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Abstract FGF signalling is critical for normal embryonic devel-
opment. Sulf1 has been shown to inhibit FGF activity. The role
of FGF4 in Sulf1 regulation was investigated during digital
development of the quail autopod. Implantation of FGF4 beads
in both the interdigit and at the tip of digit III differentially
up-regulated Sulf1 as also confirmed in micromass cultures.
FGF4 inhibited interdigital mesodermal apoptosis in a concen-
tration dependent manner. The FGF inhibitor, SU5402, inhibited
Sulf1 expression when placed in the interdigital mesoderm. How-
ever, when placed at the digital tip, SU5402 induced an ectopic
domain of Sulf1 expression and inhibited further phalange for-
mation.
� 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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1. Introduction

The specific activities of growth factors and signalling

molecules regulate cell fate determination, proliferation, differ-

entiation and programmed cell death of mesodermal cell

populations in the developing limb. Cell signalling can be mod-

ulated through the regulation of ligand and receptor expres-

sion. Equally important in these processes, however, are the

secondary receptors and other factors that modulate the activ-

ities of such molecules since it is the balance of their overall

activities that determines the final outcomes. One such factor

that was discovered in recent years is Sulf1, a member of the

sulfatase family of enzymes [1–3] that can regulate the activi-

ties of many growth factors and signalling molecules [4,5].

Modulation occurs by regulating the sulfation status of specific

heparan sulfate proteoglycans (HSPGs) required for growth/

signalling factor function. For example, Sulf1 has been shown

to regulate the activities of Wnts [4,6], BMPs (bone morpho-

genic protein) [7] and fibroblast growth factors (FGF) in ver-

tebrates. FGF activity has been shown to be inhibited by

Sulf1 during angiogenesis in the chick, and also in ovarian

cells, by removing 6-O sulfates from glucosamine residues in

heparin sulfate of HSPGs. These sulfated HSPGs act as sec-

ondary receptors required for FGF2 and FGF4 function

[5,6,8,9]. Since Sulf1 has the potential to modulate the activi-

ties of FGFs negatively, we investigated the effect of FGF4
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on the expression of Sulf1 in both undifferentiated interdigital

mesoderm and condensed (differentiating) digital mesoderm

that gives rise to digital rays. These two mesodermal popula-

tions have different cell fates. The condensed digital mesoderm

is destined to become chondrogenic and form the digital rays

while the interdigital mesoderm undergoes apoptosis.

Although FGFs have long been known to promote mesoder-

mal proliferation [10], studies in the developing autopod have

also demonstrated a role in the regulation of cell death. The

precise role of FGFs in this process, however, is far from clear

since both positive and negative FGF regulation has been re-

ported to inhibit BMP induced apoptosis. For example, Mon-

tero et al. [11] have shown that FGFs co-operate with BMPs in

the control of mesodermal apoptosis while disruption of FGF

in a mouse model has been demonstrated to lead to digital syn-

dactyly due to an inhibition of cell death [12]. Some further

observations regarding the role of FGF signalling in the devel-

opment of autopodal mesoderm, however, have been contro-

versial. For example, while interdigital cells in the chick have

been shown to respond to FGF4 by inhibiting apoptosis result-

ing in interdigital webbing, in the mouse only a transient de-

cline in apoptosis is seen having no effect on digit separation

[13]. Our present study of the developing autopod showed

Sulf1 to be up-regulated in response to FGF4. The effects of

FGF4 on apoptosis, however, were concentration dependent

since moderate, but not high or low, levels of FGF4 inhibited

apoptosis resulting in syndactly. Implantation of beads con-

taining high levels of FGF4, however, did result in an inhibi-

tion of apoptosis in the adjoining interdigital mesoderm

suggesting that the FGF signal formed a gradient within the

tissues of the autopod.
2. Materials and methods

2.1. Surgical procedures
Fertilized quail eggs incubated at 38 �C were used for all bead

implantations at developmental stage 27–28. For bead implantation
in the interdigital mesoderm, a fine slit was made between digits III
and IV using a sterile tungsten needle before insertion of an FGF4
or FGF inhibitor (SU5402) soaked bead. For bead implantation at
the tip of digital ray III, a fine slit was made in the digital tip before
insertion of FGF4 or SU5402 soaked beads. Embryos were re-incu-
bated at 38 �C and harvested 24 or 72 h post-surgery. For bead prep-
aration, Heparin acrylic beads (Sigma), size range 100–150 lm in
diameter, were washed in PBS before addition of 0.05–1 mg/ml
FGF4 protein in PBS/0.1%BSA (R&D Systems) or 2 mg/ml SU5402
(Calbiochem/CN Biosciences) in DMSO, for 1 h at room temperature.

2.2. Whole-mount in situ hybridisation procedure and probes
Embryos were processed for in situ hybridization as described previ-

ously [14]. Sense and antisense Sulf1 riboprobes (S1–17) were prepared
as described previously [4,14]. Sense probe showed no reaction in this
blished by Elsevier B.V. All rights reserved.
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study or earlier studies [4,14] and therefore was not used in subsequent
experiments. The Id2 riboprobe used in this study was the same as de-
scribed previously (with sense probe showing no reaction) [15]. Msx2
DNA kindly provided by Penny Thomas was linearised with Apa1
and transcribed with T3 RNA polymerase. BMP2, 4 and 7 DNAs were
kindly provided by Ketan Patel. BMP2 was linearised with HindIII
and transcribed with T3 polymerase. BMP4 was linearised with
BamH1 and transcribed with T3 RNA polymerase. BMP7 was linear-
ised with Xho1 and transcribed with T7 RNA polymerase. None of the
sense probes showed any staining. Some stained embryos were embed-
ded in 4% agar and 50–100 lm thick sections cut using a vibratome.

2.3. Micromass culture and RT-PCR analysis of limb mesenchymal cells
Limb buds were removed from stage 21–22 embryos and digested in

0.25% trypsin/EDTA at room temperature. The ectoderm was then re-
moved from each limb bud and the mesenchymal cells dispersed by
incubation at 37 �C with gentle shaking. Cells were plated as 10 ll
spots each containing 5 · 105 cells. Following one day of culture,
micromasses were treated with FGF4 (0, 1, 5, 10 ng/ml). Total RNA
was harvested from cultures following two days of treatment using Tri-
zol (Invitrogen). For RT-PCR analysis, RNA was reverse transcribed
using 3’ primers for both Sulf1 and b-actin. The reaction mixture was
then divided into two and PCR performed for either Sulf1 or b-actin.
Sulf1 primers were 5 0-CCTTGTGCTCACAGATGACC-30 (sense) and
5 0-GGCCTATGTGGGTATATCCTC-3 0 (antisense) while b-actin was
detected using the following primers: 5 0-CAATGAGCTGAGAG-
TAGCCC-30 (sense) and 5 0-GGGTGTTGAAGGTCTCAAAC-3 0

(antisense).
Fig. 1. Expression pattern of Sulf1(A), BMP2(B), BMP4(C),
Msx2(D1), Id2(D2) and BMP7(D3) after implantation of FGF4-
soaked beads (1 mg/ml) in the quail interdigital mesoderm between
digits III and IV (A–D) following 24 and 72 h incubation time periods;
Syndactyly between digits III and IV 72 h following implantation of
FGF beads loaded with 0.25–0.5 mg/ml FGF4 (E); and expression
pattern of Sulf1(F), BMP2(G) after FGF4 bead implantation at the tip
of digit III (D–F) following 24 and 72 h incubation time periods. The
identity of the digits is indicated by Roman numerals I, II, III and IV.
A2-C2 represent enlarged views of selected regions shown in A1–C1.
Red arrow-heads indicate the location of the FGF4 beads. The broken
white lines indicate the change in the width of interdigital mesoderm in
control versus treated interdigit III. White arrows in Fig. A3–D3
indicate the inhibition of apoptosis between digits II and III instead of
digits III and IV. Black arrows in F2 demonstrate increased Sulf1
expression in distal perichondrium although the spatial pattern in both
perichondrium and the joint line remains essentially similar to
contralateral control.
3. Results

3.1. FGF4 over-expression in both the interdigit and at the tip of

digit III differentially up-regulates Sulf1

At 24 h after implantation of an FGF4 bead (1 mg/ml) into

interdigit III, Sulf1 expression was up-regulated on either side

of the bead (Fig. 1A1 and A2). In contrast to this, the expres-

sion of BMP2 and BMP4 were slightly reduced around the

implanted bead (Fig. 1B1, B2, C1, and C2). At 24 h the

interdigital gap between digits III and IV had increased (white

dotted bars in Fig. 1B2–D2) and expression of both Id2 and

Msx2 in interdigit III also increased (Fig. 1D1 and D2). At

72 h after bead implantation the expression patterns of Sulf1,

BMP2 and BMP4 were generally similar to controls

(Fig. 1A3–C3). However, the morphological changes in the

digits were clearly apparent by this time point. With FGF4

beads loaded with 1 mg/ml separation of digits III and IV

was normal, however, the persistence of interdigital mesoderm

between digits II and III instead (white arrows in Fig. 1A3–

D3) suggested a concentration dependent effect on apoptosis.

This was further investigated by using beads soaked in differ-

ent concentrations (0.05–1 mg/ml) of FGF4 that showed a

dose dependent persistence of interdigital mesoderm between

digits III and IV. At lower doses of 0.05–0.1 mg/ml FGF4

concentration, the effects were minimal (data not shown), how-

ever, at doses between 0.25 and 0.5 mg/ml there was retention

of tissue within the interdigital region of bead implantation

(Fig. 1E).

The implantation of an FGF4 bead at the tip of digit III

markedly increased the expression of Sulf1 at 24 h of re-incu-

bation (Fig. 1F1, F2). Sulf1 expression in the perichondrium of

most normally developing digits (except the distal-most pha-

lange) is restricted to the distal half of the phalange [14]. High

levels of Sulf1 expression following FGF4 bead implantation,

however, were observed along the entire perichondrial length

of the phalange, encompassing both proximal and distal halves
(Fig. 1F2). A slightly increased Sulf1 expression along the lat-

eral sides of such phalanges was still apparent at 72 h, while a

slight reduction was observed in the joint line (Fig. 1F3). The

implantation of an FGF4 bead at the tip of digit III following

24 h re-incubation showed a reduction in expression of BMP2



Fig. 2. RT-PCR analysis of Sulf1 expression in micromass cultures of
limb bud mesenchyme treated with FGF4. Cultures were treated with
FGF4 (0–10 ng/ml) for two days prior to isolation of total RNA and
RT-PCR analysis.
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along both sides of digit III but not at a distance along the

adjoining lateral sides of digits II or IV (Fig. 1G1, G2). In con-

trast, BMP2 expression was slightly increased at 72 h

(Fig. 1G3). The fusion between digits II and III also became

apparent by 72 h from the merging of their BMP2 expression

domains (Fig. 1G3). Changes in the expression of BMP4

(not shown) were similar to those seen for BMP2 (Fig. 1G).

3.2. FGF4 up-regulates Sulf1 expression in cultured micromasses

of limb bud mesenchymal cells

RT-PCR analysis of micromass cultures showed a biphasic

dose dependent response of Sulf1 expression to treatment with

FGF4, with expression increasing up to 5 ng/ml and then

decreasing at 10 ng/ml (Fig. 2).

3.3. The over-expression of FGF inhibitor SU5402 in interdigit

III down-regulates Sulf1, while its over-expression at the tip

of digit III leads to cessation of phalange formation by

initially up-regulating Sulf1 at the distal tip

At 24 h after implantation of an SU5402 bead into the inter-

digital mesoderm expression of Sulf1 was down-regulated, par-

ticularly in the adjoining lateral sides of both digits III and IV

(Fig. 3A1, A2). However, at 72 h the pattern of Sulf1 expres-

sion along the adjoining perichondrial lengths of both digits

III and IV was up-regulated, showing a continuous lateral

expression and an inhibition of joint formation (Fig. 3A3,

A4). Vibratome sectioning of treated autopods confirmed the

inhibition of joint formation by SU5402 (Fig. 3A4). The

expression of both BMP2 and BMP4 was clearly up-regulated

in the interdigit at 24 and 72 h post bead implantation, how-

ever, there was little or no effect on BMP7 (Figs. 3B–D). The

expression of Id2 at 24 h after implantation of a SU5402 bead

was down-regulated in interdigit III, suggesting a lack of apop-

tosis between digits III and IV (Fig. 3E). This was confirmed at

72 h after bead implantation when autopods showed syndac-

tyly between digits III and IV (Fig. 3A3–E3). Inhibition of

the growth of the digits was also apparent from the reduced

digital length.

Implantation of an SU5402 bead at the tip of digit III

induced a region of ectopic expression of Sulf1 in the digital

tip at 24 h (Fig. 3F1, F2) leading to premature cessation of fur-

ther phalange formation (Fig. 3F3). Expression of BMP2 was

down-regulated slightly at both 24 and 72 h time points. The

effect of SU5402 on the expression of BMP4 in the digital tip

(data not shown) was similar to that observed for BMP2. At

72 h, treated autopods showed semi-truncated digits and soft

tissue syndactyly not only between digits III and IV but also

digits II and III (Fig. 3F3, G3).
4. Discussion

Sulf1 has the potential to regulate the activities of FGFs.

Thus feedback between FGF signalling and Sulf1 expression

could impact on both chondrogenesis and apoptosis in the

developing limb where both are widely expressed and impli-

cated in development and morphogenesis. Over-expression of

FGF4 in interdigit III down-regulated Sulf1 close to the bead

but up-regulated expression either side of the bead a short dis-

tance away as well as some increase in the adjoining joint line

approaching the distal tip. Over-expression of FGF4 at the tip

of digit III also resulted in an up-regulation of Sulf1 expression

at 24 h resulting in retarded digital growth. Upregulation of

Sulf1 by FGF signalling was also apparent in micromass cul-

tures of limb bud mesenchyme cells. This up-regulation of

Sulf1 by FGF4 could be acting as part of a negative feedback

loop inhibiting FGF signalling by desulfating HSPG co-recep-

tors required for FGF signalling. Although Sulf1 is expressed

at the distal leading edge of completed phalanges, it is specifi-

cally excluded from the advancing digital tip until the final

phalange is formed [14]. This pattern of expression is compat-

ible with studies showing that attenuation of FGF induces pre-

mature tip formation and the hypothesis that the digit tip

forms when FGF signalling ceases [16]. The absence of Sulf1

in the growing digit tip would permit FGF signalling until dig-

ital elongation is complete whereupon expression of Sulf1 in

the tip [14] would inhibit FGF signalling resulting in cessation

of further phalange formation.

In the developing limb FGFs have been described as inhib-

iting apoptosis in the short term (12 h), but enhancing apopto-

sis after 24 h by up-regulating BMP signalling [11]. Our results

with implantation of FGF4 beads differ from this showing a

dose dependent influence of this FGF. For example, the

implantation of a bead soaked in 1 mg/ml FGF4 in interdigit

III showed little or no effect on cell death in this interdigit as

observed by the normal separation of digits III and IV. It is

possible that apoptosis or cell death could have been slightly

accelerated in this interdigit but was not apparent from either

the 24 or 72 h time intervals investigated in this study. We in-

stead observed a very reproducible inhibitory effect of FGF4

on apoptosis in the adjacent interdigit II. Implantation of

FGF4 beads at the tip of digit III also inhibited cell death in

interdigit II resulting in the fusion of digits II and III. From

these results, we hypothesised that the FGF4 is diffusing to

form a gradient and that only at lower concentrations is there

an inhibition of apoptosis. We therefore went on to investigate

this further by implanting beads loaded with lower concentra-

tions of FGF4 into interdigit III. These experiments confirmed

the dose dependence of the effects of FGF4 on apoptosis with

low levels of FGF4 (0.05–0.1 mg/ml) having very little effect on

apoptosis, in either interdigit II or III, while moderate levels of

FGF4 (0.25–0.5 mg/ml) resulted in an inhibition of apoptosis

in interdigit III. We therefore conclude that only moderate lev-

els of FGF4 inhibit apoptosis while no effect is observed at

high or low concentrations near the implanted bead. Indeed,

FGFs have been shown to exhibit divergent concentration

dependent effects in other cell systems [17]. Although interdigit

II demonstrated inhibition of apoptosis as indicated by the fu-

sion of digits II and III, there was no evidence of significant

changes in the expression of BMPs. A slight increase in the

expression of Msx2 and Id2 indicates a possible acceleration

of apoptosis at high FGF4 concentration in interdigit III.



Fig. 3. Expression pattern of Sulf1 (A), BMP2 (B), BMP4 (C), BMP7 (D) and Id2 (E) after implantation of FGF inhibitor SU5402-soaked beads
(2 mg/ml) in the quail interdigital mesoderm between digits III and IV (A–E) following 24 and 72 h incubation time periods; and expression pattern
of Sulf1 (F) and BMP2(G), after SU5402 bead implantation at the tip of digit III following 24 and 72 h incubation time periods. The identity of the
digits is indicated by Roman numerals I, II, III and IV. A2–G2 represent enlarged views of selected regions (digits and interdigit III in A1–E1 and
digits III in F1 and G1) shown in A1–G1. Red arrow-heads indicate the location of the SU5402 beads. Red arrows indicate the position of the joints
in control digits. Black arrows in F2 indicate normal Sulf1 expression domain in not only the normal but also treated digit III. Digit III treated with
SU5402, in contrast shows an additional Sulf1 expression domain indicated by a blue arrow that is not present in the control. Such an expression
pattern characterises terminal digits of all normally developing phalanges [14]. Such induced pattern of Sulf1 by SU5402 therefore indicates
premature termination of digital growth.
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Implantation of beads loaded with an FGF inhibitor

(SU5402) into interdigital mesoderm initially down-regulated

Sulf1 expression, however, at 72 h the pattern of expression

was changed resulting in a continuous line of lateral expres-

sion rather than the normal interrupted expression. This
expression is most likely perichondrial as our earlier study

has shown that this tissue expresses Sulf1 [14]. Such a sus-

tained expression along the entire length of the perichondrium

may inhibit joint formation since Sulf1 expression in the nor-

mally developing digit is interrupted in the lateral regions
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near the joints with low level transient expression of Sulf1 in

the joint line [14]. Implantation of an SU5402 bead at the dig-

ital tip initially up-regulated Sulf1 expression and resulted in

an inhibition of growth and premature cessation of phalange

formation therefore supporting our earlier study showing that

over-expression of Sulf1 terminates further phalange forma-

tion [14]. The inhibition of interdigital apoptosis by

SU5402, leading to the fusion of digits III and IV, is in agree-

ment with observations by Montero et al. [11]. The fusion,

however, was not mediated through down-regulation of

BMPs since the levels of both BMP2 and BMP4 were consid-

erably increased. This therefore supports the hypothesis that

BMPs cannot induce apoptosis in the interdigit when FGF

signalling is blocked [11]. In contrast to this there was a

marked decrease in the expression of Id2 in interdigit III, sug-

gesting that Id2 is an important regulator of apoptosis in the

developing limb.

While this study shows that implantation of beads loaded

with either FGF4 or the inhibitor SU5402 into the tip of digit

III resulted in an increase in Sulf1 expression, it must be noted

that there are differences between the expression patterns in

these two cases. The Sulf1 expression pattern in a developing

phalange marks the sequential development of each digit

[14]. The penultimate digit is characterised by high levels of

Sulf1 expression in distal perichondrium with a lower level in

the joint line [14]. The last digit in contrast is characterised

by high levels of Sulf1 expression in the distal end that is be-

lieved to mark the cessation of further digit formation as FGFs

are inhibited by Sulf1 [14]. With FGF4 bead implantation at

the tip, the spatial Sulf1 expression pattern is essentially similar

to the pattern observed in the contralateral control although

the intensity of Sulf1 expression in the perichondrium had in-

creased considerably (arrows in Fig. 1F2). While FGF4 bead

implantation up-regulated Sulf1 characteristic of a penultimate

digit, up-regulation of Sulf1 by SU5402 in the distal position

resulted in an ectopic domain of Sulf1 expression (blue arrow

in Fig. 2F2) resembling the expression pattern of the distal-

most part of the digits seen at later stages of development

[14]. The ectopic Sulf1 expression by SU5402 clearly led to pre-

mature termination of digit formation resulting in a shortened

phalange observed at 72 h. This study therefore demonstrates

that the regulation of Sulf1 expression by FGFs is critical

for step-wise phalange generation and joint formation in the

limb.
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