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Summary

Heparan sulfate proteoglycans (HSPG) have been
implicated in regulating the signalling activities of secreted
morphogen molecules including Wingless (Wg), Hedgehog
(Hh) and Decapentaplegic (Dpp). HSPG consists of
a protein core to which heparan sulfate (HS)
glycosaminoglycan (GAG) chains are attached. The
formation of HS GAG chains is catalyzed by
glycosyltransferases encoded by members of the EXT
family of putative tumor suppressors linked to hereditary
multiple exostoses. Previous studies inDrosophila
demonstrated that tout-velu (ttv), the Drosophila EXTY, is
required for Hh movement. However, the functions of other
EXT family members are unknown. We have identified and

activities, as well as their morphogen distributions, are
defective in cells mutant forttv, sotvor botvin the wing disc.
Surprisingly, although Wg morphogen distribution is
abnormal in ttv, sotv and boty, Wg signalling is only
defective in botv mutants or ttv-sotvdouble mutants, and
not in ttv nor sotvalone, suggesting that Ttv and Sotv are
redundant in Wg signalling. We demonstrate further that
Ttv and Sotv form a complex and are co-localized in vivo.
Our results, along with previous studies on Ttv, provide
evidence that all three Drosophila EXT proteins are
required for the biosynthesis of HSPGs, and for the
gradient formation of the Wg, Hh and Dpp morphogens.
Our results also suggest that HSPGs have two distinct roles

isolated the other two members of theDrosophila EXT
family genes, which are namedgister of tout-velusoty and
brother of tout-velu (boty), and encode Drosophila
homologues of vertebrate EXT2 and EXT-like 3 (EXTLS3),
respectively. We show that both Hh and Dpp signalling

in Wg morphogen distribution and signalling.

Key words: Heparan sulfate proteoglycans, Exostosin (EXT);
velu(ttv), botv of tout-velybotv), sister of tout-velsoty), Wingless
(Wg), Hedgehog (Hh), Decapentaplegic (Dapjsophila

Introduction the P compartment and moves into a stripe of A cells adjacent

Secreted signalling molecules of the Wnt/Wingless (Wg):‘o thg AP border to induce expression of its target genes
Hedgehog (Hh) and transforming growth facr(TGF- including dpp (Basler and Struhl, 1994; Capdevila and
B)/Decapentaplegic (Dpp) families function as organizers t&uerrero, 1994; Posakony et al., 1990; Tabata and Kornberg,
control growth and pattern formation of tissues during animal994). Dpp moves bi-directionally into both the A and P
development (Cadigan, 2002; Gurdon and Bourillot, 2001€0mpartments, and functions as a long-range morphogen to
Lawrence and Struhl, 1996; Teleman et al., 2001; Vincent ar@ftivate the expression of its target genes in a concentration-
Dubois, 2002). Studies iBrosophilahave demonstrated that dependent manner (Entchev et al., 2000; Lecuit et al., 1996;
Wg, Hh and Dpp act as morphogens to specify positiondNellen etal., 1996; Tanimoto et al., 2000; Teleman and Cohen,
information during wing development. In the wing disc, Wg is2000). Although the functions of Wg, Hh and Dpp as
required for dorsal (D)/ventral (V) patterning and wing marginmorphogens are well established, little is known about how
specification, whereas Hh and Dpp are responsible for anteriii€ir extracellular gradients are generated and how their
(A)/posterior (P) patterning. In the DV axis, Wg is expressednorphogen concentrations are interpreted into their signalling
in a narrow stripe of cells at the DV border and emanates fro@utputs.

the DV border to form an extracellular gradient (Strigini and In the past few years, genetic studiesDiosophila have
Cohen, 2000). Wg acts in a concentration-dependent mann@emonstrated the crucial roles of heparan sulfate proteoglycans
to directly trigger a graded transcriptional response of its targéHHSPG) in signalling events controlled by secreted Wg, Hh and
genes (Neumann and Cohen, 1997; Zecca et al., 1996). In thp morphogens (Lander and Selleck, 2000; Lin and
AP axis, Hh and Dpp function as short- and long-rangderrimon, 2000; Nybakken and Perrimon, 2002; Perrimon and
morphogens, respectively, to organize the anteroposteri@ernfield, 2000). HSPGs consist of a protein core to which
patterning of the wing. Hh protein is exclusively expressed itneparan sulfate (HS) glycosaminoglycan (GAG) chains are
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attached (Bernfield et al., 1999; Esko and Selleck, 2002; To understand the molecular mechanisms by which Wg, Hh
Perrimon and Bernfield, 2000). The biosynthesis of HS GA@nd Dpp morphogen gradients are regulated during wing
chains is initiated by the formation of a GAG-protein linkagedevelopment, we have conducted a genetic screen for
region consisting of a tetrasaccharide (-@&ABGaPpl- mutations associated with specific wing patterning defects
3GaP1-4XylB-O-) attached to specific serine residues in aBelenkaya et al., 2002). In this paper, we report the
proteoglycan core protein (Bernfield et al., 1999; Esko andlentification and characterization sister of tout-velysoty,
Selleck, 2002). Following the transferafGIcNAc as the first  Ext2 — FlyBase) andbrother of tout-velu(boty), encoding
N-acetylhexosamine unit to this linkage region, HS co-Drosophila homologues of mammalian EXT2 and EXTLS3,
polymerases add alternatifi)-4-linked GIcA andax1-4-linked  respectively. We show that Hh signalling and its distribution
GlcNAc residues, generating HS GAG chains of 100 or morare defective in eithesotv or botv mutant cells. We further
sugar units in length (Esko and Selleck, 2002). Biochemicalemonstrate that all thrd&rosophilaEXT proteins {tv, botv
studies have demonstrated that both the attachment of the fiestd soty) are essential for Dpp signalling and its morphogen
0-GIcNAc to the GAG-protein linkage region and the distribution. Surprisingly, although all thré&rosophila EXT
subsequent polymer formation are catalyzed by members of tipeoteins are required for the proper extracellular Wg
hereditary multiple exostoses (EXT) gene family of tumordistribution, Wg signalling is only defective botv mutant or
supressors (Esko and Selleck, 2002; Zak et al., 2002). kv-sotvdouble mutant cells, but notitv nor sotvmutant cells.
vertebrates, the EXT gene family consistEXTL EXT2 and  We provide further biochemical evidence that Ttv and Sotv
three EXT-like genes designat&XTL1 EXTL2andEXTL3 form a complex and are co-localized in vivo. Our results
(Zak et al., 2002). Human mutationsEXT1land EXT2are  provide new insights into the functions of the EXT family
associated with hereditary multiple exostoses (HME), a benigproteins in morphogen signalling during development.

bone tumor characterized by multiple -cartilage-capped

outgrowths of various bones (Ahn et al., 1995; Stickens et alpaterials and methods

1996). However, three EXT-like genes have not beegi‘.enet'c screen. maoping and identification of  botv and
demonstrated to be linked to genetic disorder(s). A number gi>" rrlmutations' pping and identinicat v

biochemical studies have shown that EXT1 and EXT2 functioi

i . . L - out-velu(ttv), brother of tout-velygbotv) andsister of tout-velsoty)
as HS co-polymerases involved in HS polymerization (Lind e\E/vere isolated from a F1 genetic screen (Belenkaya et al., 2002).

al., 1998; McCormick et al., 2000; McCormick et al., 1998; . : :
’ ’ ’ S ’ S . ’Approximately 200,000 F1 flies were screened, leading to the
Senay et al., 2000; Wei et al., 2000). Recent b'OChem'Céolation of 9ttv, 23 botvand 4sotvalleles.ttv83 is a putative null,

studies also demonstrated that HEXTL2andEXTL3proteins  containing a C to T transition, which leads to a nonsense mutation at
possess enzymatic activities that can transf@cNAc to the  224R and therefore a deletion of most of the prot®ituwas mapped
GAG-protein linkage region and to intermediates of chairto the cytological interval 56A-56C by using deficiencies Df(2R)P34
polymerization, suggesting roles for these proteins in initiatiomnd Df(2R)PC4. Mutations obotv alleles in CG15110 were
and polymerization reactions (Kim et al., 2001; Kitagawa egubsequently identified by sequencing DNA from homozydmig

al., 1999; Zak et al., 2002). Despite intensive biochemicdprvae.botvi®is a putative null and has a C to T transition, resulting
studies of the EXT family proteins in the HS GAG In a nonsense mutation at 169@Qotv failed to complement

; ; : : o . . eficiencies Df(2R)Jp8 and Df(2R)Jp4, and was mapped to 52F.
biosynthesis, their relationship in HS GAG biosynthesis an utations in CG8433 were identified frantvalleles by sequencing.

in particular, their respective in vivo roles in development ar€ 44 nas a G to A transition at the start codon of CG8433. The

largely unknown. _ _ second Met (ATG) of CG8433 ot is at AA195, and is unlikely
The Drosoph_lla genome contains three EXT family to pe an alternative start codon for a functional protein as it is located
members. Previous studies have shown that Tout-velu (Ttvjjter the signal peptide and the transmembrane domain. Therefore

the Drosophilahomologue of mammalian EXT1, is required sotv¥# is considered as a null. Consistent with this, cuticle defects
for Hh signalling (Bellaiche et al., 1998; The et al., 1999). Hrassociated withsot#4 null embryos are as severe as those of
movement in the wing disc is defective in cells mutanttfor ~ SOt#4/Df(2R)Jp8 orsot#4/Df(2R)JIp4.

Further study demonstrated that only cholesterol-modified H%eneration of marked clones for phenotypic analysis

(Hh-Np), and not cholesterol-unmodified (Hh-N), is dependen . : .
emales with germline clones were generated using the autosomal

or_ltr']ri\r/]_fungtlon f(i.r Its movem;an;[ (('jl'hehet al.(,j %r?gtgt)h Consistent o prg: technique (Chou and Perrimon, 1996) as described
Wi IS observation, a recent study showe at the moveme elenkaya et al., 2002; Hacker et al., 1997). Imaginal disc clones of

of large punctate structures containing Hh-Np across cells [§ytant cells were generated as described (Belenkaya et al., 2002;
contingent upon the activity of Ttv (Gallet et al., 2003). Theracker et al., 1997). To induce the expression of DsRed marker, third-
involvement of Ttv in HS GAG biosynthesis was alsoinstar larvae were subsequently subjected to a second heat shock for
demonstrated. HS GAG is strikingly reduced, but not©0 minutes at 37°C and allowed to recover for 5 hours at room
completely eliminated, in thiév null embryo (The et al., 1999). temperature before fixation and immunostaining. Below, we list the
Biochemical analysis further showed that HS GAG is markedlgenotypes used in our analyses.

reduced inttv mutant larvae (Toyoda et al., 2000). Togetheh ﬁ'(l) g‘ﬁzr ?:‘?t"“; ;fglbzﬁ)t"lggcﬁf)‘es marked by the absence of GFP
these studies have demonstrated that Ttv is required for HR'9S & % 719 5B-H Fg. 051 ): = 13
movement and involved in the HS GAG biosynthesis,, Y%, hsp70-fif- or ¥; FRTEL ubiquitin-GFP M(2)58F / FRY
Interestingly, it was shown that Ttv is required specifically for ", '\ 1s170-fi- or Y: FRTE2 ubiquitin-GFP M(2)58F / FREL3

Hh, but not for Wg and Fgf signalling (The et al., 1999), raisingo¥¢4; ang e ’ a @

the question of V\_/hether the other tvm_rosophﬁla EXT y w hsp70-fip+ or Y; FRTE13 ubiquitin-GFP M(2)58F / FRF13
members play partially redundant roles with Ttv in signallingoot03

pathways other than Hh. (2) ttve3-sotv* clones marked by the absence of GFP (Fig.)6l-J
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y w hsp70-flpr or Y; FRTE13 ubiquitin-GFP M(2)58F / FR¥13  Pharmacia). Immunoprecipitates were washed three times with 10

ttve3 sotv#4. mM Tris-HCI (pH 7.4), 0.2% Triton X-100, 150 mM NaCl, 2 mM
(3) For GFP-Dpp in a wild-type background (Fig. 5E): EDTA and 1pl proteinase inhibitor (Sigma), and twice with 10 mM
w; UAS-GFP-Dppr; dpp®al4/+. Tris-HCI (pH 7.4). Western blotting was carried out as described

(4) For GFP-Dpp in wing discs bearing clonestdf3, sotvw4and  (Belenkaya et al., 2002).
botvt93 marked by the absence of DsRed (Fig. 3E-H
y w hsp70-flp; FR§:3hsp70-DsRedFRTC13ttv63 UAS-GFP-Dpp;

dppald/+;
y w hsp70-flp; FR¥13 hsp70-DsRed FRTG13 sotv#4 UAS-GFP- Results
Dpp; dpFa4/+; and brother of tout-velu (botv) and sister of tout-velu
y w hsp7|§)-flp; FR313hsp70-DsRed FRTC13bot03 UAS-GFP-  (sotv) are two new segment-polarity genes
Dpp; dpg2i4/+. To identify novel genes involved in the signalling events
Antibody and X-gal staining mediated by the Wg, Hh and Dpp morphogens during wing

Fixation of embryos and imaginal discs as well as antibody stainin atte_rf"”Q' we conducted a genetic screen using a wing
procedure were performed as described (Belenkaya et al., 2009Pecific Flpase/FRT system (Belenkaya et al., 2002). Three
Hacker et al., 1997). For antibody stainingdirosophila Schneider's  independent loci on the second chromosome were recovered
S2 cells, cells were fixed in PBS with 2% formaldehyde for 15and exhibit similar wing defects, including fusion of
minutes and then subjected to the same antibody staining proceduesgitudinal veins L3 and L4, vein deletions (Fig. 1A-D) and
as for disc staining. X-gal staining was as described (Sullivan et awing nicks (data not shown). One of loci was identifietbas
2000). HS GAG staining using 3G10 antibody was performed agelu (ttv) (Fig. 1B) (see Materials and methods). On the basis
described (The et al., 1999), except that the heparinase Il treatmegf similar wing phenotypes associated with these loci, we

was shortened to 6 hours. Extracellular Wg staining was perform ; ~ ;
as described (Baeg et al., 2001; Strigini and Cohen, 2000). Prima gc])iivc:nj?;c?[l\\;)o loci asrother of tout-velyboty) andsister

i i he followi iluti : i i-pM . . . .
?Sgtl)?cgf sl:\slvoeorg (l;)seergsg; teteal.o f\glvglgg T(lenlmjoor:(s) ertagﬁntzggt(l))p rae;) it Previous studies have demonstrated that Ttv is required for

anti-Wg at 1:500 (Reichsman et al., 1996); rat anti-Ci at 1:10 (Motznjin Signalling during embryogenesis and development of the
and Holmgren, 1995); rabbit anti-Hh at 1:2000 (Taylor et al., 1993)wing (Bellaiche et al., 1998; The et al., 1999). To further
guinea pig anti-Sens at 1:2000 (Nolo et al., 2000); mouse anti-DIl &haracterizéotvandsoty we examined the embryonic cuticle
1:500 (Duncan et al., 1998); mouse anti-Engrailed 4D9 at 1:500 (lowpatterns associated with these mutants using null alleles (see
Developmental Studies Hybridoma Bank; IDSHB); mouse anti-WdMaterials and methods). Animals zygotically mutant for either
4D4 at 1:3 (IDSHB); rabbit anti-GFP Alexa Fluor 488 at 1:1000hotvor sotvsurvive until the third instar larval stage and appear
(Molecular Probe); rabbit anti-DsRed at 1:4000 (Clontech); mousgy hayve normal cuticle patterning (data not shown). However,
anthAIHS 3.610 at 1:100 (Seikagaku Corpo.ratlon); rat anti-HA 3F10nomozygous mutant embryos derived from females lacking
at 1:1000; mouse anti-Myc 9E10 at 1:500 (Roche Moleculat o ing’ hoty activity (referred to asbotv null embryos)

Biochemicals); mouse anti-V5 at 1:200 (Invitrogen); rabbit anti-d. ith t t larit h i Fio 1G
canine Calnexin at 1:100 (Stressgen); and mouseDamsiophila ie with a strong segment polarity phenotype (Fig. )-

Golgi at 1:100 (Calbiochem). Homozygous mutant embryos derived from females lacking
germlinesotv activity (referred to asotvnull embryos) also
Molecular biology die with segment polarity phenotypes, albeit relatively weak

The botv full-length cDNA was isolated by screening a 0-to-4 hourand variable (Fig. 1H,l). In the ventral embryonic ectoderm,
Drosophilaembryonic cDNA library (Brown and Kafatos, 1988). The Wg and Hh signalling are required for normal expression of
coding region obotvcDNA with three haemagglutinin (HA) tags in- engrailed(en) andwg (Hatini and DiNardo, 2001)n botvand

generate pUAST-botv-HA. TheotvcDNA was obtained from EST from the ectoderm by stage 11 (Fig. 1K,L,N,0). Taken

cDNA clone GH02288 (Invitrogen). The V5-tagged Sotv constructtogether these results suggest that Huthv and sotv are

was generated by cloning the coding region intd<ie-EcaoRV site . . . )
of pAc5.1 V5-His C vector (Invitrogen), in-frame with the V5 tag. To segment-polarity genes, and are likely to be involved in Hh

generate the pAc5.1-ttv-myc construct, the-myc fragment was and/or Wg signalling.

amplified by PCR from the genomic DNA of th#S-ttv-mydine ;

(The et al., 1999) and subcloned into the pAc5.1V5-His A vector. Hsgcg;r?]gﬂ aioltzvx_(la_rﬂgogﬁ dtrllzex-rgmrsé%p Zlcl:?ivgfm:rigg:rees of
DsRed was generated by cloning the full-lengBarHI-Spet) ! P Y,

DsRed T1 coding region from pDsRed expression vector (Clontecﬂrjaqu”ed for HS GAG biosynthesis

into Bglll-Xba sites of the pCasperR-hs vector. botv and sotvwere subsequently mapped to the cytological
S _ positions 56A-56C and 52F, respectively (see Materials and
Immunoprecipitation and western blotting methods). Searches of annotatddrosophila genome

Drosophila Schneider's2 cells (k107) were transfected with 0y databases identified rosophilaEXT-like gene (CG15110)
of corresponding expression vectors by the calcium phosphaig 56A-56C and eDrosophilaEXT2 (DEXT2 CG8433) in

precipitation method. For the induction of Botv-HA cloned in pUAST52F. The Drosophila genome contains three EXT genes
vector, 10ug pUAST-botv-HA and 1Qug of pArmadillo-Gal4 (Klueg including ttv, CG15110 and CG8433. Based on the

et al., 2002) was co-transfected. Cells were harvested 60 hours latgy, ./ ..: . : .
and lyzed in 1.5 ml of 20 mM Tris-HCI (pH 7.4), 2% Triton X-100, §lmilarities of botv and sotv with ttv in both wing and

150 mM NaCl and 7.5 ml proteinase inhibitor tablet (Roche Moleculaﬁmbryonlc cuticle defe_cts, we suspected that the CG15110
Biochemicals) on ice for 20 minutes. After clearance, one half of eacR"d CG8433 transcripts may encode Botv and Sotv,
lysate was used for immunoprecipitation witpg antibodies for 3 respectively. Two lines of evidence strongly suggest that this
hours at 4°C and then incubated for an additional 1.5 hours in tH& indeed the case. First, we used the RNA interference
presence of 12.fl bed volume of protein G sepharose (Amersham(RNAI) method (Kennerdell and Carthew, 1998) to perturb
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Fig. 1. ldentification ofbotvandsotvas two novel segment-polarity genes. (A-D) Wings are oriented proximal to the left, anterior up. (A) A
wild-type wing. (B-D) Wings bearing somatic clonedtof3 (B), botvi03(C) andsotv* (D). Adult wings with clones of these mutations exhibit
a variety of phenotypes, including vein loss, vein fusion, blister, narrowed wing and wing notching (data not shown)idlE-pr€&hérations

of a wild-type embryo (E), B35 homozygous embryo (F), and embryos derived from mutant germ-line clobes?8# (G) andsotv#4

(H,1). All embryos are oriented anterior to the left. Embryos lacking both maternal and zygotic actiibésooisotvexhibit typical segment-
polarity phenotypes; however, the defectsatiymutants can be relatively weak (1). (J-L) En staining of a stage 10 wild-type embryo (J), and
embryos derived from mutant germ-line clonebatit93 (K) andsotv (L). (M-O) Wg staining of a stage 10 wild-type embryo (M), and
embryos derived from mutant germ-line clonebaf%3 (N) andsotv*4 (O).

CG15110 and CG8433 transcripts. Embryos injected witlsAG staining in cells mutant faotv(Fig. 3B,B) or botv(Fig.
either CG15110 or CG8433 double-stranded RNA showedC,C). On the basis of these observations, we conclude that
segment-polarity defects (data not shown). Second, all thell three Drosophila EXT proteins are indispensable for the
sequenced alleles dfotv and sotv have mutations in the biosynthesis of HS GAG chains.
CG15110 and CG8433 genes, respectively (selected alleles ) ) o
are shown in Fig. 2A). Botv and Sotv are required for Hh signalling in the

We generated a phylogenetic tree of the EXT familywing disc
members among humans, mouse Rrasophilabased on their  Previous studies have demonstrated the essential role of Ttv in
amino acid sequences (Fig. 2B). Ttv is most similar to EXT1Hh signalling in the wing disc (Bellaiche et al., 1998). Hh
whereas Sotv and Botv are more closely related with EXTZnovement is blocked in A compartment cells mutanttfor
and EXTLS3, respectively. Ttv is 31.4% and 33.5% identical tqBellaiche et al., 1998). Two lines of evidence support the idea
Botv and Sotv proteins, respectively. In particular, all threghat Botv and Sotv are also required for Hh signalling. First,
DrosophilaEXT members shared high amino acid identity inthe level of Cubitus interruptus (Ci) is stabilized by Hh
their C-terminal regions (Fig. 2C). signalling in about 8-10 cells in the AP border (Aza-Blanc et

Biochemical studies have demonstrated that EXT familyal., 1997; Methot and Basler, 1999; Motzny and Holmgren,
proteins are required for HS GAG bhiosynthesis (Esko and995). However, Ci stabilization is strikingly reduced in
Selleck, 2002; Zak et al., 2002). Biosynthesis of HS GAGanterior cells mutant faotv(Fig. 4B,B) or botv (Fig. 4C,C).
chains is strikingly reduced itv mutant embryos (The et al., Second, whereas Hh proteins are present as punctate particles
1999) and larvae (Toyoda et al., 2000). We analyzed levels of anterior cells at the AP border, these punctate particles are
HS GAG chains in clones mutant fibv, botvandsotvin the  absent withinsotv (Fig. 4E,E) and botv clones (Fig. 4FH,
wing disc. In wild-type cells, HS GAG staining was found inexcept in the first row of cells facing the P compartment. These
punctate particles as well as on the membrane (Fig. 3j)esults suggest that similar to Ttv, Sotv and Botv activities are
Consistent with previous studies in embryos, HS GAG stainingequired for Hh movement in its receiving cells. In the absence
in ttv mutant clones was strikingly reduced (Fig. 3A,A of either Sotv or Botv, Hh can only move into the first row of
suggesting that Ttv is required for HS GAG biosynthesis in theells immediately adjacent to the Hh-expressing cells, and fails
wing disc as well. We also observed similar reductions in H$ move further.
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Fig. 2. Sotv and Botv are members of thesophilaEXT family of tu

mor suppressors. (A) Structures and mutations of Sotv and Botv. Sotv

and Botv are putative type Il transmembrane proteins. Three mutatibot/ahdsotvare shown in green bars (except#4, which harbors a
G to A transition at the start codon). (B) Phylogenetic trd@ro$ophila mouse (m), and human (h) EXT family proteins. Ttv, Sotv and Botv

are theDrosophilaEXT1, EXT2 and EXTL3 proteins, respectively.

(C) Sequence comparison of Ttv, Sotv and Botv. Identical residues are

highlighted (light red) and consensus residues are boxed. A conserved nucleotide sugar-bindingDnstibind at the C-terminal portion
of all three proteins and is boxed (blue). The sequence alignment and phylogenetic tree were generated using Lasergueiith soé\daten

Hein method.

Ttv, Sotv and Botv are required for Dpp signalling
and its gradient distribution

1B,C,D). As Dpp signalling is required for vein formation (de
Celis et al., 1996; Ray and Wharton, 2001), we investigated

In the wing disc, Dpp functions as a long-range morphogen twhether Dpp signalling and its gradient distribution were
control the growth and patterning of cells in the AP axis (Lecuitlefective in clones mutant fdtv, sotv and botv. We first

et al., 1996; Nellen et al., 1996). Dpp signalling is shown t@xamined Dpp signalling activity by visualizing the activated
activate its downstream signalling component Mad in dorm of Mad (p-Mad), which is phosphorylated by the

concentration-dependent manner (Tanimoto et al., 2000xctivated Dpp receptor Thickveins (Tkv) in response to Dpp
Recently, the Dpp morphogen gradient has been visualizesignalling (Tanimoto et al., 2000). In the wild-type wing disc

directly using GFP-Dpp fusion proteins that retain signallingFig. 5A), p-Mad levels were high in the central region of the

activity (Entchev et al., 2000; Teleman and Cohen, 2000).

wing disc and gradually decline towards the A and P distal

Vein deletions are the most striking defects associated witbells. p-Mad levels were lower at the AP boundary owing to

wing-bearing clones mutant foitv, sotv and botv (Fig.

the reduced expression tdv (Tanimoto et al., 2000). p-Mad
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Fig. 3. The DrosophilaEXT proteins are required for the
biosynthesis of HS GAG chains in vivo. Third instar larval wing
imaginal discs carrying mutant clonestiof3 (A,A"), sotv4

(B,B’) andbot\193(C,C) were fixed, digested with bacterial
heparinase Ill and then stained with mAb 3G10, which
recognizes the epitope generated by heparinase Il digestion. The
mutant clones are marked by the absence of GFP and are
outlined with dots. 3G10 staining is absent in mutant clones of
ttv83, sotvt4 andbot\io3

levels were strikingly reduced in either A or P cells mutant
for ttv, sotvor botv (Fig. 4B-D), providing evidence that

all three Drosophila EXT proteins are required for Dpp
signalling. We further tested whether the EXT proteins
control Dpp signalling by regulating Dpp morphogen
distribution. For this purpose, we expressed GFP-Dpp in
the endogenoudppexpression domain usirppcAt4and
analyzed GFP-Dpp distribution in clones mutant ttoy
sotv or botv. In the wild-type background, GFP-Dpp
exhibits a gradient pattern in both the A and P compartment
(Fig. 5E). However, levels of GFP-Dpp are reduced in
clones mutant fottv, sotvor botv (Fig. 5F-H). Together,
these results argue that Ttv, Sotv and Botv promote Dpp
signalling by modulating its morphogen distribution.

Distinct roles of Botv from those of Ttv and Sotv

in Wq signalling in the wing disc

In the wing disc, Wg forms a long-range gradient and acts
both at short and long range to regulate the expression of

Fig. 4. Involvement ofsotvandbotvin Hh signalling. All discs are oriented anterior left, dorsal up. (A& staining (red) in a wild-type wing
disc (A), and in discs carrying mutant clonesafi*4 (B,B") andbot\!93 (C,C) in the anterior compartment. The mutant clones are marked by
the absence of GFP and are outlined with dots. Within the large closesféfandbotvl93 accumulated Ci is seen only in a narrow stripe of
cells abutting the AP boundary. (D}fFih staining in a wild-type wing disc (D), and in discs carrying mutant clongstéf (E,E) or bot193

(F,F). The AP boundaries are determined by Ci staining (data not shown) and are marked by lines. Clone boundaries are ntarked by dot
lines. Hh staining is absent in the clonesaif#4 andbot\l93, except at a residual level in the posterior-most row of cells adjacent to AP

boundary.
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v sotv*
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Merge (GFP-Dpp+DsRed)

Fig. 5. Involvement of thédrosophilaEXT genes in Dpp signalling. All discs are oriented anterior left, dorsal up’Yp-Blad staining in a
wild-type wing disc (A), and in discs carrying mutant clonetvé® (B,B'"), sotv4 (C,C) andbotvi93(D,D'). The mutant clones are marked by

the absence of GFP and are outlined with dots.'{EJAS-GFP-dppunder the control adpp®@'4in an otherwise wild-type wing disc (E) and

in discs carrying mutant clones i3 (F,F), sotv4 (G,G) andbot\i03 (H,H'). The mutant clones are marked by the absence of DsRed and are
outlined with dots. The distribution of GFP-Dpp outside the Dpp expression domain in the wild-type background appearadiebé a g
extending towards the A and P compartments. Within the mutant clotte®aotv*4 andbot\l93, the ranges of the GFP-Dpp gradient are
greatly reduced.

several target genes in different spatial domains (Neumann attgl, sotv and botv mutant cells (Fig. 6B,C,D). These defects
Cohen, 1997; Strigini and Cohen, 2000; Zecca et al., 1996\vere fully penetrant, suggesting that all three EXT proteins are
The homeodomain protein Distal-less (DIl) (Neumann andormally required for Wg long-range activity. Interestingly, we
Cohen, 1997; Zecca et al., 1996) and the zinc-finger protefiound that DIl levels were not reduced in regions close to the
Senseless (Sens) (Nolo et al., 2000; Parker et al., 2002) are D& boundary within the clones dfv and sotv mutant cells;
long- and short-range targets of the Wg morphogerhowever, they were significantly reduced in the same region
respectively (Fig. 6A,A. We have previously shown that within the botv mutant clone (Fig. 6B,C,D). These results
HSPGs are required for Wg short- and long-range signallingguggest that both the range of Wg action and its signalling are
as well as for its extracellular distribution in the wing discaffected in theébotv mutant clone; however, only the range of
(Baeg et al., 2001; Lin and Perrimon, 1999). However, &/g action, and not its signalling per se, is reduced in the
previous study on Ttv demonstrated that Ttv is not involved iittv or sotv clones. Consistent with this, we found that Sens
Wg signalling during embryogenesis and in the wing discexpression was diminished botv clones, but not irtv nor
suggesting that Ttv selectively participates in morphogesotvclones, confirming that Wg signalling is defective only in
signalling (The et al., 1999). To evaluate the specificity of théhe botv mutant, and not ittv or sotvmutant (Fig. 6BC',D’).
three Drosophila EXT genes in morphogen signalling in the The observed defects in the ranges of DIl expressitim, sotv
wing disc, we examined Wg short- and long-range signallingndbotv mutant clones could be due to reduced levels of Wg
activities, as well as its morphogen distribution in clonesnorphogen. We tested this by staining extracellular Wg. The
mutant forttv, sotvandbotv. result was in agreement with the DIl data (Fig. 6F-Bn one

We observed reductions in the ranges of DIl expression ihand, the range of extracellular Wg distribution was reduced
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WT ttv 53 __ sotv* botv %
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Merge(GFP+Extra-
cellular Wg)
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Fig. 6.Involvement of thédrosophilaEXT genes in Wg signalling. In all discs carrying mutant clones, the clones are marked by the absence of
GFP and are outlined with dots. (A*PDIl and Sens staining in a wild-type wing disc (A)Aand in wing discs carrying mutant clones of

ttv83 (B-B"), sotv*4 (C-C") andbotvi03(D-D"). DIl expression appears to be a gradient with the peak at the DV boundary. The ranges of the Dl
gradient in the mutant clones %3 (B), sot¥4 (C) andbotvi93 (D) are reduced. Note that the level of DIl expression close to the DV boundary
within the mutant clones /53 andsotv#4 is comparable with that of wild-type cells; however, it is significantly reduced inoti®3 mutant

clone. Wg-dependent Sens expression in the wing disc is in two narrow stripes abutting Wg expressing cells. This exprafsicedsin

the mutant clones dfv83 (B') andsotv*4 (C"), but is diminished in thbotvl93 mutant clone (D). Note that the Wg-independent expression of

Sens inbot%3 mutant clone is still maintained. (EJHExtracellular Wg distribution is shown in a wild-type wing disc (E), and in discs

carrying mutant clones /53 (F,F), sotv** (G,G) andbotv03 (H,H’). Extracellular Wg is almost completely lost in the\t03 clone except at

the surface of Wg expressing cells, whereas it is maintained at some level around the DV boundary in the mutarttvSfomedsaftv*4,

(1-J') Sens staining in discs bearing clonegéf-sotv*4 double mutant cells. The Wg-dependent Sens expression is diminished in the double
mutant clones.
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in clones mutant fottv, sotvand botv. On the other hand, 1999), Myc-tagged Ttv proteins were present in both
extracellular Wg was maintained at some levels in the regiorendoplasmic reticulum (ER) and Golgi (Fig. 7D}ESotv and
close to DV boundary in thiev or sotvclone, however, it was Botv were also localized in both ER and Golgi (data not
absent in the same regions within v clone, except at the shown) in cells transfected with either V5-tagged Sotv or HA-
surface of Wg-expressing cells. Together, these results suggémsgged Botv. Interestingly, in cells transfected with all three
that all threeDrosophila EXT proteins are required for the EXT proteins (Fig. 7F-F), we found that Ttv and Sotv protein
long-range distribution of Wg protein. However, Wg signallingstaining were virtually identical, and that they were
is only defective in théotv mutant, and not iritv or sotv  concentrated in certain compartment(s). However, Botv protein
mutant cells. staining appeared to be more uniform than that of Ttv or Sotv.
One apparent explanation for this is that Ttv and Sotv ar€his data is consistent with the results obtained from the co-
functionally redundant in Wg signalling. To test this, weimmunoprecipitation experiments, providing further evidence
examined Sens expression in clonetetotvdouble mutants that Ttv and Sotv are present in a complex(es) in vivo.
and found that, indeed, Sens expression was diminished (Fig.We further tested whether overexpression of Ttv can replace
I-J). A virtually identical result in Sens expression wasthe function of Sotv and Botv. For this purpose, we ectopically
observed irttv-sotv-botwvriple mutant cells (data not shown). expressed Ttv in théhairy expression domain by using
Taken together, our findings suggest that all three EXT proteirsairy©a4 133 in eithersotv or botv null mutant embryos.
are required for proper extracellular Wg distribution. HoweverEctopic expression of Myc-tagged Ttv fully rescued the cuticle
whereas Botv is independently required for Wg signalling, Ttypatterning of thétv mutant embryo in thbairy domain (Fig.

and Sotv are redundant in Wg signalling. 7H), but was not able to rescue cuticle defects associated with

. o ) sotvor botvnull mutant embryos (Fig. 71,J). This result further
Biochemical interactions and subcellular indicates that individual EXT members play indispensable
localization of the  Drosophila EXT proteins roles in HS GAG biosynthesis.

The distinct roles of Botv from those of Ttv and Sotv in Wg
signalling suggest that they may have unique functions in.. .
the biosynthesis of HS GAG chains. In vertebrates, dire ISCussion
enzymatic assay for vertebrate EXTL3 demonstrates that iBiochemical studies have demonstrated essential roles of the
GlcNAc transferase activities are involved in both the initiationEXT family proteins as glycosyltransferases required for HS
and polymerization reactions (Kim et al.,, 2001), wherea$sSAG biosynthesis. However, their respective in vivo roles
several biochemical studies suggested that EXT1 and EXTduring development are largely unknovdrosophilacontains
may function as a HS GAG co-polymerase in which botithree EXT family proteins. Although previous studies
EXT1 and EXT2 serve as subunits essential for the activitdemonstrated an essential role for Ttv, EesophilaEXT1,
(McCormick et al., 2000; McCormick et al., 1998; Senay et al.in Hh movement and its signalling, the functions of the other
2000; Wei et al., 2000; Zak et al., 2002). As Ttv and Sotv arevo EXT proteins are unclear. Our results demonstrate
most similar to the vertebrate EXT1 and EXT2, respectivelyessential functions of all thr&rosophilaEXT family proteins
we anticipated that Ttv and Sotv may function as a HS GAG@ signalling events mediated by the Wg, Hh, and Dpp
co-polymerase whose full activity requires both Ttv and Sotunorphogens. We provide strong evidence that all three
By contrast, Botv, a homologue of vertebrate EXTL3, mayDrosophilaEXT proteins are involved in HS biosynthesis and
participate in the initiation step of HS GAG biosynthesis,are required for the proper distributions of the morphogen
which is distinct from the role of Ttv and Sotv. molecules Wg, Hh, and Dpp. Interestingly, we found that Wg
To determine whether Ttv and Sotv function as subunits fogsignalling is defective only ibotv mutant orttv-sotvdouble
the HS copolymerase, we performed a co-immunoprecipitatiomutant cells, but not ittv nor sotvmutant cells, which suggests
experiment to examine whether Ttv and Sotv form a complegartially redundant roles for Ttv and Sotv in Wg signalling.
in cells. Myc-tagged Ttv and V5-tagged Sotv were expresse@ur results are consistent with a model in which Ttv and Sotv
either individually or in combination iDrosophilaS2 cells.  collectively function as a co-polymerase required for the
Upon immunoprecipitation of Myc-tagged Ttv from the biosynthesis of HS GAG chains, whereas Botv is likely to be
cellular lysate of transfected cells, the Sotv protein could bavolved in distinct step(s), possibly in the initiation of HS
detected by western blotting in the immunoprecipitate (FigGAG biosynthesis. Our results also suggest that HSPGs have
7A). Interestingly, we did not observe an interaction betweetwo distinct roles in regulating Wg morphogen activity: a
Ttv and Sotv when cellular lysates from individually function in maintaining the extracellular Wg protein and a co-
transfected cells were mixed and immunoprecipitated (Fig. 7Aeceptor role in Wg signalling.
lane labeled m), indicating that Ttv and Sotv cannot associate ) ] o
ex vivo. We further conducted similar experiments to examin&oles of the  Drosophila EXT family proteins in Hh
the association of Botv with Ttv or Sotv (Fig. 7B,C). In theseand Dpp morphogen signalling
cases, no interactions were detected. These data suggest fvious studies have demonstrated that Ttv is involved in Hh
Ttv and Sotv are physically associated in vivo, but that they dmovement (Bellaiche et al., 1998; Gallet et al., 2003; The et
not form complexes with Botv. al., 1999). Our results in this work suggest that like Ttv, both
We also conducted an experiment to determine th&otv and Botv are also required for Hh movement.
subcellular localization of Ttv, Sotv and Botv in transfectedinterestingly, we found that Hh is detectable in the first row of
Drosophila S2 cells. Epitope-tagged protein constructs weranutant cells immediately adjacent to its posterior-producing
transfected individually or in combination inBrosophilaS2  cells. We propose that specific HSPGs modified by EXT family
cells. Consistent with previous result in embryos (The et alproteins are required for the movement of Hh from its



1572 Development 131 (7)

IP: a—myc IP: o-V5
Tiv-myc + - + o+ - + o+
Sotv-V5 + + - + e F o
{m}
IB: a-V5 . =Sov-V5  1B: a-myc - -enye

18: a-myc - ~ ~The-myc IB: V5 . . -Satv-V5

IP: e—myc IP: a—HA
Ttv-myc + -+ + - +
Botv-HA -+ o+ - + o+
1B: u-HA =Bolv-HA IB: a-myc ~=Tty-myc
IB: -myc (- - —~Tvvemyc 1B; a—HA W ~cotiHA
IP: o=V5 IP: a—HA
Botv-HA + e + + - +
Sotv-V5 -+ o+ -
IB: ce-HA ~Botv-HA IB: 0-V'5 Sotv-V5
IB: a5 B b =Soty-VS 18: a—HA p— N —Hotv-HA

Research article

Fig. 7. Ttv and Sotv form a complex and are co-localized in vivo. (A-C) Co-
immunoprecipitation of Ttv with Sotv (A), of Ttv with Botv (B), and of Sotv

with Botv (C).DrosophilaS2 cells were transfected with plasmids to express
Myc-tagged Ttv, V5-tagged Sotv and HA-tagged Botv in various combinations.
Cell lysates were immunoprecipitated and then analyzed by western blotting with
the antibodies indicated. IP, immunoprecipitation; 1B, immunoblot. The ‘m’ in

the first lane of the left panel (A) indicates ttteétmycandsotv-V5were

individually transfected and the cell lysates mixed in vitro prior to
immunoprecipitation. Ttv-Myc and Sotv-V5 can easily precipitate each other

(A), whereas Botv-HA cannot precipitate Ttv-myc or Sotv-V5, or vice versa
(B,C). (D-D') Double staining of Ttv-Myc (green) and a Golgi marker (red) in
DrosophilaS2 cells expressing Ttv-Myc. Ttv-Myc is concentrated in the Golgi
complex. (E,B) Double staining of Ttv-Myc (green) and the ER marker Calnexin
(red) inDrosophilaS2 cells expressing Ttv-Myc. Ttv-Myc is co-localized with
Calnexin. (F-F') Co-staining of Ttv-myc (green), Sotv-V5 (blue) and Botv-HA
(red) in S2 cells transfected with all three expression constructs. Although the
majority of all three proteins are co-localized, Ttv-myc and Sotv-V5 appear to be
more precisely co-localized and concentrated in certain compartments, whereas
Botv-HA seems more uniformly distributed. (G-J) All embryos are oriented
anterior left, dorsal up. All panels show embryos derived from females with
corresponding mutant germline clones. (GH&2 null embryo. (H-J) Ectopic
expression oftv-mycdriven byhairy®a4 (133) in null embryos oftve3 (H),

sotv#4(l) andbotv(J). X-gal staining was used to identsfgtv(l) or botv (J) null
embryos expressingAS-ttv-mydy hairyGa4 (1,J). Embryos stained blue were
selected for cuticle preparation. The genotypes showitv&#ettve3UAS-nlacZ

133 UAS-ttv-myc/+H), sot4 sotw* UAS-nlacZ 133 UAS-ttv-myc/«1) and

botvi0% bott93 UAS-nlacZ 133 UAS-ttv-myc/+J). Although ectopic expression

of ttv-myccan rescuéve3 null with full penetrance, it cannot rescsmtv** and

botvt93 mutant embryos.

expressing cells into the anterior-receiving cells. In the absenexpression of its downstream target gepatched (ptc)
of EXT activities, Hh can be carried into the first row of mutant(Bellaiche et al., 1998). It is important to note that, while
cells, but fails to move further. Our results are consistent withiSPGs modified by EXT family members are likely to be

previous work that demonstrated that the first rotivahutant

required for the movement of Hh, they may also be involved

cells can still transduce Hh signalling and can activate thim preventing Hh from being degraded on the cell surface. In
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the absence of EXT proteins, Hh may be degraded artd the accumulation of extracellular Wg protein (Baeg et al.,
therefore it cannot reach the wild-type cells anterior to th€001). Furthermore, loss of Notum function leads to increased
clones of EXT mutant cells. It remains to be determinedVingless activity by altering the shape of the Wingless protein
whether both mechanisms are involved in Hh transport. gradient (Giraldez et al., 2002).

We provide strong evidence for the involvement of the three Taken together, our results, along with previous studies,
EXT proteins in Dpp signalling and its morphogensuggest that HSPGs are involved in both Wg signalling
distribution. Our results suggest that specific HSPG(sheception and in extracellular Wg morphogen distribution in the
modified by the three EXT proteins may promote Dppwing disc. We suggest that HSPGs have at least two distinct
morphogen signalling by modulating levels of Dppfunctions in the wing disc: (1) in the distribution of the
morphogen ligands in Dpp-receiving cells. Previous studiesxtracellular Wg protein; and (2) as a co-receptor for Wg
have implicated a role for Dally, ®rosophila glypican signalling. In this regard, Botv is required both for Wg
member of HSPGs, in Dpp signalling in the development osignalling and for its morphogen gradient formation, whereas
imaginal discs (Fujise et al., 2003; Jackson et al., 1997Ytv and Sotv are only required for the distribution of
Elevated expression of Dally in the wing disc can promotextracellular Wg protein; they are functionally redundant in Wg
Dpp signalling, as assayed by p-Mad levels (Fujise et alsignalling. Consistent with our observations, a previous report
2003). It was proposed that Dally may act as a co-receptor fonttv showed that, during embryogenesis, Wg signalling in the
Dpp in activating its signalling. Our results in this work stomatogastric nervous system (SNS) is not defectivitvin
suggest that HS GAG chains control Dpp signalling bymutant embryos (The et al., 1999). It remains to be determined
modulating levels of Dpp morphogen in its receiving cells. Wavhethetbotvmutants andotv-ttvdouble mutants show effected
propose that the three EXT proteins are required for th&/g signalling in the SNS and in other tissues as well.
biosynthesis of HS GAG chains on the Dally protein and that ) o
at least one of the roles of Dally in Dpp signalling is toMechanisms and specificities of Ttv, Sotv and Botv
modulate levels of the Dpp morphogen on its receiving celldn cell signalling

) S Previous analysis of Ttv has demonstrated its specificity in
Role of HSPGs in Wg morphogen distribution and cell signalling (The et al., 1999). Although Hh signalling is
its signalling defective in thetv null mutant, neither Wg nor Fgf signalling
Perhaps one of the most interesting findings in this work is this altered (The et al., 1999). It was proposed that Ttv is required
differential roles of the three EXT proteins in Wg morphogerfor the synthesis of an Hh-specific HSPG. Consistent with the
signalling. Although mutations in any of the three EXT genegprevious report, our results demonstrated that Wg signalling is
lead to reduced ranges of extracellular Wg distribution, wenly defective in thdtv-sotvdouble mutant, and is not altered
found that Wg signalling was defective only biotv mutant  in eitherttv or sotvsingle mutants. However, we also observed
cells, and not in eithettv or sotvmutant cells. Howevettv-  striking defects in both Dpp signalling and the range of
sotvdouble mutants showed virtually identical defects in Wgextracllular Wg protein distribution ittv and sotv mutants.
signalling to those abotvmutants. This qualitative difference Therefore, the previous view that Ttv is involved only in Hh
between Botv and Ttv or Sotv in Wg signalling is unexpectedgignalling should be revised.
as mutations in all three genes led to striking reductions in Hh To understand the molecular mechanisms by which the
and Dpp signalling. DrosophilaEXT proteins play distinct and collaborative roles

Previous studies have implicated HSPGs in both Wgn cell signalling, we performed biochemical experiments to
signalling and its morphogen gradient distribution. Embryosnalyze their interactions and subcellular localization. We found
null for eithersugarlessor sulfatelessexhibit defects in Wg that Ttv and Sotv physically associate with each other to form
signalling in various tissues (Binari et al., 1997; Hacker et ala complex, and that they have virtually identical subcellular
1997; Haerry et al., 1997; Lin and Perrimon, 1999). Thdocalizations. However, neither Ttv nor Sotv physically interact
Drosophilaglypican Dally has been shown to be required forwith Botv. Botv also has a more diffusive staining in cells than
Wg signalling (Fujise et al., 2001; Lin and Perrimon, 1999:Ttv and Sotv. Consistent with our results, biochemical studies
Tsuda et al., 1999). A reduction @dlly activity can block the in vertebrates showed that vertebrate EXT1 and EXT2 also
W(g signalling activity induced by overexpression of the Wgphysically associate with each other to form a complex.
receptor Drosophila frizzled 2(fz2) in the wing disc (Lin Biochemical studies have further demonstrated that both EXT1
and Perrimon, 1999). Interestingly, recent studies havand EXT2 have GIcNAc and GIcA transferase activities when
demonstrated that Notum (Wingful), a putatideosophila  expressed independently, although EXT1 has a more robust
pectin acetylesterase, can inhibit Wg signalling activity byactivity than does EXT2 (Lind et al., 1998; McCormick et al.,
modulating the activity of the heparin sulfate proteoglycan2000; McCormick et al., 1998; Senay et al., 2000; Wei et al.,
Dally-like (Dly) and Dally (Gerlitz and Basler, 2002; Giraldez 2000). However, co-expression of EXT1 and EXT2 has a
et al., 2002). Overexpressiondtumcan block the signalling synergistic effect on enzyme activities (McCormick et al., 2000;
activity of the Wg protein tethered to the cell surface by &enay et al., 2000). These results led to a proposal that the fully
transmembrane domain from Neurotactin, suggesting thactive HS co-polymerase may be a complex containing EXT1
Notum inhibits the function of proteoglycans that are involvedand EXT2, in which both subunits are essential for the activity
in Wg signalling (Gerlitz and Basler, 2002). The function of(Zak et al., 2002). The functions of EXT-like proteins have
HSPGs in Wg morphogen gradient distribution has also beexiso been investigated. EXTL3 appears to be a bifunctional
demonstrated. In the wing disc, cells mutant $alfateless aGIcNAc transferase that can transfer GIcNAc to both
showed a reduction in the levels of extracellular Wg (Baeg é¢he linkage region and to intermediates during chain
al., 2001). It was shown that ectopic expression of Dly leadgolymerization, suggesting that EXTL3 is involved in both the
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