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ARTICLE

Tks5 and Dynamin-2 enhance actin bundle rigidity in
invadosomes to promote myoblast fusion
Mei-Chun Chuang1, Shan-Shan Lin1, Ryosuke L. Ohniwa2,3, Gang-Hui Lee4, You-An Su1, Yu-Chen Chang1, Ming-Jer Tang4,5, and Ya-Wen Liu1,6

Skeletal muscle development requires the cell–cell fusion of differentiated myoblasts to form muscle fibers. The actin
cytoskeleton is known to be the main driving force for myoblast fusion; however, how actin is organized to direct intercellular
fusion remains unclear. Here we show that an actin- and dynamin-2–enriched protrusive structure, the invadosome, is
required for the fusion process of myogenesis. Upon differentiation, myoblasts acquire the ability to form invadosomes
through isoform switching of a critical invadosome scaffold protein, Tks5. Tks5 directly interacts with and recruits dynamin-
2 to the invadosome and regulates its assembly around actin filaments to strengthen the stiffness of dynamin-actin bundles
and invadosomes. These findings provide a mechanistic framework for the acquisition of myogenic fusion machinery during
myogenesis and reveal a novel structural function for Tks5 and dynamin-2 in organizing actin filaments in the invadosome to
drive membrane fusion.

Introduction
Cell–cell fusion is essential for the development and homeostasis
of multicellular organisms (Chen et al., 2007; Oren-Suissa and
Podbilewicz, 2007). Eukaryotic cells must use unique protein
machineries to overcome the energy barrier required for fusion
of two lipid bilayers (Kozlovsky and Kozlov, 2002; Chen and
Olson, 2005; Kozlov and Chernomordik, 2015). The best-
studied membrane fusion event is that between synaptic vesi-
cles and the plasma membrane, which requires tethering
factors, SNAREs, synaptotagmins, and Rabs to orchestrate the
recognition and merging of two membranes (McMahon et al.,
2010; Jahn and Fasshauer, 2012). In contrast, the molecular
mechanisms driving the topologically opposite membrane fusion
between two cells are less understood.

Among the cell–cell fusion processes that occur in different
tissues or organisms, myoblast fusion in Drosophila melanogaster
is one of the most well characterized (Abmayr and Pavlath, 2012;
Kim et al., 2015a; Rodal et al., 2015). These studies have estab-
lished the actin cytoskeleton as the driving force for myoblast
fusion (Srinivas et al., 2007; Vasyutina et al., 2009; Sens et al.,
2010; Shilagardi et al., 2013). In the fly embryo, actin is asym-
metrically organized between two fusing myoblasts: the fusion
competent myoblast protrudes a WASP and Arp2/3-mediated
actin protrusion, whereas the founder cell mounts a resistant
force from cortical actin (Sens et al., 2010; Kim et al., 2015a). In

combination, the mechanical tension built up by the protrusive
and resisting forces propels the myoblast membranes into close
enough apposition to fuse (Kozlov and Chernomordik, 2015;
Duan et al., 2018). However, how myoblasts obtain the ability to
form protrusive actin structures and how actin is organized to
meet this unique cellular demand remain unclear.

Recently, the membrane remodeling GTPase, dynamin-
2 (Dyn2), was reported to be involved in myoblast and osteo-
clast fusion, although its exact role remains unknown (Leikina
et al., 2013; Shin et al., 2014). Dyn2 is a ubiquitously expressed
mechanochemical enzyme best studied for its role in catalyzing
membrane fission during endocytosis. However, it has also been
shown to reorganize the actin cytoskeleton in structures such as
lamellipodia and podosomes (Schmid and Frolov, 2011; Ferguson
and De Camilli, 2012; Sever et al., 2013; Antonny et al., 2016).
Which of these activities are required for membrane fusion has
not been established.

Podosomes are membrane-bound, actin-enriched invasive
structures that are abundant in monocytic cells and responsible
for cell adhesion, migration, mechanosensing, extracellular
matrix degradation, and invasion (Albiges-Rizo et al., 2009;
Schachtner et al., 2013; Linder and Wiesner, 2015). Similar
structures, called invadopodia, can be found in cancer cells and
are important for invasion and metastasis (Murphy and
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Courtneidge, 2011). Therefore, podosomes and invadopodia,
together named “invadosomes,” are best known for their
invasion abilities in both normal and cancer cells.

The formation of invadosomes is tightly controlled by
chemical signaling pathways, such as integrin- and/or growth
factor receptor–stimulated phosphoinositide 3-kinase and Src
kinase activities, as well as by their physical microenvironment,
e.g., matrix stiffness and traction force (Labernadie et al., 2010;
Murphy and Courtneidge, 2011; Yu et al., 2013). One of the
critical regulators of invadosome function is tyrosine kinase
substrate with 5 SH3 domain (Tks5), which is activated by Src
and localizes to the plasma membrane through binding with
phosphatidylinositol(3,4)bisphosphate (Seals et al., 2005;
Sharma et al., 2012). Activated Tks5 recruits actin polymer-
ization regulators, such as N-WASP, Nck, and Grb2, to the
membrane, hence promoting the maturation and function
of invadosomes (Oikawa et al., 2008; Sharma et al., 2013;
Saini and Courtneidge, 2018). Importantly, Tks5 has been
reported to be critical for osteoclast fusion (Oikawa et al.,
2012). Therefore, we hypothesize that invadosome and
Dyn2 may be directly involved in myoblast fusion during
myogenesis. Here we report that Tks5-mediated invadosome
formation is required for mammalian myoblast fusion and
show that Tks5 regulates Dyn2 assembly around actin bun-
dles, strengthening them to propel membrane fusion.

Results
Invadosomes form in differentiated myoblasts before fusion
We used murine myoblast C2C12 cells, which recapitulate my-
ogenic differentiation and fusion when incubated with differ-
entiation medium (DM), to monitor myoblast fusion (Blau et al.,
1985). After 3 d in DM, myoblasts became spindle-shaped and
started to fuse, leading to their maturation into multinuclear
myotubes within another 2 d (Fig. S1 A).

We first examined the expression and distribution of in-
vadosome components Tks5, Dyn2, and Cortactin during
myogenesis. The protein levels of Tks5 and Dyn2 gradually
increased upon myoblast differentiation and reached ap-
proximately threefold after 5 d of differentiation, whereas
Cortactin, which is enriched in invadosomes but also associ-
ated with other actin structures, was less up-regulated (Fig. 1
A). To have proper cell density for imaging, differentiated
myoblasts (∼56 h in DM) were trypsinized and subcultured
onto fibronectin-coated coverslips for 16 h before immuno-
fluorescence staining. Under these conditions, we found that
differentiated myoblasts are often equipped with F-actin foci
at their tips, together with many well-known invadosome
proteins, including MT1-MMP, Tks5, Dyn2, Cortactin, and
Arp2/3, even when not in contact with other myoblasts (Fig. 1,
B and C; and Fig. S1, B and C). This distribution of Dyn2 and
Tks5 was distinct from their localization in undifferentiated
myoblasts that were mainly at clathrin-coated pits (CCPs) or
cytosol, respectively (Fig. S1, D and E).

To further characterize the actin-Dyn2 enriched structure we
observed in mouse myoblasts, we examined the ECM degrada-
tion ability of differentiated myoblasts (Fig. 1 D). Although we

did not detect ECM degradation in the invadosome formed at the
myoblast tip, evident ECM degradation was observed when in-
vadosomes were formed at the central area of the cell (Fig. 1 D).
Thus the tips of prefusion mouse myoblasts bear the molecular
signature of an invadosome, which was similar to the WASP-
Arp2/3 complex–mediated protrusive structure that propels
myoblast fusion in Drosophila (Sens et al., 2010).

Asymmetrical distribution of invadosome in fusing myoblasts
To determine whether the invadosome is equipped in two fusing
myoblasts, we imaged cells near confluence with one cell ex-
pressing Dyn2-GFP to label the cell boundary. Under these
conditions, staining of F-actin revealed that only one of the
paired cells exhibited an actin-based protrusive structure, while
the F-actin in the opposing cell distributed evenly throughout
the cell surface (Fig. 1 E). The asymmetrical enrichment could
also be observed with Dyn2 and Tks5, where one myoblast ex-
hibits a Dyn2-GFP– or Tks5-rich protrusion to “attack” the op-
posing myoblast, which instead has mainly Dyn2 colocalized
with the CCPs, labeled by clathrin adaptor AP-2, or cytosolic
Tks5 (Fig. 1, F and G). Importantly, in the receiving cell, Dyn2
was not concentrated at the fusion interface (Fig. 1 E).

To further verify the asymmetric distribution of the in-
vadosome in two fusing myoblasts, we analyzed the distribution
of endogenous Dyn2 in myoblasts labeled with the F-actin
marker Lifeact-RFP (Fig. 1 H). Consistent with the data above,
the enrichment of endogenous Dyn2 at the tip was observed only
in the attacking cell together with the F-actin focus (Fig. 1 H,
arrowhead). Of note, tubulin localized equally in bothmyoblasts,
indicating that the asymmetrical distribution is not a general
feature for all cytoskeletal proteins. Altogether, in these data we
observed asymmetrical formation of an invadosome in differ-
entiated myoblasts.

Invadosome-equipped tips are sites of intercellular fusion
The formation of invadosome at the tip of differentiated myo-
blasts was reminiscent of the actin focus found in Drosophila
myoblasts where intercellular fusion takes place (Sens et al.,
2010). To examine whether the Dyn2/actin-enriched myoblast
tip is where cell–cell fusion occurs, we used GFP-tagged Dyn2 to
monitor its localization in real time. We first confirmed that
exogenous Dyn2-GFP, similar to endogenous Dyn2, colocalizes
withmCherry-actin at the tip of the differentiatedmyoblast, and
they form protrusive structures when this myoblast is tightly
juxtaposed with another myoblast (Fig. 2 A). With time-lapse
microscopy, we found that Dyn2-GFP enriches at the tip of a
differentiated mononuclear myoblast and protrudes toward its
neighboring cell, another mononuclear myoblast, at time 0 and
5 min in Fig. 2 B. At 10 min, the finger-like structure dis-
appeared, and diffuse Dyn2-GFP labeling could be detected in
the neighboring myoblast, indicative of fusion. By 20 min, the
cytoplasm was completely mixed (Fig. 2 B and Video 1). It is
worth noting that the number of successful fusion events is low
in myoblasts under fluorescent microscopy, thus resulting in a
low efficiency to capture invadosome formation during fusion.

In addition to the fusion between two mononuclear myo-
blasts, the so-called first-phase fusion, we also observed

Chuang et al. Journal of Cell Biology 1671

Dynamin-2 promotes myoblast fusion via actin bundling ability https://doi.org/10.1083/jcb.201809161

https://doi.org/10.1083/jcb.201809161


Dyn2-GFP enrichment during the fusion between a nascent my-
otube and an additional myoblast or myotube, also known as
second-phase fusion (Fig. 2 C). As in first-phase fusion, Dyn2-GFP
was enriched at the interface between two fusing myotubes, and
they formed foci right before fusion occurred (arrowheads in
Fig. 2 C). At time 20 min, Dyn2-GFP diffused slowly throughout
the large myotube, yet the loss of fluorescence in the attacking cell
is readily observable. However, in this case the actin- and

Dyn2-enriched foci were localized between adjacent cells and
not at obvious cell tips. Nonetheless, the protrusive characteristic
of Dyn2 foci could be clearly illustrated with a failed attempt to
fuse (Fig. S1 F). At time 0, Dyn2-GFP was enriched at the plasma
membrane between two myoblasts, and a cone-shaped Dyn2-
GFP focus gradually formed and protruded toward its neigh-
boring myotube labeled with Dyn2-mCherry (Fig. S1 F, 5–25
min). Similar protrusions could also be observed when cells were

Figure 1. Invadosome forms and distributes asymmetrically in differentiated myoblasts. (A) Expression level of different invadosome components in
myoblasts upon differentiation. Myoblast lysates derived from different days of DM treatment were immunoblotted with indicated antibodies. Numbers below
indicate the fold-change of Dyn2, Tks5, and Cortactin compared with day 0 after normalization with tubulin. (B and C) Colocalization of invadosome com-
ponents at the myoblast tip of differentiated myoblast. Day 3 differentiated C2C12 myoblasts were immunofluorescence stained to detect endogenous Tks5,
Dyn2, MT1-MMP, F-actin, and AP-2. Images were acquired with z-stack confocal microscopy and shown as single focal planes. (D) Matrix degradation ability.
Day 3 differentiated myoblasts were seeded onto an FITC-gelatin–coated coverslip and imaged after 24 h. Arrowheads indicate invadosomes. (E–H)
Asymmetrical distribution of invadosome in fusing myoblasts. Two close-positioned, day 3 differentiated myoblasts with one cell labeled with Dyn2-GFP or
Lifeact-RFP were stained for F-actin (E), Dyn2 and AP-2 (F), Tks5 (G), and tubulin (H). Arrowheads in F indicate the enriched Dyn2 and AP2 at the cell periphery
of the receiving cell or the invadosome in attacking cells (G and H). Scale bars (both black and white), 10 µm.
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labeled with Lifeact-RFP, indicating that these protrusive struc-
tures are not artifacts resulting from Dyn2-GFP overexpression
(Fig. S1 G). Together, these results demonstrate the transient
formation of invadosomes at the interface of fusing myoblasts
5–10 min before fusion.

The invadosome is indispensable for myoblast fusion
Tks5 is an invadosome scaffold protein that is critical for in-
vadosome maturation and function (Seals et al., 2005). To explore
the contribution of invadosomes tomyoblast fusion, we performed
shRNA knockdown experiments. Silencing Tks5 with shRNA did

Figure 2. Dyn2 enriches at myoblast fusion site. (A) Dyn2-GFP and actin-based finger-like structures in differentiated myoblasts. Differentiated
C2C12-expressing Dyn2-GFP and mCherry-actin was fixed and imaged with z-stack confocal microscopy. Maximum-intensity projections are shown,
while magnified insets are single focal images. Scale bars (black and white), 10 µm. (B) Dyn2-GFP enrichment at the site of myoblast fusion. The dynamic
localization of Dyn2-GFP in day 3 differentiated C2C12 was monitored with time-lapse microscopy. Five frames right before and after myoblast fusion
from a 5-h recording were extracted and shown. Boxed regions were enlarged and shown in insets. Scale bars (black and white), 10 µm. (C) Dyn2-rich
membrane protrusion in second-phase myoblast fusion. Time-lapse microscopic imaging of Dyn2-GFP in day 4 differentiated C2C12. Phase-contrast
image was pseudocolored to better observe the boundary between two myotubes. White arrowheads indicate the Dyn2-GFP foci at the fusion interface.
Black bar, 20 µm. White bar, 10 µm.
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