, which had also been cut with Ncol and BamHl, yielding Cla 12 Nco-B4.
The insert was cut out with the flanking (adaptor) Clal sites and ligated into Clal cut
RCAS (BP), yielding a collection of plasmids in both orientations. Figure 3.8 summaries
the mBmp-4 cloning procedure.

3.2 - Results

The RCAS and RCAS (BP) plasmids containing RAR-P and Bmp-4 were produced by
cloning a Clal fragment into the Clal sites of RCAS or RCAS (BP). It was necessary to
determine the orientation of the inserts with respect to the viral coding sequences.

3.2.1 - Orientation of the insert RAR-p

Diagnostic cuts were carried out with the RAR-p plasmids with Sail to determine their
orientations (see figure 3.9a). The sense constructs, RCAS-ps and RCAS(BP)-Ps
yielded three fragments with the restriction enzyme. Sail. These were a large 10 kb
fragment, a 1.4 kb fragment and a 0.95 kb fragment (see figure 3.9b). The antisense
constructs, RCAS-pa and RCAS(BP)-pa also yielded three fragments when digested
with SaB. One large fragment of 10/11 kb, a fragment of 0.95 and a fragment of 1 kb
(see figure 3.9c).

3.2.2 - Orientation of the insert mBmp -4

The orientation of the insert relative to the viral coding sequences was determined by
diagnostic cuts with the restriction enzyme BamHl (figure 3.10a). The sense construct,
RCAS(BP)-B4s when cut with restriction enzyme BamHl will give fragments of 10 kb,
1.3 kb, 0.7 kb and 0.3 kb (figure 3.10b). The anti sense construct, RCAS(BP)-B4a
gives fragments of 10 kb, 2 kb, 1.3 kb and 0.3 kb (figure 3.10c). The fragments (10,
1.3, 0.3 kb) that are common to both constructs are sites within the viral constructs. The
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orientations were later confirmed by sequencing the insert (by Dr. P. Francis-West)
through the Cla I sites to ensure no PCR errors had occurred to the bases that might
effect the function of the insert.

3.2.3 - Production of infectious virus particles

Once the orientation of the inserts had been determined, infectious viral particles were
obtained from the viral constructs. These were then used to investigate the effects of both
RAR-p and BMP-4 on chick embryonic development both in vitro and in vivo.

3.2.3.1 - O line cells

Infectious virus was produced by transfecting the proviral DNA into cultured CEF and
harvesting the supernatant. Normal outbred chickens, such as White Leghorns, contain
endogenous retroviruses. Twenty-two endogenous retroviral loci have been
characterised in White Leghorn chickens (Weiss et aU 1984), therefore there is a risk of
recombin3 *^on of the transfected construct with endogenous sequences. For this reason,
a primary cell line was made from ten day old Line O chick embryos (Astrin et al, 1979),
which contain no endogenous retroviruses. Line O embryos were used rather than any
other strain of chicken with no endogenous retroviruses, as they are designated C/E,
which means that they cannot be infected by viruses with the envelope subgroup protein
E, but can be infected by others such as group A, which is the envelope group of the
RCAS vectors.

The disadvantage of using a primary cell line was that these cells do not keep growing
continuously and after approximately six weeks (about 18 passages) become senescent.
An immortalised cell line that will be infected by RCAS and does not contain
endogenous retroviruses is the transformed quail fibroblast cell line QT6 (Moscovici et
al, 1977). The QT6 cells were very easy to grow. In contrast the CEFs, from both White
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Leghorn and Line O, were difficult to grow. The cells had to be maintained at an optimal
density, if they became too sparse, they died. In contrast, if they became over-confluent
they came off the tissue culture dish in a single sheet. A compromise between the two
extremes was used and the cells kept just below confluency. To maintain this state the
cells were passaged on alternate days and split either 1:2 or 1:3. If the cells were split
1:10, for example, they became too sparse to grow. Another advantage of keeping the
cells in a highly proliferating state is that for good viral integration, good cell
proliferation is needed (Miller et al, 1990).

We tested various media to see which enhanced the best cell proliferation of the CEFs.
The media tested were: (1) DMEM / 10% PCS; (2) DMEM:F12 1:1 / 10% PCS /
glutamine; (3) DMEM / 5% PCS / 5% NCS / 10% Tryptose-P-broth / glutamine and (4)
alpha-MEM / 15% HS / 10% wild-type embryo extract / glutamine. As can be seen from
figure 3.11, media (1) and (4) both supported good cell proliferation. Medium (4) also
contained chick extract, which many protocols have suggested increases cell growth with
primary CEFs (Pekete and Cepko, 1993a). We found that there was no great advantage
in using chick extract and in addition the chick extract was derived from outbred chick
embryos, which contained endogenous retroviruses. For this reason medium (1) was
used, as its efficiency was sufficient to keep the cells in a highly proliferative state, but
not so high that the cells became too confluent and hence would come off the culture dish
in a single sheet.

The viral constructs were transfected into the CEP by the calcium phosphate method of
Graham and Van Der Eb (1973).

3.2.3.2 - Detection of the virus

With this virus system, even if the initial transfection efficiency is low, it will not effect
the final amount of virus harvested from these cells, as by using a replication competent
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retroviral vector, within a few days post transfection all the cells were positive for virus.
The spread of the virus was monitored in the transfected fibroblasts using a monoclonal
antibody (3C2) to viral protein gag. The monoclonal antibody 3C2 recognises pl9gag,
the gag protein that interacts in the lipid bilayer in virus particles (Potts et al, 1987).

S.2.3.3 - Comparison of viral spread in O line cells and QT 6 cells

I compared the efficiency of viral spread with the construct RCAS-ps in both CEF(O)
and QT 6 cells. If the efficiency of viral spread in the QT 6 cells was as high as in the
CEF(O), then only one initial transfection would be needed, as QT 6 cells are
immortalised and would provide a continuous source of virus infected cells and fresh
viral supernatant. The efficiency of viral spread in CEF(O) cells was much higher than in
QT 6 cells (see figure 3.12). As can be seen from the graph, only 1% of the cells were
gag-positive after six days with this vector (figure 3.13a shows QT 6 cells transfected
with RCAS-ps). Supernatant from the transfected cells was also tested for the presence
of viral particles, the QT 6 transfected cells produce a lower number of virus particles,
compared to the number produced by the CEF(O) (figure 3.13b shows cells infected
with RCAS-Ps). The poor efficiency of the spread of the RCAS vector in QT 6 cells has
since been confirmed (Petropoulos and Hughes, 1991). In contrast the CEF(O) cells
transfected with the RCAS (BP) constructs were 70% positive for viral protein after 6-7
days (see figure 3.14). Petropoulos and Hughes showed that even with the higher titer
RCAS(BP), the efficiency of viral transfection/production is greater in CEF, than in QT 6
cells, therefore I did not use QT6 cells for viral production.

3.2.4 - Harvesting and titering the virus supernatant

Once the cells were found to be 100% positive for viral gag proteins, the supernatant
was removed from the cells and stored in 0.5 - 1 ml aliquots at -70®C. To determine the
titer of these aliquots a vial was removed from -70®C and quickly thawed at 37°C. This
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a) QT6 cells transfected with RCAS-ps
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(a) CEF(O) transfected with RCAS(BP)-ps
(b) CEF(O)
Both cultures were stained with a monoclonal antibody 3C2 to viral gag proteins
Scale bar = 30 |im.
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unconcentrated supernatant was titered by infecting either QT6 or CEF(O) with varying
dilutions of virus. The QT6 cells presented no problems when used for titering. The QT6
cells can be infected by RCAS but the spread after the initial infection was very poor,
which was perfect for titering, as only the initial infection is required and not reinfection.
The cells were then reincubated at 37®C and fixed after 18 hours. The cells were
incubated for 18 hours to allow time for integration and expression of the viral genes
(reviewed by Cepko, 1992), but not enough time to allow infected cells to begin
producing more virus particles that would result in a false titer. After fixing, the cells
were stained with the antibody 3C2 (see figure 3.13b), and the virus titer calculated by
taking into account the area of the well, the number of gag-positive cells and the dilution
factor. In each well, five random areas were counted and then the average number of
positive cells used in the calculation. The lowest dilution tends to show the highest titer,
the values for each of the dilutions were averaged to get a mean titer.

Another method to calculate viral titers is the agar overlay method devised by Stoker and
Bissell (1987). In this, CEF are infected with dilutions of virus and overlaid with agar,
5-7 days later, the foci of infected cells are detected by immunocytochemistry. I decided
to use the more basic method that I have described, as it was convenient and accurate
enough for our purposes. It may have underestimated the titer, as 18 hours may not be
long enough for integration and expression of all viral genes. The lowest dilution used
for titering was 10“^. When these cells were stained with 3C2, a very small proportion
stained positive for virus. These were not clustered, suggesting that the virus was being
integrated into the cells, but that new particles were not being produced. I also observed
that if undiluted viral supernatant (approximately 10^ viral particles per ml) was used for
titering, after 18 hours all the cells became positive for viral proteins. Therefore to
prevent the cells becoming saturated with virus, the titering was done with dilutions of
viral supernatant.
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Initially, before CEF growth was optimised, the viral titers with RCAS were 10^ viral
particles per ml. Once the growth was optimised, the titers increased to approximately
10^/10^ viral particles per ml for the RCAS constructs and 10^ particles/ml for the
RCAS (BP) constructs. Titers of 10^ particles/ml were sufficient for in vitro assays (see
chapters 4 and 5).

3.2.5 - Concentration of viral supernatant

The titers of 10^ particles/ml that I obtained were not sufficient for infecting chick
embryos in vivo. To obtain higher titers I concentrated the viral supernatants. Two
methods were used to see which gave the higher titers, Centron-30 microconcentrators
and ultracentrifugation. The Centron-30 method (Stoker et aU 1990) did not increase the
titer enough. In contrast, concentrating by ultracentrifugation increased the titer by up to
100-fold. The pellets, obtained by ultracentrifugation, were either resuspended
immediately or shaken gently at 4®C for one hour. I found that higher titers were
obtained if the pellets had been shaken first in order to loosen them. When resuspending
the pellets, care was taken not to create air bubbles in the supernatant, as this destroys
the viral particles. The concentrated supernatant was then snap frozen in either liquid
nitrogen or dry ice, and stored in 20 pi aliquots. The reason that such small aliquots
were frozen, was because continuous freeze/thawing of aliquots results in a loss of titer,
so each aliquot was thawed only once. Any supernatant not used was discarded. The
concentrated supernatants were titered as described and were found to have titers of
between 10^ -10^ particles per ml.

3.3 - Discussion

As a result of the work described in this chapter, I established the conditions for
generating high titer stocks of recombinant RCAS and RCAS(BP) retroviruses in our
laboratory. In setting up this system I encountered two main problems. Firstly, with the
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CEF(O) and secondly, with the RCAS vector. The CEF presented problems in trying to
maintain them in culture. I had difficulty in keeping them in a sub-confluent state. As
described in this chapter, if they were at too low a density they did not grow, whereas at
too high a density they came off the tissue culture dish in a single sheet. Once I had
ascertained the best medium to culture them in and the optimum number of cells to
passage them at, they grew very well. I needed very healthy and well growing
fibroblasts because, in order to obtain high viral titers, good cell proliferation was
crucial.

The second problem was with the RCAS vector. The initial titers with this vector were
approximately 10^ viral particles per ml, which increased to lO^-lO^ viral particles per
ml, once I had overcome the cell culture problems. I found that by using the RCAS (BP)
vector, I was able to increase the titers at least ten fold to 10^ viral particles per ml. The
latter titers of 10^/10^ viral particles per ml were sufficient for the in vitro experiments
(see chapters 4 and 5).

For in vivo experiments a higher titer was required, as I wanted to inject a small volume
of viral supernatant into selected areas of the chick embryo. I used the RCAS (BP)
vectors for these experiments, as they spread better in vitro and I could obtain higher
titers for these constructs, compared to the RCAS titers. I obtained higher titers by
ultracentrifugation, and these were between 10^-10^ viral particles per ml. I have used
these methods of obtaining virus particles for several constructs, including RCAS(BP)B4 and RCAS(BP)-p (see chapters 4 and 5). Subsequently, others in our laboratory
have used them to obtain high titer virus stocks encoding BMP-2, Msx-1 and FGF-4.
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CHAPTER 4
Expression of human RAR-P2 in the developing chick wing using RCAS
and RCAS(BP).

4.1 - Introduction

The aim of the work described in this chapter was to investigate the effects of
overexpressing RAR-p using the retroviral vectors RCAS and RCAS (BP), due to the
interesting expression patterns of this gene during chick embryonic limb and face
development.

4.1.1 - RAR-p in chick limb development

In early limb development, at stage 20, RAR-p transcripts are expressed at high levels in
the mesenchyme of the proximal part of the bud, adjacent to the body. In contrast levels
are barely detectable above background in the more distal regions (Noji et al, 1991;
Schofield et al, 1992). As development progresses this proximal area of expression
becomes more restricted and forms a core of RAR-P transcripts. By stage 27, this core
seems to correspond to the area of the developing shoulder and extends distally to the
head of the developing humerus. Transcripts are also detected in the ectoderm of the limb
bud. A similar distribution is seen for RAR-P transcripts in the early mouse embryo
(Dolle etal, 1989).

At later stages in development, RAR-p transcripts are seen in mesenchymal cells located
in the interdigital regions which are associated with cell death (Dolle et al, 1989). Due to
the expression of RAR-P proximally in the limb bud it is possible that RAR-p is
involved in the patterning of proximal elements, such as the shoulder. In later
development the interdigital expression of RAR-p may be involved in either programmed
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cell death or in inhibiting cartilage formation, hence resulting in spaces between the digits
(Mendelsohn et al, 1991). The expression of RAR-p in the chick limb appears to be
position dependent. Schofield et al (1992) showed that by grafting proximal tissue that
expresses RAR-P, distally, under the ectoderm, the levels were down regulated. Tissue
that was not in contact with the ectoderm retained its level of transcripts. Distal tissue
grafted proximally, exhibited a slight upregulation of RAR-p transcripts.

RA when applied locally to the chick limb bud, induces the expression of RAR-p
transcripts distally (Noji et al, 1991). Due to the effects on limb morphology caused by
RA (see Chapter 1) and the restricted expression domains of RAR-p, we thought it
would be interesting to see what effect on the pattern would occur by expressing this
gene ectopically in the limb bud, as expression will not be restricted to the proximal
region. Successful ectopic expression of RAR-p in the wing, either due to the ectopic
expression of the gene or the combined expression of the gene and its binding to
endogenous retinoic acid, may alter the pattern of skeletal elements. This may be by
inhibiting the development of cartilage of the more distal structures or affecting their
morphology as the endogenous expression of RAR-P suggests that is involved in the
development of proximal structures and not distal.

4.1.2 - RAR-P expression in embryonic chick facial primordia

The chick face is formed from a set of primordia populated by mesenchymal cells
originating from the cranial neural crest. The frontonasal mass, lateral nasal processes
and maxillary primordia give rise to the upper beak, whilst the mandibular primordia
give rise to the lower beak. At stages 20, 24 and 28, RAR-p transcripts were detected at
high levels in the upper beak primordia and at much lower levels in the mandibular
primordia (Rowe et al, 1991). Transcripts were abundant in the anterior part of the
maxillary primordia, but not present in the posterior parts. High levels were also seen at
the edges and the comers of the frontonasal mass and the lateral nasal processes. RA
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affects the development of the face if exogenously applied. It results in the failure of
outgrowth of the frontonasal mass, which in turn fails to fuse with the lateral nasal
processes and the maxillary primordia, resulting in bilateral clefting of the primary
palate. It is interesting that the areas that express RAR-P transcripts can be affected by
RA, and areas that are negative or have very low levels of RAR-p transcripts (for
example mandibular primordia) are not affected by RA. It is therefore possible that RARP is involved in mediating the effects of the RA-induced upper beak defect. We thought
it would be interesting to overexpress RAR-p and see if the normal facial pattern was
altered, perhaps causing truncations in beak development, as RA has this effect on beak
formation and upregulates the endogenous levels. Ectopic RAR-p on its own could
possibly mediate the same effect or by binding to free endogenous RA. It would also be
interesting to overexpress RAR-p in the mandibular primordia and add RA and see if this
affected the normal phenotype of the lower beak.

The approach we took was to use the replication competent retroviral vectors, RCAS and
RCAS (BP). Human RAR-p cDNA sequences, derived from the RAR-P2 isoform, were
inserted into this vector, the human insert has a high homology to chick RAR-p and
should function in chicken cells. Human RAR-P has been inserted into the vector RCAS
in both orientations, sense and antisense (see chapter 3), and these constructs have been
used to infect chick embryonic wing buds and facial primordia. The antisense construct
was used as a control as it does not encode functional protein.

The RCAS (BP)-p constructs were used to express RAR-p ectopically in the developing
chick wing. Four methods were used to try and obtain maximal spread of the virus.
These were microinjection of viral supernatant directly into the wing primordia, grafting
in pellets of transfected cells into the limb bud, making reaggregates of limb buds and
making recombinants of limb buds. The reason for making reaggregates was that the
individual cells of the mesoderm came into contact with virus, as reaggregate limbs are
made by isolating, dissociating, reaggregating and finally jacketing leg bud mesoderm
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cells into a fresh leg bud ectodermal jacket and then grafting on to a host embryo. These
reaggregates can develop into limbs with often well-defined terminal parts, but tend to
lack characteristic differences along the a-p axis (MacCabe et aU 1973). We also made
recombinants, as the technique is very similar to that for reaggregates, but the cells are
not disaggregated and therefore display a better differentiation of digits (MacCabe,
1974). As the mesoderm is soaked in virus before jacketing, this allows a higher surface
area of cells to come into contact with viral particles, than infection by microinjection.
The embryos were analysed for spread of the viral constructs by wholemount in situ
hybridisation, which involved using sense and antisense dioxigenin riboprobes to
antisense and sense transcripts of hRAR-P, respectively.

Our initial aim was to infect chick embryos in vivo and see if the virus spread in the
embryo. Secondly we wanted to see if the normal phenotype of the embryo was affected
by ectopic RAR-p, and thirdly if the construct expressed RAR-p and encoded functional
protein.

4.2 - Results

4.2.1 - Infection of the viral constructs, RCAS(BP)-(3 and RCAS-|3

4.2.1.1 - Infection of RCAS-p in vitro

4.2.1.1.1 - Radioactive in situ hybridisation

To check the spread of the viral construct in vitro and that the hRAR-p probes were
species-specific, CEF(O) were plated out on to glass slides and then infected with either
sense or antisense RCAS-p viral supernatants. Dr. A. Rowe then probed these with
either a 35s-labelled antisense RNA probe specific for hRAR-p transcripts or with a ^^Slabelled sense probe.
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The sense transfected cells hybridised with the antisense probe, showed labelling (see
figure 4.1a). As a control they were also hybridised with the sense probe, no labelling
was observed (see figure 4.1b). In contrast hRAR-|5a showed no labelling with the
antisense probe (figure 4.2a), but did with the sense probe (figure 4.2b).

4.2.1.2 - Infection of RCAS(BP)-|3 in vivo

4.2.1.2.1 - Microinjection of RCAS(BP)-P into the developing chick embryo

The RCAS (BP) constructs were used to infect chick embryos in vivo, as this vector has
been shown to spread more efficiently in vitro than RCAS.

The titers of the concentrated virus stocks were :
RCAS (BP) hRAR-p sense

4.4 - 6 .8 x 10^ viral particles per ml.

RCAS (BP) hRAR-p antisense

5.4 x 10^ - 1.8 x 10^ viral particles per ml.

Virus was injected into the developing right wing primordia of chick embryos ranging
from stages 7+ through to 16. Figure 4.3 shows a fate map of the developing wing,
which was used to determine where to inject the viral supernatant (Chaube, 1959). The
embryos were operated on at an early stage to obtain good viral spread. The embryos
were harvested between 2 and 5 days after manipulation. Previous work using this
vector has shown that the entire limb bud should be positive for viral spread after 48
hours (Morgan et al, 1992). After harvesting the embryos, they were fixed in 4%
paraformaldehyde and then wholemount in situ hybridisation to hRAR-P transcripts was
carried out to see the spread of virus.
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Figure 4.1
Radioactive in situ hybridisation on cells infected with RCAS-fs
a) hybridised with an antisense RNA probe
b) hybridised with a sense RNA probe. Scale bar = 20 |im.
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Figure 4.2
Radioactive in situ hybridisation on cells infected with RCAS-(3a
a) hybridised with an antisense RNA probe
b) hybridised with a sense RNA probe. Scale bar = 20 |im.
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Figure 4.3

Outline o f successive em bryonic stages 7-13 (A -H ) and stage 17-18 (I), with the
prospective wing and leg regions (the upper two rows o f dots represent the wing regions
and the lower two rows the leg regions). The centre o f the node is indicated by (X). The
solid horizontal line by the side o f the marks in each o f the diagrams represents the
approximate lateral extent o f the wing area in each o f the stages. Arrow in C indicates
rapid expansion o f intermediate flank material.

.(Reproduced from Chaube, 1959).
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Of 148 embryos injected with the sense construct, 42 survived. All were analysed by
wholemount in situ hybridisation with a species-specific human RAR-p antisense probe.
34 had no detectable hRAR-p transcripts. 8/42 showed limited spread of the virus from
the site of injection. Figures 4.4 and 4.5 show distribution of hRAR-p transcripts within
the embryo. Some injections were carried out directly into the neural tube. When these
embryos were analysed for viral spread (as above) no hRAR-P transcripts were
observed in any of the cases. Table 4.1 summaries the results of injections with the
sense construct.

39 injections with antisense viral supernatant were also carried out to act as controls.
14/39 survived and were analysed for viral spread. The same problem was found as with
the sense injections, that the viral construct was not spreading within the limb bud (see
table 4.2 for summary of the antisense injections). Due to the lack of success we had
with the injections, we decided upon a different approach to express hRAR-p ectopically
in the developing chick wing.

4.2.1.2.2 - Grafts

A pellet of transfected RCAS(BP)-ps cells was grafted into the right wing bud. Prior to
grafting, a parallel culture of cells was stained with the monoclonal antibody 3C2 to gag
to ensure that the cells were 100% positive for the virus. The idea was that the graft
would be continuously producing virus from each cell, thus acting as a localised source
of virus enabling the entire limb to be infected. This was not the case. When the grafts
were harvested and analysed for hRAR-p transcripts, all showed very patchy
expression, a very small proportion of cells were infected. It would have been expected
that if not all the cells within the limb bud were positive for hRAR-p transcripts then at
least a high proportion of cells should be. Table 4.3 is a summary of the grafting
experiments.

Figure 4.4
Distribution of hRAR-P transcripts in the embryo after injection with RCAS(BP)-ps at stages
8+

and

11 +.

a) Infection of leg, 4 days post infection, stage 28
Injected at stage 11+, with concentrated supernatant
Scale bar = 300 |im.
b) Infection of wing bud, dorsal surface, 4 days post infection, stage 27
Injected at stage 8 +, with unconcentrated supernatant
Scale bar = 200 ^im.
c) Symmetrical expression of hRAR-p transcripts in the somites, 4 days post infection,
stage 28
Injected at stage 11+, with concentrated supernatant
Scale bar = 300 |im.

144
a)

i

b)

c)

145
a)

b)

Figure 4.5
Distribution o f hRAR-p transcripts in the embryo after injection with RCA S(BP)-ps at stage
14.
a) Infection o f the ventral surface o f a chick leg, 5 days post infection, stage 31
Injected at stage 14, with concentrated supernatant
b) Infection o f the dorsal surface o f a chick leg, 5 days post infection, stage 31
Injected at stage 14, with concentrated supernatant
Scale bar = 250 p.m.
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Stage

days*

no. of embryos
injected

viral spread

7+
8+

4
3

1

no spread
head/neck
2 cases, no
spread
wing, leg, face, (+)
right wing
posteriorly

8+

4

1

9

3

1

no spread

3

1
6

nospread
1 no spread
5 no spread

3

2

9+
10

2

3

10+

2,3,5

3

no spread

11 -

3,4

2

no spread

11

4
5
4

1

no spread
1 spread - tail
1 spread - right
wing, leg, back
between legs
1 no spread
1 spread - right
and left wing,
symmetrical pattern
3 no spread
1 - right leg
3 no spread

11+

12-

3

3
4

4

2,4
4

12

2
2

13-

2

1

no spread

13+

2

2

no spread

14-

4

5

14

5

2

no spread
1 spread left and right limb
1 spread tail,
base of back, small
amount right wing

15-

2

1

no spread

15

2

1

no spread

x 2, 1x5

Table 4.1
Table of spread of RCAS(BP)-ps in the chick embryo by microinjection
* number of days after infection on which the embryos were harvested
(+) injected with unconcentrated supernatant - titer

1.1

x

10 ^
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Stage

days*

no. o f em bryos viral spread
injected

9

3

1

no spread

9+

3

1

no spread

10-

3

1

no spread

10

3

1

no spread

10+

3

1

no spread

11

5

1

limbs and left flank

11+

2

1

no spread

12

2

1

no spread

12+

2
4

2
3

no spread
1 spread mesoderm of right
limb and right neck
2 - no spread

1

no spread

15

2
16

4

Table 4.2
Table of spread of RCAS(BP)-pa in the chick embryo by microinjection
* number of days post infection on which the embryos were harvested
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a)

Stage

no. of embryos with distribution of
grafts

21

distal

hRAR-0 transcripts
1

slight spread in graft

21

distal

1

patchy spread in graft

22

distal

1

23 distal

1

patchy spread in graft
patchy spread in graft,
slight spread in host
limb

23 distal

1

patchy spread in graft

24 distal

1

24 distal

1

patchy spread in graft
very slight spread,
approx. 1 % of cells

b)

stage

n o . of embryos with distribution of

grafts

hRAR-P transcripts

19 distal

1

no spread

distal

1

no spread

21

Table 4.3
a) Table of grafts of transfected RCAS(BP)-ps cells into the right wing of the chick
embryo
b) Table of grafts of transfected RCAS(BP)-|3a cells into the right wing of the chick
embryo
Grafts were performed with Dr. M. Richardson in our laboratory. I prepared the
transfected cells and analysed the embryos.

149
4.2.1.2.3- Recombinant limbs

The next approach was to make recombinant limbs, where the limb bud is dissected off
an embryo and soaked in viral supernatant. By soaking an entire limb bud, a large
surface area, both the ectoderm and mesoderm, is coming into contact with viral
particles. The recombinant was grafted on to a host limb and reincubated. The embryo
was harvested 48 hours later, having allowed enough time for the virus to be integrated
and replication to occur. These were analysed for viral spread by wholemount in situ
hybridisation with a dioxigenin antisense hRAR-P RNA probe. No transcripts were
visible, see table 4.4.

4.2.1.2.4 - Reaggregates

The final approach was to make reaggregate limbs. The reaggregate limb (see methods)
was pinned on to a host limb, and the host embryo reincubated. The embryos were
analysed for hRAR-p transcripts. In two cases the reaggregates were positive for
transcripts (figure 4.6), but we never managed to repeat this result, despite using the
same viral stocks and conditions. Table 4.5 summaries the reaggregate limbs made.

The limb manipulations carried out by microinjection, reaggregates and recombinants all
had normal phenotypes.

4.2.1.2.5 - Microinjection into the facial primordia

12 injections were carried out in the facial primordia. Again the mortality rate was very
high. The surviving embryos were analysed by wholemount in situ hybridisation. The
spread of virus was very poor and the phenotype normal.
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Stage

no. o f cases

spread o f
hR AR-p m RN A
transcripts

163

1

no spread

173

1

no spread

l? i

1

no spread

181

1

no spread

191

1

no spread

191

1

no spread

2Q3

1

no spread

20/212

1

no spread

Table 4.4

Table of recombinants of RCA S(BP)-ps infected limb buds, grafted on to the right wing
of the chick embryo.
1

- recombinant pinned on to host wing

2

- wing removed, recombinant pinned on

3 - recombinant placed into coelom with tip protruding.

Recombinants were prepared with Dr. M. Richardson. I prepared the virus and analysed
the embryos.
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a)

b)

Figure 4.6
a) Viral spread in a reaggregate limb
b) Control reaggregate limb
Scale bar = 125 |im.
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Stage
21

no. cases
1

spread o f hRAR-p
transcripts
spread, normal
phenotype *

22

1

spread, normal
phenotype *

24

1

reaggregate fell off, some
spread

24

1

reaggregate fell off, some
spread

Table 4.5
Table of reaggregates infected with RCAS(BP)-ps.
* left for 2 days before harvesting, other two left for 3 days

Reaggregates were performed with Dr. M. Richardson. I prepared the virus and
analysed the embryos.
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4.2.2 - Expression of hRAR-p

4.2.2.1 - Northern blot

A northern blot was performed with polyA+ mRNA extracted from CEF(O) that had
been transfected with RCAS(BP)-ps, RCAS(BP)-Pa and also from untransfected
CEF(O). The northern was probed with a ^^P-CTP-labelled antisense riboprobe specific
for the hRAR-p insert in the sense viral construct. The RNA extracted from the
untransfected cells was present to act as a control to ensure there was no cross
hybridisation to any sequences within the CEF(O). After hybridisation with the antisense
probe, the filter was probed with a sense probe to the transcripts in the RCAS(BP)-pa
transfected cells.

Transcription will begin in the 5' LTR of the provirus when it has integrated within the
cell, to produce three transcripts by alternative splicing. The primary transcript (I) is the
full length sequence containing the gag pol env and hRAR-p sequences and encoding
gag and pol protein. The gag and pol sequences will then be spliced out producing a
smaller transcript (II) containing env and hRAR-p sequences and encoding env protein.
The third transcript (III) will contain just the hRAR-p sequences, as the gag, pol and env
sequences will all be spliced out. This transcript should encode functional RAR-P
protein. The expected sizes of these transcripts are 8.5, 4.7 and 2.8 kb respectively
(figure 4.7). Figure 4.8 shows the polyA-i- northern of uninfected CEF(O) and CEF(O)
transfected with RCAS(BP)-ps and hybridised with an antisense probe. All three
transcripts were detectable and corresponded to the sizes expected. The 2.8 kb transcript
was in very low abundance compared to the 8.5 and 4.7 kb transcripts. Figure 4.9
shows the polyA+ northern of uninfected CEF(O) and CEF(O) transfected with
RCAS(BP) Pa and hybridised with a sense probe. Again the three transcripts were the
size expected and the 2 .8 kb was in low abundance.
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hRAR-p
LTR
SD

LTR

env

gag
SA

expected
size of
transcript

SA

“► full length

^

env mRNA

RAR-p
mRNA

Figure 4.7

Map of RCAS(BP) hRAR-P, showing the expected sizes of the three transcripts.
SD, splice donor site; SA, splice acceptor site

8.5 kb
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Figure 4.8
PolyA+ northern blot.
1: CEF(O)
2: CEF(O) infected with RCAS(BP)-ps
The filter was hybridised with an antisense ^^P CTP probe (the template DNA was
linearised with Hind III and transcribed with T3).
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8.5 Kb
4.7 Kb
2.8 Kb

Figure 4.9
PolyA+ northern blot.
1: CEF(O)
2: CEF(O) infected with RCAS(BP) (3a
The filter was hybridised with a sense 32p CTP probe (the template DNA was linearised
with Bam Fil and transcribed with T7).
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4.2.22 - Assays for hRAR-p protein in virus infected cells

The northern blot showed that the hRAR-p mRNA was in very low abundance. To see if
protein was being translated we looked in various ways, by immunocytochemistry,
western blot, a functional transactivation assay and a functional binding assay.

4.2.2.2.1 - immunocytochemistry

CEF(O) were infected with RCAS-p virus in both sense and antisense orientations.
These cells and uninfected cells were fixed with 2% paraformaldehyde and stained with
monoclonal antibodies (AbSP, Ab7p and Ab6 P) to human RAR-P protein. The dilutions
of primary antibody used were : 1/ 1 0 0 0 , 1/ 1 0 ,0 0 0 , 1/ 1 0 0 ,0 0 0 and each was used in
duplicate. Parallel cultures were stained with 3C2 antibody to gag viral proteins, to
ensure the viral constructs had spread throughout the cells. The cells showed non
specific staining with the hRAR-p antibodies (see figure 4.10), either due to cross
reacting with chick RAR-p or other proteins in the cells.

The experiment was repeated using QT6 cells infected with the viral constructs and the
same dilutions of primary antibody were added. The reason for using different cells was
to try to eliminate non-specific binding. This was not the case, there was less
background but still only non-specific staining.

The experiment was again repeated with the QT6 cells. On this occasion after the cells
had been fixed with 2% PFA, they were washed for 5 minutes with 0.1% Triton X-100
in PBS, to permeabilise the cells. Again the results showed no specific staining for
RAR-P protein.
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Figure 4.10
(a) Cells transfected with RCAS-(3s and stained with a monoclonal antibody to hRAR-p.
(b) Cells transfected with RCAS-pa and stained with a monoclonal antibody to hRAR-p.
Scale bar = 30 |im.
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4.Z2.2.2 - western blot

As only non-specific binding was observed with the immunocytochemistry, a western
blot was carried out. The hRAR-p protein should be present as a band of 50,000 Mr,
therefore with the western blot I expected to see a band of this size as well as non
specific bands. QT6 cells were used in preference to O line cells, because there was less
background staining with the immunocytochemistry.

QT6 cells were transfected with the viral constructs RCAS-Ps and RCAS-pa. Protein
extracts of these cells, along with extracts of untransfected QT6 cells were run on a
western gel and blotted on to a nitrocellulose filter. This filter was then incubated with
Ab6P and AbSP antibodies. Before the western was performed, parallel cultures of the
transfected QT6 cells were stained with the monoclonal antibody 3C2 to ensure the cells
were positive for viral gag protein. The results of the western blot showed the presence
of many bands (see figure 4.11). The band expected for the RAR-p protein was around
50,000Mr, no band of this size was seen specific to the RCAS-ps transfected cells. The
western was repeated but the same results were obtained.

4.2.2.2.3 - CAT assay

As the antibodies did not seem to be specific for hRAR-p protein, CAT assays were
performed to see if there was an increase in transcriptional activation of the CAT gene in
response to RA in the RCAS(BP)-Ps transfected cells.

Cells were transfected with RCAS(BP) Ps and RCAS(BP) Pa viruses. Seven days post
transfection, some cells were taken and stained with 3C2 to ensure the cells were
positive for gag viral protein. The cells were then transfected with (TRE3)3-r/:-CAT.
(TRE3)3-t^-CAT contains the chloramphenicol acetyl transferase (CAT) gene under the
control of the herpes simplex virus thymidine kinase gene promoter and a synthetic TRE.
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Figure 4.11
Western blot of RCAS-ps, RCAS-Pa and QT6 cells, incubated with a RAR-P antibody.
1, QT6 RCAS-ps; 2, QT6 RCAS-pa; 3, QT6 RCAS; 4, rainbow marker
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If the virus construct was producing ectopic RAR-p, then the amount of CAT activity
should have been higher in the sense transfected cells than the antisense, due to
transcriptional activation in the presence of RA.

The CAT assay showed no increase in CAT activity in the sense transfected cells in the
presence of RA. Both sense and antisense cells exhibited some CAT activity, which
must have been due to endogenous RARs (see figure 4.12).

A second CAT assay was carried out, co-transfecting the cells with either sense or
antisense RXR constructs (Eager et al, 1991). The reason for this is that for the RAR-P
to respond to RA it needs to form a heterodimer with RXR and the levels of RXR may
not be high enough in these cells. It has been shown that the binding of RARs to their
response elements is strongly enhanced in vitro by the formation of heterodimers with
the RXRs (Schrader et al, 1993).

The results of this assay showed increased CAT activity for the sense and antisense
hRAR-p cells co-transfected with sense RXR and treated with RA (see figure 4.13,
tracks 1,2,7,8). This would indicate that the formation of RAR-RXR heterodimer does
increase the binding of RARs to the response element, thereby causing elevated levels of
CAT activity. As both viral constructs exhibited the same amount of CAT activity, it can
be concluded that the endogenous RARs are producing this result and not the human
RAR-p. The results of this assay indicate that human RAR-p is not being produced in
the sense transfected cells. However this is not conclusive as this assay may not be
sensitive enough to detect the human RAR-p.

4.2.Z2.4 -

RA assay

I performed this assay with Dr. M. Hewison, Jules Thom Institute, Riding House
Street, London.
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Figure 4.12
CAT assay o f QT6 cells transfected with RCA S-ps and RCAS Pa.
a) +, positive control; -, negative control (see Methods); Lanes: 1-3, QT6 RCAS ps, 10
% RA; Lanes: 4-6, QT6 R C A S-ps, ethanol
b) +, positive control ; -, negative control (see Methods); Lanes: 7-9, QT6 RC A S-pa,
ethanol; Lanes: 10-12, QT6 RCAS-pa, lO'^M RA
The CAT assays were normalised for transfection efficiency (Gorman etal, 1985) with
P-galactosidase, plasmid PCHIIO (Lee etal, 1984).

"i

Figure 4.13
CAT assay of CEF(O) transfected with either RCAS(BP)-Ps or RCAS(BP)-pa. These
cells were co-transfected with sense (s) RXR or antisense (a) RXR.
a) +, positive control; -, negative control (see Methods); Lanes: 1,2 RCAS(BP)-Ps,
sRXR, lO’^M RA; Lanes: 3,4 RCAS(BP)-ps, sRXR, ethanol; Lanes: 5,6 RCAS(BP)Ps, aRXR, lO’^M RA; Lanes: 7,8 RCAS(BP)-ps, aRXR, ethanol
b) +, positive control; -, negative control (see Methods); Lanes: 9,10 RCAS(BP)-Pa,
sRXR, 10"5m RA; Lanes: 11,12 RCAS (BP)-pa, sRXR, ethanol; Lanes: 13,14
RCAS(BP)-Pa, aRXR, 10 % RA; Lanes: 15,16 RCAS(BP)-Pa, aRXR, ethanol
The CAT assays were normalised for transfection efficiency (Gorman et al, 1985) with
p-galactosidase, plasmid PCHIIO (Lee etal, 1984).
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This assay was carried out to see if CEF(O) transfected with RCAS ps contained higher
levels of RARs than control cells. If RCAS(BP)-ps was producing functional protein,
we would expect to see increased levels of

RA binding to their nuclei. The control

was: CEF(O) transfected with RCAS(BP)-Pa. In brief, the cells were incubated with
varying doses of

RA, in the presence or absence of a 2000-fold excess of RA, which

was added to determine the background levels of non-specific binding. The amounts of
bound and free RA were calculated, in order to plot a graph from which the affinity of
the RARs and the number of RARs in each cell type could be calculated (figure 4.14).
The affinity of the RARs was calculated by the change in the y axis/change in the x axis.
This equals 1/F, F, therefore = 1 divided by change in y/change in x fmoles in 100 |il of
cell suspension: Kd (affinity) = 1 x 10^ x F Moles

100
To calculate the number of retinoic acid receptors: intercept on the x axis = Xmax» and
using Avos. number 6.023 x 10^^ divided by 10^ (cells) gives 6.023 x 10^^ and then
converted to fmoles : 6.023 x 10^ (which is therefore multiplied by intercept on x axis),
this gives the number of RARs per cell.

The affinity of the RARs in each cell type was:

1) sense cells - 3.2 x 10'^ M
2) antisense cells -1.54 x 10-9 m

As can be seen the affinity of the RARs in each cell type was very similar.

From the graphs the number of RARs from each cell type was also determined:

1) sense cells -18,069 receptors/cell
2) antisense cells - 17,467 receptors/cell

Figure 4.14
Graphs of

RA bound to nuclear extracts of Œ F (0 ) transfected with RCAS(BP)-ps

and RCAS(BP)-pa.
(a)RCAS(BP)-Ps cells
(b)RCAS(BP)-pa cells
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The number of RARs per cell did appear to be slightly higher for the sense cells when
compared to the antisense cells, but not significantly so. This assay was repeated several
times and each time the results showed no significant increase in the number of RARs in
the RCAS(BP)-(3s transfected cells. If RCAS(BP)-Ps was producing functional protein,
a higher number of receptors would have been expected. It is possible that this assay
was not sensitive enough to detect RARs expressed ectopically. However this seems
unlikely.

4.3 - Discussion

Results from the embryonic manipulations demonstrated that there was very poor spread
of the virus in vivo. The data obtained from the functional assays showed that the
RCAS-ps construct did not seem to be encoding functional protein either in, in vitro or
in vivo systems.

4.3.1 - Spread of the virus

The injections showed only 8/42 embryos had any spread of virus, as analysed by
wholemount in situ hybridisation to hRAR-p transcripts. The extent of spread in these
embryos was very poor. This contrasts with the results from Morgan et al (1992) using
an RCAS(BP) virus encoding mouse Hox 4.6. They showed by gag antibody staining
100% viral infection after 48 hours in the majority of injected embryos. The majority of
the embryonic manipulations described in this chapter were carried out in O line chick
embryos, which tended to have a high mortality rate.

As the spread was so poor in these injections, other techniques were used to try and
obtain complete spread of the virus in the right wing of the developing chick embryo.
These methods were grafting in pellets of transfected cells, recombinants and
reaggregates. The only drawback of using a reaggregate system is that with reaggregates
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the whole limb has been disaggregated into single cells and then placed in a new
ectodermal jacket, so the limb that develops from this will not have the normal
phenotype. The problem would be that if the effects of ectopic RAR-P were very slight,
would they have been distinguished from the reaggregate phenotype? With these
methods used, I expected to achieve very good spread of the virus, as unlike injecting,
where the amount of virus initially in contact with the limb depends on the targeting of
the injection, the recombinants and reaggregates allow the majority of the limb
mesodermal cells to come into contact with viral supernatant. The transfected cells
grafted in should provide a localised source of a high amount of virus, which should
spread quickly throughout the limb (see chapter 5). Unfortunately, none of these
methods resulted in good viral spread or any phenotypic changes. The facial injections
also showed poor spread of the virus and a normal phenotype.

4.3.2 - Gene Expression

The virus works by three RNA transcripts being spliced from the provirus (the full
sequence encoding, gag pol env and hRAR-P) after it has been integrated into the host
cell's DNA. These are then transported to the cytosol where they are translated. Due to
the nature of the virus, it will spread from cell to cell as well as being passed on to
daughter cells with the host cell's DNA, see chapter 3 (Stryer, 1981). It has been shown
by staining with a monoclonal antibody, 3C2, to gag that the virus is entering the cell,
transcribing and the primary transcript is being translated into protein. The gag products
are cytoplasmic proteins. As it has been proved that this product is present, the vector
itself is being integrated into the host CEF.

The second transcript, encoding env, is also being spliced as shown in the northern blot.
This transcript is important as the envelope protein is host specific and if it were not
functioning, the virus could not enter the cell. The reason that the hRAR-P transcript is
not being spliced correctly is either to do with the second splice acceptor site or with the
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sequences of the insert. As will be discussed in chapter 5, the reason is most likely to be
due to the sequences of the insert than to do with the vector. It is possible that the some
rearrangement has occurred within the hRAR-p insert or that the insert is not compatible
with the vector. The data from the northern blots indicates that the hRAR-P transcripts
observed with the radioactive in situs corresponds to transcripts I and II, which both
contain hRAR-P but not to transcript III which should eventually translate the functional
protein.

The results of the immunocytochemistry did not conclusively prove whether protein was
being translated. The immunocytochemistry appeared to be cross reacting with
endogenous protein, as all the cells, including the antisense cells, had background
staining and no higher staining was observed in the sense transfected cells. The western
blot also showed non specific bands. The expected hRAR-p band of 50,000Mr was not
present in the sense cells, indicating that hRAR-p protein was not being produced from
the viral construct.

In the CAT assay experiment, if the sense transfected cells had been producing
functional RAR-p protein, an increase in the amount of CAT activity would have been
expected. Eager and colleagues (1991) transfected cells with both hRAR-p and cRXR
and the (TRE3)3-r/: -CAT construct and treated them with RA. They found that both
cRXR and hRAR-p transactivated gene expression in response to RA, and that the
response was greater with hRAR-p. In this assay I found that the RCAS(BP) Ps
transfected cells did not transactivate gene expression in response to RA, when
compared to the controls. This result indicates that the RCAS(BP)-ps transfected cells
were not producing hRAR-P protein, hence no increase was seen in the amount of CAT
activity.

The results of the

RA binding assay showed no evidence for hRAR-p protein being

present in the RCAS(BP) Ps transfected cells. No increase in the number of RARs was
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detected. The aim of this assay was to try to ascertain if functional RAR-p was being
produced from the cells transfected with RCAS(BP)-Ps. The control used was cells
transfected with the antisense construct which should not produce any more RARs. The
RA binds to the receptors in the cell and by adding a 2000 fold excess of unlabelled
RA to half the cells at each concentration of

RA, the amount of background labelling

can be eliminated from the calculations. The reason for carrying out the assay is that it
would be expected that the sense cells would show an increase in the number of RARs
due to ectopic receptors being produced by the transfected cells and that from this it
could be concluded that functional protein was being produced, unfortunately this was
not the case. As can be seen from the results of this assay, the sense cells appear to
contain the same number of RARs as the controls. This assay does not provide a clear
answer as to whether the cells are producing an increase in receptors, nor does it show
that the cells are not producing excess numbers of receptors. This assay was carried out
several times and each time no clear deduction was able to be made. The sense
transfected cells always showed approximately the same number of receptors as the
controls or less, therefore either the viral construct is not functioning correctly or this
assay is not sensitive enough to detect an increase in the number of RARs that are being
produced above background levels. It is more likely that the problem lies with the viral
construct and the inserted hRAR-P sequences, as in a similar assay when a cDNAdeduced hRAR protein was inserted into a eukaryotic expression vector pSGl under the
control of an SV40 promoter and transfected into HeLa cells and a

retinoic acid

carried out, the hRAR showed high affinity for retinoic acid in its binding capacity. A
higher level of binding was observed in the transfected cells than in the controls
(Petkovich etal, 1987). This was not observed in the RCAS(BP)-p assays.

The virus spread very poorly in vivo and it seems that transcripts of hRAR-p are being
transcribed, but as shown by the northern the transcript required to translate the message
to protein is present in very low abundance. This seems to correlate with the functional
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assay results that if protein is being produced it is not in high enough levels to be
detected above endogenous levels.
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CHAPTER 5
Ectopic expression of mouse bone morphogenetic protein-4 in the
developing chick wing using RCAS(BP).

5.1 - Introduction

In the previous chapter, I described the experimental work undertaken with two
recombinant retroviruses, RCAS-p and RCAS(BP)-p. These viruses had no effect on
the embryo, presumably because no RAR-P protein was synthesised. In this chapter I
describe experiments performed with another recombinant retrovirus that has been
constructed in our laboratory BMP-4/RCAS(BP), which encodes mouse bone
morphogenetic protein-4 (BMP-4). I describe both in vitro functional assays and in vivo
manipulations performed to observe whether ectopic expression of BMP-4 effects limb
development.

Bone formation in the chick limb occurs by a process known as 'endochondral bone
development'. Mesenchymal cells develop directly into cartilage, the template for bone,
then ossification takes place and bones form (Carrington et al, 1991). It has been
proposed that the BMPs, members of the TGF-P superfamily, are involved in this
process of proliferation, differentiation and pattern formation of the skeletal elements in
limb development (see introduction, section 1.23). The function of BMP-4 has
previously been assayed in vitro by the use of a micromass assay (Chen et al, 1991).
Micromass cultures represent a model of developing mesenchyme, plated at a high
density to allow the differentiation into cartilage (Ahrens et al, 1977). In micromass
cultures, the addition of recombinant (r) BMP-4 protein causes an increase in cartilage
(Chen et al, 1991). However if the culture was initially treated with Platelet Derived
Growth Factor in order to inhibit the differentiation of mesenchyme into cartilage, and
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then treated with rBMP-4, the effect was reversed (Chen et al, 1992). These findings
support the theory that BMP-4 is involved in cartilage formation.

The distribution of Bmp-4 transcripts has been analysed, during early stages of limb
development, in both the chick and the mouse. In the chick, wholemount in situ
hybridisation analysis shows that Bmp-4 transcripts are expressed in the developing
chick limb buds. At stage 18, transcripts are found throughout the limb bud mesenchyme
and in the AER (Francis et al, 1994). By stage 19 - 24, expression of Bmp-4 becomes
more restricted. One area of expression is found at the anterior margin of the limb bud
and another posteriorly. Lower levels of transcripts are found in the mesenchyme
directly below the apical ridge. At stages 25 and 26, Bmp-4 transcripts are found in the
mesenchyme mainly at the anterior margin, with a smaller area of expression in the
posterior margin. At stages 28 - 30 transcripts are expressed in the necrotic zone between
the developing digits and in mesenchyme surrounding chrondrogenic regions that will
form the long bones and also in the perichondrium (Francis-West et al, submitted).
Bmp-4 transcripts are expressed in the developing mouse limb buds (Jones et al, 1991).
In both mouse and chick, the locations of Bmp-4 transcripts suggest a role for this gene
in the formation of the skeleton of the limb.

If BMP-4 was ectopically expressed in the developing wing bud, it can be predicted that
an increase in the production of cartilage would occur. This is because BMPs are
proposed to play a role in cartilage formation and chrondogenesis (Wozney, 1989). The
question I wanted to ask is: does this occur and if so where does the increase in cartilage
appear, in ectopic sites or at sites where endogenous cartilage will form?

The approach taken to answer this question utilised a retroviral vector encoding mBMP-4
to express this gene ectopically throughout the developing wing bud. Following this,
effects on development of limb skeletal structures were analysed. A mouse Bmp-4
cDNA insert was cloned into the RCAS(BP) retroviral vector (see Chapter 3). The
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mouse insert shows a high homology with chick BMP-4 and therefore should function
in chicken cells. Chicken BMP-4 shares 95% amino acid identity with mBmp-4 in the
carboxyl terminal domain, which is predicted to form mature dimers and is involved in
the production of mature protein (Francis et aU 1994). The constructs RCAS(BP)-B4s
and RCAS(BP)-B4a were used to infect chick embryonic wing buds. The sense
construct will produce the functional protein, whereas the antisense construct will not,
and therefore can be used as a control. The antisense, if it contained sequences of chick
Bm p-4 rather than mouse sequences could possibly act as a knockout, by binding to
endogenous sequences and thus blocking the production of endogenous protein. As the
vector contains mouse sequences, this does not occur.

5.2 - Results

5.2.1 - Northern blot

A northern blot was performed to ensure the viral constructs were splicing correctly.
PolyA+ RNA was extracted from CEF(O) transfected with RCAS(BP)-B4s,
RCAS(BP)-B4a or RCAS(BP). Three transcripts were expected of 8.3, 4.5 and 2.6 kb
(figure 5.1).

The transcripts obtained with the northern blot corresponded to the sizes expected. In
contrast to the splicing seen with the human RAR-p construct, there was efficiently
spliced mBmp-4 mRNA (See figure 5.2).

5.2.2 - The effect of BMP-4 treatment on early xenopus development.

A functional assay was carried out to see if the sense viral construct was producing
functional protein, as no antibodies to mBMP-4 were available. It has previously been
shown that overexpression of XBmp-4 mRNA by microinjection of transcripts into the
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Figure 5.1
Map of RCAS(BP)-B4, showing the expected sizes of the three transcripts.

2.6 kb

175

8.3 kb

4.5 kb

&

2.6 kb

Figure 5.2
PolyA+ northern blot, the filter was probed with an antisense mouse Bmp-4 RNA probe
to the sense Bmp-4 sequences.
Tracks: 1, CEF(O) transfected with RCAS(BP); 2, CEF(O) transfected with RCAS(BP)B4a; 3, CEF(O) transfected with RCAS(BP)-B4s
(template linearised with EcoRl, transcribed with SP6)
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animal hemisphere of the fertilised egg will result in ventralisation of the developing
embryo and that XBMP-4 activity can override the elongation effects of Activin (Dale et
al, 1992; reviewed by Smith and Howard, 1992). Therefore, this seemed to be a perfect
assay in which to test whether our Bmp-4 viral construct was producing functional
protein. I gave viral supernatants from RCAS(BP)-B4s and RCAS(BP)-B4a transfected
cells, which were collected 11 days post transfection to Dr. L. Dale, Anatomy
Department, UCL and he carried out the assay.

Xenopus animal caps were isolated from mid-blastulae stage embryos and incubated in
1:5 dilution of RCAS(BP)-B4s supernatant: NAM (Normal Amphibian Medium (Slack,
1984)) (v/v) or 1:5 dilution of RCAS(BP)-B4a supernatant: 10% NAM (v/v) in the
presence or absence of Activin A (25 units/ml). The results showed that the Bmp-4 sense
supernatant was an inducer of ventral mesoderm. In contrast, the antisense supernatant
had no effect on the caps (Figure 5.3 shows (a) the caps with antisense supernatant
added and (b) with sense added). The caps grown in the antisense supematant/NAM in
the presence of Activin A exhibited the normal characteristics of Activin treated caps (see
figure 5.3 (c)). The elongation seen is a consequence of the induction of dorsal
mesoderm (i.e. notochord and muscle) in response to Activin. In contrast the caps
maintained in sense Bmp-4 supematant/NAM did not elongate in response to the Activin.
The effect of the BMP-4 had overridden that of the Activin, resulting in ventralisation of
the caps (see figure 5.3 (d)).

These results demonstrate that biologically active, secreted protein was being produced
from the RCAS(BP)-B4s viral construct. The RCAS(BP) virions should not infect
Xenopus cells, due to it being an avian virus, specific for envelope sub-group A.
Therefore, the effect seen was due to protein that had previously been secreted from the
CEF(O) that the supernatant was harvested from.

Figure 5.3
Xenopus animal caps treated with either RCAS(BP)-B4a or RCAS(BP)-B4s, with or
without Activin A.
(a) The caps with antisense supernatant added
(b) The caps with sense supernatant added
(c) The caps grown in the antisense supematant/NAM in the presence of Activin A
(d) The caps grown in the sense supematant/NAM in the presence of Activin A
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5.2.3 - Ectopic expression of RCAS(BP)-B4 in vitro.

To see what effect BMP-4 has on an in vitro model of developing limb mesenchyme,
micromass cultures were prepared from stage 20 limb buds (see section 2.6.5) and
infected with RCAS(BP)-B4s and RCAS(BP)-B4a supernatants. The micromasses were
infected with the constructs on the day after they were plated out and again on day 3.
They were then reincubated until day 6, when they were fixed in 4% paraformaldehyde
and stained for cartilage with alcian blue. Some of the cultures were made from O line
chick limb buds, so that the spread of the virus could also be analysed by staining with a
monoclonal antibody 3C2 to gag protein.

A definite effect was observed when micromass cultures were infected with RCAS(BP)B4s. In the higher titer infections, the micromasses curled up and either came off the
plate, or remain adhered at just one point of the clump of cells (see figure 5.4). This
effect was not observed in the controls except in one case out of ten, where a small
change was seen. The micromasses made with O line mesoderm, that were stained with
3C2, showed that every cell was positive for viral gag protein, when they were fixed six
days post infection. Table 5.1 shows the number of micromasses made and the effect on
their morphology.

5.2.4 - Ectopic expression of RCAS(BP)-B4 by microinjection in vivo

The injections were carried out using concentrated viral supernatant, the titer of the sense
construct was 5.8 x 10^ viral particles per ml and the antisense construct was 2.5 x 10^
viral particles per ml.

5.2.4.1 - Early Injections with RCAS(BP)-B4s

Some early injections were carried out to check the virus was spreading in vivo, these

Figure 5.4
Micromass cultures infected with RCAS(BP) viral supernatants
a) RCAS(BP)-B4s viral supernatant
b) RCAS(BP)-B4a viral supernatant
c) RCAS(BP) viral supernatant
Scale bar = 500 pm.
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no. curled up

dilution of
virus
RCAS(BP)B4s
RCAS(BP)
-B4a
RCAS(BP)
no virus:
micromass
medium

1:2

1:10

6c/6

2c/2

2c/2

Oc/1*

Oc/4

lc/2^

Oc/2

Oc/2

Oc/5

Oc/2

Oc/2

Oc/2

Oc/4

Oc/2

Oc/2

Oc/2

neat

1:100

Table 5.1
Table to show the number of viral infected micromasses and the effect of the virus on
their morphology.
c - curled up
* - the morphology of the micromass was normal, but when stained for cartilage with
alcian blue, the micromass stained darker with more cartilage nodules than micromasses
infected with the antisense and vector viral dilutions of 1:100, indicating that more
cartilage was present.
X- micromass curled up but not to such an extent as the sense viral infected cultures
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were harvested up to six days post-injection. The injections were analysed by
wholemount in situ hybridisation to transcripts of mBmp-4 and were carried out between
stages 9 and 14+. Figure 5.5 illustrates the early spread of an embryo injected at stage 9
with RCAS(BP)-B4s. Table 5.2 shows the summary of spread of mBmp-4 transcripts
that were seen in these injections.

5.2.4.2 - Late injections with sense and antisense RCAS(BP)-B4

Injections were carried out into the right wing bud of chick embryos between stages 15
and 26. These embryos were harvested at embryonic day 10 and analysed for viral
spread by wholemount in situ hybridisation to mBmp-4 transcripts. Once the spread had
been ascertained, the embryos were then stained for cartilage with alcian green, in order
to assess whether the phenotype of the operated wing was altered.

5.2.4.2.1 - RCAS(BP)-B4s

Overexpression of BMP-4 to the wing, resulted in an increase in the amount of cartilage
to the a-p and d-v axes of skeletal elements. The cartilage of the scapula, humerus,
shoulder, elbow, radius, ulna and digits expanded in width, the effects differ in the
combinations of bones affected (see table 5.3).

In one embryo injected at stage 15/16 a thickening in cartilage occurred to the fibula of
the right leg. Two other embryos injected at stage 15/16 were normal, when analysed for
mBmp-4 transcripts. One of these cases was found to have very low levels and the other
had none. At stage 18, viral spread was observed in the right wing with an increase in
cartilage, in one case to the humerus and in another to the humerus and radius (figure
5.6). The other three cases analysed for viral spread had very low levels of mBmp-4
transcripts and normal phenotypes. Both cases, injected at stage 19, analysed for the
spread of mBmp-4 transcripts by wholemount in situ hybridisation, showed good spread
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Figure 5.5
Distribution of mBmp-4 transcripts in a chick embryo injected at stage 9 with
RCAS(BP)-B4s virus.
Scale bar = 400 |im.
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Table 5.2
Early injections with RCAS(BP)-B4s

distribution of mBmp'4 transcripts (+)

Stage

right
wing

left
wing

back

right
leg

left
leg

tail

9

-f-

4-

4-

4-

4-

4-

+

9+
10-

-f-

10-

-f-

444-

44-

10
14

4-

4-

14

4-

4-

14+
14-f

neck
right left
of
of
trunk trunk

4-

4-

4-

44-

4-

4-

4-

4-

4-
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Table 5.3
Table to show the effects on cartilage formation with ectopic expression of mBMP-4 by
microinjection
(p=proximal, d=distal, m=middle)
+ increase in cartilage
embryo
reference
no.
379

Stage

Shoulder Humerus Elbow
femur

244

15/16
leg
18

377

18

252

19

Radius

Ulna

tibia

fibula

Digits

4*
4-

4-

+
slightly

+

+
digit 2
4-

1 in j.p

398

19p

251

19

+

4-

scapula
slightly

271

20p

388

20m

391

20p

399

20
lp ,ld
20

274
246
387

20

middistal
20, 3 inj
p+d

273

21p

249

21p

394

21

+

44(digit4)
4-(3+4
fused, 2
more
cartilage)
4-

4-

4-

4- last
bones of
3+4 fused

4-

-f-

+

4-

4-

scapula
4-

+

4twisted
4-

4-

44-

+

4-

scapula

385

2 1 , 2 inj.

4- fused

m
264

22

266

22

4slightly

+
scapula

186
404

22d

270

22

241
267

22, 3 inj.
2p, Id.
22

330*

23d

360

23d

386

23,lp+
Id

405

23/24,
3 inj.
p,d,m

* shown in figure 5.12

? scapula

+
slightly
+

+
(digit 2)
+
digit 2
+
digits

+
+
slightly

+
slightly

+

+

+ fused
at tip, 3+2
more cart.
+
(digit 3)
+ digit
3, last 2
bones 3,4
increased
+
last 2
bones 3,4
increased
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(a)
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Figure 5.6
Injection with RCAS(BP)-B4s virus into the limb bud, at stage 18.
(a) Wholemount in situ hybridisation to mBmp-4 transcripts to analyse viral spread
(b) Cartilage staining of the injected wing to show the increase in cartilage to the
humerus and radius.
(embryo reference number, 244)
H-humerus; R-radius; scale bar = 530 ^im.
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which correlated with a change in the pattern of the cartilage. One case had extra cartilage
in the shoulder and digit 2, the other in the digits where they had fused. The other case at
stage 19, was immediately fixed in 5% TCA and stained just for cartilage. This showed
an increase in the width of the cartilage to the scapula, the ulna and also to the last two
bones of digits three and four, which had increased in width to such an extent that they
had fused.

At stage 20, 16 cases were analysed for vnBmp-4 transcripts. 5 cases had good viral
spread and an effect on the cartilage. These effects ranged from the proximal part of the
limb being affected where the pattern was completely disrupted except for the ulna and
digits, to a more localised effect, with the ulna and humems increasing in width, but the
radius and digits maintaining a normal pattern. In another case there was spread in the
elbow, along the feather buds and some viral spread in the digits. In this example, just
digit 4 had an increase in cartilage. Figure 5.7 (a) shows the right wing injected at stage
20 that has been analysed by wholemount in situ hybridisation, (b) the same wing that
has been double stained for cartilage. Three cases had no spread of mBmp-4 transcripts
and their pattern was normal, and another eight cases had very poor spread and they
were also normal. The other five cases injected at stage 20 were immediately fixed in 5%
TCA and cartilage stained. Two cases had altered right wing phenotypes, one case had
more cartilage in the shoulder and the other in the radius and humerus. The other three
cases were normal, but as they were not analysed for viral spread, it is impossible to say
whether the lack of effect was due to poor or no spread of the virus, but this would be
the assumption.

At stage 21, seven cases were analysed for viral spread. In four cases the spread of virus
was very poor and the phenotype remained normal and in another there was no spread of
virus. In one case the increase of cartilage in the shoulder, humerus and ulna matched the
viral spread (figure 5.8a and b), in the other case, the scapula and humerus were affected
(figure 5.8c). Three cases were fixed in 5% TCA and stained for cartilage: one case had
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(a)

(b)

Figure 5.7
Injection with RCAS(BP)-B4s virus into the limb bud, at stage 20.
(a) Wholemount in situ hybridisation to mBmp-4 transcripts to analyse viral spread
(b) Cartilage staining of the injected wing to show the increase in cartilage to the elbow
and digits.
(embryo reference number, 391).
H-humerus; 2-digit 2; 3-digit 3; 4-digit 4; scale bar = 6(X) |im.

Figure 5.8
Injection at stage 21 with RCAS(BP)-B4s supernatant into the right limb bud.
(a) Wholemount in situ hybridisation to mBmp-4 transcripts to analyse viral spread
Scale bar = 1mm.
(b) Cartilage staining of the injected wing to show the increase in cartilage to the
humerus and ulna.
(embryo reference number, 273)
H-humerus; U-ulna; scale bar = 550 p.m.
(c) Cartilage staining to show the increase in cartilage to the scapula and humerus
(embryo reference number 394)
S-scapula; H-humerus; scale bar = 600 pm.

190
a)

b)

c)
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more cartilage in the elbow and the other in the digits which had fused. The third case
was normal. At stage 22, six embryos were injected with RCAS(BP)-B4s and analysed
for mBmp-4 transcripts. Four cases had no viral spread and had normal phenotypes.
One case had some viral spread in the elbow and a small amount near the digits, this
showed a very slight increase in the width of the ulna. The final case had a small amount
of viral spread and a normal pattern. Six cases were fixed in 5% TCA. Four showed
very slight changes in cartilage. These ranged from the humerus being slightly wider
than the normal phenotype, to digit two having an increase in cartilage but no change to
digits three or four. The fifth had an increase in cartilage to the elbow, humerus and digit
3. The sixth case was normal.

Stage 23 injections also showed a change, three distal injections had an effect on the
digits and in one case also on the humerus, ulna and elbow, in addition to digit 3 (see
figure 5.9). Three cases had poor viral spread, another no spread, and as was to be
expected all were normal. Two cases were fixed in 5% TCA, one was normal and the
other had a localised effect with digit 3 and 4 showing an increase in cartilage to the
distal bones. The one injection at stage 23/24 showed spread which correlated with an
increase in cartilage to the digits, with the last two bones of 3 and 4 having fused. All
three cases at stage 24 showed poor spread and were all normal. The same results were
seen with stages 25 and 26.

The injections that had an increase in the amount of cartilage, not only increased in width
but in some cases also increased in length. This increase in length was not as marked as
the change in the a-p, d-v axes. Occasionally with the injections, rather than an increase
there was a decrease in length, resulting in the limb being truncated. This only seemed to
occur when the phenotypic effect on the wing was quite severe. Table 5.4 shows the
comparison in length of elements of the injected wing compared to the contralateral.
Tables 5.5 and 5.6 summarise the injections with RCAS(BP)-B4s.
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(a)

(b)

Figure 5.9
Injection with RCAS(BP)-B4s virus into the limb bud, at stage 23.
(a) W holemount in situ hybridisation to mBmp-4 transcripts to analyse viral spread.
Scale bar = 500 pm.
(b) Cartilage staining o f the injected w ing to show the increase in cartilage to the
humerus, ulna and digit 3.
(embryo reference number, 360)
H-humerus; U-ulna; 3-digit 3; scale bar = 400 pm.
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Table 5.4
Table of the comparison in length of injected wings compared to the contralateral wing,
(all measurements are in mm) (C - control wing, O - operated wing)
* - increase in cartilage width
(embryo

wing

humerus

radius

ulna

digits (total
length)

reference
no.) stage
(377)18
(244) 18
(398) 19

C

2.67

2.13

2.67

2.47

0

2.8*

2.13

2.67

2.4

c

3.67

3.33

3.67

3.67

o

4.0*

4.0*

3.67

3.67

c

3.0

2.87

3.0

3.47

0

3.0

2.87

3.0

3.6*

(252)19

(251) 19
(271)20

digit 3 /2

c

3.33

3.0

3.33

3.47 / 1.0

0

3.33

3.0

3.33

3.47/1.3*

c

4.3

4.0

4.4

4.0

0

4 .7 *

3.67

5.0*

4.0

c

3.4

2.8

3.33

3.0

0

3.33*

2.8

3.67*

2.93
digit 3 /4

(388) 20

c

2.8

3.0

3.27/ 2.07

0

2.8

3.0

3.27/2.73*
digit3/2

(391)20

(399) 20
(274) 20
(246) 20
(387) 20
(273) 21

c

3.0

2.67

3.33

3.2/1.27

0

3.0*

2.67

3.33

3.9*/ 1.87*

c

3.33

3.0

3.33

3.33

0

3.67*

2.67

3.0

3.67*

C (shoulder

3.67

3.33

3.87

4.0

0 more cart)

3.67

3.33

3.87

4.0

C

2.67

2.87

3.0

2.67

0

3.33*

2.67*twisted

3.0

2.67

c

3.80

3.40

3,67

3.80

0

4.47*

4.07*

3.67

3.80

c

3.2

2.67

3.0

3.13

0

3.87*

2.67

3.67*

2.8
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(394) 21
(385) 21
(269) 22
(266) 22

C
3.33
3.33*
O
4.0
C
o
4.0
3.67
c
4.0*
o
c (scapula*) 4.0
O
4.0

2.67

3.0

2.67

2.67

3.0

2.67

3.67

4.0

5.20

3.67

4.0

5.13*

3.67

4.0

3.67

3.67

4.0

3.67

3.67

4.0

4.67

3.67

4.0

4.53
d ig it3 /2

(404) 22

C
o

4.0

3.73

4.33

4.67 / 2.33

4.0

3.67

4.33

4.67 / 2.0*
d ig it3 /2

(270) 22

(241) 22
(267) 22
(360) 23
(386) 23
(405) 23

c
o
c
o
c
o
c
o
c
o
c
o

4.0

3.86

4.0

4.67 / 1.6

4.33*

3.67

4.0

4.33/ 1.87*

4.67

5.0

4.67

broken

5.0*

5.0

4.67

5.0*

3.33

2.67

3.0

2.8

3.33

3.0

3.0* slight

3.0

2.53

2.0

2.33

2.4

2.53*

2.0

3.0*

2.0*

4.33

4.0

4.33

broken

4.33

4.0

4.33

4.0*

3.67

3.33

3.67

3.87

3.67

3.33

3.67

4.33*
3+4 fused
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of

g o o d viral
spread/
phenotype

poor viral
spread/
phenotype

spread/
phenotype

embryos

affected

normal

normal

15/16

3

1

1

1

17

1

0

0

1

18

5

2

3

0

19

2

2

0

0

20

16

5

8

3

21

7

2

4

1

22

6

1

1

4

23

7

3

3

1

23/24

1

1

0

0

24

3

0

3

0

25

1

0

0

1

26

5

0

4

1

Total

57

17

27

13

Stage

number

no

v ir a l

Table 5.5
Summary of injections with RCAS(BP)-B4s and analysed for viral spread by
wholemount in situ hybridisation to mBmp-4 transcripts
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embryos

altered
phenotype

normal
phenotype

17

1

0

1

19

1

1

0

20

5

2

3

21

3

2

1

22

6

5

1

23

2

1

1

25

1

0

1

Total

19

11

8

Stage

number

of

Table 5.6
Summary of injections with RCAS(BP)-B4s, that were not analysed for viral spread, but
fixed immediately in 5% TCA.

Total number of cases = 19
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As can be seen from tables 5.5 and 5.6, the viral spread was poor in many of the
injections and these had normal right wing phenotypes (figure 5.10), indicating that the
extent of viral spread correlates with an effect on the normal pattern of the skeletal
elements of the wing.

5.2.4.2.2 - RCAS(BP)-B4a

Control injections with RCAS(BP)-B4a were carried out to ensure that the effect seen on
the normal phenotype of the developing wing, by BMP-4, was due to BMP-4 protein
being produced and not an effect of the viral vector. The injections were carried out in
the same range of stages as for the sense construct, between 15/16 and 26. The analytic
procedure for both sets of experiments was the same. These injections were analysed for
mBmp-4 antisense transcripts by wholemount in situ hybridisation and probed with a
sense dioxigenin probe specific for antisense mBmp-4 transcripts. Forty-one injections
were carried out, of which 32 were analysed for transcripts and 9 immediately stained
for cartilage with alcian green. The wholemounts that showed good spread within the
right wing were double stained for cartilage, the phenotype of the skeletal elements was
normal (figure 5.11). Tables 5.7 and 5.8 summarise the injections with RCAS(BP)-B4a.

5.2.5 - Sections of injected embryos

An embryo that was injected at stage 23 (embryo reference no. 330, Table 5.3) showed
an increase in cartilage to digits 3 and 4. These two digits had actually fused. This was
sectioned transversely. Figure 5.12 shows the viral spread in the wing and the sections
of the control wing compared to the injected. As can be seen in (b) the digits have a
normal morphology, whereas in (c) digit 3 and 4 have fused, with an increase in
chondrocyte number. There was no obvious increase in the amount of matrix per cell.
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(a)

(b)

Figure 5.10
Injection with RCAS(BP)-B4s virus into the limb bud, at stage 15/16.
(a) Wholemount in situ hybridisation to mBmp-4 transcripts to analyse viral spread
(b) Cartilage staining of the injected wing
(embryo reference number, 382)
H-humerus; U-ulna; R-radius; Ha-hand; scale bar = 700 pm.
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(a)

(b)

Figure 5.11
Injection with RCAS(BP)-B4a virus into the limb bud, at stage 22.
(a) Wholemount in situ hybridisation to antisense mBmp-4 transcripts to analyse viral
spread. Ventral surface.
(b) Cartilage staining o f the injected wing. Dorsal surface.
H-humerus; U-ulna; R-radius; Ha-hand; scale bar = 800 |xm.
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Stage

number
of
embryos

good viral
spread/
phenotype
normal

poor viral
spread/
phenotype
normal

no viral
spread/
phenotype
normal

17

1

1

0

0

18

1

0

1

0

19

6

4

2

0

20

3

1

1

1

21

3

3

0

0

22

4

3

1

0

23

3

2

0

1

24

4

2

2

0

25

4

3

1

0

26

4

0

1

0

Total

30

19

9

2

Table 5.7
Summary of injections with RCAS(BP)-B4a and analysed for viral spread by
wholemount in situ hybridisation to mBmp-4 transcripts
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number of

altered

normal

embryos

phenotype

phenotype

19

2

0

2

20

1

0

1

21

1

0

1

22

3

0

3

23

1

0

1

25

1

0

1

Total

9

0

9

Stage

Table 5.8
Summary of injections with RCAS(BP)-B4a, that were not analysed for viral spread, but
fixed immediately in 5% TCA.

Figure 5.12
Section of an injection with RCAS(BP)-B4s virus into the limb bud, at stage 23.
(a) Wholemount in situ hybridisation to antisense mBmp-4 transcripts to analyse viral
spread. Scale bar = 500 pm.
(b) Section through the control digits
(c) Section through the operated digits
2, digit 2; 3, digit 3; 4, digit 4; scale bar = 75 pm.
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(a)

(b)

(c)
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5.2.6 - Ectopic expression of BMP-4 by grafts of RCAS(BP)-B4s transfected cells

A second approach was taken to express RCAS(BP)-B4s ectopically. This was by
transfecting CEF(O) with virus and then grafting these cells into the wing bud either
proximally at the border between the flank of the embryo and the limb bud, or distally
under the AER. All the cells that were grafted into the embryo were 100% positive for
viral gag protein, as judged by staining a sample of cells taken twenty-four hours before
grafting.

A large increase in the amount of cartilage in the right wing was seen after pellets of
RCAS-B4s cells were grafted into the right wing bud between stages 17 to 23. Due to
the large increase, the wing tended to be truncated and the pattern disrupted (figure
5.13). For example: a graft at stage 20, placed distally under the AER results with an
increase in cartilage, with the humerus the most proximal element being affected, the
radius and ulna forming a single bag of cartilage and digits 2 and 4 losing individual
bones and becoming a single rod of cartilage. All the above elements increased in width
when compared to the contralateral wing.

The effects of the wing were very similar whether the cells were grafted proximally or
distally. These are summarised in table 5.9.

Table 5.10 shows the comparison in length between the operated wing and the
contralateral. In comparison to the injections, the grafting experiments resulted in the
lengths of the skeletal elements in the wing being truncated.
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(a)

A
1

(b)

Figure 5.13
CEF(O) transfected with RCAS-B4s grafted into the right wing o f the chick embryo at
stage 17.
(a) distribution o f mBmp-4 transcripts
(b) Staining to show the effect on the cartilage o f the operated wing
H-humerus; U-ulna; R-radius; Ha-hand; scale bar = 1 mm.
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Stage

embryo reference no.

effect on cartilage

17 proximal

572

bag of cartilage, truncated

17 proximal

573

lobster claw, no hand

17/18 proximal

575

truncated limb

18 proximal*

574

truncated limb

18 proximal

571

bag of cartilage, truncated

18 proximal

576

bag of cartilage, truncated

20 distal

566

no digit 2, last two bones of
3 + 4 fused

20 distal

567

bag of cartilage, tmncated

20 distal

568

bag of cartilage, tmncated

20 distal

569

bag of cartilage, tmncated

20 distal

570

humems increased, bag
of cartilage, truncated,
digits 2 + 4 present,
one single increased mass
of cartilage

22 centre

A200

small bag of cartilage
digits twisted back

23 centre

A199

bag of cartilage

Table 5.9
Table to show the effects on cartilage formation with ectopic expression of mBMP-4 by
grafting in pellets of transfected cells
* graft placed into the coelom, protruding slightly.
Grafts were performed with Dr. M. Richardson in our laboratory. I prepared the
transfected cells and analysed the embryos.
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(embryo
ref. no.)
stage

wing

Humerus

Radius

ulna

digits

(573)17

C

3.0

2.33

2.67

3.67

O

2.3*

1.60

2.13

c

3.0

o

2.3*

c

3.0

o

2.0*

c

3.33

o

2.0*

c

3.33

o

3.0

(567)18
(571) 18
(200) 22
(199) 23

2.8

3.0
radius, ulna, digits fused
2.33

2.67
fused 1.87*

3.0
fused 1.33*

2.67
4.13
2.67

3.33
fused 1.13*

2.67
2.0* fused

3.67

3.0

1.67* fused

4.0
1.87

Table 5.10
Table of the comparison in length of operated wings (grafts of virus positive cells) and
control wings.

(all measurements are in mm)
(C - control, O - operated wing)
* - increase in cartilage
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5.3 - D iscu ssion

Bearing in mind my previous experience with the RAR-P virus, I determined whether
the B m p-4 virus was directing synthesis of correctly spliced mBmp-4 mRNA and
functional mBMP-4 protein, before any embryonic manipulations were carried out. A
northern blot was performed to ensure the viral construct was splicing correctly. It was
clearly seen that the RCAS(BP)-B4 constructs were splicing efficiently. Xenopus animal
caps were treated with the sense and antisense viral constructs to test whether the sense
construct was producing protein. The results showed us that not only protein was being
produced but also that it was being processed and secreted.

Having showed that the RCAS(BP)-B4s construct was producing functional, secreted
protein, I determined whether the mouse BMP-4 would effect chicken cells by
performing a micromass assay. The results of this assay showed that mouse BMP-4 was
functional in chicken cells. Experiments by Chen et al (1991) show that the addition of
rBMP-4 to limb bud cells, derived from stage 24/25 buds, resulted in a continuous sheet
of cartilage being formed. They also found that initially BMP-4 addition inhibited cell
proliferation, but at later stages cells at high density (2 x 10^ cells/ml), as I used in the
study with the viral constmcts, showed an increased rate of cell proliferation. This could
explain why the majority of the micromasses with the infection of sense viral supernatant
came off the plate, that the cells were producing such a high level of ectopic protein that
they became too confluent due to an increase in cell proliferation. Presumably due to the
ectopic BMP-4 protein the cells are being instructed to differentiate into cartilage, so
instead of individual nodules of cartilage being observed a single clump of cartilage was
produced. The cells may also be showing an increase in cell proliferation, for the reasons
mentioned above.

Once I had ascertained that the RCAS(BP)-B4s construct was producing functional
protein, chick embryos were infected with high titer viral supernatant. Earlier injections
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were carried out primarily to ensure the virus was spreading within the limb bud. The
hRAR-p injections showed very little expression of the hRAR-P transcripts (section
4.6). In contrast the RCAS(BP)-B4 virus spread well in vivo. The viral spread was
analysed by wholemount in situ hybridisation to mBmp-4 transcripts, rather than gag
antibody wholemounts, because these injections were carried out in outbred chick
embryos, which contain endogenous retroviruses. It would not have been possible to
distinguish between endogenous and RCAS(BP) retroviral capsid proteins.

Endogenous sequences of chick Bmp-4 are found in the developing chick limb and wing
buds, these transcripts are in restricted domains between stages 19-24. Ectopic
expression of BMP-4 at these stages results in an increase in cartilage to skeletal
elements of the wing. These data indicate that the Bmp-4 gene is involved in the process
of differentiation of mesenchymal cells into cartilage and is required for the formation of
cartilage across the a-p axis and d-v axes, that is in the width of the bones. All of the
skeletal elements of the wing can be affected. The endogenous expression of cBmp-4
suggests a role in cartilage formation and this seems to be confirmed by these data. There
is also the possibility that the presence of ectopic BMP-4 is switching on other genes,
that are not normally expressed in these ectopic sites, so an alternative hypothesis is the
ectopic BMP-4 induces a cascade of events to result in this altered phenotype. The
increase in cartilage often affected the epiphyses, at the ends of the long elements, which
are less compact than the diaphysis. The diaphysis was affected when the increase in
cartilage was quite severe, usually resulting in the operated limb being truncated. The
perichondrium could also be acting as a restraining sheath (see Introduction), exhibiting
less constraint to the epiphyses.

No effect was seen when virus was injected after stage 24. The reason for this is
probably that there is insufficient viral spread to produce an effect. One possible reason
for the limited spread could be that there is not sufficient cell proliferation at these stages
to allow good integration of the viral construct. From the experimental data it can be seen
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that the effect on the cartilage directly correlates with the viral spread. These data also
indicate that if the spread of virus is very poor within the limb bud then there is not
enough endogenous protein being produced to affect the normal phenotype of the
developing limb. Another effect observed was that sometimes there was spread of the
viral construct to the contralateral limb. The reason that occasionally there was
expression but the phenotype did not alter, was probably because the viral construct
spread slowly to the contralateral limb, so there was not enough time before harvesting
the embryos, for a sufficient amount of ectopic protein to be produced, in the
contralateral wing, to effect the normal phenotype. The main body axis, the trunk,
occasionally had expression also. This expression was found in what appeared to be
muscle blocks. Another area that often showed ectopic expression of Bmp-4 were the
developing feather buds. The contralateral limb always maintained a normal phenotype,
and acted as an internal control.

Grafts were performed to see if the effects were the same as with injecting virus into the
limb bud. The effects seen were very similar, but much more severe, with in most cases
the skeletal elements of the wing being fused into one mass of cartilage, with digits that
also tend to be fused or with an increase in the width of their cartilage. The developing
wing buds were also truncated. The more pronounced effects with grafting were to be
expected as the cells would have been producing a high level of infectious viral particles
which will then have spread throughout the limb bud. The cells themselves do not effect
the morphology of the limb bud as when antisense transfected cells were grafted into the
limb bud as a control, the morphology remained normal (P. Francis-West, personal
communication). It has also be shown that by grafting these cells into a C line embryo (C
line is a strain of chicken designated C/AE, which will not be infected by the RCAS
virus) that by following the spread of these cells by wholemount in situ hybridisation to
mBmp-4 transcripts, these O line transfected cells die after forty-eight hours (P. FrancisWest, personal communication).
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The lengths of the skeletal elements were measured to see if as well as an increase in
width, the length also altered. With the injections both an increase and decrease in length
were observed. It would appear that not only are the a-p and d-v axes affected, but also
the p-d. The effect seen with the p-d axis could just be due to the increase in the other
axes. The grafting experiments always had a greater effect on the skeletal elements than
the injecting, hence resulting in them being truncated. The injecting experiments showed
an increase in the width of cartilage elements and sometimes, also a change in length.
The increase in cartilage can not be attributed to BMP-4 changing the shape of elements
and not increasing cartilage, or the injections would be truncated. It would, therefore,
seem that ectopic BMP-4 is causing an increase in cartilage production in the limb.

This system of using retroviral vectors to investigate the role of genes during
development has allowed us to investigate the effects of ectopic BMP-4 on limb
development. We have shown that BMP-4 is involved in modelling skeletal elements
during chick limb development. Ectopic BMP-4 causes an increase in the number of
chrondrocytes, resulting in the elements being thicker. Further analysis has been carried
out on the effects of BMP-4 on the skeleton. As well as an increase in the number of
chondrocytes, hypertrophy of these cells is also inhibited. The formation of the
osteogenic periosteum is either delayed or inhibited. Interestingly in some manipulated
limbs, ectopic cartilage is induced subcutaneously (Francis-West et al, submitted), which
also occurs when rBMP-4 protein is subcutaneously implanted into adult rats (Wang et
al, 1990). The increase in the number of chrondrocytes has been shown not to be due to
greater mitotic activity, so it is possible that it is due to an increase in the initial rudiment
size (Francis-West et al, submitted).

Recent research has shown that the BMPs may be responsible for the development of
specific skeletal structures during embryonic development. One example is the mouse
short ear mutant that completely lacks the Bmp-5 gene (Kingsley, 1994; Kingsley et al,
1992). These mice have specific defects on cartilage and bone formation including:
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missing the thirteenth pair of ribs and the long bones having normal lengths, but altered
curves and smaller widths. Another mouse mutant Brachypodism, has defects to the
limbs, where they are shorter. These defects are most pronounced in the feet. The axial
skeleton is hardly affected. This mutant is lacking the gdf-5 gene, which is closely
related to the BMP family (Storm et al, 1994).

The ectopic expression of BMP-4, therefore, resulted in remodelling of the cartilage
elements of the wing, it therefore, would be interesting to construct an antisense viral
construct that would bind to endogenous Bmp-4 sequences and thus render them
inactive, so no functional protein would be produced and to see what effect this has on
targeted areas of the embryo.

Due to its diverse expression patterns, this gene may also have other roles during
development. We are currently investigating some of these other roles, using
RCAS(BP)-B4. We are looking at the effects of BMP-4 on both eye development and on
the facial primordia. Preliminary experiments have shown that ectopic BMP-4 can also
affect the ribs (Francis-West, personal communication). The early experiments of the
effects of BMP-4 on eye development, suggests that it increases cell proliferation and
decreases differentiation of the cells in vitro (Li Ming Leong, personal communication).

This construct is also being used to investigate pattern formation in the hindbrain (by Dr.
Anthony Graham in the Anatomy Department at Guy' Hospital).
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CHAPTER 6
General discussion

6.1 - Virus Cultivation

As discussed in chapter 3, the two main problems encountered in setting up the retroviral
system were with the CEF(O) and the RCAS vector. Initially I found difficulties in
maintaining the CEF(O) in a highly proliferative state, without them becoming over
confluent and dying. Various media were tested and the optimum density to passage the
cells at was also investigated. This resulted in the maintenance of healthy and highly
proliferating CEF(O). The second problem was with the RCAS vector, which appeared
to spread well in vitro, but yielded a low number of infectious viral particles. Once we
had obtained the RCAS (BP) vector, the initial titer with the RCAS vector of 10^ viral
particles per ml increased to 10^ viral particles per ml with the RCAS (BP) vector (see
Chapter 3). The titer of 10^ viral particles per ml was sufficient for the in vitro
experiments (see Chapters 4 and 5). To obtain higher titers, two concentration methods
were tested: microconcentrators and ultracentrifugation. The most efficient method of
concentrating was by ultracentrifugation, this yielded titers of between 10^ and 10^ viral
particles per ml, which were used for in vivo experiments (see Chapters 4 and 5).
Therefore, once the cell culture difficulties were overcome and the higher titer
RCAS (BP) vector was available, we were able to reproducibly obtain high titer viral
stocks.

6.2 - Expression of the foreign gene in RCAS(BP).

These viral supernatants were then used to infect chick embryos in vivo. As can be seen
from table 6.1, the viral spread between the RCAS (BP)-P and RCAS(BP)-B4 constructs
differed. All the injections with the RCAS(BP)-p construct were done during the early
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viral spread

RCAS(BP)ps

RCAS(BP)pa

RCAS(BP)B4s

RCAS(BP)B4a

0/14

9/9

n.d

2/14

0/9

n.d

12/14

0/9

n.d

n.d

n.d

16/47

14/21

n.d

n.d

20/47

5/21

n.d

n.d

11/47

2/21

n.d

n.d

0/9

5/9

n.d

n.d

7/9

4/9

n.d

n.d

2/9

0/9

good spread 0/36
stages 7-15
poor spread 7/36
stages 7-15
no spread
29/36
stages 7-15
good spread
stages 16-23
poor spread
stages 16-23
no spread
stages 16-23
good spread
stages 24-26
poor spread
stages 24-26
no spread
stages 24-26

Table 6.1
Comparison between the spread of mBmp-4 and hRAR-P transcripts after microinjection
with viral supernatant in the developing chick embryo.
n.d - not done.
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stages of development (stages 7 to 15), as there is good cell proliferation at these stages
and the virus should spread quickly through the developing embryo, unfortunately this
was not the case. No embryos exhibited good viral spread, the majority had no spread of
virus. In contrast, the early injections with RCAS(BP)-B4s (stages 9 to 14+) all showed
good viral spread, with large areas of the embryo expressing mBmp-4 transcripts. The
spread was also good for a large number of the later stages (stages 15 to 24) injected
with RCAS-B4. The later stages that did not have good spread of the virus was
presumably because, at these stages there is less cell proliferation, so the amount of
spread is more dependent upon how much viral supernatant goes into the limb bud in the
initial injection.

Various methods have been used to try and obtain better viral spread in vivo with the
RCAS(BP)-P construct, unfortunately these methods did not result in better viral spread.
Some of these methods were used with the Bmp-4 experiments, where we found the
opposite to be the case. Grafting experiments with RCAS(BP)-B4s resulted in more
widespread expression of mBmp-4 transcripts, than microinjecting supernatant directly
into the wing bud. The reason for this was that the cells grafted into the limb bud,
survive for forty-eight hours and therefore, during this period should be producing a
high number of infectious viral particles.

The northern blots that were done with each construct showed that there was a striking
difference in the splicing of the third transcript which should encode the protein of
interest. The hRAR-P mRNA was in very low abundance compared to the other two
transcripts (full length encoding gag, gag-pol and env RAR-p, encoding env) and barely
visible. The mBmp-4 mRNA was as abundant as the other two transcripts from the
RCAS-B4 construct. The problems with the RCAS(BP) P construct, therefore appeared
to be an incompatibility of the inserted sequences with the retroviral vector. The stability
and functioning of a particular vector construct seems to depend on the nature of the
inserted sequences (Greenhouse et al, 1988). The problem we encountered seems to be
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that any untranslated region incorporated into the vector will reduce its efficiency and
RNA stability. This in turn will effect the production of protein. The adaptor plasmid
used could also possibly have an effect and the ATG in the adaptor plasmid may be
necessary for more effective protein production.

The reason for carrying out the functional assays for both sets of viral constructs was
that in the case of the Bmp-4 construct no mouse antibodies to BMP-4 were available.
We had an antibody to hRAR-P, which was used in immunocytochemistry, as well as
western blots. This did not appear to be species specific as cross-hybridisation to
endogenous proteins occurred. The RAR-P assays (CAT and ^H-RA binding assay)
appeared to show that no protein was being translated, in contrast, the BMP-4 assays
showed us that protein was being translated and secreted from the producer cells. The
micromass assay also demonstrated that mBMP-4 was functional in chicken cells.

As a result of this work, the technique of expressing genes ectopically, by the use of a
retroviral vector is now functional in our laboratory. The results obtained show that there
is great variability between viral constructs in the extent of viral spread and the level of
expression of the inserted cDNA sequences. This appears to be dependent on the nature
of the inserted sequences. In the case of the BMP-4 construct no untranslated region was
incorporated into the vector, only the coding region, whereas in the construction of the
RAR-P virus both 5' and 3' non-coding sequences were inserted. It would appear that
even though there was only approximately 50 bp of non-coding sequence, this affected
the expression of the insert. Interesting, a direct comparison of this is a construct
encoding BMP-2, which has been made in our laboratory by Dr. Delphine Duprez. Two
different Bmp-2 cDNAs were cloned into RCAS(BP), one containing just the coding
region and the other 5' untranslated sequences, in addition to the coding region. These
constructs were tested on micromass cultures, to see if functional BMP-2 protein was
being translated, by their ability to increase cartilage formation in micromass cultures.
The construct containing just the coding region was found to enhance cartilage
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differentiation of the mesenchyme cells, whereas the construct containing 5' non
translated sequences, in addition to the coding region, had no effect on the morphology
of the culture, when compared to the controls (Duprez, personal communication). These
findings strengthen the fact that the untranslated sequences appear to effect the
production of correctly synthesised and functional protein.

6.3 - Other uses for the virus

This system has allowed us to explore the function of BMP-4 in the developing chick
wing. We are also using this system in our laboratory to investigate the role of other
genes during chick limb development. We are using constructs encoding FGF-4, BMP-2
and Msx-1. Further experiments are also being carried out with the RCAS-B4 construct
to ascertain other roles this gene plays during chick embryonic development.

Another approach to investigate the role of genes during development would be to
construct an antisense viral construct, which would bind to endogenous sequences of the
gene of interest and render them inactive, so no functional protein would be translated. It
would be interesting to compared the effects of overexpressing a gene with the effects of
'knocking' that gene out. This approach will, therefore, broaden the range of
experiments that can be undertaken with the retroviral vector, RCAS(BP).
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