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ABSTRACT
Cell–cell fusion is a fundamental process underlying fertilization,
development, regeneration and physiology of metazoans. It is a
multi-step process involving cell recognition and adhesion, actin
cytoskeletal rearrangements, fusogen engagement, lipid mixing and
fusion pore formation, ultimately resulting in the integration of two
fusion partners. Here, we focus on the asymmetric actin cytoskeletal
rearrangements at the site of fusion, known as the fusogenic
synapse, which was first discovered during myoblast fusion in
Drosophila embryos and later also found in mammalian muscle and
non-muscle cells. At the asymmetric fusogenic synapse, actin-
propelled invasive membrane protrusions from an attacking fusion

partner trigger actomyosin-based mechanosensory responses in the
receiving cell. The interplay between the invasive and resisting forces
generated by the two fusion partners puts the fusogenic synapse
under high mechanical tension and brings the two cell membranes
into close proximity, promoting the engagement of fusogens to initiate
fusion pore formation. In this Cell Science at a Glance article and
the accompanying poster, we highlight the molecular, cellular and
biophysical events at the asymmetric fusogenic synapse using
Drosophila myoblast fusion as a model.
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Introduction
Cell–cell fusion is a fundamental cellular event in many
developmental and physiological processes, including fertilization,
muscle development and regeneration, bone remodeling, immune
response, placental formation, and cancer metastasis (Aguilar et al.,
2013; Chen and Olson, 2005; Gast et al., 2018; Hernández and
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Podbilewicz, 2017). As with any membrane fusion event, the rate-
limiting step in cell–cell fusion is to bring the two cell membranes
into close proximity to initiate fusion pore formation. Studies of cell–
cell fusion in various model systems have revealed several sequential
cellular events that bring the two cell membranes together. These
events include cell recognition and adhesion, actin cytoskeletal
rearrangements, fusogen engagement, lipid mixing, and fusion pore
formation, leading to the integration of the two fusion partners (see
poster). Studies of myoblast fusion in Drosophila embryos have
provided major insights into the mechanisms underlying cell
recognition, adhesion and actin cytoskeletal rearrangements
(Abmayr and Pavlath, 2012; Deng et al., 2017; Kim et al., 2015a;
Lee and Chen, 2019; Önel et al., 2014; Schejter, 2016). Invasive
membrane protrusions and mechanosensory responses at the site of
myoblast fusion, known as the fusogenic synapse, were first
discovered in Drosophila embryos (Sens et al., 2010; Kim et al.,
2015b). Similar protrusions were later found in mammalian muscle
and non-muscle cells that undergo fusion (Randrianarison-Huetz
et al., 2018; Shin et al., 2014), suggesting that these protrusions may
play conserved roles in cell fusion across species from insects to
mammals. Meanwhile, studies of protist and plant mating,
Caenorhabditis elegans embryonic development, vertebrate
myogenesis, and placenta formation have identified fusogens,
which are transmembrane proteins specifically required for
initiating fusion pore formation. The functions of these fusogens
have been discussed in excellent recent reviews (Brukman et al.,
2019; Hernández and Podbilewicz, 2017) and will not be a major
focus of this article (see Box 1). In this Cell Science at a Glance, we
summarize the molecular, cellular and biophysical events leading to
the formation and dynamics of the actin-based asymmetric fusogenic
synapse using Drosophila myoblast fusion as a model.

Two types of muscle cells in Drosophila embryos
During Drosophila embryogenesis, muscle progenitor cells in the
somatic mesoderm are specified into two populations, muscle
founder cells and fusion-competent myoblasts (FCMs) (Chen and
Olson, 2005; Rochlin et al., 2010). Although different subsets of
muscle founder cells are specified by distinct sets of transcription
factors (Baylies et al., 1998), the fate of all FCMs is determined by a
single transcription factor, Lame duck (Lmd) (Duan et al., 2001).
An abdominal hemi-segment contains 30muscle founder cells, each
of which acts as a seed to attract the surrounding FCMs to fuse with
them. Through multiple rounds of fusion, a multinucleated muscle
fiber with specific position, orientation, size and nerve innervation
pattern is generated. To initiate fusion, founder cells and FCMs
express cell type-specific immunoglobulin (Ig) domain-containing
cell adhesion molecules (CAMs) to mediate the recognition and
adhesion between the two types of cells. The founder cell-specific
CAMs, Dumbfounded (Duf, also known as Kirre) and its
paralog Roughest (Rst), have redundant functions in myoblast
fusion (Ruiz-Gómez et al., 2000; Strünkelnberg et al., 2001),
whereas the FCM-specific CAMs, Sticks and stones (Sns) and its
paralog Hibris (Hbs), are only partially redundant, with Sns playing
a major role (Artero et al., 2001; Bour et al., 2000; Galletta et al.,
2004; Shelton et al., 2009). Trans-interactions between founder cell-
and FCM-specific CAMs establish a muscle cell contact site, which
will become the future site of fusion. These CAMs, however, cannot
induce cell–cell fusion by themselves, as demonstrated by S2 cell
aggregation assays (Chen et al., 2003; Shilagardi et al., 2013). This
is because the ectodomains of these CAMs form a rigid structure
that props the two cell membranes apart by ∼45 nm, a distance too
large for membrane fusion (Özkan et al., 2014). Therefore, the

CAMs must engage additional cellular machineries to bring the two
cell membranes into closer proximity (see poster). Forward genetic
analyses in Drosophila identified a number of actin cytoskeletal
regulators in myoblast fusion, leading to the discovery that actin
cytoskeletal rearrangements triggered by CAM engagement play a
key role beyond cell adhesion to promoting cell membrane
juxtaposition and fusion.

The attacking cell: fusion-competent myoblast
Despite the general function of the actin cytoskeleton in cell
motility, shape change and protrusion formation, the actin
cytoskeleton has a specific and direct function in mediating cell–
cell fusion. The initial evidence came from the discovery of a dense,
oval-shaped F-actin focus at the site of myoblast fusion (Kesper
et al., 2007; Kim et al., 2007; Richardson et al., 2007) (see poster).
Genetic and cell biological studies have localized the actin focus
exclusively in the FCM (Sens et al., 2010). The actin focus appears
to exert an invasive force toward the apposing founder cell and
create an inward curvature on the founder cell membrane (Sens
et al., 2010). Viewed along the axis of FCM invasion, the actin
focus is encircled by CAMs Duf and Sns (Kesper et al., 2007; Sens
et al., 2010). Such FCM-specific bipartite structure, consisting of a
ring of CAMs encircling a protrusive actin core, resembles a
podosome and is thus named a podosome-like structure (PLS)
(Chen, 2011; Sens et al., 2010). The actin focus is highly dynamic
and rapidly changes its shape by continuous actin polymerization
during its life span (Jin et al., 2011; Sens et al., 2010). At the
ultrastructural level, revealed by electron microscopy (EM), each
actin focus is composed of multiple finger-like protrusions
emanating from a wide actin-enriched base and drilling into the
apposing founder cell (Duan et al., 2012, 2018; Jin et al., 2011; Kim

Box 1. Cell–cell fusogens
Fusogens are specialized proteins that mediate fusion between
membranes (Brukman et al., 2019; Hernández and Podbilewicz,
2017). They drive membrane fusion by bringing two membranes at a
distance of <10 nm into direct contact, leading to the formation of a fusion
intermediate (hemifusion stalk) and eventually the opening of a fusion
pore (see poster) (Chernomordik and Kozlov, 2005; Sapir et al., 2008).
Although the fusogen(s) that mediateDrosophilamyoblast fusion remain
unknown, diverse cell–cell fusogens that act in the fusion of placental
trophoblasts, C. elegans somatic cells, protist and plant gametes, and
vertebrate myoblasts have been identified. While syncytins are captured
virus fusogens in trophoblasts (Blond et al., 2000; Huppertz and Borges,
2008; Mi et al., 2000), Eff-1 and its paralog Aff-1 in C. elegans epithelial
and vulval cells, respectively (Mohler et al., 2002; Sapir et al., 2007), and
HAP2 (also known as GCS1) in protist and plant gametes (Liu et al.,
2008; Pinello et al., 2017; Valansi et al., 2017) resemble type II viral
fusogens (Pérez-Vargas et al., 2014; Fédry et al., 2017). Interestingly,
vertebrate myoblast fusion utilizes a bipartite fusogen comprising a
seven-pass transmembrane protein myomaker (Millay et al., 2013), and
amicropeptidemyomixer (also known asmyomerger or minion) (Bi et al.,
2017; Quinn et al., 2017; Zhang et al., 2017). These two proteins work
independently to control distinct steps of membrane remodeling during
myoblast fusion, with myomaker involved in membrane hemifusion and
myomixer in generating the membrane stress necessary for fusion pore
formation (Leikina et al., 2018). Interestingly, while similar actin
polymerization machineries and actin-propelled invasive membrane
protrusions are used to promote cell–cell fusion from insects to
mammals, fusogens are mostly species- and/or tissue-specific. For
example, syncytins are only required in placental mammals, Eff-1 and
Aff-1 are mainly used in nematodes, HAP2 acts in a range of protist and
plant gametes, and myomaker and myomixer function in vertebrate
skeletal muscle.
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et al., 2015b; Sens et al., 2010) (see poster). The dynamic extension
and/or retraction of the protrusions make fixation for EM
challenging, often resulting in fuzzy membranes along the
protrusions, especially at the tips (Sens et al., 2010). The
generation of long and narrow invasive protrusions by the FCM is
essential for fusion pore formation, because stubby and/or wide
protrusions fail to promote fusion pore formation in myoblast fusion
mutants (Duan et al., 2012, 2018; Jin et al., 2011; Kim et al., 2015b;
Sens et al., 2010).
The formation of the F-actin focus depends on the seven-subunit

Arp2/3 complex, which mediates the nucleation of branched actin
filaments (Berger et al., 2008; Richardson et al., 2007). The activity
of the Arp2/3 complex is regulated by two actin nucleation-
promoting factors (NPFs), WASP (the single Drosophila ortholog
of mammalian WASP and N-WASP) and SCAR (the single
Drosophila ortholog of mammalian WAVEs) (Ben-Yaacov et al.,
2001; Stradal and Scita, 2006; Zallen et al., 2002). WASP forms a
tight protein complex with the WASP-interacting protein (WIP),
also known as Solitary (Sltr) or as Verprolin 1 (Vrp1), which is
specifically expressed in FCMs and colocalizes with the F-actin
focus at the fusogenic synapse (Kim et al., 2007; Massarwa et al.,
2007). The WASP–WIP complex is likely to be recruited to the
fusogenic synapse by the SH2–SH3 domain-containing adaptor
proteins. Of the three SH2–SH3 adaptor proteins in Drosophila
(Crk, Dock and Drk), both Crk and Dock have been shown to
interact with CAMs and actin cytoskeletal regulators, suggesting
that they may link cell adhesion with the actin cytoskeleton (Kim
et al., 2007; Kaipa et al., 2013). The stability of the WASP–WIP
complex is regulated by a PH domain-containing protein, Blown
fuse (Blow) (Doberstein et al., 1997; Jin et al., 2011). Blow
colocalizes with the F-actin focus at the fusogenic synapse and
competes with WASP for WIP binding (Jin et al., 2011).
Destabilization of the WASP–WIP complex by Blow results in
the rapid dissociation of WASP from the barbed ends of actin
filaments, which leads to the initiation of short branched actin
filaments capable of exerting mechanical force (Jin et al., 2011).
Consistent with their roles in regulating the dynamics of branched
actin polymerization, the WASP–WIP complex and Blow are all
required for generating finger-like invasive protrusions in FCMs
(Sens et al., 2010; Jin et al., 2011) (see poster).
The second Arp2/3 NPF, SCAR, is required in both founder cells

and FCMs (Sens et al., 2010). Scar is a component of the pentameric
SCARcomplex that also includes Kette (also known as Nap1), Sra1,
Abi and HSPC300 (Campellone and Welch, 2010; Stradal and
Scita, 2006; Takenawa and Suetsugu, 2007). In founder cells, Scar
mediates the formation of a thin sheath of actin underlying the cell
membrane at the fusogenic synapse (Sens et al., 2010) (see poster).
However, the upstream regulation of SCAR in founder cells remains
unclear. In FCMs, SCAR functions together with WASP to generate
the F-actin foci (Sens et al., 2010). Compared to the WASP–WIP
complex, SCAR does not seem to affect the formation of invasive
protrusions, as evidenced by the morphologically normal FCM
protrusions in the absence of the SCAR complex (Jin et al., 2011;
Sens et al., 2010). In FCMs, the SCAR complex is recruited
to the fusogenic synapse and activated by the Rac GTPases (Rac
hereafter) (Gildor et al., 2009). The binding of Rac to Sra1 releases
the verprolin-homology, central and acidic (VCA) domain of SCAR
which in turn activates the Arp2/3 complex (Chen et al., 2010).
Consistent with being a SCAR regulator, Rac is required for
myoblast fusion (Hakeda-Suzuki et al., 2002; Luo et al., 1994) and it
is activated by the bipartite guanine nucleotide exchange factor
(GEF) Elmo (also known as Ced-12)–Myoblast city (Mbc) in FCMs

(Erickson et al., 1997; Geisbrecht et al., 2008; Haralalka et al.,
2011). Besides the SCAR complex, Rac also recruits and activates
the Drosophila group I p21-activated kinase (Pak) proteins Pak3
and Pak1, which function specifically in FCMs (Duan et al., 2012).
The two Pak proteins have partially redundant functions in myoblast
fusion, with Pak3 playing a major role (Duan et al., 2012). Both Pak
proteins colocalize with the F-actin foci at the fusogenic synapse
and are required for organizing branched actin filaments into a dense
structure that is mechanically strong to generate invasive protrusions
(Duan et al., 2012). The localization of both WASP and Scar is also
proposed to be regulated by the Drosophila formin Diaphanous
(Dia), which nucleates linear actin filaments (Deng et al., 2015). Dia
colocalizes with the F-actin foci at the fusogenic synapse (Deng
et al., 2015). However, the mechanism by which Dia regulates
WASP and Scar localization remains unclear. In addition,
phosphatidylinositol 4,5-bisphosphate (PIP2) is enriched at the
fusogenic synapse and has been proposed to recruit Rac, Scar and
WASP through interacting with pleckstrin homology (PH) domain-
containing proteins (Bothe et al., 2014).

Conserved functions for invasive protrusions in cell–cell
fusion
Actin-propelled invasive membrane protrusions are not only
observed during myoblast fusion in Drosophila embryos. During
Drosophila adult myogenesis, myoblast fusion occurs between
individual myoblasts and/or with larval template myofibers. Here,
WASP and Scar are also required for the fusion process and co-
localize with the F-actin foci specifically generated in myoblasts
(Mukherjee et al., 2011). Correspondingly, these myoblasts have
been observed to project invasive protrusions toward the myofibers
visualized by EM (Dhanyasi et al., 2015), similar to those observed
at the fusogenic synapse during embryonic myoblast fusion (Sens
et al., 2010). In Drosophila S2R+ cells (of hemolymph origin)
induced to fuse by co-expressing the FCM-specific CAM Sns and a
C. elegans fusogen Eff-1 (Mohler et al., 2002; Podbilewicz et al.,
2006), similar actin-propelled invasive protrusions are also found to
facilitate cell fusion (Shilagardi et al., 2013). These protrusions
promote fusogen engagement across the two membranes,
presumably by pushing the apposing plasma membranes into
close proximity (Shilagardi et al., 2013). When Arp2/3-mediated
actin polymerization is inhibited by Scar knockdown, S2R+ cell
fusion fails to occur no matter how much Eff-1 is expressed
(Shilagardi et al., 2013). Moreover, S2R+ cell fusion does not occur
in the absence of a fusogen. Thus, actin cytoskeletal rearrangements
and fusogens are two indispensable components in cell–cell fusion.

In addition to playing an essential role in Drosophila cell–cell
fusion, actin cytoskeletal rearrangements are also required for the
fusion of mammalian cells. Pharmacological perturbation of the
actin cytoskeleton inhibits mammalian myoblast fusion, despite
overexpression of a fusogenic protein involved in fusion pore
formation (Millay et al., 2013). Furthermore, most, if not all, actin
cytoskeletal regulators discovered in Drosophila myoblast fusion
have mammalian homologs and have been shown to promote
mammalian myoblast fusion (Gruenbaum-Cohen et al., 2012;
Hamoud et al., 2014; Kim et al., 2015a; Laurin et al., 2008; Nowak
et al., 2009; Pajcini et al., 2008; Rochlin et al., 2010; Vasyutina
et al., 2009). In particular, actin-propelled invasive protrusions
are observed in cultured mouse myoblasts and osteoblasts (E.H.C.,
D. Luvsanjav, Johns Hopkins University School of Medicine, USA,
unpublished observation; Randrianarison-Huetz et al., 2018; Shin
et al., 2014). Besides insect and mammalian cells, WASP and Arp2/
3 have also been implicated in the fusion between seam cells and the
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hyp7 cell in the C. elegans larval epithelium (Yang et al., 2017).
Although epidermal cell fusion proceeds in C. elegans embryos
mutant for Scar and Arp2/3 (Patel et al., 2008), it is unclear whether
maternal rescue could have masked any potential fusion defect.
Interestingly, whereas Eff-1 in embryos does not appear to co-
localize with actin (Smurova and Podbilewicz, 2016), Eff-1 in the
larval seam cells is enriched at the cell cortex together with actin-
propelled membrane protrusions projected toward the hyp7 cell
(Yang et al., 2017). Future ultrastructural analyses are required to
assess the invasiveness of these protrusions. Notably, fusion
between walled cells, such as yeast, also requires the actin
cytoskeleton. It has been shown that an actin-enriched focus is
organized by the formin Fus1 at the site of yeast mating and serves
to focalize the delivery of cell wall-degrading enzymes (Dudin et al.,
2015). Whether the Fus-1-mediated actin focus exerts a protrusive
force on the cell membrane following cell wall degradation
requires future investigations. Taken together, invasive membrane
protrusions are likely used as an evolutionarily conserved
mechanism to promote cell–cell fusion, at least across animal
families from insects to mammals. These protrusions not only
increase the contact areas between the two cell membranes, but also
dynamically push the membranes into close proximity, allowing
fusogen engagement across the membranes.

The receiving cell: muscle founder cell
Although FCMs are the more aggressive partners in Drosophila
myoblast fusion, the founder cells also exhibit dynamic cellular
activities to facilitate the fusion process. In each fusion event, the
founder cell actively transports CAMs to the fusogenic synapse and
mounts mechanosensory responses to increase mechanical tension and
promote cell membrane juxtaposition and fusion.
The transport of the founder cell CAM Duf to the fusogenic

synapse is regulated by the founder cell-specific adaptor protein
Rolling pebbles 7 [Rols7, also known as Antisocial (Ants) and
Rols]. Rols7 is a protein containing ankyrin repeats,
tetratricopeptide repeats (TPRs), a RING finger domain, and a
coiled-coil domain (Chen and Olson, 2001; Menon and Chia, 2001;
Rau et al., 2001), which is co-translocated with Duf in vesicles to the
fusogenic synapse via Duf–Rols7 interaction (Menon et al., 2005).
Through the Duf–Rols7 positive feedback loop, Duf gradually
accumulates at the fusogenic synapse, which in turn stabilizes Sns in
the apposing FCM by trans-interactions (Galletta et al., 2004;
Menon et al., 2005) (see poster). It is unclear, however, which
vesicle proteins are involved in transporting Duf and Rols7. A
candidate vesicle protein is Singles bar (Sing), a MARVEL domain
protein like synaptophysin, the latter of which is a major membrane
protein of neuronal synaptic vesicles (Estrada et al., 2007).
However, it has been shown that Duf and Sns still accumulate at
the fusogenic synapse in sing mutant embryos, raising the question
of whether Sing is indeed involved in their transport (Estrada et al.,
2007).
The mechanosensory responses in the founder cell have been

shown to be mediated by two proteins to date, non-muscle Myosin II
(MyoII) and Spectrin (Duan et al., 2018; Kim et al., 2015b). The
actin motor MyoII specifically functions in the founder cell and
accumulates at the fusogenic synapse, despite the presence of only a
thin sheath of actin underlying the founder cell membrane (Kim
et al., 2015b) (see poster). Biophysical analyses demonstrate that
MyoII rapidly accumulates to the cell cortex in response to local
mechanical stimuli prior to the accumulation of its upstream
regulators, the GTPase Rho1 and Rho kinase (Rok), suggesting that
MyoII functions as a mechanosensor (Kim et al., 2015b). The

mechanosensory response of MyoII is further stabilized and
amplified by the CAM-initiated chemical signaling through Rho1
and Rok (Kim et al., 2015b). The accumulated MyoII, in turn,
increases the cortical tension and/or stiffness in the founder cell to
resist the FCM invasion (Kim et al., 2015b). The pushing and
resisting forces from the founder cell and FCM, respectively, put the
fusogenic synapse under high mechanical tension to help overcome
the energy barrier between the two membranes and promote
their fusion.

The secondmechanoresponsive component in founder cells is the
α/βH-spectrin heterotetramer (see poster). Spectrin is best known as
a structural protein that forms a static polygonal lattice structure or
an ordered periodic longitudinal array underneath the plasma
membrane to protect cells from mechanical damage (Bennett
and Lorenzo, 2013; Machnicka et al., 2014). α/βH-spectrin is
specifically required in founder cells during myoblast fusion.
However, instead of forming a stable network, α/βH-spectrin
dynamically accumulates at the fusogenic synapse in response to
FCM invasion and dissolves once fusion is completed, just as in the
case of MyoII. Noticeably, α/βH-spectrin exhibits mechanosensitive
accumulation to areas of shear deformation, corresponding to the
base areas of invasive protrusions (Duan et al., 2018). In contrast,
MyoII exhibits mechanosensitive accumulation to areas of dilation
deformation, corresponding to the tip areas of invasive protrusions
(Kim et al., 2015b; Duan et al., 2018) (see poster). Thus, protrusions
arising from an FCM trigger α/βH-spectrin accumulation at the base
areas in the apposing founder cell. Accumulated spectrin becomes a
physical barrier for future protrusions, such that new protrusions
may only penetrate through spectrin-free areas and trigger additional
spectrin accumulation within these areas. Thus, over time, spectrin
forms an uneven network at the fusogenic synapsewith increasingly
smaller spectrin-free domains and gradually constricts the diameter
of invasive protrusions from the FCM (Duan et al., 2018). The
narrow protrusions from the FCM, in turn, increase local
mechanical tension to promote cell fusion. In addition to its role
as a cellular sieve to constrict invasive protrusions, the α/βH-spectrin
network functions as a cellular fence to restrict the founder cell
CAM Duf to the fusogenic synapse through biochemical
interactions and steric hindrance (Duan et al., 2018). As a
consequence, the FCM-specific CAM Sns is also restricted to the
fusogenic synapse through its trans-interactions with Duf, and
continues to organize invasive protrusions that exert mechanical
forces on the founder cell (Duan et al., 2018). Taken together, these
studies demonstrate that the mechanosensitive accumulation of MyoII
andα/βH-spectrin in the founder cell increases themechanical tension at
the fusogenic synapse to drive cell membrane juxtaposition and
fusion. Interestingly, both MyoII and spectrin have been implicated
in mouse myoblast fusion (Duan and Gallagher, 2009; Duan et al.,
2018), with their potential roles in mechanosensory response in
mammalian cell fusion yet to be tested.

Fusion pore formation: fusogens and lipids
Despite the requirement for actin cytoskeletal dynamics in cell–cell
fusion, actin-propelled membrane protrusions are not sufficient to
induce cell fusion without fusogens (Shilagardi et al., 2013). Once
the two cell membranes are brought into close proximity by the
actin-mediated mechanical interactions, fusogens are required to
further decrease the distance between the two membranes (from
∼10 nm to 0 nm). This leads to local lipid mixing of the outer
leaflets and the formation of a hemifusion stalk, followed by lipid
mixing of the inner leaflets and the formation of a nano-sized fusion
pore (see poster and Box 1) (Brukman et al., 2019; Chernomordik
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and Kozlov, 2005; Hernández and Podbilewicz, 2017). However,
fusogens require a functional actin cytoskeleton to induce cell
fusion, as revealed by studies of the heterologous S2R+ cells co-
expressing Sns and Eff-1 (Shilagardi et al., 2013). This has been
confirmed by experiments in cultured mammalian muscle cells
showing that myomaker overexpression does not overcome the
deleterious effects of actin inhibition on mouse myoblast fusion
(Millay et al., 2013). The interdependent relationship between the
fusogens and the actin cytoskeleton suggests that these two
components may be intimately linked during the fusion process.
Indeed, Eff-1 expressed in S2R+ cells is enriched along the actin-
propelled invasive protrusions at the fusogenic synapse (Shilagardi
et al., 2013), although the localization of endogenous cell–cell
fusogens relative to the fusogenic synapse awaits future investigations.
In addition, the Eff-1-interacting protein Spectraplakin (also known as
Vab-10A) has been shown to promoteC. elegans epithelial cell fusion
by linking Eff-1 to the actin cytoskeleton, whereas Eff-1 enhances
Spectraplakin’s F-actin bundling activity in vitro and regulates actin
dynamics at the cortex of fusing cells (Yang et al., 2017). Moreover,
myomaker and myomixer co-overexpression induces massive actin
polymerization at the cell cortex in fibroblasts (Zhang et al., 2017),
suggesting that fusogens may also affect the rearrangements of the
actin cytoskeleton.
Although it is well known that fusogens induce lipid mixing and

fusion pore formation, the specific types of lipids that are involved
in cell–cell fusion have only begun to be revealed. Besides PIP2
(Bothe et al., 2014), phosphatidylserine (PS) and very long chain
fatty acids (VLCFAs), the latter of which are present in
sphingolipids and glycerophospholipids, have been implicated in
enhancing myoblast fusion. Although PS is normally enriched in the
inner leaflet of the plasma membrane, it has been suggested that PS
is flipped to the outer leaflet at the cell contact sites during
mammalian myoblast fusion (Jeong and Conboy, 2011; Leikina
et al., 2013) and axonal fusion inC. elegans (Neumann et al., 2015).
In addition, genetic analyses revealed the function of several PS
receptors, Bai1, Bai3 (also known as Adgrb1, Adgrb3) and stabilin-
2, in myoblast fusion during vertebrate muscle development and
regeneration (Hamoud et al., 2014; Hochreiter-Hufford et al., 2013;
Park et al., 2016). Regarding VLCFAs, the endoplasmic reticulum-
resident enzyme 3-hydroxyacyl-CoA dehydratase 1 (HACD1),
which is involved in the synthesis of VLCFAs, has been shown to
promote myoblast fusion by increasing plasma membrane fluidity
(Blondelle et al., 2015). How these lipids coordinate with the
fusogens and the actin cytoskeleton to promote plasma membrane
fusion requires future investigation.

Conclusions and perspectives
Work in the past decade has led to the discovery of the asymmetric
fusogenic synapse where mechanical interactions between two
fusion partners promote membrane juxtaposition and fusogen
engagement, eventually leading to the fusion of the two cells. The
fusogenic synapse is analogous to two other types of synapses, the
neural synapse and the immunological synapse (Billadeau et al.,
2007; Dillon and Goda, 2005; Dustin, 2005; Salinas and Price,
2005; Stinchcombe and Griffiths, 2007); all three are relatively
stable adherent structures with asymmetric cellular activities,
despite using different CAMs and performing different
physiological functions. Among these three synapses, only the
fusogenic synapse leads to the fusion between two adherent cells,
presumably owing to the expression of fusogens. Interestingly, both
fusogenic synapse and immunological synapse utilize invasive
protrusions to increase cell membrane contact areas, either between

two fusion partners or between an immune cell and its target cell
(Kim et al., 2015a; Sage et al., 2012; Sens et al., 2010; Ueda et al.,
2011). Future studies may uncover additional commonalities among
these different types of synapses. Regarding the fusogenic synapse,
several major questions remain to be explored. First, what are the
cell–cell fusogens for mammalian fertilization, invertebrate
myoblasts, osteoclasts in bone remodeling, giant cells in immune
response, and how do they compare with known fusogens? Second,
how do the actin cytoskeleton and fusogens coordinate in various
cell–cell fusion events? Third, are there additional types of lipids
that modulate cell–cell fusion? Finally, once a nano-sized fusion
pore has formed, what controls its expansion? We fully anticipate
that the next few years will bring about exciting new insights into
these questions and reveal more of the novel mechanisms
underlying the fusogenic synapse and cell–cell fusion.
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