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kette and blown fuse interact genetically during the second fusion
step of myogenesis in  Drosophila
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Summary

Drosophilamyoblast fusion proceeds in two steps. The first owing to a complete failure of membrane breakdown.
one gives rise to small syncytia, the muscle precursor cells, Furthermore, we show thatketteinteracts genetically with
which then recruit further fusion competent myoblasts to  blown fuse(blow) which is known to be required to proceed
reach the final muscle size. We have identified Kette as an from prefusion complexes to the formation of the electron
essential component for myoblast fusion. Iikettemutants,  dense plaques. Interestingly, a surplus of Kette can replace
founder cells and fusion-competent myoblasts are Blow function during myogenesis. We propose a model
determined correctly and overcome the very first fusion. in which Dumbfounded/Sticks and stones-dependent cell
But then, at the precursor cell stage, fusion is interrupted. adhesion is mediated over Rolling Pebbles, Myoblast city,
At the ultrastructural level, fusion is characterised by cell-  Crk, Blown fuse and Kette, and thus induces membrane
cell recognition, alignment, formation of prefusion fusion.

complexes, electron dense plagues and membrane

breakdown. In kette mutants, electron dense plaques of Key words: Myoblast fusion, Attachment, Prefusion complex,
aberrant length accumulate and fusion is interrupted Electron dense plaguiette, blow, rolssns mbc, crk

Introduction stage 14-15, these precursor cells then recruit additional FCMs
In higher animals, skeletal muscles consist of bundles dintil the desired muscle size is reached. At stage 16, muscles

syncytial myotubes, whereasosophilalarvae and in adult &€ correctly inserted into their epidermal attachment sites

flies, a single syncytial myotube makes up one muscle. THE9- 1A,D). Ultrastructural analyses revealed a number of
multi-nucleated larval myotubes arise by myoblast fusiorfharacteristic steps during later myoblast fusion (Doberstein et

during embryogenesis. in adult birds and mammals, thi@l-» 1997). Following cell-cell adhesion and alignment, vesicles
process can be reactivated for repair following injuries of€ transported to the opposing membranes of precursor and
diseases because of the presence of myogenic stem cells —figion competent myoblasts. Here, they form the so-called
so-called satellite cells — which can be induced to divide anBrefusion complex, which is followed by electron-dense
subsequently fuse to the existing myotubes for regeneratioRlaques and subsequent membrane breakdown (Doberstein et
Similarly, myoblast fusion is reactivated in holometabolical-, 1997). . o o
insects during metamorphosis. The evolutionary conservation Mutants with defects in myogenesis give an entry point into
of the molecular players that control myoblast fusion inthe functional analysis of fusion (Dworak and Sink, 2002;
Drosophila may thus also provide insights into mammalianPaululat et al., 1999b; Taylor, 2002). Founder cells prefigure the
myogenesis. muscle pattern. The individual founder cells express distinct
Drosophilais an appropriate model system with which totranscription factors, e.g. Even skipped (Eve) or Kriippel (Kr)
study the basic mechanism of myoblast fusion, becaud@aylies et al., 1998; RuiGomez et al., 1997). After myoblast
myogenesis is completed within a few hours duringfusion, all nuclei of the resulting syncytia express these factors.
embryogenesis (Bate, 1993) and can be analysed geneticdliy founder cells, the Ig-domain protein Dumbfounded/Kin of
(Dworak and Sink, 2002). In wild-type embryos, myoblastlrre (Duf/Kirre) acts in functional redundancy with Roughest
fusion starts at late stage 11 by the formation of the foundéRst) as a chemo-attractant for the fusion-competent myoblasts.
cells, which first fuse with two to three fusion-competentBinding to the Ig-domain protein Sticks and stones (Sns), which
myoblasts (FCMs) to generate the precursor cells (Baylies & expressed by the fusion-competent myoblasts, then leads
al., 1998; Frasch and Leptin, 2000; Paululat et al., 1999a). Untib cell adhesion (Bour et al., 2000; Ruiz-Gomez et al., 2000;
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Striinkelnberg et al., 2001). Subsequently, the second fusidmmunohistological staining and whole-mount in situ

series requires the activity of Rolling Pebbles/Antisociahybridisation

(Rols/Ants) in the precursor cell (Rau et al., 2001). Rols/Ant&or immunohistological staining, the following antibodies were used:
accumulates at the cell membranes during fusion (Menon araati-33-Tubulin (polyclonal from rabbit) (Leiss et al., 1988; Buttgereit
Chia, 2001). Moreover, there is biochemical evidence thegt al.. 1996), ant3-Tubulin (polyclonal from guinea-pig) (D.
Rols/Ants interacts directly with the intracellular domain ofButtgereit and R.R.-P., unpublished) anti-Kette (97/82) (Bogdan and

Duf/Kirre and thereby mediates a signal to the precursor tﬁ'amblg 20?3)' antB-lgslagyosicli_lasbe_épolyclémall(,)Biotr_e;d)(kanti-Eve
; : > rom Developmental Studies Hybridoma Bank), anti-Kr (Kosman et
proceed in fusion (Chen and Olson, 2001). Addltlonaal., 1998) and anti-Alien (Goubeaud et al., 1996). Embryos were fixed

cytoplasmic proteins such as Myoblast City (Mbc), the,,y siained as described previously (Stute et al., 2004). As detection

Drosophila homologue of Dock180 (Erickson et al., 1997; qystem we used Vectastain ABC Elite-kit (Vector Laboratories) and
Nolan et al., 1998) and Blown Fuse (Blow) (Doberstein et alihe TSA-kit from Perkin Elmer. The application of the TSA-kit is
1997) are required in both founder/precursor cells as well as #ssential to visualise Kette. Fluorescent secondary antibodies were
fusion-competent myoblasts. obtained from Dianova.

In order to identify further components for myoblast fusion, Whole-mount in situ hybridisation was carried out essentially as
we screened EMS-induced mutations and such idenkifigd described by Tautz and Pfeifle (Tautz and Pfeifle, 1989). DIG-labelled
mutants displaying a strong muscle fusion defect. Kette [aIsBNA antisense probes were synthesised by in vitro transcription using
e ey (Chease) Nk and GEX) s vl onsetiedny e oy Sl sl o o 1 2000 S v
during evolution (Baumgartner et al., 1995; Soto et al., 200 . . y
Yamamoto et al., 2001). Mutationskattewere first identified erformed with & Leica confocal laserscan microscope.
based on their embryonic CNS phenotype, which is based @lectron microscopy
defects in neurite outgrowth (Hummel et al., 1999; Hummel etmbryos at different developmental stages were dechorionised by
al., 2000). Subsequently, it was shown tkette affects the bleaching, prefixed in 18% glutaraldehyde/heptan 1:1 solution and
formation of the F-actin cytoskeleton, presumably bymechanically peeled. Mutant embryos were selected using an
regulating the activity of two main regulators of F-actinimmunohistochemicaB-galactosidase staining which is restricted to
nucleation Wasp and Wave (Scar — FlyBase) (Bogdan arftle balancer carrying embryos while homozygkettemutants lack
Klambt, 2003; Kunda et al., 2003; Rogers et al., 2003). BottfcZ activity (Stollewerk et al., 1996). The embryos were fixed
Wasp and Wave are potent activators of the Arp2/3 compleg,g Stoss'mrclg"’;ir:;o“('S:ragll(‘étaé?li‘?hy‘igg‘);)m'X?:;f\gg?‘ége'gﬁg%gs Vv\\l/lg;e
'?'gge;h;vlvraagg\(l)g %%Séréggsv\?;;?shgﬁtgﬁ] ?1t|rk;)|yeeg i(nl\ﬂlilgit{aorr]’ld tained en bloc with uranylacetate (Lin et al., 1994), dehydrated and

i s ; N .embedded in Spurr’s resin. After polymerisation semi- and ultra-thin
Wave function requires transacting factors. In vivo, Kette iSections were cut. For analyses in the TEM (Hitachi) ultra-thin
found in a large cytosolic protein complex also comprising Srasections were contrasted with lead citrate.
1 (also called PIR121, CYFIP), Abi, HSPC300 and Wave
(Eden et al., 2002). Upon dissociation of this complex by
binding to SH3 domains or to activated Racl, Wave is releaségesults
from the complex and is rendered active (Eden et al., 2002%earching for further components that are involved in myoblast
Thus, in the cytosol Kette keeps Wave in an inactive state. Bysion, we screened a collection of EMS mutants from
contrast, genetic data suggest that at the membrane Kette gagimmel et al. (Hummel et al., 1999) using the #8tTubulin
activate Wasp function (Bogdan and Klambt, 2003). In additiomntibody which detect83-Tubulin in myoblasts as well as in
to these relatively ubiquitous acting proteins, regulation of Fmature myotubes (Buttgereit et al., 1996; Leiss et al., 1988).
actin dynamics is expected to involve cell type specific factorsthe screen of the third chromosome revealed five alleles of

We have characterised the muscle phenotypekedfe kettethat display strong fusion defecteetté"3-20 kette4-48
mutants and show that Kette is required for myoblast fusiorkette31-37 kette’168 and kettd1-70 Four of these alleles were
Further genetic and phenotypic analyses show Kedfe characterised at the molecular leveitté3-20andkette4-48are
interacts with the mesoderm specific expressedigemeThis  null mutants, whilekettél-70 and ketté>1-37 are hypomorphic
interaction is essential for the correct formation of electrongjleles (Hummel et al., 2000).
dense plaques and the initiation of membrane breakdown. We first analysed the myoblast fusion phenotypes with
regard to cell determination and ultrastructure, and then placed
Kette within the described fusion cascade in relation to the

Materials and methods : ;
other known fusion relevant proteins.

Drosophila stocks

The following strains were used for the analysis of Kette  Kette mutants are characterised by severe
phenotypekett€3-29TM3, kettd4-43TM3, ketté?1-37TM3, kette1- 7Y distortions in myoblast fusion

TM3 andkett€’169TM3 (all Hummel et al., 2000). The enhancer trap |n  kette mutants, we observe strong disturbances of
insertionrP298(Nose et al., 1998) into thifgene was used to label myogenesis. Null mutants show many unfused myoblasts until
muscle founder cells. Kette was overexpressed in the mesoderm us@&ge 16, which cluster close to stretched minimuscles,

the SG24 and TGXwi-Gal4 driver lines (gift of A. Michelson) and : :
UAS-Hem transgenic flies (Hummel et al., 2000). As a WiIOI_typepresumably representing founder or precursor cells (Fig. 1B,E

control, we useavhitel118 flies. blow?/CyO flies (Doberstein et al., cOMpare with wild type in 1A,D). In addition, the hypomorphic
1997) were rebalanced witCyOng (provided by Markus Affolter) alleles show unfused myoblasts until stage 15, while at stage
to blow?/CyOng. From this strainplow mutant fly lines carrying the 16 hardly any unfused myoblasts are detectable (Fig. 1C,F).
rP298insertion were establishethb&? mutant flies (Rushton et al., Apparently, in hypomorphidkette mutants fusion proceeds
1995) were obtained from the Bloomington Stock Center. slower than in the wild type but muscles are eventually formed.
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B C observe that some muscles find their attachment sites, whereas
others do not (Fig. 1L,M). This suggests that Kette plays a role
in both myoblast fusion and muscle attachment.

We then asked at what level myogenesis was disturlbedten
kette )-8 kette G1-37 mutants. As a first point, we excluded migration disturbances,
which might affect the mesodermal cells: &#tte mutant
embryos showed correct dorsal closure that resulted in correct
formation of the cardioblasts in the dorsal vessel (Fig. 1B,C,E,F).
This indicates that after gastrulation, the mesodermal cells
migrate correctly and that signalling from the epidermal cells to
the underlying mesodermal cells can take place.

Second, we clarified whether Kette is expressed in the
somatic mesoderm during myoblast fusion. We used the anti-
Kette antibody (Bogdan and Klambt, 2003) to determine
whether the Kette protein is found in the mesoderm. As shown
in Fig. 1H, Kette is detectable throughout the entire somatic
mesoderm during the myogenic relevant stages. Double
staining for Kette an-galactosidase, visualising the founder

v cell marker rP298, in wild-type embryos clearly reveals that
wt o-Kette ; Ayt : Kette is expressed in fusion-competent myoblasts as well as in
Ry founder/precursor cells (Fig. 1K). Thus, we propose that Kette
fulfils an intrinsic function in the somatic mesoderm during
myoblast fusion. Furthermore, in late stage 15 to stage 16,
Kette accumulates at the tips of the mature myotubes that
anchor them to the epidermis (Fig. 1G). This corresponds well
ok ik Ry to the incorrect attachment of muscles we observed in the
rP298 st 13§ v hypomorphic alleles (Fig. 1M).

_ o ) _ To support the idea that Kette fulfils an intrinsic function in
Fig. 1.Kette has a mesoderm intrinsic essential function for the mesoderm, we employed the UAS-GAL4 system (Brand

myoblast fusionkettemutants show a strong defect in muscle fusion 5n4  perrimon 1993) by using a twi-GAL4 driver for

that is due to an intrinsic mesodermal function of Kette. (A-F) Anti- expression of ,Kette in the mesoderm laftte®-48 mutant

33-Tubulin fluorescent staining of stage 16 embryos shows the . ~
embryos. The strong fusion phenotype observekiette4-48

myogenic defects dfettemutants. (A) Wild-type muscle pattern; .
(B) ketté-48 (null allele), which shows many unfused myoblasts, ~Mutants is almost completely rescued by mesodermal

even at stage 16. (C) Hypomorphic allleété>1-37. (D-F) Detailed expression of Kette (Fig. 11,J compare with Fig. 1B,E), which
magnifications of A-C. The dorsal vessel (dv) is formed correctly in clearly demonstrates the intrinsic function of Kette in the

all kettemutants. (Exetté#-48null mutant: mini-muscles are somatic mesoderm. Overexpression of Kette in the wild-type
indicated by arrows. (Retté>1-37stage 16 embryo: the unfused background does not disturb muscle development (data not
myoblasts have vanished. Large gaps in the muscle pattern and  shown).

attachment defects (al’rOW) are visible. (G,H) Anti-Kette antibody |n Summary' Kette |S requ”'ed for both myoblast fUS|On and

staining on wild-type embryos shows the mesodermal expression o scle fibre insertion into the epidermis. Expression data and

Kette. (G) In stage 16 embryos, the protein concentrates towards thg, oo, yerm.specific rescue experiments both suggest that Kette
muscle tips. (H) In stage 14 embryos, when muscle fusion takes -
acts in the mesoderm.

place, Kette can be found in the whole somatic mesoderm.
(1,J) Overexpression of Kette in the mesoderm kettemutant .
background with the help oftavi-GAL4 driver line rescues tHeette Fusion-competent myoblasts and founder cells are

phenotype. (I) Ventrolateral view of a rescued stage 16 embryo.  correctly determined in  kette mutants

(J) Higher magnification and lateral view of a rescued stage 16 In order to investigate whether tkettemutant phenotype is
embryo; only a few unfused myoblasts can be detected (arrow).  caused by abnormal myoblast fate determination or whether it
(K) Anti-Kette (green) antB-galactosidase (red) double labelling of js hased on a specific defect in myoblast fusion, we first tested

rP298-expressing stage 13 wild-type embryo. (L,M) BTubulin  \yhether the two myogenic cell types, the founder cells and the
and anti-Alien double labelling, monitoring the muscle attachment t

the epidermis. (L) Wild-type stage 16 embryo with properly attachegusmn-competent myoblasts, are determined correcttgtie

: ; [l mutants.
muscles. (M) Stage I&tté1-3"mutant showing partly attached nu . .
(arrowhead) and partly unattached (arrows) muscles. Unless Founder cell formation can be traced by analysis>ab8-

otherwise stated, embryos in all figures are orientated with anterior 1acZ, which is an enhancer trap that expregsgalactosidase
towards the left. under the control of the Duf/Kirre regulatory region and thus

allows to visualise all founder cells (Nose et al., 1998; Ruiz-

Gomez et al., 2000). After fusion, each nucleus cont@ins
The epidermal attachment, however, is often missing ogalactosidase and thus allows to monitor successful fusion. The
incorrect (arrow in Fig. 1F). In order to visualise musclecomparison offP298 directed 3-galactosidase expression in
attachments, we performed anti-Alien and #3Tubulin  wild type (Fig. 2A,C) andkette!*-48 mutant embryos clearly
double labellings, as Alien allows the visualisation ofshows that at stage 13, founder cells are determined properly
attachment sites (Goubeaud et al., 1996). We could therefoire time, in space and in number kette loss-of-function
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Muscle precursors are established in  kette and blow
mutants

We previously proposed a two-step fusion model with a first
step leading to precursor cells containing three or four nuclei,

: : followed by a second step establishing the mature myotubes
J4-48 (Rau et al., 2001). Therefore, we aimed to clarify whethte
mutants arrest at the first or second fusion step. The expression
of Eve and Krippel indicates whethiegtte mutant embryos

are able to perform the first fusion to precursor cells or are left
with mononucleated founder cells.

Eve is expressed in the nuclei of dorsal muscle 1 (DA1) and
in some pericardial cells. In stage 15-16 wild-type embryos,
DA1 contains up to 14 nuclei (Ruiz-Gomez et al., 1997), while
_ 4 ’ in kette*-*8 mutant embryos, only minimuscles with three or
€ Nl four nuclei are formed (Fig. 3B).

The same proved to be true when we used Krippel as a
second founder cell marker that marks dorsal muscles DA1 and
DOL1. As we already observed for DA1 with anti Eve, we found
Kruppel in three or four nuclei of minimuscles DA1 and DO1
in ketté4-48stage 13-14 embryos, but we could not observe any
increase in Krlppel-positive nuclei at later stages (Fig. 3F).
This corresponds to the wild type in stage 13 embryos, when
the first fusion series is completed and precursors are formed
(Fig. 3D). Asmbcmutants stop at the first fusion step (Erickson

kettenull mutantskettemutants were analysed for expression of the et .fal" 1997). we used_them as a con_trol. As expected, single
enhancer trap rP298¢Z (A-D) and localisation of the sns-transcript Kruppel-posmve nuclei are Qbservedmbcmutants at stage
(E,F) to examine the determination of founders and fusion-competed: Showing that myogenesis arrests at the founder cell stage
myoblasts. (A-D) Expression pattern of the rP22&Z enhancer trap ~ (Fig. 3E). Taken together we could show tkatte mutants

st 13 B ketie

kette J4-48  sm

Fig. 2. Founders and fusion-competent myoblasts are determined in

(green), which resembles the founder cell madkefkirre undergo the first fusions to form precursor cells with three or
expression pattern, shown by gbijalactosidase fluorescent four nuclei but stop afterwards.
staining.B3-Tubulin fluorescent staining is red. (A) Stage 13 Another gene that is known to regulate myoblast fusion is

heterozygous wild-type embryo with TDLZ blue-balancer. (B) Stageplown fuse(blow); blow mutants arrest fusion following the
13 kette4-4&null mutant. (C) Late stage 13 wild-type embryos. After prefusion complex (Doberstein et al., 1997). To determine
fusion, all nuclei of the syncytia express rP298. The forming dorsal whether blow affects myogenesis at the first or the second
muscles contain more than four nuclei and muscle structures is fusion step, we analysed Eve and Kriippel distributidsidn-

visible. (D) In stage 1Rettd44&null mutants, founder cells are :
determined but no muscle structure are visible. Compared with wild MUl mutants lhlow?). As inkettemutantsblow” mutants reach

type, less rP298-positive cells are detected that are surrounded by the precursor cell stage and then fail to form mature myotubes

many fusion-competef®3-Tubulin-positive myoblasts (arrow). and stop myogenesis during the second fusion step (Fig. 3C,G).
(E,F) Fluorescence in situ hybridisation withsantisense probe The formation of precursor cells kettemutants also proves
shows the correct determination of fusion-competent myoblasts in true at the ultrastructural level. Fig. 4A shows a cluster of two
the somatic (sm) and visceral mesoderm (vnKetemutants. or three nucleated precursor cells underlying the epidermis.
(E) Stage 11 wild-type embryo; (F) stagekette*-4&null mutant Likewise inblow? mutants we could confirm the formation of
embryo. precursor cells (Fig. 4B), while in thmbc mutant embryos,

only unfused mononucleated myoblasts are visible (Fig. 4C).

mutants (Fig. 2B,D). To monitor the®298positive nuclei  Ultrastructural analyses reveal that  kette loss-of-
relative to the forming muscles we used the @8tTubulin  function mutants progress fusion up to the plaque
antibody for counterstaining. In wild-type embryos the nuclestage of the second fusion step
of the former FCMs becom#298 positive after fusion with At the ultrastructural level, wild-type embryos clearly show
a founder/precursor cell. Therefore all nuclei of a forminghat precursor cells with three or four nuclei and fusion-
muscle aregP298 positive (Fig. 2C)kettemutants, however, competent myoblasts have established contacts (Fig. 4D),
show lessrP298positive nuclei, which are surrounded by electron dense vesicles start to form the perfusion complex
many FCMs (Fig. 2D). This is indicative for fusion defects.(Fig. 4D, arrowhead, and higher magnification in E)
The second essential cell population in the myogeni¢Doberstein et al.,, 1997). We observed that in the
mesoderm is the pool of FCMs. We analysesexpression in  neighbourhood of this prefusion complex, electron-dense
kettenull mutants and found thahsmRNA is expressed as in plaques start to be established within a cloud of electron-dense
the wild type (Fig. 2E,F), suggesting that FCMs are correctlynaterial that seems to result from the electron-dense vesicles
determined irkettemutants. of the prefusion complex (Fig. 4D, arrow, and magnification in
Altogether, these results show that Kette is requiredr). Then, the membranes start to break down in the direct
following determination of founder cells and fusion-competenticinity of the plaque, leading to the fusion of the precursor
myoblasts, indicating that it is directly involved in fusion. with the fusion-competent myoblast (Doberstein et al., 1997).
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Fig. 3. ketteandblow
mutants form precursor cell
with three or four nuclei.
ketteandblow mutants were
analysed for
founder/precursor cell statu
(using Eve and Kr) at (A-C)
stage 15-16 and (D-G) stag
13. As a control for the Kr
pattern of expression, we
usedmbcmutant embryos,
which do not undergo any
fusion step and arrest at the
founder cell stage. It can be
clearly seen that botkette
andblow mutants build
precursors that contain thre
or four nuclei, correspondiny
to what is seen in the wild type at stage 13. (A-C) Anti-Eve fluorescent staining in red (pc, pericardial cells). (A) Sildeyd® embryo
containing up to 14 Eve- and rP298-positive nuclei in DA1 muscle after fusion is completed. (B) Statj€“4$null mutant embryo
containing three or four Eve-positive nuclei in muscle DA1, corresponding to precursor cells. (C) $tage ffutant with two or three

nuclei in DA1 muscle, which also indicates the presence of precursor cells. (D-G) Anti-Kr fluorescent staining. (D) Stalgeyd& evitbryo
displays precursor cells of muscles DA1 and DO1 with three or four nuclei after the first fusion step occurs. (E)nstagauizht embryo

does not undergo the first fusion step, indicated by the dingbepressing cells that correspond to the founder cells of the muscles. (F) Stage
13 kettd4-4&null mutant embryo with three or four nuclei in precursors of muscles DAL and DO1. (G) StageAiButant embryo with two

or three nuclei in precursors of DAL and DO1. Arrows in D-G indicate precursors of lateral muscles that are developing.

Ja-48

st 16j kette st 15 | blow?

st 13 | kette’* st.13 Mblow’

Fig. 4. kettemutants stop
fusion during formation of
electron-dense plaques.
(A-C) Transmission electro
microscope analyses of
kette!4-48 blow? andmbc
mutants confirm that
kettd4-48andblow? mutants
do form muscle precursor
cells, whilembcmutants do
not. Scale bars: gm.

(A) Stage 1&kettg4-48
mutant embryo; asterisks
indicate precursors with tw
or three nuclei. (B) Stage 1
13 blow? mutant embryo;
developing precursors with
two nuclei are clearly
visible. (C) Stage 13-1¢hbc
mutant embryo. (D-F) Stag
13 wild-type embryo. (D) A
muscle precursor has
established contact with
fusion-competent myoblast
while groups of electron
dense vesicles start to builr
the prefusion complex of
paired vesicles (arrowhead
Nearby, a prefusion comple
has already started to
dissolve and will form a
electron-dense plaque
(arrow). Scale bar: 1./sm.
(E,F) Detailed view of a
group of electron dense vesicles in D. (F) Dissolving prefusion complex and developing electron dense-plaque (arrow) tiimargoud
of vesicles. Scale bar: 500 nm. (G) Developing electron-dense plaque in a statjet%embryo. Remains of the dissolving prefusion
complex are still visible (arrow); the length of the plaque is nearly twice that of the wild type plaque described by Debats{@ioberstein
et al., 1997). Scale bar: 150 nm.
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In kettemutants, fusion-competent myoblasts also attach t
the precursors as in the wild type, and electron-dense mater
accumulates into plagues (Fig. 4G). In the wild type, the
plagues are 500 nm in length. kette mutants, however, the
plagues are two to three times longer (Fig. 4G). There is n
sign of membrane breakdown in the vicinity of the plaques
Instead, residues of the dissolving prefusion complex remai
frequently visible until stage 15 (arrow in Fig. 4G).

Because, in contrast tblow, kette mutants still form
electron-dense plaques, we postulate that Kette ac kette 61-9761-37 blow?”?2
downstream of Blow.

kette interacts genetically with  blow during myoblast
fusion and is able to rescue the  blow mutant
phenotype

To test the relationship &ktteandblow further, we performed
epistasis experiments to detect possible genetic interactior
The hypomorphi&etté1-37allele (Fig. 5A) andlow? loss-of-
function mutants (Fig. 5B) can be distinguished in the ligh
microscope by [3-Tubulin expression. We established
balanced Drosophila strains carrying the hypomorphic blow?*: kette 6376137 Wplow?2; kette G1-37/G1-37
ketté1-3"mutation on the third chromosome anldw? on the
second chromosome. Loss of one copplofvin akettés1-37
mutant background results in an enhanced fusion phenotype
ketté51-3"mutants (Fig. 5C). This is even more prominent in
homozygous double mutants (Fig. 5D). As bf@wv phenotype
appears dominant, we conclude that Kette is acting later the
Blow during myoblast fusion. This is confirmed by the
phenotype of homozygousow? embryos lacking one copy of
kette which cannot be distinguished from homozygblos\?
mutants (data not shown). Owing to the fact that removal ¢
one copy of theblow gene influences the phenotype of
ketté>1-37 mutants, we propose that Kette and Blow interac
during myoblast fusion.

We then asked whether Kette overexpression can resc
Blow function. When combining UA&ettein ablow? mutant
background, we could observed that these embryos exhibit
partially rescued muscle pattern, although some muscles &
missing (Fig. 5F, compare withlow? phenotype in Fig. 5E).
Although muscle orientation or attachment is sometime:
disturbed in these rescued embryos, they are no long
embryonic lethal but survive until the first instar larval stage . L 2.

This result confirms our idea th&ette and blow interact rP298/twi-GAL4 ; blow??; UAS-kette/+
genetically during myoblast fusion.

Fig. 5.Kette and Blown fuse interact genetically. (A-D) AR8-
) ) Tubulin fluorescent staining of stage 15 embryos. (A) Homozygous

Discussion kett@1'37hypomorph£: n31utant. (B) Homozygobkw? null mutant.

. - C) Homozygousketté>1-37 mutant with only one intact copy bfow
Ket_te is essential in the second step of myoblast Ear)1 enhancyegment of fusion defect takes r))llace). (D) Doupt?lle
fusion homozygouslow? andketté®1-37 mutant (further enhancement of
We describe a strong myoblast fusion phenotypekdtie  fusion defects leads to a phenotype that resembles the otiginal
mutants. Null alleles ofkette show numerous unfused phenotype more than thetté*1-37phenotype). (E,F) Ant3-
myoblasts, while in hypomorphic alleles the fusion phenotypgubulin fluorescent staining (red); aftigalactosidase staining
is less severe but defects in muscle attachment becorf@een) of rP298acZ enhancer trap. (E) Stage lw? mutant

obvious. These fusion defects are due to the intrinsic functi bry(;’ fO”'y mi“im_us‘;l'esl presumably crjepresel’lming gfecurs,orsv é;re
; ; ormed, lareg gaps in the somatic mesoderm allow a direct view o
of Kette in the myogenic mesoderm. the gut);B3-Tubulin-positive cardioblasts are properly arranged. At

Furthermore, we show that founder cells and fu5|on;[his stage, unfused myoblasts have been engulfed by macrophages.

competent myoblasts are correctly determlndcéttem_utants _ (F) Mesodermal overexpression of UABmMwith a twist-GAL4

and muscle precursor cells are properly formed during the f'réhver line inblow? mutant background rescues tilew phenotype,
myoblast fusion step. Electron microscopic analysikedfe  at least partially, at stage 16. The embryo forms clearly fused and
mutants revealed that the second myoblast fusion step dsached muscles, although defects in muscle number, size and
interrupted during formation of the electron-dense plagues aratachment occur.



thus kette mutants stop development shortly aftdow but

beforesnd® mutants (Fig. 6).

Myoblast  fusion  requires intensive
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cytoskeleton, e.g. as seen during endocytosis (Engqvist-
Goldstein and Drubin, 2003). In support of the idea that muscle

membranedevelopment depends on a F-actin dynamics, myofibre atrophy

rearrangements and thus an active modulation of the F-acti® observed in th&avelknockout mice (Dahl et al., 2003).
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Fig. 6. Model of the two-step myoblast fusion process. The cell-cell

recognition is mediated by Duf in the founder/precursor cells

Here, we show that the Wave regulator Kette is required for
myoblast fusion in the fly embryo. Previous biochemical
analyses showed that Kette fulfils a dual role in the regulation
of the actin cytoskeleton. On the one hand, Kette promotes F-
actin formation at the cell-membranes via Wasp (Bogdan and
Klambt, 2003); on the other hand, Kette inhibits Scar/Wave
function in the cytosol (Bogdan and Klambt, 2003; Kunda et
al., 2003; Rogers et al., 2003).

In addition to a role of Kette during myoblast fusion, we
noted high expression of Kette at the growing tips of mature
myotubes. These structures are rich in F-actin and, like growth
cones, migrate towards the muscle-attachment sites (Volk,
1999).

Integration of Kette in a model for myoblast fusion

Within the two-step model of myoblast fusion, we plaketie
relative to other components of the fusion process (Fig. 6). The
initial recognition between founder cells and fusion-competent
myoblasts is mediated by the Ig-domain proteins Duf/Kirre and
Rst in the founder cell. The extracellular domain of Duf/Kirre
interacts with Sns, another member of the immunoglobulin
superfamily, which is expressed in fusion competent myoblasts
(Bour et al., 2000; Dworak and Sink, 2002). This interaction
may signal into both cell types and thus initiate the first fusion
step that leads to the formation of precursor cells.

It is possible that Duf/Kirre and Rst, as well as Sns, are also
active in the second series of fusion events leading from the
precursor cells to the mature myotubes. In the precursor cells,
the Rols/Ants protein concentrates at the membrane (Chen et
al., 2003; Menon and Chia, 2001) and we propose that
Rols/Ants is needed to start the second series of fusion (Rau et
al., 2001). Chen and Olson (Chen and Olson, 2001) have
shown that in vitro Rols/Ants binds to the intracellular domain
of Duf/Kirre, and we suggest that this might be the signal in
the precursor cell that recruits further FCMs for fusion (Fig. 7).

(vellow) and Sns in the fusion-competent myoblasts (orange). The |5 the precursor cell, this interaction might initiate the

first fusion step crucially depends on Mbc and Loner (Chen and

Olson, 2003; Erickson et al., 1997). The second fusion step is

characterised by formation of prefusion complexes, electron-dense
plagues and membrane breakdown (Doberstein et al., 1997). This
requires proper function of Rols, Blow and Kette. In this process,
blow, ketteandsng® mutants are involved at different times. Kette

formation of the prefusion complex and subsequently the
formation of the electron-dense plaques and finally to
membrane breakdown (Fig. 6).

We assume that Blow and Kette mediate the Duf/Kirre-
Rols/Ants interaction signal in the precursor cell. Blow and Kette

acts during the formation of the electron-dense plaques shortly afterare also present in the fusion-competent cells, where we propose

Blow.

actin reorganisation

cell-

actin reorganisation

@ o @
~®
CRst D

cytosol

that Rols/Ants function is taken over by an, as yet, unidentified
protein that interacts with Sns. In the precursor cell,
Rols/Ants is proposed to mediate rearrangement of the
cytoskeleton via Mbc/Dock180 (Chen et al., 2003;
Erickson et al., 1997; Galleta et al., 1999). The electron-
dense plagues and their connection to microfilaments are

Fig. 7.Hypothesis for the function of Kette during the second
myoblast fusion step compared with the known function of
Kette during axonal outgrowth. We propose that the function
of Dock/NCK, which mediates Kette function during
neurogenesis (Bogdan and Klambt, 2003), is taken over by
Crk, which has also been shown to interact with Blow and
Mbc, and to be involved in Racl activation and the formation
of lamellipodia (see text for details).
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