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Dally regulates Dpp morphogen gradient formation in the Drosophila wing
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SUMMARY

Decapentaplegic (Dpp), a Drosophila TGFp/bone expression in the wing disc is controlled by the same
morphogenetic protein homolog, functions as a morphogen molecular pathways that regulate expression ahickveins
to specify cell fate along the anteroposterior axis of the which encodes a Dpp type | receptor. Elevated levels of
wing. Dpp is a heparin-binding protein and Dpp signal Dally increase the sensitivity of cells to Dpp in a cell
transduction is potentiated by Dally, a cell-surface heparan autonomous fashion. In addition,dally affects the shape of
sulfate proteoglycan, during assembly of several adult the Dpp ligand gradient as well as its activity gradient. We
tissues. However, the molecular mechanism by which the propose that Dally serves as a co-receptor for Dpp and
Dpp morphogen gradient is established and maintained is contributes to shaping the Dpp morphogen gradient.
poorly understood. We show evidence that Dally regulates

both cellular responses to Dpp and the distribution of Key words:dally, dpp, Morphogen gradient, Heparan sulfate

Dpp morphogen in tissues. In the developing wingdally  proteoglycanpProsophila

INTRODUCTION (Persson et al., 1998; Tanimoto et al., 2000). Generally, pMad
levels are high at the central region of the wing disc and
Morphogens specify different cell fates in a concentrationgradually decline toward the anterior and posterior distal cells.
dependent manner and their functions are fundamental to tissHewever, within the central region, pMad levels are lower at
patterning during development. In spite of the central roléhe A/P border cells owing to the reduced expression of
morphogens play in assembling tissues, the moleculdhickveins(tkv), which encodes the type | receptor for Dpp.
mechanisms of morphogen gradient formation remain largellthough the ligand and activity gradients now can be
unknown. During development of tfizrosophilawing, three  visualized by using the tools mentioned above, the molecular
molecules have been proposed to act as morphogens: Wingléssis for the Dpp gradient formation is not yet completely
(Wg), Hedgehog (Hh) and Decapentaplegic (Dpp), a homolognderstood.
of vertebrate bone morphogenetic proteins (BMPs). Dpp is One of the determinants of the Dpp morphogen gradient is
expressed in a stripe of cells adjacent to the anterior (A¥he Tkv receptor. As Dpp signaling negatively reguldkes
posterior (P) compartment boundary (A/P border cells), andxpression, the relative levels tdv are high in cells at the
patterns the wing by inducing different target genes, sucheripheral region of the wing disc and are low within the
as spalt and optomotor-blind at different extracellular central domain (Fig. 1C) (Lecuit and Cohen, 1998). In
concentrations (Lecuit et al., 1996; Nellen et al., 1996)addition,tkv expression is strongly repressed by Hh signaling
Recently, two molecular tools have been developed to monitat the A/P border cells, which results in a reduction of pMad
the Dpp gradient formation. First, a biologically active GFP-staining in this region. The basal level tki/ expression is
tagged Dpp (Dpp-GFP) was used to directly visualize thdigher in the P compartment than in the A compartment and is
Dpp gradient in the developing wing (Fig. 1A) (Entchev et al. maintained by the activity of the P cell-specific selector gene,
2000; Teleman and Cohen, 2000). Studies using Dpp-GFehgrailed(en) (Funakoshi et al., 2001; Tanimoto et al., 2000).
successfully demonstrated that Dpp forms a long-rangAs higher levels of Tkv limit the movement of Dpp, Dpp does
gradient throughout the wing pouch. Dpp-GFP moves quickiyot spread as far in the P compartment, resulting in a steeper
through the disc and is rapidly turned over. Second, an antibo@pp morphogen gradient. Overexpressiontlof was also
that specifically recognizes the phosphorylated form ofhown to retard the movement of Dpp (Lecuit and Cohen,
Mothers against Dpp (pMad) can be used to monitor the Dpp998; Tanimoto et al., 2000). Thus, Dpp gradient formation is
morphogen activity gradient by following the phosphorylationin part controlled by the regulated expression oftkiveyene.
of Mad, a downstream transducer of the Dpp pathway (Fig. 1B) Several lines of evidence have suggested that heparan sulfate
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A Dpp-GFP of dally gene dosage dramatically glters t_hg expressipn of Dpp
target genes, as well as the patterning activity of Dpp in multiple

imaginal tissues (Fujise et al., 2001; Jackson et al., 1997). In

the embryonic epidermiglally modulates patterning directed

by Wg (Lin and Perrimon, 1999; Tsuda et al., 1999). These

findings are consistent with a model in which HSPGs enhance

the activity of growth factors on the cell surface by promoting

S uncT . dallywacz the assembly and/or increasing the stability of signaling

complexes. In this study, we focused on the functicatedy in

Dpp signaling during wing development. We found that

elevated levels dadially increase the sensitivity of cells to Dpp,

and that alterations in levels déally affect formation of both

Dpp ligand and activity gradients. In addition, we found that

the same regulatory networks control expressiodatfy and

tkv. These findings suggest that the regulated expression and

Fig. 1. Dpp morphogen gradients and expression of Dpp signaling function of Dally are essential components for Dpp morphogen

components in the developing wing. (A,B) Patterns of Dpp-GFP gradient formation.

expressed in A/P border cells Bgp-GAL4driver (A; dppild+;

dpp-GAL4/UAS-Dpp-GFPand Dpp activity gradient visualized by

anti-pMad antibody staining (B). (C,D) Expression patterns of the MATERIALS AND METHODS
Dpp type | receptor gertkv (C) and a putative Dpp co-receptor gene
dally (D), were followed by antp-galactosidase antibody staining of
wing discs of the enhancer trap lirnkg*9%6 anddallyP?,

respectively. Brackets show positions of the A/P border cells.
Posterior is towards the right and ventral is towards the top of all
wing discs and in all subsequent figures.

Fly stocks

Enhancer trap lineslally?? (Fujise et al., 2001; Nakato et al., 1995)
andtkv’996 (Tanimoto et al., 2000) were used to follow the expression
patterns ofdally andtkv, respectively. The mutations and transgenic
animals used were as followdally9emanddally4P-527, hypomorphic
alleles ofdally (Nakato et al., 1995Df erf, an embryonic lethal allele

. . . of en (Tabata et al., 1995}kv?12 (Nellen et al., 1994; Nellen et al.,
proteoglycans (HSPGs) are involved in distribution of;ggg) andtk\ (Singer et al., 1997), a null and hypomorphic allele

morphogenstout velu (ttv), a Drosophila homolog of the o tky, respectivelyUAS-dally(Tsuda et al., 1999)\JAS-hhCD2 a
mammalian EXT tumor suppressor gene family, encodes @embrane-tethered form of Hh, the signaling fragment of Hh fused
heparan sulfate co-polymerase (Bellaiche et al., 1998; The &t the ratCD2 gene (Strigini and Cohen, 1997)AS-tk®253D g

al.,, 1999; Toyoda et al., 2000). Mutationstin disrupt the  constitutively active form otkv (Nellen et al., 1996; Wieser et al.,
movement of Hh from its site of production. Thusy- 1995);Act5C>y>GAL4, a FLP-OUT cassette to misexpress the gene
dependent synthesis of HSPG is required for normgfownstream of UAS (ito et al., 199JAS-Dpp-GFRa biologically
distribution of Hh between cells. Similarly, Notum (Wingful) active form of Dpp tagged with GFP (Teleman and Cohen, 2000); and
was recently reported to be required for gradient formation ¢fPP-GAL4(Morimura et al., 1996).

the Wg morphogen (Gerlitz and Basler, 2002; Giraldez et aljmmunostaining

2002). This gene encodes a protein with homology to pectifymunostaining was performed as previously described (Fuiise et al.,
acetyltransferases and is proposed to affect Wg distribution B601) using rabbit anfi-galactosidase (1:500, Cappel), rabbit anti-
modulating the structures of the heparan sulfate moiety gfMad [1:1000, a generous gift from T. Tabata and P. ten Dijke
HSPGs. Recently, a novel membrane exovesicle structuréRersson et al., 1998; Tanimoto et al., 2000)] and rat anti-Tkv [1:250,
argosome, was identified and proposed to be involved ia generous gift from S. Cohen (Teleman and Cohen, 2000)]. The
morphogen movements (Greco et al., 2001). The transportatiétensity profiles of pMad staining were generated by NIH Image
of argosomes across cells and the localization of Wg proteit$ind the plot function. The primary antibodies were detected with
in this structure suggests a possible role for argosomes in V\?'éexa Fluo_r 568- or Alexa Fluor 488-conjugated secondary antibodies
distribution. Interestingly, when discs were treated withl" Unakoshi).

heparitinases, enzymes that digest heparan sulfate, Wg failggtopic expression

to accumulate properly in argosomes, although argosom@gnes of cells that ectopically expresisCD2 tkvR253D and dally
distribution was not affected. Greco et al. proposed from thigere induced by the GAL4/UAS system using a FLP-OUT cassette
observation that interaction of Wg with HSPGs is required fo(ito et al., 1997; Struhl and Basler, 1993). The genotypes of the flies
the incorporation of Wg into argosomes (Greco et al., 2001sed were:
These findings collectively point to the possibility that HSPGs y w hsp70-flp/+; Act5C>¥>GAL4 UAS-GFP/+; UAS-hhCD2/
are involved in controlling the distributions and activities ofdally™?
morphogens during tissue patterning. daxllly\Fl’vz 2§S70-flp/+; Act5C>y>GAL4 UAS-GFP/+; UAS-tKR2530)

One of theDrosophila proteoglycan genes that has been
shown to affect grO\?/th fapctor s%)rqalinggin tissue patterning is Y WV NSP70-fIp/+; ACtSC>>GAL4 UAS-GFP/+; UAS-dally/+
division abnormally delayeftially) (Nakato et al., 1995§lally  Mosaic analyses
encodes the core protein for glypican, a family of HSPGS thaliomozygous mutant clones were induced by FLP-mediated mitotic
are linked to the cell membrane through a GPI anchor (Tsudacombination (Golic, 1991; Xu and Rubin, 1993). Larvae were heat
et al., 1999)dally affects signaling mediated by two known HS- shocked at 24-48 hours after egg-laying at 37°C for 10-60 minutes to
binding growth factors iDrosophila Dpp and Wg. Modulation induce recombination. Discs were dissected and analyzed 48-96 hours
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after the induction. The genotypes of larvae we used to examine tA@nimoto et al., 2000). The activities of bdthandengenes
effect oftkv mutations ordally::lacZ expression wereJbi-nlsGFP  are mediated by a putative transcription factor, Mtv. Second,
FRT40/tk#!2 FRT4Q dally"?FLP3 Sb MKRSand Ubi-nlsGFP  tky levels are downregulated by Dpp signaling (Lecuit and
FRT40/tké FRT4Q d(_;\IIyPZ/FLPB Sb MKRSTo induceen mutant  cghen, 1998). By this mechanistiky expression is maintained
C'r%“es' we used discs from w hsp70-fig-; FRT42D ¥ D atlow levels in the center of the disc and at higher levels toward
erF/FRT42D ¥ Ubi-GFP: dally"%+ larvae. the anterior and posterior edges. The correlation between
Expression and detection of Dpp-GFP expression patterns délly andtkv prompted us to analyze the

To monitor the Dpp-GFP distribution, we dissected wing discs off@lly function in Dpp signaling in this tissue. As a first step
dp19+; UAS-dpp-GFP/dpp-GAL#arvae. Distribution of Dpp-GFP  toward this, we analyzed the regulatory pathways controlling
in dally mutants was observed using discs frpgf1%+; dpp-GAL4  dally expression and compared them with those contratkng
dally9®MUAS-dpp-GFP dal§f™ larvae. The effect of dally expression.

overexpression in A/P border cells on Dpp-GFP distribution was

analyzed using discs froap19+; UAS-dpp-GFP UAS-dally/dpp- dally expression is regulated by Hh and En

GAL4larvae. In previous studies (Entchev et al., 2000; Teleman angh 5 previous study, we showed that Hh signaling inddaég
Cohen, 2000), Dpp-GFP was expressedpiphomozygous animals gy ression at the A/P border cells (Fujise et al., 20y
(dpp*¥dppi? or dpp!tddppfl9. However, because animals o nocsion was absent in ti@oothenedsmd mutant clones

homozygous for botdpp anddally rarely survive to the third instar, . . ; .
we exﬁessed DppPgFP in ydpp %eterozygous background generated in the A compartment, where the Hh signaling is

(dpii%+). After a brief fixation (10 minutes) of discs with 4% Plocked (Alcedo et al., 1996), indicating that Hh signaling is
formaldehyde, signals for Dpp-GFP were imaged using confocdlequired for activation ofially at the A/P border cells. To
microscopy (LSM410, Carl Zeiss). Average intensity profiles forfurther determine whether Hh signaling is sufficient for the
different genotypes were generated using NIH Image. induction ofdally, we examined clones that ectopically express
hhCD2 which encodes a membrane-tethered form of Hh
(Strigini and Cohen, 1997), using the FLP-OUT system. In the

RESULTS A compartment,dally expression levels were increased in
) _ hhCD2expressing cells and in cells immediately adjacent to

Expression pattern of  dally along the AP axis of the them (Fig. 2A-C). This result shows that Hh expression is

wing disc sufficient to inducalally expression in the A compartment. To

The expression pattern afally, monitored bydally::lacZ  determine if dally expression is controlled bgn which
enhancer-trap expression, in the developing wing along the Alpregulateskv expression, we induced clones efmutant
axis shows a peak of expression at the A/P border cells, agélls using the FLP-FRT mosaic analysis system. Within
dally levels are lowest in cells adjacent to this region (Fig. 1D)en-mutant clones in the P compartmedsglly levels were
Furthermore, dally levels gradually increase toward the dramatically increased (Fig. 2D-F), which indicates thedly
anterior and posterior distal cells. This pattern correlates witbxpression is negatively regulated dry

the expression patterns of several genes involved in pattern . .

formation along the AP axis, such ts and master of thick Expression of dally enhancer trap is repressed by

veins (mtv, Sbb— FlyBase), which suggests thdally also  Dpp signaling

participates in this process. Expression of tke gene is To determine whether modulation of Dpp signaling affects
controlled by two distinct pathways. First, Hh represk®s dally expression, we first compared tihaly::lacZ expression
expression at the A/P border cells, and En regulates a hidietween wild-type antkv heterozygous cells. Clones mutant
basal level ofkvin the P compartment (Funakoshi et al., 2001 for tkvwere generated in a heterozygous backgrotkve/+)

Fig. 2. Expression oflally is regulated by Hh and

En. (A-C) Misexpression of the membrane-tethered
form of Hh, HhCD2, induces ectopic expression of
dally. dally::lacZ expression was followed using
antif3-galactosidase antibody staining (A). Clones
expressingihCD2are marked by GFP in (B).

(C) A merged image of A and B. Levels of
dally::lacZ are increased both in cells inside and
adjacent to the clones located in the A compartment
(arrows), while clones in the P compartment do not
alterdally expression. (D-Rlally is repressed by
enin the P compartment. (D) Expression pattern of
dally::lacZ. (E) Positions oeénrmutant clones are
shown by loss of GFP signal. (F) A merged image
of D and Edally expression is significantly

elevated irenmutant clones induced in the P
compartment (arrow), indicating thaally is

normally downregulated bsn Arrowheads in A

and D indicate the AP boundary.
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using the FLP-FRT system, which should, as a consequencagere elevated (Fig. 3G-1). In the notum region of the wing disc,
produce both mutantki@1%/tkv@12) and wild-type sister clones we could generatékv-null clones kv13tkv@1?) in which a
(+/+). Howevertkv- cells do not survive in the wing pouch as substantial increase dhlly expression was observed (Fig. 3J-
Tkv activity is indispensable for growth and, thus, only wild-L). Finally, we tested the effect of increased Dpp signaling on
type sister clones survived (Burke and Basler, 1996). ldally expression by using the FLP-OUT method to induce
resultant mosaic discs with wild-type atki~heterozygous clones of cells that expreskv253D, a constitutively active
cells, dally expression was decreased cell autonomously iform of tkv, in the wing pouch. We found that the level of
wild-type (+/+) clones at the AP border (Fig. 3A-C) anddally::lacZ expression was autonomously reduced in the
peripheral to the border (Fig. 3D-F). To further confirm thistkvR253D.expressing clones (Fig. 3M-0). All of these results
result, we also examined the effectlof-hypomorphic clones consistently indicate thatally expression in the wing disc is
(tkvé/tkv®) on dally expression. In such clones, whetler  negatively regulated by Dpp signaling, as has been shown for
activity is partially compromised, the levelsdally expression  tkv(Lecuit and Cohen, 1998). Thudally andtkvare regulated

by the same set of molecular pathways: Hh, En

dally::lacZ and Dpp signaling.

dally affects the sensitivity of cells to

Dpp

Although Dally was shown to be involved in
Dpp signaling in several imaginal tissues
(Jackson et al., 1997), the function of Dally
in this signaling pathway during wing
development remains unclear. To investigate
whether dally indeed affects Dpp signaling
activity in the developing wing, we examined
the effect of dally misexpression on pMad
levels. We found that the pMad signal was
significantly elevated indally-overexpressing
clones induced by the FLP-OUT system (Fig.
4). From the observation of 38 clones, this effect
of dally* expression on pMad levels was found
to be strictly cell autonomous. This is consistent
with the idea that Dally serves as a co-receptor
for Dpp, which facilitates the assembly of a
signaling complex on the cell surface. Given that
Dpp is an unstable molecule with a short half-

Fig. 3. Expression oflally is repressed by Dpp
signaling. (A-F) Clonal analysis for a sevéke
allele,tkv@12 resulted in loss of the clones
homozygous fotkyv, because of growth defects, and
preferential growth of their sister clones carrying
two copies of the wild-typ&kvin a genetic
background heterozygous fikwv (one copy of wild-
typetkv). The sister clones are marked by two
copies of GFP (+/+), giving brighter signals than the
single copy of GFP (+/-) (B,E). Wild-type (+/+)
clones at the A/P border (A-C) and peripheral to the
border (D-F) autonomously decrease the expression
of dally::lacZ (arrows). (G-I) Clonal analysis for a
mild tkv allele.dally::lacZ expression (G) is

elevated in clones of cells homozygous for a partial
loss-of-functiontkv allele, tk\® (arrows).

(J-L) Effects oftkv@12 mutation ondally::lacZ
expression in the notum. Levelsdslly expression

(J) were significantly increasedti?12clones
(arrows). Positions of clones are shown by loss of
the GFP signal (H,K). (M-O) Effects of ectopically
activated Dpp signaling aahally::lacZ expression.
Expression oflally was repressed in the FLP-OUT
clones that express a constitutively active form of
tkv, tkv@253D(M). Positions of the FLP-OUT clones
are marked by GFP (N). (C,F,1,L,O) Merged images
of the two left-hand images on each row.




life (Teleman and Cohen, 2000), it is also likely that C
stabilizes Dpp or the Dpp/receptor complex by prote
them from extracellular degrading enzymes, or
reducing the rate at which the internalized signi
complexes are delivered to lysosomes. Increased
staining was observed also in several clones induc
the hinge region (Fig. 4D-F). However, in some clt
located in the peripheral wing pouch, no increase of |
staining was seen (Fig. 4G-1). As Dpp levels are low
the levels of endogenodslly expression are already h
in these regions, the elevated levels of Dally in
experiment might not be sufficient to induce pl
accumulation. Thus,dally positively controls Dp
signaling in a cell autonomous fashion, and the sens
of cells todally misexpression is different depending
the position of the misexpressing cells in the wing pc

dally affects the Dpp morphogen activity
gradient formation

We next tested whethedally mutations affect tr
spatial patterning of Dpp activity by using an anti-pl
antibody. As is evident from Fig. 5, pMad patterns in\
discs fromdally-hypomorphic mutantsd@llyge"dallyse™
and dally9endally4P-52% show two abnormal featur:
First, the mutant discs lose the ability to downreg!
Dpp signaling in A/P border cells. Second, in
receiving cells, the smooth gradient of the pMad s
was not seen in the mutant discs. This was particl
evident in the P compartment; the pMad levels
high at the central domain (two-cell widths from
compartment boundary) but suddenly fall in sites w
normally they would decline gradually. As a resdé]ly
mutant discs show abnormally high levels of pMad ir
center of the disc and low pMad levels in the peripl
regions (Fig. 5C,G). We also observed a similar but
severe phenotype inally heterozygotes (Fig. 5B,F
which suggests that gradient formation seems t
sensitive todally gene dosage.

We found that overexpressiondslly at the A/P borde
cells also results in abnormal pMad distribution (
5D,H). The pMad levels in these discs were high a
central region but abnormally low in the receiving ¢
Unlike the pMad patterns observed dially mutants
the high pMad signals were restricted to ttally-
overexpressing domain and were not seen in the rec
cells. This pattern suggests that excess Dally sequ
Dpp proteins at the site of expression.

We noticed that the pMad pattern seen at dhlly
mutants is similar to the abnormality observed in ¢
overexpressingky, in which the elevated levels of T
retard the distribution of Dpp protein (data not shc
(Lecuit and Cohen, 1998; Tanimoto et al., 2000).
similarity betweerdally mutants andkv-overexpressin
discs raises the possibility thatally normally
downregulatestkv expression. In this scenariaally
mutations would induce high levels tdv expressior
resulting in abnormal distribution of pMad signals.
determine if this is the case, we analyfledexpressiol
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pMAD

dally*

Fig. 4. Ectopic expression afally increases the sensitivity of cells to Dpp.
Three examples are shown for anti-pMad antibody staining of wing discs
bearing clones of cells overexpressitadly. (A,D,G) Patterns of pMad.
(B,E,H) Position oflally-expressing clones marked by GFP expression.
(C,F,l) Overlay images. The pMad levels are increased iddlhe
expressing clones in the wing pouch (arrows) and the hinge region
(arrowheads). Clones induced in the peripheral domain did not show the
elevated pMad signals (asterisks).

wild-type

[ene] gvind

Fig. 5.dally affects the Dpp morphogen activity gradient. (A-D) Anti-
pMad antibody staining of the wing discs from wild-type (@glly9em+
(B), dallygemdally9®™(C) anddpp-GAL4/UAS-dallyD) animals.
Arrowheads indicate the AP boundary. (E-H) Graphs indicate intensity
profiles for pMad levels shown in A-D.

in the samalally-mutant backgrounds that had been used fopatterns otkv::lacZ (Fig. 6A,B) and Tkv protein (Fig. 6C,D)

the analysis of the pMad distributiodafly9¢"dally9®™ and

in dally mutants were indistinguishable from those in wild-type

dallysendally4P-524. We found that levels and expressiondiscs. This result indicates that Dally regulates Dpp activity
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wild-type dally/dally

Fig. 6. Expression ofkvin dally mutant wing disc. (A,B)kw
enhancer trap expression was monitored usingfagétactosidase
antibody staining in wild-type (A) andhlly9¢"dally9em(B)
backgrounds. (C,D) Anti-Tkv antibody staining of wild-type (C) and
dally9emdally9®™(D) wing discstkv expression is not affected by the
combinations oflally hypomorphic allelegjallyg¢"dally?¢mand

gradient formation via a mechanism that is independethivof
expression.

dally affects the Dpp ligand gradient formation

To examine the effect afally mutations on the distribution of
Dpp morphogen, we expressed Dpp-GFP in the region where
it is endogenously expressed usidigp-GAL4 In wild-type
discs, Dpp-GFP was detectable as intracellular punctate spots
and on the surface of the receiving cells (Fig. 7A), as
previously reported (Entchev et al., 2000; Teleman and Cohen,
2000). Dpp-GFP migrates throughout the wing pouch region,
forming a shallow but evident gradient. However,dally-
mutant discs, we could not detect an evident gradient of Dpp
distribution in the receiving cells (Fig. 7B-D). In general,
mutant discs showed a lower level of cell surface signals,
suggesting reduced stability of Dpp.

To determine whethetally overexpression at the A/P border
cells, which causes abnormal patterns of pMad (Fig. 5D,H),
also affects Dpp ligand gradient formation, we observed Dpp-
GFP distribution in discs wherally was co-expressed with
Dpp-GFP usinglpp-GAL4 Consistent with the pMad patterns
(Fig. 5D), Dpp was restricted to thaally-overexpressing
region and failed to migrate properly (Fig. 7E). This suggests
that Dally binds to Dpp protein and limits its distribution.
Intensity profiles of these discs (compared in Fig. 7F) show

dallysemdally4P-527 (data not shown), that alter the shape of the Dpp that both reduction adally and overexpression ofally at the

activity gradient (Fig. 5C).

wild-type dally/dally:

dally/dally.

dpp=>dally

Fig. 7. Distribution of Dpp-GFP ially mutant wing disc. Dpp-GFP
was expressed in A/P border cellsdpp-GAL4and its distribution
was monitored. Wild-type fadally gene (A),dallyse"dallysem(B-

D), anddpp-GAL4/UAS-dallyE) larvae. All discs were
heterozygous fodppf12 (see Materials and Methods). (F) Intensity
profiles for Dpp-GFP in the posterior half of discs with three

A/P border cells result in a shallower gradient and lower levels
of Dpp in the receiving cells. Taken together, Dally regulates
formation of both Dpp ligand and activity gradients. In
addition, our results strongly suggest that Dally plays at least
two roles in the formation of the Dpp signaling gradient: (1) it
regulates the sensitivity of cells to Dpp in a cell autonomous
fashion; and (2) it affects Dpp protein distribution, which is a
non-autonomous effect.

DISCUSSION

Mechanisms of Dally function in Dpp signaling

Although Dpp is one of the most extensively studied
morphogens, the molecular mechanisms by which the Dpp
morphogen gradient is generated and maintained are poorly
understood. Previously, it has been suggested that HSPGs
affect signaling and distribution of BMPs (Grisaru et al., 2001;
Jackson et al.,, 1997; Paine-Saunders et al., 2002; Paine-
Saunders et al., 2000). The present study demonstrates that
dally controls shape of both the ligand and the activity
gradients of Dpp in the developing wing. How datsly
contribute to the Dpp gradient formation? In vitro analyses
using mammalian tissue culture cells have established that
HSPGs can increase FGF signaling by stabilizing FGF/FGF
receptor complexes (Sperinde and Nugent, 1998; Sperinde and
Nugent, 2000). Several lines of evidence indicated that the
dosage of HSPGs is an important factor for FGF signaling. For
example, sodium chlorate treatment, which inhibits the
sulfation of heparan sulfate, reduces the biological response of
cells to FGF; the response can be restored by an exogenous
supplement of heparin. However, restoration is seen only at an

different genotypes are shown. 10, 8 and 12 samples were used foroptimal concentration of heparin; excess heparin competes for

wild-type (green)dally homozygote (red) andipp-GAL4/UAS-dally
(blue), respectively, to obtain the averaged profiles.

FGF with signaling complex, resulting in a reduction of
signaling (Krufka et al., 1996). In tli@rosophilawing, ectopic
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A central region. Thereforéally mutations may severely reduce
o ~ - the stability of Dpp protein as well as its signaling activity in
the receiving cells. Whedally is overexpressed in A/P border

*
-
\\( . \( \{( ; \‘3( 1.(-: ‘ » cells, Dpp is trapped by binding to excess Dally and fails to
P ) e distribute properly.

The model described above is based on the idea that the Dpp
Y Y ¥ gradient is established by diffusion. The diffusive mechanisms
of morphogen gradient formation are supported by a recent
theoretical analysis (Lander et al., 2002). However, our results
. do not rule out the possibility that Dally plays a more active
anpprecepaorl l role in facilitating Dpp diffusion or ‘carries’ Dpp protein. For

B Hh En

L\—I—/ example, it is possible that Dally is required for the Dpp
\ movement through the transcytosis pathway (Entchev et al.,

Hh En o 2000; Gonzalez-Gaitan and Jackle, 1999) or other transport

: systems, such as cytonemes (Ramirez-Weber and Kornberg,
/ Dpp signaling 1999) and argosomes (Greco et al., 2001).
_ Regulated expression of receptor and co-receptor
Dally: a Dpp coreceptor for stable morphogen gradient

Fig. 8.Expression patterns and functiondaflly contribute to We also showed thatally expression is regulated by the same
shaping the Dpp morphogen gradient in wing disc. (A) Model for ~ Set of signaling pathways that control expressiotkwfBoth
Dally function in Dpp signaling. Dally (red) forms a signaling genes are regulated by Hh in A/P border cells and by En in
complex with Dpp (green) and receptor molecules (yellow) on the the P compartment (Fig. 1, Fig. 8B), but the effects of Hh and
cell surface (left). Purple arrows represent signaling activity. En ondally are opposite to those dhv. In addition,dally

Increased levels of Dally can enhance Dpp signaling by stabilizing expression is negatively controlled by Dpp signaling.
the signaling complex (middle). However, excess levels of Dally  Through this mechanism, relative levelsdafly expression
sequester Dpp protein and show an inhibitory effect on signaling are higher at the anterior and posterior distal edges.

(right). (B) Levels oftkv expression (yellow)lally expression (red) Therefore,dally andtkv show similar patterns of expression

and Dpp signaling (purple). Expression of both Tkv (a Dpp receptor) . S L e
and Dally (a Dpp co-receptor) is regulated by several common {NIth one exception: the level afally expression is high in

molecular pathways in the wing. (1) Hh signaling suppretksesd A/P border cells, where Dpp is synthesized and secreted, but
activategdally. (2) En induceskv and repressedally. (3) Dpp by contrast,tkv expression levels are low in this region
signaling downregulates both genes. As the Tkv receptor and Dally (Fig. 1, Fig. 8B). The high levels afally in the peripheral
co-receptor mediate Dpp signaling, this regulatory pathway forms aregions could sensitize cells to low levels of Dpp, as has been
negative-feedback loop. At anterior and posterior edges of the wingshown fortkv (Lecuit and Cohen, 1998). These regulatory
pouch, lower levels of Dpp signaling result in high levels of Tkv and pathways appear to form negative feedback loops, which may
Dally, which sensitize cells to Dpp. stabilize the shape of the Dpp morphogen gradient. Thus, the
regulated expression and function of Dally are crucial factors
in the generation and maintenance of the Dpp morphogen
expression of Dally-like, another glypican related to Dally,gradient.
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