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Abstract

The vertebrate limb is one of the most relevant experimental models in
which to analyse cell-cell signalling during patterning of embryonic
fields and organogenesis. Recently, the combination of molecular and
genetic studies with experimental manipulation of developing limb buds
has significantly advanced our understanding of the complex molecular
interactions coordinating limb bud outgrowth and patterning. Certain of
these studies indicate the need to revise some of the “textbook views”
of vertebrate limb development. In this review, we focus our discussion
on how signalling by the polarizing region is established and how limb
bud morphogenesis is controlled by both long-range and signal relay
mechanisms. Furthermore, we discuss recent results showing that
differential mesenchymal responsiveness to SHH signalling is
established prior to its expression by the polarizing region.

1. A brief history of the limb bud mesenchymal organiser called
polarising region or ZPA and the apical ectodermal ridge (AER)

A few decienia ago the seminal experiments by Saunders (1948) and
Saunders and Gasseling (1968) led to the discovery of two major signalling
centres controlling vertebrate limb pattern formation. The first one is a group
of cells located in the posterior limb bud mesenchyme, the so-called polarising
region or zone of polarising activity (ZPA, reviewed by Johnson and Tabin,
1997). The second signalling centre is a ridge of cells running along the distal
margin of the limb bud ectoderm called apical ectodermal ridge (AER).

The AER maintains limb bud outgrowth in a proximal to distal direction
by keeping the cells of the progress zone (layer of cells directly underlying the
AER) in a proliferating, undifferentiated state (reviewed by Capdevila and
Izpisua Belmonte, 2001). Removal of the AER results in truncation of the limb.
The level of truncation along the proximal-distal axis of the limb depends on
the time of AER removal. Ablation of the AER early during limb bud
development truncates the limb at a proximal, while removal at a later stage
during development only affects the digits (Summerbell et al., 1973). This
observation can be explained by two controversial models. According to the
progress zone model, a model that has been accepted for more than 30
years, cells measure the time they have spent in the progress zone by a so-
called internal clock. This internal clock, which is controlled by the AER, is
active as long the cells stay in the progress zone. Cells that leave the
progress zone will adopt a fate according to the time they have spent in the
progress zone. Cells that leave the progress zone early will adopt a proximal
fate, while cells that have stayed a longer period in the progress zone will
differentiate in more distal structures. Once the AER is removed, the clock will
be arrested, resulting in a truncation of the limb (Summerbell et al., 1973).
However recently, the progress zone model has been challenged by the early
specification model (Dudley et al., 2002; Sun et al., 2002). According to this
model, limb segments are already specified in broad domains from an early
stage. These domains will expand during development and subsequently
become determined to form skeletal elements. Removal of the AER will give
rise to cell death in the mesenchyme, resulting in truncation of the limb
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(Dudley et al., 2002). Because the domain of cell death is constant at all
stages of limb bud development, at early stages proportionally more cells will
undergo apoptosis than at later stage, resulting in ablation of proximal
structures at earlier stages. The function of the AER is mediated by Fibroblast
Growth Factors (FGF) signalling. FGFs are able to rescue limb bud patterning
after AER removal (Niswander et al., 1993; Fallon et al., 1994). In the mouse
limb bud four Fgf genes are expressed in the AER (Fgf4, Fgf8, Fgf9 and
Fgf17; Martin, 1998; Sun et al., 2000). To define the specific roles for these
Fgfs during limb bud development, these genes have been knocked out.
Individual loss of Fgf4 (Moon et al., 2000; Sun et al., 2000), Fgf9 (Colvin et
al., 2001) and Fgf17 (Xu et al., 2000) has no effect on limb bud development,
whereas inactivation of Fgf8 can result in hypoplasia of both proximally and
distally localized skeletal elements (Lewandoski et al., 2000; Moon and
Capecchi, 2000). However in the absence of both Fgf4 and Fgf8, limb bud
development fails totally, indicating that an AER lacking both Fgf4 and Fgf8 is
not able to promote limb bud outgrowth. Interestingly, limb buds exposed to
FGF4 and FGF8 signalling for a short period early during development, have
skeletal defects at different levels along the proximal-distal axis, more severe
than in Fgf8 single mutant limbs (Sun et al., 2002). According to the progress
zone model eliminating AER specific FGF signalling should result in
truncations at a certain level along the proximal-distal axis. However in this
case both proximal and distal skeletal elements are affected, favouring the
early specification model (Dudley et al., 2002).

The polarising region is a classical organiser as defined by Spemann,
(2001, reprinted), which instructs limb bud mesenchymal cells with respect to
their proliferation potential and fate. This was established by transplantation of
polarizing region cells from the posterior mesenchyme to ectopic anterior
locations, which induces complete mirror image duplications of the distal-most
limb skeletal elements (digits, Saunders and Gasseling, 1968). In addition, it
was shown that several other embryonic organising centres such as the
notochord and floorplate also possess polarising activity upon grafting to
chicken limb buds. In trying to molecularly model polarizing region signalling,
Wolpert, (1969) proposed that these cells produce a small diffusible molecule,
termed morphogen. This morphogen would form a diffusion gradient across
the limb bud and the polarity and fate of e.g. digit precursor cells would be
determined by their response to specific thresholds (Fig. 1A; also known as
“French flag” model, see Wolpert, 1969). Most appealing, Wolpert's model
provided a straightforward explanation for most, if not all, experimental
manipulations of the polarising region in chicken limb buds and the theoretical
basis to search for this mysterious morphogen signal. Tickle and colleagues
(Tickle et al., 1982) achieved a first breakthrough by establishing that
implantation of an inert bead soaked in retinoic acid into a chicken limb bud
mimics transplants of polarising region cells perfectly. Retinoic acid is indeed
present in the limb bud mesenchyme (Thaller and Eichele, 1987), but its
specific production by polarising region cells could not been shown (see also
below). The continued search for Wolpert’'s morphogen led Tabin and
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A Wolpert's Morphogen Hypothesis B Shh Expression

C SHH mediates Polarising Activity
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Figure 1. The Polarising Region and SHH signalling.

A. Wolpert morphogen hypothesis (or French flag model): the posterior mesenchymal cells of
the polarising region produce a small diffusible molecule, which forms a gradient and patterns
the mesenchyme according to threshold values. The hypothetical thresholds that pattern
digits are indicated by numbers 1-5 according to the five digits of mouse and human limbs (1:
most anterior digit - thumb, 5: most posterior digit - little finger). The numbers do not represent
the positions in which the digits will develop. B. Shh expression as revealed by whole mount
in situ hybridisation in a mouse forelimb bud of embryonic day 10.5. C. Anterior grafts of
fibroblasts expressing SHH into an early chicken wing bud induces mirror-image duplications
of the digit pattern. 2-4 indicate normal digits (2: most anterior, 4, most posterior), 2*-4*
indicate duplicated digits. Note reversal of antero-posterior polarity in induced anterior
ectopic digits. D. Loss of distal limb structures and the digit arch in Shh™ limb buds. Wt
Wild-type forelimb skeleton at embryonic day 15. Stylopod: humerus; zeugopod: ulna and
radius; autopod: metacarpals and digits. Shh™: Shh deficient mouse forelimb. Note: only
one fused zeugopodal bone forms and the digit arch is completely absent, with the exception
of a terminal phalange (arrow head). In contrast, one complete digit forms in hind limbs
(Kraus et al. 2001, Chiang et al., 2001). All limb buds are oriented with anterior to the top and
posterior to the bottom.
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colleagues (Riddle et al., 1993) to identify Sonic hedgehog (SHH), a
homologue of the Drosophila hedgehog gene, as the signal expressed by the
polarising region in vertebrate limb buds (Fig. 1B). Furthermore, SHH
expression in fibroblasts is sufficient to endow them with polarising activity (as
assessed by the induction of mirror image digit duplications; Fig. 1C).
Inactivation of the Shh gene in the mouse results in a pleiotropic phenotype
(for details see (Chiang et al., 1996) including complete disruption of distal
limb development and digit arch formation (Fig. 1D; (Chiang et al., 2001;
Kraus et al., 2001). Recently, it has been shown that the chick mutant
oligozeugodactyly (Ozd), which lacks SHH function specifically in the limb bud
has a limb phenotype similar to the Shh ” mutant mouse (Ros et al., 2003).
Detailed genetic analysis provides evidence for long range SHH signalling and
threshold effects (see below), all in agreement with its proposed function as a
morphogen. However, recent studies also showed that the SHH signal is
relayed by activation of secondary signals in responding mesenchymal cells.
Furthermore, many regulator genes defined as SHH targets by experimental
manipulation of chicken limb buds are in fact activated prior to and/or
independent of SHH signalling (see below). In agreement, te Welscher et al.,
(2002a) provided evidence that the limb bud mesenchyme is not nascent at
the time when it receives the SHH signal, but prepatterned by an up-stream
acting mechanism. These results show that SHH functions to maintain and
modulate gene expression rather than acting as an inducer. Therefore, these
recent insights are discussed in more detail in the following sections.

2. Our current view of how the polarizing region is established

During formation and patterning of the primary body axis, the positions of fore-
and hindlimb fields are determined and polarised by still largely unknown
molecular mechanisms. The potential to form limbs is initially spread
throughout the flank (Hornbruch and Wolpert, 1991; Cohn et al., 1995; Vogel
et al., 1996; Tanaka et al., 2000)). Prior to initiation of limb bud outgrowth,
flank tissue possesses weak polarizing activity and the ability to activate Shh
expression. During initiation of limb bud outgrowth, polarizing activity is
restricted to the posterior mesenchyme and up-regulated concurrent with
activation of SHH signalling. Molecular analysis of limbless-ness in snake
embryos (Cohn and Tickle, 1999) and ectopic expression of Hox genes in
mouse limb buds (Charité et al., 1994; Knezevic et al., 1997) indicates that the
nested expression of Hox genes along the primary body axis may both
position and polarise the limb field along its antero-posterior axis. In particular,
anterior ectopic expression of the Hoxb8 gene in forelimb buds results in
establishment of an ectopic anterior SHH signalling centre and mirror image
duplications of digits similar to polarizing region grafts (Charité et al., 1994).
However, loss-of-function analysis of this and many other Hox genes alone or
in combination has to date not revealed any essential functions for the so-
called Hox code in positioning and/or polarisation of the limb field and
polarizing region (see e.g. van den Akker et al., 2001). In contrast, retinoic
acid seems essential during these early stages as inactivation of RALDHZ2, an
enzyme necessary for retinoic acid synthesis, completely disrupts limb bud
formation and activation of SHH signalling (Niederreither et al., 1999).
Forelimb bud development of Raldh2 deficient mouse embryos can be
rescued by administration of retinoic acid during limb field stages and early
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limb bud outgrowth (Niederreither et al., 2002). These studies establish that
retinoic acid is critically required to induce SHH signalling during initiation of
forelimb bud outgrowth. Niederreither et al. (2002) propose that retinoic acid
and the bHLH transcription factor dHAND together activate Shh expression in
the posterior mesenchyme (Fig. 2). This proposal is based on the fact that
inactivation of the dHAND gene in mice and zebrafish disrupts SHH activation
and severely impairs paired appendage (limb/ fin) bud development (Charite
et al., 2000; Yelon et al., 2000). Ectopic expression of dHAND in limb buds in
turn induces ectopic anterior Shh expression and digit polydactyly
(Fernandez-Teran et al., 2000; McFadden et al., 2002). Interestingly, dHAND
is initially expressed throughout the flank mesenchyme (reviewed by Cohn,
2000) as may be expected from the widespread competence to induce
polarizing activity (Tanaka et al. 2000, see before). During initiation of limb
bud formation, dHAND expression is rapidly restricted to the posterior limb
bud mesenchyme, which may be crucial to restrict polarising activity to the
posterior mesenchyme. Interestingly, expression of the GIi3 transcriptional
repressor (GLI3R, Wang et al., 2000) is activated in anterior mesenchyme
concurrent with posterior restriction of dHAND (te Welscher et al., 2002a).
These authors showed that posterior restriction of dHAND is disrupted in GIi3
deficient mouse limb buds and further genetic analysis implicated the GLI3
repressor in correct the positioning of the Shh expression domain (Zuniga and
Zeller, 1999). In GIi3 deficient mouse limb buds, dHAND expression is
maintained in the anterior mesenchyme and expression of “posterior” genes is
anteriorly expanded much earlier than ectopic anterior SHH signalling can be
detected. This early loss of posterior restriction in G/i3 deficient limb buds (and
not late ectopic anterior SHH signalling as previously assumed; (Masuya et
al., 1995; Buescher et al., 1997) is the most likely cause of the digit
polydactyly with associated loss of identity (Zuniga and Zeller, 1999). In
dHAND deficient mouse limb buds, expression of G/i3 and another “anterior”
gene, Alx4, is conversely expanded posteriorly (te Welscher et al., 2002a).
These studies establish that a mutual genetic antagonism between GI/i3 and
dHand polarizes the nascent limb bud mesenchyme upstream of positioning
and activating SHH signalling (Fig. 2).

This genetic interaction of GIi3 with dHand uncovers essential
components of the molecular mechanism, which positions the polarizing
region at the posterior limb bud margin (Fig. 2). Previous work has also
implicated FGF8 signalling from the AER in the activation of SHH signalling
(Lewandoski et al., 2000). These results show that repression by anterior
factors such as GLI3 in combination with retinoic acid and dHAND is crucial to
polarise the limb bud and establish the polarizing region. In fact, the studies
by te Welscher et al. (2002a) indicate that polarisation of the early limb buds
mesenchyme is triggered by GLI3 mediated anterior repression of dHAND
expression (step 1, Fig. 2). Therefore, it
will be important to identify the gene
products regulating Gli3 expression in the
anterior limb field mesenchyme.

+ FGF8

Retinoic Acid
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Figure 2. Mutual antagonistic interaction of Gli3R and dHAND prepatterns the
mesenchyme and controls establishment of the polarising region.

1. GLI3R restricts dHAND expression to the posterior mesenchyme during initiation of limb
bud outgrowth. 2. GLI3R acts upstream of other anterior genes such as ALX4 and is
necessary for temporal up-regulation of Alx4 expression. 3. dHAND in turn keeps Gli3 and
Alx4 expression anteriorly restricted. 4. The genetic interaction of Gli3 with dHAND controls
activation and spatial expression of posterior genes such as 5Hoxd, Gremlin, AER Fgfs
(Fgf4, -9, -17). 8. Last but not least, dHAND interacts with retinoic acid (and FGF8 expressed
by the AER) to establish SHH signalling and thereby the polarising region in the posterior limb
bud mesenchyme (scheme modified from te Welscher et al., 2002).

Many “posterior” genes originally identified as transcriptional targets of
SHH signalling are expressed much earlier than Shh and their distribution is
regulated by GLI3 repressor activity (Zuniga and Zeller, 1999). In contrast to
Gli1 and Patched (Ptc), which are bona vide SHH targets, expression of
mesenchymal SHH mediators such as e.g. 5’Hoxd genes, Bmp2, Gremlin and
Fgfs in the posterior AER (see below) is activated independent of and prior to
SHH signalling (Zuniga et al., 1999; Sun et al., 2000; Chiang et al., 2001). In
Gli3 deficient mouse limb buds, the expression of these genes is anteriorly
expanded independent of ectopic SHH signalling (Zuniga and Zeller, 1999, te
Welscher et al., 2002a, te Welscher et al., 2002b). Therefore, it is likely that
these genes are activated in response to retinoic acid and/or dHAND (see
before) and excluded from anterior mesenchyme by GLI3 mediated
repression. Taken together, these studies show that responsiveness to SHH
signalling is established in the nascent mesenchyme by a prepatterning
mechanism acting up-stream of SHH signalling (Fig. 2). Rapid downregulation
of these genes in Shh deficient limb buds (Zuniga et al., 1999; Sun et al.,
2000; Chiang et al., 2001) shows that SHH signalling is essential to maintain
and elaborate expression during progression of limb bud morphogenesis as
discussed below.

Furthermore, a cis-acting regulatory element has been identified that
controls limb-specific expression of Shh (Lettice et al., 2002; Lettice et al.,
2003). This regulatory element lies within an intron of the Lmbr1 gene, located
about 800 kb upstream from of the Shh coding region and is conserved
between human, mouse, chick and fish. Mutations in this region cause the
human limb disorder preaxial polydactyly (PPD) and the same region is
disrupted in the polydactylous mouse mutants Sasquatch (Ssq) and
Hemimelic extra toe (Hx). As upstream activators of Shh are not able to
induce Shh expression in Ozd mutant limb (Ros et al., 2003) it might be that
the Ozd mutation also disrupts a cis-acting regulatory element that drives Shh
expression specifically in the limb bud. Although it cannot be ruled out that a
trans-acting factor is affected in Ozd mutants. The human limb specific
disorder Acheiropodia maps also within the Lmbr1 locus (lanakiev et al.,
2001) and in contrast to PPD causes a phenotype similar to Shh ” mutant
and Ozd mutant limbs. It would be interesting to show whether Ozd maps to
the orthologous region of Acheiropodia.

3. The long and short of SHH signalling
3a. Long range

Analysis of SHH signalling in chicken limb buds provided clear
evidence that SHH can act as a long-range morphogenetic signal and elicits a



14 Chapter 1

dose-dependent response as postulated by Wolpert's morphogen hypothesis
(Yang et al., 1997). However, biochemical studies showed that the full-length
SHH protein undergoes auto-proteolytic cleavage yielding a C-terminal
peptide and the active N-terminal SHH peptide, which is covalently linked to
cholesterol (Lee et al., 1994; Porter et al., 1995; Porter et al., 1996). Such
cholesterol attachment results in retention of the active SHH peptide by
plasma membranes, which poses an apparent paradox with respect to the
proposed long-range signalling during limb bud development. To shed light on
this rather puzzling biochemical finding, Lewis and co-workers (2001)
generated a mouse mutant able to express a modified SHH peptide that can
no longer be cholesterol modified. Analysis of mouse embryos expressing this
modified SHH peptide during limb bud development showed that formation of
anterior digits is disrupted, while posterior digits are normal. Therefore, the
cholesterol modification is essential for full-range activity of SHH signalling.
Furthermore, analysis of target gene expression and protein distribution
shows that the signalling range of the mutant, non-cholesterated SHH
peptide, but not polarising activity, is more restricted in comparison to the
wild-type protein (Lewis et al., 2001).

Analysis of Drosophila Hedgehog (Hh) signalling showed that the
Dispatched gene product is required to release cholesterol bound Hh protein
from cells to enable long-range signalling (Burke et al., 1999). In the absence
of Dispatched, Hh protein accumulates in cells, suggesting that the cleavage
of the cholesterol modification by Dispatched is crucial for release and long-
range signalling activity of Hh proteins (Burke et al., 1999). Recently, two
murine Dispatched homologues have been identified (Caspary et al., 2002;
Kawakami et al., 2002; Ma et al., 2002) of which only mDispA is functionally
conserved. MDispA is nearly ubiquitously expressed, although there are some
differences in expression levels throughout the embryo. There is a gradient of
mDispA across the limb bud, from highest at the anterior to lowest at the
posterior. Analyses of mDispA mutant embryos and biochemical experiments
have demonstrated that mDispA function is required for HH signalling and
cellular release of HH proteins in vertebrates (Caspary et al., 2002; Kawakami
et al., 2002; Ma et al., 2002). Furthermore, Zeng et al. (2001) have shed light
on a possible cellular mechanism that permits SHH to act long range.
Experimental evidence reveals the existence of a multimeric, cholesterol-
modified SHH peptide that is freely diffusible and seems to form a gradient
across the limb bud. These authors propose that multiple; cholesterol-
modified SHH peptides accumulate in lipid rafts to form a soluble and freely
diffusible complex. Alternatively, cholesterated SHH peptides may traffic
across the limb bud mesenchyme through cytonemes, which are long actin-
based cellular processes extended by mesenchymal cells in response to FGF
signalling (Ramirez-Weber and Kornberg, 1999). While it is clear that long-
range SHH signalling is necessary during limb bud development, the
underlying molecular and cellular mechanisms enabling such morphogenetic
signalling remain in need of further investigation.
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Figure 3. SHH signalling
interactions in vertebrate
limb buds.

A. Posterior mouse limb bud
mesenchymal cells form long
actin-based cellular
processes, called
cytonemes. GFP-expressing
limb bud mesenchymal cells
were sandwiched with wild-
type cells (non-fluorescent)
and cultured for one hour in
the presence of 10ng/mi
FGF2 as described by

—_ Ramirez-Weber and
B SHH and BMP Pattern Digits Kornberg (1999).
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Polarising Region .
ey cytonemes extending from
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type cells. B. SHH and BMP
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Polarising Region
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from Drossopoulou et al.,

2000). C. Establishment and

maintenance of the

. SHH/FGF feedback loop.

D SHH/GLI3R Interaction SHH  up-requiates  and

maintains expression of the

secreted BMP antagonist

Gremlin in a Formin-

dependent manner in

posterior distal

mesenchyme. Gremlin-

mediated BMP antagonism enables expression of Fgfs such as Fgf4, Fgf9 and Fgf17 in the

posterior AER. FGF signalling by the AER in turn maintains and propagates SHH signalling

by the polarising region in the posterior-distal limb bud mesenchyme (modified from Zuniga et

al., 1999). D. Antagonistic interaction of SHH with GLI3. SHH signalling by the posterior

polarising region inhibits processing of the full-length GLI3 protein into an active repressor

(GLI3R). Graded SHH signalling results in establishment of a GLI3R gradient with its

highpoint in the anterior mesenchyme. GLI3R activity in turn participates in keeping Shh
expression posteriorly restricted (modified from Wang et al., 2000).

3b. Short range

Several mechanisms limit the range of SHH signalling during limb bud
development to prevent ectopic activation of Shh target genes. The most
direct of these mechanisms involves transcriptional up-regulation of the SHH
receptor PTC in response to SHH signalling (Goodrich et al., 1996). In the
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absence of SHH signalling, PTC inhibits the trans-membrane protein
Smoothened (SMO) and thereby signal transduction and transcriptional
activation of Shh target genes. One of these transcriptional targets is Ptc
itself, which results in up-regulation of PTC activity in cells receiving the SHH
signal. Genetic analysis in the mouse shows that SHH targets are ectopically
activated in Ptc1 deficient embryos (Goodrich et al., 1997). Reduction of
PTC1 levels in mouse limb buds also results in ectopic anterior Shh
expression and digit polydactyly (Milenkovic et al., 1999). In addition, PTC1 is
also able to sequester the cholesterol-free SHH peptide, as reduction of PTC1
levels in mouse limbs expressing only the non-cholesterated SHH peptide
also expands the SHH signalling range anteriorly (Lewis et al., 2001). In
vertebrates, the SHH signalling range is further restrained by the Hedgehog-
interacting protein, HIP (Chuang and McMahon, 1999). Hip expression is
activated in limb bud mesenchymal cells in response to SHH signalling. The
HIP protein generates an additional negative feedback loop by sequestering
the ligand and thereby limiting the Hedgehog activity range (Chuang and
McMahon, 1999).

3c. Signal relay

SHH activates the secondary signal BMP2 in a subset of responsive
limb bud mesenchymal cells (Fig. 3B, Drossopoulou et al., 2000). BMP2 is a
vertebrate homologue of Dpp, which is activated in Drosophila wing discs in
response to Hh signalling (Basler and Struhl, 1994). However, BMP2 is not
able to mimic all morphogenetic functions of SHH during vertebrate limb
development. Ectopic expression of BMP2 in chicken limb buds only
duplicates anterior most digits, in contrast to the complete digit duplications
induced by ectopic SHH signalling (Duprez et al., 1996). Although BMP2 does
not have the full morphogenetic potential of SHH, an important role for BMP2
in determining digit identities has been proposed. Experimental manipulation
of chicken limb buds led Drossopoulou et al. (2000) to propose that
mesenchymal cells are primed by long-range SHH signalling and that
induction of Bmp2 expression by SHH signalling results in graded BMP
activity, which together with the priming effect of SHH specifies digit identity
(Fig. 3B). Even during advanced limb development, when the digit primordia
have long been determined, changes in interdigital BMP levels cause
transformations of digit identities (Dahn and Fallon, 2000). This suggests that
positional information is initially set by long-range SHH in combination with
graded BMP signalling. However, identities of particular digits may only be
specified much later under the influence of BMP signalling from the interdigital
mesenchyme, just prior to the regression of this tissue by apoptosis. SHH acts
also as a survival factor of the limb bud mesenchyme. Cell death is observed
in the anterior mesenchyme of Shh deficient limb buds (Chiang et al., 2001;
Ros et al.,, 2003). Remarkably, no cell death has been detected in the
posterior mesenchyme that could account for the loss of posterior structures
in Shh deficient limbs.

SHH not only signals to the limb bud mesenchyme, but maintains and
propagates its own expression through establishment of a positive feedback
loop between polarizing region and AER (Fig. 3C; SHH/FGF feedback loop,
reviewed by Capdevila and Izpisua Belmonte, 2001). Rather than acting long-
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range, the SHH signal is relayed to the AER through Formin-dependent
activation of the BMP antagonist Gremlin in responding mesenchymal cells
(Fig. 3C). Gremlin-mediated BMP antagonism enables expression of several
Fgfs (Fgf4, -9, -17) in the posterior AER (Zuniga et al., 1999). FGF signalling
by the posterior AER in turn maintains and propagates SHH signalling distally
through the SHH/FGF feedback loop (Niswander et al., 1993; Laufer et al.,
1994; Sun et al., 2000), thereby coordinating outgrowth with patterning. In the
mouse limb deformity (Id) mutant, which has a mutation in the Formin gene,
Gremlin expression is absent in the limb mesenchyme, which prevents
establishment of the SHH/FGF feedback loop (Haramis et al., 1995; Zuniga et
al., 1999). The limbs of /d mutant mice exhibit fusions of ulna and radius and
digit syndactyly (reviewed by Zeller et al., 1999), indicating that antero-
posterior patterning and to some extent outgrowth are affected. Recently,
analysis of Gremlin mutant mice has demonstrated that Gremlin is allelic to /d,
suggesting that Formin and Gremlin are regulated by a shared cis-regulatory
element (Khokha et al., 2003; Michos et al., submitted; Zuniga et al.,
submitted). Shh deficient mouse embryos display a much more dramatic limb
phenotype than /d mutants as only one zeugopod bone forms and the digit
arch is absent (Chiang et al., 2001; Kraus et al., 2001). The phenotypic
differences between Id and Shh mutant limbs indicate that SHH patterns the
mesenchyme (Fig. 3B) largely independently of the SHH/FGF feedback loop
(Fig. 3C).

4. GLI proteins and SHH signal transduction

In the Drosophila imaginal discs, nuclear response to Hh signalling is
mediated by the Cubitus interruptus (Ci) transcription factor. In the absence of
Hh signalling, the Ci protein is processed to generate a repressor of Hh target
genes (Aza-Blanc et al.,, 1997). Hh signalling inhibits PKA-mediated Ci
cleavage and the full-length Ci protein in turn acts as a transcriptional
activator in the presence of Hh signalling (Methot and Basler, 1999). Several
vertebrate Ci homologues, called GLI proteins, have been identified. In
particular Gli1 is a direct target of SHH signalling (Lee et al., 1997) and has
been suggested to mediate response to SHH signalling (Ruiz i Altaba, 1998).
However, the lack of a phenotype in Gli1 deficient mice indicates that GLI1
alone is not sufficient to mediate nuclear response to SHH signal reception
(Park et al.,, 2000). The neural tube phenotype of Gli2 deficient mouse
embryos suggests that GLI2 mediates aspects of SHH signalling during
ventral neural tube patterning (Ding et al.,, 1998; Matise et al., 1998).
However, neither Gli2 deficient nor Gli1; Gli2 double homozygous mouse
embryos display striking limb phenotypes (Park et al., 2000), suggesting that
another GLI protein regulates the expression of SHH target genes during limb
bud morphogenesis. As discussed below, the GLI3 protein is a good
candidate for regulating expression of genes in response to SHH signalling.

Full-length GLI3 may act as a positive mediator of SHH signalling in the
limb bud (Dai et al., 1999; Sasaki et al., 1999). However in the absence of
SHH signalling, the GLI3 protein is constitutively processed to a repressor
similar to Ci in Drosophila (Wang et al., 2000). SHH signalling inhibits GLI3
processing and experimental evidence indicates that SHH signalling in the
limb bud generates an antero-posterior GLI3 protein repressor gradient with
highest GLI3 repressor levels in the anterior mesenchyme (Fig. 3D; Wang et
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al., 2000). GLI3 mediates its repressor activity by binding to the co-repressor
Ski, which recruits the histone deacetylase complex (Dai et al., 2002). The
balance between SHH-mediated activation and GLI3-mediated repression of
target genes might provide limb bud mesenchymal cells with the necessary
positional cues to enable antero-posterior patterning (reviewed by Tickle,
2003). Indeed, analysis of Shh ”; Gli3 " double mutant mouse embryos has
revealed that antagonistic interactions between SHH and GLI3 control pattern
formation. Despite the fact that the direct SHH transcriptional targets such as
Gli1 are not activated in double mutant embryos (Litingtung and Chiang,
2000), expression of many “posterior” genes (e.g. 5’'Hoxd, Hoxa13, Gremlin)
and distal limb patterning are successively restored and anteriorly expanded
by removing one or both GI/i3 alleles in the context of a Shh deficient limb bud.
The progressive restoration of distal limb development may be due to GLI3-
dose-dependent restoration of cell survival in Shh ” mutant limb (te Welscher
et al., 2002b). These results show that SHH normally functions to overcome
GLI3 mediated repression and down-regulation of posterior genes to enable
distal progression of limb morphogenesis. As limbs of Shh ”; Gli3 " double
mutant embryos are polydactylous and indistinguishable from GIi3 single
mutant limbs, these results confirm that GLI3 acts initially upstream of SHH.
Subsequent balancing of graded SHH (and BMP, Fig. 3B; Drossopoulou et
al., 2000) signalling with GLI3 repressor activity (Fig. 3D) enables co-
ordinated progression of limb bud outgrowth and patterning to determine
numbers and identity of digits.

In summary, SHH signalling prevents GLI3R formation in the posterior-
distal mesenchyme (Fig. 3D) and thereby enables maintenance and
propagation of the expression of posterior-distal genes (5’Hoxd, Hoxa13,
Gremlin etc). Their expression is induced and positively regulated by factors
acting upstream of SHH such as dHAND, most likely in combination with
cellular response to retinoic acid (Fig. 2). Further research will have to shed
light on the molecular cascades by which SHH inhibits processing of GLI3 to
its active repressor form (GLI3R) and on the interactions by which GLI3R
keeps SHH posteriorly restricted.

5. Role of 5’Hox genes during limb development

In mammals, 39 Hox genes have been identified, which are arranged in
four genomic clusters. Hox genes, which encode homeobox containing
transcription factors, are involved in the anterior-posterior patterning of the
vertebrate body axis. During development, Hox genes are spatially and
temporally activated in a collinear manner. In other words, their activation
corresponds to the order of the genes along the chromosome. As a
consequence of collinearity, different combinations of Hox proteins are
generated at different anterior-posterior positions along the embryonic axis.
Tight spatio-temporal regulation of Hox genes is essential for patterning of the
trunk (Krumlauf, 1994). In addition to their function along the primary
embryonic axis, Hox genes are also required for limb bud development.
Genetic analysis has demonstrated that the paralogous groups 9 to 13 of the
HoxA and HoxD cluster are involved in patterning of the forelimb skeleton.
While the paralogous groups 10-13 of the HoxA and HoxD cluster and
HoxC10 and HoxC11 are required for hindlimb development. Hox genes are
activated in a collinear fashion in the limb, similar to the embryonic axis. More
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3’ located genes of the HoxA and HoxD clusters are activated prior to more 5’
located genes (Dolle et al., 1989; Nelson et al., 1996; Zakany and Duboule,
1999). This spatiotemporal activation of the Hox genes coincides with their
functional domains in the limb such that 3° Hox genes are required for the
patterning of proximal limb structures and 5 Hox genes for the distal
structures (Fig. 4). Functional analysis has shown that Hox9 and Hox70
paralogs function to pattern the stylopod (Fromental-Ramain et al., 1996;
Wellik and Capecchi, 2003), while Hox11 paralogs are required for formation
of the zeugopod (Davis et al., 1995) and HoxD11 to HoxD13 and HoxA13
function in digit patterning (Fig. 4; Zakany et al., 1997; Kmita et al., 2002). In
contrast to the collinear expression of the 5’HoxD genes along the proximal-
distal axis of the limb, these genes are expressed in a reverse collinear order
in the digital domain (Nelson et al., 1996). The expression domains of the 5’
HoxD genes strongly overlap in the digital domain and transgenes inserted in
the HoxD cluster are similarly expressed, suggesting that a single enhancer
would control the expression of these genes in the autopod (van der Hoeven
et al., 1996). Recently a distant global control region containing a digit
enhancer has been defined, which drives the expression of HoxD13 to
HoxD10 in the autopod (Fig. 5; Spitz et al., 2003). This enhancer has little
promoter specificity and genes unrelated to HoxD genes can also be
controlled by this digit enhancer. For example, Evx2 and the Lunapark gene,
which are located between the digit enhancer and HoxD complex, are
expressed similar to HoxD genes in the autopod. With respect to the HoxD
cluster, the enhancer most strongly interacts with HoxD13 and progressively
weaker with more 3’ genes. The weakening effect of the enhancer on more 3’
genes is not due to distance effects, but is due to titration of the enhancer
activity is titrated by upstream promoters (Fig. 5). For example, deletion of the
HoxD13 locus results in a HoxD12 expression profile that resembles wild-type
HoxD13 expression in the autopod and insertions of transgenes upstream of
the 5’HoxD cluster result in down-regulation of the HoxD genes (Fig. 5; Kmita
et al., 2002; Monge et al., 2003). The mechanism by which the digit enhancer
acts accounts for both quantitative and reversed collinearity of 5’HoxD gene
expression observed in the autopod (Dolle et al., 1991; Nelson et al.,1996).
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9-13 represents the member of the HoxA and HoxD clusters that regulate limb bud patterning.
Note that Hox12 only exists in the HoxD complex. Hox genes located in the 3’ part of the
cluster are required for patterning of proximal limb structures, while more 5’ Hox genes are
required for patterning of distal limb structures (from Zakany and Duboule, 1999).

Figure 5. A remote digit
enhancer controls both
quantitative  and  reversed
collinearity of 5’HoxD gene
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In fishes, which lack structures homologues to the distal autopod of
tetrapods, expression of 5’HoxD genes do not expand anteriorly (Sordino and
Duboule, 1996). Interestingly, it has been shown that the fish global control
region, which contains regions with high homology to the mammalian global
control region, lacks the digit enhancer activity (Spitz et al.,, 2003).
Recruitment of the digit enhancer upstream of the HoxD cluster during
evolution might have helped genesis of digits.

6. Scope of my PhD thesis

The vertebrate limb provides a model to study pattern formation of
tissues during organogenesis. Previous work and data presented in my thesis
contributes to the understanding how several signalling cascades are
coordinated and interact to pattern the limb bud. In addition, these signalling
cascades need to be tightly regulated. For example, SHH signalling controls
patterning of the distal limb skeletal elements through induction of secondary
signalling molecules, like BMPs and FGFs. Genes expressed in anterior limb
mesenchyme like GIli3 and Alx4 are required to keep the Shh expression
domain posterior restricted. In chapter 2, | analyse the phenotype of embryos
that are deficient for both GIi3 and Alx4. Analysis of Gli3/Alx4 double mutant
homozygous limbs has uncovered novel roles for G/i3 and Alx4 in patterning
limb skeletal elements. In chapter 3 the differential responsiveness of wild-
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type and mutant limb bud cells to SHH signalling is described. In addition,
identification of Jagged-1 and Hey1 as downstream targets of SHH signalling
during limb development is described. In chapter 4 | describe the limb
phenotype of Gremlin mutant mice. Analysis of the mutant limb phenotype in
combination with gain of function experiments has revealed that Gremlin
mediates SHH signalling to the AER. In the final chapter, | discuss whether
SHH acts as a morphogenic signal instructing limb bud patterning. In addition,
| discuss the role of NOTCH signalling during limb bud development.
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Summary

Anterior-posterior patterning of distal limb skeletal elements is
controlled by the polarizing region (ZPA). The function of the ZPA during
limb development is mediated by the signalling molecule Sonic
Hedgehog (SHH). Mutual genetic antagonism between GI/i3 and dHand
prepatterns the Ilimb bud prior to SHH signalling resulting in
establishment of the ZPA in posterior limb bud mesenchyme.
Subsequently, the Shh expression domain is kept posteriorly restricted
by GIli3 and AIx4, which are both expressed in anterior limb bud
mesenchyme. Disruption of either Gli3 or Alx4 results in establishment
of an ectopic Shh domain and preaxial polydactyly. However the type of
polydactyly observed in GIli3 deficient limb differs from that of Alx4
mutant limbs, suggesting that these genes might act in parallel
pathways during limb development. Indeed, analysis of Gli3 ”; Alx4
double homozygous mutant limbs reveals that Gl/i3 and Alx4 interact
synergistically during patterning of all three groups of skeletal elements.
The stylopod is severely malformed and the anterior skeletal element of
the zeugopod is consistently lost in double mutant limbs. Furthermore
digit numbers and identities are affected. However, no alterations in
molecular markers of early limb patterning are observed in Gli3 ”; Alx4
double mutant embryos, indicating that the two genes interact only
during later developmental stages. In addition, Gli3 ”; Alx4 ” double
mutant embryos exhibit severe craniofacial defects.

Introduction

Tetrapod limb skeletal elements show a high variation in sizes, shapes
and numbers between different species, although three skeletal segments are
evident in all tetrapod limbs: proximally the stylopod, medially the zeugopod
and distally the autopod. Limb skeletal elements are formed by endochondral
ossifications, whereby mesenchymal cells condense and subsequently
differentiate into chondrocytes to form a cartilaginous skeleton. These
cartilage templates are ultimately replaced by bone during ossification
(reviewed by Kronenberg, 2003). The patterning of limb skeletal elements is
controlled by two signalling centres that integrate growth and anterior-
posterior patterning of the limb (reviewed by Johnson and Tabin, 1997). The
zone of polarizing activity (ZPA) functions as limb bud mesenchymal
organizer by secreting the signalling molecule Sonic hedgehog (SHH; Riddle
et al., 1993). SHH signals to the apical ectodermal ridge (AER), which in turn
promotes limb bud outgrowth. Fibroblast growth factor (FGF) signalling by the
AER regulates Shh expression (Niswander et al., 1993; Laufer et al., 1994)
and results in establishment of a feedback loop between these signalling
centres. SHH signalling regulates patterning of distal limb skeletal elements
and ectopic SHH signalling causes digit duplications, while the lack of SHH
signalling abolishes development of distal limb structures (Riddle et al., 1993;
Chiang et al., 2001; Kraus et al., 2001).
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Several independent mutations in mouse embryos disrupt the posterior
restriction of Shh, which results in establishment of an anterior ectopic
polarizing region and polydactylous limbs (Masuya et al., 1995; Buscher et al.,
1997; Qu et al.,, 1997). Well characterized are the semidominant mouse
mutant strains Extra-toes (Xt) and Strong’s luxoid (Ist), which both show
preaxial polydactylous limbs. The zinc-finger encoding transcription factor G/i3
is disrupted in the Xt mouse strain (Schimmang et al., 1992; Hui and Joyner,
1993), while the aristaless-related homeobox gene Alx4 is mutated in the Lst
mouse strain (Qu et al., 1998; Takahashi et al., 1998). However, the type of
polydactyly differs between these two mouse mutants. For example, the
polydactylous limb phenotype of GIi3 deficient limbs is independent of SHH
signalling, while polydactyly caused by disruption of Alx4 is dependent on
SHH signalling (te Welscher et al., 2002b). In addition, Gli3 genetically
interacts with dHand to prepattern the limb bud prior to SHH activation, while
Alx4 does not interact with dHand during these early stages (te Welscher et
al., 2002a). The difference between GIli3 and Alx4 mutant limbs is also
reflected by the differences in gene expression. For example, the Hoxd13
domain is expanded anteriorly in GIi3 deficient limbs from early stages
onwards, while only a small anterior spot of 5’HoxD expression appears late
in Alx4 deficient limb buds (Qu et al., 1997; Zuniga et al., 1999; te Welscher et
al., 2002b). This indicates that G/i3 and Alx4 act in different pathways during
limb bud development. As Alx4 expression is reduced in GIi3 deficient limbs,
Gli3 acts genetically most likely upstream of Alx4 (te Welscher et al., 2002a).
However the residual, more proximally restricted Alx4 expression in Gli3 7
mutant limbs is in agreement with the proposal that G/i3 and Alx4 function in
different pathways. To uncover possible redundant roles and synergistic
interactions of Gli3 and Alx4 during limb bud patterning, we have generated
Gli3 7; Alx4 7 double mutant embryos. Analysis of their mutant limbs reveals
that Gli3 and Alx4 interact to pattern all three types of limb skeletal elements.
Furthermore Gli3 ”"; Alx4 " double mutant embryos display severe craniofacial
defects.

Results

Gli3 and Alx4 interact during patterning of limb skeletal elements

To reveal possible redundant roles for Gli3 and Alx4 during limb bud
development, we have crossed GIi3 - Alx4 " double heterozygous mice to
generate Gli3 7 Alx4 ” double homozygous embryos. At E16.5, no
Gli3 7" Alx4 ™ double homozygous embryos were recovered from litters due to
embryonic lethality. However at E14.5, all genotypes were recovered at
expected ratios. In total we have analyzed the skeletons of four Gli3 ”"; Alx4 ™
double homozygous embryos. All limbs analyzed are of the same genetic
background. Skeletal stains of E14.5 Gli3 ”; Alx4 ” mutant forelimbs and
hindlimbs reveals defects in stylopod, zeugopod and autopod skeletal
elements with complete penetrance that are distinct from defects observed
with any other genetic combination (Figs. 1-3). Gli3 ”"; Alx4” double mutant
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Fig. 1. Skeletal stains of single and compound Gli3/Alx4 mutant limbs. All skeletal stains
shown are of forelimbs of E14.5 embryos. Skeletal analysis shows that genetic interaction
between Gli3 and Alx4 is required for patterning of the scapula, stylopod, radius and autopod.
(a) Wild-type forelimbs. (b) Gli3 *"heterozygous forelimbs. Arrow points to small ectopic
cartilage condensation. (c) Alx4 v heterozygous forelimbs, which is phenotypically wild-type.
(d) Gli3 *; Alx4 *" double heterozygous mutant forelimbs, which is similar to Gli3 ™
heterozygous mutant forelimbs. Arrow points to small ectopic cartilage condensation. (e)
Gli3™ homozygous forelimbs. Note the polydactylous forelimb phenotype and the loss of digit
identit)/. (f) Alx4 ” homozygous forelimbs. Arrow points to a duplicated preaxial digit 2. (g)
Gli3 ”; Alx4 " double homozygous forelimbs. Arrow points to the region lacking the radius.
Arrowhead points to the humerus, which is severely affected and lacks the deltoid tuberosity.
Note the loss of digit identities. (h) The humerus of  GIi3 "+ Alx4 *" mutant forelimbs is mildly
affected (arrowhead). The autopodal phenotype is similar to Gli3 " mutant forelimbs. (i) The
humerus of Gli3 *; Alx4 ~ mutant forelimbs lacks the deltoid tuberosity (arrowhead). Arrow
points to a duplicated preaxial digit 2. Note that the autopodal phenotype is identical to Alx4 "
mutant limbs. All panels are oriented with anterior to the top and distal to the right. a: autopod;
dt: deltoid tuberosity; hu: humerus; ra: radius; sc: scapula; ul: ulna.

forelimbs develop a slightly malformed shoulder girdle. However, the humerus
of Gli3 ”; Alx4 " double mutant forelimbs is severely affected and lacks the
deltoid tuberosity (dt; arrowhead, Fig.1g). In contrast Gli3 ” (Fig. 1e) and
Alx4 " (Fig. 1f) single mutant limbs develop a normal humerus. However,
additional removal of one copy of either Alx4 or GIi3 in single homozygous
mutant limbs results in a slightly enhanced phenotype (arrowheads Fig. 1h
and i), suggesting a GIi3 and Alx4 dose-dependent requirement for patterning
of the humerus. Most strikingly, Gli3 ”; Alx4 " double mutant forelimbs lack
the radius (arrow, Fig. 1g), which is normal in all other genetic combinations
analyzed. Furthermore, the phenotype of the GIli3 7 Alx4 ” double
homozygous autopod is distinct from the autopodal phenotype observed in
any other genetic combination (Fig. 1 and 3). The autopods of Gli3 7 mutant
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limbs are polydactylous and form six to eight digits without distinct identities
(Fig. 1e and Fig. 3b). Autopods of Gli3 7 Alx4 *" mutant limbs display a
similar phenotype (Fig. 1h and Fig. 3e). In contrast, six digits with distinct
identities develop in Alx4 ” mutant polydactylous limbs (Fig. 1f and Fig. 3c).
Again, the Alx4 ” mutant autopod phenotype is not changed by additional
removal of one copy of GIli3 (Fig. 1i and Fig. 3f). However, removal of both
Gli3 and Alx4 results in a complete loss of digit identity in forelimbs (Fig. 1g
and Fig. 3d) as seen in Gli3 7 single mutant limbs (Fig. 1e). In addition, digit
numbers of  Gli3 ”; Alx4 " double homozygous forelimbs varies between five
and six. We never observed more than six digits in double mutant limbs,
which is in contrast to the up to eight digits that form in Gli3 " single mutant
limbs (compare Fig. 1g with Fig. 1e). The distinct forelimb autopod phenotype
of Gli3 ”; Alx4 ” double homozygous embryos suggest that Gli3 and Alx4
interact to pattern the autopod of the forelimb (Fig. 1 and 3). No significant
differences are observed between Gli3 *~; Alx4 * double heterozygous (Fig. 1
and Fig. 2d) and Gli3 " single heterozygous mutant limbs (Fig. 1b and
Fig.2b).
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Fig. 2. Skeletal phenotypes of single and compound Gli3/Alx4 mutant hindlimbs of E14.5.
Skeletal analysis reveals that Gli3 and Alx4 genetically interact during patterning of the pelvic
girdle, femur, tibia and autopod. (a) Wild-type hindlimbs. (b) Gli3 v heterozygous hindlimbs.
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Arrow points to a split digit 1. (c) Alx4 " heterozygous hindlimbs. Arrow points to a duplicated
preaxial digit 2. (d) Gli3 ™; Alx4 ** double heterozygous hindlimbs, which is similar to Gli3 "
heterozygous hindlimbs. Arrow points to a split digit 1. (e) Gli3 7 homozygous hindlimbs.
Arrow points to the rudimentary tibia. Note the polydactylous limb phenotype and the loss of
digit identities. (f) Alx4 ”~ homozygous hindlimbs. Arrow points to a duplicated preaxial digit 2.
(g) Gli3 ”; Alx4 ™ double homozygous mutant hindlimbs. Arrow points to the region lacking
the tibia. Arrowhead indicates the malformed femur. In addition the pelvic girdle is affected. 4
to 5 digits form without distinct identities. (h) The femur of a GIi3 "+ Alx4 *” mutant hindlimb is
mildly affected (arrowhead), while the tibia is truncated (arrow). 5 digits form, which do not
show distinct identities. (i) Gli3 '+ Alx4 " mutant hindlimbs. Arrow points to the tibia, which is
truncated. Arrowhead points to a duplicated preaxial digit 2. Panels are oriented with anterior
to the top and distal to the right. a: autopod; fe: femur; fi: fibula; pg: pelvic girdle; ti: tibia.

Similar to the forelimbs, Gli3 and Alx4 have redundant functions during
hindlimb development (Fig. 2). The pelvic girdle and femur of Gli3 7 Alx4 ™
mutant hindlimbs are severely malformed (arrowhead, Fig. 2g). The femur of
Gli3 ”; Alx4 *- compound mutant limbs (arrowhead Fig. 2h) is slightly affected,
while Gli3 7 single homozygous limbs (Fig. 2e) develop a normal femur,
suggesting a dose dependent requirement of GI/i3 and Alx4 during femur
development. In contrast to the forelimb, the zeugopod of Gli3 ” single and
Gli3 ”; Alx4 ¥~ and Gli3 *; Alx4 7" compound mutant hindlimbs are affected
(arrow in Fig. 2e, h, i). In these mutant limbs only a rudimentary tibia is
formed. The tibia is totally missing in Gli3 ”; Alx4 " double mutant hindlimbs
(Fig. 2g), suggesting a dose dependent requirement for G/i3 and Alx4 during
tibia formation. Finally, patterning of the hindlimb autopod is also affected in
Gli3 ”; Alx4 ™ mutant limbs as only four to five digits without distinct identities
form (Fig. 2g). In contrast to the forelimb, the Gli3 ”; Alx4 ” double
homozygous hindlimb autopod phenotype resembles that of GIi3 7 single and
Gli3 ”; Alx4 ** compound mutant hindlimbs, which also develop five digits
lacking distinct identities (compare Fig. 2g with 2e and 2h). In contrast digits
of Alx4 ” single (Fig. 2f) and Gli3 *; Alx4 ” (Fig. 2i) compound mutant
hindlimbs retain distinct identities. Analysis of skeletons cleared with KOH for
only a short period reveals that removal of the interdigital mesenchyme by
apoptosis (Macias et al., 1999) is delayed in GIli3 deficient limbs (Fig. 3). At
E14.5 mesenchymal cells of the interdigital regions have undergone apoptosis
in wild-type, Alx4 7 single and Gli3 *; Alx4 " compound mutant limbs, thereby
eliminating the interdigital mesenchyme (arrows in Fig. 3a, ¢ and f). In
contrast, webbing is apparent in mutant limbs lacking both copies of G/i3 gene
(arrowheads Fig. 3b, d, and e).
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Fig. 3. Skeletal stains of E14.5 embryos that have been cleared by KOH for only a short

period to visualize the remaining interdigital mesenchyme. In wild-type (a), Alx4 ” single (c)

and Gli3 ™; Alx4 ™" (f) mutant forelimbs the interdigital mesenchyme is regressing (arrows). (b,
d, e) Resorption of the interdigital mesenchyme is delayed in Gli3 deficient forelimbs
(arrowheads). Digits are numbered according to their identities. Question marks indicate digits
with unclear identities (b, d, e). (b, d, e) Digit identities are lost in Gli3 deficient forelimbs. (c,
f) Digits of Alx4 ™" single and Gli3 *"; Alx4 ”~ mutant forelimbs have distinct identities. All limbs
shown are forelimbs. Panels are oriented with anterior to the top and distal to the right.

With respect to losing the radius, it is well possible that the cartilage
element giving rise to the radius initially forms in Gli3 ”; Alx4 " mutant limbs,
but that it is not maintained. However, analysis of cartilage elements of E12.5
forelimbs by Alcian green staining reveals that in absence of both G/i3 and
Alx4, the cartilage model giving rise to the radius is also absent at this stage
(arrow, Fig. 4d). Interestingly, also in Gli3 7 Alx4 *~ compound mutant limb
buds, the radius cartilage model is only weakly apparent (arrow, Fig. 4e),
which indicates that the formation of the radius cartilage model is delayed in
Gli3 " Alx4*" mutant limbs.

‘A

Gli3*;Alx4+"

b

L )
Gli3+;Alx4 " ]

Fig. 4. Cartilage
elements of single and Gli3/Alx4 compound mutant forelimbs of E12.5 embryos. The cartilage
was visualized by Alcian green staining. (a, b, ¢, f) The cartilage element giving rise to the
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radius is detectable in (a) wild-type, (b) Gli3", (c) Gli3 *; Alx4 ™" and () GI/3 v AIx4 " mutant
embryos. (d, e) In contrast the radius cart//age e/ement is lacking in Gli3 A/x4 doub/e
homozygous limbs (arrow in d) and only weakly apparent in Gli3 ”; Alx4 " mutant
limbs (arrow in e). Limbs are oriented with anterior to the top and distal to the right. hu:
humerus; ra: radius; ul: ulna.

Skeletal abnormalities in Gli3 ”; Alx4” double homozygous mutant limb
are not caused by alterations of early limb bud patterning

SHH signalling is essential for anterior-posterior patterning of the
zeugopod and autopod (Chiang et al 2001; Kraus et al., 2001). A single
zeugopodal element forms in Shh deficient limb buds similar to
Gli3 ™" A/x4 double mutant limbs. Therefore, we analyzed Shh expression in
Gli3 ; Alx4 7 mutant limb buds. However, Shh remains expressed in
GI/3/AIx4 single and compound mutant limb buds of E10.75 (Fig. 5a-d and
data not shown) |nd|cat|ng that the defects in patterning of distal skeletal
elements in Gli3 ”; Alx4” mutant limb are not due to altered SHH signalling at
this stage.
5’Hoxa and 5°’Hoxd genes regulate patterning of limb skeletal elements
(Zakany et al., 1997). Therefore we analyzed the expression of Hoxa11,
Hoxd11 and Hoxd13 in wild-type and Gli3/AIx4 single and compound mutant
limbs (Fig. 5e-p). The paralogous Hoxa11 and Hoxd11 genes interact to
specn‘}/ the ulna and radius (Davis et al., 1995). The absence of radius in
Gli3 Alx4 7 double mutant limb buds suggest that Hoxa711 or Hoxd11
expresswn might be altered. However, normal levels of Hoxa11 (Fig. 5h) and
Hoxd11 (Fig. 5I) transcripts are detected in Gli3 ”; Alx4 ”~ double mutant
limbs in comparison to wild-type limbs (Fig. 5e and i). At 11.5 Hoxd13
expression is restricted to the distal limb mesenchyme in wild-type embryos
(Fig. 5m), consistent with the role of Hoxd13 in autopod patterning (Dolle et
al., 1993). Misexpression of Hoxd13 |nh|b|ts the formation of the zeugopod
(Goff and Tabin, 1997). In Gli3 ”; Alx4 ” double mutant limbs of E11.5
Hoxd13 expression domain is conflned to the autopodal region and no ectopic
proximal expression is observed (Fig. 5p), indicating that the absence of the
radius is not caused by altered Hoxd13 expression. The expressmn domains
of Hoxa11, Hoxd11 and Hoxd13 (Fig. 5h, I, p) in Gli3 ”; Alx4 ™ double mutant
limbs are |dent|cal to Gli3 " single mutant Ilmb buds (Flg 5f, j, n) and different
from Alx4 7 single mutant limb buds (Fig. 5g, k, and o), indicating that Gli3
acts upstream of Alx4 in regulating Hox gene expression.
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Fig. 5. Molecular analysis of genes involved in limb bud patterning in (a, e, i, m, q) wild-type
(wt), /b, f, j, n, r) GIli3 '/', (c, g, k, 0, s) Alx4 ” single homozygous and (d, h, I, p, t)
Gli3 ”; Alx4 " double homozygous mutant limb buds. (a-d) Shh expression in wild-type and
mutant limb buds (E10.75). There are no significant differences in Shh expression between wt
and mutant limb buds. (e-h) Expression of Hoxa11 in wild-type and mutant limb buds (E11).
Note that the Hoxa11 expression domain in Gli3 ”"; Alx4 ” mutant limb is identical to the one
in Gli3 " mutant limb buds. (i-) Hoxd11 expression in wt and mutant limb buds (E11.5). Again
the Hoxd11 expression domain in Gli3 7 Alx4 " double and Gli3 single mutant limb buds
are similar. (m-p) Hoxd13 expression is detected in distal limb mesenchyme of wt and mutant
limb buds (E11.5). The Hoxd13 expression in Gli3 ”; Alx4 ™ double mutant limbs resembles
the one of Gli3 " single mutant limb buds. (q-t) Sox9 expression in wt and mutant limb buds
(E11). Sox9 is a marker of precartilagenous condensations. Comparison of wt and mutant
embryos shows that no significant differences are apparent. S’: prospective stylopod; Z’:
prospective zeugopod,; A’: prospective autopod. All limb buds are oriented with anterior to the
top and distal to the right.
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Sox9 is expressed in cells of mesenchymal condensations that
prefigure the limb skeletal elements (Wright et al., 1995). Analysis of Sox9
expression reveals that the formation of mesenchymal condensations takes
place in Gli3 ”"; Alx4 ™ double mutant limbs of E11 (Fig. 5t), in a pattern similar
to wild-type, Gli3 ” and Alx4 ” single mutant limb buds (Fig, 5g-s). These
results indicate that the initial steps in cartilage formation are not affected in
Gli3 7, Alx4™ double mutant limbs.

As no striking changes are observed in expression of genes involved in
limb bud patterning, this analysis cannot explain the Gli3 ; Alx4 ” double
mutant limb skeletal phenotype. This suggests that the alterations specific for
the Gli3 7 Alx4 ™" limb phenotype are not a consequence of alterations in early
limb bud patterning, but might rather result from defects in cartilage formation
and/or differentiation.

v L ‘\ - | "
Gli3";Alx4* Gli3”;Alxd " Glig*Alxd*" = >~
Fig. 6. Analysis of the craniofacial skeleton reveals defects Gli3; Alx4 compound mutant
embryos. Pictures show a dorsal view of the skulls of E14.5 embryos. Arrows point to the
nasal bones in (a) wild-type, (b) Gli3 ™ single, (c) Alx4 ” single, (d) Gli3 ”; Alx4 " double , (e)
Gli3 ”; Alx4 ™" and (f) Gli3*"; Alx4 ” mutant embryos. (d) The nose region of GIi3 ”; Alx4 ™

double mutant embryos is clefted (arrow). (f) Gli3 "+ Alx4 " compound mutant embryos also

show a cleft nasal tip (arrow) and a clefted nasal septum (arrowhead). n: nasal bone.

Gli3 and Alx4 interact synergistically during craniofacial development

In addition to the limb patterning defects, we detected craniofacial
abnormalities in embryos deficient for both G/i3 and Alx4 (Fig. 6). Analysis of
skeletal stains of E14.5 GIi3/Alx4 single and double mutant skulls reveals
synergistic genetic interactions between GIi3 and Alx4 during craniofacial
development. The craniofacial phenotype observed in Gli3 *: Alx4 7" double
mutant embryos includes severe clefting of the nose region (arrow, Fig. 6d),
which is completely penetrant. The two lateral halves of the nasal cartilage
are spaced wide apart. Gli3 *"; Alx4 " mutant skulls also display a split nasal
tip and a cleft nasal septum (arrow, Fig. 6f), while no facial clefting is
observed in all other genotypes.
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Discussion

Skeletal analysis of Gli3/AlIx4 single and compound mutant limbs has
uncovered additional roles for Gli3 and Alx4 in patterning of limb skeletal
elements. The studies reveal a dose dependent requirement of Gl/i3 and Alx4
for normal stylopod patterning. Malformation of the stylopod has not been
observed in Gl/i3 and Alx4 single homozygous mutant limbs, likely because of
functional compensation. In addition, the zeugopod of GIi3 7 Alx4 7" double
mutant limbs lacks the cartilage elements giving rise to the radius in forelimbs
and the tibia in hindlimbs. The specific loss of the anterior zeugopodal
cartilage element in Gli3 ”; Alx4 7 double mutant limbs points to
complementary functions of G/i3 and Alx4 in formation of the radius. However,
truncation of the tibia in Alx4 7 and Gli3 ” single homozygous limbs has been
reported before (Johnson, 1967; Qu et al., 1998), suggesting that both GIi3
and Alx4 function specifically during formation of the tibia. As disruption of
either GIi3 or Alx4 results in polydactylous limbs, we expected a possible
enhancement of the polydactylous phenotype in Gli3 : Alx4 7" double mutant
limbs. However, only five to six digits form in forelimbs and -in some cases-
only four digits in hindlimbs of Gli3 ”; Alx4 ” double mutant mice. One
possible explanation for the mild or lack of polydactyly in Gli3 ; Alx4 ” double
mutant limbs is the possible redundant or antagonistic functions of GIi3 and
Alx4 during chondrogenesis in the anterior limb. Furthermore, digit identities
are lost in limbs lacking Gli3. In contrast, Alx4 ” single and Alx4 7 Gli3 *"
compound mutant limbs have digits with distinct identities, suggesting a
specific role for Gli3 in specification of digit identities (see also te Welscher et
al., 2002b). Furthermore, Gli3 is expressed by the interdigital mesenchyme
(Hui and Joyner, 1993), whose regression is delayed in Gli3 deficient and
compound mutant limb buds. These results indicate that GLI3 normally
promotes apoptosis of the interdigital mesenchyme. In agreement, apoptosis
is reduced in limb buds of GIi3 deficient embryos (Aoto et al., 2002). Severe
nasal clefting is observed in Gli3 ”; Alx4 "~ double mutant embryos. Both GIi3
and Alx4 are expressed in mesenchyme of the frontonasal processes (Hui et
al., 1994; Qu et al.,, 1997), where they might complement one another as
nasal clefting is not observed in the skulls of Gli3 ” and Alx4 " single
homozygous embryos. Mild nasal clefting occurs already in Gli3 Y Alxd
compound mutant skulls, suggesting a dose dependent requirement for Gli3
in the context of an Alx4 deficiency during craniofacial development.
Previously, it has been reported that Alx4 is functionally redundant with Cart1
and A/x3 during patterning of the frontonasal regions (Qu et al., 1999;
Beverdam et al., 2001). Double homozygous Alx3 7 Alx4 7 and
Alx4 ”"; Cart1 ” embryos also display severe nasal clefting. The cleft nose
phenotype of Alx3 ”; Alx4 7~ double homozygous embryos has been attributed
to increased cell death affecting the presumptive nasal processes (Beverdam
et al., 2001). In addition, the authors observed abnormal lateral outgrowth of
nasal processes from early stages onwards, which may also underlie the
defects in Gli3 "; Alx4 ™ double mutant embryos.

Specific loss of radius and tibia has also been observed in limbs of
other mouse mutant strains. For example, the zeugopod of forelimbs lacking
both Fgf4 and Fgf8 consists of a single ulna cartilage (Sun et al., 2002). The
radius also fails to form in the hyperplastic forelimb buds of retinoic acid-
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rescued Raldh2 ” mutant embryos (Niederreither et al., 2002). Furthermore,
hindlimbs of mice lacking the transcription factors Pitx1 and Pitx2 lack the tibia
(Marcil et al., 2003). Reduction in limb bud size may explain the loss of limb
skeletal elements in Fgf4; Fgf8 and Pitx1”; Pitx2 " double mutant limbs (Sun
et al., 2002; Marcil et al., 2003). However, the sizes of Gli3 ”; Alx4 " double
mutant limb buds is comparable to wild-type limb buds. Therefore, reduction
of cell numbers cannot account for the absence of the radius in Gli3 ”"; Alx4 ™"
double mutant limbs. The mouse mutation Ulnaless (Ul) affects limb
development resulting in a severe reduction of both zeugopod skeletal
elements. The Ul mutant phenotype can be attributed to deregulated 5Hoxd
gene expression (Spitz et al., 2003), as proximal ectopic Hoxd13 together with
reduced Hoxd11 expression is observed (Herault et al., 1997; Peichel et al.,
1997). However, no specific alterations of 5’Hoxd expression domains are
observed in Gli3 ”; Alx4 7 double mutant limb bud in comparison to Gli3 **
and Alx4 7 single mutant limb buds. Therefore, the molecular alterations
causing truncation of the stylopod and loss of the anterior zeugopodal
elementin  Gli3 ”; Alx4” double mutant limbs remain unknown.

In forelimbs lacking both Fgf4 and Fgf8, the numbers of skeletal
progenitor cells that form the zeugopodal elements are reduced, likely
resulting in loss of the radius (Sun et al.,, 2002). However, analysis of the
Sox9 distribution in Gli3 ”; Alx4 " double mutant limb buds indicates that the
skeletal progenitor cells are normal. The apparently normal Sox9 expression
in Gli3 ”; Alx4 ” double mutant limb buds suggests that formation of the
chondrogenic mesenchymal condensations may be normal in these mutant
limbs. In conclusion, the absence of the radius cartilage element in
Gli3 7 Alx4 7" mutant embryos is most like not caused by an early patterning
defect, but rather caused by defects in the precursor cells, which differentiate
into chondrocytes to form the radius cartilage model.

Materials and Methods

Mouse strains and embryos

To obtain Gli3”; Alx4 7~ double homozygous mutant embryos Gli3 ™ Alx4 *
double heterozygous mice were intercrossed. Embryos and mice were
genotyped as described by te Welscher et al. (2002b). No double
homozygous mutant embryos were recovered after embryonic day E15. Day
of vaginal plug detected was considered as embryonic day 0.5.

Whole-mount in situ hybridization

Embryos dissected in PBS were fixed in 4% paraformaldehyde (PFA) and
processed as described by (Haramis et al., 1995). Whole-mount in situ
hybridization using digoxygenin-labeled antisense riboprobes was preformed
as described by Haramis et al. (1995). Embryos were age-matched by
determining their somite number (variation + 2 somites).

Cartilage and bone staining

Embryos of E12.5 were fixed 5% TCA and subsequently stained with Alcian
green to visualize the cartilage. Embryos were cleared with methyl salicylate.
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Embryos of E14.5 were stained for cartilage and bone using standard Alcian
blue and Alizarin red staining.
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Summary

Patterning of the anterior-posterior axis of the vertebrate limb is
controlled by mesenchymal cells of the polarising region (ZPA), which
functions as a limb organizer. The signalling molecule Sonic hedgehog
(Shh) is expressed by cells of the polarising region and gain- and loss-
of-function studies have demonstrated that SHH signalling mediates the
function of the limb organizer. SHH patterns the limb through activation
of secondary signalling molecules like BMP2 and the BMP antagonist
Gremlin. Here we show that SHH also regulates expression of the
NOTCH ligand Jagged-1 in the distal limb bud mesenchyme.
Furthermore, activation of Hey1, a target of NOTCH signalling, is also
dependent on SHH signalling and modulated by Jagged-1. Shh
expressing cells grafted into wild-type and Shh deficient limb buds elicit
a fast but differential response to SHH in mesenchymal cells. Limb bud
mesenchymal cells respond to SHH signalling by differential activation
of secondary signals. In limb deformity (Id) homozygous mutant limb
buds, transduction of the SHH signal to the AER is disrupted. Analysis
of Jagged-1 and Hey1 expression in /d/ld mutant limb buds establishes
that these genes are regulated by mesenchymal-epithelial interactions,
similar to 5’HoxD genes. Furthermore, we provide evidence that SHH
mediated regulation of Jagged-1 participates in the development of the
limb bud vascular system. Our results suggest that SHH acts upstream
of Jagged-1 during regulation of the limb bud vascular system.

Introduction

During vertebrate limb bud development, patterning of the anterior-
posterior axis of the distal limb is under control of Sonic Hedgehog (SHH)
signalling. Shh is expressed by cells of the polarising region (ZPA), which
functions as a limb organizer (Riddle et al., 1993). Anterior grafts of Shh
expressing cells induce digit duplications (Riddle et al., 1993) in a dose and
time dependent manner (Yang et al., 1997), mimicking the activity of the ZPA.
Formation of the digital arch is disrupted in Shh deficient embryos (Chiang et
al., 1996; Chiang et al., 2001; Kraus et al., 2001). In addition, only one
zeugopodal skeletal element forms in forelimbs of Shh deficient embryos
(Chiang et al., 2001; Kraus et al., 2001). Targets of SHH signalling like
5’HoxD genes, Bmp2, Gremlin and Fgf4 are initially expressed in Shh " limbs
(Zuniga et al., 1999; Chiang et al., 2001), suggesting that the limb
mesenchyme is not nascent at the time it receives the SHH signal. Indeed,
recently it has been shown that mutual antagonism between GIi3 and dHand
prepatterns the limb prior to Shh activation (te Welscher et al., 2002a). GIi3
restricts dHand to posterior limb mesenchyme resulting in Shh-independent
early activation of Gremlin, Bmp2, and 5’HoxD genes in posterior limb bud
(see Te Welscher et al.,, 2002a). Subsequently, dHand activates Shh
expression in posterior mesenchyme (Charite et al., 2000). Activation of SHH
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signalling is required for the maintenance of Shh target genes, as they are
rapidly down-regulated in Shh deficient limb buds (Zuniga et al., 1999; Chiang
et al., 2001). During subsequent limb bud development, G/i3 and Shh are
expressed in complementary domains due to mutual genetic repression
(Masuya et al., 1995; Buscher et al., 1997; Wang et al., 2000). Furthermore,
SHH signalling inhibits proteolytic cleavage of full-length GLI3 protein to a
transcriptional repressor (Wang et al.,, 2000). The mouse Extra-toes (Xt)
mutation disrupts the GIli3 gene (Schimmang et al., 1992; Hui and Joyner,
1993), resulting in a polydactylous limb phenotype. Previously it was assumed
that the polydactylous limb phenotype was a consequence of ectopic SHH
signalling (Masuya et al., 1995; Buscher et al., 1997). However, analysis of
Gli3 ”; Shh 7" double mutant limbs has revealed that the polydactylous limb
phenotype of G/i3 ” mutant limbs arises independently of SHH signalling
(Litingtung et al., 2002; te Welscher et al., 2002b). Furthermore, analysis of
these double mutant limbs shows that SHH establishes limb patterning
through inhibition of GLI3 mediated transcriptional repression (te Welscher et
al., 2002b).

The Hedgehog (HH) protein undergoes autocatalytic cleavage and is
concomitantly linked to cholesterol (Porter et al., 1996), which is required
cholesterol modification to exert its function in tissue patterning (Lewis et al.,
2001; Cooper et al., 2003; Gallet et al., 2003). Because cholesterol modified
HH proteins are attached to the surface membrane, it was assumed that SHH
might signal short rather than long-range during vertebrate limb bud
development. However, analysis of transgenic mice that express a mutant
SHH protein that cannot be cholesterated establishes that cholesterol
modification is necessary for long-range signalling (Lewis et al., 2001). In
agreement, the distribution of cholesterol-modified SHH proteins exceeds the
Shh expression domain by a considerable distance, indicating that the
cholesterol modified SHH protein is able to move through the limb bud
mesenchyme (Lewis et al., 2001).

SHH regulates anterior-posterior patterning of the limb bud through
activation of secondary signalling molecules. For instance, experimental
evidence indicates that SHH specifies digit identities in combination with
BMP2 signalling (Yang et al., 1997; Drossopoulou et al., 2000). These studies
resulted in the proposal that SHH signalling primes limb bud mesenchymal
cells and induces BMP2, which in turn specify digit identities by acting on
SHH-primed cells (Drossopoulou et al., 2000). Furthermore, the SHH signal is
relayed to the apical ectodermal ridge (AER) by the BMP antagonist Gremlin
(Zuniga et al., 1999; Khokha et al., 2003; Michos et al., submitted). The
mouse limb deformity (Id) mutations directly disrupt Gremlin expression in the
limb bud mesenchyme (Michos et al., submitted; Zuniga et al., submitted) and
display the same limb phenotype as Gremlin ” mutant mice. Establishment of
feedback loop signalling between the SHH expressing polarising region and
the AER is disrupted in embryos lacking Gremlin, which affects both the
outgrowth and patterning of the distal limb bud (Haramis et al., 1995; Zuniga
et al., 1999; Michos et al., submitted). Shh expression is not up-regulated in
Id/ld mutant limb buds and activation of Fgfs and Bmps in the AER is
disrupted (Haramis et al., 1995; Zuniga et al., 1999; Michos et al., submitted).
Most likely as a consequence of disrupting the SHH/AER feedback loop, the
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distal-anterior expansion of 5HoxD expression domains is delayed in /d/ld
mutant limb buds (Haramis et al., 1995).

NOTCH signalling plays an important role in establishment of cell fates
and boundaries in both invertebrates and vertebrates (reviewed by Artavanis-
Tsakonas et al., 1999). From studies most in the Drosophila it is known that
NOTCH signalling participates in patterning the wing disc (Irvine and Vogt,
1997), while much less is known about the potential functions of NOTCH
signalling during appendages development in vertebrates. Several genes that
are part of the NOTCH signalling pathway are expressed in vertebrate limb
buds (Laufer et al., 1997; Mitsiadis et al., 1997, Rodriguez-Esteban et al.,
1997; Jiang et al., 1998; Vargesson et al., 1998; Leimeister et al., 1999). For
example, the NOTCH ligand Jagged-2 is expressed by the AER and loss-of-
function studies established that Jagged-2 is required for regulation of AER
morphology and function (Jiang et al., 1998). In contrast, Jagged-1, and Hey1
are both expressed in distal limb bud mesenchyme during early limb bud
development (Mitsiadis et al.,, 1997; Leimeister et al., 1999), indicative of
possible roles in distal limb bud patterning. Jagged-1 encodes a ligand for
NOTCH receptors (Lindsell et al., 1995), while Hey1 is downstream target of
NOTCH signalling (Maier and Gessler, 2000). In humans, haploinsufficiency
for Jagged-1 causes the Alagille syndrome (Li et al., 1997; Oda et al., 1997)
affecting heart, kidneys, face, skeleton and other organs. Mice lacking
Jagged-1 die during mid-gestation due to vascular defects (Xue et al., 1999),
but fail to display Alagille syndrome like phenotypes. Hey1 belongs to a
subfamily of mammalian Hairy- and Enhancer of Split related genes
(Leimaster et al., 1999). In Drosophila, genes encoded by the Enhancer of
Split locus are primary targets of NOTCH signalling (reviewed by Artavanis-
Tsakonas et al., 1999). Indeed, the Hey7 promoter is responsive to NOTCH
signalling (Maier and Gessler, 2000) and Hey1 expression in the presomitic
mesoderm is disrupted in mice lacking the NOTCH ligand Delta-like3
(Dunwoodie et al., 2002). Here we establish that Jagged-1 and Hey1
expression in the limb bud mesenchyme depends on SHH signalling. We
define the temporal and spatial kinetics of these and other genes in response
to SHH signalling wild-type and mutant limb buds. Our studies provide first
insights into differential mesenchymal response to SHH signalling and the
kinetics of activating secondary signals to relay SHH signalling. Furthermore,
we provide evidence that SHH acts upstream of Jagged-1 during regulation of
vascularization of the limb bud mesenchyme.

Results

During limb bud development, Shh targets are activated in a polarized
fashion in the wild-type limb bud. To study the dynamics and range of SHH
signalling in the limb bud, we examined the responsiveness of target genes to
SHH signalling in wild-type and mutant limbs buds. Comparative analysis of
Shh and its targets Gremlin, Bmp2 and Hoxd13 (Zuniga et al., 1999; Chiang
et al., 2001) in wild-type limb buds between E10.25 and E10.75 (Fig. 1A-L)
reveals their very dynamic and differential expression. Shh expression is
initiated around E9.5 by the cells of the ZPA (Masuya et al., 1997). During
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subsequent limb bud development, Shh expression levels increases and its
expression is propagated distally in the posterior mesenchyme (Fig. 1A-C). In
contrast, the expression of Gremlin, Bmp2 and 5’HoxD genes are expanded
anteriorly within the distal limb bud mesenchyme (Fig. 1D-L; Duboule, 1992;
Zuniga et al., 1999; Lewis et al., 2001). Furthermore, the Shh expression
domain (Fig 1A-C; Riddle et al., 1993) abuts the one of Gremlin (Fig. 1G-I;
Zuniga et al., 1999) and overlaps partially with the ones of Bmp2 (Fig. 1D-F)
and Hoxd13 (Fig. 1J-L; Duprez et al., 1996). Bmp2 expression is first
activated in the AER (Fig.1D) and only subsequently in the limb mesenchyme
(Fig. 1E), suggesting Bmp2 may be a rather late target of SHH signalling in
the limb bud mesenchyme. In contrast, Gremlin and Hoxd13 are activated
prior to and independent of SHH signalling in the posterior limb bud
mesenchyme (Zuniga et al., 1999; Chiang et al., 2001).

A Shh B Shili C Shh| D Bmp2 E Bmp2 F nﬂ
- - -— J J

E10.25 E10.5 E10.75 E10.25 E10.5 E10.75

G Gremlin H Gremlin | Gremlin J Hn:d’iﬂ K Ws L

o‘ 8 & 8
i E10.5 E10.75 E10.25

Fig. 1. Distribution of Shh target genes in the forelimb bud during early stages of limb
patterning. Expression pattern of Shh (A-C), Bmp2 (D-F), Gremlin (G-I) and Hoxd13 (J-L) in
forelimb buds of wild-type (Wt) embryos between E10.25 and E10.75.

Identification of Jagged-1 and Hey1 as novel mesenchymal targets of
SHH signalling

Expression screening of NOTCH pathway ligands, receptors and
targets in wild-type and Shh deficient mouse limb buds resulted in
identification of Jagged-1 and Hey1 as SHH dependent target genes. In wild-
type forelimb buds Jagged-1 expression is activated around E10.25 (Fig. 2A).
During subsequent limb bud development, Jagged-1 expression is up-
regulated and anteriorly expanded in the distal limb bud mesenchyme (Fig.
2A-C). Hey1 expression is detected slightly prior Jagged-1 (Fig. 2I) and
regulated with kinetics similar to Jagged-1 during later developmental stages
(Fig. 2J, K). Neither Jagged-1 (Fig. 2H) nor Hey1 (Fig. 2P) are expressed in
Shh deficient limb buds, which places both genes genetically downstream of
SHH signalling in the limb bud mesenchyme. In /d mutant limb buds, Shh
expression is not maintained due to lack of Gremlin (Zuniga et al., 1999;
Michos et al., submitted). To establish whether expression of Jagged-1 and
Hey1 is dependent on Gremlin mediated SHH/AER feedback signalling, we
analyzed their expression in Gremlin deficient /d mutant limb buds. Both
Jagged-1 (Fig. 2E) and Hey1 (Fig. 2M) are expressed at initially reduced level
in /d mutant limbs and their subsequent up-regulation and anterior expansion
(Fig. 2F, G, N, O) is delayed in /d mutant limb buds. The dynamic regulation of
Jagged-1 and Hey1 expression in wild-type and /d mutant limb buds is
reminiscent to 5’Hoxd genes (Haramis et al., 1995), whose expression is also
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modulated by SHH signalling (Riddle et al., 1993; Laufer et al., 1994; Chiang
et al.,, 2001). Furthermore, both Jagged-1 (Fig. 2D) and Hey1 (Fig. 2L)
expression is expanded anteriorly similar to 5’HoxD genes in Xt/Xt mutant
limb buds, which lack the GIi3 gene (Schimmang et al., 1992; Hui and Joyner,
1993; Zuniga and Zeller, 1999). Transverse sections through the limb bud
show that Jagged-1 is expressed in the core mesenchyme like 5’HoxD genes
(Fig. 2S and data not shown), while Gremlin is restricted to the superficial
dorsal and ventral limb bud mesenchyme (Fig. 2R; Merino et al., 1999). These
results (Fig. 2S, R) show that targets of SHH signalling are activated in

spatially restricted expression domains within the limb bud mesenchyme.

Fig. 2. Analysis of Jagged-1 and Hey1 expression in wild-type and mutant limb buds with
altered or no SHH signalling. (A-C) Jagged-1 expression in wild-type forelimb buds between
E10.25 and E11. (D) Jagged-1 expression domain is anteriorly expanded in Xt/Xt forelimb
buds (E11). (E-G) Delay of Jagged-1 expression in Id mutant forelimb buds. (H) Shh deficient
forelimb buds (E10.5) lack Jagged-1 expression. (I-K) Hey1 expression in wild-type forelimb
buds between E10.25 and E11. (L) Anterior expansion of Hey1 in Xt/Xt forelimb buds (E11).
(M-O) Delay of Hey1 express:on in Id mutant forellmb buds. (P) Hey1 expression is absent in

L-pabbep

LASH

Shh " mutant forelimb bud (E10.5). Open arrowheads mark the anterior expression boundary.
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(Q) Transverse section of limb stained with hematoxylin and eosin. (R) Gremlin is expressed
in superficial dorsal and ventral limb bud mesenchymal cells. (S) Jagged-1 is expressed in the
core mesenchyme of the limb bud. (A-P) Posterior is to the bottom and distal to the right. (Q-
S) Posterior is to the right, ventral to the bottom.

Shh target genes respond differentially to ectopic anterior SHH
signalling

To investigate the kinetics of differential responsiveness to SHH
signalling, we performed a time course of gene induction following anterior
placement of Shh expressing cells. We investigated ectopic gene activation
after 3 to 22 hours of exposure to anterior Shh expressing cells in cultured
mouse limb buds. None of the genes analyzed is induced after 3 hours in
culture (data not shown). Gli1, which is a direct target of SHH signalling (Lee
et al., 1997), is induced in cells around the graft after 6 hours of culture (Fig.
3A, B), thereby establishing the lower limit of direct mesenchymal response to
SHH signalling in cultured mouse limb buds. Following 9 hours of culture
Gremlin is induced in mesenchymal cells distal to the graft (Fig. 3C, D; Zuniga
et al., 1999). Nine hours of exposure to ectopic SHH signalling also results in
activation of Jagged-1 (Fig. 3G, H) and Hey1 (Fig. 3K, L). Also these genes
are always induced distal to the graft and prolonged exposure to SHH
signalling causes up-regulation of Jagged-1 expression (Fig. 3l, J). Bmp2 has
been proposed as a transcriptional target mediating long-range SHH
signalling (Laufer et al., 1994; Drossopoulou et al., 2000). Level of Bmp2
transcripts is reduced in the limb bud mesenchyme and Bmp2 is not activated
in the AER of Shh deficient embryos (Fig. 4A; Chiang et al., 2001; Lewis et
al., 2001). In chick limb buds, ectopic anterior SHH signalling induces ectopic
Bmp2 expression in both mesenchyme and AER (Laufer et al., 1994).
However, no ectopic activation of Bmp2 transcripts is detected in the
mesenchyme of wild-type mouse limb buds after prolonged ectopic anterior
SHH signalling (15 hours and 22 hours; Fig. 3E, F; data not shown), while
Bmp2 expression in the AER is expanded (Fig. 3E, F). These results show
that Shh target genes, with the exception of Bmp2, are induced in the anterior
limb bud mesenchyme of wild-type embryos within 6 to 9 hours after initiation
of ectopic SHH signalling.
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Fig. 3. Differential responsiveness of genes to ectopic SHH signalling. Wild-type forelimb
buds of E10.5 received an anterior graft of Shh expressing cells (arrow) and were cultured for
6, 9 or 15 hrs. Asterisks and filled arrowheads mark the ectopically induced expression
domains. Open arrowheads the endogenous expression domains. (A) Endogenous Gli1
expression in cultured control limb bud. (B) SHH induces ectopic Gli1 transcripts after 6 hrs of
culture. (C) Endogenous Gre expression in cultured control limb bud. (D) Ectopically induced
Gre transcripts by Shh expressing cells after 9 hrs of culture. (E) Endogenous Bmp2
expression in cultured control limb bud. Note the posterior-proximal expression domain in the
mesenchyme and AER expression. (F) Shh expressing cells induce anterior expansion of
Bmp2 expression in the AER, after 15 hrs of culture. No expansion of Bmp2 expression in the
mesenchyme was observed. (G) Endogenous Jagged-1 expression in control limb bud
cultured for 9 hrs. (H) Ectopically induced Jagged-1 transcripts by Shh expressing cells after 9
hrs of culture. (I) Endogenous expression of Jag1 in control limb bud cultured for 15 hrs. (J)
Ectopically induced Jagged-1 transcripts after 15 hrs of culture. (K) Endogenous Hey1
expression in cultured limb bud. (L) Ectopic Hey1 transcripts are induced after 9 hrs of culture
by Shh expressing cells. Posterior is to the bottom.

The mesenchyme of Shh deficient limb buds remains responsive to SHH
signalling

Mesenchymal cells of Shh mutant limb buds may lose their
competence to respond to SHH signalling due to cell death (Chiang et al.,
2001; te Welscher et al., 2002b) or posterior expansion of the transcriptional
repressor GLI3 (Chiang et al., 2001). To establish whether Shh
mesenchymal limb bud cells remain responsive to SHH signalling, we grafted
Shh expressing cells into the posterior limb bud mesenchyme of Shh
embryos (E10.5). While anterior grafts of Shh expressing cells fail to activate
Bmp2 expression in the mesenchyme (Fig. 3F), posterior grafts restore
mesenchymal Bmp2 expression in Shh ”limb buds (Fig. 4A, B). Interestingly,
mesenchymal Bmp2 expression is always up-regulated proximally to the SHH
graft, indicating that proximal limb bud cells responds differentially to SHH
signalling (Fig. 4A, B). Also Bmp2 expression in the AER is activated upon
restoring SHH signalling (Fig. 4B). In Shh deficient limb buds, Gre expression
is initiated but not maintained and propagated (Zuniga et al., 1999). Low
levels of Gre transcripts remain in Shh ™ limb buds in culture (Fig. 4C).
Posterior grafts of Shh expressing cells result in significant restoration of Gre
expression in Shh mutant limb buds within 15 hours (Fig. 4D). Restoration of
SHH signalling in Shh deficient limb buds also rescues Jagged-1, Hey1 and
Hoxd13 expression (Fig. 4F, H and data not shown). The ability of Shh
expressing cells to restore gene expression in the posterior mesenchyme of

-
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Shh deficient limb buds shows that these cells have retained their
responsiveness.
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Fig. 4. Shh expressing cells rescue target genes in Shh deficient limb buds. Shh deficient
forelimb buds of E10.5 were grafted with Shh expressing cells and cultured for 15 hrs.
Arrows indicate the position of Shh and Jagged1-Fc expressing cell aggregates. Asterisks
and filled arrowheads mark induced ftranscripts. Open arrowheads mark the endogenous
expression domains. (A) Bmp2 expression in control limb bud. Note the absence of Bmp2
transcripts in the AER and reduced mesenchymal expression. (B) Graft of Shh expressing
cells rescue Bmp2 expression in the AER and up-regulates posterior-proximal Bmp?2
expression. (C) Low levels of Gre transcripts are present in control limb bud. (D) Shh
expressing cells up-regulate Gre expression. (E) Jag1 is not expressed in control limb bud.
(F) Graft of Shh expressing cells rescue Jag1 expression in the limb bud. (G) Jag1 expressing
cells are not able to induce Hey1 expression (H) Grafts of Shh expressing cells induce Hey1
expression. Posterior is to the bottom.

Hey1 is a downstream target of Jagged-1 in the limb bud mesenchyme

The SHH/AER the feedback loop is disrupted in /d mutant limb buds
lacking Gremlin (Zuniga et al., 1999; Michos et al., submitted). Posterior grafts
of Shh expressing cells into /d mutant limb buds progressively restores Hey1
expression in culture (9 hours, (Fig. 5A, B); 15 hours, (Fig. 5C, D). Jagged-1
expression is up-regulated in /d mutant limb buds with similar kinetics upon
exposure to Shh expressing cells (data not shown). This prompted us to
investigate the relationship between these genes further. As Jagged-1 is a
NOTCH ligand and Hey1 a target of NOTCH signalling, we hypothesized that
Jagged-1 may act upstream of Hey7 during limb bud development. To
ectopically activate Jagged-1 signalling in the limb bud mesenchyme, cells
expressing a soluble form of Jagged-1 were used (Jagged1-fc; Hicks et al.,
2000). Previously, it has been shown that soluble Jagged1-fc protein interacts
with NOTCH receptors (Shimizu et al., 1999; Hicks et al., 2000) to activate
signal transduction (Varnum-Finney et al., 1998; Sestan et al., 1999). Rather
unexpectedly, posterior grafts of Jagged1-fc expressing cells fail to restore
Hey1 expression in Shh deficient limb buds (Fig. 4G). This is in agreement
with the fact that anterior grafts of Jagged1-fc expressing cells fail to induce
Hey1 expression in wild-type limb buds (data not shown). However, posterior
grafts of Jagged1-fc expressing cells into /d mutant limb buds results in up-
regulation of Hey1 expression after 9 hours in culture (Fig. 5E, F). After 15
hours of culture, Hey1 expression is even further up-regulated (Fig. 5G, H).
Similar results were obtained using grafts of cells expressing the full-length
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form of Jagged-1 (data not shown). The ability of Jagged-1 to up-regulate
Hey1 expression in /d mutant limb buds, indicates that Jagged-1 functions to
positively modulate Hey7 expression in the limb bud mesenchyme rather than
inducing its expression. Indeed, activation of Hey1 precedes Jagged-1 in wild-
type limb buds (Fig. 2A, 1). To confirm that Jagged-1 signalling regulates Hey1
expression, we analyzed Hey1 expression in embryos homozygous for the
Headturner (Htu) mutation. A missense mutation in the Jagged-1 gene causes
the Htu phenotype (Kiernan et al., 2001), which is similar to the phenotype of
Jagged-1 null mutants (Xue et al., 1999). In agreement with gain-of-function
experiments, Hey1 expression is absent from Hfu homozygous limb buds
(Fig. 5l, J; E10.75). In contrast, Gremlin is normally expressed in the
contralateral limb bud of the same embryo (Fig. 5K, L), indicating that Gremlin
expression is independent of Jagged-1 function.
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Fig. 5. Jagged-1 modulates Hey1 expression in the limb bud mesenchyme. (A-H) Id mutant
forelimb buds of E10.5 were cultured for 9 and 15 hrs and received a posterior graft of either
Shh expressing cells or Jaggedi-Fc expressing cells (arrows). Asterisks and filled
arrowheads point to increased Hey1 expression in the grafted limb bud. Open arrowheads
indicate the endogenous Hey1 expression domain in the control limb bud. (A) Endogenous
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Hey1 expression control limb bud cultured for 9 hrs. (B) Graft of Shh expressing cells up-
regulate Hey1 expression after 9 hrs. (C) Endogenous Hey1 expression in control limb bud
cultured for 15 hrs. (D) Up-regulation of Hey1 expression by graft of Shh expressing cells
after 15 hrs of culture. (E) Endogenous Hey1 expression in Id mutant control limb bud
cultured for 9 hrs. (F) Graft of Jagged1-Fc expressing cells up-requlate Hey1 expression after
9 hrs of culture. (G) Endogenous Hey1 expression in Id mutant control limb bud cultured for
15 hrs. (H) Up-regulation of Hey1 expression in limb buds that received graft of Jagged1-Fc
expressing after 15 hrs of culture. (I-L) Hey1 and Gremlin expression in Wt and Htu mutant
forelimb buds of E10.75. () Hey1 expression in a wild-type limb bud. (J) Hey1 expression is
lost in Htu/Htu homozygous limb buds. Gremlin expression in (K) wild-type and (L) Htu/Htu
homozygous limb buds, which are contralateral to the ones shown in | and J. Gremlin
expression is normal in Htu mutant limb buds. Posterior is to the bottom.

Maintenance of the SHH/AER feedback loop in /d mutant limb bud
rescues Jagged-1 and Hoxd13 expression

In /d mutant limb bud signalling between the mesenchyme and AER is
disrupted, due to lack of Gremlin (Haramis et al., 1995; Zuniga et al., 1999).
Posterior grafts of Gremlin or Fgf4 expressing cells into /d mutant limb buds
can restore the feedback loop between ZPA and AER within 9 hours (Fig. 6A-
D). Posterior grafts of Gremlin and Fgf4 expressing cells restore Shh (Fig. 6B,
C) and in the case of Gremlin also Fgf4 (Fig. 6D) expression after only 9
hours in culture. Furthermore, posterior grafts of Gremlin (Fig. 6E, F), Fgf4
(Fig. 6G, H) and Shh (data not shown) expressing cells up-regulate Jagged-1
expression in /d mutant limb buds after 15 hours. Similarly, grafts of Gremlin
(Fig. 61, J), Fgf4 (Fig. 6K, L) and Shh (data not shown) expressing cells
restore Hoxd13 expression in posterior mesenchyme of /d mutant limb buds.
These results show that Gremlin mediated establishment of feedback
signalling between the Shh expressing polarizing region and the Fgf
expressing AER regulates the dynamic expression of Jagged-1 and Hoxd13
in the limb bud mesenchyme.

Evidence for a role Jagged-1 in patterning of the limb bud vascular
system.

Notch signalling has been implicated in development of the vascular
system. For instance Jagged-1 deficient mice die because of defects affecting
their vascular system (Xue et al., 1999; Kiernan et al., 2001). EphrinB2 is
specifically expressed by arteries (Wang et al., 1998; Adams et al., 1999) and
SHH regulates EphrinB2 expression in the dorsal aorta of zebrafish embryos
by activation of NOTCH signalling (Lawson et al., 2002). Therefore, we
analyzed the developing vascular system in Shh and Jagged-1 deficient limb
buds. In wild-type limb buds of E10.5, EphrinB2 is expressed in the proximal
and in the distal-posterior part of the limb bud mesenchyme (arrow Fig. 7A).
By E11 EphrinB2 is also expressed in the core mesenchyme of the limb bud
(arrowhead Fig. 7C). However, in Shh deficient limb buds, EphrinB2
expression is lacking from the distal-posterior mesenchyme (arrow Fig. 7B
and D). In contrast, the proximal EphrinB2 domain seems expanded distally in
Shh 7 mutant limb buds in comparison their wild-type counterparts
(arrowhead Fig. 7D). The endothelium of blood vessels was visualized using
the PECAM1 antigen (Fig. 7E-H). No differences are observed between wild-
type and  Shh 7 mutant embryos during early limb bud development (Fig.
7E, F; E10.5). However, differences in the pattern of blood vessels became
apparent during progression of limb bud development (Fig. 7G, H; E11). The
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organisation of blood vessels in the core mesenchyme in Shh deficient limb
buds differs from their wild-type counterparts (arrow Fig. 7G, H). Furthermore,
EphrinB2 is expressed in Htu/+ limb buds similarly to wild-types (Fig 71, J),
while it is significantly down-regulated in both the limb bud mesenchyme of
Htu/Htu homozygous embryos (Fig. 7K). Taken together, these results
provide evidence for a role of SHH and Jagged-1 in patterning of the limb bud

vascular system.

Fig. 6. Jag1 and Hoxd13 expression depends on the maintenance of the SHH/AER feedback
loop. Arrows indicate position of Fgf4 and Gremlin expressing cell aggregates. Asterisks and
filled arrowheads mark induced ftranscripts. Open arrowheads mark the endogenous
expression domains. (A-D) Restoration of feedback loop in Id homozygous limb buds by
Gremlin and Fgf4. Id homozygous limb buds of E10.5 were cultured for 9 hrs. (A) Shh is
expressed at reduced level in Id mutant limb buds. (B and C) Both Gre (B) and Fgf4 (C)
expressing cells up-regulate Shh expression in Id mutant limb buds within 9 hrs (compare with
control limb (A). (D) Grafts of Gre expressing cells restore Fgf4 expression in the AER within
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9 hrs. (E-L) Up-regulation of Jagged-1 and Hoxd13 expression in Id homozygous limb buds
that have received a graft of Gre or Fgf4 expressing cell aggregates. Id homozygous limb
buds were cultured for 15 hrs. (E) Endogenous Jagged-1 expression in cultured control limb
bud. (F) Gre expressing cells up-regulate Jagged-1 expression. (G) Endogenous Jagged-1
expression in cultured control limb bud. (H) Up-regulation of Jagged-1 expression in cultured
limb bud that received graft of Fgf4 expressing cells. (I) Endogenous Hoxd13 expression in
cultured control limb bud. (J) Up-regulation of Hoxd13 expression in cultured limb bud that
received graft of Gremlin expressing cells. (K) Endogenous Hoxd13 expression in cultured
control limb bud. (L) Graft of Fgf4 expressing cells restore Hoxd13 expression in cultured limb
bud. Posterior is to the bottom.
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Fig. 7. SHH and Jagged-1 regulate development of the limb bud vascular system. (A-D)
EphrinB2 expression in wild-type and Shh mutant forelimb buds. (A) EphrinB2 is expressed in
proximal and distal-posterior mesenchyme in wild-type forelimb bud (E10.5; black arrow). (B)
EphrinB2 expression is lost in distal-posterior limb bud mesenchyme of Shh deficient embryos
(E10.5; black arrow). (C) At E11 EphrinB2 expression is observed in the core mesenchyme
(black arrowhead) and in the posterior-distal mesenchyme (arrow) in wild-type limb buds. (D)
EphrinB2 expression domain is expanded distally in Shh mutant limb buds (black arrowhead)
and is lost in posterior-distal mesenchyme (arrow). (E-H) Endothelial lining of blood vessels is
visualized by whole-mount immunohistochemistry with oPECAM-1 antibody. (E) Organization
of blood vessels in wild-type limb buds (E10.5). (F) Organization of blood vessels in Shh
deficient limb buds (E10.5). Note that at this stage no significant differences are observed
between wildtype (E) and Shh (F) deficient limb buds. (G) Organization of blood vessels in
wild-type limb buds (E11). (H) Organization of blood vessels in Shh deficient limb buds (E11).
Note that at E11 the organisation of blood vessels in the core mesenchyme of Shh deficient
limb buds differs from wild-type limb buds (arrows in G and H). (I-K) EphrinB2 expression in
() wild-type, (J) Htu heterozygous and (K) Htu/Htu homozygous forelimb buds of E10.75.
Note that mesenchymal expression of EphrinB2 is significantly reduced in Htu/Htu
homozygous limb buds (K). Posterior is to the bottom, distal to the left.

Discussion

In this study we provide evidence that mesenchymal responsiveness to
SHH signalling is differential and activates secondary signals in a spatially
and temporally restricted manner. In particular, we establish that SHH acts
upstream of NOTCH signalling in the limb bud mesenchyme. Finally, we
provide evidence that SHH signalling regulates patterning of the limb bud
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vascular system through the NOTCH ligand Jagged-1, which may be
essential to enable normal progression of limb bud morphogenesis.

Timing of induction and differential activation of Shh target genes

In wild-type mouse limb buds, anterior grafts of Shh expressing cells
induce the direct transcriptional target Gli1 (Lee et al., 1997) after 6 hrs. The
other Shh targets examined in this study are induced by 9 hrs. It has been
previously shown that response depends on the time cells are exposed to
SHH signalling. Extended exposure to ectopic SHH signalling promotes the
formation of more anterior digits in chicken limb buds and anterior expansion
of gene expression domains (Francis et al., 1994; Yang et al.,, 1997;
Drossopoulou et al., 2000). In general, expression of target genes is initiated
in limb bud mesenchymal cells close to the source of SHH signalling and
spreads in posterior-distal mesenchyme after prolonged exposure (this study,
with exception of Bmp2). Grafts of Shh expressing cells restore gene
expression in Shh deficient limb buds with kinetics similar to wild-type limb
buds. Normally, Shh expression in posterior limb buds is first detected around
E9.5. However, Shh cells grafted into Shh deficient limb buds around E10.5
are still able to induce or up-regulate all Shh target genes examined. By
grafting Shh expressing cells into wild-type and mutant limb buds we also
demonstrate that not all mesenchymal cells are competent to induce the same
set of genes in response to SHH signalling. For instance, Gli1 is induced in all
the cells that receive SHH signal, while Gremlin is only induced in cells distal
to the graft. Most strikingly, Bmp2 is only activated by a very restricted subset
of limb bud mesenchymal cells in response to SHH. Posterior grafts of Shh
expressing cells into Shh 7 limb buds results in up-regulation of Bmp2
expression specifically in proximal limb bud mesenchyme. In contrast Bmp2
transcripts cannot be induced in anterior limb bud mesenchyme, while this is
possible in chicken limb buds (Laufer et al., 1994; Yang et al., 1997;
Drossopoulou et al., 2000). This discrepancy might be due to differences in
experimental procedures, but more likely reflects a species difference. For
example, in Xt/Xt homozygous mutant limb buds Bmp2 remains expressed
asymmetrically in mesenchyme, while its expression in AER is expanded
anteriorly (Litingtung et al., 2002). In contrast to Bmp2, expression of all other
Shh target genes like 5’HoxD genes, Gremlin, Jagged-1 and Hey1 is
expanded anteriorly in Xt/Xt mutant limb buds (Zuniga and Zeller, 1999; te
Welscher et al., 2002a and b; this study)

Our study also shows that mesenchymal cells that have not received a
SHH signal at the appropriate time do not lose their competence to respond
and activate secondary signals in a differential fashion. This retention of
differential responsiveness to SHH signalling indicates that the competence to
activate target genes not only depends on SHH but also on independent other
factors. Indeed, differential expression of Gremlin, Bmp2 and 5’HoxD genes is
activated independent of SHH signalling in Shh deficient limb buds (Zuniga et
al., 1999; Chiang et al., 2001; Lewis et al., 2001).

The mechanism by which SHH selectively regulates targets in the limb
bud mesenchyme remains unknown. Interestingly, it was recently suggested
that differential activation of Hedgehog target genes depends on apicobasel
sorting of the Hedgehog protein (Gallet et al., 2003). In Drososphila larval
ectoderm, Hedgehog protein sorted to the basolateral membrane activates
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rho expression in posterior cells, while Hedgehog protein presented from the
apical membrane activates wg expression in anterior cells (Gallet et al.,
2003). As the Hedgehog signal transduction cascade is highly conserved, it is
possible that differential responsiveness to SHH signalling could be regulated
by a similar mechanism in the limb bud mesenchyme.

Mesenchymal responsiveness to SHH signalling in the absence of
Gremlin mediated SHH/AER feedback signalling

The delay in up-regulation and anterior expansion of Hoxd13 (Haramis
et al., 1995), Jagged-1 and Hey1 expression in /d mutant limb buds lacking
Gremlin function is likely caused by a disruption of mesenchymal-epithelial
signalling. Posterior grafts of Gremlin and Fgf4 expressing cells result in up-
regulation of Hoxd13 and Jagged-1 expression in Id mutant limb buds. Up-
regulation of these genes might be indirect through Gremlin/FGF mediated
maintenance of SHH signalling. Indeed, posterior grafts of Shh expressing
cells up-regulate these genes with similar kinetics (data not shown). However,
posterior grafts of Gremlin expressing cells into Shh 7" mutant limb buds and
anterior grafts in wild-type limb fail to induce Hoxd13 and Jagged-1 (data not
shown). Furthermore it has been shown that ectopically applied FGF4 after
AER removal only induces Hoxd13 expression together with ectopic SHH
signalling (Laufer et al., 1994). Taken together, these studies suggest that
either activation or up-regulation of the expression of these genes depends
critically on SHH signalling, while the subsequent modulation of their
expression may depend on secondary signals, like Gremlin and FGF4 Indeed,
Drossopoulou et al. (2000) proposed a model that SHH primes cells and
renders them competent to respond to BMP2 signalling to specify digit
identities (Drossopoulou et al., 2000).

Function of Jagged-1 and Hey1 during limb bud development

Analysis of Jagged-1 and Hey1 expression in mouse mutants with
altered or no SHH signalling shows that these genes are targets of SHH
signalling. Furthermore, mesenchymal-epithelial signalling interactions
participate in modulating Jagged-1 and Hey1 expression in the limb bud
mesenchyme. Analogous to the limb bud, expression of Jagged-1 in dental
mesenchyme during tooth development depends on epithelial-mesenchymal
feedback signalling (Mitsiadis et al., 1997). The early lethality of Jagged-17
and Htu/Htu mutant mouse embryos (Xue et al., 1999; Kiernan et al., 2001)
has so far precluded analysis of the phenotypic consequences of Jagged-1
deficiency on limb development. Our analysis indicates that Jagged-1 may
only be critically required during progression of limb bud development and its
expression in the limb bud mesenchyme is indeed only detected around
E10.25, long after other genes like Shh, Gremlin and 5’HoxD genes. Our gain-
and loss-of-function analysis shows that Jagged-1 positively modulates Hey1
expression in the limb bud mesenchyme. Reduced EphrinB2 expression in
Htu/Htu mutant embryo reveals that Jagged-1 might regulate the vascular
system in the limb bud mesenchyme, like it has been shown for other
embryonic structures (Xue et al. 1999). During vascular development,
EphrinB2 is expressed in arterial endothelium and is required for angiogenic
vascular remodelling (Wang et al., 1998; Adams et al., 1999). Analysis of
several NOTCH signalling pathway mutants has demonstrated that NOTCH
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signalling pathway plays an important role during angiogenesis (reviewed by
(Gridley, 2001). Furthermore ligands and receptors of the NOTCH signalling
pathway are expressed in arterial vessels of mouse embryos (Villa et al.,
2001). Interestingly, studies in the zebrafish have revealed that SHH
signalling is required for arterial differentiation. SHH acts upstream of the
NOTCH pathway in regulating artery specific EphrinB2 expression (Lawson et
al., 2002). Furthermore it has been shown that SHH induces angiogenic
factors and thereby promotes angiogenesis (Pola et al., 2001). Analysis of
Shh deficient limb buds indeed reveals changes in both EphrinB2 and
PECAM-1 expression, which points to a requirement of SHH in patterning of
the vascular system in the vertebrate limb bud. These results suggest that
SHH modulates development of the limb bud vascular system through
regulation of the NOTCH ligand Jagged-1in the mesenchyme.

Fig. 8. Limb bud
mesenchymal cells respond
differentially to SHH
signalling. SHH signalling by
cells of the polarizing region
induces Gli1 expression in
the posterior half of the limb
bud, indicating direct
response to SHH signalling.
The SHH signal is relayed to
the AER by activation of
Gremlin in distal-posterior
mesenchymal cells. In turn,
FGF signalling from the AER
maintains SHH signalling by
the polarising region. SHH
induces Bmp2 expression in
proximal limb bud cells, while
Jagged-1, Hey1 and HoxD13
are induced in the distal cells
of the limb bud
mesenchyme.

In summary this
study establishes the kinetics of differential mesenchymal responsiveness to
SHH signalling in mouse limb buds (Fig. 8). SHH regulates Bmp2 expression
in the proximal limb bud mesenchyme, while it regulates other target genes
like Jagged-1, Hey1 and 5’HoxD genes in distal limb bud mesenchyme. As a
consequence limb bud cells will receive and activate different signals
depending on their positions in the limb bud, which may trigger their
differentiation into the appropriate cell-types according to their position. SHH
achieves its long-range influence on limb patterning by induction of signal
relays. For example the SHH signal is relayed to the AER by the BMP
antagonist Gremlin and FGF signalling by the AER maintains Shh expression.
The GRE/FGF mediated maintenance of SHH signalling is required for the
proper initiation and propagation of Jagged-1, Hey1 and 5HoxD gene
expression in the distal limb bud mesenchyme. In addition, it has been
proposed that SHH regulates specification of digit identities through induction
of BMP2 signalling (Drossopoulou et al., 2000). And in this study we provide
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evidence that SHH modulates the limb bud vascular system through induction
of Jagged-1 signalling.

Materials and Methods

Mouse strains and embryos

To obtain /d/ld mutant embryos homozygous mice carrying the Id " allele
were intercrossed. For Xt homozygous embryos, mice heterozygous for the
Xt’ allele were intercrossed and genotyped as described by Buscher et al.
(1997). Shh deficient embryos were obtained by intercrossing Shh
heterozygous mice and genotyped as described by St-Jacques et al., (1998).
Htu/Htu mutant embryos were obtained and genotyped as described by
Kiernan et al. (2001). The day of vaginal plug detection was considered as
day 0.5. Wild-type and mutant embryos were age-matched according to their
somite number (variation of + 2 somites).

Whole-mount in situ hybridization

Whole-mount in situ hybridization using digoxygenin-labeled antisense
riboprobes was preformed as described by Haramis et al. (1995). For
embryos hybridized with EphrinB2 probe the protocol was modified as follows:
embryos were stained with BM Purple containing levamisole (2 mM) overnight
at 4°C. Stained embryos were fixed with 2% PFA/0.1% gluteraldehyde in PBS
overnight at 4°C. Subsequently embryos were dehydrated and cleared with
benzylbenzoate/benzylalcohol 2:1.

In situ hybridization on section

Embryos were fixed with 4% Paraformaldehyde (PFA), embedded in paraffin
wax and sectioned. Dewaxed sections were counterstained with haematoxylin
and eosin. In situ hybridization on sections was preformed as described by
Dono et al. (1998).

Whole-mount immunohistochemistry

Embryos were fixed with 4% PFA and stained with primary monoclonal
antibody against PECAM-1 (Pharmingen, clone MEC13.3, isotype rat, 1:100
dilution) and secondary antibody against rat IgG, and avidin conjugated
peroxidase (Rat IgG VECTA-STAIN ABC kit, dilution 1:100). After staining
embryos were fixed with 2% PFA, 0.1% gluteraldehyde in PBS overnight at
4°C and afterwards cleared in glycerol.

In Vitro grafting and culturing of mouse limb buds (trunk cultures)

Mouse forelimb buds were cultured and grafted as described (Zuniga et al.,
1999) with some modifications. Trunks with attached fore limb buds were
isolated from wild-type, /d/ld mutant and Shh 7 mutant embryos of E10.5.
After isolation non-proliferating, spherical cell aggregates (see below) were



54 Chapter 3

grafted in the forelimb and trunks were subsequently cultured for either 6,
9,15, or 22 hrs. The fragments were cultured in serum free, 1X high glucose
DMEM (Gibco) medium, supplemented with L-glutamine,
penicillin/streptomycin, non-essential amino acids, sodium pyruvate, D-
glucose, L-ascorbic acid, lactic acid, d-biotin, vitamin B12 and PABA in 6.5%
CO2 at 37 °C. Cultured trunks were fixed in 4% PFA o/n at 4 °C. Each result
could be reproduced at least 3 times in independent experiments.

Preparation of cell aggregates for grafting

QT6 cells expressing Shh, Gremlin (Zuniga et al., 1999), Fgf4 (full-length
coding sequence (Hebert et al., 1990) was cloned into pRc/CMV vector
(Invitrogen)) and Jagged1-Fc (soluble form of Jagged-1; Hicks et al., 2000)
under control of the CMV promoter were obtained by standard calcium
phosphate transfection. One day after transfection, cell aggregates were
prepared by plating the transfected cells at high density on bacterial plates.
The day after cells were treated with mitomycin-C for one hour, blocking cell
proliferation irreversibly. After washing the cells with PBS, the cells were
grafted into the limb.
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Abstract

Functions of the BMP antagonist Gremlin (also called Drm or Cktsf1b1)
were analyzed by generating a loss-of-function mutation in the mouse.
Such Gremlin deficiency results in neonatal lethality due to lack of
kidneys and defects in lung organogenesis. During limb bud
development, Gremlin is required early in the mesenchyme to induce
maturation of the apical ectodermal ridge and feedback signalling that
propagates the Sonic hedgehog morphogen. In the absence of Gremlin
mesenchymal-epithelial signalling is not established and mesenchymal
cells undergo massive apoptosis. Thus Gremlin mediated BMP
antagonism controls the dynamic epithelial-mesenchymal signalling that
regulates limb bud development and cell survival

Introduction

Vertebrate organogenesis is orchestrated by signalling centres with
organizer properties that dynamically coordinate cell proliferation and survival
with cell specification and differentiation. In particular, two main signalling
centres control limb bud development, the Sonic hedgehog (Shh) expressing
polarizing region which is located in the posterior limb bud mesenchyme, and
the apical ectodermal ridge (AER), a differentiated columnar epithelium
expressing different types of signalling peptides. SHH signalling by the
polarizing region controls patterning of distal limb structures and its
expression is regulated by fibroblast growth factor (FGF) signalling from the
AER (SHH/FGF feedback loop) (Panman and Zeller, 2003). Genetic analysis
in the mouse indicates that the AER expressed FGFs, such as FGF8 and
FGF4, cooperate to activate and positively regulate Shh expression in the
posterior limb bud mesenchyme (Lewandoski et al., 2000; Moon and
Capecchi, 2000; Sun et al., 2002). The bone morphogenetic protein (BMP)
antagonist Gremlin (Hsu et al., 1998) is a cystein knot protein belonging to the
CAN family that antagonizes preferentially BMP2 and BMP4 (Avsian-
Kretchmer and Hsueh, 2003). Gremlin is expressed by a subset of SHH
responsive mesenchymal cells and has been implicated in transducing the
SHH signal to the posterior AER. This results in activation of Fgf4 expression
and establishment of the SHH/FGF4 feedback loop (Capdevila et al., 1999;
Zuniga et al., 1999).

To study function of the BMP antagonist Gremlin during limb
development, we have deleted the Gremlin open reading frame (ORF) by
homologous recombination in mouse ES-cells. Gremlin deficient mice die
shortly after birth due to disruption of kidney and lung organogenesis. During
limb bud development, Gremlin is required for survival of core mesenchymal
cells, AER maturation and activation of different types of AER signals, which
regulate Shh expression and progression of limb bud morphogenesis.
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Results

Disruption of the Gremlin ORF results in a limb deformity (Id)
phenotype.

The Gremlin gene was inactivated by homologous recombination in R1
ES-cells as shown in Figure 1a. The complete Gremlin ORF (exon 2) was
deleted and replaced by a LacZ marker and a Neomycin resistance (NeoR)
gene flanked by two loxP sites. Correctly targeted ES-cell clones were
identified by Southern blot screening (Fig. 1b, ¢) and two independent clones
were used to generate Gre “°FfF mice (Fig. 1d). Heterozygous mice of both
strains appear normal and the distribution of Gremlin and Gre-LacZ fusion
transcripts (Fig. 1a) are identical (Fig. 1e). In contrast, Gre “°%F homozygous
newborn mice display an I/d limb phenotype together with complete renal
agenesis and lung defects (Fig. 2 and data not shown) that cause lethality
shortly after birth. Cre recombinase mediated removal of the Neo® gene does
not alter the phenotypes, confirming that they are caused by loss of Gremlin
function (data not shown). Genetic analysis reveals that the Gre *°%F mutation
belongs to the same complementation group as several of the available /d
alleles (Zuniga et al., submitted and data not shown). Indeed, Gremlin and
Formin are regulated by a shared cis-regulatory element (Zuniga et al.,
submitted).
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(e1) is non-coding and located 8.5 kb upstream of exon 2. The 5 and 3’ genomic probes
used to screen ES-cell clones by Southern blotting are indicated by black and white boxes
respectively. Thin black lines indicate the sizes of the expected genomic bands detected by
these probes. Arrowheads indicate the primers used to detect both wild-type (Wt) and mutant
alleles (Gre AORF ). (b, ¢) Analysis of wild-type (+/+) and correctly targeted heterozygous (+/-)
ES-cell clones by Southern blotting using 5 and 3’ genomic probes. (d) PCR genotyping of
embryos of F2 littermate embryos. (e) Whole mount in situ hybridization using Gre “°F*
embryos at embryonic day 11.0 reveals the identical distribution of Gremlin and LacZ
transcripts.

The limb phenotypes observed in Gremlin deficient mice correspond to
the strongest and fully penetrant /d limb phenotypes (Figs 2a-h). The
zeugopods are differentially affected as ulna and radius fuse during onset of
ossification, while only one skeletal element forms in hind limbs (arrowheads,
Fig. 2b, d). The autopods are severely truncated due to metacarpal fusions
(arrowheads, Fig. 2f, h), reductions and fusions of digits with associated loss
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of posterior identities and soft tissue webbing ((Fig. 2f, h) and data not
shown).

Wit Gre :0RFIORF
& b Fig. 2. The Gremlin deficiency
causes a Ilimb deformity
&’. phenotype. (a-h) Limb skeletal
\ : abnormalities in  Gre “°%"
‘“ putiZs e .- - homozygous newborn mice.
T S A ‘-~ (a, b, e, f) fore limbs, (c, d, g,
FL FL h) hind limbs.  Arrowheads
C. d point to the fused ulna and
- "V" N radius in fore limbs (b) and the
3 4 N one zeugopodal bone formed
| ey A\ in hind limbs (d). Arrowheads
= ... %" point to fused metacarpal
HL HL : bones (f, h). Digit numbers are
e - i f reduced and identities lost in
I e w2 -2 i Gre “OF7RF imbs.  Asterisk
r — indicates a fused digit 1 (f).
' “ .' ' ,:’ — ” A L ) Question marks indicate
P " . 1 posterior digits with unclear
FL S &M EL “? identities (f, h).
=y h
e w4 = ﬁ.' !
.:;.-L: ol I N,
] A ' '
g ?
HL = HL

Gremlin controls AER maturation and epithelial-mesenchymal signalling
in limb buds

During limb bud morphogenesis, reciprocal signalling between the
polarizing region and the AER regulates the dynamic cell-cell interactions
linking growth and patterning. During limb bud morphogenesis, the size of the
Shh domain and transcript levels increase in wild-type embryos (Riddle et al.,
1993) (Fig. 3a). In contrast, Shh transcription is not up-regulated and its
expression domain remains small in limb buds of Gre “°%F homozygous
embryos (Fig. 3a). This failure to propagate SHH signalling has been
attributed to disruption of the SHH/FGF4 feedback loop (Haramis et al., 1995;
Zuniga et al., 1999; Khokha et al., 2003). However, analysis of Gre “°FF
homozygous embryos reveals a much earlier and general disruption of AER
signalling (Fig. 3b and Fig.4). During the onset of limb bud development
(Fig. 3b), the Fgf8 expressing AER cells are more spread along the dorso-
ventral ectoderm in Gremlin deficient limb buds, indicative of defects already
during AER formation. However, around E10.25 Fgf8 expressing cells
become restricted to the apex, but the domain remains patchy (Fig. 3b and
data not shown), owing to defects in AER morphology (Fig. 4e). FGF
signalling by the differentiated posterior AER (Martin, 1998) is also disrupted
as neither Fgf4 (Chan et al., 1995; Haramis et al., 1995), nor Fgf9 and Fgf17
(Fig. 3b and data not shown) are expressed in Gremlin mutant limb buds.
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Fig. 3. Disruption of SHH/FGF feedback loop in Gremlin mutant limbs. (a) Shh expression in
Wt and Gremlin deficient limb buds between E9.75 and E11.0. The Shh expression domain
is activated but not propagated in mutant limb buds. In panel (a), posterior is to the bottom
and distal to the right. (b) Expression of Fgf8 (E9.75 and E10.25), Fgf4 and Fgf9 (E10.25) in
the AER of wild-type and mutant fore limb buds. Fgf8 expression in early limb buds (E9.75) is
patchy and the domain broader in mutant limb buds (arrowheads). Later (E10.25) Fgf8
expressing cells become more restricted to the apex in mutant limb buds. No Fgf4 and Fgf9
transcripts are detected in mutant limb buds. Arrowheads indicate approximate positions of
the presumptive AER. In panel (b), posterior is to the bottom and dorsal is to the lefft.

It has been shown that BMPs inhibit AER maturation (Pizette and Niswander,
1999), therefore, these alterations could be a direct consequence of
enhanced BMP signalling. However, Bmp2 expression is reduced in the
posterior mesenchyme at E10.75 (Fig. 4a), asterisks in panels Bmp2 and
data not shown), while Bmp4 and Bmp7 remain expressed normally in the
mutant limb bud mesenchyme (data not shown). Expression of BMP targets
such as Msx1 and Msx2 (Pizette and Niswander, 1999) is slightly increased
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Fig.4. Gremlin is required for AER maturation and regulation of additional AER signals. (a, b,
¢c) Bmp2, Bmp4 and Bmp7 expression in the AER of wild-type and Gremlin mutant fore limb
buds (E10.25 and E10.75). Expression of Bmp2, Bmp4 and Bmp7 is initiated (E10.25) but
not maintained (E10.75) in the AER of mutant limb buds. Asterisks in panels Bmp2 point to
expression in the mesenchyme. (d) Wnt11 expression in the AER of wild-type and Gremlin
mutant fore limb buds (E10.25 and E10.75). Wnt11 expression is initiated in the AER of
mutant limb buds (E10.25), but not maintained (E10.75). (e) Scanning electronic microscopy
analysis of wild-type and Gremlin deficient fore limb buds (E11.5). Note that the AER of
mutant limb buds is poorly differentiated and the anterior-posterior limb bud axis is shortened
in comparison to the wild-type. In panel (a) to (e), posterior is to the bottom and dorsal is to
the left. (f) High power SEM to reveal the morphology of AER ectodermal cells. Note the
similarity of wild-type and mutant AER cells.

(data not shown), which indicates that Gremlin indeed antagonizes BMP
signalling in the mesenchyme (Khokha et al., 2003). In contrast to the
mesenchyme, expression of all Bmps is disrupted in the ectoderm of Gremlin
mutant limb buds (Fig. 4a, b, c). Expression of Bmps is initially induced in the
AER of Gremlin mutant limb buds of E10.25, although the level of transcript is
reduced in comparison to wild-type limb buds. However Bmp expression is
not maintained in AER of mutant limb buds, because at E10.75 Bmp
transcripts cannot be detected in mutant AER (Fig. 4a, b, c). In addition,
Wnt11 is activated in the AER of an early Gremlin mutant limb bud, but the
expression has ceased by around E10.75 (Fig. 4d). In contrast, the Notch
ligand Jag2 remains expressed (data not shown) in the AER of Gremlin
deficient limb buds. In support of the molecular analysis, scanning electron
microscopy reveals that the AER of Gre “°fF homozygous limb buds fails to
adopt the characteristic ridge-like morphology (Fig. 4e), although AER-type
ectodermal cells are present (Fig. 4f). Taken together, these results show
that Fgf8 expressing AER cells are specified independently of Gremlin, while
AER maturation and activation of additional AER signals depend critically on
Gremlin mediated mesenchymal BMP antagonism.

Particularly, Bmp2 is considered a direct transcriptional target of SHH
signaling in the mesenchyme (Drossopoulou et al., 2000). Therefore, reduced
Bmp2 expression could be a consequence of reduced SHH signaling and thus
secondary to the absence of Gremlin. However, posterior grafts of Shh
expressing fibroblasts, capable of rescuing gene expression (Zuniga et al.,
1999; L.P. and R.Z., unpublished), fail to up-regulate Bmp2 expression in limb
buds of Gre “°fF homozygous embryos (Fig. 5a, b). In contrast, grafts of
Gremlin expressing fibroblasts reproducibly enhance mesenchymal Bmp2
transcription and restore Bmp2 expression in the AER of mutant limb buds
(Fig. 5¢c, d). Similarly, Gremlin (Fig. 5g, h) but not Shh grafts (Fig. 5e, f)
restore Fgf8, Fgf4 (Zuniga et al., 1999) and Fgf9 (data not shown) expression
in the AER of mutant limb buds. These results show that Bmp2 and Fgf8 up-
regulation and activation of Fgfs in the posterior AER depend on
mesenchymal Gremlin function.
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Fig. 5. Gremlin, but not SHH, rescues Fgf8 and Bmp2 expression in the AER of Gre AORF/AORE
limb buds. All grafted limb buds are fore limb buds (E10.5) of Gremlin mutant embryos. Limb
buds either received Shh or Gremlin (arrows) expressing cell aggregates and were cultured
for 15 hrs prior to analysis. Open arrowheads indicate the endogenous expression domains,
filled arrowheads the induced expression. (a) Endogenous Bmp?2 expression in a non-grafted
control limb bud of a mutant embryo. (b) Posterior grafts of Shh expressing cell aggregates
fail to rescue Bmp2 expression. (c, d) Posterior grafts of Gremlin expressing cells induce
Bmp2 expression in the AER (d), while no Bmp2 transcripts are detected in the AER of non-
grafted mutant limb buds (c). Note also the enhancement of mesenchymal Bmp2 expression
(d). (e, f) Posterior grafts of Shh expressing cells do not rescue Fgf8 expression in the AER
(f) in comparison to a non-grafted mutant limb buds (e). (g, h) Posterior grafts of Gremlin
expressing cells induce up-regulation of Fgf8 expression in the AER (h) in comparison to
endogenous Fgf8 expression in non-grafted mutant limb buds (g). Panels (a) to (d) are
dorsal views with posterior to the bottom and distal to the right, in panels (e) to (h) posterior is
to the bottom and dorsal to the left.

Gremlin promotes survival of mesenchymal cells

To understand how the molecular alterations give rise to the distal limb
patterning defects potential effects on programmed cell death were assayed
(Fig. 6a). Massive cell death is observed in the core mesenchyme of Gremlin
deficient limb buds by embryonic day 11.0 (Fig. 6a). However, the superficial
dorsal and ventral limb bud mesenchymal cells normally expressing Gremlin
(Merino et al., 1999) survive in limb buds of Gre “°%F homozygous embryos as
indicated by the continued presence of LacZ expressing cells (Fig. 6b).
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Fig. 6. Gremlin is required for cell survival during limb development. (a) TUNEL assay to
reveal apoptotic cell death on histological sections. In the absence of Gremlin, cells in core
limb bud mesenchyme undergo massive cell death by E11.0. (b) LacZ transcripts are
detected in E11.0 fore limb buds (whole mount) to follow the fate of cells normally expressing
Gremlin in both heterozygous and homozygous mutant limb buds. Note that LacZ expressing
cells survive in Gre *®™% limb buds. Open arrowheads indicate the anterior and posterior
domain boundaries. Fore limb buds in (a, b) are shown with ventral to the bottom and distal to
the right.

Discussion

In this study we establish that disruption of the Gremlin ORF causes
the Id limb phenotype. Our previous studies indicated that Gremlin
participates in establishment of the SHH/FGF4 feedback loop (Zuniga et al.,
1999). In the present study we show that lack of Gremlin causes a much
earlier and more general disruption of AER signalling as apparent from patchy
Fgf8 expression already during AER formation. Others have shown
(Lewandoski et al., 2000; Moon et al., 2000; Sun et al., 2002) that FGF8
signalling by the AER, in combination with FGF4, participates in Shh
activation in the posterior limb bud mesenchyme. In particular, Shh is not
activated in hind limb buds lacking Fgf8 and Fgf4 despite continued
expression of Gremlin in the mesenchyme and Fgf9, Fgf17 and Bmps in the
mutant AER (Sun et al., 2002). These results together with our studies
(Zuniga et al.,, 1999 and this study) show that Gremlin functions initially
upstream and independent of SHH to induce AER maturation and Fgfs in the
posterior AER. However, activation of Fgf8 in the limb bud ectoderm and Shh
in the posterior mesenchyme does not require Gremlin function.

During progression of limb bud morphogenesis, the number of Shh
expressing cells is tightly regulated (Sanz-Ezquerro and Tickle, 2000).
Gremlin induced AER-FGF signaling participates in dynamic SHH regulation
as Gremlin rescues Shh expression with kinetics similar to FGF4 in /d mutant
limb buds (see chapter 3). The general disruption of AER-FGF signaling
underlies the failure to up-regulate Shh signaling in Gremlin deficient limb
buds. In particular, the Gremlin mediated transition from initially “static” to
“‘dynamically regulated” signaling centers is crucial for coordinating limb bud
morphogenesis and cell survival (see below). For example, the distal-anterior
progression of mesenchymal Gremlin expression during limb bud
morphogenesis causes anterior expansion of FGF signaling in the AER, which
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in turn regulates SHH signaling by the polarizing region (Zuniga et al., 1999;
see chapter 3). Such changes will alter the ratios of different peptide signals
received by AER cells and/or the underlying limb bud mesenchyme. Previous
studies have already provided evidence that balanced BMP and FGF
signaling by the mesenchyme and the AER are critical for AER maturation
and limb bud development, respectively (Niswander and Martin, 1993; Pizette
and Niswander, 1999). Therefore, the size and signaling strength of the SHH
signaling domain in vertebrate limb buds is controlled by complex SHH-
GRE/AER feedback signaling interactions rather than a mere SHH/FGF
feedback loop.

In Gremlin deficient mouse limb buds, prominent apoptotic cell death is
observed in the core mesenchyme from about embryonic day 11.0 onwards.
This cell death pattern is rather distinct from the ones observed in Shh
deficient (te Welscher et al., 2002b) and Fgf4/8 double mutant (Sun et al.,
2002) mouse embryos and following AER removal (Dudley et al., 2002). In
addition, experiments in chicken embryos have provided evidence for a role of
Gremlin mediated BMP antagonism in cell survival during digit formation and
chondrogenesis (Merino et al., 1999). The anti-apoptotic effect of Gremlin is
paracrine as the dorsal and ventral mesenchymal cells normally expressing
Gremlin survive in limb buds of Gremlin deficient mouse embryos (this study).
During the onset of chondrogenesis, Gremlin most likely acts on the adjacent
(core-) mesenchyme to protect it from programmed cell death. This anti-
apoptotic function of Gremlin provides a likely explanation for the reductions
and fusions of distal limb skeletal elements observed in /d mutant and Gremlin
deficient mouse embryos (Zuniga et al., submitted). In addition to the limb
bud, Gremlin regulates epithelial-mesenchymal interactions during
metanephric kidney and lung development (Michos et al., submitted).
Therefore, Gremlin mediated BMP antagonism seems to regulate the dynamic
propagation of epithelial and mesenchymal signaling centers and their
interactions during morphogenesis of different vertebrate organs.

Materials and Methods
Generation of Gre “°FF mutant mice We generated the targeting vector using
a 4.8 kb Ndel-Xbal and a 5.6 kb Nsil-Nsil Gre genomic fragments isolated
from a 129/SvJ Lambda FIXII library (Stratagene). We inserted an IRES-LacZ
gene and a PGK-Neo® cassette flanked by two loxP sites in the same
transcriptional orientation as the Gremlin gene. R1 ES-cells were
electroporated with the Notl linearised targeting vector and screened by
genomic Southern with an Nsil-EcoRI probe mapping outside the 3’ homology
arm (Fig. 1a). Thirty-five homologous recombined ES-cell clones were
obtained at a frequency of 9%. Correct recombination resulting in the deletion
of the entire 552 base Gremlin ORF encoded by exon 2 and of 132 bases of
the 3’ UTR was confirmed by extensive Southern blot and PCR analysis. ES-
cells carrying the Gre “°FF null allele were injected into C57BL/6 blastocysts
and following germ-line transmission, the mice were maintained in mixed B6;
129S and CD1 backgrounds. PCR genotyping was used for all subsequent
studies to allow specific detection of both the wild-type and Gre “°F alleles.
The floxed PGK-neo® gene was removed by crossing Gre “°FF heterozygous
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mice with the Cre deleter strain. The sequence of the murine Gremlin locus
was obtained from the UCSC Genome Bioinformatics Website(UCSC) and
analyzed using the DNA Strider 1.3™ program.

Molecular and morphological analysis of embryos and newborn mice
Embryos and newborn mice were PCR genotyped and accurately staged by
determining their somite numbers. Whole mount in situ hybridization was
performed as described previously (Haramis et al., 1995) using digoxygenin—
UTP labeled anti-sense riboprobes. Apoptotic cells were detected in situ by
incorporating fluorescein-dUTP into fragmented DNA wusing terminal
transferase (Roche Diagnostics). For scanning electron microscopy, embryos
were fixed in 1% gluteraldehyde (Sigma) for one hour at 4°C and processed
for SEM.

In vitro grafting and culturing of mouse limb buds (trunk cultures)

Mouse fore limb buds were cultured and grafted as described (Zuniga et al.,
1999) with the following modifications. Trunks with attached fore limb buds
were isolated from either wild-type, heterozygous or Gremlin deficient
embryos. Embryos were staged by counting somites and genotyped by PCR.
Spherical cell aggregates were grafted into the fore limb buds and trunks and
were cultured for 15 hrs in serum free medium in 6.5% CO, at 37°C. The
culture medium was prepared by supplementing high glucose DMEM (GIBCO
BRL) medium, with L-glutamine, penicillin/streptomycin, non-essential amino
acids, sodium pyruvate, D-glucose, L-ascorbic acid, lactic acid, d-biotin,
vitamin B12 and PABA. QTG6 fibroblast cells expressing Shh and Gremlin
under control of the CMV promoter were prepared using standard calcium
phosphate transfection (Zuniga et al.,1999). One day after transfection,
spherical cell aggregates were prepared by plating cells at high density on
bacterial plates. The following day cells were treated with mitomycin-C for one
hour to block proliferation. After washing the cell aggregates extensively, they
were grafted into recipient limb buds (a detailed protocol for media
preparation, limb bud grafting and culturing is available upon request).
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Summarising discussion

During embryonic development distinct groups of cells receive different
combinations of signals that endow them to adapt a specific fate and
differentiation program. It is assumed that cells located in a morphogenetic
field “see” different concentrations of a signalling molecule according to their
position and distance to the source. As a consequence, cells will activate
different combinations of genes and secondary signals depending on their
location in a developing tissue. However, not all genes expressed in a
particular cell have essential and non-overlapping functions. In chapter 2 of
my thesis, | show an example of genes that have partially overlapping
functions. Two main mechanisms exist by which signalling molecules act
long-range. A signalling molecule can act either directly by forming a
morphogen gradient or exerts its long-range effect via induction of secondary
signals (Lawrence and Struhl, 1996). In chapter 3 and 4 of my thesis | show
that SHH achieves its long-range influence on limb bud patterning by
activating secondary signals in a differential fashion. For example, the SHH
signal is relayed to the AER by the BMP antagonist Gremlin. In addition, SHH
regulates limb bud development through induction of BMP2 and Jagged-1
signalling. As a consequence of differential responsiveness of limb bud cells
to SHH signal, mesenchymal cells will activate and receive different signals
depending on their position in the limb bud.

A signalling molecule needs to fulfil several criteria to be considered as
a morphogen. Morphogens are signalling molecules that are secreted by cells
with organizer properties and form a concentration gradient across an
embryonic field. Cells induce different target genes depending on the
concentration of ligand they receive. Morphogens elicit high threshold
responses in cells close to the source and progressively lower threshold
responses in cells located farther away. Another important feature of a
morphogen is that it patterns cells directly and not through signal relay
(Gurdon and Bourillot, 2001). Here, | will discuss whether SHH acts as a
morphogen during limb bud patterning. SHH is produced by polarizing region
cells (Riddle et al., 1993) and is detected at a considerable distance from the
source (Lewis et al., 2001). In addition, the Shh target genes Gli1 and Ptc1
are expressed in a graded fashion from posterior to anterior in the limb bud
mesenchyme that correlates with SHH protein distribution (Marigo et al.,
1996; Lee et al., 1997; Lewis et al., 2001). Furthermore, SHH instructs limb
bud mesenchymal cells in a concentration dependent manner. Anterior
ectopic SHH signalling induces formation of extra digits in a dose-dependent
manner. Increasing concentration of SHH induces digits with progressively
more posterior identities (Yang et al., 1997). In agreement, reduction of SHH
signalling results in the loss of posterior digits and reduction in the expression
of specific target genes (Lewis et al.,, 2001). However, Drossopoulou et al.
(2000) already suggested that SHH does not directly specify digit identities,
but indirectly through induction of the secondary signal BMP2. In addition to
BMP2, SHH induces numerous other signals such as the BMP antagonist
Gremlin (Zuniga et al., 1999) and Jagged-1 in the mesenchyme (chapter 3)
and Fgfs in the AER (Laufer et al., 1994). Although all these data are
consistent with SHH forming a gradient through the limb bud mesenchyme,
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they do not address whether SHH acts directly to instruct the fate of limb bud
cells. Thus, it remains to be established whether SHH acts as a true
morphogen during limb bud patterning.

In contrast to the limb bud, there is now clear evidence that SHH
patterns the neural tube by forming a morphogen gradient. Patterning of the
ventral neural tube is controlled by SHH signals secreted from notochord and
floorplate cells (Chiang et al., 1996). Similar to the ZPA, the notochord and
floorplate have organizing properties, which is mediated by SHH signalling
(Yamada et al., 1991; Krauss et al., 1993; Roelink et al., 1994). The ventral
neural tube is subdivided along its dorsoventral axis into five distinct
progenitor domains, each of which generates a distinct class of postmitotic
neurons (Briscoe and Ericson, 1999). There are several lines of evidence
indicating that a gradient of SHH signalling activity patterns the ventral neural
tube. Firstly, ventral neural tube cell types are lost in Shh 7 mutant embryos
(Chiang et al., 1996). Secondly, homeodomain proteins that mark distinct
ventral progenitor domains along the dorsoventral axis of the neural tube are
regulated by specific thresholds of SHH signalling (Ericson et al., 1997;
Briscoe et al., 2000). High concentrations of SHH signal are required for the
induction of ventral progenitor cells that are located close to the floorplate,
while lower concentrations of SHH signal induce cell types that are located far
away from the source (Ericson et al., 1997; Briscoe et al., 2000). Finally,
Patched, a direct transcriptional target of SHH, is expressed in a ventral to
dorsal gradient in the neural tube (Goodrich et al., 1996; Marigo and Tabin,
1996). This SHH activity gradient may be modulated by opposing effects of
BMP signalling on cellular responses to SHH signalling (Liem et al., 2000). In
turn, the net level of BMP signalling cells receive may be regulated by
secreted BMP antagonists like follistatin. Follistatin is not able to induce
ventral progenitor cell types on its own, but it enhances the sensitivity of
progenitor cells to SHH signalling (Liem et al., 2000). This shows that
specification of ventral neural cell types depends on the integrated action of
SHH, BMP and antagonists. In addition, Gli3 negatively regulates the
patterning of the ventral neural tube (Litingtung and Chiang, 2000). In the
absence of Shh, Gli3 repress the specification of ventral neural cell types.
However, ventral neural cell types were rescued in embryos lacking both Shh
and GIi3, revealing that SHH is required to antagonize Gli3-mediated
repression of ventral neuronal fates (Litingtung and Chiang, 2000; Persson et
al., 2002). Counteraction of Gli3 mediated repression by SHH signalling is
also required during distal limb bud development (Litingtung et al., 2002; te
Welscher et al., 2002).

To address whether SHH acts directly to specify neural tube cell fate
chimeric embryos were generated composed of Smoothened (Smo) deficient
and wild-type cells (Wijgerde et al., 2002). Smoothened is a seven-pass
membrane protein required to mediate all Hedgehog (HH) signalling in
vertebrate embryonic cells (Zhang et al., 2001). In the absence of
Smoothened, cells are autonomously blocked in transduction of HH signals.
Indeed, Smo ™ cells in the neural tube of chimeric embryos fail to adopt a
ventral neuronal progenitor cell fate, showing a direct and cell autonomous
requirement of HH signalling in specifying ventral cell fates (Wijgerde et al.,
2002). These results exclude the possibility that SHH induces secondary
signals to pattern the neural tube. To examine whether SHH acts directly to
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pattern the vertebrate limb bud mesenchyme, a similar approach should be
used.

Signalling molecules may pattern a tissue by a combination of
morphogenetic and relay mechanisms. For example Drosophila Hedgehog
(HH) controls patterning of the anterior-posterior wing axis by a combination
of direct and relay signalling. Posterior compartment cells of Drosophila wing
disc express the selector gene Engrailed, which subsequently induces Hh
expression in these cells. HH signals short-range to induce Decapentaplegic
(Dpp), which is homologues to Bmp, in a stripe of anterior compartment cells
along the anteroposterior boundary. (Basler and Struhl, 1994; Zecca et al.,
1995). Subsequently, DPP acts long-range to organize both the anterior and
posterior compartment of the wing disc (Nellen et al., 1996; Entchev et al.,
2000; Teleman and Cohen, 2000). Although most of the organizing activities
of HH in the wing are indirect, there is evidence that HH patterns the central
core of the wing directly and independently of DPP signalling (Strigini and
Cohen, 1997).

Fine-tuning of BMP signalling in the limb bud mesenchyme

BMPs are implicated in distinct processes during vertebrate limb bud
development. BMPs negatively influence limb bud outgrowth, but are also
required for specification of digit identities. Therefore, BMP signalling needs to
be tightly regulated during limb bud development. During initiation of limb bud
outgrowth BMP signalling in ventral ectoderm is required for dorsal-ventral
patterning of the limb bud and AER formation (Ahn et al., 2001; Pizette et al.,
2001; Barrow et al., 2003; Soshnikova et al., 2003). However, once the AER
is formed, BMPs negatively regulate the maintenance and function of the AER
(Pizette and Niswander, 1999). To relay the SHH signal to the AER BMP
signalling in distal limb is antagonized by Gremlin (Zuniga et al., 1999; chapter
4). In the absence of the BMP antagonist Gremlin, the AER fails to
differentiate and expression of AER specific genes is affected (chapter 4). In
addition, ectopic application of BMPs to limb buds results in inhibition of
outgrowth and apoptosis (Niswander and Martin, 1993; Macias et al., 1997).
This data are in sharp contrast with the proposed role for BMP2 signalling in
specification of digit identities. Experiments in the chicken embryos suggest
that BMPs act downstream of SHH to specify digit identities in a dose-
dependent fashion, with higher levels required for specification of digits with a
more posterior identity (Kawakami et al., 1996; Dahn and Fallon, 2000;
Drossopoulou et al., 2000). However, BMP seems to promote digit identities
only in limb bud mesenchymal cells that have been primed by SHH
(Drossopoulou et al.,, 2000), providing one possible explanation of why
application of BMP rather inhibits limb bud development (see before). Thus,
SHH signalling seems to regulate digit formation and/or identities
development through positive modulation of BMP signalling, while at the same
time BMP signalling is locally antagonized to permit relay of the SHH signal to
the AER.

Regulation of Formin and Gremlin in the limb bud mesenchyme

The Id mutations disrupt the establishment of mesenchymal-epithelial
interactions in the limb bud mesenchyme (Haramis et al., 1995; Kuhlman and
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Niswander, 1997). In addition, it was shown that Gremlin fails to be activated
in /d mutant limb buds (Zuniga et al., 1999). Three Id alleles disrupt the
Formin gene, therefore Formin was thought to function upstream of Gremlin in
the limb bud mesenchyme. Indeed, inactivation of the Gremlin by gene
targeting in the mouse causes the same limb bud phenotype as observed in Id
mutant limb buds (Khokha et al., 2003). However, a recent study by our group
(Zuniga et al., submitted) shows that the /d limb phenotype is not caused by
disruption of the Formin gene, but by the disruption of a shared cis-regulatory
element. This cis-regulatory element is required for both Formin and Gremlin
expression in the limb bud mesenchyme (Zuniga et al., submitted). Most
importantly, detailed genetic analysis shows that not Formin, but Gremlin is
essential in the limb bud mesenchyme to establish SHH/AER signalling. This
shared cis-regulatory element acts at a distance and activates the expression
of unrelated genes, which are features reminiscent to the global control
region, which regulates limb bud specific 5’HoxD gene expression (Spitz et
al., 2003).

The roles of NOTCH signalling during vertebrate limb development

NOTCH signalling is an evolutionary conserved signalling mechanism,
which controls cell fate decisions through modulating local cell-cell
interactions. Both ligand and receptors are transmembrane, allowing only
short-range signalling interactions. In Drosophila wing imaginal discs,
asymmetric activation of NOTCH signalling is required to establish a signalling
centre at the dorsal-ventral boundary (Kim et al., 1995; Doherty et al., 1996;
Panin et al., 1997). Furthermore, in the Drosophila leg disc NOTCH signalling
is required for the establishment of joints that subdivides the appendage into
segments (de Celis et al., 1998; Bishop et al., 1999). In vertebrates NOTCH
signalling plays a crucial role in AER positioning and formation in limb buds.
Genes like Notch1, Jagged2 and Radical Fringe are expressed by the
developing AER and have been implicated in its development (Myat et al.,
1996; Laufer et al., 1997; Rodriguez-Esteban et al., 1997; Moran et al., 1999).
The NOTCH ligand Jagged-2 is required for the regulation of AER
morphology and function. The digits of Jagged-2 deficient limbs are fused,
likely because of a hyperplastic AER (Jiang et al., 1998).

In contrast to the roles of NOTCH signalling in the limb bud ectoderm,
much less is known about its roles in the limb bud mesenchyme. In chapter 3,
| show that SHH regulates Jagged-1 and Hey1 expression in the distal limb
bud mesenchyme. Jagged-1 and Hey1 are both components of the NOTCH
signalling pathway (Lindsell et al., 1995; Maier and Gessler, 2000) and their
expression implies functions of these genes in patterning of the distal limb bud
mesenchyme. Using gain- and loss-of-function experiments, | show that
Jagged-1 modulates Hey1 and EphrinB2 expression in distal limb bud
mesenchyme.

Besides the suggested role in regulating limb bud vasculature (see
chapter 3), it is plausible that Jagged-1 fulfils additional roles during limb bud
development. For instance during digit formation, Jagged-1 expression
becomes restricted to the interdigital mesenchyme in a domain
complementary to Notch1 (Vargesson et al., 1998), suggesting a function for
Jagged-1 in cartilage formation. Indeed, NOTCH signalling has been
implicated in skeletal development. Overexpression of Delta-1 in chick limb
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buds causes shortening of cartilage elements (Crowe et al., 1999). Similarly,
overexpression of NOTCH target c-Hairy-1 causes shortening of chicken limb
bud skeletal elements (Vasiliauskas et al., 2003). In addition, the restriction of
Jagged-1 and Hey1 expression to the distal limb bud mesenchyme during
limb bud development suggest a role for Jagged-1 signalling during limb
pattering. Strikingly, Jagged-1 expression is frequently detected at other sites
where mesenchymal-epithelial interactions occur, like the dental
mesenchyme, metanephric kidney and whisker follicles (Mitsiadis et al.,
1997). Therefore, Jagged-1 could function in modulating mesenchymal-
epithelial signalling interactions during limb bud development. Also
remarkable is the similarity between Jagged-1 and 5’HoxD gene expression in
wild-type and mutant limbs. However, 5’HoxD genes remain expressed in Htu
homozygous mutant limb buds and no changes in Jagged-1 are detected in
Hoxd11-13 compound mutant limb buds (data not shown).

The methods | used to analyse Jagged-1 signalling in the limb bud may
not be well suited to uncover such additional roles during limb bud
development. First, grafts of Jagged-1 expressing cells placed in anterior limb
bud mesenchyme or into Shh 7 mutant limb buds did not induce Hey1
expression. A reason for this may be that Jagged-1 modulates target gene
expression rather than inducing their expression “de novo”. Alternatively,
Jagged-1 may not be properly processed into an active protein in QT6 cells
and/or components of NOTCH signalling pathway may not be expressed in
anterior or Shh deficient cells and thereby result in failure to transduce the
Jagged-1 signal. Second, the early lethality of Htu homozygous mutant
embryos (Xue et al.,, 1999; Kiernan et al., 2001) severely constrained our
analysis of the limb bud phenotype as Hfu homozygous mutant embryos died
shortly after activation of Jagged-1 expression. Therefore, one approach to
circumvent early lethality of Jagged-1 7 mutant embryos would be to generate
a conditional knockout allele of Jagged-1. Alternatively Jagged-1 could be
functionally redundant with another NOTCH ligand in the limb bud
mesenchyme.

Future experiment to analyze NOTCH signalling in limb bud

To overcome the limitations of Jagged-1 expressing cells to study
NOTCH signalling in the limb bud, | have begun to introduce DNA into limb
bud cells by electroporation. The DNA is injected into the tissue and
subsequently an electric field is applied, resulting in uptake of DNA by cells in
the tissue (Swartz et al., 2001). The advantage of electroporation is that DNA
is incorporated into endogenous cells and expressed by them. This is
especially advantageous for proteins that need to undergo cell specific
modifications to regulate their activity. Initial electroporation experiments in
limb buds using a GFP reporter construct are encouraging, however analysis
of NOTCH signalling by electroporation is beyond the scope of my PhD
thesis.

In addition to ligands, electroporation of dominant activating NOTCH
constructs should also be used to study NOTCH signalling during limb bud
development. Ligands binding to NOTCH trigger proteolytic cleavage of
NOTCH resulting in the release of the NOTCH intracellular domain (NIC) from
the membrane. This NOTCH intracellular domain forms a complex with
Suppressor of Hairless [Su(H)], which is a downstream mediator of NOTCH
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signalling during activation of gene expression (Artavanis-Tsakonas et al.,
1999). The cleavage of NOTCH is essential for signal transduction (Huppert
et al., 2000) and overexpression of NIC in cells results in constitutive
activation of NOTCH signalling pathway (Kopan et al., 1994). For example
ectopic expression of NIC rescues arterial EphrinB2 expression in the
absence of VEGF in the zebrafish (Lawson et al., 2002). Therefore
electroporation of NIC into mesenchymal cells of the limb bud might be a
potent way to ectopically activate NOTCH signalling. In addition dominant
negative forms of Suppressor of Hairless [Su(H)], NOTCH receptor and ligand
that efficiently block NOTCH signalling in several tissues (Sun and Artavanis-
Tsakonas, 1996; Hukriede et al., 1997; Wettstein et al., 1997; Franklin et al.,
1999; Lawson et al., 2001) could be electroporated into the limb bud to block
NOTCH signalling.
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Summary

Communication between cells is essential during embryonic
development. The vertebrate limb bud provides us with a model in which to
study signalling interactions between cells during patterning of embryonic
tissues and organogenesis. In chapter 1, | give an introduction about limb bud
development that is focused on the patterning of the anterior-posterior axis of
the limb bud during outgrowth. Here | also introduce Sonic Hedgehog (SHH),
which is a signalling molecule that is expressed by the cells of the polarising
region. Shh mediates the organizing function of the polarising region and is
required for patterning of the anterior-posterior axis of the distal limb. Mutual
genetic antagonism between GIi3 and dHand prepatterns the limb prior to
SHH signalling, resulting in the establishment of the polarizing region in
posterior limb bud mesenchyme.

In chapter 2, | show that G/i3 and Alx4 genetically interact during limb
and craniofacial development. GI/i3 and Alx4 are both expressed in anterior
limb bud mesenchyme and are required to keep the Shh expression domain
posteriorly restricted. Disruption of either Gli3 or Alx4 results in the
establishment of an ectopic Shh domain and preaxial polydactyly. However,
analysis of limbs lacking both GI/i3 and Alx4 reveal that these genes
synergistically interact during patterning of all three groups of limb skeletal
elements. In addition, skulls of embryos lacking both G/i3 and Alx4 exhibit
craniofacial defects.

In Chapter 3, | have established that limb bud mesenchymal cells
response differentially to SHH signalling. During limb bud patterning SHH
differentially activates secondary signalling molecules, like BMP2 and
Gremlin. Here | show that SHH also acts upstream of NOTCH signalling
during limb bud development. SHH regulates the expression of Jagged-1 and
Hey, which are involved in NOTCH signal transduction, in the limb bud
mesenchyme. Furthermore, | provide evidence that SHH acts upstream of
Jagged-1 during patterning of the limb bud vascular system.

The SHH signal is relayed to the AER by BMP antagonist Gremlin. In
chapter 4, | describe the Gremlin mutant limb phenotype, which corresponds
to the limb deformity limb phenotype. Gremlin mutant limbs exhibit fusions of
zeugopodal elements and digit syndactyly, indicating that anterior-posterior
patterning is affected. | show that the absence of Gremlin mediated BMP
antagonism disrupts the feedback loop between SHH and the AER. In
Gremlin deficient limb buds, activation of Fgfs and Bmps in the AER is
disrupted and Shh expression is not propagated. Furthermore, mesenchymal
limb buds cells undergo massive apoptosis in the absence of Gremilin.

In the final chapter, | discuss whether SHH acts as a morphogen during
limb bud patterning. It has been proven that SHH patterns the neural tube
directly and not through induction of secondary signals. However, it is still
unclear whether SHH acts as a “true” morphogen during limb bud patterning.
Furthermore, | discuss the role of NOTCH signalling during limb bud
development. | propose future experiments that will allow us finding additional
roles for NOTCH signalling during limb bud development.
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Samenvatting

Intercellulaire communicatie is essentieel tijJdens de embryonale
ontwikkeling. Om de intercellulaire communicatie tijdens de patroonvorming
van embryonale weefsels en van organen te kunnen bestuderen, hebben we
de ontwikkeling van ledematen bij vertebraten als model gebruikt. In
hoofdstuk 1 geef ik een introductie over de ontwikkeling van ledematen,
waarbij ik de nadruk leg op het vastleggen van de anterior-posterior polariteit
van de ledematen tijJdens de uitgroei. Ik introduceer hier ook het
signaalmolecuul Sonic Hedgehog (SHH), dat tot expressie komt in cellen die
zich in het posteriore gedeelte van de ledematen bevinden. Deze SHH
uitscheidende cellen vormen een signaal centrum, de zogenoemde “zone of
polarizing activity” (ZPA). SHH kan de functie van de ZPA bij het vastleggen
van de anterior-posterior polariteit van ledematen volledig simuleren. Gli3 en
dHand komen eerder dan Shh in de ledematen tot expressie. De genetische
interactie tussen GIi3 en dHand resulteert in het vastleggen van de ZPA in
het posteriore gedeelte van de ledematen.

In hoofdstuk 2 toon ik aan dat G/i3 en Alx4 een overlappende functie
hebben tijdens de ledematen en craniofaciale ontwikkeling. Gli3 en Alx4
komen beide in het anteriore gedeelte van de ledematen tot expressie en
zorgen er beide voor dat het gebied waar Shh tot expressie komt beperkt blijft
tot het posteriore gedeelte van de ledematen. In zowel GIi3 als in Alx4
mutanten komt Shh ook in het anteriore gedeelte van de ledematen tot
expressie, wat resulteert in preaxial polydactyly. Analyse van ledematen van
embryo’s die een mutatie hebben in zowel Gli3 als in Alx4 laat echter zien dat
Gli3 en Alx4 ook een overlappende functie hebben tijdens de ontwikkeling van
de ledematen. Verder hebben embryo’s die mutant zijn voor zowel GIi3 als
Alx4 craniofaciale afwijkingen.

In hoofdstuk 3 laat ik zien dat mesenchymale cellen van de zich
ontwikkelende ledematen verschillend reageren op SHH signalen. Tijdens de
patroonvorming van ledematen activeert SHH verschillende secundaire
signalerings moleculen, zoals BMP2 en Gremlin. |k laat hier zien dat SHH ook
NOTCH signalering activeert tijdens de ontwikkeling van ledematen. SHH
reguleert de expressie van Jagged-1 en Hey1, die beide betrokken zijn bij het
overbrengen van NOTCH signalering. Verder bewijs ik dat de activatie van
Jagged-1 door SHH van belang is voor de ontwikkeling van het bloedvaten
stelsel in ledematen.

Het SHH signaal wordt door Gremlin overgebracht naar de
zogenaamde “apical ectodermal ridge” (AER), wat het tweede signaal
centrum van de ledematen is. Gremlin is een BMP antagonist. In hoofdstuk 4
beschrijf ik het fenotype van de ledematen van Gremlin mutante embryo’s. De
beenstukken van het zeugopodium en de vingers zijn gefuseerd in deze
mutanten, wat aantoont dat er zich problemen voordoen bij het vastleggen
van de anterior-posterior polariteit van de ledematen. In de afwezigheid van
Gremlin kan de feedback loop tussen SHH en de AER niet tot stand worden
gebracht. In de afwezigheid van Gremlin wordt de expressie van Fgfs en
Bmps in de AER niet geactiveerd. Verder neemt Shh expressie niet toe in de
zich ontwikkelende mutante ledematen. Ook treedt er cel dood op in het
mesenchyme van de zich ontwikkelende mutante ledematen.
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In het laatste hoofdstuk bediscussieer ik of SHH te werk gaat als
morphogen tijdens de ontwikkeling van ledematen. Het is bewezen dat SHH
tijdens de ontwikkeling van de neurale buis directe instructies geeft aan cellen
en de ontwikkeling niet reguleert via het induceren van secundaire signalering
moleculen. Het is echter nog steeds onduidelijk of SHH ook de ontwikkeling
van de ledematen reguleert volgens de principes van een morphogen. Verder
bediscussieer ik wat de functie van NOTCH signalering is tijdens de
ontwikkeling van ledematen. Tenslotte doe ik een voorstel voor verdere
experimenten om de rol van NOTCH signalering te kunnen onderzoeken.
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