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ABSTRACT

The acquisition of pattern and form by metazoan organisms relies on
highly orchestrated cell-cell communications. In an attempt to learn
more about the molecules that are required for these processes, a gene
trap screen has been employed that is designed to identify, mutate and
report on the embryonic expression pattern of genes expressed in
mouse embryonic stem cells. This thesis deals with the initial
characterisation of gene trap integrations from this screen and the
detailed analysis of one of these insertions, termed ST125. The gene
disrupted in this cell line encodes the previously unidentified mouse
heparan sulphate 2-sulphotransferase (HS2ST). This enzyme catalyses
a specific modification of the glycosaminoglycan chains of heparan
sulphate proteoglycans (HSPGs), a class of molecule that has recently
been implicated in the reception of a number of secreted signalling
molecules important for development. Transgenic mice have been
generated from embryonic stem cells harbouring this insertion. lacZ
reporter gene activity in heterozygous embryos has demonstrated that
the gene is expressed differentially during embryogenesis, presumably
directing dynamic changes in heparan sulphate structure. Moreover,
mice homozygous for the Hs2st gene trap allele die perinatally and
exhibit bilateral renal agenesis and defects of the eye, skeleton and
female genital system. Analysis of metanephric kidney development
in Hs2st mutants reveals that the gene is not required for two early
events; ureteric bud outgrowth from the Wolffian duct and initial
induction of the metanephric mesenchyme. However, it is required
subsequently for condensation of the mesenchyme around the ureteric
bud and initiation of branching morphogenesis. Finally, the results of
in vitro manipulations of Hs2st mutant kidneys are consistent with a
crucial role for HSPGs in intercellular signalling during metanephric
development. These data provide the first genetic evidence that
specific glycosaminoglycan structures are required for highly selective
morphogenetic events, presumably by facilitating the action of specific
signalling molecules.
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Chapter 1

This chapter sets out to introduce some of the basic principles of cell-
cell communication during embryonic development before describing
some of the genetic tools that have been used to learn more about this
process. The second part of the chapter deals with a class of molecule
that has recently been implicated in the regulation of intercellular
signalling, the heparan sulphate proteoglycans. Finally, the
development of the mammalian kidney will be discussed in detail as

an example of a system that relies on complex cell-cell interactions.

1. 1 Developmental genetics

Cell-cell communication during embryonic development

The acquisition of pattern and form by multi-cellular organisms relies
on highly orchestrated cellular communications. Signals generated by
one group of cells are received by neighbouring cells, which then
undergo changes in their differentiation pathway, the process known
as embryonic induction (Gurdon, 1987; Jessell and Melton, 1992). That
interactions between component embryonic parts are responsible for
the gradual increase of complexity during development was first
recognised by embryological anatomists in the nineteenth century
(reviewed in Gilbert, 1996). Subsequently, Hans Spemann and
colleagues provided two striking experimental demonstrations of
inductive interactions (reviewed in Hamburger, 1988). In the first,
Spemann cauterised the retinal anlagen of a neurula stage newt
embryo and observed that both the retina and the lens were missing a
few days later. Spemann proposed that the overlying ectoderm
required an interaction with the retinal anlagen in order to
differentiate into lens tissue. Studies on earlier stages of amphibian

embryonic development subsequently led to the finding by Spemann
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Chapter 1

and Hilde Mangold that a region of the dorsal side of a gastrula stage
embryo (termed the dorsal blastopore lip) was capable of inducing a
secondary body axis when transplanted to the opposite side of a similar
stage host embryo. The secondary axis consisted of tissue derived not
only from the transplanted cells but also from the host, demonstrating
the ability of the dorsal blastopore lip tissue (which Spemann and
Mangold termed the ‘organiser’) to activate, orientate and scale the
response of neighbouring cells. Inductive interactions have since been
described in a number of developmental systems and the elucidation of
molecules which direct these interactions (as signals or in the
recognition or cellular response to signals) has been the focus of

intense study.

Some basic principles

Within a developing organism, cells are capable of
communicating with each other viz a number of mechanisms. The
cytoplasm of neighbouring cells are generally connected by gap
junctions which are thought to permit the passage of small, water-
soluble molecules such as inorganic ions, sugars and nucleotides. Cells
are also able to communicate by sending signalling molecules into the
extra-cellular environment. These mechanisms permit cells to
communicate over greater distances, depending on the range of action
of the signal. Signalling molecules may be associated with the cell
membrane, in which case they can only interact with cells in close
proximity, or may be secreted free into the extra-cellular milieu, with
the potential to act over a number of cell diameters. Cellular responses
to these molecules are mediated by interactions between the signalling
molecules and receptor molecules expressed on the surface of target

cells. Receptors are stimulated by ligand binding, which leads to
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Chapter 1

transduction of the incoming information to the inside of the cell. In
the nucleus, the ensuing changes in gene expression dictate cellular
behaviours such as growth, proliferation, migration and adhesion.
The competence of target cells to respond to the signal may be
governed not only by the control of expression of the receptor
molecules but also by the regulation of intracellular components of the

signal transduction pathway.

Evolutionary conservation of signalling mechanisms

Strikingly, many of the secreted signalling molecules and the
pathways within which they function appear to be evolutionary
conserved, such that similar signalling cascades can be found, for
example, in wormes, flies and vertebrates. Based on their structural
similarities, many secreted signalling molecules can be grouped into a
small number of families. Those that have received the most attention
are the transforming growth factor-f (TGFB) superfamily (reviewed in
Kingsley, 1994; Hogan, 1996), the Hedgehog family (reviewed in
Hammerschmidt et al., 1997), the Wnt family (reviewed in Cardigan
and Nusse, 1997) and the fibroblast growth factor (FGF) family

(reviewed in Szebenyi and Fallon, 1999).

Mutagenesis screens

Much of our current knowledge of the molecular mechanisms of
embryonic development are based on genetic techniques in which the
consequences of mutations in single genes are studied in order to learn
about the normal function of their protein products. Spontaneous
mutations in a number of genes important for embryonic patterning
have been identified (e.g. Lyon et al., 1996; Sharma and Chopra, 1976).

However, this type of mutation is rare and a number of strategies have

17
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been employed to isolate additional mutations that disrupt pattern

formation during embryogenesis.

Phenotype-driven mutagenesis

The genomes of a number of organisms have been mutagenised
using a chemical agent or X-irradiation (termed ‘classical’ mutagenesis).
Once desirable embryonic phenotypes have been found, it is hoped that
the mutated genes can be isolated; a so-called phenotype-driven
approach (Fig. 1.1). Since chemical- or X-ray-induced mutations do not
produce an easily recognisable tag for the locus, genes that have been
mutated in this manner must be ‘positionally cloned’ using an
extensive breeding programme. This approach involves identifying
genetic or physical markers that segregate with the phenotype followed
by a laborious chromosomal walk across the region of interest in order
to identify candidate transcription units. An alternative is to induce
mutations by the random insertion of foreign DNA into the genome,
thus providing a molecular tag that facilitates identification of the

mutated locus.

The fruitfly, Drosophila melanogaster, has been used extensively
in mutagenesis screens designed to recover embryonic patterning
mutations, primarily because it has a short generation time and
embryos can be collected and handled in large quantities. These two
attributes allow sufficient numbers of individuals to be treated in order
to be able to induce mutations in a large proportion of genes in the
genome. The most notable of these screens in Drosophila are those
conducted by Niisslein-Volhard and Wieschaus designed to identify
genes required for correct patterning of the larval cuticle (Niisslein-

Volhard and Wieschaus, 1980; Niisslein-Volhard et al., 1984).
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Chapter 1

Figure 1.1. Comparison of phenotype-driven and gene-driven
mutagenesis strategies. Using phenotype-driven techniques, the
genome of an organism is mutagenised and following identification of
an interesting phenotype it is hoped that the mutated gene can be
cloned. With gene-driven mutagenesis, a gene is isolated and a
targeted mutation is subsequently generated; it is hoped that the
mutation will lead to interesting developmental abnormalities.

19
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Cnapter 1

These screens were conducted using ethyl methane sulphonate (EMS)
as a point mutagen. Later, a number of other mutant alleles were
generated by insertion of transposable DNA elements which tagged the
locus and assisted in the process of gene isolation (reviewed in
Spradling et al., 1995). Collectively, these screens have led to the
discovery of a large number of novel developmentally important genes
and, significantly, the homologues of many of these have since been

shown to be important for vertebrate development.

More recently, large-scale mutagenesis screens have been
conducted in vertebrates. The most extensive of these screens has been
in the zebrafish, Danio rerio. Amongst vertebrates, the zebrafish is
well suited to large-scale phenotype-driven mutagenesis (Mullins et al.,
1994) because of its large number of offspring, external fertilisation and
optical clarity of the embryos (which permits subtle developmental
defects to be visualised readily). Although the screen had the principal
aim of identifying novel genes required for vertebrate development,
the large majority of mutated loci identified thus far have been cloned
as candidate genes based on what is known of the function of their
orthologues in other organisms. To date, the positional cloning of only
one mutated zebrafish gene, one-eyed pinhead (oep), has been
published (Zhang et al., 1998a). Significantly, orthologues of oep had

not been previously found in other organisms.

Mutagenesis of the mouse genome is desirable due to the close
evolutionary proximity of this organism to man. However, a number
of disadvantages exist with large-scale phenotype-driven mutagenesis
in mouse, principally the long generation time and the high cost of

housing a sufficient number of animals. The recovery of embryonic
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lethal mutations in mammals is also severely hampered by the
intrauterine nature of development. However, in a pilot screen of the
entire autosomal genome using the point mutagen ethylnitrosourea
(ENU), Kasarskis et al. (1998) have demonstrated that recessive
embryonic patterning mutations can be recovered at a high frequency;
from 86 mutagenised lines that were screened, 5 embryonic lethal '
phenotypes were recovered which appeared to be inherited in a
recessive fashion. However, even with constantly improving genetic
and physical maps of the mouse genome, positionally cloning mutated
genes from genome-wide screens is extremely challenging. Moreover,
this technique is most effective for mutations which have dominant
phenotypes or are recessive viable; the majority of interesting
developmental loci will lead to recessive embryonic lethal phenotypes,
which are more difficult to map by this route. One modified approach
to find these loci is to screen across a relatively small deficiency using a
complex three-generation breeding scheme and chromosomes that are
genetically-marked (for example with a coat-colour mutation) to follow
the mutagenised chromosome (Rinchik et al., 1990; reviewed in Brown
and Peters, 1996). The search for the mutation responsible for the

phenotype is then limited to a small fragment of the genome.

Targeted mutagenesis

An alternative and widely used method of mutagenesis in
mouse involves first isolating a gene of interest and then disrupting it
via targeted mutagenesis. This gene-driven strategy has also been
termed ‘reverse genetics’ in order to distinguish it from ‘forward
genetics’, which is another term given to phenotype-driven
mutagenesis (Fig. 1.1). Gene-driven mutagenesis in the mouse has

been made possible through the establishment of embryonic stem (ES)
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cell technology (reviewed in Hogan et al., 1994). ES cells are
undifferentiated, pluripotent cells which are isolated from the inner
cell mass of a blastocyst-stage mouse embryo and can be cultured for
many generations. These cells can then be manipulated and,
significantly, rare mutagenesis events selected in vitro. Upon injection
of the ES cells back into a blastocyst they can contribute to the
developing embryo and may populate the germ-line of chimeric mice,
in which case the mutation may be transmitted to future generations of
animals. Targeted mutations in ES cells are generated via homologous
recombination between the endogenous gene and an engineered DNA
construct. It is therefore possible to have total control over the nature
of the mutation that is made, which is not the case with classical
mutagenesis. Using these techniques, it is also possible to make
mutations in which a gene can be selectively inactivated at a specific
time-point or in discrete populations of cells (reviewed in Jiang and
Gridley, 1997). This conditional mutagenesis strategy is particularly
useful when a null mutant phenotype results in early embryonic

lethality, thus masking any later requirements for a gene.

A considerable disadvantage of targeted mutagenesis is that
there is no guarantee of an embryonic phenotype being produced by the
mutation as a large number of functionally redundant genes appear to
exist in the mouse (Brandon et al., 1995). Furthermore, producing a
targeting construct and conducting a targeting experiment for each
individual gene is labour-intensive and time-consuming. Indeed, a
conservative estimate of the time required to produce a targeted ES cell
clone for every gene in the mouse genome by these methods is 25,000

man years (Evans et al., 1997).
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Gene trapping

One method which lends itself to both gene- and phenotype-
driven approaches to mutagenesis in mouse is gene trapping in ES cells
(reviewed in Evans et al., 1997). This is an insertional mutagenesis
strategy employing reporter gene constructs that are designed to create
mutations in the disrupted gene, report on its expression pattern in
embryos generated from the ES cells and provide a molecular tag to

permit its rapid cloning (Fig. 1.2).

Generally, gene trap vectors are promoterless constructs
containing a gene encoding antibiotic-resistance (typically neo, which
encodes neomycin phosphotransferase) and a screenable reporter gene
(typically the lacZ gene encoding -galactosidase (Bgal) or the gene
encoding alkaline phosphatase). Integrations into transcriptionally-
active genes can therefore be selected for in vitro and the expression of
the disrupted gene can be followed by a simple histochemical staining
procedure. There are several examples of independent groups
recovering insertions in the same gene (for example, integrations in
jumonji have been found by Takeuchi et al. (1995), Baker et al., (1997);
Voss et al. (1998) and Skarnes and colleagues (personal
communication)), indicating that certain loci are more susceptible to
integration events than others. Nevertheless, a library of ES cell clones
representing a large number of unique gene trap events can be

established relatively quickly.

Prior to establishing transgenic mouse strains from the ES cells -
a process which is both expensive and time-consuming - many
researchers prefer to pre-select clones based on reporter gene activity in

differentiated ES cells (Forrester et al., 1996; Voss et al., 1998), embryoid
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Figure 1.2. General strategy of gene trapping. A) Expression scheme of
a typical gene. The promoter (arrow) drives expression of a gene
containing 4 exons (shaded boxes) separated by 3 introns. Transcription
terminates at the polyadenylation signal (pA) with the addition of a
poly-A tail ((A)n). During RNA maturation, the intronic sequences
are removed by splicing machinery that recognises splice acceptor and
splice donor sequences situated at the exon-intron boundaries. B) Gene
trapping using promoterless reporter constructs (typically containing
an antibiotic-resistance gene and lacZ). Expression of the gene trap
construct is under the control of the endogenous gene’s regulatory
elements so rare integration events can be found by applying the
appropriate selection. In addition, Bgal activity mimics the
endogenous gene expression pattern. The inclusion of a
polyadenylation signal in the vector leads to premature termination of
transcription of the endogenous gene, resulting in a mutation. (i)
Integrations can be directly in an exon (using ‘splice acceptorless’
constructs) or (ii) in an intron (using vectors containing a splice
acceptor (SA)). Using vectors that do not contain a translational
initiation site, only in-frame fusions are detected. Diagram adapted
from Evans et al. (1997).
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bodies (Xiong et al., 1998) or in chimeric embryos (Voss et al., 1998).
This presents the opportunity to select insertion events into genes with
restricted patterns of expression within the tissue of interest or discard
those which occur in genes which are ubiquitously-expressed and
thought to be more likely to represent ‘house-keeping’ genes. Clones
can also be selected for further analysis based on the sequence
information available for the disrupted gene (Townley et al., 1997).
However, such pre-selection strategies make a screen less phenotype-
driven and interesting developmental phenotypes that come from

unexpected sources may be missed.

A large number of different designs of gene trap vector have
been utilised (reviewed in Evans et al., 1997). One commonly used
class of vectors contains a splice acceptor sequence 5’ to the reporter
gene and requires integration-into an intron of a transcriptionally
active gene for reporter gene activation. Because this type of vector
biases towards the detection of genes with large intronic regions,
vectors have also been produced which lack a splice acceptor and are
designed to report on integrations directly into an exon or in the 5’-
untranslated region (UTR; Fig. 1.1), thus providing efficient access to
genes with few or no introns. In order to access insertions into genes
which are not expressed in undifferentiated ES cells, vectors have been
developed in which the antibiotic resistance gene is driven by a
constitutively-active promoter and the expression of Bgal is under the
control of the endogenous regulatory sequences (Niwa et al., 1993;
Zambrowicz et al., 1998; Salminen et al., 1998). Prior to generating
permanent mouse lines, antibiotic-resistant clones can be screened for
Bgal activity in chimeric embryos or after undergoing differentiation.

These vectors are more efficient when the polyadenylation signal from
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the antibiotic resistance gene is excluded from the vector. In this case,
as a stable message is only produced upon obtaining a polyadenylation
signal from an endogenous gene, it is hoped that insertions that do not

disrupt bona fide genes are eliminated from further analysis.

A major consideration of gene trap strategies is whether the
insertion of the vector is suitably mutagenic. Published results have
shown that integration of both splice acceptor-containing and direct
exon-insertion forms of vector can cause alterations of normal gene
function. For example Voss et al. (1998) reported that, in a large-scale
splice acceptor trap screen, overt abnormalities were associated with
12/24 insertion events (50%). Of these 12 mutations, 6 resulted in
embryonic lethality. It is also clear, however, that alternatively splicing
around a vector insertion site can lead to apparently normal levels of
wild-type transcripts being produced by the endogenous gene (Skarnes
et al., 1992; Voss et al., 1998; McClive et al., 1998). Such splicing events
may prove useful, however, for producing hypomorphic mutant
alleles of genes. Indeed, there are several examples of gene trap events
which result in overt phenotypes but do not extinguish production of
all full-length endogenous transcripts (Skarnes et al., 1992; Serafini et

al., 1996).

The secretory trap approach

Gene trap vectors have also been designed to enrich for
insertions into particular subsets of genes, for example those that are
responsive to retinoic acid (Forrester et al., 1996) or are involved in
apoptosis (Russ et al., 1996). Skarnes and colleagues have also
developed vectors that are designed to enrich for insertions into genes

encoding secreted or transmembrane proteins (Skarnes et al., 1995).
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The rationale behind this approach is to disrupt genes whose products
are more likely to be expressed at the cell surface and, therefore, may be
involved in cell-cell communication during embryogenesis, as secreted
signalling molecules or signal-transducing receptors. Other screens
designed to isolate genes encoding these classes of proteins have
involved generating cDNA libraries from rough endoplasmic
reticulum (ER) membranes (which are enriched for mRNAs encoding
membrane-targeted proteins; Kopczynski et al., 1998) and cloning
existing libraries into specialised vectors which allow selection in yeast
for cDNAs containing an endogenous secretory signal sequence (Klein
et al., 1996). Although these screens can be coupled to high-throughput
expression pattern analysis (Kopczynski et al., 1998), unlike gene trap

strategies, they do not provide any functional information.

Secretory trap vectors are splice acceptor-containing constructs
with a transmembrane domain-encoding region fused in frame to the
reporter (schematised in Fig. 1.3). In a small-scale pilot screen, Skarnes
et al. found that Bgal moiety encoded by this type of vector was only
enzymatically active (and therefore gave blue when exposed to the X-
gal substrate) when a secretory signal sequence was provided by the
endogenous gene. This strategy is particularly useful because detection
of trapped genes encoding secreted proteins is rare with conventional
vectors. This is because, under these circumstances, insertions that are
downstream of a secretory signal sequence (and not an endogenous
transmembrane domain) produce a fusion protein that resides in the
ER and does not possess Bgal enzymatic activity (Skarnes et al., 1995).
Based on these findings, the authors proposed a model for how the
selectivity of the secretory trap vector is accomplished (Fig. 1.3). In this

model, if the fusion protein contains a secretory signal sequence
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Figure 1.3. The secretory trap strategy. A) Structure of secretory trap
construct showing the Engrailed2 (En2) splice-acceptor (SA), type I
transmembrane domain-encoding region (TM) from the CD4 gene,
lacZ-neo gene fusion (figeo) and SV40 polyadenylation signal (pA).
The vector also contains the intron from the En2 gene, which should
be removed upon splicing to endogenous sequences and permits
screening of ES cell lines for correct utilisation of the splice acceptor. B)
Model to explain enrichment for insertions into genes encoding
membrane-targeted proteins using the secretory trap vector (adapted
from Skarnes et al., 1995). If fgeo resides in the endoplasmic reticulum
(ER) lumen, neo is active but Bgal activity is lost (Skarnes et al., 1995).
(i) Insertion of the vector downstream of a secretory signal sequence-
encoding region (SS) leads to initiation of translocation of the protein
into the ER lumen. The type I transmembrane domain of the vector
retains Bgeo in the cytosol, where it is active. (ii) Insertion of the vector
downstream of a type II TM also results in an active fgeo in the cytosol
as the type I transmembrane domain terminates translocation. (iii)
Insertions of the vector that are not downstream of a SS or type II TM
result in a fusion protein with an internal transmembrane domain.
Insertion of this protein in a type II orientation exposes fgeo to the ER
lumen, where Bgal is inactive.
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provided by the endogenous gene, the Bgal moiety is retained in the
cytosol and is active. Otherwise the protein adopts an orientation such
that Bgal is exposed to the ER lumen, in which case its activity is lost.
Therefore, insertions into genes encoding secreted or type I
transmembrane-containing proteins can be enriched by choosing those

antibiotic resistant clones which possess Bgal activity.

Recently, the results of large-scale screens using secretory trap
vectors have been reported
(http:/ /www.socrates.berkeley.edu/~skarnes). With sequence of the
trapped gene available from 238 insertion sites, it is clear that these
vectors also enrich for insertion into genes encoding type II
transmembrane proteins. It is thought that insertions downstream of
the type II transmembrane domain also result in fgal in the cytosol and
enzymatic activity (Brennan, 1997; Fig. 1.3). 117 (49%) of sequences
obtained using the secretory trap vector are identical or closely related
to previously identified genes. Of these known genes, 78 (67%) are
associated with genuine ‘secretory trap’ events (i.e. where the insertion
is downstream of a region encoding a secretory signal sequence or a
type II transmembrane domain). Assuming that the proportion of
genes encoding membrane-targeted proteins is similar in Drosophila
and mouse, this figure compares favourably to the enrichment
achieved by Kopczynski ef al. (1998) who found that 38% of cDNAs
corresponding to known genes that were isolated from a Drosophila
embryo rough endoplasmic reticulum library encoded membrane-

targeted proteins.

! By analysing a large number of cDNAs corresponding to known genes from random-
sequencing of a conventional Drosophila embryonic cDNA library, Kopczynski et al.
(1998) have estimated that 11% of Drosophila genes expressed during embryogenesis
encode membrane-targeted proteins.
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Summary

During embryonic development, changes in cell growth,
differentiation and fate are governed by intercellular signalling. A
number of mutagenesis strategies have been developed to identify the
genes required for cell-cell communication during embryonic
development. These strategies may be (i) phenotype-driven; in which
case mutations are induced in the genome and the genes required for
key events identified, or (ii) gene-driven; in which case a potentially
interesting gene is identified and then disrupted using targeted
mutagenesis. Gene trapping in ES cells provides a middle ground
between these two approaches. This insertional mutagenesis strategy is
designed to combine the normally separate processes of gene
identification, expression pattern analysis and generation of a
mutation. Gene trap strategies have been modified to isolate different
subsets of genes. One particular strategy, termed the ‘secretory trap’, has
proved successful in enriching for insertions in genes encoding
secreted or transmembrane proteins expressed in embryonic stem cells.
It is hoped that this technique will lead to the identification of novel
secreted signalling molecules or receptors involved in cell-cell

communication during development.

1.2 Heparan sulphate proteoglycans

It is now apparent that the view that signalling at the cell surface
involves only two classes of molecules - the secreted signal and the
signal-transducing receptor - is over-simplistic. A number of other
molecules are present on the surface of the cell and in the extra-cellular
matrix and it is clear that many of these play a role in regulating
signalling mechanisms. Of these accessory molecules, those that have

received the most attention in recent years are the heparan sulphate
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proteoglycans (HSPGs). HSPGs consist of glycosaminoglycan
polysaccharides covalently linked to core proteins and are expressed by
most animal cells. These molecules may be associated with the cell
surface or secreted into the extra-cellular environment and are capable
of interacting with a variety of proteins including extra-cellular matrix
components, degradative enzymes and protease inhibitors. HSPGs
have also been shown to interact with a number of secreted signalling
molecules and have been implicated in their presentation to signal-
transducing receptors (Fig. 1.4). In some cell types there is a
requirement for cell surface HSPGs in the FGF signalling pathway,
leading to the proposal that these molecules function as low-affinity
receptors facilitating the interaction of ligands with high-affinity
receptor tyrosine kinases (Klagsbrun and Baird 1991; Rapraeger et al.,
1991; Yayon et al., 1991; Schlessinger et al., 1995). In addition, HSPGs
may bind signalling molecules in the extra-cellular matrix, altering
their stability and modulating their effective concentration (Saksela

and Rifkin, 1990; Reichsman et al., 1996; Hartmann et al., 1997).

The specificity of HSPG-ligand interactions resides, at least in
part, in the structure of the heparan sulphate glycosaminoglycan chains
which vary in number, length, sequence composition and sulphation
pattern between cell type and developmental stage (Gallagher et al.,
1986; Nurcombe et al., 1993; Kato et al., 1994). Thus, the regulated
synthesis of differentially glycanated proteoglycans may represent an
additional means to regulate cell-cell communication during

development.
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Figure 1.4. Potential roles for HSPGs in the regulation of intercellular
signalling. A cell surface HSPG in shown although these roles could
also be fulfilled by extra-cellular proteoglycans. A) HSPGs may act as
low-affinity receptors that increase the local concentration of ligand,
thereby facilitating activation of the signal-transducing receptor. B)
HSPGs may function as co-receptors that present the ligand to its
signal-transducing receptor. As shown here, a ternary complex
between the heparan sulphate chains, the signal-transducing receptor
and its ligand may mediate signalling. Alternatively, binding to
heparan sulphate might induce a conformational change of the ligand
necessary for receptor activation. C) HSPGs may facilitate transport of
the ligand between cells. Ligands may be passed from one chain to
another and may also ‘slide’ along individual chains (solid arrows).
Movement of the core protein through the membrane (dashed arrows)
may also contribute to ligand transport. Alternatively, interactions
with proteoglycans may facilitate endocytotic transport through the cell
(arrowheads). In each case, ligands may be passed to proteoglycans on
neighbouring cells. It should be noted that the functions depicted in A-
C are not mutually exclusive. Also, the extra-cellular domain of the
proteoglycan can be cleaved and shed from the cell surface and this
process may contribute to the above functions.
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Heparan sulphate structure and biosynthesis

Heparan sulphate is a ubiquitously expressed highly negatively-charged
glycosaminoglycan. Heparin, which is confined to mast cells, is
generally more sulphated than heparan sulphate and is less varied in
structure. The majority of glycosaminoglycan biosynthetic reactions
take place in the Golgi apparatus. Synthesis begins with the covalent
attachment of xylose to one or more serine residues in the core protein
(Fig. 1.5). Initiation of glycosaminoglycan chains correlates with amino
acid sequences around glycanation sites, specifically a serine-
glycine/alanine dipeptide with one or more acidic residues nearby
(reviewed in Esko and Zhang, 1996). Galactose and glucuronic acid
units are then added to produce a glucuronic acid-galactose-galactose-
xylose tetrasaccharide linkage region which is found in both
glucosaminoglycans (heparan sulphate and heparin) and
galactosaminoglycans (chondroitin sulphate and dermatan sulphate).
The addition of N-acetylgalactosamine (GalNac) or N-
acetylglucosamine (GIcNAc) to the linkage region commits the process
to production of galactosaminoglycans and glucosaminoglycans
respectively, although it is not yet understood how this decision is

made.

Subsequently, during glucosaminoglycan synthesis a polymerase
reaction utilising UDP-sugar nucleotides produces a simple structure
consisting of up to 200 alternating glucuronic acid (GlcA) and GlcNAc
residues joined by o1—4 linkages. Polymerisation is thought to be a
rapid process, with an individual chain growing by at least 80
saccharides/minute under optimal conditions in vitro (Lidholt et al.,
1988). Approximately 80% of GlcA-GlcNAc disaccharides undergo

default modification in heparin biosynthesis, compared with less than
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10% during the production of heparan sulphate. These default steps
involve replacement of the N-acetyl group with sulphate,
epimerisation at C5 of D-glucuronic acid to produce L-iduronic acid
(IdoA) and O-sulphation at C2 of IdoA and at C6 of the N-sulphated
glucosamine residue (Fig. 1.5). These reactions are thought to occur in
the above order, the sulphation steps utilising the sulphate donor 3’-
phosphoadenosine 5'-phosphosulphate (PAPS). It is thought that the
modification steps occur while the chain is elongating and that these
two processes are, to some extent, interdependent (Lidholt and Lindahl,

1992).

Increased diversity of heparan sulphate structure can arise by the
restriction of some of the above steps and/or implementation of
additional ones. A major restriction is the extent and spacing of N-
sulphated regions within the glycosaminoglycan chain. Enzymes
catalysing C5 epimerisation and O-sulphations depend upon the
presence of nearby N-sulphated groups to function, although it is
important to note that not all potential targets are modified. The
mechanism by which some targets escape modification is not yet

known.

A number of additional modifications have been found in
heparan sulphate, which provide even greater scope for diversity.
Within N-sulphated regions, those GlcA units that escape
epimerisation may, in rare cases, be 2-O-sulphated preventing
subsequent epimerisation to IdoA. This 2-O-sulphation step does not
appear to be catalysed by the cloned iduronyl 2-O-sulphotransferase,
HS2ST (Kobayashi et al., 1996; see later). O-sulphation can also occur

on C3 of glucosamine, although it is not clear how commonplace this
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Figure 1.5. Glycosaminoglycan biosynthesis. A) Chain initiation. The
assembly of glycosaminoglycan chains begins with the production of a
tetrasaccharide linkage region composed of xylose (Xyl), galactose (Gal)
and glucuronic acid (GlcA) on specific sites in the proteoglycan core
protein. Attachment of N-acetylgalactosamine (GalNac) or N-
acetylglucosamine (GIcNAc) to the linkage region commits the process
to production of glucosaminoglycans (heparan sulphate) and
galactosaminoglycans (chondroitin sulphate/dermatan sulphate),
respectively. Dermatan sulphates are those chondroitin sulphate
molecules in which epimerisation of some GlcA residues into iduronic
acid has occurred. Adapted from Esko and Zhang (1996). B) Chain
modification reactions during heparan sulphate biosynthesis. A
polymerase reaction produces a simple structure consisting of up to 200
alternating glucuronic acid (GlcA) and N-acetlyglucosamine (GlcNAc)
residues joined by a1—4 linkages. Certain disaccharide units
(approximately 80% in heparin and 10% in heparan sulphate) undergo
the default modification steps shown; N-deacetlyation/N-sulphation
followed by epimerisation of GlcA, 2-O-sulphation and 6-O-sulphation.
In each case, the most recent modification is indicated by a yellow
circle. Because the biosynthetic enzymes recognise specific substrates,
the majority of the modification steps are dependent on the previous
steps. However, many disaccharide units escape some, or all, of the
modification steps and additional modifications can also occur (see text
for details). These reactions are therefore capable of producing heparan
sulphate molecules with extremely diverse sulphation patterns.
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modification is. It is, however, essential for the biosynthesis of the
antithrombin binding region in heparan sulphate (reviewed in

Rosenberg et al., 1997).

Recently, many of the enzymes responsible for heparan sulphate
biosynthesis have been identified and the majority appear to be
localised to the Golgi membrane in a type II membrane orientation
(reviewed in Salmivirta et al., 1996). Interestingly, for a number of
modification steps there is evidence for multiple isoforms each
encoded by a different gene and each requiring a slightly different
precursor structure in heparan sulphate. For example, two heparan
sulphate N-deacetylase/N-sulphotransferases (the same enzymes
catalyse both the removal of the acetyl group and its replacement with
sulphate) and three 3-O-sulphotransferases have been reported thus far
(Hashimoto et al., 1992; Orellana et al., 1994; Rosenberg et al., 1997).
Where tested, these isoforms have distinct spatio-temporal patterns of
expression. Coupled with their different substrate specificities, this
observation suggests that these isoforms may function in the

production of tissue-specific heparan sulphate sequences.

Ligand binding

Glucosaminoglycans are capable of interacting with a number of
secreted signalling molecules including members of the fibroblast
growth factor (FGF), Wingless/Wnt, transforming growth factor-f
(TGFB) and Hedgehog (Hh) families (Yayon et al., 1991; Rapraeger et al.,
1991; Leeet al.,, 1994; Reichsman et al., 1996; Ruppert et al., 1996). The
interaction between heparan sulphate and FGF2 (basic FGF) is perhaps
the best characterised. Mutagenised CHO cells that lack heparan
sulphate do not bind FGF2 (Yayon et al., 1991), suggesting that binding
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to HSPGs is a prerequisite for binding to the high-affinity signal
transducing receptor. A similar conclusion has been reached from
studies using heparan-degrading enzymes or sodium chlorate, which
competes with sulphate in the biosynthesis of PAPS, thus acting as a
reversible inhibitor of sulphation (Rapraeger et al., 1991). Either
treatment severely reduces FGF2 binding and mitogenic response of
cultured cells. The minimal sequence in heparan sulphate required for
FGF2 binding is the pentasaccharide GlcA /IdoA-GIlcNSO3-GlcA /IdoA-
GlcNSO3-1doA2SO3 2(Maccarana et al., 1993). The critical importance of
the 2-O-sulphated IdoA has been demonstrated by the inability of a
CHO cell mutant lacking this modification to bind FGF2 (Bai and Esko,
1996). Interestingly, a larger oligosaccharide consisting of 12 saccharide
units is required for signal transduction and the ensuing mitogenic
response. It has been proposed that this oligosaccharide permits
dimerisation of the ligand as well as an interaction with the FGF
receptor (Guimond et al., 1993; Brickman et al., 1995; Krufka et al.,
1996). The end result of such an interaction would be a transient
dimerisation of the receptor, leading to phosphorylation of the
cytoplasmic tails and the activation of downstream signal transduction
cascades. Interestingly, increasing the FGF concentration available to
heparan sulphate-deficient cells results in a partial restoration of the
mitogenic response, demonstrating that there is not an obligate
requirement for these glycosaminoglycans for signalling (Krufka et al.,

1996).

Clearly, different proteins require distinct sequences in heparan

sulphate in order to bind. FGF1 (acidic FGF) requires relatively long

2 Where GIcNSO3 represents N-sulphated glucosamine and IdoA2SO3 represents 2-O-
sulphated iduronic acid.
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sulphated sequences for binding and activation, although it interacts
with a different pattern of sulphate groups than FGF2 does (Rahmoune
et al., 1998). During neural development, the ability of cells to
discriminate between FGF1 and FGF2 signals appears to be associated
with changes of length and sulphation pattern of heparan sulphate
chains, rather than changes in expression of the signal-transducing
receptors (Nurcombe et al., 1993; Brickman et al., 1998). In contrast to
FGF1 and FGF2, hepatocyte growth factor (HGF) appears to bind to
domains of heparan sulphate with modest contributions of N-
sulphated glucosamine and 2-O-sulphate (Lyon et al., 1994). HSPGs are
not required for HGF signal transduction but rather for protecting the
ligand from clearance (Hartmann et al., 1997), suggesting that
glycosaminoglycans may be important for regulating the local
concentration of signalling molecules. Unfortunately, relatively little
is known about the binding requirements of other signalling
molecules. The interaction of TGFB1 with the heparan sulphate
proteoglycan betaglycan (the type III TGFp receptor) appears to occur
principally through interactions with the core protein rather than its
glycosaminoglycan chains (Cheifetz and Massagué, 1989). However,
TGFp1 is capable of binding to heparin and highly sulphated heparan
sulphate although this interaction may be more significant for protein
stability or interactions with binding partners than for ligand-receptor

interactions (Lyon et al., 1997).

Core proteins

A single protein, serglycin, is the core protein attached to heparin
(Tantravahi et al., 1986). In contrast, a number of different proteins
constitute the cores of other glycosaminoglycans. These include (i) the

syndecan family, consisting of four homologues in mammals, 1 in
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Drosophila and a putative C.elegans version, (ii) the glypican family,
comprising 4 mammalian homologues and the product of the
Drosophila dally gene and (iii) perlecan, which has been identified in
mouse and human and which, to date, is the only protein of its class.
Syndecan and glypican are abundant cell surface-associated

proteoglycans and perlecan is a prototypical extra-cellular proteoglycan.

Syndecans contain a large extra-cellular domain containing
multiple sites for glycosaminoglycan attachment, a dibasic cleavage site,
a transmembrane domain and a short intracellular domain containing
4 conserved tyrosine residues (reviewed in Bernfield et al., 1992).
Heparan sulphate is attached to all syndecans near the N-terminus and
it appears that syndecan-1 and -3 also bear chondroitin sulphate chains
in their extra-cellular domain near the plasma membrane (Kokenyesi
and Bernfield, 1994). Oligomerisation of the cytoplasmic domain of
syndecan-4 leads to activation of protein kinase C, suggesting that these
proteoglycans may be able to transduce signalling information in vivo
(Oh et al., 1997). It also appears that syndecans are capable of regulating
adhesive properties of cells; certain syndecans can interact with
components of the extra-cellular matrix, cytoskeleton and focal
adhesions and treatment of epithelial cells with antisense syndecan-1
results in their transformation into anchorage-independent
mesenchymal cells (Kato et al., 1995). There is some evidence that
syndecans partake in homotypic interactions and this may also
contribute to the regulation of adhesive properties (Bernfield et al.,

1992).

Glypicans are attached to the plasma membrane by a C-terminal

GPI-anchor and contain a large globular extra-cellular domain with
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approximately 14 attachment sites for heparan sulphate. Glypicans
appear to be localised to the apical surface of the cell and this targeting
is related to heparan sulphate content (Mertens et al., 1996). Whereas
transfection of genes encoding syndecans into lymphoid cells markedly
increases adhesive properties, overexpression of glypicans has no such
effect, suggesting that they may function primarily in binding

signalling molecules (Liu et al., 1998).

Relatively little is known about the function of perlecan. The
perlecan gene utilises multiple splice variants to produce an
approximately 460kDa protein that shares regions of homology with
neural cell adhesion molecules, epidermal growth factor, laminin and
the low-density lipoprotein receptors. Perlecan contains multiple sites
for glycosaminoglycan attachment and is secreted from numerous cell
types whereupon it can interact with components of the basement

membrane (Murdoch et al., 1992).

Genetic analysis of HSPG function

The recent isolation in Drosophila of mutations in a number of genes
encoding core proteins or components of the heparan sulphate
biosynthetic machinery have provided genetic evidence of
proteoglycan function in signalling (Table 1.1). Mutations in the gene
encoding a Drosophila glypican family member, Dally, affect cellular
responses to the TGFP molecule Decapentaplegic (Dpp) in the larval
primordia of the eye, genitalia and antenna (Jackson et al., 1997). Two
lines of evidence are consistent with a role for this proteoglycan as a
low affinity receptor for Dpp; (i) increasing the level of Dally can
potentiate Dpp signalling and (ii) dally mutations can be rescued by an

increased dosage of Dpp. In the embryo and the wing primordium,
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mutations in dally do not appear to compromise Dpp signalling,
suggesting that requirements for glypicans can be tissue-specific.
Interestingly, the human GPC3 gene, which encodes glypican-3, is
mutated in patients with Simpson Golabi-Behmel Syndrome, an X-
linked disorder characterised by excessive pre-natal and post-natal

growth and frequent perinatal death (Pilia et al., 1996). ’

Recently, defects in intercellular signalling have been found in
Drosophila embryos mutant for a number of genes that encode
enzymes involved in the biosynthesis of glycosaminoglycans. Three
groups have reported the isolation of mutations in the sugarless gene,
which encodes UDP-glucose dehydrogenase, the enzyme responsible
for the production of UDP-glucuronic acid (the glucuronic acid donor
in glycosaminoglycan assembly) from UDP-glucose (Binari et ai., 1997;
Haerry et al., 1997; Hécker et al., 1997). Thus, in the absence of any
known salvage pathway, it is believed that these flies are deficient in all
glycosaminoglycan chains. Strikingly, embryos that develop in the
absence of both maternal and zygotic sugarless exhibit defects of the
antero-posterior pattern of the larval cuticle (segment polarity
phenotype) reminiscent of loss-of-function mutations in the wingless
(wg) or hedgehog (hh) genes, which encode secreted signalling
molecules. In regions of the embryo where defects in Wingless (Wg)
and Hedgehog (Hh) functions are clearly separable, it appears that
sugarless is required in the Wg pathway. Epistasis experiments have
shown that sugarless is genetically downstream of wg but upstream of
intracellular components of the Wg signal transduction pathway,
indicating that glycosaminoglycans are required for the reception of
Wg. Analysis of expression of targets of Wg signalling in sugarless

mutants has demonstrated that, in the absence of glycosaminoglycans,
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Wpg signalling is significantly reduced but not abolished. The sugarless
mutant phenotype in the cuticle is mimicked by treatment of wild-type
flies with enzymes that degrade glucosaminoglycans but not by those
that degrade galactosaminoglycans, indicating that heparan sulphate-

containing proteoglycans may be important for Wg activity.

The requirement for sugarless can be overcome by
overexpression of Wg protein in a dose-dependent manner. Based on
this observation, it has been proposed that HSPGs may function to
increase the local concentration of Wg, thereby facilitating its
interaction with the signal-transducing receptor. sugarless mutants
have partially overlapping phenotypes with mutants in the Drosophila
FGF pathway (Hacker ef al., 1997), suggesting an in vivo requirement
for HSPGs in FGF signalling. Given the requirement for HSPGs for
efficient FGF signalling in cultured mammalian cells (see above), it
will be interesting to see whether overexpression of the FGF ligand in
the sugarless mutant background can alleviate the Fgf--like
phenotypes. In addition, zygotic sugarless mutants appear to have
defects in Dpp signalling in the larva (Haerry ef 4l., 1997). However,
neither zygotic nor maternal depletion of sugarless leads to defects in
the establishment of dorso-ventral polarity - a process which is
dependent on Dpp signalling - demonstrating that glycosaminoglycans

are likely not to be required for Dpp function in the embryo.

Studies of two additional genes in Drosophila, tout-velu and
pipe, have provided evidence that proteoglycans are involved in
modulating the distance over which signalling molecules can act
(schematised in Fig. 1.6). Normally, Hh synthesised in the posterior

compartment of the wing disc can move into the anterior
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compartment and activate target genes as far as 8-10 cells away. In
clones of cells mutant for the tout-velu (ttv) gene, activation of Hh
targets does occur but only in those anterior compartment cells
immediately adjacent to the source of Hh synthesis (Bellaiche et al.,
1998). Thus, it appears that the ttv gene product is required for the
movement of Hh from cell to cell, a conclusion that is supported by the
pattern at Hh protein distribution in wing discs containing clones of ttv
mutant cells. Recently, it has been shown that two human
homologues of ttv (EXT1 and EXT2) encode heparan sulphate
glucuronic acid/N-acetylglucosamine transferases that catalyse the
polymerisation of the heparan sulphate chain (McCormick et al., 1998;
Lind ef al., 1998). In the absence of {tv, embryos are predicted to be
deficient in heparan sulphate but not other glycosaminoglycan chains.
Therefore, it is possible that the Ttv protein is involved in the
biosynthesis of a heparan sulphate glycosaminoglycan required for
transport of the Hh protein. The mechanism by which Hh is
transported from cell to cell may actively involve proteoglycans. For
example, Hh could be passed around the surface of the cell; this could
be facilitated by movement of the ligand from one proteoglycan
molecule to another or through the cell via glycosaminoglycan-
dependent vesicular transport. Shedding of proteoglycan extracellular
domains (reviewed in Bernfield et al., 1992) could also contribute to
transport. Alternatively, the function of glycosaminoglycans could be
more passive; they might sequester Hh at the surface of the cell, thus
increasing the local concentration of Hh available to the direct

mediator of transport.

Interestingly, in the absence of tout-velu, cells adjacent to the

source of Hh synthesis express reduced levels of Hh target genes,
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suggesting that heparan sulphate is also required for efficient
signalling. Surprisingly, ttv mutations are reputed to have no direct
effects on Wg signalling in regions of the developing fly where Wg and
Hh functions are distinguishable (Bellaiche et al., 1998). At least in the
case of patterning the larval cuticle, glycosaminoglycans do not appear
to be required to augment the range of Wg signalling as the domain of
Wg target gene activity is initially increased in size in sugarless

mutants (Haerry et al., 1997).

The pipe gene, which is required for the establishment of dorso-
ventral polarity in the Drosophila embryo, has been positionally cloned
and found to encode a protein related to the heparan sulphate iduronyl
2-O-sulphotransferase, HS2ST (Sen et al., 1998; Anderson, 1998).
Although, significantly, the biochemical activity of the Pipe protein has
not yet been characterised, it seems most likely that it is responsible for
2-O-sulphation of iduronic acids in either heparan sulphate or
dermatan sulphate (this modification does not occur in other classes of
glycosaminoglycans). In either case, the pipe mutation is predicted to
have much less drastic consequences on glycosaminoglycan structure
than the sugarless and tout-velu mutations, as it affects a late step in
glycosaminoglycan biosynthesis (Table 1.1). pipe is expressed only in
those follicle cells located on the ventral side of the egg chamber where
it is required for the localised proteolytic activation of the signalling
molecule Spitzle, which specifies the ventral side of the embryo. The
serine proteases, Easter, Snake, Gastrulation defective and Nudel are
components of a proteolytic cascade necessary for activation of Spétzle
in the perivitelline space (the area between the follicle cells and the
egg). Analysis of pipe mutants strongly suggests that sulphated

proteoglycans secreted by the follicle cells are required for the activation
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of one or more of these molecules. The pivotal role of sulphated
proteoglycans in dorso-ventral patterning of the Drosophila embryo is
indicated by the finding that ectopic expression of pipe in dorsal or
lateral follicle cells is sufficient to re-orientate the dorso-ventral axis of
the embryo (Fig. 1.6), presumably by localising the production of active
Spétzle to that side of the embryo. A sulphated proteoglycan may be
required for the assembly of the proteolytic complex on the ventral
plasma membrane of the embryo or, alternatively, may directly activate
a serine protease by binding it via its glycosaminoglycan chains. Of
potential significance here is that, during the blood coagulation cascade
in mammals, binding to heparin or heparan sulphate modulates the
activity of the related serine protease thrombin. Although this
interaction has been studied mostly in the context of inactivation of
thrombin by the serpin inhibitor antithrombin (reviewed by Rosenberg
et al., 1997), there are indications that binding of thrombin to heparan
sulphate can alter its substrate specificities (Hogg and Jackson, 1990) and
increase its ability to associate with the cell surface or extra-cellular

matrix (Bar-Shavit ef al., 1993).

Summary

Heparan sulphate biosynthesis involves a series of progressive
modifications of a simple glycosaminoglycan chain. This process is
capable of producing an almost infinite number of different structures
varying in length, composition and sulphation pattern depending on
the cell type and the developmental stage. This diversity appears to be
important for regulating cellular interactions with a number of
secreted signalling molecules. In most signalling pathways it is not
entirely clear how HSPGs are functioning. In the case of FGF2

signalling, however, it has been suggested that cell surface HSPGs
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Figure 1.6. Glycosaminoglycans may regulate the distance over which
signalling molecules act. A) In the wild-type wing disc (left), Hedgehog
(Hh) is synthesised by the cells of the posterior compartment. It moves
into the anterior compartment where it signals to upregulate
expression of Patched (Ptc) over a distance of 8-10 cells. Within a clone
of cells mutant for the tout-velu (ttv -) gene (right) positioned adjacent
to the posterior compartment, Ptc is only upregulated in the cells
adjacent to the posterior Hh-secreting cells because Hh cannot move
through the mutant clone. The level of Ptc expression in the mutant
clone is weaker than normal (not shown) suggesting that ttv may also
be required for efficient signalling. The ttv gene product is related to
the vertebrate EXT proteins, which are known to catalyse the
elongation of the heparan sulphate chain (see text for details). B) In the
wild-type egg chamber, pipe expression is restricted to the ventral
follicle cells where the gene is required for the proteolytic activation of
the signalling molecule Spitzle (not shown). Spitzle signalling then
leads to the production, via nuclear translocation, of a concentration
gradient of nuclear Dorsal protein on the ventral side of the embryo,
which establishes dorso-ventral polarity of the animal. In a pipe/pipe
mutant egg chamber, Spétzle is not activated and Dorsal does not
translocate to the nucleus. Accordingly, embryos derived from
pipe/pipe mothers are dorsalised. Misexpression, using the UAS-Gal4
system, of the wild-type pipe gene in the dorsal follicle cells in the
pipe/pipe mutant egg chamber (see Sen et al. (1998) for details), is
sufficient to produce a reversed orientation of the Dorsal gradient,
which produces a reversed dorso-ventral axis. pipe shares significant
homology with the vertebrate gene encoding heparan sulphate 2-
sulphotransferase and seems likely to encode a 2-O-sulphotransferase
required for the production of a sulphated proteoglycan involved in
activation of Spitzle. At present, the mechanism by which a graded
distribution of Dorsal is generated is unknown.
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permit the dimerisation of the ligand and/or interaction with the
receptor. In other cases, for example in the Wg pathway in Drosophila,
it appears that glycosaminoglycans may be important for increasing the
local concentration of signalling molecules. HSPGs may additionally
be involved in modulating the range of action of secreted signals,

including Hedgehog and Spitzle.

1.3. Early development of the kidney

During the development of the excretory system of amniotes, a series
of inductive events leads to the establishment of the pronephric,
mesonephric and metanephric kidneys. The metanephric kidney
functions as the permanent kidney and has served as a good model
system for the study of tissue interactions controlling organogenesis,
largely due to the extent to which it can be manipulated in vitro. Its
inception involves reciprocal interactions between two discrete cell
populations followed by a concerted program of differentiation and
morphogenesis involving epithelial and mesenchymal components
and, later, interactions with nerves and the vascular system. Classical
in vitro experiments in which the kidney is manipulated by chemical
or physical means have revealed some of the properties of the signals
regulating kidney induction. Recent findings, largely the results of
gene targeting in mice, have identified some of the signalling
molecules involved and have lead to a more sophisticated view of the

sequential nature of inductive interactions in vivo.

The pronephros and mesonephros
In mammals, the pronephric and mesonephric tubules are transitory
and vestigial structures that develop adjacent to the caudally growing

Wolffian (or nephric) duct. Regulation of mesonephric differentiation
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has been studied in some mammals but more extensively in certain
avian and amphibian species, where surgical removal of the Wolffian
duct prevents mesonephric tubule formation (see Saxén, 1987 and
references therein). In pigs and in humans, the mesonephric tubules
function as secretory organs during embryonic development, whereas
the mesonephros of murine species is non-secretory. Rat and mouse
mesonephroi contain two distinct sets of tubules; the rostrally-located
ones, which appear to form by budding from the Wolffian duct, and
those located more caudally, which are never attached to the Wolffian
duct and appear to differentiate in a similar manner to tubules of the
metanephros (Sainio et al., 1997a). The mesonephros regresses
prenatally in a caudal-rostral direction and this process appears to be
driven by apoptosis (Smith and MacKay, 1991). In females, this
regression is complete whereas in males the rostral mesonephric

tubules become the epididymal ducts (Sainio et al., 1997a).

The metanephros

The metanephric kidney of amniotes develops from an interaction
between two mesodermally derived structures, the epithelial ureteric
bud and the metanephric mesenchyme (schematised in Fig. 1.7;
reviewed in Saxén, 1987). As the migrating Wolffian duct approaches
the cloaca, the ureteric bud emerges and grows towards the adjacent
metanephric mesenchyme. Following invasion of the mesenchyme by
the bud, the bud branches, initially to form a T-shape, and the
mesenchyme condenses to form a mantle of mesenchyme surrounding
the bud. Shortly afterwards, the mesenchymal condensate fractionates
into two parts surrounding the ureteric bud tips. The ureteric bud
continues to branch, ultimately giving rise to the collecting duct

system, and distinct mesenchymal pre-tubular aggregates appear at the
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Figure 1.7. Morphological events in early metanephric kidney
development. A) The Wolffian duct (blue) elongates posteriorly and
comes to lie adjacent to the metanephric mesenchyme (light brown).
B) Shortly afterwards, the ureteric bud emerges from the Wolffian duct
and invades the metanephric mesenchyme. C) The ureteric bud then
branches and the mesenchyme condenses around it (dark brown). D)
Subsequently, the condensed mesenchyme fractionates to the
branching ureteric bud tips and some condensed cells differentiate into
pre-tubular aggregates (purple). E) The ureteric bud continues to
branch and the pre-tubular aggregates develop into epithelial tubules
and undergo interactions with the vascular system (red), eventually
giving rise to secretory nephrons. The approximate timing of these
events during mouse embryogenesis is indicated (d.p.c., days post
coitum). A, anterior; P, posterior; V, ventral; D, dorsal.

50




H1

$9T

3+

H1



Chapter 1

branch tips. These aggregates epithelialise and extend to form the
precursors of the secretory nephron, the comma- and S-shaped bodies,
which interact with capillaries to form glomeruli and fuse with the
distal ends of collecting ducts. These rudimentary nephrons are
elaborated upon and give rise to the proximal tubules and distal

tubules of the secretory nephrons.

Classical studies of kidney development

A partial characterisation of the inductive interactions controlling
metanephric development has been permitted by the establishment of
techniques to isolate component parts of the developing kidney and
manipulate them in vitro. These techniques were pioneered by
Clifford Grobstein when he separated the metanephric mesenchyme
from the ureteric bud and assayed the ability of each tissue to
differentiate when cultured on a filter in isolation or when recombined
with the other (Grobstein, 1953). Stimulus from the ureteric bud is
required for survival of the mesenchyme and its transformation into
epithelial tubules and a reciprocal induction event (i.e. from the
mesenchyme to the ureteric bud) is necessary for ureteric bud
branching. Moreover, a number of heterologous tissues are capable of
inducing condensation and tubule formation in metanephric
mesenchyme, the most potent of which is dorsal spinal cord
(Grobstein, 1955; Saxén, 1987). These observations are perhaps not
surprising given the widespread expression patterns of candidate
signalling molecules and their functionally redundant family
members. In contrast, heterologous mesenchymes are unable to
initiate branching of the ureteric bud in organ culture experiments.
Interestingly, lung mesenchyme can support ureteric branching once it

is underway but in a pattern more reminiscent of lung epithelium
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(Kispert et al., 1996; Sainio et al, 1997b). This suggests that the rate and
mode of branching morphogenesis is regulated by the mesenchyme-

specific environment.

Experiments in which the metanephric mesenchyme is
separated from the inducing tissue by filters of variable pore size
(transfilter experiments) have been undertaken in attempts to learn
about the properties of the endogenous inducing signals. Saxén et al.
(1976) found that the ability of cultures to be induced to form tubules by
spinal cord is correlated with the ingrowth of cellular processes into the
pores; induction does not occur across a pore size which is only
sufficient to permit the passage of proteins. These observations led to
the proposal that induction is mediated by cell-cell contacts or the
short-range transmission of signals, as opposed to the long-range
diffusion of signalling molecules (Saxén et al., 1976). However,
Davies and Bard (1998) have reached a different conclusion by
repeating these experiments with one modification. Whereas Saxén
and colleagues used agar or agarose to fix the spinal cord to the
underside of the filter (the mesenchyme was cultured on the filter’s
upper surface), Davies and Bard held the spinal cord in place by
‘sandwiching’ it between two filters. In the absence of agar or agarose,
induction of tubulogenesis occurred efficiently across pore sizes that
were too small to permit ingrowth of cellular processes. The authors
suggested that, in the earlier transfilter experiments, inducing
molecules were binding to the sulphated glycans in the agar or agarose
and being prevented from passing through the filter pores to the

mesenchyme.
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Transfilter techniques have also demonstrated that it is not just
mesenchymal cells adjacent to the inducing tissue that respond to the
signal(s) and that an ‘inductive field’ of a few cell layers exists (Saxén
and Karkiinen-Jaaskeldinen, 1975). However, induced mesenchymal
cells cannot relay the signal to uninduced neighbours, suggesting that
induction is not propagated by a signal relay mechanism (Saxén and
Saksela, 1971). In order to establish whether cell movements are
involved in the response to induction, Saxén and Karkiinen-
Jadskeldinen (1975) dissected quail ureters with a thin layer of
mesenchymal cells remaining on the surface. Following co-culture
with chick mesenchyme, quail cells (distinguishable by the ‘quail
nuclear marker’) were frequently found at a distance from their
original location, leading to the proposal that the spread of the
inductive wave is driven by migration of the induced cells from the
ureteric bud tip. Thus, uninduced cells would be able to come into

contact with the inducing signal(s).

Molecular studies of kidney development

Gene expression studies have implicated a host of molecules in kidney
induction and the subsequent changes in cellular behaviour (Davies
and Brandli, 1997). To date, functional analysis has been restricted to
the application of candidate molecules (or agents which modify their
activity) to kidney cultures and to the characterisation of targeted
mutations in mice leading to specific defects in renal development
(Table 1.2; reviewed in Lechner and Dressler, 1997; Vainio and Miiller,
1997).
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Initiation of ureteric bud outgrowth

Significantly, several mutations exert their effects at stages
earlier than those previously examined in organ culture. In Pax2 null
mutant mice, the Wolffian duct develops only partially and
degenerates later in embryogenesis; consequently the ureteric bud is
not formed and mutants lack kidneys. The WT1 zinc finger-containing
transcription factor appears to be required later than Pax2 as in its
absence the Wolffian duct develops but the ureteric bud does not
evolve (Kreidberg et al., 1993). WT1 is expressed in the uninduced
metanephric mesenchyme but transcripts do not appear to be present
in the ureteric bud (Armstrong et al., 1993), indicating that signals from
the mesenchyme may be responsible for initiation of ureteric bud
outgrowth. This model is supported by the variable failure of ureteric
bud outgrowth in mice deficient for the Ret receptor tyrosine kinase,
which is expressed in the ureteric epithelium, and its secreted ligand
Glial cell line-Derived Neurotrophic Factor (GDNF), which is expressed
in the metanephric mesenchyme (Schuchardt et al., 1994, 1996; Pichel
et al., 1996; Moore et al., 1996; Sanchez et al., 1996; Durbec et al., 1996;
Trupp et al., 1996). Moreover, in ex vivo cultures, exogenous GDNF
protein is able to stimulate formation of ectopic branches from the
ureteric bud and the Wolffian duct (Sainio et al., 1997b). GDNF does
not appear to act primarily as a mitogen for ureteric epithelial cells but
instead may function to modulate cell adhesion, migration and
elongation. A GPI-anchored co-receptor, GFRal, is additionally
required for GDNF/Ret signalling in the kidney as its inactivation by
gene targeting leads to failure of ureteric bud formation (Cacalano et al.,

1998; Enomoto et al., 1998).
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Table 1.2 Targeted mutations affecting early kidney development.

Defect Gene Reference
Multiple defects throughout Pax2 Torres et al. (1995).
urogenital development
Ureteric bud formation Wt1 Kreidberg et al. (1993).
Gdnf  Pichel et al. (1996); Sanchez
et al. (1996); Trupp et al.
(1996).
c-ret Schuchardt et al. (1994),
(1996).
Gfral Cacalano et al. (1998);
Enomoto et al. (1998).
Itga8 Miiller et al. (1997).
Differentiation of ureteric bud Emx2 Miyamoto et al. (1997). |
and mesenchyme following
induction
Epithelialisation of mesenchyme Wnt4 Stark et al. (1994).
Growth and differentiation of Bmp7 Dudley et al. (1995);
ureteric bud and mesenchyme Luo et al. (1995).
Bf2 Hatini et al. (1996).
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Ureteric bud outgrowth is also dependent on the Itga8 gene,
which encodes the a8 subunit of the Integrin a8B1 receptor and is
expressed in mesenchymal cells adjacent to the growing ureteric bud
(Miiller et al., 1997). It has been proposed that this molecule may
mediate adhesive interactions between the mesenchyme and the bud
or, alternatively, may play a role in the localisation of matrix
components and associated signalling molecules. Interestingly, a novel
Integrin a8P1 ligand(s) has been identified in the ureteric bud that may

contribute to ureteric bud morphogenesis (Miiller et al., 1997).

Induction of tubulogenesis and ureteric bud branching

Very little is known about the identity of those molecules that
are required for the reciprocal induction event that initiates branching
by the ureteric bud and differentiation of the mesenchyme. It has been
established, however, that coincident with invasion of the
mesenchyme by the ureteric bud, c-ret (which encodes Ret; Pachnis et
al., 1993) and Wnt11 transcripts (Kispert et al., 1996) become restricted to
the branching tips of the ureteric bud and that this process appears to be
regulated by mesenchyme-specific factors including GDNF (Kispert et
al., 1996; Pepicelli et al., 1997). Treatment of kidney cultures with
antibodies blocking GDNF function prevents branching of the ureteric
bud, indicating that the GDNF/Ret pathway is also required for
morphogenesis of the collecting duct following its outgrowth from the
Wolffian duct (Vega et al., 1996). It appears that other factors are
involved in ureteric bud morphogenesis as GDNF is capable of
restoring branching but not growth of ureteric buds whose
development has been arrested by inhibition of glycosaminoglycan
sulphation (see later; Sainio et al., 1997b). Growth of the ureteric bud
can be restored by HGF (Davies et al., 1995; Sainio et al., 1997b),
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although targeted disruption of the Hgf gene has shown that this factor
is not essential for kidney development (Schmidt et al., 1995; Uehara et
al., 1995). It is not known how the pattern of branching is regulated but
it may involve the localised production of inhibitors of the molecules

that stimulate ureteric bud morphogenesis.

It has been recognised that signalling from the ureteric bud
establishes two zones in the metanephric mesenchyme; a nephrogenic
zone in close proximity to the ureteric bud which expresses Pax2, Bmp7
and elevated levels of syndecanl (Dressler et al., 1990; Godin et al., 1998;
Vainio et al., 1989) (and which corresponds to the mantle of
mesenchymal condensation that initially surrounds the ureteric bud)
and a stromal zone at the periphery which expresses Bf2 (Hatini et al.,
1996). The nephrogenic zone additionally contains small aggregates of
Wnt4-expressing cells (Stark et al., 1994). In mice homozygous for a
null mutation in Emx2 (which encodes a homeodomain-containing
transcription factor), kidney development is arrested following
invasion of the metanephric mesenchyme by the ureteric bud
(Miyamoto et al., 1997). Recombination experiments have indicated
that the primary defect in Emx2 mutants is intrinsic to the ureteric bud
suggesting that the Emx2 protein may function to regulate the
expression by this tissue of inducing signals and/or receptors for

mesenchyme-derived factors.

Candidate molecules for the regulation of mesenchymal
induction include members of the FGF, BMP and Wnt families. FGF2
is capable of substituting for the ureteric bud to prevent apoptosis in
cultured rat metanephric mesenchyme (Perantoni et al., 1995; Godin et

al., 1998). However, subsequent differentiation of the mesenchyme
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into tubules occurs only when FGF2 is combined with conditioned
medium from a ureteric bud-derived cell line (Karavanova et al., 1996),
suggesting that multiple factors regulate mesenchymal differentiation.
BMP?7 is expressed in the ureteric bud and later in mesenchymal
condensates. However, the precise role of BMP7 in kidney
development is unclear. Whereas Vukicevic et al. (1996) reported that
exogenous recombinant BMP7 protein induces condensation and
tubulogenesis in metanephric mesenchyme, the results of similar
experiments by Godin et al. (1998) have provided evidence that BMP7
functions primarily to promote survival of the mesenchyme. The
renal phenotype of Bmp7 null mutant mice demonstrates that this
gene is not required for the initiation of ureteric bud branching or
condensation or tubulogenesis of the mesenchyme, but rather for the
continued growth and differentiation of the kidney (Dudley et al., 1995;
Luo et al., 1995). Cells constitutively expressing a number of Wnt
family members can also induce tubulogenesis (Herzlinger et al., 1994;
Kispert et al., 1998). However, most of these molecules are not
expressed in the embryonic kidney, indicating that other Wnt family
members may normally be responsible for early inductive events in
metanephric development. As mentioned previously, Wnt4 is
expressed in pre-tubular aggregates in the mesenchyme and results of
gene targeting and ectopic expression studies have demonstrated that
this molecule is both necessary and sufficient for the epithelial
transformation of metanephric mesenchyme (Stark et al., 1994; Kispert
et al., 1998). Significantly, a short-range or autocrine mode of Wnt4
signalling in the mesenchyme, which is supported by the expression of
this molecule in pre-tubular aggregates only, is consistent with the
failure of induced metanephric mesenchyme to trigger tubulogenesis

in neighbouring uninduced mesenchyme (Saxén and Saksela, 1971).

58



Chapter 1

The expression of Wntl1 in the ureteric bud tips has also made it a
strong candidate to contribute to mesenchymal condensation and/or

tubulogenesis (Kispert et al., 1996).

Stromal cells also appear to regulate tubulogenesis and collecting
duct morphogenesis, as indicated by studies of the Bf2 gene. This
transcription factor is expressed exclusively in the stromal cell lineage
and in its absence the rate of differentiation of mesenchymal
condensates into tubular epithelium is slowed, as is branching of the

ureteric bud (Hatini ef al., 1996).

Proteoglycans and kidney development

The expression patterns of a number of proteoglycan core proteins
have been reported in the kidney (e.g. Vainio et al., 1989; Saunders et
al., 1997). As mentioned previously, in response to ureteric bud-
derived signals, syndecan-1 expression is elevated in the metanephric
mesenchyme coincident with ureteric bud invasion (Vainio et al.,
1989). Given that syndecan-1 can partake in homotypic interactions, it
has been proposed that its role is to modulate adhesion in the
mesenchyme (Vainio et al., 1989). Alternatively, this proteoglycan may
be involved in regulating the interactions of signalling molecules with
their signal-transducing receptors located in the metanephric

mesenchyme.

A functional role for glycosaminoglycans in kidney
development has been implied from the use of agents that inhibit their
biosynthesis or compromise their integrity. The indiscriminate
treatment of kidney cultures with inhibitors of the initiation of

glycosaminoglycan synthesis perturbs ureter morphogenesis (Platt et
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al., 1987; Lelongt et al., 1988). Specifically, sulphated
glycosaminoglycans appear to be required for kidney morphogenesis as
indicated by treatment with sodium chlorate, a competitive inhibitor of
sulphation (see above). Administration of this agent to kidney cultures
abolishes ureteric bud growth and branching but does not appear to
inhibit nephrogenesis once it is underway (Davies et al., 1995). The
effect of chlorate can be mimicked by a combination of the
glycosaminoglycan-degrading enzymes heparitinase and
chondroitinase, indicating that both heparan sulphate- and

chondroitin sulphate-containing proteoglycans are required for
branching morphogenesis. These two classes of glycosaminoglycans
are also required for the maintenance of expression of markers of
ureteric bud tips such as Wnt11 and c-ret (Kispert et al., 1996).
Interestingly, antisense inhibition of Ret signalling in the ureteric bud
leads to a large decrease in de novo proteoglycan synthesis (Liu et al.,
1996), suggesting that a positive feedback loop may exist to reinforce the
GDNE/Ret pathway at the ureteric bud tip. BMP7 may also be

involved in this process as its expression in condensed mesenchyme is

lost in chlorate-treated kidneys (Godin et al., 1998).

Summary

Based on the above observations, it has been possible to construct a
rudimentary model of some of the signalling interactions that
underpin development of the mammalian kidney (Fig. 1.8). It should
be noted, however, that this scheme probably includes only a small
fraction of the total number of genes required for kidney development.
The reiterated use of many signalling pathways during development

means that many genes with a role in kidney development may also be
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Figure 1.8. Model for molecular pathways controlling early
metanephric kidney development. A) WTI1 is required in the
metanephric mesenchyme (light brown) for the production of
molecules that signal to the nearby Wolffian duct (light blue) and
induce ureteric bud outgrowth. These signalling molecules may
include GDNF, which is secreted by the metanephric mesenchyme and
signals through the Ret receptor in the Wolffian duct epithelium
promoting proliferation and/or cell migration in the responding cells.
Ret signalling also induces upregulation of Wntl1 and Ret itself in
these cells, thus potentiating the GDNF signalling pathway and leading
to outgrowth of the ureteric bud towards the metanephric
mesenchyme. This outgrowth also involves Integrin 0881 and its
unidentified ligand (X) expressed by the ureteric bud. B) Signalling by
unidentified ureteric bud-derived factors (Y) (which may include
members of the FGF and Wnt family) is required for multiple
responses in the metanephric mesenchyme including; establishment
of a nephrogenic zone in the mesenchyme close to the ureteric bud
(red; expressing Pax2, BMP7 and elevated levels of syndecan-1(not
shown)) and a stromal zone at the periphery of the mesenchyme
(green; expressing BF2). BMP7 regulates growth of the developing
kidney. Within the nephrogenic zone, small pre-tubular aggregates
(purple) are induced that additionally express Wnt4, which acts as a
local or autocrine signal promoting tubulogenesis. Ret expression is
now localised to the ureteric bud tip (dark blue) where it is required for
subsequent GDNF-mediated branching morphogenesis.
Glycosaminoglycans (GAGs) are required for maintenance of
expression of Ret and other ureteric bud tip markers (including Wnt11
(not shown)) and may function as co-receptors for signals exchanged
between the bud and the mesenchyme. Emx2 is required in the
ureteric bud, where it regulates signalling interactions with the
mesenchyme.
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essential for survival of the early embryo, making their role difficult to
characterise by conventional gene targeting techniques. The
identification of more than 35 genes whose expression patterns imply a
role for them in branching of the tracheal system in Drosophila
(Samakovlis et al., 1996) may be some indication of the genetic
complexity required to generate sophisticated arborised organs. A
substantial number of questions regarding kidney development have
not been answered satisfactorily. For example, what are the tissue
interactions and molecules controlling initial specification of the
metanephric mesenchyme and the Wolffian duct? How many signals
are involved in the reciprocal induction between the ureteric bud and
the metanephric mesenchyme, what is their nature and in which
sequence do they function? Finally, how do these signalling pathways
culminate in morphogenesis; which molecules execute changes in cell

adhesion, migration and shape?

1.4. Experimental approach

The aim of this project was to use the secretory trap approach to isolate
novel mutations in genes important for mouse embryogenesis.
Chapter 3 describes the nature of the screen and the initial
characterisation of the genes disrupted in secretory trap ES cell lines.
Homozygosity for one insertion, which disrupted the gene encoding
heparan sulphate 2-sulphotransferase (Hs2st), was found to result in
perinatal death and a failure to develop kidneys. This line was
therefore chosen for further study. In Chapter 4, the detailed analysis
of the Hs2st mutant phenotype is presented. This gene is required for a
very early event in renal development and is also essential for the
development of the skeleton, eye and female genital system. Chapter 5

describes attempts to understand the mutant phenotype further by
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exploiting the accessibility of the kidney to in vitro manipulation.
Finally, in Chapter 6 the major experimental findings and future

perspectives of this work are discussed.
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CHAPTER 2 GENERAL MATERIALS AND METHODS
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This chapter contains general methodology used in experiments
described in more than one chapter of this thesis. Descriptions of more
specialised techniques can be found in the chapter which refers
specifically to that method. Unless otherwise stated, incubations are at
room temperature. Commonly used solutions were made according to
Sambrook et al. (1989). Regulated animal procedures were performed
on the authority of the Home Office project licence numbers 80/00626
(for the period 10/95-4/98) and 70/4488 (from 5/98 onwards) and the

personal licence number 70/12918.

2.1 MOLECULAR BIOLOGY

DNA isolation
Plasmid DNA

3-5ug quantities of plasmid DNA were isolated by the alkali lysis
method (Sambrook et al., 1989) or using the Hybaid Recovery Plasmid
Mini-Prep kit. Larger quantities of DNA (50-100pug) were isolated using
the Qiagen Midi-prep kit.

Genomic DNA

Tail biopsies were cut from 3-4 week old mice in accordance with
Home Office regulations. Ethyl chloride (AAH Pharmaceuticals Ltd.)
was applied to the tip of the tail as a local anaesthetic. Following biopsy
of an approximately 0.5cm-long piece of tail, the wound was cauterised
with a silver nitrate pencil (Vetinary Drug Company). Biopsies were
digested for 16 hr at 55°C in 400ul of TE-SDS (100mM Tris-HCl (pHS8.0),
1mM EDTA, 0.5% SDS) containing a final concentration of 0.25mg/ml
proteinase K (Boehringer Mannheim). Following one

phenol/chloroform and one chloroform extraction, DNA was
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precipitated in the presence of 75ul 8M potassium acetate in 1ml of
100% ethanol, washed in 95% ethanol and air-dried for 10 minutes.
DNA was resuspended in 1 x TE buffer (10mM Tris-HCl (pH 7.5), ImM
EDTA (pH8.0)) or dH20 and stored at 4°C. Typically, 10ug and 500ng of
DNA was used for Southern blots and PCR, respectively.

RNA isolation

Total RNA was isolated from cells and embryonic tissue according to
the method of Chomczynski and Sacchi (1987). Material was incubated
with denaturing solution containing 4M guanidinium thiocyanate,
25mM sodium citrate, 0.5% sarcosyl and 0.1M B-mercaptoethanol and
homogenised by repeatedly passing it through a 23G syringe needle
(Sherwood Medical). The volume was adjusted to 400ul with
denaturing solution and the following solutions added: 1/10 volume
2M sodium acetate pH4; 1 volume phenol and 1/5 volume chloroform;
isoamyl alcohol (49:1). Samples were incubated on ice for 15 min
followed by centrifugation at 10,000¢ for 10 min at 4°C. The aqueous
phase was removed to a fresh tube and 1 volume of isopropanol added.
Following incubation at -20°C for 1 hr, the sample was centrifuged at
10,000g for 10 min at 4°C. The pellet was resuspended in 300pl of
denaturing solution and precipitated with an equal volume of
isopropanol as above. The resultant pellet was washed in 70% ethanol,

dried briefly and resuspended in 50pl of dH2O.

Ligation of DNA

Typically, 70pmoles of plasmid DNA was incubated with 200-
500umoles of insert in 50mM Tris-HCl (pH 7.6), 10mM MgClp, ImM
ATP, 5% poly ethylene glycol (PEG) 5000, 1mM dithiothreitol (DTT)
with 50U/ml T4 DNA ligase (Gibco BRL) for 3-16 hr at 18°C. DNA was
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precipitated in the presence of 5ug of yeast tRNA (Gibco BRL) and
resuspended in 5ul of dH7O. 1pul of DNA was used for

electrotransformation.

Transformation of bacteria
Preparation of electrocompetent cells

A single E. coli colony was used to inoculate 500ml of SOB-Mg
(Hanahan et al., 1991) and grown at 37°C until O.D.gpo reached 0.75.
Following centrifugation at 6,000g for 10 min at 0°C, cells were washed
twice by resuspension in 400ml of chilled 10% glycerol followed by
centrifugation. The final pellet was resuspended in chilled 10%
glycerol to give an O.D.gpp of 200U/ml. Small volumes of the cells

were snap frozen and stored at -70°C.

Electrotransformation

Plasmid DNA was mixed with 20l of electrocompetent cells and
electroshocked in a 0.1em chamber (Bio-Rad) using a Bio-Rad Gene
Pulser under the following conditions; 1.8kV, 25uf, 200W. 1ml of SOC
medium (Hanahan et al., 1991) was added and cells allowed to recover
for 1 hr at 37°C followed by spreading on LB agar plates containing the

appropriate antibiotic.

Manual DNA sequencing

1-2pg of double-stranded plasmid DNA was denatured in 0.2M NaOH,
precipitated and resuspended in 7ul of dH2O. Following addition of
10ng of the appropriate sequencing primer, DNA was sequenced using
the Sequenase version 2.0 kit (United States Biochemical) according to
manufacturer’s instructions. The sequencing products were separated

on a 6% polyacrylamide gel (Acryl-a-mix 6; Promega). The gel was fixed
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in 5% acetic acid, 15% methanol and dried, followed by overnight
exposure to Biomax MR film (Kodak). The BLAST algorithm (Altschul

et al., 1990) was used to search the databases for sequence homologies.

Polymerase chain reaction

For standard applications, DNA was amplified in a solution containing
50mM KCl, 10mM Tris-HC1 pH8.3, 1.5mM MgCly, 0.6uM each primer,
100uM dNTPs and 1 unit Amplitaq (Perkin-Elmer). DNA was
denatured initially for 2 min at 94°C and then subjected to 30 cycles of
denaturing for 20 sec at 94°C, annealing for 30 sec at a temperature
appropriate for the melting temperature of the primer pair and DNA
extension for 30 sec at 72°C. After a final elongation step for 2 min at
72°C, amplification products were separated by electrophoresis in an

agarose gel in 1 x TAE buffer (40mM Tris-acetate, 1mM EDTA).

Southern blotting

DNA samples were electrophoresed in a 0.8% agarose gel in 1 x TAE
buffer at 5V/cm. The gel was then denatured in 1.5M NaCl, 0.5M
NaOH for 30 min with shaking, followed by two washes of 15 minutes
each in neutralising solution containing 1.5M NaCl, 0.5M Tris-HCl
pH7.2, 0.001M EDTA. DNA was then transferred to Hybond-N+ nylon
membrane (Amersham) by capillary blot according to Sambrook et al.
(1989) and fixed to the membrane by exposure to UV light using the

auto cross-link function on a UV Stratalinker (Stratagene).

Screening of A bacteriophage libraries
Host cells of the appropriate strain were prepared by inoculating 50ml
of L-broth containing 10mM MgSO4 and 0.2% maltose with a single

bacterial colony and incubation at 37°C until the O.D.ggg reached 0.5.
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Cells were then harvested by centrifugation at 6,000¢ for 10 min,
resuspended in 10mM MgSO; and stored for up to 2 weeks at 4°C. For
plating, host cells were incubated for 15 min at 37°C with A
bacteriophage stock and mixed with NZY broth containing 0.7%
agarose, followed by plating on NZY agar plates and incubation at 37°C
for 8 hours. The library was titered and 0.75-1.0 x 106 plaques forming
units (p.f.u.) screened, essentially according to manufacturer’s
instructions. Briefly, plates were chilled at 4°C for 2 hr followed by
transfer in duplicate to Hybond N+ nylon membranes, taking care to
record the orientation of the membranes. Transfer times for the first
and second membranes were 1 and 4 min, respectively. Membranes
were then removed to absorbent filter pads, soaked in 1.5M NaCl, 0.5M
NaOH for 7 min and 1.5M NaCl, 0.5M Tris-HCl pH7.2, 0.001M EDTA
twice for 3 min. Membranes were then rinsed briefly in 2 x SSC (0.3M
sodium chloride, 0.3M sodium citrate), air-dried and UV cross-linked
as described above. Membranes were hybridised with radiolabelled
probes as described below and hybridising regions were excised from
the plates and rescreened a number of times until a single positive
plaque could be isolated. A DNA inserts were excised into plasmid
vectors using the ExAssist/SOLR system (Stratagene) according to
manufacturer’s instructions or following isolation of A DNA from
high-titre (1.0 x 1011) liquid lysates as described by Sambrook et al.,
(1989).

Radiolabelling of DNA probes
Random-prime labelling

Probes were labelled using the Megaprime DNA labelling kit
(Amersham) according to manufacturer’s instructions. 100ng of DNA

was incubated with 50uCi of o32P dCTP, typically resulting in a specific
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activity of 0.7 x 108 cpm/pg of DNA. Unincorporated nucleotides were
removed by centrifugation at 2,000g for 2 min in a Sephadex G-50

column.

End-labelling of oligonucleotides

Typically, 500ng of DNA was incubated with 50uCi of ¥32P dATP,
10u T4 polynucleotide kinase (PNK; New England Biolabs) in 1 x PNK
buffer (70mM Tris-HCl (pH 7.6), 10mM MgCly, 5mM DTT; New
England Biolabs) for 1 hr at 37°C. Incorporation of radioactivity was
assessed by paper chromatography in 3M formic acid, followed by
exposure to Kodak X-OMAT AR film.

Hybridisation of membranes

For standard applications, membranes were prehybridised and
hybridised as described below in a solution containing 0.5M phosphate
buffer (NagHPOy4, NaHPO4; pH 7.2), 7% SDS and 1mM EDTA (Church
and Gilbert, 1984). Details of more specialised hybridisation protocols
can be found in Chapter 3.2. All hybridisations and washes were
carried out in hybridisation bottles (Hybaid) using a rotating mini-

hybridisation oven (Hybaid).

Probing with radiolabelled cDNA fragments

Membranes were prehybridised for 1 hr at 65°C. For
hybridisation, 1 x 106 c.p.m. of the radiolabelled probe was added per ml
of prehybridisation solution. Membranes were hybridised for 16 hr at
65°C before washing twice for 20 min at 65°C in 0.5 x SSC/0.1% SDS and
twice for 20 min at 65°C in 0.2 x SSC/0.1% SDS. Membranes were then
exposed to Kodak X-OMAT AR film or a PhosphorImage screen

(Molecular Dynamics) to visualise the hybridisation signal.
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Probing with radiolabelled oligonucleotides

Membranes were prehybridised for 1 hr at 42°C. Following
addition of the entire probe reaction, membranes were hybridised for
16 hr at 42°C, washed twice for 10 min in 5 x SSC/0.1% SDS (the first
wash at room temperature, the second at 42°C) and twice for 20 min in
2 x SSC/0.1% SDS at 42°C before visualisation of the hybridisation

signal as described above.

2.2 EMBRYOLOGY

Recovery of embryos

Mice were maintained on a 10 hr light, 14 hr dark cycle. Noon on the
day of finding a vaginal plug was designated 0.5 d.p.c.. Embryos were
dissected from the uterus in phosphate-buffered saline (PBS) or M2
medium containing 10% fetal calf serum (FCS; Advanced Protein

Products) as described by Hogan et al. (1994).

Isolation and culture of embryonic kidneys

For dissection of 11.0-11.5 d.p.c. kidneys, the body wall of the embryo
was torn and the gut and liver removed. Using watchmaker’s forceps
(John Weiss # 5), a block of tissue containing the two kidney rudiments
(situated at the level of the hindlimb bud) was removed. The two
kidney rudiments were separated from one another and cleaned of
loose mesenchyme using fine syringe needles (27G 1/2”; Sherwood
Medical). For older stages, the entire urogenital ridge was removed by
tugging at the dorsal aorta anterior to the gonads. Kidneys were
cultured in 5% CQO; at 37°C in Dulbecco’s modified essential medium

(DMEM) containing 10% FCS, 1 x 2mM L-glutamine and 1 x
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penicillin/streptomycin on 0.1um or lum nucleopore filters (Costar)

supported by stainless steel grids on the surface of the culture medium.

lacZ expression pattern analysis

Whole-mount detection of Bgal activity was according to the method of
Beddington et al. (1989). Tissues were fixed for 15-30 min at 4°C in 0.2%
glutaraldehyde (BDH) in 0.1M phosphate buffer (pH 7.4) containing
2mM MgCl; and 5mM EGTA and washed 3 times for 10 min in wash
solution (0.1M phosphate buffer (pH 7.4) containing 2mM MgCly, 0.01%
(w/v) sodium desoxycholate and 0.02% (w/v) Nonidet P-40). Staining
was carried out at 37°C in wash solution containing 5SmM K3Fe(CN)g,
5mM K4Fe(CN)g.6H20, 1ImM spermidine and a final concentration of
1mg/ml X-gal (Sigma). X-gal was originally dissolved in
dimethlyformamide at a concentration of 40mg/ml. Following
staining, tissues were refixed overnight in 0.2% glutaraldehyde in 0.1M
phosphate buffer (pH 7.4) containing 2mM MgCl; and 5mM EGTA
before storage in 70% ethanol at 4°C. Tissues for sectioning were
dehydrated through an ethanol series, rinsed in Histoclear (National
Diagnostics) and embedded in paraffin wax (Histoplast; m.p. 56°C),

followed by sectioning at 8um before mounting in Glycergel (Dako).

X-gal staining of cut frozen sections was performed using the
same solutions as above. Tissues were fixed for 1 hr at 4°C, mounted in
OCT compound (BDH) and stored at -70°C prior to cutting of 15-um
sections in a Bright cryostat. Following a 10 min wash, sections were

stained at 37°C, washed briefly and mounted in Glycergel (Dako).
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Whole mount in situ hybridisation

Whole-mount in situ hybridisation was performed as described
previously (Wilkinson, 1992), with the following modifications.
Samples were processed in 74-um mesh tissue culture inserts (Costar)
in a volume of 2ml in 12-well plates (Costar). All tissues were fixed
overnight at 4°C in 4% PFA in PBS. Urogenital ridges were treated for
30 min in 20pg/ml proteinase K (as opposed to 15 min in 10ug/ml for
embryos) and, in all cases, embryo powder was omitted from the
procedure. Digoxigenin-labelled antisense riboprobes were transcribed
using the appropriate RNA polymerase (Boehringer Mannheim)
according to manufacturer's instructions. Details of riboprobes used

can be found in Table 2.1.

Photography

Whole-mount embryos and tissues were photographed in a Nikon
SMZ-U dissecting microscope using tungsten film (Kodak 64T).
Embryos younger than 8.0 d.p.c., kidney rudiments and sections were
photographed in a Zeiss Axiophot compound microscope using
tungsten film (Kodak 64T) for bright field or Nomarski optics and

Kodak P1600 film for fluorescence photography.
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Table 2.1 Synthesis of riboprobes used for in situ hybridisation

Probe Description and Synthesis Reference

Ap2 A 477 bp fragment of mouse Ap2 cDNA Mitchell et al. (1991)
corresponding to amino acids 275-434.

_ Linearised BamH]I, transcribed T7.

ﬁ 2 A 754 bp fragment representing nucleotides 1670- Hatini et al. (1996)
2424 of mouse Bf2.

Linearised EcoR], transcribed T7.

c-ret A 2.7 kb fragment containing the entire open Pachnis et al. (1993)
reading frame of mouse c-et.
Linearised Notl, transcribed T7.

Emx2 A 300 bp fragment of the 3™-UTR of mouse Emx2. Miyamoto et al.
Linearised HindIIl, transcribed T3. (1997)

Gdnf A full length (4 kb) mouse Gdnf cDNA. Durbec et al. (1996)
Linearised Sall, transcribed T7.

Hs2st A cDNA clone representing amino acids 3-325 of Bullock et al. (1998)
mouse Hs2st.
Linearised EcoRl, transcribed T7.

Isletl 800 bp fragment of rat Islet1. Tsuchida et al. (1994)
Linearised Ncol, transcribed SP6.

P450scc A 500 bp fragment containing the 5'-UTR and 5’ Ikeda et al. (1994)

region of coding sequence of mouse P450scc cDNA.
Linearised EcoRlI, transcribed T3.

51 A 1.3 kb cDNA containing the entire open reading  Powers and Ganetzky
frame of Drosophila 51 cDNA. (1991)
Linearised Notl, transcribed T7.

Sox9 Nucleotide positions 758-1269 of mouse Sox9 Morais da Silva et al.
cDNA. (1996)
Linearised Xhol, transcribed T3.

Wntll A full length (2.1 kb) cDNA of mouse Wnt11. Pepicelli et al. (1997)
Linearised Xhol, transcribed T3.

Wtl A 1.3 kb probe corresponding to the 3'-UTR and a Armstrong et al.

' 3’;portion of the open reading frame. (1993)
Lineérised BssHI, transcribed T3.
XHs2st  Nucleotide positions 1-1301of Xenopus Hs2st Bullock et al. (1998)

cDNA.
Linearised EcoRlI, transcribed T7
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3.1 Introduction

To isolate novel genes involved in cell-cell communication during
mouse embryogenesis a small-scale gene trap mutagenesis screen using
embryonic stem cells has been undertaken. A ‘secretory trap’ vector
(Chapter 1.1) was employed to enrich for insertions into genes
encoding secreted or transmembrane proteins. In order to access a
different pool of genes to Skarnes et al. (1995), this screen employed a
modified version of the original secretory trap vector pGT1.8TM which
forms fusions in a different open reading frame. The aim of the screen
was to identify genes whose expression patterns implicated them in
early organogenesis. Prior to establishing permanent mouse lines,
lacZ-positive ES cell lines were used to generate chimeric embryos,
which were analysed for Bgal activity between 8.5 and 9.5 d.p.c..
Insertions that gave no detectable expression at these stages were
excluded from further analysis. The overall strategy for the gene trap

screen undertaken is shown in Figure 3.1.

The production of secretory trap (ST) cell lines and the
production and analysis of chimeric embryos was performed by Dr. V.
Wilson (Centre for Genome Research, Edinburgh; see Results). The
first part of this chapter deals with the initial molecular and phenotypic
characterisation of the ST cell lines selected for further study. The
insertion in the ST125 cell line was found to disrupt the gene encoding
heparan sulphate 2-sulphotransferase, an enzyme involved in the
biosynthesis of heparan sulphate glycosaminoglycans. It was found
that animals homozygous for this mutation failed to develop kidneys
and this line was therefore chosen for further study. The second part of
this chapter describes a detailed molecular analysis of the insertion site

in this line.
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Figure 3.1. Overview of strategy for secretory trap screen designed to
isolate mutations in developmentally-regulated genes. Following
electroporation with the secretory trap vector, antibiotic resistant and
Bgal positive clones were expanded and used to generate chimeric
embryos in which the expression pattern was analysed at midgestation.
Lines that gave differential expression at these stages were chosen for
further study and 5-RACE used in an attempt to identify the disrupted
gene. Lines in which the identity of the disrupted gene was established
were used to generate permanent mouse lines in which the phenotypic
consequences of the gene trap mutation was characterised.
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3.2 Materials and Methods

Rapid amplification of cDNA ends (RACE)

Total RNA was isolated from ST cell lines chosen for further study
using the guanidinium thiocyanate method (Chomczynski and Sacchi,
1987; Chapter 2). ¢cDNA was synthesised from 5ug of total RNA and 5'
RACE performed using the Marathon™ ¢DNA amplification kit
(Clontech) according to manufacturer's instructions. Following
adaptor ligation, 35 cycles of PCR were conducted using Marathon
adaptor primer 1 (5-“CCATCCTAATACGACTCACTATAGGGC-3') and
a primer specific to the CD4 transmembrane domain region (5'-
TGAAGGGTGAGTGGGAGCGTTT-3'). A 1/50 dilution of the PCR
products was subjected to 30 cycles of nested PCR (adaptor primer 2 (5'-
ACTCACTATAGGGCTCGAGCGGC-3'), CD4 primer 2 (5'-
AGTAGACTTCTGCACAGACACC-3"). The probes used to verify the
RACE products’ specificity to the En2 splice acceptor or the En2 intron
were generated by end-labelling the oligonucleotides 5'-
GTCCCAGGTCCCGAAAACCAAAGAAGAAGAACG-3' and 5'-
CTGGTTGTCATGGAGGAG-3’, respectively. Following size-selection
of gene trap products (Qiaex II Gel Extraction Kit, QIAGEN), NotI/PstI-
digested fragments were cloned into pSPORT1 (GIBCOBRL). Plasmids
harbouring gene trap products were identified using a diagnostic

Bglll/Smal digest followed by manual DNA sequencing.

ES cell chimeras and transgenic mice

Chimeras were generated by injection of ST ES cells into C57/BL6
blastocysts followed by transfer to a foster mother (Hogan et al., 1994).
Chimeric male mice were mated to C57/BL6 females and F; progeny

analysed for the presence of the transgene. Heterozygous animals were
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backcrossed onto a C57/BL6 background and heterozygous siblings

intercrossed.

Isolation of cDNA and genomic clones

PCR employing primers specific to the ST125 5' RACE product (5'-
GCAGGATGCAACTCTGGATG-3' and 5'-
GCCTCTCAATAGGGTCCCTGAT-3') was used to amplify a 319-bp
probe, termed ST125A, which was used to screen an 8.5-d.p.c. mouse
embryo cDNA AGT10 library (Farhner et al., 1987). Two independent
clones representing full-length Hs2st cDNAs were isolated. The same
probe was used to isolate bacteriophage A clones harbouring genomic
DNA inserts corresponding to the mouse Hs2st gene from a CGR8 ES
cell AKO genomic library (Nehls et al., 1994) and the human HS2ST
gene from a human fibrosarcoma cell line genomic ADASHII library
(Stratagene; Hybridisation; 0.5M phosphate buffer (pH7.2), 7% SDS,
1mM EDTA for 16 hr at 50°C. Washes; 2 x SSC/0.1% SDS at 50°C, 3
times). Xenopus laevis Hs2st cDNAs were isolated from an amplified
gastrula cDNA library in Uni-ZAP XR (Cho et al., 1991) using low
stringency screening. Filters were hybridised with the mouse ST125A
probe in 30% formamide, 5 x SSC, 5 x Denhardt's, 0.02% NaPP, 0.1%
SDS, 0.1mg/ml yeast tRNA, 0.03M phosphate buffer (pH6.5) at 37°C and
washed in 2 x SSC/0.1% SDS, 3 times at 37°C. The identity of all cDNA
and genomic clones was verified by subcloning and DNA sequencing.
The sequences of the mouse and Xenopus Hs2st cDNAs have been
deposited in the Genbank database under the accession numbers

AF060178 and AF060179, respectively.
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Fluorescent in situ hybridisation (FISH) and karyotyping

Metaphase chromosome spreads were made from ST125 ES cells or
human blood lymphocyte preparations using standard procedures
(Robertson, 1987). To determine the localisation of Hs2st and the gene
trap insertion, Giemsa banding was carried out (Klever et al., 1991) and
15 spreads from each of two slides were recorded as digital images using
Quips Capture software (Vysis) along with their position on the slide.
One slide was hybridised to a 12-kb mouse genomic Hs2st probe, and
the other to a gene trap vector-specific probe. Chromosomes showing
hybridisation on the captured spreads were compared with the
corresponding Giemsa banded image. The chromosome was
identified by karyotyping using Quips Karyotyper software (Vysis).

This analysis additionally confirmed the absence of cytogenetically
visible chromosome anomalies. A similar procedure was used to
identify the chromosomal localisation of human HS2ST, using a 16-kb
human genomic probe. To show colocalisation of the gene trap vector
insertion with mouse Hs2st in ST125 cells, double FISH was carried out
(Fantes et al., 1995) using a digoxigenin-labelled Hs2st probe and a

biotinylated gene trap vector probe.

Radiation hybrid mapping

An intron-specific portion of human HS2ST was subcloned and the
sequence used to design primers that specifically amplified a 101-bp
PCR fragment from human, but not hamster DNA (5'-
TGTGAACCATGTTAGCCA-3, 5-TGAAATCAAAAGATGCTG-3').
These were used to screen the GeneBridge 4 human-hamster radiation
hybrid panel (Gyapay et al., 1996). Data were submitted to the Human
Genome Mapping Project and mapped using the Whitehead Institute
statistical program RHMAPPER.
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Genotyping procedures
Gene trap strains

Genomic tail DNA isolated from gene trap strains was digested
with Sacl and Southern blotted as described in Chapter 2. Samples
were probed with a 350-bp Bglll/BamHI fragment derived from the
gene trap vector pGTtmO, which corresponds to a portion of the En2
intron. Mice were genotyped according to the intensity of the gene trap
vector signal compared to the signal from the endogenous En2 gene

sequences.

Hs2st strain

Hs2st +/- mice could be distinguished from wild-type littermates
by X-gal staining of tail biopsies. To establish a PCR-based allele-specific
genotyping assay, Hs2st intronic sequences flanking the vector
insertion site were amplified from lacZ-positive genomic DNA (High-
fidelity PCR system; Boehringer-Mannheim), cloned and sequenced.
Subsequently, PCR primers were designed such that a common primer,
specific to sequences 5' to the insertion (int1; 5'-
ATCAATGAATAATTGCCTAGGTC-3') was used in conjunction with
a primer specific to sequences 3' to the insertion (int2; 5'-
GGGAAGAAATTCACCCCAACA-3') and a primer that recognises
sequences in the gene trap vector (518; 5'-
TACTCAGTGCAGTGCAGTCA-3') to generate 344- and 174-bp products
specific to the mutant and wild-type alleles, respectively. Genomic
DNA (500ng) was denatured at 94°C for 5 min and immediately
transferred to ice prior to amplification in a 20pl reaction volume
containing 0.6uM each primer, 1 x PCR buffer II ((Perkin-Elmer) 50mM
KCl, 10mM Tris-HCl pH8.3), ImM MgCl2, 100uM dNTPs, 1 unit
Amplitaq (Perkin-Elmer)), for 30 cycles (94°C for 20 sec, 60°C for 30 sec,

81



Chapter 3

72°C for 30 sec) and a single elongation step (72°C for 5 min).
Amplification products were separated on a 2% agarose gel. The first
200 embryos at 10.5 d.p.c. or older were additionally genotyped by
assaying for intensity of X-gal staining exhibited by a portion of tissue
(usually the head) as described in Chapter 2.2. The result of the
staining was recorded after 30 min. In all cases, the outcome was in
agreement with the DNA genotyping and X-gal staining intensity was

subsequently used as the sole method to genotype embryos.

Northern hybridisation

Total RNA was isolated from individual 15.5-d.p.c. embryos recovered
from an intercross of heterozygous Hs2st +/- parents using the method
of Chomczynski and Sacchi (1987), following harvesting of yolk sacs for
DNA genotyping. Total RNA (10ug) from embryos of each genotype
was electrophoresed in a 1.5% formaldehyde-agarose gel as described
(Sambrook et al., 1989) and transferred to Hybond N membrane
(Amersham) according to manufacturer's instructions. The membrane
was hybridised at 65°C with the ST125A probe in 5 x Denhardt's, 4 x
SSC, 50mM NaH3POy4, 10% dextran sulphate and washed in 0.5 x
SSC/0.1% SDS and then 0.2 x SSC/0.1% SDS at 65°C, before
autoradiography. The membrane was reprobed with a f-actin cDNA
probe (Harrison et al., 1995).

3.3 Results
Production and selection of ST cell lines (performed by Dr. V. Wilson)
The secretory trap vector pGTtmO (comprising, from 5’ to 3’, the En2

intron, En2 splice acceptor, CD4 transmembrane domain-encoding

region, ffgeo and SV40 polyadenylation signal) was electroporated into
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1x108 CGRS ES cells (Mountford et al., 1994). 149 colonies resistant to
(G418 were recovered and 39 (26%) of these exhibited Bgal activity. 23 of
these Pgal-positive clones were used to make chimeras that were
dissected at 8.5 or 9.5 d.p.c. and assayed for Bgal activity. 7 of these lines
gave no detectable reporter gene activity at these stages and were

excluded from further analysis.

Characterisation of secretory trap insertions
Molecular characterisation of insertion sites

5' rapid amplification of cDNA ends (RACE) (Frohman et al.,
1988) was used in an attempt to clone a portion of the trapped gene
from 10 secretory trap (ST) lines (Table 3.1) selected for further analysis
on the basis that they produced differential lacZ reporter gene
expression in 8.5 and 9.5 d.p.c. chimeric embryos. The identity of gene
trap RACE products was verified by hybridisation with a probe specific
to En2 splice acceptor sequences. In addition, a probe specific to the En2
intron was used to check that this sequence had been removed from
the mature transcript, indicating that the gene trap splice acceptor had
been utilised correctly. In one line (§T201), it was not possible to
amplify any products and a further 2 lines (ST107 and ST145) gave
products containing En2 intron sequences. Of the 7 properly spliced
lines that yielded RACE products, sequence analysis revealed that 2
(ST116 and ST154) contained insertions in genes displaying no

significant homology to any known sequences.

The remainder of the insertions disrupted known genes. Cell
lines were found to harbour insertions in the gene encoding B-amyloid
precursor protein (App; ST162), mutations in which are responsible for

a proportion of familial Alzheimer's disease cases in humans
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Table 3.1. Identification of disrupted gene in ST cell lines.

RACE cloning
ST cell line Gene trap Correct splicing 4 Geneb Protein class Phenotype ¢
products
99 + + fugl (191) Nuclear transporter ?
105 + + Epha2 (1522) RTK® ?
107 + - Epha2 (1522)4 RTK XXX
En2 intron -
116 + ND novel - XXX
125 + + Hs2st (588) Heparan sulphate perinatal
biosynthesis lethal
132 + + Hunki (188) Nuclear protein embryonic
lethal
145 + - XXX XXX XXX
154 + + novel - viable
162 + + App (364) Cell surface viable
molecule
201 - XXX XXX XXX XXX
xxx, work discontinued
a) ND, not done.

b) Number in parentheses indicates the position of the insertion site, with respect to the cDNA sequences, in fugl (Genbank accession
number U08810), Epha2 (U07634), hamster Hs2st (D88811), human Hunki (Y12059) and App (M18373)

c) ?, Still breeding.

d) The ST107 cell lines gave products derived from the Epha2 gene and also intron containing products. As it seemed likely that this line
was a mixed clone (probably resulting from cross-contamination with ST105 cells) it was not characterised further.
¢) RTK, Receptor tyrosine kinase.
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(reviewed in Selkoe, 1994), and Epha2 (previously known as eck;
ST105), which encodes a member of the Eph family of receptor tyrosine
kinases (Ruiz and Robertson, 1994). The 5'-RACE product from the
ST125 cell line shared extensive homology with a 5-portion of the gene
encoding heparan sulphate 2-sulphotransferase (HS2ST), an enzyme
involved in the biosynthesis of heparan sulphate glycosaminoglycans
(Kobayashi et al., 1996). The gene has been recently cloned from
Chinese Hamster Ovary cells (CHO cells; Kobayashi et al., 1997).

In each case where a known gene was disrupted, it was possible
to ascertain that the splice acceptor had been used correctly and, with
the exceptions of ST99 and ST132, in which the insertions had occurred
in the 5'-untranslated regions (UTRs) of fugl (which encodes Ran
GTPase activating protein; DeGregori et al., 1994) and the mouse
orthologue of human Hunki (which encodes a bromodomain
encoding protein of unknown function) respectively, a single open
reading frame in frame to fgeo was found. Neither fugl nor Hunki
encode membrane-targeted proteins. However, both Epha2 and App
encode proteins with secretory signal sequences and the HS2ST protein
is predicted to be localised to the Golgi apparatus in a type II membrane
orientation. In collaboration with Dr. V. Wilson, the 7 properly
spliced lines that yielded RACE products were injected into blastocysts

to pass these secretory trap mutations through the germ-line.

Reporter gene expression in secretory trap embryos

With the exception of ST116, all the insertions passed through
the germ-line. Mice heterozygous for each of these insertions were
viable and fertile and Bgal activity in transgenic embryos was used to

assay in detail the expression of the endogenous genes at various stages
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Figure 3.2. Examples of lacZ reporter gene expression in gene trap
embryos. A) Lateral view of an ST99+- 7.5-d.p.c. embryo, anterior is to
the left. lacZ activity is restricted to the epiblast (arrow) and is not
present in the nascent mesodermal wings (arrowheads). B) Lateral
view of an ST116+/ «> wild-type chimeric 8.5-d.p.c. embryo (2 somite
stage; anterior to the left). Expression is restricted to the allantois
(arrow). An identical pattern was observed in 3/3 chimeric embryos.
C) Dorsal view of an ST132+- 8.5-d.p.c. embryo (4-6 somites; anterior to
the left). Widespread Bgal activity is observed, although elevated levels
of expression are found in somites (arrow) and neural tube
(arrowhead). D) Lateral view of an 8.5-d.p.c. ST162 - embryo (10-12
somite stage; anterior to the left), showing widespread low-level Bgal
activity. E) Lateral view of an ST105+- 9.5-d.p.c. embryo. Expression is
associated with the 3rd branchial arch (black arrow) and is found in the
primitive streak/tail bud (red arrow) and the vasculature (e.g.
arrowheads). F) Lateral view of an ST154+/- 9.5-d.p.c. embryo.
Elevated Pgal activity is found in the ventral diencephalon
(arrowhead), 1st branchial arch (black arrow) and posterior ventral
mesoderm (red arrow). Scale bar in F= 150 pm (A), 500 um (B-D) and
1250 um (E and F).
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of development (Fig. 3.2). In contrast to the previously reported
ubiquitous expression pattern of fugl revealed by in situ hybridisation
(DeGregori et al., 1994), the lacZ expression in the ST99 line was found
to be restricted to the epiblast at 7.5 d.p.c. (Fig. 3.2) and the heart at 10.5
d.p.c. (data not shown). Thus, the insertion in the 5-UTR of this gene
may interfere with its regulation. Both ST132 and ST162 lines
exhibited widespread Pgal activity throughout midgestation, although
some differential expression was observed. At 9.5 d.p.c., ST154 embryos
exhibited elevated reporter gene expression in the ventral
diencephalon, branchial arches and posterior ventral mesoderm. In
concordance with the previously published expression pattern of Epha?2
(Ruiz and Robertson, 1994; Chen et al., 1996), the ST105 line exhibited
strong Pgal activity in rhombomere 4 of the hindbrain and in the
primitive streak at 8.5 d.p.c. and in the primitive streak and the 3rd
branchial arch at 9.5 d.p.c.. In addition, previously unreported sites of
Epha2 expression were observed at both 8.5 d.p.c. and 9.5 d.p.c. in the
developing vasculature. The reason for this discrepancy is unclear but
it could be due to the ST105 insertion reporting on the expression of an
alternative transcript or because the integration of the gene trap vector
disrupted a regulatory element required for the correct expression of
Epha2. Bgal activity in transient chimeras revealed that the gene
trapped in the ST116 line was restricted to the allantois at 8.5 d.p.c. but

the expression pattern was not analysed further.

Phenotypic characterisation of secretory trap insertions

In order to investigate any phenotypes resulting from
homozygosity for the gene trap insertions, intercrosses of heterozygous
mice were conducted. It has been reported that a retroviral gene trap

insertion in fug1 produces a recessive early embryonic lethal
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phenotype (DeGregori et al., 1994), although the phenotype of the
secretory trap insertion has not been characterised thus far. ST154 and
ST162 homozygous mutants are viable and fertile. Two groups have
found behavioural and learning defects in -APP-deficient mice
(Miiller et al., 1994; Zheng et al., 1995). A detailed evaluation of the
behaviour of the ST162 homozygous mutant mice has yet to be
undertaken. It is expected that the mice homozygous for the ST105
insertion will be viable based on the phenotype of previously generated
Epha2 null mutant mice (Chen et al., 1996; E.J. Robertson, personal
communication). Homozygosity for the ST132 insertion resulted in
embryonic lethality, although the cause and timing of death has not yet
been established. Closer examination of the ST132 heterozygotes
revealed that they weigh approximately 15% less than their wild-type
littermates and that this phenotype is apparent from 10.5 d.p.c. (D.
Houzelstein and S.L.B.; unpublished observations). ST125
homozygous animals were not recovered in litters of heterozygous
parents between 7-14 days post partum (as judged by X-gal staining
intensity of tail biopsies of 100 progeny of heterozygous intercross
matings), indicating an earlier lethality. Mice homozygous for the
Hs2st mutation were recovered at birth but all of them were stillborn
or died within the following 24 hours. All mutants exhibited a
characteristic hunched appearance (see Fig. 3.5) and, after closer
examination, were also found to lack kidneys. The detailed
characterisation of the Hs2st mutant kidney phenotype is described in
Chapter 4. Because of this interesting developmental defect, this

insertion was chosen for further study.
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Further characterisation of the ST125 insertion site

Characterisation of the Hs2st cDNA

A probe corresponding to the ST125 5"-RACE product was used to
isolate a 2.1-kb mouse Hs2st clone from a 8.5-d.p.c. mouse embryo
cDNA library. Using low stringency screening, the same probe was also
used to isolate a Xenopus homologue of Hs2st from a gastrula stage
cDNA library. Sequence analysis demonstrated that the protein
product of Hs2st is highly conserved in vertebrates, sharing 99% and
90% amino acid sequence identity with its hamster and Xenopus
homologues, respectively (Fig. 3.3A). Furthermore, the mouse protein
shares 58% amino acid sequence identity over a 245 amino acid region
with the predicted protein product of the Drosophila melanogaster S1
cDNA. The function of the S1 gene is unknown but it was identified as
a candidate gene for the 5d mutation associated with the Segregation
distorter meiotic drive system (Powers and Ganetzky, 1991). The
HS2ST protein also shares homology with the two predicted isoforms
encoded by the Drosophila pipe gene, which is involved in dorso-
ventral patterning in the fly embryo (Chapter 1.2; Sen et al., 1998).
However, the homology between the predicted HS2ST and Pipe
proteins is considerably less than that shared between HS2ST and S1.
Interestingly, one highly conserved block of sequence present in
vertebrate HS2STs displays significant homology with a large number
of enzymes which catalyse the transfer of sulphate to a variety of
molecules (Fig. 3.3B). This suggests that this region may be important
for the catalytic mechanism although it does not appear to be
conserved in all sulphotransferases, including heparan sulphate N-
deacetylase/N-sulphotransferase (Hashimoto et al., 1992). It is,
however, predicted to be present in the fusion protein generated by the

gene trap insertion (Fig. 3.3A).
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Figure 3.3. Characterisation of the Hs2st cDNA. A) Alignment of
deduced amino acid sequence of the mouse Hs2st cDNA with those of
hamster and Xenopus Hs2st, Drosophila S1 and Pipe cDNAs. For
clarity, only the PipeST2 isoform (Sen et al., 1998) is shown. Identical
residues are shaded in black. Red arrow represents position of gene
trap vector insertion site in mouse HS2ST (following residue 196).
Residues C-terminal to this site are not predicted to be encoded by the
gene trap allele. The conserved block sharing homology with several
sulphotransferases is boxed in red. B) Partial alignment of hamster
HS2ST (Genbank protein accession number 2196446) with human
phenol sulphotransferase (1711607), rat minoxidil sulphotransferase
(310179), rat dopamine-tyrosine sulphotransferase (1711584), human
thyroid hormone sulphotransferase (2290540), rat N-hydroxyarylamine
sulphotransferase (1711569), rat oestrogen sulphotransferase (1711599),
mouse alcohol sulphotransferase (1711587), Flaveria bidentis flavonol-
3-sulphotransferase (1706738), chick chondroitin-6-sulphotranferase
(2494838), Drosophila S1 (11013) and the predicted protein product of a
human EST (Genbank nucleotide accession number AA334103). ST;
sulphotransferase. Residues identical to HS2ST are shaded in black,
conservative changes are shaded in blue.
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Chapter 3

The junction in the 5-RACE product of the endogenous mouse
sequence and the gene trap vector splice acceptor sequence predicted
that the 260 amino acid residues C-terminal to position 196 would not
be encoded by the gene trap allele (Fig. 3.3A), deleting severals regions
with a high degree of evolutionary conservation. As heterozygous
mice appear normal and fertile, it is likely that the gene trap insertion

causes a loss-of-function rather than a gain-of-function mutation.

ST125 comprises a single gene trap insertion which disrupts the
Hs2st transcript

In collaboration with Drs. J. Fletcher (Human Genetics Unit,
Edinburgh) and V. Wilson, the map positions of mouse Hs2st and
human HS2ST were defined. Fluorescent in situ hybridisation (FISH)
to G-banded metaphase spreads of ST125 ES cells (Fig. 3.4A) revealed
that Hs2st maps to a sub-telomeric location on chromosome 3 (3H).
Furthermore, only a single gene trap vector insertion site was evident,
localised to chromosome 3, and it precisely coincided with the position
of Hs2st (Fig. 3.4A). FISH analysis was also used to show that a
genomic human HS2ST sequence hybridised to human chromosome
1p31 (Fig 3.4B), a region showing synteny with mouse chromosome 3H
(DeBry and Seldin, 1996). The human HS2ST map position was further
refined by radiation hybrid mapping to 3.87cR from D152167 on

chromosome 1.

Molecular characterisation of the mutant allele (designated
Hs2stTgNSt125Nimr) revealed a single copy of the gene trap vector and
restriction mapping of genomic DNA and PCR-amplified flanking
regions revealed no microdeletions or rearrangements within 10kb

flanking the insertion site (see Appendix and data not shown).
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Figure 3.4. Chromosomal mapping of Hs2st/HS2ST. A) Metaphase
spread of ST125 ES cells subjected to fluorescent in situ hybridisation
with a probe specific to the mouse Hs2st genomic sequence (green) and
a probe specific to the gene trap vector (red). Areas of overlap between
the two signals are yellow. Chromosomes were counterstained with
DAPI (blue). Hybridising chromosomes were classified as chromosome
3 using Quips Karyotyper (data not shown). In 15 spreads, no other
chromosome consistently gave a signal. B) FISH to metaphase spread
from human blood, using a human HS2ST genomic fragment as a
probe. Both copies of chromosome 1p3 show hybridisation (green
spots). In 10 spreads no other chromosome consistently gave a signal.
In A) and B), hybridising regions are highlighted with arrowheads.
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In order to permit rapid and reliable genotyping of the Hs2st mice from
small quantities of genomic DNA, a PCR-based assay was developed
which distinguishes between the wild-type allele and the gene trap
allele (Fig. 3.5A, B; see Materials and Methods). This assay confirmed
the reliability of genotyping intercross litters on the basis of intensity of
X-gal staining (Fig. 3.5C; see Material and Methods). Northern
hybridisation was performed on RNA isolated from wild-type,
heterozygous and homozygous embryos generated by intercrossing
heterozygotes. This analysis revealed that Hs2st transcripts were
disrupted by the gene trap integration (Fig. 3.6). Using a probe specific
to the 5-RACE product, a transcript of 2.4 kb was detected in RNA
derived from wild-type but not from homozygous mutant embryos. In
the latter, a 5.6-kb transcript (the size predicted for the gene trap fusion
mRNA) was observed and no wild-type transcript could be detected.
Heterozygotes were found to express the wild-type and fusion
transcripts at similar levels. A minor 4-kb transcript, possibly
representing an alternative splice product, was present in wild-type
RNA but was undetectable in homozygous mutant RNA, indicating

that this transcript was also disrupted by the transgene insertion.

Embryonic expression pattern of Hs2st

The lacZ expression pattern in Hs2st */- embryos was examined
at various developmental stages (Fig. 3.7). At 7.5 d.p.c., all three germ
layers expressed lacZ, although there appeared to be elevated
expression in the embryonic ectoderm and the node (Fig. 3.7A).
Widespread expression persisted at 8.5 d.p.c., although Bgal activity was
clearly stronger in rhombomeres 2 and 4 and weak in the heart (Fig.

3.7B, C). At 10.5d.p.c., the dorsal and ventral aspects of the
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Figure 3.5. Genotyping of Hs2st mice and appearance of Hs2st mutants
at birth. A) Strategy used to genotype Hs2st mice. Oligonucleotide
primers were designed such that a common primer (intl), specific to
intronic sequences 5' to the gene trap insertion was used in
conjunction with a primer specific to intronic sequences 3' to the
insertion (int2) and a primer that recognises sequences in the gene trap
vector (518) to generate 344- and 174-bp products specific to the gene
trap and wild-type alleles, respectively. In the gene trap allele, the
distance between the sequences recognised by intl and int2 is too large
to allow amplification of a product by conventional PCR techniques.
Primers are represented by arrows. B) Agarose gel electrophoresis of
amplification products from PCR performed on genomic DNA from a
litter derived from an intercross of Hs2st */- animals. +/+, wild-type;
+/-, heterozygote; -/-, homozygous mutant; dHO, negative control (no
DNA). C) Wild-type, heterozygous and mutant 12.5-d.p.c. embryos
stained overnight with X-gal. Intensity of staining can be routinely
used for genotyping. D) Appearance of Hs2st -/~ pups at birth. The
mutant has a hunched appearance and has little or no milk in its
stomach. Milk is clearly visible in the stomach of a wild-type littermate
(arrowhead).
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