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SUMMARY

Hibris (Hbs) is a transmembrane immunoglobulin-like
protein that shows extensive homology tBrosophilaSticks

proteins act antagonistically: loss of sns dominantly
suppresses thénbs myoblast fusion and visceral mesoderm

and stones (Sns) and human kidney protein Nephrin. Hbs
is expressed in embryonic visceral, somatic and pharyngeal
mesoderm among other tissues. In the somatic mesoderm,
Hbs is restricted to fusion competent myoblasts and is
regulated by Notch and Ras signaling pathways. Embryos
that lack or overexpress hbs show a partial block of

myoblast fusion, followed by abnormal muscle

morphogenesis. Abnormalities in visceral mesoderm are

phenotypes, and enhances Hbs overexpression phenotypes.
Data from a P-homed enhancer reporter intohbs and co-
localization studies with Sns suggest thahbs is not
continuously expressed in all fusion-competent myoblasts
during the fusion process. We propose that the temporal
pattern of hbs expression within fusion-competent
myoblasts may reflect previously undescribed functional
differences within this myoblast population.

also observed. In vivo mapping of functional domains
suggests that the intracellular domain mediates Hbs
activity. Hbs and its paralog, Sns, co-localize at the cell
membrane of fusion-competent myoblasts. The two

Key words: Myoblast fusion, Mesoderm, Morphogenesis, Sticks and
stones, HbsDrosophila

INTRODUCTION the ectoderm and mesoderm ultimately lead to segregation of
both myoblast types (Frasch, 1999; Baylies and Michelson,
In Drosophila,each larval body wall muscle acquires a distinct2001). The intersection of Wingless and Decapentaplegic
set of morphological traits during embryogenesis that provideactivities defines a region in the dorsal mesoderm that is
the unique identity of the muscle within the organism. Theseompetent to respond to inductive signals mediated by the Ras
traits include the size, which is governed by the number adignaling pathway. The localized activation of Ras in this
fusion events, the shape, which is controlled by attachment sitegion instructs clusters of myoblasts to adopt the founder cell
choice and cytoskeletal dynamics, and the innervation patterfate (Carmena et al., 1998a; Buff et al., 1998; Wilson, 1999).
which is guided by interactions between recognition protein3his fate is restricted to a single cell within each cluster, the
on the muscle and motoneuron surface. muscle progenitor, by a process of lateral inhibition mediated
Part of the diversity in muscle identity stems fromby the Notch and Delta signaling pathway (Corbin et al., 1991;
specification of two sets of myoblasts. Founder myoblastBate et al., 1993; Carmena et al., 1995). Cells that receive the
contain the information required for morphogenesis of a give®elta signal from a neighboring muscle progenitor segregate
muscle, while fusion-competent myoblasts are believed to b&s fusion-competent cells. Muscle progenitors then divide
naive myoblasts that fuse progressively to a founder cell arasymmetrically to form founder cells (Ruiz-Gomez and Bate,
become entrained to a particular muscle program (Bate, 1990997; Carmena et al., 1998b). The specific combination of
Dohrmann et al., 1990). This notion is supported by analysisignals that a given founder cell receives results in activation
of fusion mutants such asyoblast cityRushton et al., 1995; of a particular set of transcription factors such as Krippel or
Erickson et al., 1997) in which founder cells execute aspectven-skipped (Ruiz-Gémez et al., 1997; Carmena et al., 1998a;
of their individual morphogenetic programs (e.g. attract thédalfon et al., 2000), which, in turn, regulate the attributes
appropriate  motoneuron), whereas fusion competent celtsharacteristic for each muscle. Fusion-competent cells, which
apoptose, suggesting that no specific developmentaksult from the activation of Notch, start expressing proteins
instructions have been received. A combination of signals frorauch as Sticks and Stones (Sns) (Bour et al., 2000) that are
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required for their subsequent differentiation. However, weMATERIALS AND METHODS
know little about how these transcription factors determine
identity and how fusion-competent cells contribute to thisDrosophila genetics
process. Even though it is generally assumed that fusio®regon R was used as the wild-type strBiff1)wf7*30was obtained
competent cells are naive and contribute only mass to tfi®m M. Ruiz-Gomez (Ruiz-Gomez et al., 2008)3®2 from S.
muscle, it is formally possible that they also contribute tgAbmayr (Bour et al., 2000)°>¢11(Kidd et al., 1983) andJAS- Nra
muscle identity in an active manner. from T. Lieber; andJAS-ra8'*’, UAS-ra¥'? andtwi-GAL4; Dmef2

In Drosophila the general framework for understandingGAL4 from A. Michelson. All other fly stocks were obtained from

muscle cell fusion was provided by Doberstein an(]Bloomlngton, Umea or Szeged Stock Centers. Mobilization of P

. L elements was achieved using the stable source of transp&&se
colleagues (Doberstein et al,, 1997) who subdivided th obertson et al., 1988). P homing was as described elsewhere

process into steps: cell-cell recognition, adhesion, alignmefaillehourg and Dura, 1999). Several genetic strategies were
of membranes and membrane fusion. Genetic studies émployed to mutatebs(R. D. A. and M. K. B., unpublished). Briefly,
Drosophilahave also provided fusion mutants (Paululat et al.two deficiencies,Df(2R)X28 and Df(2R)X7 were generated by
1999). Essential loci for myoblast fusion include thereversion of the EP(2)2590 associatedite’ minigene aftery-ray
transcriptional regulator Mef2 (Bour et al., 1995; mutagenesis. Molecular mapping of the proximal ends of these
Ranganayakulu et al., 1995), the membrane bound proteqeficiencies_showed thabs was deleted irDf(2R)X28but not_in
Rolling stones (Paululat et al., 1997), cytoplasmic protein®f(2R)X7 (Fig. 1A). We then performed EMS mutagenesis and
such as Blown fuse (Doberstein et al., 1997), and componer&Eovered putativebs mutations that mapped insid(2R)X28but

. . - outsideDf(2R)X7 We isolated sevelmbsalleles, all showing a rough
of the Racl signaling pathway such as Myoblast CInpye phenotype. For phenotypic studies, relevant stocks were balanced

(Erickson et al., 1997; Nolan et al., 1998) and Dracl (Luo &fj, CyO P[wweenlacZ] or FM7 P[w* ftz-lacZ],

al., 1994). Interestingly, overexpression of weak gain-of-

function Notch constructs throughout the mesoderm capifferential display screen for genes affecting muscle

completely block fusion without interfering with earlier roles development

for Notch (Fuerstenberg and Giniger, 1998) suggesting thdthe details of this screen will be published elsewhere (R. D. A. and
Notch is also involved in muscle morphogenesis. AnotheM. K. B., unpublished). Briefly, we generated two sets of embryos:
family of proteins that plays crucial roles in myoblast fusion®ne expressing an activated form of Notthh§-N""2), which leads

in Drosophila is the immunoglobulin (Ig) superfamily to suppression of founder cell fate (Landgra{ et al., 1999), another
(Taylor, 2000; Frasch and Leptin, 2000; Baylies andExpressing an activated form of RagAG-ras¥1?, which leads to

h L o . “enhancement of founder cell fate (Carmena et al., 1998b), under the
Michelson, 2001). These Ig-containing proteins include Klrrq:ontrol of twi-Gal4. In addition, these overexpression experiments

(formerly Dumbfounded) (Ruiz-Gémez et al., 2000) andyere carried out in doll% genetic background to reduce tissue
Sns (Bour et al., 2000). Although the described mutangomplexity. This mutation leads to a constitutively active Toll
phenotypes fokirre andsnsare the same — a complete fusionreceptor, which results itwist activation throughout the embryo
block — their expression patterns in the somatic mesoderm aflesptin et al., 1992). Ectopic expression of Twist converts the majority
strikingly different.kirre is expressed exclusively in founder of cells into mesoderm and subsequently somatic muscle. RNA from
cells, while Sns is expressed exclusively in fusion-competer@mbryo collections aged 5 to 9 hours were processed for differential
cells. Moreoverkirre is expressed during the entire fusion display using the Delta Differential Display kit (Clontech). Forty-one
process and acts as an attractant for myoblasts, indicating ttfifferentially displayed bands were selected for further study.
founder cells actively recruit fusion-competent cells until theviolecular biology

final muscle size is achieved (Ruiz-Gomez et al., 2000). Snan embryonic cDNA library (Kidd, 1992) was screened with probe
however, is a general marker for fusion-competent cells angh1/T9(1), which was recovered from the differential display gel (Fig.
consistent with the segregation of these myoblasts, itsa), yielding partial cDNAs A (2.2 kb) and B (2.1 kb). We then
expression depends on Notch signaling (Bour et al., 20003creened a 0-22 hour cDNA library (Rubin et al., 2000) with cDNA
Both Kirre and Sns are involved in the initial steps ofA and detected 12 clones. Restriction analysis showed that five (D2,
myoblast cell-cell recognition as free myoblasts in embryo&6. C9, C1 and D1) were identical in size (4.7 kb). cDNA D1 was

mutant for either gene do not cluster around founder celfeduenced a;ndhtranslated_ into a predicted pro;_ein gFig. 1D). Jhe
H H Y ginning o the tranSCrlpthn unit was confirme using the
suggesting that there is no recognition between both types ETrstChoice RLM-RACE Kit (Cat. No. 1700, Ambion). RNA was

myoblasts. extracted from appropriate samples using Tri-Reagent (Cat. No.

TQ study muscle identity and _morphogenesis, we h"’“/%9424, Sigma) and poly ARNA purified with Oligotex mMRNA spin-
devised a molecular screen to identify mMRNAs that ar@qoymns from Qiagen (Cat. No. 70042). Northern blots were

expressed in founder or fusion-competent myoblasts (R. Dyocessed according to the manufacturer recommendations for use of
A. and M. K. B., unpublished). From this screen we isolateI|G-labeled probes (Roche Molecular Biochemicals). DNAs were
hibris (hbg, a novel gene that we have characterizedsequenced at the Cornell University DNA sequencing facility (Ithaca,
molecular and genetically. We show tldiisis a single pass NY). Protein sequence analysis was carried out using the ExPASy
transmembrane protein belonging to the Ig superfamily antExpert Protgir) Analys_is System) proteomics server from the Swiss
is involved in muscle morphogenesis. Phenotypic analysis dpstitute of Bioinformatics (Appel et al., 1994).

hbsand genetic interactions wiinssuggests that Hbs is a germline transformation and constructs

dose-dependent regulator of myoblast _fusion. Hbs_ _is also s protein was ectopically expressed using the UAS/GAL4 system
novel target of Notch and Ras signaling. In addition, WQgrand and Perrimon, 1993). The full-lengtbs construct UAS-
present evidence to suggest that fusion-competent cells maydl) was made by subcloning cDNA D1 into pUAST. Two
not be a homogeneous population over the course of musd@ditional constructs were mad#AS-hb4/CP, which lacked the last
development. 143 amino acids of the intracellular portion of the protein, GA8-
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hbgAECD, which lacked 938 amino acids of the extracellular domairNorthern blot analysis. Fig. 1B comparelss expression in
but retained the transmembrane region (see Fig. GA%-hbgECD  Toll100 mutant embryos andoll’® mutant embryos that
was created by deleting a 2.8 kb loBgd/EcaRV fragment from  expressed activated Ras or activated Notch. Our quantification
cDNA D1 and blunt end religation. The resulting plasmid, retainingyf these Northern blot signals suggested tmtexpression

the wild-type BUTR and signal peptide, was sequenced to verify tthas uorequlated | fold h At d
_hb4ICD o pregulated at least twofold upon Notch activation, an
ORF. UAS-hbd!® was made by purifying a 4 kBCcRIECHKI tepressed at least fivefold upon Ras activation.

fragment from cDNA D1 that was blunted and ligated to a pBluescrip
plasmid containing the' JJTR region from D1. The'3UTR region In a developmental' Northem blot, we dete_CteChka; .
from cDNA D1 was subcloned into pBluescript by using specifictranscript of 6.2 kb with high levels of expression at mid-

primers containingdamH! and Xhd restriction sites. All constructs €mbryogenesis (Fig. 1C). We sequenced several cDNAs that
were recloned into pUAST and injected i embryos according had a 1235 amino acid ORRbs encoded a single pass

to published procedures (Spradling and Rubin, 1982). For ectopic Hitsansmembrane protein belonging to the Ig superfamily and
expression, flies containing the indicatddS-hbstransgene were contained nine 1g-C2 type repeats and a Fibronectin type IlI
mated to GAL4 lines at 2& or 29C. For P homing, P[#36.1 was  domain adjacent to its transmembrane region (Fig. 1D). A
created using a PCR-amplified 4 kb fragment upstream thgotential signal peptide sequence that is characteristic of
transcription unit (primers CAAGGCATTTCGCAGAAC —and emprane-bound proteins was present in the N terminus.
GTGTAGGCGGTTTCGTAGTC) cloned into a bluntéibt site in g AqT atabase searches (Altschul et al., 1990) with Hbs

pETWnucLacZ. P element insertionshbswere screened by PCR X - .
using primers specific for the transposable element and genom'ifgve""led Nephrin as the human ortholog (29% identity, 44%

primers. similarity). Mutations in Nephrin have been linked to the
Congenital Nephrotic Syndrome of the Finnish type (Kestila et
Immunohistochemistry al., 1998). Furthermore, there wa®eosophilaparalog, the

The Hbs antibody was raised against a synthetic 15-mer peptiggotein Sns, with 48% identity and 63% similarity to Hbs
(1151-1165 in Hbs protein) supplied by Genossys. The peptide wgsompare with Fig. 4 in Bour et al. (Bour et al., 2000))e
made antigenic by coupling to the carrier tuberculin PPD (Statenglbs cytoplasmic domain, however, was shorter than its
Serum Institut, Denmark) using glutaraldehyde. This antigenic Hbéquivalent region in Sns (166 versus 376 amino acids,

Eegtide Wa(sc i”jecéed .i”t%';)abbits g‘.t Pocono dR%bbit '.:;rm anfbspectively). The Hbs extracellular region contained 13
aboratory (Canandensis, , according to standard peptide-antig . ] . : .
protocols. Immunocytochemistry in embryos (Rushton et al., 1995 SIT consensus triplets for N-glycosylation, eight of which

was performed using anti-Heavy Chain Myosin (1:1000; Kiehart andvere Conserve(_:i in Sns. T_he cytoplasmic domain of the protein
Feghali, 1986), anft-galactosidase (1:2000; Promega), anti-Fasciclinshowed potential target sites for CAMP and cGMP-dependent

Il (1:100; Developmental Studies Hybridoma Bank, University of Protein kinases, protein kinase C (PKC), and casein kinase I
lowa) (Patel et al., 1987) and anti-Kriippel (1:2000; provided by JCKII). These phosphorylation sites were not conserved in Sns,
Reinitz). Hbs (1:3000) and Sns (1:100; Bour et al., 2000) antibodieaxcept for a CKIl site and a PKC site in two regions of strong
were used preabsorbed against fixed wild-type embryos igonservation (Fig. 1E). In addition, Bour et al., reported
combination with the TSA system from NEN (Cat. No. NEL700A) conservation of tyrosine residues between Sns and Nephrin in
and a hot fixation protocol (Rothwell and Sullivan, 2000).the intracellular domain (Bour et al., 2000), which are also

Biotinylated secondary antibodies were used in combination Witlbresent in Hbs. The Hbs cytoplasmic domain also contained an

Vector Elite ABC kit (Vector Laboratories, CA). Immunofluorescent .. : : : :
signals in co-localization studies were analyzed using a Leica TC d—'ght _amlnoAgg!S dlrlect repeﬁt, but no dteS(ileed conse;ve?
NT confocal microscopehbs RNA localization was detected using omains. iional searches agains € conceptua

digoxigenin-labeled RNA probes, as described (O'Neil and Bierlranslation of predicted genes in theosophilagenome with
1994). the intracellular region of Hbs did not find any significant

match except with Sns.

RESULTS Pattern of hbs expression
o hbs expression was analyzed by in situ hybridization in
Identification of  hbs embryos (Fig. 2A-F) and in imaginal discs (not shown). We

To better understand muscle diversity and morphogenesis, iiest detectedhbs transcripts at stage 8 (Campos-Ortega and
devised a differential display screen to identify geneddartenstein, 1985) in precursors of the amnioserosa and in the
specifically expressed in founder versus fusion-competemhesectoderm, where it was maintained in progeny of these
myoblasts (R. D. A. and M. K. B., unpublished; Materials andnidline cells throughout embryogenesis. By stagehbb®was
Methods). In short, we made use of the observation that musagpressed in the visceral mesoderm in a pattern reminiscent of
progenitor specification depends on Notch and Ras signalifzagpipe These cells maintaindtbsexpression while forming
to repress or enhance muscle progenitor fate respectivellye visceral mesoderm surrounding the gut (Fig. 2B,C). By late
(Carmena et al, 1998b; Landgraf et al., 1999). Wetage 11hbswas expressed in somatic mesoderm (Fig. 2D)
overexpressed activated forms of Notch and Ra3oli%®  where its expression peaked between stage 12 and early stage
mutant embryos (Leptin et al., 1992) to reduce tissud3, and subsequently declined, disappearing by stage 14. By
complexity. We have confirmed th#oll1% mutant embryos stage 12 there was expression in the precursors of the heart,
differentiate almost exclusively as somatic mesoderm. where hbs was maintained throughout the remainder of
A differentially displayed band, P1/T9(1) (Fig. 1A), was embryogenesis. Latebsexpression (Fig. 2F) was detected in
chosen for further study because it was strongly upregulatete epidermis at putative muscle attachment sites, hindgut and
under the activated Notch conditions. Corresponding cDNApharyngeal muscleshbs was also expressed in imaginal
were isolated and the gene nambbs (Materials and tissues, most notably in the eye-antennal, wing, leg and haltere
Methods). We have confirmdtbs dependence on Notch by discs (not shown).
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Fig. 1. Genetic map and molecular A)
characterization dfibs (A) Co-

ordinate ‘0’ corresponds to the < =e Df(2R)X28
beginning of cDNA D1, the ORF of wenens DI(2R)IX7

which is denoted with black boxes. |(2)k06403 chnk04218
The differential display cDNA (5107-8)  EP(2)2590 P[w*]36.1 (51E2)
fragment (P1/T9(1)) used to clone

hbsis also indicated. P[{§36.1 \/ da \/ - £ \/I’ - f— T 7 v
denotes a reportéacZ construct 57 0 UG % 50 1o
inserted 680 nucleotides upstream of INEN EEEEE T DI

the gene. The extent of deficiencies D\/’.

is shown as lines, with broken ends = DD probe
indicating breakpoint uncertainty. P1/T9(1)

(B) hbstranscription detected by B) C

Northern blot on mutant embryos Tl""’ ras® N* Marker 0-1 14 4-8 814 14-hatch

Toll*0 andtwist-GAL4driving
expression of activated Ras (ras*) or

_ -— - <
activated Notch (N*). - W jibris 5 ! '

(C) Developmental Northern blot of

wild-type embryos at indicated ages hibn';;

(in hours). Using &bsprobe, we ’

detected a 6.2 kb transcript — — o-tubulin

(arrowhead) with peak expression 19 . - e -
around mid-embryogenesis. The L6

absence of expression in 0-1 hour o-tubulin

embryos suggested thatbswas not
maternally loaded. (D) Conceptual
translation of cDNA D1 (Accession

1 MOQFWITLTFA VHLATTICHV MAAVTAPTPA AQVAAPPVQE FHLTPHDLQI LEGTDTLLRC

Number, AF210316) revealed an D) 61 EVSNRAGKVQ WTKDGFALGF SAVIPGFPRY SVLVDAKONA YNLOIKNATL EDDAEYQCQV
ORF 3708 nucleotides long with the 121 GPAAGNPAIR ANAKLSIVAA PSSIVIEGYA RNARVEVEER QONLTLHCIAE NANPAAEIVW
first ATG at position 373. The 181 FQGEVPVSTA PIVTVNQTAP KRFTTSSTLH LQPRAEDDYK EFSCEARHKA LPPDVPMRAQ
H H 241 VQLSVLYPPG APFFEGYSQG ETLHRGQEVQ IACRSEGGMNP PAQLTWYRNG VAISSPQORTS

enPOded prOte”1vvaS 1235 anuno 301 GRLSENVYKF TAAAEDNGAN LVCEAKNLLA TTPLRAELNL TVLYAPEDVY LSGANQAEVG
acids in length and had a predicted 361 DSVQLSCVTA PSNPQARISW SINGRPLDNS TYKTTSSSDG GWVSSSNISL TIDSQSRTFI
molecular weight of 134.4 kDa. Nine 421 AVCHALNTEL TQNVVGSHTV NVLYPPSPPL LTGYNDGDIL ISGSILKLQC SSAGGNPPPT
Ig-C2 repeats are underlined, 481 LOWYENDKII NAPSKLVDSK ITSELSLLVN ASDNNAIVKC KVONAAIDIP LFATKTLGVH

541 FPPETVEKISV VPENLVPGIR AKLICDSSSS NPPAKISWWK DGIPVEGLNL ANRPGLWGGES

Flbronectm type Ill repeat is sh(_an_ 6§01 VSTLEMYVNI TQDLDGIVYT CQOSHNEVLOR SVHETISLDI LYPPKFETPQ STTFVGVEGA
in bold and transmembrane region is 6§61 PFHVELLASG NPMVITYTWT KDGLPISSNS LSGORLISDG PRLNISRLSR NDAGVYICEA
in lowercase. Predicted signal 721 LNSQGTALLE IQVAVEYAPT ITAVSEGRSF VAGEPAVLAC HIRARPLEAA HVRWSRDGYD

; P 781 LATRTISSFE NGTALLQIAS VERSDIGNFT CIVDNQRGAP AAQNVLLVVQ TAPEIDHSPG
peptlde cleavage site is |n_d|cated by 8§41 FTRYAARLGV RAQLICRSLA SPQPSFIWRE HGKDLKMORE NKFKSVERQV DALNFESALL
atriangle. (E) ClustalW alignment 901 IENTSPDDYG QYECVVRNSL GOASTTLEFS KPSRPDAPLQ LRVGNVSDTG VDLNWTPGFD
between Hbs and Sns cytoplasmic 961 GGMQTYFRLR LKQHGEDKYK YVDAKPGHQN ISLDGLKPGA TYYFSVMAAN EAGGSKFMPD
domains. Predicted transmembrane 1021 IKLTLSKGSQ PHSAEYTEKD ELPNVMiigi tsaamvllvl naalvawfvI RRQNKSQSEA

R ; 1081 EPSNDDVYSK DDSQSVYKLP ITALOADVQK KAAASTYLVE NVDIIQSTAY PPKYQESSMC
domain is indicated in lowercase, a 1141 TPPYPLCNPD FTRTLPNPKR HSQRNSATGM IEGMOMRSKD DHMLISNGLY IPSPSPASSL
cAMP- and cGMP-dependent 1201 VIKGSYISSP SPAPPADGSY FNMSDKYMSY PPVTY

protein kinase phosphorylation site is

underlined, protein kinase C

phosphorylation sites are indicated inE) Hibris 1047 iigitsaamvllvlnaalvawfvIRRQNKSQSEAE--------------- PSNDDVYSKD
bold lowercase and casein kinase Il sSns 1082 iigislaafgfl lvnaslvawffVHQRRKKVAETTNQPAKTATIEMYAPSSYNDTVTGET
B . . . . R * k. P **.***** R . kR *

phosphorylation sites are indicated in : T T iR MoLif T s ;
bold uppercase. Two QIreCt repeats in Hibris 1092 DSQSVYKLPITALQADVQ------ KKAAASTYLVENVDIQSTAYPPKYQESSMCTPEY
Hbs are underlined twice. Conserved Sns 1142 LSSVSEKSESYSNEGSSQPEY IDEARKKAASTYLVEGSDMP -~~~ PPRYQKDGTLPVNY
motifs are boxed and, when PR REmmREER, *;ﬂotlf I*I* TR
conserved, phosphorylation sites in Hibris 1145 PLCNPDFTRTLPNPKRHSQrNSATGMIEGMOMR|SKDDHMLISNGLYIPSPSPASSLVIKG
Sns are also indicated as in the Hbs Sns 1197 PN-NVVNACTLPHP- RHNNGSAAIHM ——————— RDDQML I SKGVYIPSPSPAl-———-—-
sequence. Asterisks denote amino A P PR RELREER L E AR AR

id i 5 indi Motif ITI
acid identity, cplons !ndlcate Hibris 1205 SYISSPSPAPPADGSYFNM-8AKYMSYPPUTY ~= === === === mmmm e e
COﬂ_SQI’V_ed amino acid chan_ges and Sns 1141 --------4 PPPDGSYYNMNedrYLSYPPMEY PAALDFTAQPMPMAHLOPMTVTSLATNG
periods indicate related amino acids. R ERER LR R wE R

Immunohistochemical staining reiterated the samealevoid of Hbs. Hbs was expressed at specific points in the
embryonic expression pattern of the Hbs protein. Notably, Hbsyoblast membrane, as described for its paralog, Sns (Bour et
localization at the cell membrane is consistent with the proteial., 2000). This localized expression was detected also in the
structure predicted by the sequence data (Fig. 2K). Hbs wé&sndgut, at putative epidermal attachment sites and in the
detected weakly in the somatic mesoderm by late stage 11. Thigdline (Fig. 2J-N).
expression increased around stage 12 and 13 (Fig. 2G-I), yetTransgenic flies carrying a 4 kb fragmenthdfs genomic
declined thereafter, and mature muscles were completeBequence fused to lacZ reporter (Materials and Methods)
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Fig. 2. Embryonic expression ¢ibstranscript and protein. In all panels anterior is towards the left and dorsal upwards. Lateral views
(A-E,G,H,M,N), dorsal views (F,1,J) and ventral view (K). (#)swas first detected by stage 8 in the amnioserosa anlagen and in the
mesectoderm (arrow). Inset shows a ventral view of the same embryo. Expression in the mesectoderm or its progeny regiadngd throu
embryogenesis (see also B-D). (B,C) By early stage 10, transcription started in patches in precursors of the visceraknfisaulaivhead)
where it continued to be expressed as these cells internalize (arrowhead, C). (D,E) Stage 11 embmpseskmwssion in the somatic
mesoderm (D, arrow). This expression increased as founder and fusion-competent cells fuse during germ band retractiah Errowhea
(F) The late expression pattern (stage 15) consisted of epidermal stripes at putative muscle attachment sites (straighttapreaysors
(black arrowhead), hindgut (white arrowhead) and pharyngeal muscles (bent arrow). (G-N) An anti-Hbs antibody reproduaegddttersam
of expression and revealed finer details. (G) At stage 11 Hbs protein was detected in the dorsalmost part of the somati¢amesgder
(H,1) This expression was found throughout the somatic musculature by germ band retraction (arrowhead, H) and stagedi® (heBy arr
this stage, Hbs was still detected in the visceral musculature (arrowhead, I). (J) By stage 16, Hbs was found in phangjegébéntusrow),
dorsal vessel (arrowhead) and epidermal attachment sites (straight arrow). (K-N) High magnification micrographs of seseshbtissignal
at cell border (arrowhead, K) and polarized expression of the protein. Hbs was restricted to the membranes in contacebettoetenm
cells (asterisk in germ band extended embryo K), to the lumenal side of the hindgut (inset, J), to the contact side eavdenagdermal
attachments (arrowhead, L) and to discrete points at the myoblast membranes while fusion is in progress (arrowhead$/ lsir&\). I,N,
confocal micrographs.

reproduced aspects dfbs expression and provided an subset of tubule cells that, based on their morphology, appear
additional tool with which to studlibs Embryos containing to be stellate cells (not shown; H. Skaer, personal
this reporter inserted in thiebs locus (P[w36.1; Fig. 1A) communication).

showed expression in visceral and somatic mesoderm, ] ]

mesectoderm, pharyngeal muscles and hindgut in a pattefs is expressed in fusion-competent myoblasts

similar to that found with the anti-Hbs antibody. To reinforceFig. 1B establishes thabsis regulated by Notch and Ras in
further that P[wW]36.1 recapitulatechbs expression in the a Toll'%v mutant background. We have confirmed this
mesoderm, we simultaneously detectdtigalactosidase regulation in vivo in wild-type embryos. We studididbs
expression andhbs transcription in P[W]36.1 embryos, expression in Notch and Ras loss-of-function embryos and
confirming there was overlap between both signals (nogmbryos overexpressing activated forms of Notch and Ras in
shown). Because of the high degree of conservation betwedile mesoderm (Fig. 3). A dominant negative Ras construct
Hbs and the kidney protein Nephrin, we analyZelols activatechbsexpression in the somatic mesoderm. Zygotic null
expression in Malpighian tubules in our reporter #36.1.  Notchembryos showed lowdrbstranscription. Conversely, an
Interestingly, we detected weak expression at stage 12/13 imaativated form of Notch upregulatdibs in the mesoderm,
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while an activated form of Ras almost comple
inhibited hbs expression. These results argued
upon stimulation, Notch activatédbs while Ras acte
as a negative signal, and predicted tiizgexpressiol
in the somatic mesoderm would be restricted to fu:
competent cells (Notch dependent) and excluded
founder cells (Ras dependent). We do not k
whether this regulation is direct, that is, Notch or
effectors act directly on thigbspromoter, or indirec
that is, Notch/Ras converts cell fate, which in -
would lead tohbs upregulation/downregulation |
some other effector.

As these results suggested théls was exclude
from founder cells and was present in fus
competent cells, we performed several additi
experiments to confirm this possibility. Co-localizai
experiments using either Pf}86.1 that reiterated HI
expression in the mesoderm or Hbs antibody
various founder cell markers revealed that Hbs
absent from founder cells. These experiments
suggested that Hbs was not expressed in all fu
competent cells during myoblast fusion (Fig. 4M
data not shown). Therefore, we asked whether Hb
Sns, a protein known to be expressed exclusive
fusion-competent cells (Bour et al., 2000), co-loc:
in fusion-competent cells. Wild-type embryos dot

labeled with antisera against Sns and Hbs sho..

Fig. 3. hbsis a Notch and Ras signaling pathway target in \lias.

transcription detected in situ in wild-type embryos (A,D), zygotically null
N55e11(C), twist-GAL4driving dominant negative RagAS-ras17, B),

activated RasU{AS-ras¥12 E) or activated NotcHIAS-Na; F), All

pictures are lateral views at mid stage 12 showing segments T2-A2. Embryos
A-C and D-F were hybridized in parallel experiments. Ras signaling
represses (vertical arrowheads point to somatic mesoderm; compare A,B and
D,E) while Notch signaling activatédbstranscription (compare A,C and

D,F). Note CNS hyperplasia (horizontal arrowhead indicates lateral edge of
the CNS) and lack of staining in the somatic mesoderm (vertical arrowhead)
in C.

wu

several examples of co-localization of these proteins. Duringlbs (Fig. 5C,E), whilehbs*>® homozygous embryos showed
stage 11, when muscle progenitors are being specified and the detectable protein (Fig. 5D,F). Alldibs*61showed protein
fusion process has not begun, Hbs expression was initialgxpression at levels indistinguishable from wild type (not
more widespread in somatic and visceral mesoderm than thgttown) but behaved at least as stronglyhbs'® in our

of Sns (Fig. 4A-C). Subsequently, as the process of muscfghenotypic assays.

fusion begins, Hbs expression was less widespread than Sns. ) )

We note that at this stage, although we detected overlap in HBgS mutant embryos show a partial block in

and Sns expression, we found cases of Sns and Hbs-specffiyoblast fusion and visceral mesoderm defects

expression (Fig. 4D-F). At later stages of the fusion procesglthough hbs mutant flies survive to adult stages in normal
we no longer detected Hbs protein in the remaining fusionaumbers and show visible phenotypes such as rough eyes,
competent cells, in contrast to the continued presence of Sneduced viability and semisterility (R. D. A. and M. K. B,
(Fig. 4G-1). We also found co-localization of both Hbs and Snsinpublished), we also found clear abnormalities in muscle
in the visceral mesoderm (Fig. 4J-L). We conclude that Hbdevelopment in mutant embryos. Embryos heterozygous for
expression initially precedes Sns, but then largely overlaps withb<9Df(2R)X28 and differentbstransallelic combinations,
Sns, suggesting that Hbs could modulate the fusion-promotingere probed with anti Myosin antibody and compared with
properties of Sns in fusion-competent cells during the courgieir wild-type counterparts. In embryos lackinigs function

of myoblast fusion.

Isolation of hbs-specific mutations

(Fig. 6), we found that the muscle pattern was specified,
although some muscles were occasionally missing or showed
abnormal morphologies (e.g. looked thinner than normal or had

To assay the effects of losshdfsfunction, we generated both fewer nuclei than normal). Immunocytochemistry with
new deficiencies around region 51D7 and EMS-inducedntibodies directed against founder cell markers such as
mutations (Fig. 1A; Materials and Methods). For two of theKrlppel, Everskipped and Runt revealed a normal pattern (not
EMS-induced mutations recovered, 2593 and 459 (hereaftshown). These embryos, however, reproducibly showed a
hb£593andhb*%9), we identified nucleotide changes in s partial fusion block: an increased number of free myoblasts
transcription unit, therefore establishing that they ware  were present when compared with wild-type embryos. We
alleles. hb593 mutation was a T to A transversion in the detected unfused myoblasts scattered around the muscles,
second nucleotide of the intron between exons 9 and 10 (Figurrounding the gut, heart and CNS (Fig. 6C,D). These free
5A). The mutation leads to an aberrantly spliced transcript thayoblasts showed extended processes, indicative of their
retained the whole intron and would result in a prematurelgompetence to scan for founder cells. In these experiments, we
truncated proteirhbs®®?was an A to T transversion in exon 7 studied stage 16 embryos to ensure that free myoblasts had the
that generated a stop codon (Fig. 5B). chance to fuse and that in this mutant background they failed
Immunohistochemistry provided further confirmation thatto do so. Note, however, that by this developmental stage many
these mutations led to loss dfbs function. In these unfused myoblasts might have undergone apoptosis, been
experimentshbs593 embryos showed a dramatic decrease irphagocytosed and lost Myosin expression, decreasing the



Fig. 4.Hbs co-localizes with Sns at distinct points in the cell
membrane of fusion-competent and visceral mesoderm
myoblasts. Expression of Hbs (A,D,G,J in red) and Sns
(B,E,H,K in green) was analyzed by immunofluorescence
with confocal microscopy (A-L). Co-localization was
assessed in images combining both channels (C,F,I,L) by
presence of the yellow color. All panels are lateral views
showing expression in somatic (A-I) or visceral mesoderm
(J-L). Late stage 11 embryos (A,C) showed stronger and
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more widespread Hbs expression in somatic (arrowhead)
and visceral mesoderm (arrow) than Sns. Both signals

A e |
-«
overlapped at the myoblast cell membrane (yellow in C). D

Late stage 12 embryos (D-F) showed characteristically e
punctate expression for both proteins, with yellow spots

(arrowhead, F) indicating co-localization. Note that some

foci of expression appeared to be Hbs (straight arrow) or S

(bent arrow) specific. Stage 15 embryos (G-I) no longer

express Hbs (G, arrowhead) but do express Sns (arrowheag 'y
H.,l) in putative unfused myoblasts. Stage 12 embryos (J-L)
showed co-expression of Hbs and Sns in precursors of
visceral mesoderm. (M-O) P[y86.1 embryos analyzed for
co-expression of thiebsenhancer trap (in red) and Krippel
founder cell marker (in green). Ventrolateral views of mid-
stage 12 embryos showBejalactosidase expression (bent
arrow, O) adjacent to a Krippel-positive cell (arrowhead, O)
No other mesoderm@galactosidase-expressing nuclei
could be seen above or below the indicated cluster,
suggesting that this reporter was expressed in a subset of
fusion-competent cells.

apparent number of unfused myoblasts (Bour e
1995). Loss ofhbs function also interfered with t
normal gut development as shown both by

M
enlargement of the first chamber (Fig. 6E-H) as we J
by loss of visceral muscle progenitors at stage 12
61,J).
hbs overexpression leads to a block in

myoblast fusion and defects in visceral
mesoderm

N

We used the GAL4/UAS system (Brand and Perrir
1993) to assess the effecthdfsoverexpression. Whe
we expressedJAS-hbSL throughout the embryon
mesoderm driven bywist-GAL4; DMef2-GAL4 we
detected defects both in the somatic and vis
mesoderm similar to loss dfbs function. In the
somatic mesoderm, we found a partial fusion b
with free myoblasts scattered at several locations = _
7E,F). In addition, these embryos normally show a greatdilbs function, two additional constructs were tested. The
degree of muscle loss thaibs homozygous mutant embryos constructs either deleted the extracelluldA$-hb4ECD) or
(Fig. 7A,B). Defects in the visceral mesoderm, as revealethe intracellular YAS-hb4'CP) region of the protein, but
by anti-Fasciclin Il staining (Fig. 7M,N), were also found. maintained the transmembrane domain such that the
Because delivering extra Hbs to both founder and fusiontruncated proteins remain membrane anchored (Fig. 7Q).
competent myoblasts led to muscle losses, we tested whett@verexpression ofJAS-hb4ECD in the mesoderm resulted in
all founder cells were correctly specified in these embryogletectable phenotypes, indicating that the intracellular domain
Antibody staining with the founder cell markers Kruppel,of Hbs alone can interfere with muscle development.
Even-skipped and Runt indicated that founder cells wer&pecifically, we detected a greater degree of fusion block and
correctly specified in embryos overexpressing Hbs (nomuscle loss as well as defects in the late pattern of founder cell
shown). However, at later stages, we detected aberramtarkers compared with overexpression of the full-length Hbs
morphologies in the growing muscles (i.e. odd shapes; FigFig. 7C,G,K). This construct also caused greater defects in
71,J), suggesting that prolonged Hbs expression was interferingsceral mesoderm, leading to a greater reduction of visceral
with muscle morphogenesis rather than the initial specificatioomuscle progenitors (Fig. 70). Altogether, these results

To dissect which parts of the protein are important forsuggested that the cytoplasmic domain of Hbs is required for
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A Parental stock B Parental stock
LeuValValGlnThrAlaProGlulleAspHis. |
CTGGTGE CCCTGAAATTGACCACTC Va1ValProLysisnLeuVal
Exon 9 ///’@am\ Exon 10
GTCOTGCCE AAGAATCTAGTG
Cmu&lGTmmmuﬂﬂmmTM. . .oc*rmm]cmocccm Exon 7
GTOGTGCCC TAGAATCTAGTG

Val¥alPro¥

CTGGTGETGCALL kmmACWMWATmmTM. .. CC‘I’I‘T‘TAG'C'TUOCCC'IG

|
583

LeuValValGln ArgLysTrpPheTyrGinGlyLeullelleSerPhelysk

hbs™ cDNA hbs* cDNA

830

Fig. 5. Mutations mapped to tHebstranscription unit. (A) The donor/acceptor splice site nucleotide sequence (intron boxed) from the
mutagenized stock is shown at the center. Wild-type splice event is shown above with its conceptual translation on tmeotitee n
sequence. cDNA clones fronb£593mutant flies showed a T to A transversion (large letters) in the donor splice siteoSIT¥écDNA
retained the intron between exon 9 and 10, apparently owing to mutation in the donor splice site. This, in turn, leadattoel\preincated
protein as indicated by an asterisk. We detected a dramatic decrbhs@rimunoreactivity when comparing wild type (C) withg593
homozygous mutant embryos (E). Note remaining expression in somatic mesoderm and midline (arrowheads) mb&Ew&) an Ato T
transversion at nucleotide 2029 in the cDNA sequence that leads to a non-sense codon and truncates the protein in D¥ifiotikEs,
staining in wild-type embryos detected Hbs in visceral muscle precursors (arrowhead) and midline (bent arrdvig*®Hitenozygous
mutant embryos showed a complete lack of Hbs (F).

hbsfunction in the mesoderm. By contrast, overexpression ajroups of free myoblasts throughout the embryo (Fig. 8D,G),
UAS-hb4'CD did not affect somatic muscle developmentand a gut phenotype revealed early by anti-Fasciclin Ill (Fig.
appreciably but blocked visceral mesoderm development (Fi@F,l) or late by anti-Myosin staining (Fig. 8E,H)bsnull

7D,H,L,P). embryos in which thensdose was halved showed dominant

) ) ) ) . suppression of both the partial fusion block and gut phenotype
hps interacts with  sns in the somatic and visceral (Fig. 8J-L). When we analyzelbs and sns double mutant
with mesoderm embryos, we did not detect a noticeable change instise

As Sns, Kirre and Roughest are all Ilg-C2-containing proteinphenotype. Thusnsandhbsappeared to act antagonistically.
implicated in myoblast fusion (Bour et al., 2000; Ruiz-Gémez Consistent with the hypothesis thabs and sns act
et al., 2000; Strunkelnberg et al., 2001), we investigated theamtagonistically rather than cooperatively in myoblast fusion,
possible functional relationship wittbsby testing for genetic sns mutations dominantly enhancébs overexpression
interactions. For this analysis we used #t1)we7%30 which  phenotypes (Fig. 9). In the somatic muscles, there was an
removes botlkirre androughest both of which are suggested increase in the number of free myoblasts (Fig. 9C,E). This
to be partially redundant in the fusion process (Strunkelnberigteraction also led to a greater loss in visceral muscle
etal., 2001). We found thabsandDf(1)wf7k30did not interact  progenitors, as measured by Fasciclin Il expression (Fig.
genetically, either in loss- or gain-of-functibhsbackgrounds 9D,F). To quantify these observations, we used the number of
(see Fig. 9l; data not shown). In addition, overexpression afaps in Fasciclin Il expression in stage 12 embryos as a
hbsdid not rescue any aspect of DE1)w8730phenotype (not measurement of genetic interaction betwebsandsns The
shown) (Ruiz-Gomez et al., 2000). result of this quantification was consistent with our qualitative
As described above, Hbs and Sns co-localized at the celhalysis (Fig. 91). We found that the dominant increase in
membrane at discrete points, which would be consistent withasciclin 1l expression gaps whensdose was lowered was
both proteins working together in the fusion process. Figs 8, $tatistically significant at thE<0.0001 level, indicating that a
show the result of manipulating the dosesie$andhbs Stage  synergistic, rather than an additive, effect betwddrs
16 hbshomozygous mutant embryos characteristically showedverexpression and heterozygosity &rs accounts for the



increase in Fasciclin Il expression ¢
observed. As an additional test to deterr
the relationship betweehbs and sns we
attempted to rescue tlsmsloss-of-functior
phenotype by overexpression tdfs In this
experiment, Hbs did not rescue thesloss-
of-function phenotype in the some
muscles (not shown) in agreement with
genetic data presented above. Altogethel
results of these experiments sugge
that hbs antagonizessns function during
mesoderm  development, but car
differentiate whethesnsis downstreanhbs
or both genes are working in para
pathways.

DISCUSSION

Hbs is an Ig domain protein involved
in signal transduction

Hbs, Sns and Nephrin, in addition to tt
homologs in rat, mouse an@. elegang
establish a new subgroup in the

superfamily. These proteins show
characteristic run of 7-9 1g-C2 domains
the extracellular domain followed by a sin
Fibronectin type Ill domain closest to -
transmembrane region and no known mu
in their cytoplasmic tail. In agreement w
the functions of the Ig superfamily, Hbs, !
and Nephrin have been implicated in

adhesion and/or cell signaling.

Clues to how Hbs functions duri
myogenesis have been revealed in
overexpression experiments. These
show thathbsoverexpression gives a simi
phenotype tdibsloss and suggest that eit|
Hbs transduces a signal or our constr
behave as dominant negatives. In suppc
Hbs acting as a signal transducer, we
that overexpression @fAS-hb4ECD resultec
in a partial block in somatic musi
development, indicating that the cytoplas
domain of Hbs mediates the activity of
protein. A similar dependence on
cytoplasmic domain of Notch in t
embryonic nervous system (Lieber et
1993) or Echinoid in the eye imagil
discs (Bai et al., 2001) has been use
support for these proteins acting
signal transducers. Alternatively, ¢
overexpression data with both the full-len
and intracellular domain constructs coulc
interpreted as Hbs exerting a domir
negative effect through the titration
another crucial component, such as anc
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Fig. 6. hbsloss of function leads to a partial fusion block in somatic muscles and a
visceral mesoderm phenotype. Wild-type (A,C,E,G,|) hogt>YDf(2R)X28embryos
(B,D,F,H,J) probed with anti-Myosin (A-H) or anti-Fasciclin Il antibody (I,J). Anti-
Myosin staining revealed that the overall pattern of somatic muscles was nohhal in

null embryos (compare A with B). We detected a partial fusion block in embryos lacking
hbsfunction as demonstrated by the presence of free myoblasts around the CNS
(arrowheads, D) and around the heart (bent arrow, F). Note that unfused myoblasts can
extend filopodia (arrowheads, D) suggesting that these free myoblasts can scan for
founder cells but have failed to fuse. Asterisks indicate the CNS inhBdbnutant

embryos also showed a gut phenotype consisting of an enlarged first gut chamber
(arrowheads, G,H), which pushes the dorsal muscles and heart up (black arrowheads in
E,F). Asterisk in F denotes the gut. The gut phenotype may stem from an earlier
reduction in the number of visceral mesoderm precursors, as suggested by the presence
of gaps in embryos homozygous mutanttfos(bent arrows, J)

membrane protein or cytoskeletal component. This key proteifunction is suppressed byns mutations whereashbs

could be a target of Hbs without Hbs actually transducing averexpression is enhanced fiysmutations — we favor the
signal in the classical sense. However, as the behavior pbssibility that Hbs transduces a signal rather than behaves as
mutant combinations afnsandhbsis different — Hbs loss of a dominant negative in the overexpression studies (Fig. 9). We
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Q Fig. 7. Functional mapping of domains important
for hbsfunction. Wild type (A,E,I,M) ottwist-
———i i ii— o R ——— hbsFL GAL4; Dmef2-GAL4riven overexpression of
UAS-hbSt (B,F,J,N),UAS-hbgECD (C,G,K,0)
- — : : ICD andUAS-hb4'CP (D,H,L,P) in embryos stained
=R hbst for Myosin (A-H), Krippel (I-L) and Fasciclin 11|
(M-P). All panels are lateral views of stage 16
—_— ECD (A-H), stage 14 (I-L) and stage 12 (M-P) embryos.
- hoigh Overexpression dfAS-hbSL or UAS-hb4ECD
constructs throughout the mesoderm resulted in
partial fusion block (arrowheads, E-G) and muscle losses (white asterisk, B; note also losses in C). Bent arrow in Bonsitatescles
that are abnormally fused together. Specification of the founder cell marker Kriippel was normal initially yet later shom@dhah @ditern
(I-K). Bent arrows in J,K designate LT and DA1/DO1 muscle precursors showing an abnormal morphology, respectively. ByJé@htrast,
hbgCD overexpression in forming somatic muscles did not appreciably interfere with myogenesis (D,H,L). OverexpressiotafSeither
hbdL, UAS-hb4ECD or UAS-hb4!CD constructs in the visceral mesoderm resulted in defects in Fasciclin Il expression (arrowheads),
suggesting abnormal segregation of visceral mesoderm precursors (M-P). (Q) Schematic representation of the constrhigsstsey in t
UAS-hb§L is a full-lengthhbsprotein,UAS-hb4'CP is a 1093 amino acid long version that lacks the cytoplasmic regioklA®hb4ECPis a
277 amino acid long construct deleting the extracellular domain of the protein. Light gray boxes represent 1g-C2 dontaigs bdads
represent Fibronectin type Ill domains and black boxes represent the transmembrane region.

would expecsnsheterozygosity to suppress both tiesloss  anchor Nephrin to the actin cytoskeleton at the slit diaphragm
and overexpression phenotypes hifis overexpression was in the kidney (Shih et al., 1999) and to participate in setting up
acting as a dominant negative. Our data also indicate that ttiee immunological synapse in T cells (Dustin et al., 1998). The
extracellular domain ohbs does not behave as a dominantDrosophila genome contains a CD2AP homolog, which is
negative construct either, at least in the somatic mesoderineing analyzed in our laboratory.
because overexpression of this construct does not cause @verexpression ofJAS-hb4ECD or UAS-hbSL throughout
detectable phenotype in the somatic musculature (Fidhe mesoderm resulted in a partial fusion block, but with
7D,H,L). greater muscle loss and morphological defects when compared
Given the lack of enzymatic features in the cytoplasmiavith the loss of function phenotype. This increased muscle loss
domain, we propose that Hbs associates with adapter proteiosuld reflect that, in our overexpression experiments, we
to connect to the cytoskeleton, cytoplasmic kinases or othexpress Hbs in both fusion-competent as well as founder cells,
transmembrane receptors. Interestingly, the intracellulathereby breaking the expression asymmetry that is found under
domain contains motifs that are conserved in Sns. These motiisrmal situations. However, we could equally suppose that
could potentially serve as interfaces for adaptor proteins. Wonbrolonged and higher levels of Hbs block muscle fusion and
with Nephrin provides a putative candidate, the mouse CD3disrupt later events in muscle morphogenesis. We note that
associated protein (CD2AP). CD2AP, an SH3-containindoth loss and gain ohbs result in a fusion phenotype.
cytoplasmic protein, has been shown to interact with thélthough it is obvious why gain of a negative regulator could
intracellular domain of Nephrin and has been proposed treesult in a fusion block, it is less clear why loss results in a
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Fig. 8. hbsantagonizesns
function during myoblast
fusion and gut
morphogenesis. Wild type
(A-C) or embryos with
genotypesibg>93
Df(2R)X28(D-F), hbs*59
Df(2R)X28(G-1) andsngB3
hb259Fhbs9 (J-L) are
shown. Heart (black
arrowheads, A,D,G,J) anc
gut (B,E,H,K) views of
stage 16 embryos stained
for Myosin, and lateral
views of stage 12 embryo
stained for Fasciclin Il
(C,F,1,.L). hbshomozygous
mutant embryos showed
not only a partial fusion
block, particularly
conspicuous around the
heart (compare A with D,(
white arrowheads), but al¢
an aberrant morphology ¢
the gut chambers (asteris
in late embryos (compare
with E,H), and gaps in the
visceral mesoderm (black
arrowheads; compare C with F,l). Both aspects were suppressed by hahdnggheetic dose (compare D-F with J-L).

similar phenotype. We speculate this highlights a novel Secondly, Hbs and Sns could form a receptor complex which

aspect of the regulated events in the fusion process. switches the positive Sns signal to a negative signal. An

o ) ) ) example of this type of regulation is seen with the Netrin
lg-containing proteins as adhesion receptors in receptors, UNC-40/Deleted in Colorectal Cancer (DCC) and
fusion UNC-5 (Hong et al., 1999). Whereas axons expressing UNC-

Cell recognition and adhesion between myoblasts is the firdO/DCC are attracted to the ligand source positively, axons
step of the fusion process (Doberstein et al., 1997). Kirre haxpressing both UNC-40/DCC and UNC-5 now are repelled
been shown to be expressed in founder cells and behave aaral move away from the source of ligand. A third possibility
myoblast attractant. By contrast, Sns is expressed in fusiamould have Hbs and Sns function independently of one another
competent myoblasts exclusively. A simple model can béut converge intracellularly on downstream proteins involved
proposed with these data: Kirre interacts at the cell surface with fusion. For example Echinoid, an Ig domain protein
Sns to allow recognition between founder and fusionresembling Hbs in overall structure, has been shown to
competent cells (Taylor, 2000; Frasch and Leptin, 2000)antagonize the Ras pathway in the eye, not at the cell
Subsequently, this recognition would signal the start of amembrane but intracellularly at the level of transcription of a
orderly fusion process that requires such proteins as Ratarget genetramtrack (Bai et al., 2001). Hbs, Sns and Kirre
Blown fuse and Rolling stone. Later, myotubes continue tanay also be functioning together similarly in the generation of
‘grow’ by this process of attraction, recognition and fusion inthe visceral muscles, as recent data indicate that visceral
a directed manner, sending growth cone-like structures towarduscles are not mononucleated, as previously reported, but
specific attachment sites (Bate, 1993). Our analysis suggestgncytial (Klapper et al., 2001; San Martin et al., 2001)
that Hbs acts at the first step of this process as free myoblasts ) ]
in hbsmutant embryos do not cluster nearby muscles ¢lige  Are all fusion-competent myoblasts functionally
(Bour et al., 2000). In addition, Hbs serves as a negativequivalent?
regulator of Sns activity. This negative regulation is necessaiWe find that Hbs and Sns co-localize at the cell membrane,
to complete the fusion process ashlvts mutant embryos we which could correspond to focal adhesion points between
find unfused myoblasts. founder cell and fusion-competent cells or among fusion
There are several ways in which Hbs could antagonize Sm®mpetent myoblasts. However, Hbs precedes Sns temporally
function at the molecular level. Firstly, Hbs could compete foin the somatic and visceral mesoderm at stage 11, prior to the
a putative Sns ‘ligand’. Given the similarity (69%) of the initiation of fusion. The two expression patterns largely overlap
extracellular domains of Hbs and Sns, this appears reasonaldering stage 12-13 as fusion begins, with some Sns and Hbs-
However, we show that overexpression of the extracellulaspecific foci of expression, and by late stage 14 unfused
domain of Hbs alone can not block myoblast fusion, whilemyoblasts are basically devoid of Hbs but maintain Sns as
the full-length construct does. Moreover, our data support fusion continues towards completion. We note that these
requirement for activity of the intracellular domain of Hbs.differences in the pattern of expression of Sns and Hbs are
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Fig. 9.hbsoverexpression phenotype is sensitive tostiggenetic
dose. Ventrolateral views of stage 16 embryos stained with anti-
Myosin (A,C,E,G) and lateral views of stage 12 embryos stained
with anti-Fasciclin 11l (B,D,F,H) antibody. Wild-type embryos
(A,B) and embryos overexpressiogS-hbS- under the control of
twist-GAL4;Dmef2-GAL4nh a wild-type background (C,D), or
sngB3 heterozygous background (E,BhB3homozygous
embryos (G,H) are shown as control. Hbs overexpression
throughout the mesoderm leads to an increase in the number of
free myoblasts (arrowheads, C) and abnormalities in early stageg
of visceral mesoderm development (arrowheads, D). This
phenotype was dominantly enhancedshg Note increased
numbers of free myoblasts (arrowheads, E; compare with C) and
presence of more defects in the visceral mesoderm (arrowheads;
compare with D)snsmutant embryos showed complete myoblast
fusion block (G) and a weak visceral mesoderm phenotype
(arrowhead, H). (1) Representation of mean number of Fasciclin I
expression gaps per embryo at mid-stage 12 in the indicated ;
genotypes. Bars designate standard error. Fasciclin Il expressio
gap phenotype caused by overexpressidibsfvas dominantly
enhanced by loweringnsdose (compar&JAS-hb5t with
sngBY+; UAS-hbsL values). This increase was statistically
significant aP<0.0001 (Student’stest). A deficiency that
removedkirre androughest Df(1)w67k30 did not appreciably
modify thehbsoverexpression phenotype in the visceral .
mesoderm. Note also presence of Fasciclin Il expression gaps in:
embryos homozygous fens®3(0.53 per embryo) antbs(1.04
per embryo).

meaningful as, when we genetically remdiss such tha
fusion competent cells express Sns exclusively, we de
muscle fusion phenotype. Hbs could, therefore, be reve
different potentials for the fusion-competent cells du 35
muscle formation. Initially, cells that fail to become mu:
progenitors during the first round of segregation (e.g. C
segregation) (Carmena et al., 1995) may be included in
equipotential cluster. These clusters appear largely to o
and form in rapid sequence. Early Hbs expression
participate in maintaining myoblasts that fail to bec
progenitors in the first round of selection uncommittec
successive rounds of progenitor segregation. This prov
reasonable explanation for occasional muscle losskbs
mutant embryos. Subsequently, upon adoption of fu 05
competent cell fate and expression of Sns, Hbs « r_l
@&
&

-

2.5

Mean number of gaps per embryo

regulate early events in fusion, maintaining an orc
process. During later events in the fusion process (i.e. &
myotubes are already growing towards their spe
attachment sites), when there are fewer free fu
competent cells, Hbs may no longer be necessary to re
or orient fusion. We thus propose three ‘fusion-compi
cell’ stages:

(1) Pre-fusion stage. Early somatic myoblasts respond firstefine subsets of founders, we envisage that additional markers
to a laterally inhibiting Notch signaling event by expressingwill be found that serve to characterize these different fusion-
Hbs and subsequently have another chance at progenitor cetimpetent cell stages. Moreover, ohbs enhancer trap
fate. provides a novel tool to recognize subsets of fusion-competent

(2) Early fusion stage. Once the progenitor developmentalells without the technical difficulties associated with a
option passes, the Hbs-expressing cells opt for fusiorpunctate, membrane-bound signal.
competent fate. Expression of both Hbs and Sns regulates earl?/ ) )
steps in recognition and fusion of founders to fusion competeftleiotrophy of Hbs and links to Notch

cells. Clearly, Sns is not the only potential partner for Hbs. Although
(3) Late fusion stage. Fusion-competent cells no longeBns is expressed in the visceral mesoderm and muscle
require Hbs expression but do require Sns. attachments, it is not expressed in heart, midline, hindgut,

As founder cell markers such as Krippel and Even-skippelllalpighian tubules, imaginal discs or adult tissues where we
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find hbsexpression and phenotypes. Either Hbs is acting alon®our, B. A., Chakravarti, M., West, J. M. and Abmayr, S. M. (2000).
in these tissues or it is interacting with other Ig domain Drosophila SNS, a member of the immunoglobulin superfamily that is

; i ; il-a €ssential for myoblast fusioenes Devl4, 1498-1511.
I Ins. simi . h ’ .
proteins. S larly’ Sns does not always act with Hbs. Sns, IIkgrand, A. and Perrimon, N. (1993). Targetted gene expression as a means

Kirre, is expressed in garland ce”_S, yet Hbs is not. . of altering cell fates and generating dominant phenotymselopment 18
Although Hbs operates in multiple places, we do find one 401-415.

unifying theme tdhbspleiotrophy — an association with Notch Buff, E., Carmena, A., Gisselbrecht, S., Jimenez, F. and Michelson, A. M.

signaling. Our evidence demonstrates tiztis a novel target (1998). Signaling by th®rosophila epidermal growth factor receptor is

S ; required for the specification and diversification of embryonic muscle
of Notch activity in the somatic musculature. There are also progenitors Development 25 2075-2086,

several compelling similarities between thbs and Notch  campos-Ortega, J. A. and Hartenstein, V.(1985). The Embryonic
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aspects ohbs phenotype (Fuerstenberg and Giniger, 1998). gene, participates in the specification of muscle progenitors during

- - s DrosophilaembryogenesisGenes Dew, 2373-2383.
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personal communication). Preliminary results suggest that thecell fates in theDrosophilaembryonic mesodernGenes Devl5, 3910-
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