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EXTRA VIEW
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ABSTRACT

From Drosophila to man, multinucleated muscle cells form through cell-cell fusion. Using Drosophila
as a model system, researchers first identified, and then demonstrated, the importance of actin
cytoskeletal rearrangements at the site of fusion. These actin rearrangements at the fusion site are
regulated by SCAR and WASp mediated Arp2/3 activation, which nucleates branched actin
networks. Loss of SCAR, WASp or both leads to defects in myoblast fusion. Recently, we have found
that the actin regulator Diaphanous (Dia) also plays a role both in organizing actin and in regulating
Arp2/3 activity at the fusion site. In this Extra View article, we provide additional data showing that
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the Abi-SCAR complex accumulates at the fusion site and that excessive SCAR activity impairs
myoblast fusion. Using constitutively active Dia constructs, we provide additional evidence that Dia
functions upstream of SCAR activity to regulate actin dynamics at the fusion site and to localize the

Abi-SCAR complex.

Introduction

Cell-cell fusion is a crucial step in muscle development
and repair.'® During Drosophila muscle development,
fusion occurs between the founder cells (FCs)/myo-
tubes and the fusion competent myoblasts (FCMs).
The FCs express transcription factors that determine
the identity of individual muscles. When a naive FCM
fuses with a FC, the newly added myonucleus is
reprogrammed to adopt the founder cell nucleus iden-
tity, and another round of fusion is initiated.” During
fusion, formation of an actin-rich focus occurs at the
fusion site;””® this actin focus provides an invasive
force from the FCM into the FC/myotube, promoting
fusion.” Actin polymerization at the fusion site is regu-
lated by Arp2/3, a branched actin nucleating com-
plex.”®'%!! The activity of Arp2/3 is controlled by the
nucleation promoting factors WASp and SCAR (also
known as WAVE). WASp and SCAR share a C-termi-
nal VCA domain that activates Arp2/3 by both pro-
moting conformational changes in Arp2/3 and
presenting G-actin to Arp2/3.">"> The importance of
WASp and SCAR during myoblast fusion has been

demonstrated in previous studies from our lab and
others in multiple systems.>>'"'*** Loss or reduction
of WASp and/or SCAR activity results in a fusion
block: FCMs make contact with FC/myotubes, but are
unable to form or expand fusion pores, preventing
myoblast fusion. As both WASp and SCAR are
required for Arp2/3 activation, and therefore the
branched actin network formation at the fusion site,
loss of both WASp and SCAR activity results in no
actin focus formation.”** Interestingly, loss of WASp
function alone results in a fusion block with normal-
sized actin foci, while loss of SCAR function alone
results in a fusion block with enlarged actin foci.>’

In our recent PLoS Genetics paper, “The formin
Diaphanous regulates myoblast fusion through actin
polymerization and Arp2/3 regulation,“ we reported
that Diaphanous (Dia) plays a critical role in myoblast
fusion.** Dia, a member of the Formin family of actin
polymerization factors, controls actin rearrangements
at the fusion site by a) nucleating and elongating linear
actin filaments and b) localizing WASp and SCAR.
Although we have demonstrated the importance of
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Dia in localizing Arp2/3 regulators, how Dia interacts
with SCAR and WASp and directs their localization to
the fusion site remained unclear. In this Extra View
article, we concentrate on the activity of the SCAR
complex and investigate how Dia regulates SCAR at
the fusion site.

The activity of SCAR is controlled by the SCAR
regulatory complex (WRC). The WRC is a pentame-
ric complex that contains SCAR, Abi, Kette/Napl,
Hspc300, and Sral/Cyfipl. In vitro experiments using
purified proteins suggest that when not associated
with the complex, SCAR exists in an active confor-
mation and can stimulate Arp2/3 activity through its
VCA domain.”> However, in the WRC, the VCA
domain of SCAR is bound by Sra-1, and SCAR’s
activity is inhibited.”” Rac-GTP activates SCAR by
competitively binding to Sral, triggering exposure of
the VCA domain of SCAR*® In vitro experiments
confirm that, when activated by Rac-GTP, SCAR
does not dissociate from WRC complex, only that its
C-terminal VCA domain is no longer bound by
Sral.'>?® In addition to regulating SCAR activity, the
formation of the WRC is crucial for SCAR localiza-
tion and stability.**”** Removal of WRC compo-
nents, such as Abi or Kette/Napl, results in SCAR
degradation.”

Abi is a key component of the WRC that is impor-
tant for the stability, localization, and activity of
SCAR.***° Recent experiments have shown that
Abi also interacts physically with Dia to regulate
actin dynamics and adhesion in A431 and 293T
cells.>! Moreover, these experiments indicate that Dia
and SCAR physically bind to partially overlapping
regions of Abi.”" Since the interaction between Abi
and SCAR is critical in localizing and stabilizing
SCAR,”* the authors suggest that Dia regulates
SCAR activity through competition for Abi binding.
In this Extra View article, we investigate whether Dia
regulates SCAR during Drosophila myoblast fusion
through the mechanisms described in mammalian
cell culture. We also report an unexpected fusion
phenotype that is associated with excessive SCAR
activity in embryos.

Results

Excessive Scar activity blocks myoblast fusion

Mammalian tissue culture experiments using different
cell types suggested that the binding of Abi to SCAR is
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required for several aspects of SCAR activity, includ-
ing stability,”” localization, and activation.® We
hypothesized that this relationship between Abi and
SCAR also exists during Drosophila myoblast fusion.
To test our hypothesis and investigate how Abi regu-
lates SCAR, we employed a bimolecular fluorescence
complementation (BiFC) technique to visualize
Abi-SCAR complex formation in vivo.”> In the BiFC
system, YFP is split into 2 non-fluorescent fragments:
N-terminal YFP (NYFP) and C-terminal YFP (CYFP),
and each fragment is fused to either SCAR or Abi.
YEP is reconstituted when the 2 fragments are brought
in close proximity.”* To visualize SCAR and Abi inter-
action during fusion, we expressed these split YFP-
tagged SCAR and Abi constructs in the developing
muscles using the muscle specific driver, Dmef2-Gal4.
To control for background fluorescence, we used con-
focal microscopy to detect fluorescent levels when
untagged NYFP and CYFP were similarly expressed.
We did not observe fluorescent signal in the muscles
expressing untagged split-YFP fragments simulta-
neously (Fig. 1Ai-Aiii); this indicated that the
untagged split-YFP did not interact spontaneously to
reconstitute YFP. We then visualized the interaction
between SCAR and Abi by expressing both Abi-NYFP
and SCAR-CYFP (Fig. 1Bi-Biii) or the converse,
SCAR-NYFP and Abi-CYFP (Fig. 1Ci-Ciii) simulta-
neously in muscles. With either combination, we
observed strong fluorescent YFP signal at the fusion
site, which is marked by the F-actin focus (Fig. 1).
Together, these data confirmed our hypothesis that
SCAR and Abi physically interact at the fusion site
during muscle formation.

In tissue culture, Abi binding is known to enhance
SCAR stability and activity.””*>*° As the actin poly-
merization activity of SCAR is required during
fusion,®” it is possible that the interaction between
Abi and SCAR is critical for controlling SCAR levels
and activity, and thus actin polymerization, at the
fusion site. To test the function of the Abi-SCAR
interaction at the fusion site, we next examined the
impact of tagged Abi-SCAR expression on muscle
development. Analysis of developing muscle cells
which overexpress both the SCAR- and Abi- tagged
split YFP constructs revealed that myoblast fusion at
stage 16 was impaired (Fig. 2A). To quantify the
fusion block, we examined the fusion index in late
stage 16 embryos. In contrast to control embryos in
which 5-7 fusion events occur to form each Lateral
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Figure 1. Visualization of Abi-SCAR complex formation using split YFP during myoblast fusion. Stage 15 embryo stained for F-actin
(phalloidin, white) to label fusion site, and YFP (GFP antibody, green) to detect YFP reconstitution, FCM (magenta, false colored), and
FC/myotube (turquoise, false colored). (Ai-Aiii) To visualize the background fluorescent level, UAS-myc-NYFP and UAS-HA-CYFP were
expressed in the muscles under the control of muscles specific driver DMef2-Gal4. (Bi-Biii) UAS-Abi-myc-NYFP and UAS-SCAR-HA-CYFP; or
(Ci-Ciii) UAS-SCAR-myc-NYFP and UAS-Abi-HA-CYFP were expressed in the muscles under the control of DMef2-Gal4. The reconstituted

YFP signals indicate sites of Abi-SCAR interaction. Scale bar: 5 um.

Transverse (LT) muscle,” we found that expression of
Abi-NYFP and SCAR-CYFP resulted in severe fusion
block with only 0-3 rounds of fusion per LT muscle
(p < 0.001). A fusion block was also observed in
muscles expressing the reverse combination (SCAR-
NYFP and Abi-CYFP), but it was less severe (0-4
rounds of fusion per LT, p < 0.001), possibly due to
lower expression levels of these specific transgenic
constructs. This block in myoblast fusion was not seen
when expressing untagged split-YFP constructs simul-
taneously (Fig. 2A).

The block in fusion detected upon expression of
both SCAR and Abi could be explained in 2 ways:
First, co-expression of SCAR and Abi leads to exces-
sive SCAR activity. This results in unregulated Arp2/3
activity at the fusion site, and a fusion block. Alterna-
tively, expression of both SCAR and Abi produce a
dominant negative effect by preventing interactions

between endogenous SCAR, Rac-GTP, and Arp2/3.
Due to this reduction in Arp2/3 activation at the
fusion site, a fusion block occurs.

To test these 2 models, we measured actin focus size
in stage 15 embryos. If overexpressed Abi and SCAR
produce a dominant negative effect, we would expect
to see enlarged actin foci similar to SCAR loss of func-
tion mutant embryos. In muscles with Abi-NYFP and
SCAR-CYEFP overexpression, actin foci had an average
diameter of 2.14 £ 0.05 pm, which is similar to and
within the range of control foci (1.99 £ 0.09 um, N =
11). The wild-type size of the actin focus, therefore,
suggested that over-expression of Abi and SCAR did
not cause a dominant negative effect that suppresses
SCAR activity. In addition, since it is Sral, not SCAR
or Abi, which binds to Rac-GTP, overexpression of
SCAR and Abi should not sequester Rac-based WRC
activation. When measuring the actin focus size, we
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Figure 2. Increased SCAR activity results in fusion block. A. Three hemisegments from a stage 16 embryo. Embryos are stained for F-
actin (phalloidin, white) to show the muscle pattern, and YFP (GFP antibody, green) to detect YFP reconstitution. (Ai—Aii) In control
embryos, UAS-myc-NYFP and UAS-HA-CYFP were expressed in muscles under the control of DMef2-Gal4. Phalloidin staining shows wild-
type muscle pattern. Background fluorescent level was visualized with antibody against GFP. UAS-Abi-myc-NYFP and UAS-SCAR-HA-CYFP
(Aiii—Aiv) or UAS-SCAR-myc-NYFP and UAS-Abi-HA-CYFP (Av-Avi) were expressed in muscles under the control of DMef2-Gal4. Phalloidin
staining shows impaired fusion and the actin focus at the fusion site. YFP shows the localization of Abi-SCAR interaction. (B) Muscle pat-
tern from stage 16 embryos (antibody against Myosin Heavy Chain. white). Three hemisegments are shown from each embryo. One
(Bi—Biv) or 2 copies (Bv-Buviii) of split-YFP labeled Abi or SCAR were expressed in the muscles under the control of DMef2-Gal4. Abi over-
expression does not change muscle pattern. Increased expression of SCAR results in myoblast fusion block in a dosage dependent man-

ner. Scale bar: 20 pm.

observed that nearly every FCM in Abi-SCAR overex-
pressing embryos had an actin focus, not just those
that were adhered to an FC/Myotube and were under-
going myoblast fusion. This suggested that actin poly-
merization is misregulated by Abi and SCAR
co-expression. Altogether, these observations indi-
cated that fusion is blocked in these Abi and SCAR
expressing embryos due to more SCAR activity, which
in turn leads to more Arp2/3 activity.

To further test our model, we overexpressed SCAR
or Abi alone in the muscle-forming mesoderm and
examined the muscle pattern in stage 16 embryos. As
described earlier, in vitro experiments suggested that
SCAR itself can activate Arp2/3.25 Therefore, if our
model is correct, namely that fusion is blocked due to
upregulated Arp2/3 activity, just increasing the levels
of SCAR itself should impair fusion. Indeed, when we
overexpressed SCAR using 2 copies of the transgene,
fusion was impaired (Fig. 2Bvii-Bviii). The size of the
actin focus was similar to controls (2.02 4+ 0.09 um,
N = 11) and to simultaneous expression of both
tagged SCAR and Abi. Expression of only one copy of

SCAR was not sufficient to cause a fusion block
(Fig. 2Biii-Biv), possibly due to the instability of
SCAR when not associated with the WRC. Neverthe-
less, the fusion phenotype in the low-level SCAR over-
expression background can be enhanced by co-
expression of Abi (Fig. 2Aiii-Avi). This observation is
consistent with the report that Abi can bind to SCAR
and enhance its stability and activity.””*>*° We also
observed that expressing one or 2 copies of Abi did
not result in a fusion block (Fig. 2 Bi-Bii and Bv-Bvi),
suggesting that increasing the availability of Abi alone
is not sufficient to misregulate Arp2/3 activity and
block fusion. Altogether we conclude that excessive
SCAR activity impairs myoblast fusion.

Constitutively active Dia mislocalizes the Abi-SCAR
complex during muscle formation

The split-YFP system also allowed us to interrogate
Abi-SCAR interactions during myoblast fusion in other
genetic backgrounds. Our previous work indicated that
Dia regulated SCAR localization during fusion, as in
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both Dia loss and gain of function, SCAR was no longer
restricted to the fusion site.** Data from mammalian
tissue culture indicated that the Dia-binding SNARE
domain in Abi partially overlaps with the SCAR bind-
ing WAB domain, suggesting that Dia and SCAR com-
pete for Abi binding.*! Since binding to Abi is required
for SCAR localization,”” this competition might
account for SCAR mislocalization in the Dia gain of
function background during myoblast fusion. To test if
competition between Dia and SCAR for Abi exists dur-
ing myoblast fusion, we investigated whether Dia activ-
ity altered the Abi-SCAR interaction detected by the
split-YFP constructs at the fusion site. To do this, we
expressed constitutively active Dia (Dia.CA) specifically
in the muscle-forming mesoderm together with SCAR-
NYFP and Abi-CYFP and examined the distribution of
the YFP signal. We used 2 Dia.CA constructs, one with

and the second, without, the putative Abi-binding
domain. In controls where there was no Dia.CA being
expressed in the myoblasts, YFP reconstitution
occurred through Abi-SCAR interaction, and the YFP
signal accumulated at the fusion site (Fig. 1Ai-Aiii).
When we expressed Dia.CA constructs together with
split-YFP tagged SCAR and Abi, however, we found a
diffuse cytoplasmic localization of the YFP signal
(Fig. 3B-C, compare Fig. 1). No particular enrichment
was found at between FC/Myotube and FCMS. We
observed similar results with both constructs. The pres-
ence of the YFP signal suggested that the Abi-SCAR
complex still formed in a constitutively active Dia-
expressing background; however, the diffuse YFP signal
indicated that the Abi-SCAR complex was no longer
recruited to the fusion site. The mislocalization of the
Abi-SCAR complex was consistent with our earlier

DMef2-Gal4>UAS-myc-NYFP
UAS-HA-CYFP UAS-DiaCA

DMef2-Gal4>
UAS-Abi-myc-NYFP
UAS-SCAR-HA-CYFP

UAS-DiaCA

DMef2-Gald>
UAS-SCAR-myc-NYFP
UAS-Abi-HA-CYFP
UAS-DiaCA

FC-FCM ‘ F-actin |

Figure 3. Constitutively active Dia changes Abi-SCAR localization and actin structure at the fusion site. Stage 16 embryo stained for F-
actin (phalloidin, white) and YFP (GFP antibody, green), FCM (magenta, false colored), FC/myotube (turquoise/false colored). (Ai-Aiii) As
control, constitutively active Dia (UAS-Dia.CA) was expressed together with UAS-myc-NYFP and UAS-HA-CYFP in the muscles under the
control of DMef2-Gal4. Fusion is blocked in this context. Background YFP fluorescent level was visualized with antibody against GFP. (B-
C) UAS-Dia.CA was expressed together with UAS-Abi-myc-NYFP and UAS-SCAR-HA-CYFP (Bi-Biii) or UAS-SCAR-myc-NYFP and UAS-Abi-HA-
CYFP (Ci-Ciii) in the muscles. Actin morphology at the fusion site was visualized by Phalloidin staining of F-actin. Abi-SCAR complex was
visualized by YFP reconstitution and was labeled by antibody against GFP. Scale bar: 5 pum.



report that constitutively active Dia changes the locali-
zation of SCAR.* Since constitutively active Dia with-
out the putative Abi binding domain also led to a
diffuse YFP signal, we suggest that Dia changes the
localization of Abi-SCAR complex through its actin
polymerization activity. As we are unable to accurately
quantify the diffuse YFP signal, it remains unclear,
however, if Dia.CA only changes the localization of the
Abi-SCAR complex or disrupts both Abi-SCAR inter-
action and localization.

Dia functions upstream of Arp2/3 to regulate actin
at the fusion site

In our previous work, we have demonstrated, using
both loss and gain of Dia activity, that Dia functions
upstream of Arp2/3 at the fusion site to polymerize
linear actin filaments and to regulate the localization
of SCAR and WASp.** To further confirm these data,
we performed epistasis experiments in embryos that
overexpress Dia.CA, Abi, and SCAR. Both the mor-
phology and size of the actin focus provides insight to
which step in fusion is disrupted in a particular fusion
mutant.>**** Fusion mutants that impair SCAR-regu-
lated Arp2/3 activation result in enlarged, rounded
foci. Fusion mutants that impair WASp regulated
Arp2/3 activation result in normal-sized, rounded
foci. Fusion mutants that impair both SCAR and
WASp-regulated Arp2/3 activation result in no actin
focus.”® Likewise, Dia loss of function results in no
actin focus; expression of constitutively active Dia
(Dia.CA), however, changes actin dynamics during
fusion and generates a diffuse distribution of F-actin
at the fusion site.®* When Dia.CA is expressed
together with SCAR-NYFP and Abi-CYFP in myo-
blasts, we found that myoblast fusion is still blocked
in this context with F-actin organized into diffuse
structures (Fig. 3B-C). The morphology of these F-
actin structures are similar to those seen in myoblasts
expressing Dia.CA alone (Fig. 3A), rather than the
round foci seen in a SCAR-NYFP/Abi-CYFP back-
ground (Fig. 1A). These findings reinforce our conclu-
sions from our PLoS Genetics paper,”* namely that
Dia functions upstream of Arp2/3 to regulate actin
organization at the fusion site.

Discussion

In this Extra View article, we show that Abi and SCAR
interact at the fusion site to promote Arp2/3 activity.
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Excessive SCAR activity results in upregulated Arp2/3
activity and blocked fusion. Dia functions upstream of
Arp2/3 to regulate actin polymerization. Excessive Dia
leads to mislocalization of the Abi-SCAR complex,
possibly through its actin polymerization activity.

The importance of Arp2/3 activity for myoblast
fusion has been demonstrated in many studies.>*'*'¢
Both SCAR and WASp can activate Arp2/3 and are
known to regulate myoblast fusion in a cell type
dependent manner: WASp is specifically required in
the FCM,>* while SCAR is required for both FC/myo-
tube and FCM."” It has also been speculated that
SCAR and WASp are playing distinct roles in FCMs,
with SCAR mediating the migration of myoblasts and
initiating fusion'” and WASp promoting the forma-
tion of podosome-like structures and subsequent
fusion pore expansion.’* The balance and switch
between SCAR and WASp would allow for finely con-
trolled regulation of Arp2/3 activation, which, in turn,
controls the formation of the F-actin structures in the
FC/myotube and FCM. In this study, we provided evi-
dence that SCAR activity is highly regulated during
myoblast fusion. Excessive SCAR activity results in
mis- and upregulated Arp2/3 function and blocks
myoblast fusion. It is still unclear how excessive SCAR
mechanistically blocks fusion. However, the normal-
sized actin focus found when SCAR is overexpressed
suggests a possible model of SCAR-WASp interaction.
In a WASp loss of function background, the size of
the actin focus is similar to wild-type foci. A similar
sized actin focus is also seen in SCAR overexpressing
background. A possible explanation is that SCAR and
WASp compete with each other for Arp2/3 binding.
Therefore, SCAR overexpression leads to suppressed
WASPp activity, resulting in a normal-sized actin focus
that phenocopies WASp loss of function. Similarly, in
a SCAR loss of function background, where Arp2/3
activity is regulated by WASp only, the actin focus is
enlarged, as WASp is the major factor that promotes
the formation of podosome-like structures at the FCM
side.”* Together, these data suggest a possible mutual
inhibition model /competition model for SCAR and
WASP.

We also provide evidence for 2 distinct ways to
control SCAR activity. The first is through direct regu-
lation of SCAR stability, and the second is through the
regulation of SCAR localization in a Dia-dependent
manner.”* When we overexpress just one copy of
SCAR, fusion is unaffected. We suggest that this may
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be a result of SCAR degradation when it is not associ-
ated with the WRC and reflects the cell’s capacity to
buffer SCAR activity. However, when one copy of Abi
is added to this background, it stabilizes exogenous
SCAR, leading to an increase in both the level and
activity of SCAR. This, in turn, results in a fusion
block. Similarly, as the majority of endogenous SCAR
is either part of the WRC or degraded, overexpression
of Abi alone does not lead to a significant increase in
endogenous SCAR activity, and therefore fusion is
unaffected. Thus, overall SCAR activity during myo-
blast fusion depends on the expression level of SCAR
and whether it is associated with WRC components.

In our recent PLoS Genetics paper, “The formin
Diaphanous regulates myoblast fusion through actin
polymerization and Arp2/3 regulation,“ we reported
that Dia functions upstream of SCAR, and that both
Dia loss of and gain of function results in mislocalized
SCAR. However, we did not show whether SCAR mis-
localization is due to SCAR dissociation from the
WRC or due to mislocalization of the entire complex.
In this study, we report that in the DiaCA background,
Scar remains bound to Abi and that this complex is
mislocalized. Experiments in mammalian tissue cul-
ture suggested that Dia and SCAR may compete for
Abi binding.’" Since Abi is one of the components
that regulate SCAR localization, these tissue culture
findings suggest that Dia.CA overexpression could
result in dissociation of SCAR from Abi. Our data,
however, show that in a Dia.CA overexpression back-
ground, at least a portion of the mislocalized SCAR is
still associated with Abi. We could not, however,
exclude completely the competition model, as we are
unable to measure whether the overall level of recon-
stituted YFP is altered.

It has also been reported that SCAR and Arp2/3 can
function together to inhibit Dia activity in HeLa
cells.”> As Dia activity is required during myoblast
fusion, these data suggested to us that increased SCAR
activity may impair fusion through inhibiting Dia.
Our results, however, do not support this hypothesis.
We found that Dia loss of function resulted in actin
focus absence,”* while SCAR overexpression led to
normal sized actin foci. Together, our data in this
paper and the PLoS Genetics paper suggest that Dia
and Arp2/3 collaborate to build an actin focus at the
fusion site.”*

In summary, we have demonstrated that Abi physi-
cally interacts with SCAR at the fusion site and

enhances SCAR activity. We also showed that consti-
tutively active Dia polymerizes actin upstream of
SCAR function and changes the distribution of the
Abi-SCAR complex. Lastly, we found that SCAR activ-
ity is highly regulated during fusion. Our data suggest
that a balance between Dia, SCAR, and WASp activi-
ties exist to spatially and temporally control Arp2/3
activity during myoblast fusion.

Materials and methods

Fly strains: UAS-SCAR-HA-CYFP, UAS-Abi-HA-CYFP,
UAS-SCAR-Myc-NYFP, UAS-Abi-Myc-NYFP, UAS-
HA-CYFP, UAS-Myc-NYFP,”> UAS-DiaCA-HA, UAS-
DiaADAD-HA.>>* Embryos are staged, fixed, stained
and imaged as described in Deng et al.**
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