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Summary

Drosophila Wingless (Wg) is the founding member of the
Wnt family of secreted proteins. During the wing
development, Wg acts as a morphogen whose concentration
gradient provides positional cues for wing patterning. The
molecular mechanism(s) of Wg gradient formation is not
fully understood. Here, we systematically analyzed the
roles of glypicans Dally and Dally-like protein (Dlp), the
Wg receptors Frizzled (Fz) and Fz2, and the Wg co-
receptor Arrow (Arr) in Wg gradient formation in the wing
disc. We demonstrate that both Dally and DIp are essential
and have different roles in Wg gradient formation. The
specificities of Dally and Dlp in Wg gradient formation are
at least partially achieved by their distinct expression
patterns. To our surprise, although Fz2 was suggested to
play an essential role in Wg gradient formation by ectopic
expression studies, removal of Fz2 activity does not alter

the extracellular Wg gradient. Interestingly, removal of
both Fz and Fz2, or Arr causes enhanced extracellular Wg
levels, which is mainly resulted from upregulated Dlp
levels. We further show that Notum, a negative regulator
of Wg signaling, downregulates Wg signaling mainly by
modifying Dally. Last, we demonstrate that Wg movement
is impeded by cells mutant for both dally and dip. Together,
these new findings suggest that the Wg morphogen gradient
in the wing disc is mainly controlled by combined actions
of Dally and DIp. We propose that Wg establishes its
concentration gradient by a restricted diffusion mechanism
involving Dally and Dlp in the wing disc.
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Introduction

During the development of metazoa, tissue patterning is
controlled by a small group of secreted signaling molecules
called morphogens. Morphogens are produced by a subset of
cells in a tissue and form concentration gradients that provide
positional information for cell fate specifications (Gurdon and
Bourillot, 2001; Lawrence and Struhl, 1996). Well established
morphogens include members of the Wingless (Wg)/Wnt,
Hedgehog (Hh) and bone morphogenetic protein (BMP)
families. The functions of these morphogens have been well
characterized in the Drosophila wing disc (Cadigan, 2002;
Tabata and Takei, 2004; Teleman et al., 2001; Vincent and
Dubois, 2002). However, the mechanisms of their gradient
formation are still not fully understood. Here, we focus our
studies on the mechanism(s) of Wg morphogen gradient
formation in the wing disc.

Wg is the founding member of the Wnt family of secreted
proteins and plays essential roles in many developmental
processes (Nusse, 2003; Wodarz and Nusse, 1998). In the third
instar wing disc, Wg is expressed in two to three cell widths
straddling the dorsoventral (DV) compartment boundary. Wg
forms a concentration gradient to activate the expression of its
target genes including achaete-scute (ac), distalless (dIl) and

vestigial (vg) in a concentration-dependent manner (Neumann
and Cohen, 1997; Strigini and Cohen, 2000; Zecca et al.,
1996). Studies from Drosophila embryonic epidermis and the
wing disc lead to several models to explain Wg movement
across a field of cells (Cadigan, 2002; Tabata and Takei, 2004;
Teleman et al., 2001; Vincent and Dubois, 2002). Two
prevalent models are: (1) diffusion through the extracellular
space (Strigini and Cohen, 2000); and (2) planar transcytosis
via dynamin-mediated endocytosis (Bejsovec and Wieschaus,
1995; Moline et al., 1999). The diffusion model proposes that
Wg movement is through an extracellular route, while planar
transcytosis suggests that Wg moves via intracellular routes
through dynamin-mediated endocytosis. In addition, Wg
movement by membrane fragments called argosomes (Greco
et al., 2001) or by retention on the cell surface (Pfeiffer et al.,
2000; Pfeiffer et al., 2002) are also proposed. In the wing disc,
much of the evidence is consistent with the diffusion model
(Strigini and Cohen, 2000). However, currently the exact
mechanism(s) of Wg diffusion and the molecules regulating
this process are unclear.

Wg relays its signal through two functionally redundant
receptors, Frizzled (Fz) and Fz2, both of which belong to the
family of seven-pass transmembrane proteins (Nusse, 2003;
Wodarz and Nusse, 1998). Arrow (Arr), a member of the LDL
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receptor-related protein (LRP) family of proteins, is also
required for Wg signaling and has been postulated to act as a
co-receptor for Wg (He et al., 2004; Tolwinski et al., 2003;
Wehrli et al., 2000). Previously, Cadigan et al. have proposed
that Fz2 played essential roles in shaping the Wg morphogen
gradient in the wing disc (Cadigan et al., 1998). This
conclusion is mainly based on the following observations.
First, overexpression of Fz2 in the wing disc stabilizes Wg and
expands the range of Wg-target gene expression. Second, Fz2
expression in the wing disc is inhibited by Wg signaling and
appears to be an inverse gradient to that of Wg. This inverse
gradient of Fz2 is thought to facilitate the spread of Wg into
more distant areas. However, subsequent loss-of-function
studies demonstrated the functional redundancy of Fz2 and Fz
for Wg signaling in both embryos and in the wing disc (Bhanot
et al., 1999; Chen and Struhl, 1999). Therefore, the proposed
role of Fz2 in Wg gradient formation needs to be further
examined by loss-of-function studies. Furthermore, whether Fz
and Arr are required for Wg gradient formation is currently
unclear.

In recent years, heparan sulfate proteoglycans (HSPGs) have
been shown to play roles in the distributions of morphogen
molecules (Esko and Selleck, 2002; Lin, 2004). HSPGs are the
cell-surface and extracellular matrix molecules composed of a
protein core to which heparan sulfate (HS) glycosaminoglycan
(GAG) chains are attached (Bernfield et al., 1999; Esko and
Selleck, 2002). Glypicans represent the main cell-surface
HSPGs that are linked to the plasma membrane by a glycosyl
phosphatidylinositol (GPI) linker. Drosophila has two glypican
members, Division abnormally delayed (Dally) and Dally-like
protein (Dlp) (Baeg et al., 2001; Khare and Baumgartner, 2000;
Nakato et al., 1995). Our recent studies have demonstrated that
both Dally and Dlp are required for Hh and Dpp movement
through a restricted diffusion mechanism (Belenkaya et al.,
2004; Han et al., 2004b). Regarding Wg morphogen formation,
several studies have shown that mutations in genes involved in
HS biosynthesis lead to defects in Wg distribution in the wing
disc (Baeg et al., 2001; Bornemann et al., 2004; Han et al.,
2004a; Luders et al.,, 2003; Takei et al., 2004). We have
previously shown that Dally plays a role in Wg signaling in
the wing disc (Lin and Perrimon, 1999). Furthermore,
overexpression of Dlp leads to enhanced extracellular Wg
levels in the wing disc (Baeg et al., 2001). Together, these
studies implicate possible roles of Dally and Dlp in Wg
gradient formation; however, their functions and mechanisms
in Wg gradient formation have not been examined by loss-of-
function study.

Additional evidence for the involvement of HSPGs in Wg
distribution comes from studies of notum (also called wingful)
(Gerlitz and Basler, 2002; Giraldez et al., 2002). notum
encodes a secreted protein that belongs to the o/B-hydrolase
superfamily with similarity to pectin acetylesterases. In both
embryos and wing discs, nofum expression mirrors wg
expression. Mutations in notum lead to enhanced Wg levels
and increased Wg signaling, while overexpression of notum
blocks Wg signaling activity (Gerlitz and Basler, 2002;
Giraldez et al., 2002). In Drosophila S2 cells, co-expression of
Dally and Dlp with Notum reduces the amount of Dally and
altered the electrophoretic mobility of Dlp, respectively. These
data suggest that Notum may regulate Wg signaling by
modulating Dlp or/and Dally (Giraldez et al., 2002). However,
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it remains to be determined whether Dally or Dlp or other
HSPGs are indeed the substrate(s) for Notum in vivo.

In this study, we attempt to systematically analyze the
relative roles of the glypicans (Dally and Dlp), the Wg
receptors (Fz and Fz2) and the Wg co-receptor Arr in Wg
gradient formation in the wing disc. We show that Dally and
DIp are essential and have different roles in setting up the Wg
gradient. The specificities of Dally and Dlp in Wg gradient
formation are at least partially achieved by their distinct
expression patterns. To our surprise, extracellular Wg levels are
not reduced, but rather enhanced, in fz-fz2 or arr mutant cells.
We further demonstrate that Wg protein fails to move across a
stripe of dally-dlp mutant cells. Together, these new findings
suggest that the Wg morphogen gradient in the wing disc is
mainly controlled by Dally and Dlp. We propose that Wg
establishes its concentration gradient by a restricted diffusion
mechanism involving Dally and Dlp.

Materials and methods

Fly strains

The following null or amorphic alleles of dally, dlp, dsh, notum, fz,
122, arr, sfl and borv were used: dally*® and dip?'%” (Han et al., 2004b);
dsh” (Manoukian et al., 1995); wif” #I(Gerlitz and Basler, 2002); sz5 1
2P (Jones et al., 1996); fz2€! (Chen and Struhl, 1999); arr’ (Wehrli
et al., 2000); sfI°?# (Lin and Perrimon, 1999); and borv'% (Han et al.,
2004a) (see http:/flybase.bio.indiana.edu). dally®’ and dip*!%” are null
alleles for dally and dlp, respectively (Han et al., 2004b). dlp"?%3
harbors a nonsense mutation at amino acid 484 and was used to
generate dlp*'S/dIp*?%3 adult flies. dally™ is a dally-lacZ line used to
visualize dally expression (Nakato et al., 1995). The following UAS
constructs were used to overexpress the corresponding transgenes in
the posterior compartment of the wing disc: UAS-dlp (Baeg et al.,
2001), UAS-dally (Tsuda et al., 1999), UAS-fz and UAS-fz2 (Zhang
and Carthew, 1998), and UAS-gfp-arr. UAS-gfp-arr contains the Wg
signal peptide (amino acids 1-37) followed by GFP protein and six
Myc tags fused with Arr in which the signal peptide (amino acids 1-
54) of Arr is deleted. It can fully rescue the arr-null embryos derived
from arr germline. The following lines were also used: en®#, hhGeH
and tubl a-Gal80® (McGuire et al., 2003; McGuire et al., 2004).
Act>y+>Gal4 UAS-GFP (Ito et al., 1997) was used to drive the
expression of UAS-arm“" (Pai et al., 1997) and UAS-TCFPN (van de
Wetering et al., 1997) in random clones marked with GFP.

Antibodies and immunofluorescence

Fixation of imaginal discs and antibody staining procedures were
performed as described (Belenkaya et al., 2002). Extracellular Wg
staining was performed as described (Baeg et al., 2001; Strigini and
Cohen, 2000). Primary antibodies were used at the following
dilutions: mouse anti-Wg 4D4 at 1:3 (Iowa Developmental Studies
Hybridoma Bank; IDSHB), rat anti-Ci (1:10) (Motzny and Holmgren,
1995), rabbit anti-B-gal at 1:500 (Cappel), mouse anti-f3-gal at 1:3000
(Roche Molecular Biochemicals), mouse anti-DIp at 1:50 (Lum et al.,
2003), rabbit anti-Wg at 1:500 (Reichsman et al., 1996), mouse anti-
Hnt at 1:50 (IDSHB), guinea pig anti-Hrs (full-length) at 1:200 (Lloyd
et al., 2002) and rabbit anti-GFP Alexa Fluor 488 at 1:1000
(Molecular Probes). The primary antibodies were detected by
fluorescent-conjugated  secondary antibodies from  Jackson
ImmunoResearch Laboratories.

Generation of marked clones and ectopic expression

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
hour. Ectopic expression of Dlp and Fz2-GPI in the P compartment
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of the wing disc were induced by heat-shock at 30°C for 24 hours
prior to dissection (see genotypes below). Mutations in Minute on
chromosomes 2R and 3L were used to generate large clones of cells
mutant for certain genes. The use of Minute”* does not perturb normal
Wg distribution (see Fig. S1 in the supplementary material). Below,
we list the genotypes used in our analyses.

Clones mutant for dally, dlp, dally-dip and sfl marked by the
absence of GFP (Figs 1, 8)

y w hsp70-fip/+ or Y: hsp70-Myc-GFP M(3)i>> FRT**/dally®’ FRT**
y w hsp70-fip/+ or Y; hsp70-Myc-GFP M(3)i*° FRT**/dip*!%” FRT*
yw lzzlip70-ﬂp/+ or Y: hsp70-Myc-GFP M(3)i°> FRT*/dally*°-dip*'87
FRT

y w hsp70-fip/+ or Y; hsp70-Myc-GFP M(3)i*° FRT*/sfl’8* FRT*A

Clones expressing Arm® and TCFPN marked by GFP (Fig. 2)

vy w hsp70-fip/UAS-arm®" act>y*>Gal4 UAS-GFP/+
y w hsp70-flp/+ or Y: act>y*>Gal4 UAS-GFP/UAS-TCFPN

Clones mutant for notum, dally-notum, dlp-notum marked by
the absence of GFP (Figs 2, 3)

y w hsp70-fip/+ or Y: hsp70-Myc-GFP M(3)i>> FRT*/wif'*! FRT*A
y w hsp70-fip/+ or Y: hsp70-Myc-GFP M(3)i> FRT*/dally®’ wif'*!
FRT*A

y w hsp70-fip/+ or Y: hsp70-Myc-GFP M(3)i>> FRT?/dip*'%
Wif{41FRT2A

Clones mutant for dally-notum marked by yellow on the wing
(Fig. 3H)
y w hsp70-flp/Y: y* FRT**/dally®’ wif*! FRT?

Clones mutant for dsh, fz, fz2, fz1-fz2, sfl-fz1-fz2, arr, and arr-
botv marked by the absence of GFP (Figs 2, 4, 5)

y w hsp70-fip ubiquitin-GFP FRT'"! /dsh” FRT'"!

y w hsp70-fip/+ or Y; hsp70-Myc-GFP M(3)i> FRT*/f"°! FRT*

vy w hsp70-fip/+ or Y: hsp70-Myc-GFP M(3)i°> FRT?/fz2¢! FRT*

y w hsp70-fip/+ or Y: hsp70-Myc-GFP M(3)i> FRT*/fz™! fz2¢!
FRT*

y w hsp70-fip/+ or Y; hsp70-Myc-GFP M(3)i> FRT?A/f:P?! fz2¢1
FRT*

y w hsp70-flp/+ or Y; hsp70-Myc-GFP M(3)i>> FRT*/sfiB4 151 £,2€1
FRT*

y w hsp70-fip/+ or Y: FRT'3 ubiquitin-GFP M(2)58F/FRT®"? arr?
y w hsp70-fip/+ or Y; FRTC ubiquitin-GFP M(2)58F/FRTC"? arr’
botv'%

Discs overexpressing Dlp in the P compartment (Fig. 6)
tubl a-GalS0"/UAS-dlp; hh®/+

Image processing

For the analyses of overexpressing Wg receptors (Fz and Fz2), Wg
co-receptor (Arr) and HSPGs (Dally and Dlp) in the P compartment
of the wing disc, the raw data of extracellular Wg staining were
exported in tiff format. The plot values were measured and calculated
from selected regions in Scion Image. The plot values were then used
to generate plot profiles in Microsoft Excel. For each experiment, plot
profiles were generated from at least three discs and similar results
were obtained. For Fig. 8, the profiles of Wg distribution were
generated similarly.

Results
Dally and DIp have both distinct and overlapping
roles in shaping the extracellular Wg gradient

To examine the roles of Dally and Dlp in Wg gradient
formation, we analyze the extracellular Wg distribution in wing
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discs bearing clones mutant for dally and dip. Loss of dally or
dlp activity in the wing disc leads to perturbation of the Wg
gradient (Fig. 1A-E’). However, the Wg gradient defects
associated with dally and dlp mutant clones are noticeably
different. Extracellular Wg is reduced in dally clones (Fig. 1A-
C’). This defect is rather cell non-autonomous. First, in the
same DV compartment, extracellular Wg levels do not have
sharp shifts at the boundary between wild-type cells and dally
mutant cells. Instead, it forms a wedge-shaped gradient
from wild-type cells to dally mutant cells, and a reduced
extracellular Wg level can even be seen in wild-type cells that
are close to clone boundaries (indicated by yellow arrows in
Fig. 1B,C). Second, the reduction of extracellular Wg in small
dally clones is less obvious (data not shown). Extracellular Wg
levels are also reduced in dip clones (Fig. 1D-E’). However,
this effect is only obvious when the mutant cells are four to
five cell diameters away from the DV boundary. The
extracellular Wg levels are essentially unchanged in this seven-
to 10-cell zone surrounding the DV boundary (Fig. 1D-E).

Extracellular Wg is not completely lost in either dally or dip
mutant clones. We suspected that this may be due to the
partially redundant functions of Dally and Dlp, which was
observed for Hh and Dpp signaling (Belenkaya et al., 2004;
Han et al., 2004b). To test this, we examined the extracellular
Wg levels in clones mutant for both dally and dip (referred to
as dally-dlp hereafter). Indeed, we observed a stronger
reduction of the extracellular Wg in the dally-dlp clones when
compared with dally or dlp clones (Fig. 1F-G’). This effect is
independent of the positions of dally-dip clones. Collectively,
these data suggest that Dally and Dlp have both distinct and
overlapping roles in shaping the Wg gradient.

DIp forms an inverse gradient to the Wg gradient
and its expression is down-regulated by Wg
signaling
The distinct extracellular Wg defects associated with dally and
dIp clones suggest that Dally and DIp may play different roles
in Wg gradient formation. One possibility is that Dally and Dlp
may be differentially expressed in the wing disc, and their
levels may determine their relative contributions to Wg
gradient formation. We tested this possibility by examining
the expression patterns of Dally and Dlp in the wing disc.
Previously, Fujise et al. demonstrated that dally mRNA
distribution was virtually identical to that observed with a
dally-lacZ line (Fujise et al., 2003). dally expression in the
wing pouch is induced by Hh and Wg signaling, but repressed
by Dpp signaling (Fujise et al., 2001; Fujise et al., 2003). As
shown in Fig. 2A-A’, dally expression visualized by f-
galactosidase (-gal) staining in the dally-lacZ line is higher in
two regions in the wing pouch. The first is a zone at the DV
boundary, the width of which increases with distance from the
anteroposterior (AP) compartment boundary. The second is a
stripe of cells at the AP boundary, which corresponds to Hh
signaling cells (determined by Ci accumulation) (Fig. 2A”).
We then examined Dlp expression using the anti-DIp
antibody (Lum et al., 2003). In the wing pouch, DIp protein is
distributed in most cells except in a zone centered at the DV
boundary (Fig. 2B,B’). This zone is about 7-10 cell diameters
in width, corresponding well to the region where removal of
dIp does not alter extracellular Wg levels (Fig. 1D-E’). As Dlp
expression appears to be a gradient inverse to the Wg gradient
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Fig. 1. Dally and Dlp are required for the proper
distribution of extracellular Wg. All wing discs are
oriented dorsal top-right, anterior top-left. All mutant
clones are marked by the absence of GFP and outlined
by broken lines. (A-C’) Extracellular Wg staining in
discs bearing large clones mutant for dally.
Extracellular Wg is significantly reduced in the clones
in a cell non-autonomous manner. The yellow arrows
indicate the wild-type cells that have reduced
extracellular Wg level. (D-E’) Extracellular Wg staining
in discs bearing large clones mutant for d/p. Within the
clones, extracellular Wg is reduced outside of a zone
that is 7-10 cell diameters wide and centered at the DV
boundary. (F-G’) Extracellular Wg staining in discs
bearing large clones mutant for both dally and dip.
Extracellular Wg level is greatly reduced in these
clones, and the reduction is stronger than that of dally
or dlp alone.

dip dally, dip

along the DV axis, we suspect that DIp expression may be
negatively regulated by Wg signaling. Indeed, two lines of
evidence support this view. When Wg signaling is activated in
random clones by overexpressing a constitutively active form
of Armadillo (Arm*') (Pai et al., 1997), Dlp levels are
autonomously reduced within the clones (Fig. 2C,C).
Conversely, when Wg signaling is inhibited in random clones
by overexpressing a dominant-negative form of TCF (TCFPN)
(van de Wetering et al., 1997) or in clones mutant for
disheveled (dsh) (Nusse, 2003; Wodarz and Nusse, 1998). Dlp
is induced autonomously within the clones (Fig. 2D-E’).
Collectively, our data argue that DIp expression is negatively
regulated by Wg signaling. Taken together with the observation
that Dally is upregulated by Wg signaling at DV boundary
(Fujise et al., 2001), our new results suggest that the relative
contributions of Dally and DIp in Wg gradient formation are
controlled, at least in part, by their expression levels.

Notum modulates Wg signaling mainly by
downregulating Dally activity in the wing disc

In the wing disc, Notum is expressed at the DV boundary and
its expression is induced by high levels of Wg signaling
(Gerlitz and Basler, 2002; Giraldez et al., 2002). Wg signaling
activity is enhanced in the nofum mutant wing disc, suggesting

that Notum acts as an inhibitor for Wg (Gerlitz and
Basler, 2002; Giraldez et al., 2002). Although
biochemical experiments demonstrated the ability
of Notum in modifying both Dally and Dlp in
cultured S2 cells (Giraldez et al., 2002), it is
unclear whether Notum acts on Dally or Dlp in
vivo to regulate Wg signaling in the wing disc. As
Dlp is absent or expressed at very low levels at the
DV boundary where Notum is expected to have the
highest activity, we suspect that high levels of
Notum at DV boundary may downregulate Dlp
protein levels, thereby inhibiting Wg signaling. To
test this possibility, we examined Dlp protein
levels in notum clones. The Dlp protein level is not
enhanced in a big clone mutant for notum (Fig.
2E,E’) and is also not elevated in the notum
homozygous wing disc (data not shown),
demonstrating that downregulation of DIp protein
levels at DV boundary is not due to Notum activity.

As Dally is highly expressed at the DV boundary, we
anticipated that Dally may be a more relevant target for Notum
in the wing disc. The following lines of evidence support this
view. First, we generated a double mutant for dally and notum
(dally-notum). If Dally is downstream to, and the major
substrate for, Notum, dally-notum mutant phenotypes should
resemble those of the dally mutant alone. Loss of notum in the
wing disc leads to upregulation of Wg signaling and therefore
induction of ectopic sense organ precursor (SOP) cells, which
can be visualized by Hindsight (Hnt) staining (Giraldez et al.,
2002) (Fig. 3B), whereas loss of dally leads to reduced
numbers of SOP cells (Fig. 3C). In dally-notum mutant clones,
we never saw ectopic Hnt staining. Instead, we consistently
observed reduced numbers of SOP cells in large clones (Fig.
3D). Second, both notum and dally homozygous animals can
develop into adult flies at a low frequency. As a result of
elevated Wg signaling, the notum wing bears many ectopic
thick mechanosensory bristles and curved chemosensory
bristles at the wing margin (Fig. 3F), whereas the dally wings
show a reduced numbers of chemosensory bristles (Fig. 3G).
In the dally-notum clones, we could not find extra bristles but
rather observed a loss of chemosensory bristles (Fig. 3H).
Together, the dally-notum mutant exhibits similar phenotypes
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UPY nofum

Fig. 2. The expression of Dally and DlIp in the wing disc. All discs are oriented dorsal upwards, anterior leftwards. (A-B”) Dally and Dlp
expression in third instar wing imaginal discs visualized by dally-lacZ expression (green in A and A”) and Dlp staining (green in B and B’),
respectively. The AP and DV compartment boundaries are visualized by Ci staining (blue in A” and B”) and Wg or wg-lacZ expression (red in
A’ and B), respectively. (C-D’) Dlp staining (green) in discs carrying random clones expressing either the active form of Arm (Arm*") (C,C")
or the dominant-negative form of TCF (TCFPY) (D,D’). The clones are marked by GFP (red) and outlined with broken lines. The expression of

Dlp is reduced in clones expressing Arm**'

, and increased in clones expressing TCFPN. (E-F’) Dlp staining (red) in discs carrying dsh clones

(E,E) or a large notum clone covering the entire A compartment (F,F’). Both dsh and notum mutant cells are marked by the absence of GFP
(green) (E”",F"). Dlp levels are increased in dsh clones, but not altered in the absence of nofum function.

to those seen in the dally mutant, suggesting that Notum
regulates Wg signaling mainly by modifying Dally activity in
the wing disc.

We further asked what role Dlp may play in Wg signaling.
Previous work has shown that ectopic expression of DIp in the
wing disc inhibits Wg signaling, suggesting that Dlp may
negatively regulate Wg signaling in the wing disc (Baeg et al.,
2001). Our loss-of-function analysis suggests that this is indeed
the case. Ectopic SOP cells can occasionally be seen in dip
mutant clones (Fig. 3I). Consistent with this, escapers of dip
homozygous flies (dip*/374203) show extra mechanosensory
bristles (Fig. 3K). However, dip is a weaker inhibitor of Wg
signaling than notum, as removal of dlp results in fewer ectopic
SOP cells or extra bristles than removal of nofum. Importantly,
we found that removal of both nofum and dlp phenocopies
notum loss of function (Fig. 3J,L). Together with the
absence/low level expression of DIp at DV boundary, we argue
that Notum acts mainly on Dally to downregulate Wg signaling
in the wing disc. Our data also suggest that Wg downregulates
Dlp expression to ensure its high levels of signaling activity at
the DV boundary.

Extracellular Wg levels are not reduced, but
enhanced in the absence of Wg receptors (Fz and
Fz2) or the co-receptor Arr

Next, we examined the roles of Wg receptors Fz and Fz2, as

well as co-receptor Arr in Wg morphogen gradient formation.
The extracellular Wg gradient is not altered in fz mutant clones
in the late-third instar larvae wing discs (Fig. 4A,A”). However,
we occasionally observed slightly reduced extracellular Wg
levels in fz mutant clones in mid-third instar larval discs (data
not shown). This reduction must be transient because it is of
low frequency (13%, n=30) and disappears in late-third instar
discs. However, we never observed reduced extracellular Wg
levels in fz2 mutant clones (Fig. 4B,B’), suggesting that Fz2 is
not essential for extracellular Wg gradient distribution. Our
loss-of-function results do not support the previous view for a
role of Fz2 in Wg distribution, which was mainly based on
ectopic expression data (Cadigan et al., 1998). One possibility
is that Fz and Fz2 may be functionally redundant in
extracellular Wg distribution. To test this, we examined
extracellular Wg levels in clones mutant for both fz and fz2 (fz-
fz2). To our surprise, extracellular Wg levels are not reduced,
but enhanced within the mutant clones (Fig. 4C,C"). Wg refines
its own expression domain at the DV boundary and loss of Wg
signaling in cells adjacent to the Wg-expressing cells leads to
ectopic Wg expression (Rulifson et al., 1996). This is likely to
be the case for the enhanced extracellular Wg in fz-fz2 cells
adjacent to the DV boundary (yellow arrows in Fig. 4C).
However, the increased extracellular Wg far away from the DV
boundary (indicated by turquoise arrows in Fig. 4C) in fz-fz2
mutant cells is unlikely to be due to ectopic Wg expression as
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these cells are more than six cells away from the Wg stripe at
the DV boundary. We also examined the role of the Wg co-
receptor Arr in Wg gradient formation. Similar to fz-fz2 clones,
arr clones result in accumulated extracellular Wg (Fig. 4D,D").

The increased extracellular Wg levels in fz-fz2 or arr clones
may be caused by at least two possibilities. First, as Dlp is
repressed by Wg signaling, fz-fz2 or arr clones may upregulate
the levels of Dlp, thereby indirectly enhancing the extracellular
Wg levels. Alternatively, removal of Wg receptor Fz and Fz2
or co-receptor arr may impair the ability of cells to internalize
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Wg. The following lines of evidence support the first
possibility. First, as expected, Dlp is upregulated in fz-fz2
or arr clones (Fig. 5A,A’,C,C’). Second, we examined
extracellular Wg levels in clones mutant for fz-fz2 and deficient
for HSPGs. As the dlp and fz loci are too close to each other,
we were unable to generate a dIp-fz-fz2 triple mutant
chromosome. Instead, we used sulfateless (sfl) which encodes
a heparan sulfate N-deacetylase/N-sulfotransferase required
for HS biosynthesis (Baeg et al., 2001). Mutations in sfl are
expected to impair most, if not all, functions of HSPGs,
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Fig. 3. Notum suppresses Wg signaling mainly through Dally. (A-D) Hnt staining
(red) in a wild-type disc (A), a homozygous dally disc (C) and discs carrying
clones mutant for notum (B) or dally-notum (D). Wg-dependent Hnt expression
marks sense organ precursor (SOP) cells, which will give rise to bristles on the
future wing margin. In the wild-type disc, SOP cells are in two rows abutting Wg-
expressing cells. Each row contains 20-22 cells. In the clone mutant for notum,
Hnt is ectopically expressed such that the rows are doubled, while in the dally
disc, the number of SOP cells in each row is reduced to 9-11. In the clone mutant
for dally-notum, the number of SOP cells is also reduced. (E-H) Anterior wing
margins of wild-type adult (E), notum escaper (F), dally escaper (G) and a wing
carrying large clones of dally-notum double mutant (marked by yellow colour)
(H). The dorsal view of the wild-type wing margin reveals two rows of sensory
bristles: densely packed stout mechanosensory bristles and interspersed
chemosensory bristles. Three chemosensory bristles are indicated by red arrows to
show the spacing. The wing of the notum escaper has many ectopic bristles of
both types, while that of dally has a reduced number of chemosensory bristles, as
visualized by the increased spacing (red arrows). The dally-notum clone does not
have ectopic bristles but has increased spacing between chemosensory bristles
(red arrows). (I,J) Hnt staining in discs carrying large clones mutant for either dip
(D or dlp-notum (J). Occasionally, few ectopic SOP cells can be seen in dlp clones
(white arrows), while the dIp-notum clone has many ectopic SOP cells.

(K,L) Anterior wing margins of dip*/57/42%% escaper (K) and a wing carrying a
large clone of dlp-notum double mutant (L). The dlp wing has a few ectopic stout
mechanosensory bristles (black arrows), while many ectopic bristles of both types
were produced in the dlp-notum clone.

including DIp (Baeg et al., 2001; Lin and Perrimon,
1999). Indeed, extracellular Wg is reduced in
the sfl-fz-fz2 clones (Fig. 5B,B’). Similarly,
extracellular Wg is reduced in clones mutant for
both arr and botv, which encodes a heparan sulfate
co-polymerase required for HSPG biosynthesis
(Fig. 5D,D’) (Han et al., 2004a; Takei et al., 2004).
These results suggest that enhanced extracellular
Wg levels in fz-fz2 or arr clones are HSPG
dependant. Finally, we also examined extracellular
Wg levels in clones mutant for dsh. Dsh is an
intracellular protein acting downstream of the Wg
receptor, therefore it will probably not interfere
with Wg internalization. dsh mutant clones disrupt
Wg signaling, thereby causing Dlp upregulation
(Fig. 2E,E’). Importantly, we observed very
striking accumulation of extracellular Wg in clones
mutant for dsh (Fig. 5E-F’). Extracellular Wg
accumulation can be clearly seen in dsh clones
which are located far away from DV boundary
(Fig. 5E-F’). Collectively, our results provide
compelling evidence that accumulated
extracellular Wg protein in Fz-fz2 or arr mutant
clones are mainly resulted from upregulated Dlp,
which probably further stabilizes extracellular Wg
protein on the cell surface.

We also examined internalized Wg vesicles in fz-
fz2 or arr clones by co-staining Wg and the
endosome marker Hrs (Lloyd et al., 2002). We
observed significant amount of internalized Wg
vesicles in fz-fz2 and arr clones, suggesting that
Wyg internalization still occur in the absence of Fz
and Fz2 activities or Arr activity (data not shown).

The capacities of HSPGs (Dally and Dlp),
the Wg receptors (Fz and Fz2) and the co-
receptor Arr in modulating the
extracellular Wg gradient

Previous studies and our loss-of-function data
suggest that different HSPGs and Wg receptors
may have differential intrinsic abilities in
influencing Wg distribution. To compare their
differences, we ectopically expressed individual
HSPGs and Wg receptors in the P compartment of
the wing disc by using en® or hh® drivers, and
then compared the extracellular Wg distribution in
the A and P compartments. The signal intensity of
extracellular Wg staining was averaged and plotted
from two comparable regions selected from the A
and P compartments. In the wild-type disc, the
patterns of the extracellular Wg gradient are
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Fig. 4. The roles of Wg receptors in
extracellular Wg distribution.
Extracellular Wg staining in wing discs
carrying mutant clones for fz (A,A"), fz2
(B,B), fz-/z2 (C,C’) and arr (D,D’). Discs
are oriented dorsal top-right, anterior top-
left (A-B’), and dorsal right, anterior up
(C-D’). The mutant clones are marked by
the absence of GFP and outlined by
broken lines, except in D. Extracellular
Wg is not altered in mutant clones for fz
or fz2 alone. By contrast, it is increased in
clones mutant for fz-fz2 and arr. The
yellow arrows indicate the presumptive
ectopic Wg-expressing cells, and the blue
arrows indicate the mutant cells
accumulating Wg on the cell surface
(C,D).
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Fig. 5. Accumulated Wg in fz-fz2 or arr
clones are mainly resulted from
upregulated Dlp. Extracellular Wg
staining in wing discs carrying mutant
clones of varying genotypes. Discs are
oriented dorsal right, anterior up (A-D"),
and dorsal top-right, anterior top-left (E-
F’). The mutant clones are marked by the
absence of GFP and outlined by broken
lines except in C,C’. In EF’, only the
clone far away from DV boundary is
outlined. (A,A”) A wing disc carrying
clones mutant for fz-fz2. DIp levels are
enhanced in these clones. (B,B") A wing
disc carrying clones mutant for sfl-fz-fz2.
Extracellular Wg levels are reduced in
the clones. (C,C’) A wing disc carrying
clones mutant for arr. Dlp levels are
enhanced in the clones. (D,D’) A wing
disc carrying clones mutant for botv-arr.
Extracellular Wg is reduced in the
clones. (E-F") Wing discs carrying clones
mutant for dsh. Extracellular Wg levels
are increased in the clones. This effect
can be clearly seen even the clones are
located far away from Wg-expressing
cells. Some of the mutant cells are
located more than 20 cells away from the
DV boundary.
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virtually identical in the A and P compartments (Fig. 6A-A")
although the extracellular Wg level is marginally higher in the
P compartment.

First, we ectopically expressed Dlp and Dally in the P
compartment. Persistent induction of UAS-dip by en® leads
to a greatly reduced size in the P compartment of the wing disc
(data not shown), presumably caused by interference of Wg
signaling by Dlp. To overcome the deleterious effect of early
induction of UAS-dlp, we used a temperature-sensitive allele
of Gal80 (Gal80") to keep Gal4 inactive until the late stage of
larval development. Gal80" functions as a repressor of Gal4 at
the permissive temperature (19°C) but allows Gal4 to be active
at the non-permissive temperature (30°C) (McGuire et al.,
2003). When UAS-dlp is induced by #h%™ for 24 hours at the
non-permissive temperature (30°C) in the presence of Gal80®,
extracellular Wg is significantly increased on the surface of
DIp overexpressing cells and the visible range of the Wg
gradient extends to the whole wing pouch along the AP axis
(Fig. 6B,B’). The plot profile suggests that the Wg gradient
becomes less steep and broader in the P compartment (Fig.
5B”). Importantly, the extracellular Wg level on the Wg-
expressing cells is not significantly changed, suggesting that
the high levels of Dlp at the DV boundary does not impede Wg
movement. Similar results were obtained in the otherwise
smaller posterior half of the disc when en“ is used to induce
the expression of UAS-dlp (data not shown). Consistent with
previous results by others (Strigini and Cohen, 2000),
overexpression of Dally by en®* did not drastically alter
extracellular Wg levels (Fig. 6C,C’). However, the plot profile
shows that there is a mild increase in the Wg level in the region
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close to the DV boundary in the P compartment (Fig. 6C”),
although this increase does not change the range and the steep
shape of the Wg gradient significantly.

Second, we examined the ability of the Wg receptors (Fz and
Fz2) in influencing the Wg gradient. Previous studies have
shown that overexpression of Fz-GPI has no effect on the Wg
gradient when examined by conventional staining (Rulifson et
al., 2000). However, we found that the extracellular Wg levels
are enhanced, and the Wg gradient becomes broader and flatter
in the P compartment when overexpressing wild-type Fz (Fig.
7A-A"). The apparent difference between our observations and
the previous work (Rulifson et al., 2000) most probably reflects
a difference in the sensitivity of detection methods rather than
in the affinity of two versions of Fz for Wg. Overexpression of
Fz2, however, leads to increased Wg levels in the central zone
of the P compartment (Fig. 7B,B”). The plot profile shows that
the range of the Wg gradient is almost the same in the presence
of a high level of Fz2 (Fig. 7B”), indicating that the primary
effect of ectopic Fz2 is stabilizing Wg rather than enhancing
Wg movement. We also found that Dlp levels are not altered
in cells overexpressing Fz or Fz2 (data not shown), suggesting
that the enhanced extracellular Wg levels are the direct result
of overexpressing Fz and Fz2, both of which can, as suggested
by biochemical studies, directly bind to Wg (Wu and Nusse,
2002).

Third, we examined the effect of Arr overexpression on
extracellular Wg distribution. The extracellular Wg gradient is
not significantly altered when GFP-Arr, a functional Arr
molecule (see Materials and methods), is overexpressed by
en®™ (Fig. 7C,C’). This result is consistent with the
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Posterior compartment Fig. 6. The effects of overexpressing
Dally and Dlp on extracellular Wg
distribution. Extracellular Wg
staining in a wild-type wing disc
(A,A"), and discs overexpressing DIp
(B,B’) and Dally (C,C’) in the
posterior compartment. The posterior
compartment is marked by either
GFP (green in A” and C’) or the
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Fig. 7. The effects of overexpressing Fz,
Fz2 and Arr on extracellular Wg
distribution. Extracellular Wg staining in
discs overexpressing Fz (A,A"), Fz2
(B,B’) and Arr-GFP (C,C’) in the
posterior compartment. The posterior
compartments are marked by GFP. The
. images and plot profiles are displayed as
- in Fig. 6.
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—WT
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en™* UAS-Fz1
restricted diffusion involving the
HSPGs Dally and Dlp.

Discussion

The establishment of the long-range
Y Wg gradient in the wing disc is a

Y " . . .
A B complex process involving multiple

cell-surface molecules. We present
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en®™ UAS-Arr-GFP

evidence that the HSPGs Dally and
Dlp are required for the formation
of the Wg gradient. Surprisingly,
although overexpression of Wg
receptors (Fz and Fz2) can alter the
Wg gradient, they are not essential
for extracellular Wg gradient
formation. We further demonstrate
that Wg fails to move across sfl- or
dally-dip-deficient cells. These new

en®™ UAS-Fz2
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biochemical study that Arr is not able to bind directly to Wg
(Wu and Nusse, 2002). However, from the plot profile, we
notice a slightly faster drop-off of the extracellular Wg gradient
in the P compartment, which may be resulted from slightly
enhanced Wg internalization/degradation in the presence of
high levels of Arr.

Wg moves from cell to cell in a HSPG-dependent
manner

Our recent studies demonstrated that Dally and Dlp are
required for Hh and Dpp movement through a restricted
diffusion mechanism (Belenkaya et al., 2004; Han et al.,
2004b). We therefore examined whether Dally and DIp control
Wg movement through a similar mechanism. We generated
narrow stripes of clones mutant for sfl or dally-dlp and asked
whether Wg can move across these HSPG-deficient cells.
Extracellular Wg levels are reduced within the sfl clones as
well as in wild-type cells behind the clones (Fig. 8A-B’, shown
by turquoise arrows), even though these clones are only one to
two cell diameters wide. Similar results were obtained for
dally-dlp clones (Fig. 8C-D’), suggesting that Wg movement
is impeded by cells mutant for both dally and dlp. We also
quantified this cell non-autonomous effect by generating
profiles of Wg distribution in a region covering both the clones
and wild-type areas behind the clones. The plots show that
extracellular Wg is reduced to basal levels in the wild-type
cells behind the sfl or dally-dly mutant clones (Fig.
8A”,B”,C”D”). Collectively, these data argue that Wg
movement is not by free diffusion, but rather is mediated by a

findings argue that the HSPG Dally
and Dly are the main factors for
extracellular Wg gradient formation.
Our results are consistent with a model in which the Wg

morphogen moves along the plane of the disc epithelium
through the HSPGs Dally and Dlp.

en®* UAS-Arr-GFP

The glypicans Dally and DIp in Wg gradient
formation

One important finding in this work is that the glypicans Dally
and Dlp are required for Wg gradient formation. Several
recent studies have shown that extracellular Wg distribution is
compromised in clones mutant for HS biosynthesis enzymes,
including sfl, slalom and members of the Drosophila EXT
gene (Baeg et al., 2001; Bornemann et al., 2004; Han et al.,
2004a; Luders et al., 2003; Takei et al., 2004). However, it is
unclear which HSPG cores are involved in this process. We
show that Wg morphogen distribution is defective in either
dally or dlp mutant clones. These new findings clearly
establish the requirement of Dally and DIlp in Wg morphogen
gradient formation. Thus, as in the case of Hh and Dpp
(Belenkaya et al.,, 2004; Han et al., 2004b), the glypican
members Dally and Dlp, rather than Drosophila syndecan or
perlecan, are the main HSPGs involved in Wg gradient
formation.

Interestingly, we found that Dally and Dlp differentially
regulate the Wg extracellular gradient in distinct regions of the
wing disc. Both Dally and Dlp are glypican members of HSPG
family. One would expect that differences in the structure of
Dally and Dlp, and their attached HS GAG chains may
determine their abilities to interact with Wg, thereby leading
to their specificities. This is probably one of the factors, as
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Fig. 8. Wg movement is impeded by HSPG-deficient cells. Extracellular Wg staining in discs bearing narrow stripes of clones mutant for sff (A-
B’) or dally-dip (C-D’). All discs are oriented anterior left, dorsal up. The mutant clones are marked by the absence of GFP in the merged
images, and outlined by broken lines. The extracellular Wg is reduced not only within these mutant clones, but also in the wild-type cells
behind them (pointed by blue arrows). For comparison, the yellow arrows indicate wild-type cells at similar distances from the DV boundary. In
each disc, Wg distribution is averaged and plotted (A”,B”,C”,D”) from an area including the narrow clone and the cells behind it and from a
control area (boxed in the merged images). The colors of profiles are specified at the bottom of the figure. The left-right axis of the plot profiles
corresponds to the ventrodorsal axis of the boxed regions. The drops of GFP intensity indicate the position of the mutant clones.

overexpression of Dally and Dlp has very different effects on
extracellular Wg gradient. Consistent with our data in this
work, previous studies have shown that DIp is much more
potent in accumulating Wg protein than Dally when
overexpressed (Baeg et al., 2001; Giraldez et al., 2002).
However, we have also found that the regional effects of Dally
and DIp on extracellular Wg gradient correspond well to their
expression patterns. The regions with higher expression levels
of Dally or DIp have stronger extracellular Wg defects when
Dally or Dlp is removed, respectively. Based on these data, we
suggest that the differential roles of Dally and Dlp in
extracellular Wg distribution are at least partially determined
by their restricted expression.

What exact roles do Dally and Dlp play in shaping the
extracellular Wg gradient? Our loss-of-function results suggest
that removal of Dally or DIp leads to reduced extracellular Wg
levels on the cell membrane. Furthermore, extracellular Wg
levels are reduced in wild-type cells behind sfl or dally-dlp
clones (Fig. 8). These data suggest that the primary function
of Dally and Dlp in Wg gradient formation is to maintain
extracellular Wg proteins so that locally concentrated Wg
proteins can further move to more distal cells through
diffusion.

Roles of DIp, Dally and Notum in modulating Wg
signaling

Despite a positive role of Dlp in extracellular Wg distribution,
surprisingly, Dlp negatively regulates Wg signaling at the DV
boundary. However, ectopic Wg signaling at the DV boundary
of the dIp mutant is considerably weak. This relatively weak
effect is most probably due to the low level expression of Dlp,
which is downregulated by Wg signaling. Our results are
consistent with our previous observation that overexpression of
DIp in the wing disc leads to a blockage of Wg signaling (Baeg
et al., 2001). Dlp may compete with Fz proteins for available
Wg protein at the DV boundary, thereby inhibiting Wg
signaling. However, the extract mechanism of Dlp-mediated
Wg inhibition needs to be further determined.

Previous studies have identified Notum as a secreted
inhibitor for Wg signaling (Gerlitz and Basler, 2002; Giraldez
et al., 2002). Notum is expressed at the DV boundary and was
proposed to downregulate Wg signaling by modulating Dlp
activity (Giraldez et al., 2002). During the reviewing process
of this manuscript, Cohen’s (Kreuger et al., 2004) and Selleck’s
(Kirkpatrick et al., 2004) laboratories published their recent
studies proposing that Notum negatively regulates Wg
signaling by shedding of Dlp, which converts Dlp from a
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membrane-tethered co-receptor to a secreted antagonist. Their
conclusions are mainly based on two lines of experimental
data. First, biochemical experiments clearly demonstrated that
Notum can modify Dlp in a manner that resembles cleavage of
the GPI anchor (Kreuger et al., 2004). Second, Kirkpatrick et
al. showed that transheterozygous dlp/notum flies produced
ectopic mechanosensory bristles which are not seen in dip*’~
or notum™" alone, indicating that DIp and Notum genetically
collaborate in downregulating Wg signaling (Kirkpatrick et al.,
2004).

However, on the basis of our data in this work, we suggest
that Notum inhibit Wg signaling mainly by modifying Dally
in the wing disc. First, genetic interaction data shown by
Kirkpatrick et al. cannot distinguish whether DIp and Notum
work in the same pathway or in two independent pathways to
downregulate Wg signaling at the DV boundary (Kirkpatrick
et al., 2004). If Dlp is indeed the main substrate for Notum, we
would expect that ectopic Wg signaling activity in dlp-notum
should be similar to that in dlp mutant. However, our loss-of-
function analysis demonstrates that ectopic Wg signaling in
dlp-notum is similar to that in nofum mutant, but much stronger
than that in dlp mutant. However, dally-notum clones exhibits
loss of Wg signaling activity, which is similar to dally mutant.
Second, Dlp expression is strikingly repressed by Wg signaling
and this reduction is independent of Notum. Low/absent
expression of Dlp is not consistent with the view that Dlp is
the main substrate for Notum. Finally, it is important to
mention that Notum can reduce the amount of Dally when they
are co-expressed in Drosophila S2 cells (Giraldez et al., 2002),
suggesting that Notum can modify Dally as well. Although
Notum can shed Dlp, whether shed Dlp acts as a Wg inhibitor
need to be further determined (Kreuger et al., 2004). Therefore,
further experiments are necessary to define the mechanism(s)
of Notum-mediated Wg inhibition.

Roles of Fz, Fz2 and Arr in Wg gradient formation

One important finding of this study is that removal of the Wg
receptors (Fz and Fz2) and the co-receptor Arr does not lead
to a loss of extracellular Wg. Fz2 has been proposed to play a
major role in Wg gradient formation in the wing disc by ectopic
expression studies (Cadigan et al., 1998). Although several
previous studies as well as our data in this work demonstrated
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the high capacity of Fz2 in stabilizing Wg (Cadigan, 2002;
Lecourtois et al., 2001; Rulifson et al., 2000), our loss-of-
function results clearly show that extracellular Wg levels were
not reduced in clones mutant fz2. This is apparently not due to
the overlapping function of Fz as the extracellular Wg level is
enhanced, rather than reduced in the absence of both Fz and
Fz2 functions. Our results argue that Fz2 is not essential for
extracellular Wg gradient formation in vivo. It is important to
note that in addition to Fz and Fz2, Drosophila Fz3 is also
expressed in the wing disc and its expression is upregulated by
Wg signaling (Sato et al., 1999). Although Fz3 has lower
affinity than Fz2 in Wg binding and acts as an attenuator of
Wg signaling (Sato et al., 1999; Wu and Nusse, 2002), its role
in Wg distribution needs to be determined.

We further demonstrated that extracellular Wg is enhanced
in cells mutant for fz-fz2 or arr, suggesting that Wg receptors
(Fz and Fz2) and Arr shape extracellular Wg gradient by
downregulating extracellular Wg levels. Our data argue that
this is mainly resulted from upregulation of Dlp. Consistent
with this view, we show that the accumulated extracellular Wg
can be eliminated by loss of HSPGs in sfl-fz-fz2 or arr-botv
mutant clones (Fig. 5). Importantly, we show that both
extracellular Wg and Dlp levels are upregulated on the cell
surface of clones mutant for dsh. These data provide
compelling evidence that though a feedback mechanism, Wg
signaling can control the DIp levels to regulate the extracellular
Wg gradient.

Another alternative possibility is that enhanced Wg levels in
Jz-fz22 or arr clones may be caused by impaired Wg
internalization. Although we observed significant amount of
internalized Wg vesicles in fz-fz2 or arr mutant clones (data
not shown), we cannot rule out this possibility as a quantitative
comparison of Wg internalization between wild-type cells and
Jfz-/z2 or arr mutant cells was difficult in our experimental
settings. Furthermore, as mentioned above, Fz3 is expressed in
the wing disc and its expression is upregulated by Wg signaling
(Sato et al., 1999). It is possible that Fz3 may mediate the
internalization of Wg in the absence of Fz and Fz2.

Molecular mechanisms of Wg movement

A previous study by Strigini and Cohen provided evidence that
Wg morphogen movement is regulated by a diffusion
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Fig. 9. A model of restricted Wg movement along cell surface. Secreted extracellular Wg is bound and stabilized by glypicans Dally and Dlp on
the cell surface. The differential concentration of Wg from producing cells to receiving cells drives Wg diffusion along cell surface to more
distal cells through disassociation/re-association with HSPGs. In the absence of Dally and Dlp, the Wg protein can no longer move further. It
either stays on cell membrane or diffuses into disc lumen, or is degraded. The thin black arrows at the top of this diagram indicate the
displacement of Wg from one GAG chain to another. The double-headed arrow indicates the lateral movement of glypicans on the cell

membrane.
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mechanism(s) in the wing disc (Strigini and Cohen, 2000).
Does Wg diffuse freely in the extracellular matrix/space? In
this work, we show that Wg fails to move across a strip of cells
mutant for the HSPGs Dally and Dlp. This result suggests that
Wg can not freely diffuse in the extracellular matrix. Instead,
our findings are consistent with a model in which Wg
movement is mediated by the HSPGs Dally and Dlp through a
restricted diffusion along the cell surface (Fig. 9). Similar
mechanisms have been proposed for Hh and Dpp (Belenkaya
et al., 2004; Han et al., 2004b). In biological systems such as
imaginal discs, the restraint of Wg spreading to the surface of
the epithelial cell layer is important as the folding of imaginal
discs, such as the leg disc, poses a problem if the Wg gradient
formation were to occur out of the plane of the epithelial cell
layer through free diffusion. In agreement with this view, our
model proposes that Wg gradient formation depends on Wg
movement through the cell surface of the disc epithelium.

We thank P. Adler, K. Basler, S. Cohen, S. Dinardo, J. Jiang, H.
Nakota, R. Nusse, M. Peifer, G. Struhl and the Bloomington Stock
Center for Drosophila stocks; P. Beachy, H. Bellen, S. Cumberledge,
R. Holmgren and the Iowa Developmental Studies Hybridoma Bank
(IDSHB) for antibodies; and H. Standley, A. York and R. Opoka for
comments on the manuscript. This work was supported partially by
NIH grants RO1 GM-63891, American Cancer Society Institutional
Research Grant, March of Dimes foundation and a start-up fund from
Cincinnati Children Hospital Research Foundation to X.L. C.H. was
an Albert J. Ryan fellow and is supported by a predoctoral fellowship
from American Heart Association.

Supplementary material

Supplementary material for this article is available at
http://dev.biologists.org/cgi/content/full/132/4/667/DC1

References

Baeg, G. H., Lin, X., Khare, N., Baumgartner, S. and Perrimon, N. (2001).
Heparan sulfate proteoglycans are critical for the organization of the
extracellular distribution of Wingless. Development 128, 87-94.

Bejsovec, A. and Wieschaus, E. (1995). Signaling activities of the Drosophila
wingless gene are separately mutable and appear to be transduced at the cell
surface. Genetics 139, 309-320.

Belenkaya, T. Y., Han, C., Standley, H. J., Lin, X., Houston, D., Heasman,
J. and Lin, X. (2002). pygopus encodes a nuclear protein essential for
Wingless/Wnt signaling. Development 129, 4089-4101.

Belenkaya, T. Y., Han, C., Yan, D., Opoka, R., Khodoun, M., Liu, H. and
Lin, X. (2004). Drosophila Dpp morphogen movement is independent of
Dynamin-mediated endocytosis, but regulated by the glypican members of
heparan sulfate proteoglycans. Cell 119, 231-244.

Bernfield, M., Gotte, M., Park, P. W., Reizes, O., Fitzgerald, M. L.,
Lincecum, J. and Zako, M. (1999). Functions of cell surface heparan
sulfate proteoglycans. Annu. Rev. Biochem. 68, 729-777.

Bhanot, P., Fish, M., Jemison, J. A., Nusse, R., Nathans, J. and Cadigan,
K. M. (1999). Frizzled and Dfrizzled-2 function as redundant receptors for
Wingless during Drosophila embryonic development. Development 126,
4175-4186.

Bornemann, D. J., Duncan, J. E., Staatz, W., Selleck, S. and Warrior, R.
(2004). Abrogation of heparan sulfate synthesis in Drosophila disrupts the
Wingless, Hedgehog and Decapentaplegic signaling pathways. Development
131, 1927-1938.

Cadigan, K. M. (2002). Regulating morphogen gradients in the Drosophila
wing. Semin. Cell Dev. Biol. 13, 83-90.

Cadigan, K. M., Fish, M. P., Rulifson, E. J. and Nusse, R. (1998). Wingless
repression of Drosophila frizzled 2 expression shapes the Wingless
morphogen gradient in the wing. Cell 93, 767-777.

Chen, C. M. and Struhl, G. (1999). Wingless transduction by the Frizzled
and Frizzled?2 proteins of Drosophila. Development 126, 5441-5452.

Esko, J. D. and Selleck, S. B. (2002). Order out of chaos: assembly of ligand

Research article

binding sites in heparan sulfate. Annu. Rev. Biochem. 71, 435-471.

Fujise, M., Izumi, S., Selleck, S. B. and Nakato, H. (2001). Regulation of
dally, an integral membrane proteoglycan, and its function during adult
sensory organ formation of Drosophila. Dev. Biol. 235, 433-448.

Fujise, M., Takeo, S., Kamimura, K., Matsuo, T., Aigaki, T., Izumi, S. and
Nakato, H. (2003). Dally regulates Dpp morphogen gradient formation in
the Drosophila wing. Development 130, 1515-1522.

Gerlitz, O. and Basler, K. (2002). Wingful, an extracellular feedback inhibitor
of Wingless. Genes Dev 16, 1055-1059.

Giraldez, A. J., Copley, R. R. and Cohen, S. M. (2002). HSPG modification
by the secreted enzyme Notum shapes the Wingless morphogen gradient.
Dev. Cell 2, 667-676.

Golic, K. G. (1991). Site-specific recombination between homologous
chromosomes in Drosophila. Science 252, 958-961.

Greco, V., Hannus, M. and Eaton, S. (2001). Argosomes: a potential vehicle
for the spread of morphogens through epithelia. Cell 106, 633-645.

Gurdon, J. B. and Bourillot, P. Y. (2001). Morphogen gradient interpretation.
Nature 413, 797-803.

Han, C., Belenkaya, T. Y., Khodoun, M., Tauchi, M. and Lin, X. (2004a).
Distinct and collaborative roles of Drosophila EXT family proteins in
morphogen signalling and gradient formation. Development 131, 1563-
1575.

Han, C., Belenkaya, T. Y., Wang, B. and Lin, X. (2004b). Drosophila
glypicans control the cell-to-cell movement of Hedgehog by a dynamin-
independent process. Development 131, 601-611.

He, X., Semenov, M., Tamai, K. and Zeng, X. (2004). LDL receptor-related
proteins 5 and 6 in Wnt/beta-catenin signaling: arrows point the way.
Development 131, 1663-1677.

Ito, K., Awano, W., Suzuki, K., Hiromi, Y. and Yamamoto, D. (1997). The
Drosophila mushroom body is a quadruple structure of clonal units each of
which contains a virtually identical set of neurones and glial cells.
Development 124, 761-771.

Jones, K. H., Liu, J. and Adler, P. N. (1996). Molecular analysis of EMS-
induced frizzled mutations in Drosophila melanogaster. Genetics 142, 205-
215.

Khare, N. and Baumgartner, S. (2000). Dally-like protein, a new Drosophila
glypican with expression overlapping with wingless. Mech. Dev. 99, 199-
202.

Kirkpatrick, C. A., Dimitroff, B. D., Rawson, J. M. and Selleck, S. B.
(2004). Spatial regulation of Wingless morphogen distribution and signaling
by Dally-like protein. Dev. Cell 7, 513-523.

Kreuger, J., Perez, L., Giraldez, A. J. and Cohen, S. M. (2004). Opposing
activities of Dally-like glypican at high and low levels of Wingless
morphogen activity. Dev. Cell 7, 503-512.

Lawrence, P. A. and Struhl, G. (1996). Morphogens, compartments, and
pattern: lessons from Drosophila? Cell 85, 951-961.

Lecourtois, M., Alexandre, C., Dubois, L. and Vincent, J. P. (2001).
Wingless capture by Frizzled and Frizzled2 in Drosophila embryos. Dev.
Biol. 235, 467-475.

Lin, X. (2004). Functions of heparan sulfate proteoglycans in cell signaling
during development. Development 131, 6009-6021.

Lin, X. and Perrimon, N. (1999). Dally cooperates with Drosophila Frizzled
2 to transduce Wingless signalling. Nature 400, 281-284.

Lloyd, T. E., Atkinson, R., Wu, M. N., Zhou, Y., Pennetta, G. and Bellen,
H. J. (2002). Hrs regulates endosome membrane invagination and tyrosine
kinase receptor signaling in Drosophila. Cell 108, 261-269.

Luders, F., Segawa, H., Stein, D., Selva, E. M., Perrimon, N., Turco, S. J.
and Hacker, U. (2003). Slalom encodes an adenosine 3’-phosphate 5’
phosphosulfate transporter essential for development in Drosophila. EMBO
J. 22, 3635-3644.

Lum, L., Yao, S., Mozer, B., Rovescalli, A., von Kessler, D., Nirenberg, M.
and Beachy, P. A. (2003). Identification of Hedgehog pathway components
by RNAI in Drosophila cultured cells. Science 299, 2039-2045.

Manoukian, A. S., Yoffe, K. B., Wilder, E. L. and Perrimon, N. (1995). The
porcupine gene is required for wingless autoregulation in Drosophila.
Development 121, 4037-4044.

McGuire, S. E., Le, P. T., Osborn, A. J., Matsumoto, K. and Davis, R. L.
(2003). Spatiotemporal rescue of memory dysfunction in Drosophila.
Science 302, 1765-1768.

McGuire, S. E., Mao, Z. and Davis, R. L. (2004). Spatiotemporal gene
expression targeting with the TARGET and gene-switch systems in
Drosophila. Sci STKE.

Moline, M. M., Southern, C. and Bejsovec, A. (1999). Directionality of



Development

wingless protein transport influences epidermal patterning in the Drosophila
embryo. Development 126, 4375-4384.

Motzny, C. K. and Holmgren, R. (1995). The Drosophila cubitus interruptus
protein and its role in the wingless and hedgehog signal transduction
pathways. Mech. Dev. 52, 137-150.

Nakato, H., Futch, T. A. and Selleck, S. B. (1995). The division abnormally
delayed (dally) gene: a putative integral membrane proteoglycan required
for cell division patterning during postembryonic development of the
nervous system in Drosophila. Development 121, 3687-3702.

Neumann, C. J. and Cohen, S. M. (1997). Long-range action of Wingless
organizes the dorsal-ventral axis of the Drosophila wing. Development 124,
871-880.

Nusse, R. (2003). Wnts and Hedgehogs: lipid-modified proteins and
similarities in signaling mechanisms at the cell surface. Development 130,
5297-5305.

Pai, L. M., Orsulic, S., Bejsovec, A. and Peifer, M. (1997). Negative
regulation of Armadillo, a Wingless effector in Drosophila. Development
124, 2255-2266.

Pfeiffer, S., Alexandre, C., Calleja, M. and Vincent, J. P. (2000). The
progeny of wingless-expressing cells deliver the signal at a distance in
Drosophila embryos. Curr. Biol. 10, 321-324.

Pfeiffer, S., Ricardo, S., Manneville, J. B., Alexandre, C. and Vincent, J.
P. (2002). Producing cells retain and recycle Wingless in Drosophila
embryos. Curr. Biol. 12, 957-962.

Reichsman, F., Smith, L. and Cumberledge, S. (1996). Glycosaminoglycans
can modulate extracellular localization of the wingless protein and promote
signal transduction. J. Cell Biol. 135, 819-827.

Rulifson, E. J., Micchelli, C. A., Axelrod, J. D., Perrimon, N. and Blair, S.
S. (1996). wingless refines its own expression domain on the Drosophila
wing margin. Nature 384, 72-74.

Rulifson, E. J., Wu, C. H. and Nusse, R. (2000). Pathway specificity by the
bifunctional receptor frizzled is determined by affinity for wingless. Mol.
Cell 6, 117-126.

Sato, A., Kojima, T., Ui-Tei, K., Miyata, Y. and Saigo, K. (1999). Dfrizzled-
3, a new Drosophila Wnt receptor, acting as an attenuator of Wingless
signaling in wingless hypomorphic mutants. Development 126, 4421-4430.

Strigini, M. and Cohen, S. M. (2000). Wingless gradient formation in the
Drosophila wing. Curr. Biol. 10, 293-300.

Tabata, T. and Takei, Y. (2004). Morphogens, their identification and
regulation. Development 131, 703-712.

Takei, Y., Ozawa, Y., Sato, M., Watanabe, A. and Tabata, T. (2004). Three
Drosophila EXT genes shape morphogen gradients through synthesis of
heparan sulfate proteoglycans. Development 131, 73-82.

Teleman, A. A., Strigini, M. and Cohen, S. M. (2001). Shaping morphogen
gradients. Cell 105, 559-562.

Tolwinski, N. S., Wehrli, M., Rives, A., Erdeniz, N., DiNardo, S. and
Wieschaus, E. (2003). Wg/Wnt signal can be transmitted through
arrow/LRP5,6 and Axin independently of Zw3/Gsk3beta activity. Dev. Cell
4, 407-418.

Tsuda, M., Kamimura, K., Nakato, H., Archer, M., Staatz, W., Fox, B.,
Humphrey, M., Olson, S., Futch, T., Kaluza, V. et al. (1999). The cell-
surface proteoglycan Dally regulates Wingless signalling in Drosophila.
Nature 400, 276-280.

van de Wetering, M., Cavallo, R., Dooijes, D., van Beest, M., van Es, J.,
Loureiro, J., Ypma, A., Hursh, D., Jones, T., Bejsovec, A. et al. (1997).
Armadillo coactivates transcription driven by the product of the Drosophila
segment polarity gene dTCFE. Cell 88, 789-799.

Vincent, J. P. and Dubois, L. (2002). Morphogen transport along epithelia,
an integrated trafficking problem. Dev. Cell 3, 615-623.

Wehrli, M., Dougan, S. T., Caldwell, K., O’Keefe, L., Schwartz, S., Vaizel-
Ohayon, D., Schejter, E., Tomlinson, A. and DiNardo, S. (2000). arrow
encodes an LDL-receptor-related protein essential for Wingless signalling.
Nature 407, 527-530.

Wodarz, A. and Nusse, R. (1998). Mechanisms of Wnt signaling in
development. Annu. Rev. Cell Dev. Biol. 14, 59-88.

Wu, C. H. and Nusse, R. (2002). Ligand receptor interactions in the Wnt
signaling pathway in Drosophila. J. Biol. Chem. 277, 41762-41769.

Xu, T. and Rubin, G. M. (1993). Analysis of genetic mosaics in developing
and adult Drosophila tissues. Development 117, 1223-1237.

Zecca, M., Basler, K. and Struhl, G. (1996). Direct and long-range action of
a wingless morphogen gradient. Cell 87, 833-844.

Zhang, J. and Carthe, R. W. (1998). Interactions between Wingless and DFz2
during Drosophila wing development. Development 125, 3075-3085.

Proteoglycans in Wg gradient formation

679



