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Situated at the edge of the picturesque Peak District (see Fig. 1)
on the border between Derbyshire and Yorkshire and some 160 miles
north of London, Sheffield is home to one of a group of Universities
founded in the major industrial cities of England at the beginning of the
20th century. In the 1930s, the arrival of Hans Krebs from Freiburg
established the University as a leading centre for biochemical re-
search: it was in Sheffield that Krebs elucidated the TCA cycle which
now bears his name and which is permanently engrained upon the
minds of every biochemistry undergraduate across the world! The
laboratories in which Krebs conducted his seminal research have
more recently become home to a number of structural biologists with
major research programmes that include the analysis of prion pro-
teins and of protein-nucleic acid interactions.

In 1997, a new Developmental Genetics Programme was estab-
lished at Sheffield University to complement the existing strengths in
the biological and biomedical sciences. Situated adjacent to the
Structural Biology group in the imposing Firth Court building, the
Developmental Genetics Programme brings together researchers
using invertebrate and vertebrate model systems to address a
number of fundamental developmental processes. These range from
the molecular mechanisms underlying axon guidance in the verte-
brate CNS (see for example Cohen et al., 1997) to the cellular basis
of organogenesis in the Drosophila embryo (see for example Wan et
al., 2000): but a central theme linking all of the research within the
Programme is the role of cell-cell interactions and the signalling

pathways that mediate them. In recognition of this, several groups
within the Programme have been accorded the status of a Co-
operative Group by the UK Medical Research Council and funding
from this agency, along with substantial support from the Wellcome
Trust, underpins most of the activities within the Programme. Many
of the intercellular signalling pathways familiar to developmental
biologists impinge upon the research of the individual groups, but
none more so than that of the Hedgehog family of signalling proteins.
In what follows, we provide a brief account of studies performed over
the last fifteen years on the mechanisms of Hedgehog signalling and
the processes that it mediates. We highlight the ways in which our
own particular research activities, which initially followed quite differ-
ent paths, have subsequently converged, providing the foundation
for the establishment of the Developmental Genetics Programme in
Sheffield.
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The vertebrate strand: 1985-1992

Much of our understanding of the role of Hedgehog genes in
vertebrate patterning stems from work performed in New York in
the labs of two British researchers, Tom Jessell and Jane Dodd. In
the early 1980s, the focus of research in these labs was on the
guidance of axons within the rat spinal cord. Jessell and Dodd had

used the newly-emerging technique of monoclonal antibody pro-
duction to identify a specialised group of cells located at the ventral
midline of the neural tube. Decades earlier, in the 1920s, German
scientists had in fact identified the same cells through their distinc-
tive morphology, and provided them with a name –‘boden platte’,
or ‘floor plate’. Studies by Jessell and his colleagues, together with
another British scientist, Andrew Lumsden working at Guy’s Hos-
pital Medical School in London, now revealed an important function
of the floor plate, namely its ability to synthesise a chemoattractant
for developing axons (Tessier-Lavigne et al., 1988). One of the
post-doctoral fellows at the centre of this work, Marc Tessier-
Lavigne, went on to identify the chemoattractant as Netrin-1, a
molecule critical to the guidance of embryonic axons (Colamarino
and Tessier-Lavigne, 1995).

The availability of the newly isolated mABs against floor plate
specific cell-surface markers –such as FP3 and FP4– now allowed
one of us (MP), also at the time a post-doctoral fellow in the Jessell-
Dodd groups, to address a question that had long been in dispute
–that of the origin of floor plate cells. On the one hand was the idea
that floor plate cells acquired their specialised properties because
of their lineage. Fate mapping studies by Dale and Slack (1987)
had revealed that a dorsally-located blastomere in the 32-cell stage
Xenopus embryo would give rise to the floor plate and to a
specialised mesodermal structure located immediately beneath it,
the notochord. In the early gastrula embryo, the precursors of both
cell types remain juxtaposed, in and adjacent to the organiser. The
shared early lineage of notochord and floor plate, together with the
discovery that they share antigenic determinants, thus provided
support for the idea that the floor plate differed from other cells in
the spinal cord because of its past history (Jessell et al., 1989). At
odds with this, however, were studies performed in chick embryos,
suggesting that the acquisition of specialised properties by the floor
plate was dependent upon an induction by the notochord (van
Straaten et al., 1988).

To distinguish between these possibilities, Placzek and col-
leagues performed in vivo experiments in chick embryos. The
results were clear-cut: when fragments of notochord were grafted
next to the neural tube, ectopic floor plate cells differentiated in the
adjacent neural tube, indicating that notochord can induce floor
plate (Fig. 2). Conversely, when fragments of notochord were
removed from chick embryos, an experiment suggested by Claudio
Stern (then at Oxford University), floor plate cells failed to develop
in the overlying neural tube, showing the requirement for notochord
in normal floor plate development (Placzek et al., 1990, 2000;
Yamada et al., 1991). Critical to the subsequent development of
these studies was a technique pioneered for the analysis of the
chemoattractive properties of the floor plate, namely, the in vitro
culture of tissues within 3-dimensional collagen gels (Fig. 3). Such
cultures allowed a more rigorous assessment of the likely proper-
ties of the floor plate-inducing factor, and culminated in a model in
which the notochord-derived factor acted at short range to induce
floor plate cells. In addition, the model proposed that the induction
was of a homeogenetic (like-begets-like) nature, such that newly-
induced floor plate cells would themselves acquire floor plate-
inducing ability (Placzek et al., 1993).

Concurrent studies by Toshiya Yamada, in Jessell’s lab, led to
a further key realisation: in notochordectomised embryos, not only
were floor plate cells missing, but in addition, motor neurons were
not generated (Yamada et al., 1991). This early observation
subsequently fuelled a massive area of research, all of which has

Fig. 1. Three views of the Peak District National Park, about ten miles
from the University.
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revealed a shared early patterning function of the notochord and
the floor plate, namely their ability to confer ventral identity on
adjacent neural tissue, causing the differentiation of numerous cell
types including motor neurons (Fig. 3) and ventral interneurons,
(reviewed in Tanabe and Jessell, 1996).

By the early 1990s the importance of the notochord and floor
plate in patterning neural tissue in the spinal cord and hindbrain
was widely accepted. However, almost nothing was known about
the molecular basis for their patterning functions. Did a single factor
emanate from notochord and floor plate to mediate their patterning
abilities, acting as a morphogen to elicit the differentiation of
distinct cell types? Or did the notochord and floor plate synthesise
an array of molecules, each with the ability to induce a distinct cell
type? Was there any evidence that retinoids, thought to be present
in the notochord and floor plate, and to act as morphogens in other
systems, could mediate the effects of the notochord and floor
plate? (Wagner et al., 1990; Tickle and Eichele, 1994).

With the realisation that the phenomenological studies could not
continue without an accompanying molecular understanding, all
thoughts turned to ways in which the factors mediating the pattern-
ing functions of notochord and floor plate could be cloned. The
breakthrough was to come from what, at the time, seemed a quite
unexpected quarter: the isolation of homologues of a gene involved
in patterning the larval segments of the fruit-fly Drosophila.

The Drosophila strand 1980-1992

The 1980s witnessed unprecedented progress in the molecular
characterisation of pattern formation in Drosophila. This activity was
fuelled largely by the many mutants isolated in the seminal screens
of Nüsslein-Volhard and Wieschaus: these screens identified entire
classes of hitherto unsuspected genes that act sequentially to
subdivide the developing embryo into its final segmented form. Initial
studies focused on the cascade of transcriptional activity triggered by
maternally deposited factors and proceeding via the gap, pair rule,
and segment polarity genes (reviewed in Ingham, 1988). But in 1986,
working at the MRC LMB in Cambridge one of us (PI) together with

Alfonso Martinez-Arias and Nick Baker, embarked upon the first
large scale survey of the interactions between the segment polarity
genes themselves. Using the only two molecular probes available at
the time, Martinez-Arias et al. (1988) surveyed the expression of
wingless (wg) and engrailed (en) in all of the extant segment polarity
mutants. The results were intriguing, revealing a symmetry in the
spatial regulation of the two genes: while most segment polarity
genes appeared to be essential for the maintenance of expression of
both wg and en, in two cases the opposite relationship seemed to
hold. Thus in naked (nkd) mutants, the domain of en expression was
found to be expanded posteriorly while in patched (ptc) mutants the
domain of wg expression clearly broadened in an anterior direction
(Fig. 4A). Moreover, in each instance the early expansion of one or
other gene was followed by the de novo induction of expression of the
complementary gene in immediately adjacent cells. Thus in nkd
mutants expression of en is accompanied by ectopic wg expression
in the cells adjacent to those expressing en, whilst in ptc mutants,
expansion of wg expression is accompanied by ectopic en expres-
sion in the middle of each segment (Fig. 4B). This quite unexpected
finding provided a key insight into the cell-cell interactions that
underlie the patterning of each segment: taken together with the
finding that en and wg mutually regulate one another, it suggested a
model in which local cell-cell interactions specify the fates of indi-
vidual cells within the segment. The almost contemporaneous dis-
covery that wg encodes the Drosophila version of the secreted
glycoprotein, Wnt-1 (Rijsewijk et al., 1987), naturally, lent consider-
able weight to this model: extensive characterisation of Wnt-1 (or int-
1 as it was still known at this time) had implicated it as a putative
signalling molecule that acts at relatively short range. So the depen-
dence of en expression on the activity of wg expressed in immedi-
ately adjacent cells suggested the appealing notion that Wg itself
might mediate this local cell-cell interaction. How en might recipro-

Fig. 3. Induction of floor plate and motor neurons in vitro. (A,B) Serial
adjacent sections of a notochord-lateral neural plate recombinate, double
labelled to detect (A) the notochord marker 3B9 (green) and the floor plate
marker, FP3 (red), or (B) 3B9 and the motor neuron marker, Islet-1 (red).
Floor plate cells differentiate in the neural tissue immediately adjacent to
the notochord. Motor neurons differentiate at a distance from the notochord.
(C) Transverse section through an E13 rat spinal cord. Notochord cells
(labelled in green with anti-FP4) lie immediately beneath floor plate cells
(labelled in red with anti-FP3). (D) Transverse section through an E13 rat
spinal cord. Motor neurons, labelled with anti-Islet 1, differentiate at a
distance from the notochord and floor plate.

Fig. 2. Notochord graft induces Shh-expressing floor plate cells. (A)

Transverse section through an E2.5 chick spinal cord, labelled with anti-Shh
antibody. Shh is detected in notochord cells and in overlying floor plate
cells. (B) Transverse section through an E2.5 chick spinal cord, 24 h after
a lateral notochord graft. Shh expression is detected on the host notochord
and floor plate and on the grafted notochord. In addition, Shh expression
is induced on ectopic floor plate cells immediately adjacent to the grafted
notochord.
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cally maintain the expression of wg was less clear-cut: since en
encodes a homeoprotein, the most likely solution seemed to be that
en regulates the expression of another short-range signalling mol-
ecule: but the identity of the gene that encodes this signal was not
immediately obvious.

Shortly after this initial study was completed, Ingham moved to
Oxford and embarked upon the molecular cloning of ptc. This
choice of gene was influenced partly by the interesting role of ptc
in regulating wg expression but also, more pragmatically, by the
discovery by Robert Whittle at Sussex University, that ptc is allelic
to a previously known homozygous viable mutant named tufted.
Since tufted mutants cause an easily scored partial duplication of
the wing, this discovery opened the way to identifying new muta-
tions in ptc induced by P-element insertions. Following the isolation
of a number of such alleles, the genomic DNA encoding ptc was
cloned by Ingham and two Spanish colleagues in Oxford, Isabel
Guerrero and Alicia Hidalgo. The analysis of ptc expression
revealed an unexpectedly complex and highly dynamic pattern that
at first served only to obscure its function (Nakano et al., 1989).
After a careful analysis of this pattern in both wild-type and segment
polarity mutant embryos, however, a picture began to emerge that
implicated one gene in particular, hedgehog, in somehow mediat-
ing the signalling from en-expressing cells to their immediately
adjacent neighbours (Hidalgo and Ingham, 1990). Of key impor-
tance in reaching this conclusion was the observation that towards
the end of the germ band extension stage, the expression of ptc
becomes up-regulated in two narrow stripes of cells that flank the
en expression domain, one of which accordingly coincides with wg
expression. Crucially, both stripes of ptc expression as well as the

single stripe of wg in each segment were found to disappear in hh
mutant embryos. Given the recently published findings of Mohler
(1988) that hh acts in a non-autonomous fashion in the developing
wing, these observations strongly suggested that hh may encode
the signal that mediates en-dependent cell-cell interactions. The
most parsimonious explanation of the data thus seemed to be that
en-expressing cells secrete Hh which acts on either side of the en
domain to regulate the fate of neighbouring cells. Direct evidence
for such a role of hh was not to come for a further two years when
the hh gene was cloned independently by four different groups
(Lee et al., 1992; Mohler and Vani, 1992; Tabata et al., 1992;
Tashiro et al., 1993): this allowed the generation of antibodies
(Taylor et al., 1993; Tabata and Kornberg, 1994) that showed
conclusively that Hh is secreted by en-expressing cells (see Fig. 5).

In the meantime, the story was to take a further twist with the
implication of ptc as the receptor for the signal putatively encoded
by hh. The cloning of ptc had revealed that it encodes a multi-
transmembrane protein yet its functional analysis suggested that
it acts to repress transcription of wg. How could these two
properties of the same gene product be reconciled? The solution
lay in the epistasis analysis of hh and ptc: this revealed that in the
absence of ptc activity, wg expression not only expands but
becomes independent of hh activity. This finding led directly to the
suggestion that ptc activity suppresses wg transcription in all cells
that are competent to express wg in response to Hh: in cells that
receive Hh, the activity of Ptc is antagonised, allowing wg to be
transcribed (Ingham et al., 1991). Since Hh was postulated to be
a secreted protein and Ptc had been shown to be a membrane
spanning protein, the simplest way in which this could be achieved
seemed to be by Hh binding to Ptc. Although this model met with
much scepticism at the time, direct biochemical evidence for such
an interaction between Ptc and Hh proteins was published in 1996
(Marigo et al., 1996; Stone et al., 1996) and the model is now
generally accepted. Further evidence for the functional interac-
tion between Ptc and Hh was subsequently adduced by the
analysis of both wg and ptc transcription in various mutant
combinations involving hh and pair-rule genes (Ingham and
Hidalgo, 1993). These studies –that coincidentally were pub-
lished in the same issue of Development as Placzek et al’s (1993)
study of contact dependent induction of FP by the notochord–
reinforced the notion of a regulatory relationship between Hh and
Ptc and emphasised the essentially short-range nature of the Hh
signal.

While the story of wg regulation by ptc and hh in Drosophila had
been unfolding, studies of the vertebrate Wnt-1 and En genes had
revealed some remarkable similarities in their spatial deployment
in the vertebrate CNS. Although not expressed in the familiar
metameric pattern of the Drosophila genes, Wnt-1 and En-2 had
been shown to be expressed in close association with one another
at a very significant location –the boundary between the mid brain
and hindbrain. Moreover, the evolution of Wnt-1 expression from
an initially broad domain to an ultimately narrow stripe abutting the
En-expressing hindbrain, recalled the highly restricted expression
of wg adjacent to en-expressing cells in each embryonic segment
in Drosophila. Could it be that a hh gene, under the transcriptional
control of En-2, might mediate the maintenance of Wnt-1 expres-
sion at the midbrain-hindbrain boundary? With this question in
mind Ingham spent a warm summer’s day in 1992 in Oxford with
Andrew McMahon (of Harvard University) drafting a proposal to the
Human Frontiers of Science Programme (HFSP) to clone homo-

Fig. 4. Altered patterns of wg and en expression in Drosophila

embryos mutant for patched. Prior to the introduction of non-isotopic
labelling techniques, visualising the expression of two different genes in
the same embryo relied upon the hybridisation of adjacent histological
sections with different probes. This figure shows an example of such
analysis, in fact the very first stage 11 ptc mutant embryo to be analysed
in this way! The upper panel (A) shows the broadened bands of wg
expression typical of ptc mutants: the lower panel (B) shows the additional
stripes of en expression that are induced in response to the ectopic wg.

A

B
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logues of hedgehog from zebrafish and mouse. Before the pro-
posal was submitted, Cliff Tabin, from Harvard Medical School was
added as a collaborator (see Fig. 6): the inclusion of Tabin, an
expert on chick limb development, was to prove of crucial signifi-
cance in what followed.

The initial results of the cloning project seemed disappointing:
expression of the first gene to be isolated, by McMahon’s labora-
tory, was, contrary to expectation, conspicuously absent from the
developing embryo, though it was detectable in the adult testis.
Using this gene –subsequently named Dhh– as a probe, Stefan
Krauss in P. Ingham’s lab in Oxford screened a zebrafish cDNA
library and isolated a single clone. Given the results of the Dhh
expression analysis in mouse, Krauss’ appetite for performing in
situ hybridisations with this probe had been significantly dimin-
ished. However, the news from the Tabin laboratory that they had
succeeded in using PCR to identify three distinct hh-related se-
quences from the chick stimulated renewed enthusiasm. Krauss
immediately performed the in situs with his clone –and the results
were quite remarkable. Unlike Dhh the zebrafish hh homologue
was very obviously expressed during embryogenesis, but not in the
mid-hind brain boundary as we had expected: rather this gene –
soon to become known as Sonic hedgehog– was found to be
expressed throughout the axial mesoderm and in the ventral region
of the overlying neural tissue (see Fig. 7). These sites of expression
–and most notably the notochord and floorplate– were striking not
least because of the implication of these tissues in the inductive
interactions that pattern the neural tube described above. More-
over, Tabin’s group quickly established that Shh is also expressed
in a restricted region of each limb bud, corresponding precisely to
the operationally defined zone of polarising activity (ZPA). In the
1960s and 70s it had been found that grafting of this small piece of
posterior mesenchyme to ectopic sites within the limb bud could
elicit the duplication of distal elements of the limb –notably the
digits– in a pattern with inverse polarity to the normal digits
(reviewed in Tickle and Eichele, 1994). This had led to the suggestion
that the ZPA might act as a source of a secreted signalling molecule
that patterns the developing limb. So could this signalling molecule
be the product of the Shh gene? The fact that notochord and
floorplate were known to mimic the effects of the ZPA in the grafting
experiments (Wagner et al., 1990) made this possibility seem all the
more likely. Within weeks of isolating the clone, Tabin’s lab had
constructed a retroviral expression construct that allowed Shh to be
misexpressed in the developing limb –the results were extraordinary:
ectopic digits developed with inverse polarity, just as in the case of
a ZPA graft (Riddle et al., 1993). These data, together with the ectopic
induction of ventral markers following misexpression of Shh in the
CNS of the zebrafish (Krauss et al., 1993) and mouse (Echelard et
al., 1993), strongly implicated Shh as a signalling molecule that
mediates the effects of both the ZPA and the notochord and floor
plate, a conclusion supported by in vitro induction studies (Roelink et
al., 1994).

Sonic hedgehog in neural patterning

In 1996, Beachy and colleagues described the generation of a
null mutant allele of Shh in the mouse, analysis of which confirmed
a role for the gene in floor plate development (Chiang et al., 1996).
Addressing the question of whether, and how, Shh can mediate the
induction of multiple cell types along the dorso-ventral axis of the
neural tube, however, has depended upon the ability to express

and purify recombinant Sonic hedgehog protein. Numerous in vitro
analyses over the past three or four years have provided compel-
ling evidence that Shh does indeed function as a morphogen, the
differentiation of distinct cell types occurring in response to differ-
ent threshold concentrations of the protein (Tanabe and Jessell,
1996; Ericson et al., 1997). The competence of the neural tube to
respond to Shh appears also to alter over time. In the early spinal
cord, neural progenitors respond to Shh by assuming the fate of
motor neurons and ventral interneurons; later in embryogenesis,
precursor cells in the ventral neural tube differentiate in response
to Shh and assume an oligodendrocyte fate (Orentas et al., 1999).
Thus, Shh operates in conjunction with other determinants that
restrict and alter the outcome of its signalling activity.

The capacity of other factors to impinge upon and alter the
outcome of Shh signalling, appears critical to the development of
forebrain ventral midline cells. A key concept that emerged upon
the cloning and expression analysis of Shh was that its profile in
ventral midline cells did not precisely match the expression profile
of the various markers of floor-plate cells (such as FP3 and FP4).
Thus, whereas antigenic and functional analyses show that floor
plate cells extend only through the spinal cord, hind- and mid-brain,
Shh expression extends into a group of ventral midline cells located
in the forebrain (see Fig. 7). Expression of Sonic hedgehog within
these cells appears to play a similar patterning role to that in more
posterior domains of the central nervous system: studies of mutant
zebrafish embryos lacking this domain of Shh expression, sug-
gested that the forebrain ventral midline patterns the adjacent
neuroepithelium, including ventral regions of the prospective eye
(Krauss et al., 1993; Ecker et al., 1995; Macdonald et al., 1995).

Fig. 5. Hh protein is secreted

by En expressing cells at

the anterior margin of each

parasegment in the

Drosophila embryo. The
lower two panels show Hh
protein in green and En protein
in red in three adjacent
parasegments of an early
stage 10 wild-type Drosophila
embryo. The merged images
(top panel) reveal that the Hh
protein distribution is centred
on the En expressing cells
(which transcribe the hh
gene): note however that Hh
protein moves away from the
cells from which it is secreted,
as revealed by the punctate
pattern of labelling between
the En domains.
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A key question that emerges then, is why Shh expression in
forebrain ventral midline cells is not accompanied by expression of
floor plate characteristics. Studies by Placzek and her colleagues
suggested that this discrepancy arises due to a conjunction of Shh
signalling and signalling by the TGFβ superfamily member, bone
morphogenetic protein 7 (BMP7). In the forebrain, ventral midline
cells are induced by underlying axial mesoderm cells of the
prechordal mesoderm. In contrast to notochord cells, prechordal
mesoderm cells co-express Shh and BMP7. In vitro studies sug-
gest that the expression of BMP7 by prechordal mesoderm alters
the outcome of Shh signalling, such that forebrain ventral midline
cells are induced, instead of floor plate cells (Dale et al., 1997). How
these two signalling pathways operate in concert to govern the
differentiation of forebrain ventral midline cells is currently a major
focus of current research.

Sonic hedgehog in mesodermal patterning

In addition to its key contribution to the ventralisation of neural
tissues, the potential role of Shh in mediating inductive interactions
between the notochord and the flanking paraxial mesoderm was
soon recognised and investigated. At first, studies suggested a role
for Shh in specifying the sclerotomal compartment of each somite
(Fan et al., 1995), but evidence for an involvement in inducing the
myotome also quickly accumulated (Johnson et al., 1994;
Munsterberg and Lassar, 1995). The initial picture, based largely
upon in vitro and in vivo manipulation of the chick embryo, was
complicated by the finding that elimination of Shh activity from the
mouse embryo does not lead to a complete loss of the myotome
(Chiang et al., 1996). Careful analysis of the Shh knock-out mouse
by Anne-Gaelle Borycki, now in Sheffield but at the time working
with Charles Emerson at the University of Pennsylvania, subse-
quently revealed that Shh is required specifically for the induction
of the epaxial component of the myotome (Borycki et al., 1999). By
analysing the expression of the GLI transcription factors that
mediate Shh signalling, Borycki and colleagues (1998) found that

the ability to respond to Shh becomes limited to a subset of cells
within each somite. Thus, as in the neural plate, the effects of Hh
signalling depend not only upon the levels and range of the signal
but also upon the competence of cells to respond to it.

Studies in the Ingham laboratory have revealed a similar inter-
action between the notochord and paraxial mesoderm in the
zebrafish embryo: in this case, however, the interaction appears to
be mediated not just by Shh but by multiple members of the Hh
family. The first clue to this came from the finding that a specialised

Fig. 7. Shh is expressed in midline structures in the developing

vertebrate embryo. The pattern of Shh expression in the notochord and
ventral floor of the nervous system was first seen in the zebrafish embryo
where it is particularly striking, thanks to the optical clarity of the material.
This example shows an embryo at the 16-20 somite stage when the
notochord expression is still very prominent. Note also that Shh expression
extends into the ventral floor of the forebrain.

Fig. 6. The first meeting of the HFSP funded

Hedgehog cloning consortium on the roof

of the Department of Zoology in Oxford,

1993. From left to right: Tom Schilling (I), Randy
Johnson (T), Philip Ingham, David Simmons
(Oxford colleague of PI), Andy McMahon, Jean-
Paul Concordet (I), Cliff Tabin, R. Takad (M),
Uwe Strähle (I), Valerio Marigo (T), David
Rowitch (M), Doug Epstein (M), Ed Laufer (T)
and Bob Riddle (T). Stefan Krauss, who cloned
Shh from zebrafish, arrived in Oxford shortly
after this photograph was taken. Letters in
parentheses indicate lab affiliation (I): Ingham;
(M) McMahon; (T) Tabin.
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group of cells –the muscle pioneers (MPs)– fail to differentiate in
mutants that express Shh but lack the expression of another Hh
family gene, Echidna hedgehog (Ehh), which is normally ex-
pressed by the notochord of fish (Currie and Ingham, 1996). MPs
derive from cells that initially lie adjacent to the notochord and give
rise to all the slow-twitch muscle cells of the embryo. Subsequent
studies have shown that these so-called adaxial cells depend upon
the combined activities of the midline expressed Hh genes for their
induction. Removal of Shh activity alone (by mutation) reduces the
number of slow muscle cells that differentiate and eliminates all
MPs, while blocking the signalling pathway downstream of the
receptor (through mutation of the transcription factor gli2) com-
pletely eliminates the induction of all slow muscle (Lewis et al.,
1999). Current studies in the Ingham laboratory aim at understand-
ing how MPs and other slow muscle cell identities come to be
induced by different levels of the various Hh proteins and at
characterising the genes that control the response of cells to these
signals.

Unravelling the Hh signalling pathway

Remarkably, and uniquely, all bar one of the components of the
Hh signalling pathway identified to date have been discovered
through studies in Drosophila. Using genetic epistasis analysis to
dissect the control of hh-dependent ptc and wg, Ingham and
colleagues (Forbes et al., 1993; Ingham, 1993) established the
basic genetic pathway that has informed subsequent elucidation of
Hh signal transduction at the molecular and biochemical levels.
According to these studies, the products of the segment polarity
genes fused (fu) and cubitus interruptus (ci) together with a third
gene, costal-2 (cos-2), all act downstream of hh and ptc to regulate
the expression of hh-target genes. This model was soon after
elaborated by characterisation of the Su(fu) gene (Préat et al.,
1993), and through the discovery, by another member of the
Developmental Genetics Programme, David Strutt, at the time a
post-doctoral fellow at the EMBL, that Protein Kinase A (PKA) acts
as a negative regulator of Hh target gene expression (Strutt et al.,
1995) –a discovery that was made simultaneously and indepen-
dently in four other laboratories around the world. The first molecu-
lar evidence for a direct involvement of any of these genes in Hh
signalling came in 1996 with the demonstration that the Ci protein
is a transcriptional activator that binds upstream of the ptc promoter
to regulate its expression by Hh (Alexandre et al., 1996). Subse-
quent biochemical studies have revealed that Ci activity is regu-
lated at several levels including phosphorylation, cleavage and
nuclear shuttling, processes that depend upon interactions be-
tween Ci and the Fu, Cos-2 and Su(fu) proteins (reviewed by Ruiz
i Altaba, 1999).

The identification of human Ptc as a tumour suppressor gene
(Hahn et al., 1996; Johnson et al., 1996) provided the first direct
evidence for an involvement of the Hh signalling pathway in
tumorigenesis. The cloning and characterisation of another seg-
ment polarity gene smoothened (smo) the same year added a
further twist to the story and led to the currently accepted view of
the Hh receptor as a complex formed by the products of these two
genes: a signalling subunit, encoded by smo and a regulatory
component encoded by ptc (Murone et al., 1999). Consistent with
this view, oncogenic forms of Smo have subsequently been
isolated from human tumour cell lines (Xie et al., 1998). This link
between Hh and oncogenesis has added a new dimension to our

appreciation of the importance of this unusual signalling system,
proving once again the value of fundamental research in develop-
mental biology.

KEY WORDS: hedgehog, patched, segment polarity, floor plate, induction,
myotome
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