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Abstract

Previous studies inDrosophila have shown that heparan sulfate proteoglycans (HSPGs) are involved in both breathless (btl)- and heartless (htl)-
mediated FGF signaling during embryogenesis. However, the mechanism(s) by which HSPGs control Btl and Htl signaling is unknown. Here we
show that dally-like (dlp, a Drosophila glypican) mutant embryos exhibit severe defects in tracheal morphogenesis and show a reduction in btl-
mediated FGF signaling activity. However, htl-dependent mesodermal cell migration is not affected in dlpmutant embryos. Furthermore, expression
of Dlp, but not other Drosophila HSPGs, can restore effectively the tracheal morphogenesis in dlp embryos. Rescue experiments in dlp embryos
demonstrate that Dlp functions only in Bnl/FGF receiving cells in a cell-autonomous manner, but is not essential for Bnl/FGF expression cells. To
further dissect the mechanism(s) of Dlp in Btl signaling, we analyzed the role of Dlp in Btl-mediated air sac tracheoblast formation in wing discs.
Mosaic analysis experiments show that removal of HSPG activity in FGF-producing or other surrounding cells does not affect tracheoblasts
migration, while HSPGmutant tracheoblast cells fail to receive FGF signaling. Together, our results argue strongly that HSPGs regulate Btl signaling
exclusively in FGF-receiving cells as co-receptors, but are not essential for the secretion and distribution of the FGF ligand. This mechanism is
distinct from HSPG functions in morphogen distribution, and is likely a general paradigm for HSPG functions in FGF signaling in Drosophila.
© 2007 Elsevier Inc. All rights reserved.
Keywords: FGF; Heparan sulfate proteoglycans; Dally; Dally-like (Dlp); Trachea; Air sac tracheoblast; Signaling; Morphogen
Introduction

During metazoan development, the formation of complex
body pattern is controlled by a handful of secreted signaling
molecules, including members of the Wnt, Hedgehog (Hh),
transforming growth factor-β (TGFβ) and fibroblast growth
factor (FGF) families. FGFs comprise a large family of proteins
that participate in numerous developmental and physiological
processes including patterning, cell migration and proliferation
(Coumoul and Deng, 2003; Itoh and Ornitz, 2004; Ornitz and
Itoh, 2001; Thisse and Thisse, 2005). In Drosophila, two FGF
receptors, Heartless (Htl) and Breathless (Btl), are expressed in
distinct patterns and mediate different developmental events
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during embryogenesis. Htl is expressed in the early embryonic
mesoderm where it is required for the dorsolateral migration of
mesoderm cells following gastrulation (Beiman et al., 1996;
Gisselbrecht et al., 1996; Michelson et al., 1998; Shishido et al.,
1993, 1997). Both pyramus and thisbe are identified as genes
encoding the FGF ligands for Htl (Gryzik and Muller, 2004;
Stathopoulos et al., 2004). btl is specifically expressed in
tracheal cells (Klambt et al., 1992; Shishido et al., 1993), which
migrate toward clusters of cells expressing the FGF ligand
Branchless (Bnl). Bnl functions as a motogen and guidance
molecule for tracheal cell migration during embryogenesis
(Sutherland et al., 1996). It is currently unknown whether Bnl
forms a gradient and whether such a presumptive gradient is
essential for guiding the migration of tracheal cells (Affolter and
Weijer, 2005).

Recently, Sato and Kornberg has characterized another Bnl/
Btl-mediated event, the development of the air sac of the dorsal
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thorax (Sato and Kornberg, 2002). The air sac precursor cells,
“the tracheoblasts”, develop just before metamorphosis and will
ultimately serve the adult organism. In this system, Bnl is ex-
pressed in the columnar epithelia of wing imaginal discs, where
it acts as a chemoattractant to guide the migration of the air sac
tracheoblasts on the top of columnar epithelia (Sato and
Kornberg, 2002). Further study showed that FGF signaling is
essential for the leading tracheal cells, as cells defective in FGF
signaling are excluded from the tip of the air sac (Cabernard and
Affolter, 2005). Consistent with this, recent genetic mosaic
analysis showed that Btl activity is also required for guiding the
migration of the leading tracheal cells during larva tracheal
development (Ghabrial and Krasnow, 2006). Drosophila
embryonic tracheal branching occurs only after cell division
ceases. However, air sac tracheoblasts develop and proliferate at
the same time. Since mosaic clonal analysis can be used
effectively in the imaginal discs, the air sac in the wing disc
provides an excellent model system to dissect further the
mechanism(s) of Bnl/Btl mediated tracheoblasts formation
(Cabernard et al., 2004).

It has long been appreciated that FGF signaling is facilitated
by heparan sulfate proteoglycans (HSPGs) (Ornitz, 2000).
HSPGs are cell-surface and extracellular matrix (ECM) mole-
cules composed of a protein core to which heparan sulfate (HS)
glycosaminoglycan (GAG) chains are attached (Bernfield et al.,
1999; Esko and Selleck, 2002; Hacker et al., 2005; Lin, 2004).
HSPGs are implicated in many developmental signaling path-
ways both in Drosophila and in vertebrates (Lin, 2004).
However, the mechanistic functions of HSPGs in these signaling
pathways are not well-understood. In Drosophila, there are two
glypicans (Division abnormally delayed (Dally) and Dally-like
(Dlp)) (Baeg et al., 2001; Khare and Baumgartner, 2000; Nakato
et al., 1995), one syndecan (Sdc) (Spring et al., 1994) and one
perlecan (Terribly reduced optic lobes (Trol)) (Datta and Kankel,
1992; Voigt et al., 2002). Glypicans and syndecans are linked to
the plasma membrane by a glycosylphosphatidylinositol (GPI)
anchor or a transmembrane domain, respectively. Perlecans are
secreted HSPGs that are mainly distributed in the ECM.
Previously, we have shown that both Htl- and Btl-mediated
signaling events are defective in embryos mutant for sugarless
(sgl) and sulfateless (sfl), which encode two enzymes required
for the biosynthesis of HSPG GAG chains (Hacker et al., 1997;
Lin et al., 1999). This study provides the first in vivo evidence
for a role of HSPGs in FGF signaling during development.
However, two important questions remained to be addressed.
First, which HSPG core protein is involved in Htl- and Btl-
mediated FGF signaling? Among four Drosophila HSPGs, the
glypicans Dally and Dlp are best characterized and are essential
for signaling activities of morphogens includingWingless (Wg),
Hh and Decapentaplegic (Dpp) (Hacker et al., 2005; Lin, 2004).
It is currently unknown whether they are also required for FGF
signaling. Second, as HSPGs control Wg, Hh and Dpp signaling
mainly by regulating the distribution of these secreted
molecules, it is important to determine whether HSPGs control
FGF-dependent processes by similar mechanisms. This is a
particularly interesting question as FGF functions as an
extracellularly diffusible and/or matrix-bound guidance cues
whose gradient might be essential for the directionality of
tracheal morphogenesis.

In this study, we have further defined the molecular mech-
anisms of HSPG-mediated FGF signaling in Drosophila. Our
analyses demonstrate that Dlp is essential for Btl-mediated
tracheal development, but is not critical for Htl signaling. We
further explore the mechanism of Dlp function in FGF signaling
by rescue experiments in dlp mutant embryos and by mosaic
analysis in air sac system. To our surprise, we found that Dlp
controls Btl signaling mainly in FGF-receiving cells, but not in
FGF-producing cells or its surrounding tissues. This mechanism
of HSPG activity in FGF signaling differs from its role in
morphogen signaling. Our new findings favour a model in
which HSPGs act as co-receptors to facilitate FGF/FGFR inter-
action and/or stabilization in FGF-receiving cells.
Materials and methods

Drosophila strains

The followingDrosophilamutant strains were used: dally80, dallyP2, dlpA187,
htlAB42, sfll(3)03844, wgIG22, btlLG19, bnlP1, bnlP2, 1-eve-1. dally80, dlpA187 (Han et
al., 2004b), htlAB42 (Gisselbrecht et al., 1996), sfll(3)03844 (Lin and Perrimon,
1999), wgIG22 (van den Heuvel et al., 1993), btlLG19 (Klambt et al., 1992), bnlP1

(Sutherland et al., 1996) are null alleles. dallyP2 and bnlP2 are enhancer-trap lacZ
lines used to visualize dally and bnl expression (Lin and Perrimon, 1999;
Sutherland et al., 1996). 1-eve-1 is a trachealess enhancer-trap line used to
visualize tracheal cells. The following UAS and Gal4 lines were used for ectopic
expression: UAS-dlp (Baeg et al., 2001), UAS-dally (Franch-Marro et al., 2005),
UAS-syndecan (Johnson et al., 2004), UAS-perlecan (Voigt et al., 2002), UAS-
dlp-GFP (Han et al., 2004b), UAS-btl-GFP (Sato and Kornberg, 2002), UAS-
GFP (flybase), UAS-CD8-GFP (Lee and Luo, 1999); btl-Gal4 (Shiga et al.,
1996), bnl-Gal4 (Kamimura et al., 2006), 69B-Gal4 (Brand and Perrimon, 1993),
sim-Gal4 (Golembo et al., 1996), paired-Gal4 (Yoffe et al., 1995), tubP-Gal80
(Lee and Luo, 1999).

Generation of germline clones and marked disc clones

Females with germline clones were generated by the autosomal FLP-DFS
technique (Chou and Perrimon, 1996). Negatively marked clones of mutant
cells in the wing disc were generated by the FLP-FRT method (Golic, 1991; Xu
and Rubin, 1993) and induced by subjecting first- or second-instar larvae to a
heat shock at 37 °C for 1 h. Mutation in Minute on chromosome 3L was used
to generate large clones of cells mutant for dlp, dally-dlp and sfl in disc
columnar epithelial cells (Han et al., 2005). Positively marked clones of mutant
cells in trachea were generated by the MARCM system (Lee and Luo, 1999).
Mutant alleles were crossed to the MARCM strain (y w hsp70-flp; btl-gal4,
UAS-CD8-GFP/CyO; tubP-gal80 FRT2A/TM6B); 2- to 10-h-old embryos were
heat shocked at 37 °C for 1.5 h. Below, we list the genotypes used in our
analysis.

Germline clones (Fig. 1)
dlpA187 germline clones: y w hsp70-flp; dlpA187 FRT2A/P[OvoD1]FRT2A

x dlpA187 FRT2A/TM6B
dally80dlpA187 germline clones: y w hsp70-flp; dally80 dlpA187 FRT2A/
P[OvoD1]FRT2A x dally80dlpA187 FRT2A/TM6B
trachealess expression in dlpA187 mutant embryo: y w hsp70-flp; dlpA187

FRT2A/P[OvoD1]FRT2A x dlpA187 FRT2A 1-eve-1/TM6B
dlpA187genetic interaction with bnlP1: y w hsp70-flp; dlpA187 FRT2A/
P[OvoD1]FRT2A x bnlP1/TM3
bnl expression in dlpA187mutant embryo: y w hsp70-flp; dlpA187 FRT2A/
P[OvoD1]FRT2A x dlpA187 FRT2A bnlP2/TM6B
Overexpression of bnl in dlpA187mutant embryo: y w hsp70-flp; dlpA187

btl-Gal4 FRT2A/P[OvoD1]FRT2A x dlpA187 FRT2A UAS-bnl/TM6B
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For rescue experiments (Fig 2):
btlLG19prd-Gal4/TM6B x btlLG19 UAS-btl-GFP/TM6B
y w hsp70-flp; dlpA187 btl-Gal4 FRT2A/P[OvoD1]FRT2A x dlpA187 UAS-
dlpFRT2A/TM6BAZ
y w hsp70-flp; dlpA187 bnl-Gal4 FRT2A/P[OvoD1]FRT2A x dlpA187 UAS-
dlpFRT2A/TM6BAZ
y w hsp70-flp; dlpA187 bnl-Gal4 FRT2A/P[OvoD1]FRT2A x btl-Gal4-UAS-
CD8-GFP/+; dlpA187 UAS-dlpFRT2A/+
y w hsp70-flp; dlpA187 UAS-dlp FRT2A/P[OvoD1]FRT2A x dlpA187 69B-Gal4
FRT2A/prd-Gal4 UAS-GFP
y w hsp70-flp; dlpA187FRT2A/P[OvoD1]FRT2A x sim-Gal4-UAS-dlp/+;
dlpA187UAS-eGFP/+
y w hsp70-flp; dlpA187 UAS-dlp FRT2A/P[OvoD1]FRT2A x dlpA187 prd-Gal4
FRT2A/TM6B
Fig. 1. Dlp is required for bnl/btl-dependent tracheal cell migration during embryoge
stage 15 embryos immunostained with 2A12 antibody. Insets show higher magnifi
maternal/zygotic null dlp embryo (B), virtually no tracheal branching occurs. This def
with dlp. One copy of bnlmutation can lead to strong tracheal defects combined with
Gal4 generates masses of fine branches (H). This phenotype is markedly suppressed
embryos stained with the diphospho-MAPK-specific antibody. The strong expression
positions in maternal/zygotic null dlp embryos (F). (G) β-Gal antibody staining of sta
form normally with respect to size and position in these mutant embryos. (J–M) Ven
mutant embryos (K), these Twi-positive mesodermal cells migrate normally in mate
MAPK staining: y w hsp70-flp; dlpA187 prd-Gal4 FRT2A/P[OvoD1]FRT2A x
UAS-dlp/+; dlpA187 FRT2A 1-eve-1/+
y w hsp70-flp; dlpA187 prd-Gal4 FRT2A/P[OvoD1]FRT2A x UAS-dallyflag/+;
dlpA187 UAS-eGFP FRT2A/+
y w hsp70-flp; dlpA187 prd-Gal4 FRT2A/P[OvoD1]FRT2A x UAS-syndecan/
+; dlpA187 UAS-eGFP FRT2A/+
y w hsp70-flp; dlpA187 prd-Gal4 FRT2A/P[OvoD1]FRT2A x UAS-perlecan/
Y; dlpA187 UAS-eGFP FRT2A/+

Wing disc clones mutant for dally-dlp or sfl marked by absence of GFP (Fig. 4)
y w hsp70-flp/y w hsp70-flp; hsp70-Myc-GFP M(3)i55 FRT2A/
dally80dlpA187FRT2AbnlP2

y w hsp70-flp/y w hsp70-flp; hsp70-Myc-GFP M(3)i55 FRT2A/
sfll(3)03844FRT2AbnlP2
nesis. All embryos are oriented anterior to the left. (A–D, H–I) Lateral views of
cation of a single typical tracheal metamere. (A) Wild-type tracheal pattern. In
ect is completely paternally rescued (C). (D) bnl shows strong genetic interaction
dlpmaternal mutation. In wild-type embryos, overexpression of UAS-bnl by btl-
in maternal/zygotic dlp mutant background (I). (E–F) Lateral views of stage 11
observed in wild-type (E) tracheal pits is markedly reduced in the corresponding
ge 11 maternal/zygotic dlpmutant embryos, which contain 1-eve-1. Tracheal pits
tral views of stage 9 embryos immunostained for Twi expression. Unlike in htl
rnal/zygotic null dlp (L) or dally-dlp (M) mutant embryos.
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Tracheal clones mutant for dlp, dally-dlp, sfl or wild type clones marked by the
presence of GFP (Fig. 5)

y w hsp70-flp/y w hsp70-flp; btl-gal4 UAS-CD8-GFP/+; tubP-gal80 FRT2A/
FRT2A

y w hsp70-flp/y w hsp70-flp; btl-gal4 UAS-CD8-GFP/+; tubP-gal80 FRT2A/
dlpA187FRT2A

y w hsp70-flp/y w hsp70-flp; btl-gal4 UAS-CD8-GFP/+; tubgal80 FRT2A/
dally80FRT2A

y w hsp70-flp/y w hsp70-flp; btl-gal4 UAS-CD8-GFP/+; tubP-gal80 FRT2A/
dally80dlpA187FRT2A

y w hsp70-flp/y w hsp70-flp; btl-gal4 UAS-CD8-GFP/UAS-dlp; tubP-gal80
FRT2A/dally80dlpA187FRT2A

y w hsp70-flp/y w hsp70-flp; btl-gal4 UAS-CD8-GFP/+; tubP-gal80 FRT2A/
sfll(3)03844FRT2A

Immunostainings

Fixation of embryos and imaginal discs as well as antibody staining
procedure were performed as described (Belenkaya et al., 2002; Hacker et al.,
1997; Han et al., 2004a). Primary antibodies were used at the following
dilutions: mouse anti-tracheal lumen antibody mAb2A12 (1:5) (Iowa Develop-
mental Studies Hybridoma Bank; IDSHB), mouse anti-diphospho-MAPK
(1:200) (Sigma), rabbit anti-Twist (1:1000) (Michelson et al., 1998), rabbit anti-
Dlp (1:200) (Baeg et al., 2001), rat anti-E-Cadherin (1:5) (IDSHB), rabbit anti-
β-Gal (1:500) (Cappel), mouse anti-β-Gal (1:3000) (Roche), chicken anti-β-Gal
(1:1000) (Abcam), rabbit anti-GFP Alexa Fluor 488 (1:1000) (Molecular
Probes), mouse anti-GFP (1:200) (Chemicon), mouse anti-Dlp (1:50)(Lum et
al., 2003), rabbit anti-Sal (1:150)(Belenkaya et al., 2004). The primary
antibodies were detected by fluorescent-conjugated secondary antibodies from
Jackson ImmunoResearch Laboratories or ABC kit from Vectastain.
Results

Dlp is required for Btl-dependent tracheal development during
embryogenesis

To dissect the molecular mechanisms by which HSPGs
control FGF signaling in Drosophila, we first asked which
HSPG is involved in Htl- and Btl-mediated signaling. As dlp
mutant embryos are embryonic lethal (Han et al., 2004b), we
suspected that Dlp may be involved in FGF signaling during
embyogenesis. Therefore, we analyzed tracheal branching and
mesodermal migration phenotypes associated with dlp null
mutant embryos. dlp homozygous mutant embryos derived from
females lacking maternal dlp activity (referred to as dlp embryos
hereafter) were generated by “FLP-DFS” technique (Chou and
Perrimon, 1996). To visualize Drosophila embryonic tracheal
system, we used a monoclonal antibody 2A12 which recognizes
tracheal lumen. We observed severe tracheal branching defects
in dlp embryos (Fig. 1B). This defect is very similar to those
Fig. 2. Rescue of dlpmutant embryos by ectopic expression of UAS-dlp in different d
stained with the tracheal lumenal antibody 2A12. (A–D, F–G) dlpmutant embryos ar
(A), FGF expression cells (bnl-Gal4) (B), tracheal cells (btl-Gal4) (C), both FGF expr
every other segment (prd-Gal4) (G). Ectopic expression in whole ectoderm can alm
ventral midline cells fail to rescue (B, F). btl-Gal4 rescued embryos develop an exten
segmentation defect associated with other signaling pathways. In fact, this phenotype
and bnl-Gal4 are similar to those rescued by btl-Gal4 alone (D). Ectopic expression
alternative truncations in dlp embryos (G). This phenotype is very similar to that i
embryos ectopically expressing UAS-dally (J), UAS-syndecan (K) and UAS-perlec
embryos compared to Dlp expression (G). (M–N′′′) Stage 11 (M–M′′′) and 13 (N–N
N), Dlp (M′, N′) and diphospho-MAPK (M′′′, N′′′). The first two channels are me
observed in embryos mutant for bnl, btl (Fig. 2H), sgl or sfl
(Klambt et al., 1992; Lin et al., 1999; Sutherland et al., 1996),
suggesting that Dlp is the main HSPG required for Btl signaling
during tracheal development. The following three lines of
evidence further support our hypothesis. First, tracheal defect
associated with dlp embryos is completely paternally rescuable
as one copy of paternal wild-type dlp can rescue the tracheal
defect associated with dlp embryos (Fig. 1C). However, when
the paternal chromosome contains a bnl mutation, multiple
truncations and branching defects were observed in the trachea
of these embryos, suggesting that dlp shows strong genetic
interaction with bnl (Fig. 1D). Second, Btl signaling is required
for activation of MAPK in the tracheal pits at stage 11 (Gabay et
al., 1997a, b). Btl-dependent MAPK activity visualized by
diphospho-MAPK-specific antibody staining is shown in 10
tracheal pits (T1-A7) in a wild-type embryo at stage 11 (Fig. 1E).
This Btl-dependent MAPK activity is strikingly reduced in dlp
embryos (Fig. 1F). The reduced Btl-dependentMAPK activity is
not due to lack of tracheal anlagen, as tracheal anlagen
determined by the enhancer trap fly line 1-eve-1 is normal in
dlp embryos (Fig. 1G) (Perrimon et al., 1991). Finally, in
wild-type embryos, ectopic expression of bnl in tracheal cells
hyperactivates Btl signaling, leading to a marked increase in fine
tracheal branching (Fig. 1H). This effect is suppressed in dlp
embryos (Fig. 1I). This data also suggests that Dlp is required in
FGF-receiving cells. It is worthwhile to note that Bnl expression
is not defective in dlp embryos (see Figure S1 in the
supplemental materials). In addition, dlp embryos exhibited
more severe morphological defects than btl or bnl mutant
embryos. This is due to patterning defects associated with Wg
and Hh signalling as Dlp is required for Hh and Wg signalling
during embryogenesis (Baeg et al., 2001; Desbordes and
Sanson, 2003; Franch-Marro et al., 2005; Han et al., 2004b;
Kirkpatrick et al., 2004). Taken together, our results argue that
Dlp is essential for Bnl/Btl-dependent FGF signaling during
embryonic tracheal development.

We further asked whether Dlp is involved in mesodermal cell
migration controlled by Htl which requires HSPGs for its
signaling (Lin et al., 1999). Mesodermal cell migration can be
visualized by Twist (Twi) staining. After invagination through
the ventral furrow at gastrulation, Twi-positive mesodermal cells
migrate along the ectoderm in a dorsolateral direction (Fig. 1J).
In htl mutant embryos, mesoderm migration does not occur
properly, resulting in an irregular pattern of Twi-positive cells in
the dorsal margin (Fig. 1K) (Beiman et al., 1996; Gisselbrecht et
al., 1996; Michelson et al., 1998). Interestingly, Twi-positive
omains or by other HSPG core proteins. (A–L) Lateral view of stage 15 embryos
e rescued by ectopic expression of UAS-dlp in whole ectoderm cells (69B-Gal4)
ession and tracheal cells (D), ventral midline cells (sim-Gal4) (F), or ectoderm in
ost completely rescue dlp embryos (A). Expressions in FGF expression cells or
sive tracheal network which has an abnormal pattern (C). This is possibly due to
is similar to that in Wg mutant embryos (E). Embryos rescued by both btl-Gal4
in ectoderm of every other segment can rescue most of the tracheal defect with
n btl mutant embryos rescued by prd-Gal4/UAS-btl-GFP (I). (J–L) dlp mutant
an (L) by prd-Gal4. None of these HSPG core proteins is able to rescue dlp
′′′) dlp embryos rescued by prd-Gal4/UAS-dlp stained for trachealess-lacZ (M,
rged in panels M′′ and N′′ to indicate overlapping region (arrows).
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cells have an even distribution of migrating margins, suggesting
that mesodermal cell migration is normal in dlp embryos
(Fig. 1L). Similarly, mesodermal cell migration is normal in
dally-dlp double mutant embryos, which are derived from
females with germline clones (Fig. 1M). These data argue that
neither Dally nor Dlp is required in Htl-dependent mesodermal
cell migration. Alternatively, Dally and Dlp may be redundant
with Syndecan or Perlecan in Htl signaling.

Mechanism of Dlp function in FGF signaling during
embryonic tracheal development

To further determine the mechanism and specificity of Dlp in
FGF signaling, we performed three series of rescue experiments.
First, we asked which cells require Dlp in FGF signaling. To
address this question, we ectopically expressed a transgene dlp
in different domains to rescue dlp embryos by the Gal4–UAS
system (Brand and Perrimon, 1993).WhenUAS-dlp is expressed
in the whole embryonic ectoderm by 69B-Gal4 (for all Gal4
expression pattern, see Figure S2 in the supplemental materials)
in dlp embryos, the tracheal defect is almost completely rescued
(Fig. 2A). However, when UAS-dlp is induced in FGF
expression cells by bnl-Gal4, almost no rescue was observed
compared to dlp embryos (Fig. 2B). Interestingly, when UAS-
dlp is only expressed by btl-Gal4 in FGF receiving cells, the
tracheal cells, we observed significant rescue of the tracheal
defect (Fig. 2C). Furthermore, when we provide UAS-dlp in
both FGF expression and receiving cells by a combination of
bnl-Gal4 and btl-Gal4, the tracheal phenotype appears very
similar to that rescued by btl-Gal4 alone (Fig. 2D). These data
together argue that Dlp is only required in FGF receiving cells,
but not in FGF producing cells. The rescue is not complete
probably due to patterning defect in these embryos, as Dlp is also
required for signaling activities ofWg andHh (Baeg et al., 2001;
Desbordes and Sanson, 2003; Franch-Marro et al., 2005; Han et
al., 2004b; Kirkpatrick et al., 2004). In fact, the btl-Gal4 rescued
tracheal phenotype is similar to that in a Wg mutant embryo
(Fig. 2E). In particular, the dorsal trunk tracheal cells are less
rescued in these embryos (Figs. 2C, D). This is likely due to a
reduced Spalt (Sal) expression in these embryos (see Figure S3
in the supplemental materials) as Sal expression is regulated by
Wg signaling and is required for dorsal trunk tracheal
development (Kuhnlein and Schuh, 1996; Llimargas, 2000).

Above experiments suggest a role of Dlp in tracheal cells for
FGF signaling. Next, we asked whether Dlp functions cell-
autonomously in FGF signaling as Dlp acts non-autonomously
over a long range in Hh signaling in embryo (unpublished data).
The following three experiments argue that Dlp is required
Fig. 3. Both dlp and dally are expressed in the air sac tracheoblasts. (A) Schematic d
third instar larvae. (B–B′′) Air sac tracheoblasts are outlined by E-Cadherin staining
Gal staining using a bnl-lacZ line (B′). Images from different focal planes are merged
GFP (C′), and are counterstained with E-Cadherin (C). (D–D′′) Dlp immunostaini
staining using a bnl-lacZ line. The first two channels are merged in (D′′) to indicate r
that Dlp protein is expressed in the air sac tracheoblasts (E′), which is marked by btl-G
cells (E'), which are outlined by Twist staining (E′′). (E) and (E′) are merged in panel E
which express UAS-dlp-GFP by btl-Gal4. Dlp-GFP is localized in multiple filopodia
line demonstrates that dally is also expressed in the air sac tracheoblasts (F′). Dally
autonomously in tracheal cells. First, the tracheal defect can not
be rescued by ectopic expression of UAS-dlp in ventral midline
cells by singleminded-Gal4 (sim-Gal4), which have certain
distance from tracheal cells (Fig. 2F). Second, when UAS-dlp is
expressed by paired-Gal4 (prd-Gal4), which is expressed in
every other segment, the MAPK activity can only be restored
autonomously in tracheal cells which overlap with Dlp
expression domain (Figs. 2M–M′′′). Third, the tracheal
phenotype rescued by prd-Gal4/UAS-dlp (Fig. 2G) is almost
identical to those in btl mutant embryos background rescued by
prd-Gal4/UAS-btl-GFP (Figs. 2H–I), suggesting Dlp functions
similarly to Btl as a co-receptor. Interestingly, the rescue of dlp
or btl by expression of prd-Gal4/UAS-dlp or UAS-btl-GFP is
quite complete, even in tracheal pits which do not overlap
significantly with prd-Gal4 expression domains. We took a
closer look at those embryos and found that in stage 13 the even-
numbered tracheal trees overlap significantly with prd-Gal4
expression domain (T2 and A1 in Figs. 2N–N′′′). Although the
main body of odd-numbered tracheal trees do not lie under the
prd-Gal4 expression domain, the tips of these tracheal trees
can still overlap with the prd domain and restore MAPK activity
(T3 in Figs. 2N–N′′′). From these findings, we conclude that
Dlp functions autonomously in tracheal cells and it appears to be
required in just a few tip cells.

Finally, we asked whether ectopic expression of other HSPGs
can restore tracheal defect in dlp embryos. UAS-dally, UAS-
syndecan or UAS-perlecan are ectopically expressed by prd-
Gal4. In striking contrast with dlp expression, none of these
HSPGs can rescue the tracheal defects associated with dlp
embryos (Figs. 2J–L). Similarly, ectopic expression of these
HSPGs by btl-Gal4 in tracheal cells also fails to restore tracheal
defects (data not shown). These data demonstrate that Dlp can
provide specific activity for Btl signaling during embryogenesis.

Both Dlp and Dally are up-regulated in the air sac
tracheoblast cells of the wing disc

Our embryonic data suggest that HSPGs are only required in
FGF receiving cells as co-receptors, we further ask if this is a
general paradigm in other FGF mediated events in Drosophila.
Recent studies demonstrated that Bnl/Btl signaling is essential
for the formation of the air sac tracheoblasts in the wing disc
(Cabernard andAffolter, 2005; Sato andKornberg, 2002). In this
system, Btl is expressed in tracheoblast cells while Bnl is
expressed in the underlying columnar epithelial cells acting as a
chemoattractant to induce the migration of tracheoblasts
(Fig. 3A) (Sato and Kornberg, 2002). As mosaic mutant clones
can be induced independently in tracheoblast cells and their
rawing of wing imaginal disc and associated air sac tracheoblast cells in the late
(B). They migrate towards the gradient of Bnl expression, which is shown by β-
in panel B′′. (C–C′′) Air sac tracheoblasts are outlined by btl-Gal4, UAS-CD8-
ng shows Dlp is expressed in columnar epithelial cells (D′). (D) shows β-Gal
elative position of Dlp and Bnl expression. (E–E′′′′) Dlp immunostaining shows
al4, UAS-cytoplasmic GFP (E). In contrast, dlp is not expressed in mesodermal
′′′; all three channels are merged in panel E′′′′. (F) Image of living tracheoblasts
extending from these cells (arrows). (G–G′′) β-Gal staining using a dally-lacZ
expression is absent from mesodermal muscle precursor cells.
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underlying columnar epithelial cells, the wing air sac system
provides an excellent model system to further define the
functions of HSPGs in tracheal cells or in underlying columnar
epithelial cells.

We marked the air sac tracheoblasts using UAS-CD8-GFP
driven by the btl-Gal4 (Fig. 3C′). We also stained the
tracheoblasts by E-Cadherin, the adherent junction marker
(Figs. 3B, C). It is worthwhile to note that although these cells
are changing their morphology dynamically, theymaintain intact
polarity as demonstrated by E-Cadherin staining. The expression
of Bnl was visualized by LacZ staining utilizing a bnl-LacZ line
(Sutherland et al., 1996) (Figs. 3B′, D). From the composite
image of E-Cadherin and LacZ staining in two cell layers
(Fig. 3Bʺ), we observed Bnl expression in underlying epithelium
and tracheoblast formation toward the direction of Bnl
expression cells.

As a first step to determine the role of Dlp in this process, we
examined dlp expression using an anti-Dlp antibody (Lum et al.,
2003). We found that Dlp is expressed in the plasma membrane
of the tracheoblast cells (Figs. 3E–E′′′). Importantly, a Dlp–
GFP fusion protein is distributed in the multiple filopodia
extending from the leading air sac cells (Fig. 3F, arrows). The
expression pattern of Dlp suggests its possible involvement in
reception of FGF. Dlp is also expressed abundantly in the
columnar epithelial layer including the Bnl expression cells
(Figs. 3D′, Dʺ). In contrast, Dlp is not expressed in Htl-positive
muscle precursor cells (Figs. 3E′–E′′′′) which surround tracheal
cells in the notum region of the wing discs.

We also examined Dally expression using dallyP2, a dally
enhancer trap lacZ line. Dally is also highly expressed in the
tracheoblast cells (Figs. 3G′, Gʺ). Interestingly, Dally expres-
sion is also absent in muscle cells (Figs. 3G′, Gʺ). The absence
of both Dlp and Dally in Htl-expressing cells suggests that they
are not involved in Htl signaling in the wing disc. This result is
consistent with the embryonic data that Dlp and Dally are not
essential for Htl signaling during mesodermal cell migration
(Figs. 1J–M).

Removal of HSPGs in FGF producing cells and other
surrounding columnar epithelia cells does not affect
tracheoblast formation

The wing disc air sac can be used to determine whether
HSPGs are required for FGF signaling in tracheal cells (btl
expressing cells) or/and their underlying columnar epithelial
cells which produce Bnl (Fig. 3). We and others have
previously shown that HSPGs are essential for the distribution
of HSPG-binding morphogen molecules including Wg, Hh and
Dpp (Baeg et al., 2004; Belenkaya et al., 2004; Bornemann et
al., 2004; Franch-Marro et al., 2005; Han et al., 2004a,b, 2005;
Kirkpatrick et al., 2004; Kreuger et al., 2004; Takei et al.,
2004). HSPGs might be essential for the distribution of Bnl
and possibly the gradient formation of Bnl in the columnar
epithelial cells. Alternatively, HSPGs might be only required
for Bnl/Btl signaling in FGF receiving cells, the tracheoblast
cells. To distinguish these possibilities, we generated big
HSPG mutant clones which cover completely the Bnl ex-
pressing cells and their surrounding columnar epithelial cells.
First, large clones mutant for dlp (data not shown) or dally-dlp
double mutant in the columnar epithelium cells were generated
(Figs. 4A1–A1′′′, A2–A2′′′). In these clones Bnl expression is
not affected as shown by bnl-LacZ (Figs. 4A1ʺ, A2ʺ).
Interestingly, we do not detect any defects in air sac
tracheoblast formation even when the mutant clones cover
almost the whole notum region (Figs. 4A1, A2). We also
generated large clones mutant for sfl which is required for the
GAG biosynthesis of all HSPGs (Lin and Perrimon, 1999).
Consistent with the results from dally-dlp clones, tracheoblasts
can develop normally on the top of sfl defective columnar
epithelium cells including Bnl producing cells (Figs. 4B1–B2′′′).
More than 20 big clones of dally-dlp and sfl, which cover the
whole Bnl producing cells and their surrounding cells, were
examined and virtually identical results were observed.
Collectively, these data argue that the presence of HSPGs in
underlying columnar epithelial cells including Bnl producing
cells is not critical for FGF-mediated air sac tracheoblast
formation.

Both Dally and Dlp are required for tracheoblast cells to
receive FGF signaling

Next, we asked whether HSPGs are required for FGF sig-
naling in FGF receiving cells, the air sac cells. Our embryonic
data suggest that activation of FGF signaling in only a few tip
cells can rescue tracheal development quite completely (Figs.
2G, H, I, N–N′′′). Consistent with our result, recent studies by
others (Cabernard and Affolter, 2005; Ghabrial and Krasnow,
2006) suggested that in larval dorsal branches and in air sac
tracheoblasts, FGF signaling is dispensable for all the trailing
tracheal cells, but is only required in the leading or tip cells.
Tracheal cells defective in FGF signaling are unable to locate at
the tip region of the air sac. Thus, we used this ‘no tip cell'
phenotype as a read-out for FGF signaling defect in
tracheoblast cells. We generated homozygous mutant clones
in the air sac using the MARCM technique, in which only the
mutant cells expressing CD8-GFP can be recognized (Lee and
Luo, 1999).

First, we induced clones of wild-type cells to examine how
wild-type cells behave during air sac formation. As expected,
clones of wild-type cells were found in all the locations of the air
sac. Among the 45 clones examined, more than 30% of clones
contain cells located at the tip of the air sac (Figs. 5A1–A3, G).
Next, we generated dlp homozygous mutant clones in air sac
cells. Of the 58 clones examined, more than 30% of clones reach
the tip region (Figs. 5B1–B3, G). This ratio is similar to wild-
type clones suggesting that Dlp is dispensable for the tip air sac
cells to respond to FGF signaling. This result is surprising as Dlp
is required for embryonic tracheal development and is speci-
fically expressed in air sac cells. We reasoned that Dally might
play a redundant role in this circumstance. Therefore, we exa-
mined dally or dally-dlp double mutant clones. 25% of dally
clones (n=39) are observed in the tip region while none of dally-
dlp clones (n=45) is able to locate at the tip region (Figs.
5C1–D3, G). Furthermore, expression of Dlp in dally-dlpmutant



Fig. 4. HSPGs are dispensable in FGF/Bnl producing cells and surrounding cells. All wing discs are oriented ventral up, anterior to the left. All mutant clones are
generated in the columnar epithelial layer, which are marked by the absence of GFP (the second column). E-Cadherin staining (the first column) is used to outline
migrating air sac tracheoblasts. bnl expression is demonstrated by β-Gal staining (the third column) utilizing a bnl-lacZ line. The E-Cadherin staining images are taken
at the tracheoblast layer, while the GFP and β-Gal staining pictures are taken at the columnar epithelial layer. Different focal planes are merged in the fourth column.
For dally-dlp or sfl, two representative mutant clones are shown. Big dally-dlp (A1–A2′′′) or sfl (B1–B2′′′) mutant clones in columnar epithelial cell layer do not
interfere tracheoblast cell migration. bnl expression is also not affected in these mutant clones.
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clones can rescue this defect (Figs. 5E1–E3, G). These data
suggest that both Dally and Dlp are required for the tip air sac
cells to respond to FGF signaling. We also examined sfl mutant
clones and found none of them (n=30) is able to populate the tip
region, suggesting that HS chains in Dally and Dlp are essential
for FGF signaling (Figs. 5F1–F3, G). It is noteworthy to mention
that the size of dally-dlp and sflmutant clones is not significantly
reduced compared to wild-type clones (Figs. 5D1–D3, F1–F3)
(see supplemental data S4). These data argue that EGF signaling
pathway is not affected in these mutant clones as EGF signaling
is important for air sac cell proliferation and survival (Cabernard
and Affolter, 2005). Collectively, our results argue strongly that
HSPGs are required for air sac precursor cells to relay FGF
signals, while they are dispensable in columnar epithelial cells
including FGF producing cells. These results also are consistent
with our embryonic data, demonstrating that HSPGs regulate
FGF signaling in tracheal cells (the FGF-receiving cells) in both
systems.
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Discussion

There are three main important findings in this work. First,
we have identified Dlp as an essential molecule required for
tracheal development. Dlp is required for Btl-mediated tracheal
branching during embryogenesis while both Dlp and Dally are
involved in the formation of air sac tracheoblasts in the wing
disc. Second, our data show that other HSPGs cannot replace
Dlp for Btl signaling during embryogenesis and that both Dlp
and Dally are not essential for Htl-mediated mesodermal cell
migration. These data demonstrate that different FGFs may
require different HSPGs to execute their effective signaling
activities during development. Third and most importantly, we
provide strong evidence that Dlp controls Btl signaling only in
FGF-receiving cells in both embryonic and larval tracheal
systems. This mechanism of HSPG activity in FGF signaling is
very different from its roles in regulating the signaling activities
of morphogens including Wnt, Hh and Dpp. Together, our new
findings further define novel mechanisms and the specificities
of HSPGs in FGF signaling during development.

Dlp is the major HSPG involved in Btl-mediated FGF
signaling

Extensive biochemical and cell culture studies suggest that
HSPGs are the part of the FGF/FGFR signaling complex
(Ornitz, 2000; Ornitz and Itoh, 2001). However, the mechanisms
of HSPGs in FGF signaling during development are less known.
Previously, we have shown that embryos mutant for two HSPG
biosynthesis enzymes, sgl and sfl, exhibit defects in both Btl-
and Htl-mediated FGF signaling (Lin et al., 1999). An important
issue remaining to be solved is which HSPG core proteins are
involved in these signaling events. The data in this work provide
strong evidence for the first time that Dlp is the key molecule
required for Btl signaling during embryonic tracheal develop-
ment, while both Dlp and Dally are involved in the Btl mediated
air sac tracheoblasts formation in the wing disc. Our results
provide several novel insights into the specificity of individual
HSPG in FGF signaling. First, Dlp is involved in Btl signaling,
but not in Htl signaling. These findings indicate that different
FGF/FGFR complexes may require different HSPGs for their
signaling activities. Second, Dlp is highly active and specific for
Btl signaling; overexpression of the other three Drosophila
HSPGs fail to rescue tracheal defects in dlp embryos. The
specific activity of Dlp in Btl signaling could be due to the Dlp
protein core or the HS GAG chains attached to the Dlp core
protein. In this regard, it is especially surprising that Dally,
which has 22% identity with Dlp and also bears a GPI anchor,
Fig. 5. Both dally and dlp are essential in FGF/Bnl receiving cells. All mutant clones a
CD8-GFP; the entire air sac is outlined with E-Cadherin staining. (A1–A3) Three re
tracheoblasts (the most distal part of air sac). (B1–B3) Three representative dlp mu
representative dallymutant clones located in the tip region of migrating tracheoblasts.
the tip of air sac. (E1–E3) Three representative dally-dlp mutant clones rescued by U
Three representative sfl mutant clones. These clones never reach the tip of air sac. (
Among 45 Wild-type clones, 33% contribute to the tip region. Among 58 dlp mutan
contribute to the tip region. Among 45 dally-dlp or 30 sfl mutant clones, none of the
24% contribute to the tip region.
cannot rescue tracheal phenotypes associated with dlp embryos.
As Dlp is involved in several other signaling pathways such as
Hh (Desbordes and Sanson, 2003; Han et al., 2004b), Wg (Baeg
et al., 2001, 2004; Franch-Marro et al., 2005; Han et al., 2005;
Kirkpatrick et al., 2004; Kreuger et al., 2004), and Dpp
(Belenkaya et al., 2004), it is unlikely that Dlp core protein
interacts with the ligands directly. In this regard, it is worthwhile
to note that ectopic expression of Dally also fails to rescue Hh
signaling in dlp embryos (data not shown). We propose that Dlp
may have unique HS GAG chains that might provide high and
specific activity for ligands such as Bnl and Hh.

The biosynthesis of HS GAG chains is determined by the
HSPG protein core in which the GAG attachment sites and other
protein parts such as the N-terminal cystenine-rich domain
control both quantity and quality of the attached GAG chains
(Esko and Selleck, 2002; Lin, 2004). Detailed structure and
functional studies of Dlp will further help to define specific
requirements of the core protein or GAG attachment sites in FGF
signaling. Furthermore, the unique GAG chains may be
modified by specific enzymes. In this regard, it is particularly
important to note that 6-O sulfation of HS is critical for Btl
signaling, as Drosophila heparan sulfate 6-O-sulfotransferase
is specifically expressed in embryonic tracheal system and is
required for Btl signaling during embryogenesis (Kamimura et
al., 2001). More recent study showed that the overall sulfation
level is more important than strictly defined HS fine structures
for FGF signaling in some developmental contexts (Kamimura
et al., 2006). In this regard, we suggest that Dlp may be the
optimal substrate for sulfation enzymes during embryogenesis.
Therefore, the activity of Dlp in FGF signaling during embryo-
genesis cannot be replaced by other HSPGs including Dally,
Syndecan and Perlecan.

Although Dlp is essential for Btl signaling during embryo-
genesis, both Dally and Dlp are involved in Btl signaling in air
sac tracheoblast cells. Similarly, our previous studies showed
that both Dally and Dlp are involved in regulating Wg, Hh and
Dpp distribution in the wing disc (Belenkaya et al., 2004; Han et
al., 2004b, 2005). The different functions of the same HSPG in
embryos and discs may reflect temporal and developmental
stage dependent regulation of HSPG functions (Allen and
Rapraeger, 2003).

Mechanism(s) of HSPG function in FGF signaling

While it is well established that HSPGs can regulate FGF
signaling by facilitating FGF/FGFR interaction (Ornitz, 2000), it
is unknown whether HSPGs can also control FGF distribution,
thereby modulating FGF signaling. This is a particularly
re generated in the air sac tracheoblast cells. The clones are positively marked by
presentative wild-type clones, which are located in the tip region of migrating
tant clones located in the tip region of migrating tracheoblasts. (C1–C3) Three
(D1–D3) Three representative dally-dlpmutant clones. These clones never reach
AS-dlp. They can localize in the tip region of migrating tracheoblasts. (F1–F3)
G) Statistic data demonstrate ratio of clones that contribute to the tip of air sac.
t clones, 38% contribute to the tip region. Among 39 dally mutant clones, 25%
m reach the tip region. Among 38 dally-dlp mutant clones rescued by UAS-dlp,
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important issue as in many developmental contexts FGF ligand
is produced in one type of cell and acts on other cells to initiate its
biological activity (Thisse and Thisse, 2005; Zhang et al., 2006).
One important finding of this work is that HSPGs control
tracheal morphogenesis by regulating FGF signaling only in
FGF-receiving cells, but not by regulating the secretion or
distribution of FGF ligand in its producing cells and surrounding
cells. Several important results support our conclusion: 1. dlp
mutant embryos can suppress the phenotype of overexpressing
Bnl in the tracheal cells. 2. Ectopic expression of Dlp in tracheal
cells, rather than FGF expression cells, can effectively restore
tracheal defects associated with dlp embryos. 3. Embryos
rescued by prd-Gal4/UAS-dlp in dlp backbround is very similar
to btl mutant embryos rescued by prd-Gal4/UAS-btl-GFP. 4.
HSPGs are required for FGF signaling in its receiving cells in the
air sac, but are dispensable in the columnar epithelial layer which
includes FGF producing cells and other surrounding cells. Our
detailed analyses thus demonstrate for the first time the specific
and distinct requirement of HSPGs in FGF signaling during
tracheal development. Moreover, our embryonic and larval data
together suggest this is likely a general mechanism for HSPG
function in FGF signaling in Drosophila.

Twomajor models are proposed for the role of HSPGs in FGF
signaling (Lin, 2004; Ornitz, 2000). In one model, low affinity
HS/GAG chains on the cell surface limit the diffusion of FGF
ligand, thereby increasing its local concentration and the pro-
bability that it will interact with high-affinity FGFRs. In the
second model, HSPGs facilitate the dimerization or oligomer-
ization of FGF ligands thereby inducing receptor clustering and
signal transduction. Our experimental data cannot exclude either
of these mechanisms. However, our results are in favour of the
second case as we show that HSPGs are not required in FGF
concentration gradient in FGF producing cells, but are essential
in FGF-receiving cells. Finally, a recent study showed that dy-
namin-mediated vesicle internalization is a crucial step to
regulate FGF signaling in Drosophila tracheal system (Dammai
et al., 2003). Mutants in awd (abnormal wing disc) or shi
(shibire), which encodes for a nucleoside diphosphate kinase
and Drosophila dynamin, respectively, have increased levels of
Btl in tracheal cell surface, increased FGF signaling activity and
ectopic tracheal branching. In this regard, HSPGs may control
FGF signaling by stabilizing the FGF/FGFR complex from
degradation or internalization in FGF receiving cells. Further
experiments using HSPG and awd/shi double mutant are needed
to test this possibility.

Comparison of HSPG functions in FGF and morphogen
signaling

Over the past several years, extensive studies in Drosophila
and other model systems have established the essential roles of
HSPGs in developmental signaling pathways including Wg, Hh
and Dpp (Hacker et al., 2005; Lin, 2004). In Drosophila embryo
and wing imaginal disc, HSPGs are involved in the transport of
morphogens including Wg, Hh and Dpp by a restricted diffusion
mechanism (Belenkaya et al., 2004; Han et al., 2004b, 2005; The
et al., 1999). Narrow stripes of clones mutant for HSPGs can
impede the movement of morphogens to further cells. However,
in all of these cases, the first mutant cells adjacent to the
morphogen source can still transduce signals arguing that HSPGs
are not essential for morphogen signaling activity, but rather
control the distributions or local concentrations of morphogens
(Belenkaya et al., 2004; Han et al., 2004b, 2005). Our novel
results from this work point out a major difference for a role of
HSPGs in FGF signaling from their roles inmorphogen signaling,
as removal of HSPGs (dally-dlp or sfl) from FGF receiving cells
can effectively block FGF signaling. Although the graded FGF
activity may play an essential role in tracheal morphogenesis
(Affolter andWeijer, 2005), our data from this work argue that the
main function of HSPGs in FGF signaling is not to regulate the
distribution of FGF ligand. Consistent with the different roles of
HSPGs in FGF and morphogen signaling, we found that Dlp acts
cell-autonomously in FGF signaling while it functions non-
autonomously in Hh signaling in embryos (unpublished data).
Our results suggest that Bnl transportation may be different from
morphogen movement in the epithelial cells of the wing pouch.
Indeed, morphogen molecules diffuse through the same layer of
cells, columnar epithelial cells, while FGF is transported between
different layers of tissues, from columnar epithelia to tracheo-
blasts. Moreover, leading air sac cells are always in close
proximity with underlying columnar epithelia. They also extend
multiple filopodia toward ligand gradient and presumably
actively pursue the FGF ligands (Sato and Kornberg, 2002)
while wing disc morphogens including Wg, Hh and Dpp need to
transport many cell diameters from their sources to reach their
receiving cells. Studies in vertebrate also suggest that a graded
distribution of FGF8 protein can be generated by the decay of fgf8
mRNA and this RNA gradient is translated into a protein gradient
(Dubrulle and Pourquie, 2004). In this case, no active transport
mechanism is required to form a FGF gradient. In mammalian
limb and lung development different FGFs are often expressed
in different layers of cells, such as epithelium and mesenchyme,
and signal through each other (Thisse and Thisse, 2005; Zhang
et al., 2006). It is interesting to determine whether HSPGs
function similarly in these systems as in Drosophila.
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