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Abstract

The development of vertebrate appendages, especially the limb and feather buds are
orchestrated by numerous secreted signalling molecules including Sonic Hedgehog,
Bone Morphogenetic Proteins, Fibroblast Growth Factors and Wnts. These proteins
coordinate the growth and patterning of ectodermal and mesenchymal cells. The
influence of signalling molecules is affected over large distances by their concentration
(morphogen activity) but also at local levels by the presence of proteins that either
attenuate or promote their activity. Glypicans are cell surface molecules that regulate
the activity of the major secreted signalling molecules expressed in the limb and
feather bud.

Here we investigated the expression of all Glypicans during chick limb and feather
development. In addition we profiled the expression of Notum, an enzyme that
regulates Glypican activity. We show that five of the six Glypicans and Notum are
expressed in a dynamic manner during the development of limbs and feathers. We
also investigated the expression of key Glypicans and show that they are controlled
by signalling molecules highlighting the presence of feedback loops. Lastly we show
that Glypicans and Notum are expressed in a tissue specific manner in adult chicken
tissues.

Our results strongly suggest that the Glypicans and Notum have many as yet

undiscovered roles to play during the development of vertebrate appendages.

Introduction
The development of the vertebrate limb and feather bud have been extensively studied

as model systems to gain insights into the processes that control outgrowth and



patterning. The chick model system offers a number of key features that make it the
platform of choice to investigate these processes since it is amenable to
experimentation both at the tissue and molecular level and is observable over long
periods of time. Classic tissue manipulations carried out in second half of the twentieth
century lead to the identification of the Zone of Polarising Activity (ZPA), the Apical
Ectodermal Ridge (AER) and the dorsal ectoderm as key regulators in the
development of the vertebrate limb (reviewed by Tickle (Tickle, 2004)). Thereafter, the
molecular factors that originate from these tissues have been identified; Shh is
produced by the ZPA and controls anterior-posterior patterning, Fgfs are secreted by
the AER and promote proximal-distal development whereas the dorsal ectoderm is the
source of Wnt7a (reviewed by Towers and Tickle (Towers and Tickle, 2009).
Although the formation of the limb and feather bud depends on only two cell types, the
epithelia and the underlying mesenchyme, a huge number of different molecules are
needed to translate the information from the three key signalling centres to ensure that
the correct tissues development at the correct time and place. One key feature of limb
and feather development is the necessity of molecules that either attenuate or promote
signalling molecule activity (e.g. secreted Frizzled related proteins, Gremlin (Bardot et
al., 2004; Bovolenta et al., 2008).

The extra cellular matrix (ECM) adds another layer of complexity in directing the
activity of signalling molecules that control appendage outgrowth. Indeed there is
compelling evidence that without the correct ECM, signalling activities of certain
secreted proteins including the Fgfs can be essentially nullified (reviewed by Kim et al
(Kim et al., 2011)). Heparan Sulfate Proteoglycans (HSPG) are a key component of
the ECM and act as co-recptors for many signalling cascades (Bernfield et al., 1999).

There are four major families of cell-surface HSPGs: Syndecans, beteglycans, the



CD44 family and Glypicans (Gpc). The first three have transmembrane domains
enabling them to remain at the cell membrane whereas Gpcs are tethered through a
GPI link (Kreuger and Kjellen, 2012; Sarrazin et al., 2011). The Gpcs are of particular
interest in the context of limb and feather development as they have been implicated
in regulating the activity of Shh, Bmp, Fgf and Wnt signalling (Dwivedi et al., 2013;
Fico et al., 2011). Six Gpcs have been found in vertebrates and these can be sub-
divided into two families comprising one group with Gpcl, Gpc2, Gpc4 and Gpc6 and
the other Gpc3 and Gpc5 based sequence similarity (Veugelers et al., 1999).
Furthermore two Gpcs, Division abnormally delayed (Dally) and Dally—like protein
(Dlp) are found in Drosophila where they have been implicated in shaping morphogen
gradients during wing development by regulating wingless and Dpp activity
(Drosophila homologues of Wnt and Bmps respectively (Wu et al., 2010; Yan and Lin,
2009).

Signalling cascades that regulate the development of limbs are highly conserved
between invertebrates and vertebrates (Capdevila and Johnson, 2000). Based on the
central role played by Gpcs during Drosophila wing development we investigated the
expression of all the Gpcs and their modifying enzyme Notum (Kreuger et al., 2004)
Here we show that Gpcl-5 and Notum are expressed in the developing limb and
feather bud. They display intriguing expression patterns which fail to segregate with
any one of the main four signalling molecules (Shh, Bmps, Fgfs and Wnts). We
suggest that Gpcs act to coordinate the signalling activity of multiple ligands in specific
regions of these two structures to ensure the appropriate outgrowth and patterning.
We also show that signalling molecules can regulate the expression of Gpcs thereby
implicating the presence of feedback loops that control ligand activity. Finally we show

that Gpcs and Notum are expressed in tissue specific manner in adult birds.



Method

Cloning of chick Glypicans and Notum

cDNA was prepared from RNA extracted from whole HH-25 chick embryos
(Hamburger and Hamilton, 1951) . RT-PCR was performed using the following gene
specific primers.

cGpcl F5-3'GCGAATCTGTCCGCAAGGCTACAC

R 3-5’CTAAGCCGTCCCCCATCACTTCAG

cGpc2 F5-3'GGCAAAAGAAGCAGCAGAGCCTGTTAAAG
R3-5'TCATCACCAGGTCTCCATCACACAGC

cGpc3 F5-3'CTGCTCGAGGAGGATGGAGGAGAAGTAC
R3-5’CTGTACCTCTCCACGACTTCTTGCCC

cGpc4 F5'-3'GCGACCACTTGAAAGTCTGCTCACAAG
R3-5'GCTGCTTGTGATAAACCGCTACTGGG

cGpch F5-3'GAAAGTTTTCCAGCTGCGTCAGCTCG
R3-5GGCAAGGGTTTCTTCGCTGTCTCTTG

cGpc6 F5'-3TTCTTGCAATTCCAGGGGAACATTTGAG
R3-5’ATCCAAACTTGTGCCAGCAGCAGTTG

cNotum F5’-3' ATGCCTTCATGGGAGCGCTGATC

R3’-5 AACTGGTCCCTGATAGTGGGGCACG

PCR products were cloned into pDRIVE vector.

Preparation of embryos

All experiments were performed on Gallus gallus domesticus chicken embryos.
Fertilised eggs were purchased from Henry Stewart and Co, UK. Eggs were incubated

at 38°C and 80% humidity.



Whole mount in-situ hybridisation

Whole mount in situ hybridisation was performed according to Nieto et al. (1996)(Nieto
etal., 1996). A minimum of 5 embryos were processed for each experimental outcome

reported here.

Cryosectioning

Embryos were washed 3 times with PBS for 15 minutes remove to PFA and they were
equilibrated in 5, 15 and 30% (w/v) sucrose in PBS overnight at 4°C before freezing in
Optimum Cutting Temperature embedding media (O.C.T.) (Leica Microsystems).
30um sections were cut using a cryostat (Bright instruments UK). Ribbons of 3-4
sections were cut sequentially and mounted per slide. Cut sections were left for an
hour to dry at room temperature and then washed for 10 minutes with PBS. They were
then mounted using Hydro-mount solution (National Diagnostic) and were finally left

to dry overnight before photographing.

Photography

Whole mount embryos were photographed using a Nikon CoolPix camera mounted
on a Nikon dissecting microscope. Processed cyro-sections were photographed using
an Axiocam digital camera fitted on a Zeiss Axioscope Fluorescent microscope
connected with Zeiss Axiovision computer software version 3. Images were

processed using Adobe Photoshop Elements 6.

Beads implantation experiments:

BMP4 and FGF8 proteins from R and D Systems (UK) were loaded onto 150um Affi-
Gel Blue beads (Bio Rad, UK). Beads were first placed in small Petri dish and washed
in PBS for at least 1 hour to remove preservatives. 10% Repel silane (Sigma, UK) in

chloroform was used to coat all surfaces to prevent protein adherence. 200 pg/ml or
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20 pug/ml of BMP4, and 1mg/ml of FGF8 were incubated with beads overnight prior to
implantation. Protein soaked beads were implanted into chick forelimbs at HH-20 for

24hr. Embryos were fixed in 4% PFA/PBT for in-situ hybridisation.

Adult chicken RNA isolation

A 2-month old adult hen was purchased from Stokes Farm, Wokingham, UK. Tissues
were dissected and snap-frozen in liquid Nitrogen and thereafter homogenized in 0.5
ml Trizol. The total RNA was extracted and used for the Invitrogen Single Tube cDNA
synthesis protocol (In-Vitrogen, UK). cDNA was thereafter used for PCR with primers

previously detailed.

Results

Expression of Gpc1-Gpc6 and Notum in limb buds HH18-25

Expression of Gecpl was detected in both the fore and limb buds as outgrowth was
initiated. A clear boundary was noted between the body and the limb at HH-18 (Fig.
1A-A1). This relationship was maintained until at least HH-22 in both fore and hind
limb (Fig. 1A2—A3). Sections through a HH-22 fore limb showed expression of Gpcl
predominantly in the limb bud mesenchyme (Fig. 1A4).

In contrast to the robust expression of Gpcl in the developing limbs, Gpc2 was not
expressed in limb structures (Fig. 1B-B3). However transverse section of HH-22 fore
limbs showed expression proximal to the limb (Fig. 1 B4). Gep3 showed a remarkable
pattern of expressing with strong expression in the fore and hind limbs and no
expression in adjacent body structure (Fig. 1C-C3). Furthermore expression was
relatively uniform in limb mesenchyme with a very sharp boundary between the
appendage and body (Fig. 1C4). Gpc4 was expressed strongly at HH-18 and HH-22

(Fig. 1D-D3). Expression at HH-22 was higher in the posterior fore and hind limb
7



compared to anterior regions (Fig. 1D2-D3). In the limb expression was in the sub-
ectodermal mesenchyme with no expression in the AER. Gpc5 was expressed at low
levels in the fore and hind limbs between HH-18 and HH-22. Again a boundary of
expression exists between limb (expression of Gpc5) and body (non-expressing
tissue) (Fig. 1E-E3). Transverse sections revealed expression in the mesenchyme
(Fig. 1 E4). Gpc6 was not expressed in the limbs at any stage examined from HH-18
to HH-30 (data not shown). Notum was expressed in a dynamic pattern during early
limb development. Initially at HH-18 it was found at high levels in the distal regions
and relatively uniformly in proximal portions of the fore and hind limb (Fig. 1F-F1).
However at HH-22, there was very strong expression in the distal and lesser
expression in the proximal regions. Transverse sections of HH-22 fore limbs revealed
strong Notum expression in the AER and dorsal sub-ectodermal mesenchyme (Fig.
1F2-F4).

At HH-25, Gpcl expression become localised to the AER (Fig. 2A and A2). Expression
was also localised to the central portion of the limb when viewed either from the dorsal
or ventral perspective where it was both ectodermal and in the immediately located
mesenchyme (Fig. 2A-A2). Expression of Gpc2 was noteworthy for its expression in
the stylopod and zeugopod region but not in the autopod (Fig. 2B-B1). Transverse
section reveal expression in the sub-ectodermal mesenchyme (Fig.2B2). The
predominant Gpc2 expression in the stylopod and zeugopod was maintained at HH-
28 (Fig. 3A and 3Al). Thereafter it was upregulated in the inter-digit region (Fig. 3A2-
3A3). Gpc3 showed strong expression at the margins of the limb (Fig. 2C-C1). At the
distal extreme, expression was under the AER (Fig. 2C2). This pattern was maintained
until HH-30 (Fig. 3B-B3). Gpc4 displayed a similar expression pattern to Gpc3 and its

expression in the posterior margin was in the ectoderm and adjacent mesenchyme



(Fig. 2D-D2). Gpc5 showed a less distinct pattern compared to the previously
described genes with a prominent zone in the centre when a HH-25 limb was viewed
from either the dorsal or ventral perspective (Fig. 2E-E1). Expression was in the sub-
ectodermal tissue (Fig. 2E). Notum was expressed prominently in the AER (Fig. 2F-
F2) as well in the central ectoderm (Fig. 2F2).

These results show that the Gpc/Notum axis was expressed in tissues at the margin

of the limb at HH-25 with no expression of any genes in the central mesenchyme.

Expression of Gpc2-Gpc5 in the leg at E10

Late expression of Gpcs and Notum was examined by profiling transcription in the leg
at E10. By this stage expression of Gpcl and Notum was not evident. On the other
hand Gpc2, 4 and 5 all showed expression in the sub-mesenchymal regions
immediately proximal to the phalanges (Fig. 4A-A1,C-C1 and D-D1). Weak expression
of Gpc3 was identified in the tendons anlagen. Gpc5 expression was noted in the
perichondrium (Fig. 4D1). Gpc3 had a distinct expression profile; localised to the distal

tip of the digits in sub-mesenchymal tissue (Fig. 4B-B1).

Expression of Gpcl1-5 and Notum in feathers

We examined the expression of Gpcs and Notum in feathers as the development of
these structures are controlled by secreted signalling proteins including Shh, Bmps
FGfs and Wnts. Expression of Gpcl was prominently expressed in the pre-feather bud
primordia (Fig. 5A) and the only gene that was expressed in the ectoderm (Fig. 5A2).
Gpcl was initially expressed with a bias towards the posterior aspect of the feather
bud ectoderm but as the bud elongated it was in the distal tip albeit at a lower level

(Fig. 5A1). Tissue sections revealed highest level in the posterior ectoderm, with a



lower level in the anterior bud ectoderm and the lowest in the distal cells (Fig.5A1-A2).
Gcp2 and 3 were both only expressed once budding had started (Fig. 5B and C).
Expression of both genes were in the mesenchyme and noteworthy for Gpc3 was
concentrated at the base of each bud (Fig. 5C2). Gpc4 and 5 were expressed in a
similar manner in the feather bud mesenchyme (Fig. 5D1-D2, E1 and E2). Notably,
Gpc4 was expressed in the pre feather primordia unlike Gpc5 (Fig. 5D and E). Notum
was only expressed in formed feather buds (Fig. 5F) and localised to the sub-
ectodermal mesenchyme in three domains based on intensity. There was no
expression in the anterior sub-ectodermal mesenchyme, some expression in the
middle portion of sub-ectodermal mesenchyme and the highest level at the posterior

of this tissue (Fig. 5F2).

Regulation of key Gpcs by Fibroblast Growth Factor (FGF) protein

A number of studies have shown that Gpcs regulate the activity of Fgfs (Galli et al.,
2003; Lai et al., 2008; Qiao et al., 2003). However we wanted to investigate whether
there were reciprocal relationships; Gpcs modulate Fgf activity and that Fgf regulate
Gpc at the expression level. For this study we focused on three Gpcs which have been
extensively shown to influence Fgfs signalling: Gpcl, 3 and 4 (Galli et al., 2003; Lai et
al., 2008; Qiao et al., 2003). To that end we implanted beads soaked in FGF8 and
implanted them into developing chick limb buds for a period of 24 hr and then assessed
expression with in-situ hybridisation. FGF8 caused a down regulation of Gpcl and 3
(Fig. 6 A-B1). In contrast, FGF8 caused an upregulation of Gpc4 (Fig. 6 C-C2).

Therefore FGF signalling has a gene specific effect on Gpc expression.

Regulation of key Gpcs by Bone Morphogenetic Protein (BMP)
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Bmps have a key role to play in the development of the limb and are expressed in the
limb mesenchyme in regions that overlap with the expression of Gpcl-5 (Amthor et
al., 1998). We therefore assessed the influence of Bmp (BMP-4) on Gpc expression.
Implantation of beads soaked in BMP4 at concentration of 0.2mg/ml resulted in the
total repression of Gpcl, 2 and 5 (Fig. 7A, &B and 7E). Interestingly BMPs at this
concentration caused the decrease of Gpcl not only in the mesenchyme but also in
the AER (Fig. 7A2). On the other hand, expression of Gpc3 and 4 was down regulated
near the bead but up-regulated further away (Fig. 7C-C2 and D-D2).

The interesting observation of a distance effect on Gpc3 and 4 caused by BMP4 bead
implantation led us to investigate whether concentration of the protein was a factor in
the regulation of these genes. To address this issue we implanted beads at a lower
concentration (0.02mg/mg) and assayed expression. Indeed we found that lower
levels of BMPs resulted in an expression in the central regions of the limb buds in
areas that would otherwise express very little transcript. (Fig. 8A-B2).

Therefore these results show that two major signalling molecules regulate the
expression of Gpcs during chick limb development. The data presented shows the

presence of mutual regulatory cascade between FGF/BMP and Gpcs.

Expression of Gpcl1-6 and Notum in adult chicken tissues

We investigated the expression of Gecpl-6 and Notum in adult female tissues using an
RT-PCR approach. Our results show that expression in tissues is highly gene
dependent with Gpcl, Gpc2 and Notum being expressed in essentially the same
tissues and at relatively high levels (Fig. 9 and Table 1). At the other end of the
spectrum, Gpc6 in keeping with its restricted expression in the developing limb, was

only expressed in the kidney of the 19 surveyed tissues. Another interesting point was
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the finding that a few tissues generated two transcripts, possibly through alternative
splicing (e.g. liver Gpcl,2,3 and 5) (Fig. 9). Of particular note was the finding that
Notum was expressed in the bone. However we were unable to detect expression of
any Gpc in this tissue. In contrast, the stomach expressed 4 Gpcs (1,2,4 and 5) but no

Notum (Fig. 9 and Table 1).

Discussion

Epithelial-mesenchymal signalling interactions are a key feature of all vertebrate
appendage outgrowth programmes. The inter dependency of both tissues ensure that
the correct structures form in the correct place and time. It underpins a fundamental
difference between appendage development in vertebrates and invertebrates. The
former has an essential role for the mesenchyme whereas in insects (for example the
wing) develops from a double-layered epithelium.

Although the development of two of the most characterised appendage programmes
in vertebrates, the limb and feather bud involve only two local tissues (epithelium and
mesenchyme) it is nevertheless a very complex programme. In the limb for example
there are key roles played by four families of secreted proteins (Shh, Bmp, Wnt and
Fgf). Often there are many members of each family to consider and specific
antagonising molecules (e.g. Ptc for Shh, gremlin, follistatin and noggin for Bmps,
secreted frizzled for Wnts and Sprouty for Fgfs). We consider that the complexity of
the vertebrate appendage development programme will inevitably increase since we
are going to have to take into account the activity of Gpcs in this process for two
important reasons. Firstly this single family of proteins can modulate all the major
signalling players previously mentioned and secondly there are not only five members

to take into account but also their regulator, Notum.
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In the developing limb bud the Gpc/Notum show some striking features. One of the
most prominent is that of Gpc3 where the gene is expressed in a limb bud specific
manner highly reminiscent to the leg/wing expression of Tbx4 and 5 (Rodriguez-
Esteban et al., 1999). Like Gpc3, Tbx4 and 5 are expressed in the mesenchyme
thereby raising the possibility that Tbx4 and 5 through their ability to regulate
transcriptions may control the expression of Gpc3 (Smith, 1997). Another fascinating
profile is that of Notum with is expression solely in the dorsal sub-ectodermal
mesenchyme. It is noteworthy that ectoderm over this region has been shown to
express the dorsalizing secreted protein Wnt7a (Parr and McMahon, 1995). Therefore
it remains a possibility that that activity of Wnt7a could be regulated by a Gpc, for
example Gcpl/3/4 (due to their presence in target tissues) and that the Gpcs activity
is further refined by Notum.

Nevertheless our detailed profiling reveals one important feature of the Gpc/Notum
axis in the developing limb bud which is that none of the individual genes map to the
expression domain of only one key signalling molecule (Fig. 10A). This suggests that
Gpcs could act to coordinate the activity of a number of signalling molecules in a
particular tissues at specific stage of development. For example, Gpc3 which is
mutated in Simpson-Golabi-Behmel syndrome (SGBS) and is thought to result in
increased Shh activity (Capurro et al., 2008; Pilia et al., 1996) is expressed in a domain
which encompasses the ZPA but extends much further into the limb (Fig. 10A). Some
of the features of Golabi-Behmel syndrome (SGBS) and the mouse Gpc3 null mouse
model can be attributed to over active hedgehog signalling including increases in cell
proliferation, but other expected outcomes for example changes in hair patterning are

not seen (Chiao et al., 2002). Likewise we suggest Gcp3 may in some regions of the
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chick limb bud regulate the activity of Shh but in other regions for example the anterior
mesenchyme it may act on other pathways.

Our work also shows that signalling proteins can regulate the expression of the Gpcs
in a ligand specific and ligand concentration specific manner. This is highly reminiscent
to the negative feedback loops for Shh and Bmp signalling that fine tune signalling
during vertebrate development (Amthor et al., 1999; Sanz-Ezquerro and Tickle, 2000).
Again we suggest that combinations of secreted proteins act in a tissue specific
manner to regulate the expression of Gpcs rather than at the ligand identity level.
This study shows that the Gpc/Notum axis is likely to play a role in the outgrowth of
the feather buds. One result that is striking is the relatively late expression of the genes
with regard to feather development. Major patterning molecules are expressed in
primitive pre-bud regions which control features such as spacing (Patel et al., 1999).
The temporal profile of Gpcs developed here suggests that they control subsequent
growth and patterning of feather buds and not the initial events such as cell
aggregation that underpin this process (Widelitz and Chuong, 1999). Similar to the
situation in the limb bud, the expression of Gpcs fail to segregate with solely one
signalling axis in the feather bud (Fig. 10B). Taking Gpc3 as an example due to its
documented relationship with Shh, we show that the former is expressed in the base
of the bud mesenchyme whereas Shh is expressed in the distal ectoderm (Widelitz et
al., 1999). Gpc3 expression does overlap with the expression of the Shh receptor, Ptc
which is expressed through the bud mesenchyme (McKinnell et al., 2004). Therefore
Gpc3 could regulate Shh activity solely in the base of the bud. The relevance of this in
a biological context remains to be determined. It is unlikely to be proliferation since

this has been shown to be localised to the posterior mesenchyme ((Chen et al., 1997;
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Desbiens et al., 1992). However we do note that the high proliferation zone maps to a
region with elevated Notum expression.

In summary, our work shows that the Gpcs and Notum are likely to be components
that control the outgrowth and patterning of both the limb and feathers in the chick
embryo (summarised in Fig. 10). It would be surprising if they were not also involved
in other similar processes such as hair and genital tubercle development as these all
share signalling cascades (Perriton et al.,, 2002; Petiot et al., 2003). In order to
determine the role of the Gpcs in limb and feather development it will be necessary to
identify the signalling cascades that they regulate. This aim could be achieved through
a candidate approach whereby down-stream signalling molecules are investigated
following the over-expression of specific Gpcs (for example monitoring changes in
phosphorylation of smad1/5/8 as a readout of Bmp signalling ((Ueki and Reh, 2012).
However this approach is unlikely to identify all the pathways regulated by Gpcs. We
suggest a more comprehensive understanding of the role of Gpcs could be developed
by firstly over-expressing or down regulating their expression followed by a mass
spectroscopy profiling of all proteins. This approached could be refined by taking
advantage of recent technological developments that now allow the phosphorylation
of proteins to be assessed from relatively little starting material using phospho/mass

spectroscopy (Dephoure et al., 2013).
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Figure 1 Expression of Gpc1-5 and Notum and HH-18 and HH-22
(A-Al) Gpcl expression higher in limbs compared to adjacent body tissue at HH18

and HH-22 (red arrows). (A4) Expression in the mesenchyme of HH-22 fore limb (blue
arrow). (B-B3) Extremely low levels of Gpc2 expression between HH-18 and HH-22.
(B4) Expression of Gpc2 at the proximal boundary in the mesenchyme (blue arrow).
(C-C3) Distinct boundary of Gpc3 expression in limb tissue compared to non-
expressing body tissue at HH18 to HH-22 (red arrow). (C4) Gpc3 expression in the
fore limb mesenchyme of HH-22 embryo showing limb/non limb boundary (blue
arrow). (D-D1) Uniform expression of Gpc4 at HH-18 in limbs. (D2-D3) Stronger Gpc4

expression in the posterior (blue arrow) compared to anterior regions (red arrow). (D4)
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Gpc4 expression in the fore limb mesenchyme of HH-22 embryo (red arrow). Note no
expression in the AER ((blue arrow). (E-E3) Boundary of Gpc5 expression in limb
tissue compared to non-expressing body tissue at HH18 to HH-22 (red arrow). (E4)
Gpc5 expression in the fore limb mesenchyme of HH-22 embryo with greater levels in
ventral regions (blue arrow) compared to dorsal. (F-F3) High levels of Notum
expression in distal regions of fore and hind limb at HH18 and HH-22 (red arrows).
(F4) Expression of Notum in the AER (blue arrow) and dorsal sub ectodermal

mesenchyme (red arrow).

Figure 2 Expression of Gpc1-Gpc5 and Notum at HH-25
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Broken line indicates section plane for images A2-F2. (A-A2) Gpcl expression.
Expression was prominent in the AER (A and arrowhead A2). (A2) Expression in
central domain (red arrow) localised to the ectoderm and at lower level in adjacent
mesenchyme (A2 arrowhead). (B-B2) Expression of Gpc2 at HH-25. Expression in
stylopod and zeugopod (B-B1 red arrow). (B2) Expression localised to sub-ectodermal
mesenchyme (red arrow).

(C-C2) Gpc3 expression at the peripheral aspects of the limb bud. (C) Expression on
dorsal side was stronger at anterior compared to posterior (red arrow). (C1) On ventral
side expression was more prominent on posterior side (red arrow). (C2) expression of
Gpc3 localised to sub AER region (red arrow). (D-D2) Expression of Gpc4. (D)
Expression in the posterior (red arrow) and (D1) anterior margin (red arrow). (D2)
Sections reveal expression in the ectoderm and adjacent mesenchyme (red arrow). (E-
E2) Expression of Gpc4. (D-D1) Expression at the posterior and anterior margin (red
arrows). (D2) Expression in ectoderm and sub-ectodermal mesenchyme. (E-E2)
Expression of Gpc5h. (E) Diffuse dorsal expression. (E1) Expression in central ventral
region of limb (red arrow). (E2) Expression in sub-ectodermal region red arrow). (F-
F2) Expression of Notum. (F-F1) Expression at low level in central region of limb (red
arrow) and at distal margin (red arrowhead). (F2) Notum expression in the AER (small

red arrow) and ectoderm (large blue arrow).

Figure 3 Expression of Gpc2 and Gpc3 at HH-28 and HH-30
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(A-A3) Expression of Gpc2. (A-Al) Gpc2 expression showing boundary between

zeugopod and autopod (red arrow)/ (A2) Expression of Gpc2 at HH-30 in fore limb still
has boundary at the edge of zeugopod domain (red arrow). (A3) Expression
upregulated in regions adjacent to condensing digits (red arrows). (B-B3) Expression
of Gpc3. (B) Expression maintained at distal limb margin (red arrow). (B1) Expression
up-regulated in inter digit region of hind limb at HH-28 (red arrow). (B2) Expression of
Gpc3 at high regions in distal regions (red arrow) with low levels in inter digit fore limb
at HH-30, blue arrow). (B3) Expression of Gpc3 at high regions in distal regions (red
arrow) with low levels in inter digit fore limb at HH-30 (blue arrow) and regions in inter

digits showing no expression (blue arrowhead).

Figure 4 Expression of Gpc2-Gpc5in leg at E10
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(A-F) Dorsal view of the leg at E10 for Gpc2-Gpc5 expression. (A’- D’) Transverse

sections at plane indicated by dotted line. (A) Gpc2 expression lateral sides of each
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digit (red arrows) and in proximal overlying tissue (red arrowhead). (A1) Expression of
Gpc2 in sub-ectodermal mesenchyme (red arrowhead) and low levels adjacent to
tendons (red arrow). (B) Gpc3 expression at tips of digits (red arrow). (B1) Gpc3
expression in sub-ectodermal mesenchyme (red arrowhead). (C) Gpc4 expression
around digits (red arrowhead) and in more proximal region of the leg (red arrow). (C1)
Expression of Gpc4 in sub-ectodermal mesenchyme. (D) Gpc5 expression round
phalanges (red arrow) and metatarsals (red arrowhead). (D1) Low levels of Gpc5
expression in sub-ectodermal mesenchyme (red arrowhead) and perichondrium (red

arrow).

Figure 5 Expression of Gpc1-Gpc5 and Notum in feathers
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(A-A2) Gpcl expression (A) Gepl was expressed in both developed feather buds as
well as in the pre-feather bud primordia (blue arrow). (A1) high power image showing
Gpcl expression with a bias towards the posterior aspect of young feather buds (red
arrow). In more developed buds expression in distal regions (blue arrow). (A2)
Expression at high level in posterior bud ectoderm (red arrow), lower level in anterior
ectoderm (green arrow) and lowest in distal ectoderm (blue arrow). (B-B2) Gpc2
expression. (B) Expression initiated with development of buds (blue arrow). (B1)
Expression in mesenchyme (blue arrow). (B”) Mesenchymal expression
predominantly in the proximal portion of the bud (blue arrow). Low level of expression
in deeper dermis (red arrow). (C-C2) Expression of Gcp3. (C) Expression initiated in
developed buds (blue arrow). (C1) Expression at base of bud (blue arrows). (C2)
Expression in mesenchyme at proximal aspect of feather bud (blue arrow). (D-D2)
Expression of Gpc4. (D) Low levels of Gpc4 in pre-bud primordia (blue arrow). (D1)
Expression in centre of feather bud (blue arrow). (D2) Expression in mesenchyme
approaching the ectoderm (blue arrow). (E-E2) Gpc5 expression. (E) Weak expression
in pre feather bud track (blue arrow). (E1) Inner feather bud expression evident by
whole mount (blue arrow). (E2) Mesenchymal expression in feather bud (blue arrow).
(F-F2) Notum expression. (F) Expression is absent in pre-feather buds tissue (blue
arrow). (F1) Expression in feather buds (blue arrow). (F2) Expression in sub-
ectodermal mesenchyme with a bias for the posterior (blue arrow). Note the absence
of expression in anterior sub-ectodermal mesenchyme (red arrow).

Anterior- Posterior axis indicated by red ‘A’ and ‘P’ respectively in A2 and same in B2-

F2.

Figure 6 Regulation of Gpc expression by FGF10
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Control FGF

(A-A2) Expression of Gpcl. (A) Decrease in Gpcl expression in anterior domain (red
arrow) following implantation of FGF10 beads. (Al) High level of Gpcl expression in
dorsal proximal mesenchyme in control side (red arrow). (A2) FGF10 beads (blue
spheres) cause a down regulation of Gpcl (red arrows). Note expression in the AER
was maintained (blue arrow). (A-B2) Expression of Gpc3. (B) Decrease in anterior
and posterior domains of Gpc3 viewed in whole mount. (B1) High levels of Gpc3 in
anterior domain in control limb (red arrow). (B2 (decrease in Gpc3 expression in
anterior domain (red arrow). (C-C2). Expression of Gpc4. (C) up regulation of Gpc4
expression following FGF10 bead implantation in anterior (red arrowhead) and
posterior (red arrow) domains. (C1) Control limb showing predominant dorsal Gpc4
expression (C2) Operated side showing Gpc4 expression in ventral limb mesenchyme

(red arrow).
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Figure 7 Regulation of Gpc expression by high concentration BMP-4 (0.2mg/ml)
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Control BMP High

GpcS

(A-A2) Expression of Gpcl. (A) Expression of Gpcl downregulated throughout limb

mesenchyme (red arrow). (Al) Expression in mesenchyme and AER (red arrow). (A2)
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Expression in decreased in the mesenchyme and AER (red arrow). (B-B2) Expression
of Gpc2. (B) Expression of Gpc2 downregulated throughout limb mesenchyme (red
arrow). (B1l) Expression in mesenchyme. (B2) Expression in decreased in the
mesenchyme. (C-C2) Expression of Gpc3. (C) Expression of Gpc3 maintained in
some portions of limb (blue arrow). (C1) Expression of Gpc3 in mesenchyme. (C2)
Gpc3 expression in decreased in the mesenchyme near the bead (red arrow) but
maintained further away (blue arrow). (D-DC2) Expression of Gpc4. (D) Expression of
Gpc4 decreased near the beads (red arrow) but present further away (blue arrow).
(D1) Expression of Gpc4 in mesenchyme. (D2) Gpc4 expression in decreased in the
mesenchyme near the bead (red arrow) but maintained further away (blue arrow). (E-
E2) Expression of Gpch. (E) Expression of Gpc5 downregulated throughout limb
mesenchyme (red arrow). (E1) Gpc5 expression in mesenchyme. (E2) Gpcb

expression in decreased by BMP4 in the mesenchyme.

Figure 8 Regulation of Gpc expression by low concentration BMP-4 (0.02mg/ml)
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Control BMP Low

(A-A2) Expression of Gpc3. (A) Expression of Gpc3 extends to bead (red arrow). (Al)
Expression of Gpc3 in mesenchyme in control limb. (A2) Gpc3 expression in increased
in centre of limb (red arrow). (B-B2) Expression of Gpc4. (B) Expression of Gpc4 up
regulated in anterior and posterior (blue arrow) domains (red arrow). (B1) Expression
of Gpc4 in mesenchyme in control limb. (B2) Gpc4 expression in increased in centre

of limb (red arrow).

Figure 9 Expression of Gpc and Notum in adult female chicken tissues
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Figure 10 Schematic of Gpc/Notum expression in chick limb and feather bud
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(A) Expression domains of key signalling molecules and Gpcs/Notum in the chick limb
bud. (B) Expression domains of key signalling molecules and Gpcs/Notum in the chick

feather bud.
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Table 1
Tabulation of Gpc and Notum expression in adult female chicken tissues
XX indicates high expression, X indicates presence of lower level of transcripts and

(S) more than one transcript.

Gpcl Gpc2 Gpc3 Gpc4 Gpc5 Gpc6 | Notum
Brain XX XX XX XX XX XX
Spinal cord XX XX XX XX XX XX
Retina
Heart XX XX X X
Vein X X X
Kidney XX(S) XX X X X X
Liver XX(S) | XX(S) X(S) X X(S) X
Lung XX XX XX XX
Spleen XX XX X XX XX
Limb Muscle XX XX X
Pectoral M XX XX X
Adrenal XX X X(S) XX
Cartilage XX X
Bone X
Ovary XX XX X XX
Pancreas XX X X XX
Dermis XX XX X
S. Intestine XX X
Stomach XX XX X XX
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