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ental cellular process that is essential for development as well as fertilization.
Myoblast fusion to form multinucleated skeletal muscle myotubes is a well studied, yet incompletely
understood example of cell–cell fusion that is essential for formation of contractile skeletal muscle tissue.
Studies in this report identify several novel cytoskeletal events essential to an early phase of myoblast fusion
among cultured murine myoblasts. During myoblast pairing and alignment, cortical actin filaments organize
into a dense actin wall structure that parallels and extends the length of the plasma membrane of the bipolar,
aligned cells. As fusion progresses, gaps appear within the actin wall at sites of vesicle accumulation, the
vesicles pair across the aligned myoblasts, cell–cell contacts and fusion pores form. Inhibition of nonmuscle
myosin IIA (NM-MHC-IIA) motor activity prevents formation of this cortical actin wall, as well as the
appearance of vesicles at a membrane proximal location, and myoblast fusion. These results suggest that
early formation of a subplasmalemmal actin wall during myoblast alignment is a critical event for myoblast
fusion that supports bipolar membrane alignment and temporally regulates trafficking of vesicles to the
nascent fusion sites during skeletal muscle myoblast differentiation.

© 2008 Elsevier Inc. All rights reserved.
Introduction
Cell–cell fusion is a fundamental process needed for development
and formation of multicellular organisms, yet the molecular mechan-
isms that regulate this process are not well understood. There are
numerous examples of cell–cell fusion that have been described
including fertilization, bone and muscle development, and tissue
regeneration. Among these examples of cell–cell fusion, the fusion of
skeletal muscle myoblasts to form a multinucleated muscle fiber is an
especially fascinating system that has garnered more interest recently
in light of its therapeutic potential. Skeletal muscle myoblast fusion is
an essential and early step required for the generation of multi-
nucleated muscle fibers during muscle development and repair. Many
studies have provided important insights regarding the mechanisms
and molecular components that mediate skeletal muscle myoblast
fusion. These include identification of the proteins mediating cell–cell
adhesion and recognition of some primary signaling pathways that
relay fusion signals from the cell membrane to the cytoskeleton (for
recent reviews see Chen et al., 2007; Chen and Olson, 2004; Chen and
hain;NM-MHC-IIA, non-muscle
in II, isoform B; NM-MHC-IIC,
gulatory light chain; F-actin,
icroscopy; TEM, transmission

T-siRNA, non-targeting siRNA;
C-IIB; GM, growth medium;

l rights reserved.
Olson, 2005; Horsley and Pavlath, 2004). Despite these insightful
studies, a complete understanding of the mechanisms governing the
fusion process is lacking.

Dramatic reorganization of the cytoskeleton occurs as myoblasts
maneuver through themorphological changes associatedwith cell–cell
fusion to formmultinucleatedmyotubes. Thesemorphological changes
include myoblast migration, elongation to a bipolar shape, membrane
alignment and fusion. A number of actin-cytoskeleton associated
proteins have been identified as important for skeletalmusclemyoblast
fusion in Drosophila including Drosophila Rac (Drac1), the DOCK180
homolog myoblast city (mbc), WASP and its interacting protein D-WIP,
SCAR/WAVE, and ARP2/3 (Berger et al., 2008; Doberstein et al., 1997;
Erickson et al., 1997; Kim et al., 2007; Luo et al., 1994; Massarwa et al.,
2007; Richardson et al., 2007; Schafer et al., 2007). Recent studies using
a T-antigen immortalized myoblast cell line have highlighted the
importance of another family of actin binding proteins, the nonmuscle
myosins (NM-MHC) in skeletal muscle development. This study
implicated two of the three NM-MHCs, IIA and IIB in themorphological
transition from triangular to elongated myoblasts (Swailes et al., 2006)
and further suggested that this transition appeared to be an essential
prerequisite for myoblast alignment and fusion. These studies suggest
that a better understanding of the role of NM-MHCs in myoblast fusion
will be essential for understanding this process.

In this report we extend these studies to identify a novel cortical
actin wall, which forms in aligned, bipolar skeletal muscle myoblast
cultures early during differentiation. These results demonstrate that
this actin wall undergoes a dramatic reorganization prior to “vesicle
paring” and fusion pore formation. Depletion of the myosin II motor,
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NM-MHC-IIA strongly attenuated formation of the actin wall, as well
as the subsequent appearance of vesicles at a membrane proximal
location and ultimately blocks myoblast fusion. Collectively, these
results suggest that NM-MHC-IIA has a critical role in driving the
formation of this novel actin wall structure, which is an early
prerequisite for myoblast fusion.

Results

Prefusion myoblasts develop non-uniform, cortical actin “walls”

During in vitro differentiation, the transition of rat L6 skeletal
muscle myoblasts to prefusion myoblasts and then to multinucleated
myotubes is accompanied by a dramatic reorganization of the actin
Fig.1. Prefusionmyoblasts develop non-uniform, cortical actin “walls”. (A) Representative con
proceeding upward to the media-facing top (dorsal) of L6 myoblasts. L6 myoblasts were cul
using phalloidin-Alexa Fluor 488. Fluorescence images are representative of 4 independen
illustration of location of the Z sections shown in B. (C) F-actin to G-actin (F/G) ratios during m
Confocal micrographs reveal the presence of a robust, cortical F-actin wall that is present in
structure on one side of the bipolar cell, some myoblasts have actin walls, paralleling the e
mouse C2C12 myoblasts at DM1 revealed the presence of an actin wall (red, arrowheads) in
images represents 20 mm.
filaments (Supplementary Fig. S1). During examination of optical
sections (Fig. 1A) from differentiating myoblasts we identified a highly
concentrated actin structure that appeared to be highly restricted to
one side of themajority of the elongatingmyoblasts. This unusual non-
uniform actin wall structure can also be appreciated in the supple-
mentary 3-D reconstruction movie (see Movie 1 in the Supplementary
material). Thedevelopmentof this highly organized actinwall structure
was transient and it was easily detectable in myoblasts by 24 h of
culture in differentiation medium (DM1) but it diminished in intensity
by 48 h (DM2) andwas undetectable by 96 h (DM4). The appearance of
such a highly organized F-actin structure would be expected to be
accompanied by a significant increase in total cellular F-actin content
and a comparison of the ratio of filamentous (F) tomonomeric (G) actin
(Fig. 1C) revealed that between GM and DM1 there was a 93±14%
focal projections of Z sections taken from the adherent (ventral) cell bottom,middle and
tured in GM or DM for the indicated times and then fixed and stained to detect F-actin
t experiments where at least 200 cells were examined per experiment. (B) Schematic
yoblast differentiationweremeasured following fractionation andwestern blotting. (D)
each of the aligned L6 myoblasts. Although most of the myoblasts have this actin wall

ntire circumference of the cell. (E) Fluorescence microscopy examination of cultures of
differentiating myoblasts. The scale bar in (A) represents 50 mm and in the rest of the
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increase in F/G actin ratio. This large increase in F-actin content appears
to correspond to the development of this non-uniform actin wall, as
examination of z-sections from the adherent (ventral) surface aswell as
the top (dorsal) surface of the cells did not reveal any significant change
in stressfiberorganization or number. To determine if this non-uniform
actin wall structure was a common feature of differentiating skeletal
muscle myoblasts, 200 randomly selected pairs of alignedmyoblasts in
DM1 were examined in differentiating populations of L6 and C2C12
myoblasts. This study revealed that 87±3% of the L6 and 81±4% of the
C2C12 myoblasts have a thick actinwall paralleling the long axis of the
juxtaposed, aligned myoblasts (Figs. 1D and E). These results confirm
that this non-uniform actin wall structure is a common feature of
differentiating cultured murine myoblasts.

To further understand the nature of this actin structure, the
subcellular cytoarchitecture of differentiating L6 skeletal muscle
myoblasts was examined using transmission electron microscopy
(EM). Detailed examination of the membrane proximal cytoskeletal
structures in electron micrographs (Figs. 2A and B and Supplementary
Fig. 2. Actin wall ultrastructure in differentiating skeletal muscle myoblasts. Representative
DM (DM1). (A) Transmission electron micrographs showing a highly organized bundle of a
differentiatingmyoblasts. For additional electronmicrograph images see Fig. S2 in the Supple
distinct F-actin configurations that occur along the juxtaposed myoblast membranes. Cortica
A) and thick, parallel bundles of F-actin filaments are visible in the cell on the right (cell B). Sc
micrographs are representative of 3 independent preparations where at least 50 myoblast ce
junction marker, β-catenin (green) was used to define cell–cell contact sites, and reveals the
33342. (D) Schematic representation of organization of the actinwall structure in alignedmyo
that parallels one edge of plasma membrane.
Fig. S2) of myoblasts in DM1 revealed that a population of cortical
actin filaments becomes highly organized into thick bundles running
parallel to the plasma membrane. Examination of 150 randomly
selected aligned myoblast pairs in electron micrographs from several
different preparations revealed that the F-actin filaments form a
continuous wall-like structure that is aligned parallel to the plasma
membrane and extends from one end to the other of the elongated
myoblast. Measurements (n=105) of the thickness of the actin wall at
randomly selected positions spanning the entire length of approxi-
mately 20 myoblasts in DM1, revealed that the average wall thickness
was 378±109 nm. To confirm that the filaments within the actin wall
are F-actin, the individual filament diameters were measured. This
analysis revealed that the average diameter of each filament was 7–
9 nm wide and this diameter is consistent with the identification of
these filaments as actin filaments (Fowler and Aebi, 1983). Consistent
with the confocal micrographs shown in Fig. 1, the cortical F-actinwall
structure observed in the electronmicrographs was visible only in one
of a pair of adjacent aligning myoblasts, (Figs. 2A and B). The F-actin
transmission electron or fluorescence micrographs of L6 myoblasts cultured for 24 h in
ctin filaments forming a continuous wall along one side of the aligned membranes of
mentarymaterial. (B) Representative transmission electronmicrographs illustrating two
l actin networks or meshwork are readily visible in cytoplasm of the cell on the left (cell
hematic representations of these micrographs are shown in panels (A′) and (B′). Electron
ll pairs from several different sections were examined per experiment. (C) The adherens
non-uniform nature of the actin wall (red). Nuclei (blue) were detected using Hoechst
blasts. Most of the bipolar myoblasts have a single, non-uniformly distributed actinwall
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filaments of the neighboring aligned myoblast were randomly
oriented, resembling those found in typical cortical actin structures
(Fig. 2B, cell “A”).

To identify the cortical position of the actin wall structure,
immunofluorescence microscopy was used to examine differentiating
L6 myoblasts to detect the localization of the adherens junction
marker, β-catenin as well as F-actin. Representative micrographs
shown in Fig. 2C, highlight the striking asymmetry of the actinwall. In
these micrographs β-catenin is used as a reference point to visualize
the plasmamembrane relative to the subplasmalemmal actinwall and
the inset of the lowest micrograph shows a thick actin wall (red),
bounded on one side by adherens junctions enriched in β-catenin
(green). Collectively these data show that prior to myoblast fusion a
cortical actin wall forms along the longitudinal axis of one of a pair of
aligned myoblasts. The structure of this unique, non-uniform actin
“wall” is distinct from typical cortical actin filament structures in that
it is comprised of parallel bundles rather than randomly oriented actin
filaments.
Fig. 3.Membrane bound vesicles populate gaps within the actinwall. (A) The schematic indic
reconstruction (see Movie 2 in the Supplementary material) of an actin wall within a pair of
view from the 3D reconstruction, which reveals the presence of several obvious gaps (blac
highlighting the presence of gaps within the wall of L6 myoblasts in DM2. Cell B has an act
lacked any evidence of an actin wall structure. The red arrows in (B1) highlight vesicles in c
present in the actin wall of cell B. The black arrowheads in (B2) highlight the actin filament
Membrane bound vesicles populate gaps within the actin wall

Results from confocal micrographs shown in Fig. 1, suggested that
the actin wall appeared to disassemble or disperse during between
DM2 and DM4 when the differentiating myoblast cultures enter the
rapid fusion phase. To examine structural changes within the non-
uniform actin wall, a three-dimensional (3D) confocal reconstruction
was performed on the differentiating skeletal muscle myoblasts at
DM2. Fig. 3A shows a single angle view from the reconstructionmovie
(see Movie 2 in the Supplementary material) and reveals the presence
of several gaps within the non-uniform actin wall structure (green) in
differentiating rat L6 myoblasts. To confirm this, 150 pairs of cells from
3 independent preparations were examined in electron micrographs.
Fig. 3B, shows a representative micrograph where two adjacent areas
within the actin wall have been enlarged. One of the enlarged regions
(Fig. 3B2) shows a typical, highly organized actin wall structure and
the opposing aligned myoblast, which lacks an actin wall. The second
enlarged region (Fig. 3B1), which is located within 3 μm from the first
ates the relative scan area and positioning of the confocal optical sections used for the 3D
aligned myoblasts after culture for 48 h in DM (DM2). The image (right) is a single angle
k) within the actin wall (green). (B) Representative transmission electron micrographs
in wall which is discontinuous along the length of the plasma membrane, while Cell A
ell A that have aligned with the plasma membrane and are juxtaposed with a gap that
s from the disintegrating wall in cell B.
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enlarged region, shows a gap in the highly organized actin wall
filament structure. Notably nearly all (89±4%) of the gaps observed
within the wall were populated by membrane bound vesicle-like
structures (Figs. 3B1 red arrows; B1′). This result suggests that the
formation of gaps within the actin wall is accompanied by the
migration of membrane bound vesicles to these gap areas.

Intriguingly, it was also noted that some of the vesicles within the
gaps come close to contacting the plasma membrane and appear to
form pairs with vesicles at the plasma membranes of the opposing
aligned myoblast pair (Fig. 4, red double arrowheads). In addition, in
some of the regions where clusters of vesicle pairs are evident (Fig. 4,
red arrows), and there were also rare, but obvious sites where the
plasma membranes of the aligned myoblasts appear to merge and
have begun to form a pore-like structure (Fig. 4, blue arrow). In all of
the regionswhere vesicleswere observed to accumulate, the actinwall
structure did not appear to be present. Consistent with this, in other
regions of the aligned myoblasts where the actin wall is still apparent
there are few or no vesicles (Figs. 3B2, B2′). In addition to the actin
wall, gap formation, and appearance of vesicles in these micrographs,
it was also noted that the distance between the membranes of the
aligning myoblasts also was not uniform along the entire length of the
aligned myoblasts, although there were numerous detectable contact
sites between the aligned cells. This observationmay suggest that until
firm contact sites are formed or until membrane fusion is more
extensive, the aligned membranes of the biopolar myoblasts may
separate during preparation of the cells for EM. Together the temporal
sequence of ultrastructural changes visualized in these micrographs
suggests that subsequent to the formation of an actin wall, actin
filaments within the wall reorganize or depolymerize to result in gaps
where membrane bound vesicles accumulate. These membrane
Fig. 4.Membrane bound vesicles form pairs between aligned myoblasts. Representative elect
enriched near an apparent fusion pore (blue arrow in cell A). (B1, B2) Higher magnification (4
where membrane bound vesicles have accumulated adjacent to a fusion pore connecting the
cell (red arrowheads). Note that in regions where nascent fusion pores are forming and
representations (A′, B1′, and B2′) highlight the nucleus, membranes, and vesicles identified
bound vesicles assemble in pairs, bridging the juxtaposed myoblast
membranes andmay precede the formation of fusion pores where the
cytoplasm of both cells becomes contiguous.

NM-MHC-IIA is essential for myoblast fusion

A recent finding by Swailes et al. (2006) suggested that non-muscle
myosin IIA (NM-MHC-IIA) is important for bipolar shape formation
owing to its preferential interaction with membrane-associated actin.
We therefore examined the role of this myosin II in myoblast fusion
and formation of the actinwall. To determinewhether inhibition of all
of the myosin II motor activity in myoblasts would alter myoblast
fusion either rat L6 or mouse C2C12 myoblasts (data not shown) were
treated with the myosin II inhibitor, blebbistatin (Supplementary Fig.
S3) or adenovirally transduced for expression of a dominant negative
myosin II regulatory light chain (Supplementary Fig. S4). Results
obtained using either one of these approaches showed that myosin II
motor activities are essential for myoblast fusion. Western blotting
(data not shown) using isoform specific antibodies to NM-MHC-IIA,
IIB, or IIC was used to determine which of the three known NM-MHCs
(NM-MHC-IIA, IIB or IIC) are expressed in rat L6 skeletal muscle
myoblasts. These results demonstrated that only NM-MHC-IIA and
NM-MHC-IIB are expressed in myoblasts and that NM-MHC-IIC is only
detectable after 48 h of culture in DM, a result consistent with
previous studies (Swailes et al., 2006). To determine if either NM-
MHC-IIA or NM-MHC-IIB had a specific role in myoblast fusion,
silencing RNAs (siRNAs) were designed and used to individually
deplete either NM-MHC-IIA or NM-MHC-IIB (si-IIA, si-IIB). Supple-
mentary Figs. 5A and B show western blotting and qRT-PCR
experiments which confirm that transfection of L6 myoblasts in GM
ron micrographs of L6 myoblasts in DM2. (A) Membrane bound vesicles (red arrows) are
9,000× and 120,000×) micrographs of the two regions in panel (A). (B1) shows a region
two myoblasts. (B2) highlights vesicles that have “paired”with vesicles in the opposing
vesicles are accumulating, the actin wall is undetectable. Corresponding schematic
in the micrographs on the left.
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with an siRNA pool before the switch to DM, resulted in depletion of
NM-MHC-IIA (84.5±2.1% decrease) or NM-MHC-IIB (81.3±3.4%
decrease) between 2d and 4d following siRNA transfection. Using
the same experimental protocol, actin filament distribution and
myoblast fusion was monitored using immunofluorescence micro-
scopy. In myoblasts depleted of NM-MHC-IIA (si-IIA) there were no
obvious actin wall structures detectable in cells although prominent
stress fibers were readily detectable. In contrast, myoblasts treated
with si-IIB had obvious actin wall structures, which delineate the
membranes of these cells (Fig. 5A). Further culture of these si-IIA
treated myoblasts to DM2 or DM4 did not result in fusion to form
multinucleatedmyotubes, while si-IIB or non-targeting siRNAs (si-NT)
treated cells began fusion by DM2 and exhibited robust fusion and
expression of sk-MHCbyDM4 (Fig. 5B). Quantification of fusion indices
(Fig. 5C) at various times following siRNA transfection confirmed that
knockdown of NM-MHC-IIA resulted in a significant (86.8±2.1%)
decrease in fusion after 4d of culture in DM and fewer numbers of
nuclei per cell with 94.3%±2.5% of the cells having 2 or 3 nucleus
(Fig. 5D). In contrast, knockdown of NM-MHC-IIB did not significantly
inhibit myoblast fusion, which was indistinguishable from the fusion
levels determined for myoblasts treated with transfection agent only
(control) or si-NT (Fig. 5C). Interestingly, it was noted that the rare
sk-MHC positivemyotubes that were detected in cultures treatedwith
Fig. 5. NM-MHC-IIA is essential for myoblast fusion. (A) L6 myoblasts cultured in DM1 after
obvious actinwall structures, although prominent stress fibers were readily detectable. In my
the plasma membrane membranes were obvious (arrowheads). (B) L6 myoblasts cultured i
deficient in NM-MHC-IIA, but not NM-MHC-IIB or myoblasts treated with the control si-NT di
fusion, the number of fused myoblasts appearing in sk-MHC positive myoblasts with N4 nuc
DM2 and DM4 (C) the number of nuclei in fused myoblasts expressing sk-MHC was quantifi
immunofluorescence micrographs are representative of four independent experiments. Erro
si-IIA, were vastly underdeveloped having a maximum of 2 or 3
nuclei per cell (Fig. 5D). These immature myotubes were also seen in
fusion-blocked myoblasts treated with blebbistatin (see Fig. S3 in the
Supplementary material) or expressing a dominant negative RLC (see
Fig. S4 in the Supplementary material). This low level of fusion likely
results from an incomplete knockdown or inhibition of NM-MHC-IIA
or alternatively could suggest that formation of precursor myoblasts
with two or three nuclei is independent of NM-MHC-IIA.

Non-muscle myosin IIA is preferentially localized within the cortical
actin wall

The apparent importance of NM-MHC-IIA, but not NM-MHC-IIB
in formation of an actin wall in differentiating myoblasts suggested
that there might be a specific association of this myosin II isoform
with the wall. To determine if there was a preferential association of
one of the two NM-MHC isoforms expressed in myoblasts with the
cortical actin wall, L6 myoblasts were cultured in DM for 24 h before
fixation and processing for immuno-electron microscopy (immuno-
EM) using affinity purified, isoform specific antibodies to detect NM-
MHC-IIA or NM-MHC-IIB (Gallagher et al., 2000). This analysis
revealed that both NM-MHC isoforms were detectable in close
proximity to the subplasmalemmal actin wall (Figs. 6A, B). However,
treatment with si-IIA or si-IIB as indicated. Myoblasts deficient in NM-MHC-IIA had no
oblasts deficient in NM-MHC-IIB, prominent actinwall structures, paralleling one side of
n DM in the presence of si-IIA, si-IIB, or si-NT for 48 (DM2) or 96 h (DM4). Myoblasts
d not fuse to formmultinucleatedmyotubes and do not express sk-MHC. As ameasure of
lei were counted and expressed as a percent of the total number of cells counted at GM,
ed and their distribution relative to depletion of NM-MHC-IIA or IIB is shown (D). The
r bars indicate mean±SD. ⁎, Pb0.001.



Fig. 6. Non-muscle myosin IIA is preferentially localized within the cortical actin wall. Immuno-electron micrographs of L6 myoblasts cultured for 24 h in DM (DM1). Black dots
(immuno-gold particles) within the micrographs indicate the localization of either NM-MHC-IIA or NM-MHC-IIB. (A, B) Representative micrographs showing that NM-MHC-IIA is
highly associated with the asymmetrical, actin wall. (B) A higher magnification image reveals that NM-MHC-IIA is localized within the actin wall and is closely associated with the
thick subplasmalemmal actinwall. (C) NM-MHC-IIB is more broadly distributed within the cytoplasm of the myoblasts and significantly fewer gold particles are observed within the
actin wall. (D) Schematic illustration indicating how NM-MHC-IIA or NM-MHC-IIB immuno-gold particles were quantified. Immuno-gold particles within 2 μm of the plasma
membrane were counted in 25–30 randomly selected myoblast pairs. (E) Summary of the localization of NM-MHC-IIA compared to NM-MHC-IIB. Particles within and excluded from
the actin wall were counted separately and the percentage of particles within the wall is shown. Immuno-electron micrographs are representative of 2 independent preparations.
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it was apparent that NM-MHC-IIA was preferentially associated with
and integrated within the actin wall. This observation was
confirmed by quantification of the immuno-gold particles along
the actin walls of myoblasts at DM1 which revealed that 78.9±10.2%
of the NM-MHC-IIA was found within the actin wall compared with
only 21.4±9.7% of NM-MHC-IIB (Fig. 6E) a result consistent with
Swailes et al. (2006).

Depletion of NM-MHC-IIA impairs the formation of the actin wall and
the appearance of vesicles along aligned membranes

Results in Figs. 5 and 6 suggested that NM-MHC-IIA might have a
specific role in the organization and assembly of the actin wall. To
determine if NM-MHC-IIAwas essential for formation of the actinwall
structure at the ultrastructural level, myoblasts were treated with si-
IIA, or with si-NT and analyzed by EM. Representative micrographs,
shown in Fig. 7 illustrates that in contrast to control si-NT treated
myoblasts (Fig. 7B), the actinwall is undetectable in myoblasts treated
with si-IIA (Fig. 7A) and these myoblasts have a significantly less well-
organized actin cytoskeletal structure adjacent to the plasma
membrane. Also notable was the irregular contour of the plasma
membrane, which was observed in si-IIA treated cells, suggesting that
lack of an actin wall results in a more easily deformable plasma
membrane. These results demonstrate that siRNA mediated depletion
of NM-MHC-IIA from myoblasts severely compromises the organiza-
tion and assembly of the cortical actin wall.

If depletion of NM-MHC-IIA alters formation of the actin wall, a
relatively large and transient structure, then it would be expected that
the levels of F-actin in these si-IIA treated myoblasts might also be
altered. To determine if this is true, L6myoblastswere treatedwith si-IIA
or si-NT and the ratios of F/G actin were determined at the indicated
times (Fig. 7C). These results show that both the differentiation
induced increase in F/G actin ratio and the basal level of F-actin are
attenuated following depletion of NM-MHC-IIA (Figs. 7C, D). However,
by DM4, the F/G actin ratios of the NM-MHC-II depleted cells had
returned to the levels of the control si-NT treated cells. Thefinding that
depletion of NM-MHC-IIA significantly decreased the polymerization
of G-actin to F-actin in myoblasts at DM1 is consistent with an
important role for NM-MHC-IIA in assembly of the actin wall. These
results together with those of Fig. 1D, suggests that the apparent
increase in F/G actin ratio observed during the shift in myoblast
cultures fromGM toDM1, results fromassembly of the actinwall, since
blocking the formation of the actin wall by depletion of NM-MHC-IIA,
eliminated the observed increase in the ratio of F/G actin (Fig. 7B).

Data presented in Fig. 4 suggest that by DM2, numerous gaps occur
in the actin wall, which are populated by membrane bound vesicles,
which in some cases appeared to be associated with fusion pore-like
structures. This finding together with the determination that deple-
tion of NM-MHC-IIA blocks formation of the actin wall, suggested that
the appearance of vesicles at the plasma membrane might also be
compromised if the actinwall served to either restrict association of or
alternatively channeled these vesicular structures to the plasma
membrane. To examine this possibility, the numbers of vesicles
localized within 1 μm of the plasma membranes were counted in
micrographs prepared frommyoblasts treated either with the control,
non-targeting si-NT or si-IIA. Results from this analysis showed a
significant decrease in the number of vesicles localizingwithin 1 μmof
the plasmamembrane (Fig. 7E). Measurements of the diameters of the
vesicles show that they ranged from 40 to 110 nm and that there was
no significant difference in the vesicle diameters between si-NT and
si-IIA treatedmyoblasts. Together these results suggest that NM-MHC-
IIA has a role in formation, organization, and maintenance of a novel



Fig. 7. Depletion of NM-MHC-IIA impairs the formation of the actin wall and the appearance of vesicles along aligned membranes. Immuno-electron micrographs of myoblasts
deficient in NM-MHC-IIA (A) or treated with a non-targeting, control siRNA (B). Depletion of NM-MHC-IIA, severely compromises the formation of the actin wall (A), which is barely
detectable, loosely organized, and populated by fewer NM-MHC-IIA immuno-gold particles. Areas bounded by the box in panel (A) have been enlarged (A1, A2) to highlight rare
immuno-gold particles resulting from incomplete depletion of NM-MHC-IIA. In contrast, myoblasts treated with a non-targeting siRNA have a highly organized and well-developed
actin wall (B, white arrows) that is abundantly decorated with NM-MHC-IIA immuno-gold particles (red-arrows). (C) Western blotting to detect F- or G-actin in cell fractions from
myoblasts treated with si-NT, si-IIA or si-IIB. (D) Quantification of western blotting data shown in (C) examining F- and G-actin levels in myoblasts treated with siRNAs. (E) Vesicles
appearing within 1 mm of the aligned membranes along the entire length of 25–30 randomly selected, aligned myoblasts cultured in DM for 48 h (DM2), were quantified in
myoblasts treated either with si-NT (control) or si-IIA. Western blots shown are representative of 4 independent siRNA experiments. Immuno-electron micrographs are
representative of 2 independent preparations.
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subplasmalemmal actin wall and the temporal appearance of vesicles
at the myoblast plasma membrane.

Discussion

Many studies using Drosophila as a model system to study muscle
development have identified important roles for cytoskeletal proteins
in the control and progression of myoblast fusion (Chen and Olson,
2004; Chen and Olson, 2005; Horsley and Pavlath, 2004). In addition,
previous studies using immortalized mammalian skeletal muscle
myoblasts have identified several actin structures and examined the
polarity of actin filaments in differentiating myoblasts (Swailes et al.,
2006; Swailes et al., 2004). These studies have also suggested that the
NM-MHC-IIA is important for orchestrating the characteristic mor-
phological changes that precede myoblast fusion. The current studies
extend these findings and define three unique pre-fusion events in a
well-characterized vertebrate myoblast cell line that rely upon the
actomyosin cytoskeleton and have fundamentally important roles in
regulating myoblast fusion.

First, a distinctive cortical actin wall structure is assembled early
during alignment of adjacent myoblasts (Figs. 1 and 2). This actin wall
is composed of numerous parallel F-actin filaments that are tightly
bundled together to form a structure that has an average thickness of
378 nm. The actin wall borders the plasma membrane and stretches
along the entire length of the bipolar aligned myoblasts. Within 24 h
of culture in DM, approximately 90% of the cultured myoblasts
develop an actin wall structure. In this in vitro culture system, the
actin wall structure was generally found to be non-randomly
distributed within the myoblasts appearing only on one side of the
bipolar cell and localized to mid-z planes in confocal images. EM
studies revealed further details of the structure of the actin wall and
confirmed that it does not arise from cell overlap during fusion.
Although at least two previous studies have noted the presence of a
highly organized, thick (100–500 nm) subplasmalemmal actin sheet
in myoblasts a functional role for this wall in fusion or differentiation
was not determined (Lipton, 1977). Biochemically, the timing of the
formation of the actinwall is paralleled by a significant increase in the
ratio of F-actin to G-actin (Figs. 1D and 7D). This burst of actin
polymerization does not appear to result from overt alterations to the
normal component of stress fibers present in the myoblasts near the
adherent ventral surface of the cells (Figs. 1A, B). As myoblast fusion
progresses from DM1 to DM4, the actin wall gradually diminishes and
this is paralleled by a decline in the F/G actin ratio to a ratio similar to
that found in growth media (Figs. 1D and 7D). Although further
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studies will be required to identify the molecular function of the actin
wall, its temporal appearance early during differentiation and its
cortical location suggests several possibilities for its function. For
example, this transient cortical actin wall may serve as a “supportive
platform” for the fusion of plasma membranes by providing some
rigidity for alignment between adjacent, elongating myoblasts.
Consistent with this is the observation that depletion of NM-MHC-
IIA not only alters the formation of an actin wall, but also results in a
more irregular plasma membrane (Fig. 7A). Alternatively or in
addition, this cortical actin wall may serve as a temporal barrier to
impede the movement of vesicles containing membrane fusion
proteins to the plasma membrane until the myoblasts are completely
aligned and competent to fuse. Consistent with this proposal,
structures called actin “foci” which appear at sites of fusion in Dro-
sophila myoblasts have recently been shown to disintegrate just prior
to membrane fusion (Kesper et al., 2007; Kim et al., 2007; Richardson
et al., 2007). These findings suggest that actin foci may temporally
impede fusion during the late phase of the fusion process in addition
to providing directionality for microtubule-mediated vesicle traffick-
ing during the early phase of the fusion process (Kim et al., 2007;
Richardson et al., 2007). The studies described in this report suggest
that in cultured vertebrate myoblasts, a similar actin-enriched
structure may form to temporally regulate fusion. While it is tempting
to speculate that actin “foci” and the actin wall may share some
functional similarity, additional biochemical and functional character-
ization of these structures will be required to support this proposal.

The second major finding of these studies is that the motor
activities of NM-MHC-IIA are critical for the formation of the actin
wall. This finding is supported by results showing that NM-MHC-IIA
is highly enriched within the actin wall (Fig. 6) and that depletion of
NM-MHC-IIA inhibits formation of the cortical actin wall (Fig. 7) and
myoblast fusion (Fig. 5). In addition, inhibition of myosin motor
activity by blebbistatin (see Fig. S3 in the Supplementary material) or
expression of a dominant negative RLC (see Fig. S4 in the
Supplementary material) inhibits formation of the actin wall.
Together these data suggest that the motor activity of NM-MHC-IIA
is specifically required for formation of the actin wall. This finding is
consistent with the recently identified role of NM-MHC-IIA in
organization and bundling of actin filaments in the lamellipodia of
migrating cells (Choi et al., 2008). Also, as NM-MHCs have been
shown to form small bipolar mini-filaments within dense cortical
actin structures that mediate network contraction (Clarke and
Spudich, 1974; Hynes et al., 1987; Laevsky and Knecht, 2003;
Pellegrin and Mellor, 2007; Sheetz et al., 1986) it is possible that
NM-MHC-IIA is not only involved in formation of the actin wall
through its ability to translocate actin filaments to form the wall, but
also regulates its contractility by binding to filaments and exerting
tension (Conti and Adelstein, 2008). Surprisingly, we also found that
depletion of NM-MHC-IIA resulted in myoblasts that are unable to
fuse to form multinucleated myotubes (Fig. 5), yet are able to adhere
to culture dishes, elongate to form bipolar cells, and align normally
when cultured in DM. The inability of NM-MHC-IIA deficient cells to
fuse is consistent with a previous study (Swailes et al., 2006).
However, this study also suggested that depletion of NM-MHC-IIA
inhibits myoblast fusion by preventing cell to cell attachment and
bipolar shape formation, while our results suggest that normal
bipolar shape formation is unaffected and rather define a critical role
for NM-MHC-IIA in formation of an actin wall structure that is a
necessary prerequisite for myoblast fusion. The reason for this
discrepancy is unclear, but could be due to differences in cell lines
or culture conditions. Collectively the results of our studies
demonstrate that NM-MHC-IIA has a central role in the formation
and/or maintenance of a non-uniformly distributed, cortical actin
wall, which is an essential early prerequisite for myoblast fusion.

Finally, our results show that prior to the rapid myoblast fusion
phase, which occurs between DM2 and DM4, the cortical actin wall
reorganizes and gaps become apparent within the wall (Fig. 3, see
Movie 2 in the Supplementary material). The temporal appearance of
these gaps in DM2 myoblasts corresponds with the arrival of
numerous membrane bound vesicles at the plasma membrane region,
where the vesicles appear to cluster within the gaps forming in the
actinwall (Figs. 3 and 4). Even though subplasmalemmal vesicles have
been reported in primary myoblasts derived from quail (Lipton and
Konigsberg, 1972) and chick embryos (Kalderon and Gilula, 1979) as
well as in the L6 myoblast cell line (Engel et al., 1986), their temporal
association with gaps occurring in a cortical actin wall structure has
not been previously described. Intriguingly, as these vesicles reach the
plasmamembrane they appear to alignwith vesicles in the juxtaposed
myoblast to form symmetrical pairs similar to those previously
observed in differentiating Drosophila myoblasts (Doberstein et al.,
1997; Kim et al., 2007). In addition, Kim et al identified electron dense
vesicles coated with actin and suggested that the presence of actin on
these vesicles indicated a role for the actin cytoskeleton in trafficking
these vesicles to sites of fusion. In Drosophila, vesicle pairing was
suggested to be an essential prefusion structure that serves to traffic
and cluster membrane proteins to the plasma membrane for cell–cell
fusion. Our current studies show that the average diameter of the
vesicles appearing in the L6myoblasts ranged between 40 and 110 nm,
a result that is comparable to vesicles identified in chick embryo
myoblasts having a diameter of 0.1–0.2 μm (100–200 nm) (Kalderon
and Gilula, 1979). The appearance of these vesicles within gaps in an
actin wall structure extends this finding suggesting that the actin wall
may serve to temporally restrict the association of the vesicles with
the plasmamembrane until themyoblasts have elongated and aligned
before forming cell–cell contacts for fusion (Fig. 8). This spatial and
temporal restriction may result in clustering of vesicles containing
membrane fusion proteins at the plasma membrane in actin wall gaps
to ensure efficient communication to initiate formation of fusion
pores. This suggestion is supported by a recent study showing that
NM-MHC-IIA has a direct role in fusion pore expansion to allow
exocytosis of neurotransmitters (Neco et al., 2008). Depletion of NM-
MHC-IIA not only abrogated formation of the actin wall but it also
blocked the appearance of vesicles at the plasma membrane (Fig. 7).
This apparently paradoxical observation suggests that NM-MHC-IIA is
not only important for formation of an actinwall but is also required to
move vesicles to the plasma membrane once the actin wall is
disrupted (Fig. 8). Several previous studies support a direct role for
NM-MHC-IIA in vesicle movement and trafficking of plasma mem-
brane proteins such as Glut-4, CXCR4, and E-cadherin to the plasma
membrane (Andzelm et al., 2007; Conti and Adelstein, 2008; Conti et
al., 2004; Fulcher et al., 2008; Ivanov et al., 2007; Rey et al., 2007;
Shewan et al., 2005; Steimle et al., 2005).

In summary our studies have identified a novel, non-uniform,
cortical actin wall structure and demonstrate that development of an
actin wall is critically dependent on the motor activities of NM-MHC-
IIA. In addition, these results suggest that formation of an actin wall
structure temporally restricts the initiation of membrane fusion until
myoblasts have aligned and elongated to become bipolar cells.

Materials and methods

Cell culture and chemicals

Rat L6 or C2C12 myoblasts were cultured in growth medium (GM)
composed of minimal essential medium (Invitrogen) supplemented
with 10% FBS 2 mM glutamine, 100 U/ml penicillin, and 100 μg/ml
streptomycin, in a H2O-saturated 5% CO2 atmosphere at 37 °C (growth
medium, GM). For all experiments in this report the myoblasts were
cultured and maintained in growth medium (GM) and where
indicated differentiated by removal of GM, followed by 2 washes
using differentiation medium (DM) which is identical to GM except,
FBS is reduced to 2%, and then culture of the myoblasts in fresh DM for



Fig. 8. Temporal and spatial events during skeletal muscle myoblast fusion. When cultured in growth medium (GM) myoblasts are irregularly shaped, with a central nucleus and
loosely organized cytoplasmic actin filaments. Upon culture in differentiation medium for 24 h (DM1), the myoblasts elongate, assume a bipolar orientation and a highly organized
actin wall forms in aligned myoblasts. Subsequent to assembly of the actin wall, a second phase of actin reorganization occurs between 24 and 48 h of culture in DM (DM2, DM4) to
result in the appearance of gaps within the actinwall. The formation of gaps within the actinwall is accompanied by the trafficking of membrane bound vesicles to these gap regions
where they pair with vesicles in the cortical region of the juxtaposed myoblast. Subsequent to vesicle pairing, cell–cell contacts and localized fusion pores appear which then expand
laterally as fusion progresses to result in a multinucleated, syncytial cell.
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24 h (DM1), 48 h (DM2) or 96 h (DM4). Blebbistatin was from
Calbiochem (La Jolla, CA). Mouse anti-HA antibody was from Covance
(Berkeley, CA). Mouse anti-skeletal myosin heavy chain (fast, MY-32)
antibody, mouse anti-vinculin antibody and protease inhibitors
cocktail were from Sigma (St Louis, MI). Alexa Fluor 488 phalloidin,
Texas Red-X phalloidin and Hoechst 33342 were from Molecular
Probes (Eugene, OR). Mouse anti-nonmuscle actin (cytoskeleton, Inc)
and cytochalasin D (Sigma, MI) were a gift from Dr. Susan Gunst
(Indiana University School of Medicine). All electron microscopy
reagents were provided by Indiana University EM center. Polyclonal
antibodies to nonmuscle myosin heavy chains IIA and IIB were
generated and characterized in this laboratory (Blue et al., 2002; Krits
et al., 2002). NM-MHC-IIC antibody was a kind gift from Dr. Robert
Wysolmerski. The GFP-NM-MHC-IIA plasmid was kind a gift from Dr.
Robert Adelstein.
Immunofluorescence

Cells for immunofluorescence microscopy were plated on
24×24 mm glass coverslips (Fisher Scientific) and cultured for the
indicated times. Cells were fixed with 4% paraformaldehyde in PBS,
permeabilized with 0.2% Triton X-100 and stained using the indicated
primary and secondary antibodies coupled to Alexa Fluor 488 or Texas
Red-X phalloidin (Invitrogen). Nuclei were stained by Hoechst 33342
(Invitrogen).

Analysis of F-actin and G-actin

The assay was carried out essentially as described previously
(Zhang et al., 2005). Briefly, cells were homogenized in F-actin
stabilization buffer and the supernatants are collected following ultra-



384 R. Duan, P.J. Gallagher / Developmental Biology 325 (2009) 374–385
centrifugation (100,000 g, 1 h, 37 °C). The pellets were resuspended in
ice-cold distilled water plus 1 μM cytochalasin-D and then incubated
on ice for 1 h to dissociate F-actin. Supernatant (G-actin) and pellet (F-
actin) fractions were diluted 50 times and analyzed by immunoblot-
ting using polyclonal anti-nonmuscle actin antibody (Cytoskeleton,
Inc). The ratio of F-actin to G-actin was determined by scanning
densitometry of the western blots.

Microscopy and image processing

Phase contrast images were acquired using an invertedmicroscopy
(10×/0.25 NA, A10PL objective, CK2, Olympus) with a CCD camera (PL
A662, Pixelink) using Pixelink Capture software (Pixelink). Confocal
images were collected right after sample preparation on a Zeiss laser
confocal microscope LSM 510 with Apo ×63 objective lens (NA 1.4, oil)
and then analyzed using Zeiss LSM Image software in Expert mode
(Carl Zeiss, Inc.). Alexa-488 labeled proteins were excited with a
488 nm argon laser and fluorescence emissions were collected at 500–
530 nm. The optical pinhole was set to resolve optical sections of
∼1 mm in cell thickness. All images were imported and organized in
Photoshop (Adobe) and brightness and contrast were adjusted to the
same extent for each image panel. Three-dimensional (3D) recon-
structions were produced using Zeiss LSM Image Browser V4.0 (Carl
Zeiss, Inc) and MetaMorph (Molecular Devices) software.

Conventional and immuno-EM

For conventional EM, cells were grown on Thermonox coverslips
(Nalge Nunc International) and fixed in 2% glutaraldehyde together
with 2% paraformaldehyde in 0.1 M phosphate buffer for 4 h. The
cells were rinsed in phosphate buffer and then post-fixed for 1 h in
2% osmium tetroxide in 0.1 M phosphate buffer. After rinsing in
0.1 M phosphate buffer, the cells were dehydrated and embedded
before en face sectioning. Sections 70 nm in thickness were stained
with uranyl acetate and lead citrate. For Immuno-EM, myoblasts
were grown on Thermonox cover slips and fixed overnight in 4%
paraformaldehyde prepared in 0.1 M phosphate, pH 7.4. After
incubation in 50 mm ammonium chloride cacodylate/sucrose buffer
(0.1 M cacodylate with 3.5% sucrose pH 7.4), the cells were then
stained in 2% uranyl acetate and dehydrated. The cells were
infiltrated with LR Gold and 70 nm thick en face sections were
incubated with affinity purified primary antibodies, washed and then
incubated with secondary goat anti-rabbit antibodies conjugated to
10 nm colloidal goal particles at 1:40 (Aurion). The sections were
washed, post-fixed in 2% glutaraldehyde, stained with saturated
uranyl acetate and viewed with a Tecnai G2 12 Bio Twin Transmis-
sion Electron Microscope (FEI, Hillsboro, OR) at 80KV. Digital analysis
was performed using Image J (NIH). To determine the percentage
of immuno-gold particles within the actin wall, immuno-gold
particles within 4 adjacent, 2 mM×2 mM squares were counted
(area=4×106 nm2) in 25–30 randomly selected cell pairs of aligned
myoblasts from 3 independent preparations. Each square was placed
such that one side was aligned to the plasma membrane. Particles
within and excluded from the actin wall were counted separately
and the percentage of particles within the wall was calculated by
dividing the number of particles in the wall by the total number of
particles. For both TEM and immuno-EM, each sample was coded to
allow for blinded examination and at least 30 micrographs per
sample were examined. Examination of these micrographs con-
firmed that the ultra-structure of the cortical actin wall previously
identified by convention EM was indistinguishable from myoblasts
prepared from immuno-EM. This comparison suggested that pre-
paration of myoblast cultures for immuno-EM does not significantly
alter the appearance or location of the actin wall structure although
the plasma membrane in the immuno-EMs is not easily discernable
due to permeabilization of the cells.
Myoblast fusion index and nuclear distribution analysis

The fusion index was determined by quantifying the number of
multinucleated cells having more than four nuclei that express
skeletal myosin heavy chain (Sk MHC) after culture in GM, DM2 or
DM4. The distribution of nuclei in sk-MHC positive cells was
determined by directly counting of the number of nuclei in fused
myoblasts withmore than 4 nuclei and expressing sk-MHC. At least 20
random view fields were selected and the experiments were repeated
3 times.

Western blotting and quantification

Cellular proteins were extracted either with NP-40 lysis buffer (1%
NP-40, 300 mM NaCl, 0.5 mM EGTA, 50 mM MgCl2, 10% glycerol and
20 mM MOPS, pH 7) or 2% SDS lysis buffer (2% SDS, 100 mM NaCl,
50 mM Tris–HCl, PH 7.4) supplemented with a protease cocktail and
analyzed by western blotting. Protein quantification was performed
using Fujifilm LSM-1000plus software. The chemiluminescent emis-
sion from both the target of interest and internal loading control has
been automatically and manually tested in the linear range. The
average emission of four randomly selected empty areas was used as a
film background control. For each experiment, at least four indepen-
dent preparations have been examined.

siRNA

Transfection reagent (DharmaFect-1), non-targeting siRNAs and
siRNAs for depletion of NM-MHC-IIA or IIB were from Dharmacon
(Lafayette, CO). The sequences are: si-IIA 5′-UGACAGAGAUGGAGA-
CUAU, 5′GGGAUGAGCUGGCCGAUGA, 5′GAAGGUGGCUGC-CUAUGAU;
si-IIB 5′GGGCAUCUCUGCUCGCUAU, 5′GGACUCAUCUAUACUUACU, 5′
GAUGAUCUCGGAUUUAGAA, 5′GAAACUGGACGGUGAAACA. These
siRNA oligos were tested individually using western blotting and
qRT-PCR to confirm that they efficiently and specifically deplete
expression of either IIA or IIB in L6 cells (rat siRNAs) in either growth
or differentiation medium (both lacking penicillin and streptomycin)
(see Fig. S5 in the Supplementary material). In addition, to exclude the
“off-target” effects of the siRNAs, each selected siRNAswere tested in a
functional assay (myoblast fusion) individually. For all siRNAs, the
transfection efficiency and transfection conditions were optimized
using fluorescently tagged siRNAs. The optimized protocol resulted in
a reproducible transfection efficiency of greater than 95% in L6
myoblasts.

Transfection

Rat L6 skeletal muscle myoblasts were plated to achieve a low
sub-confluent density in antibiotic-free complete medium (DMEM
+10% FBS). The cells were incubated at 37 °C with 5% CO2 until cell
density had doubled but was sub-confluent. For transfections in 6-
well culture dishes, a 2 μM siRNA solution in 1× siRNA Buffer was
prepared and then 10 μl is added with gentle mixing to a separate
tube containing 4 μl of DharmaFECT™1 in 200 μl serum-free medium.
After 20 min at room temperature, 1.6 ml antibiotic-free complete
medium was added and 100 μl was added to each well. The cells
were incubated for 24 h in the transfection mixture and then
changed into antibiotic-free differentiation medium (DM) containing
the same siRNAs. The relative level of mRNA knockdown (see Fig. S5
in the Supplementary material) was determined at 0, 24, 48 and
144 h after transfection. Control experiments were conducted in
parallel using scrambled, non-targeting siRNAs, or transfection
reagent only (DharmaFECT™1). Western blotting and real-time
quantitative RT-PCR were performed to determine the relative levels
of knockdown of each NM-MHC isoform (see Fig. S5 in the
Supplementary material).
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Statistical analysis

All experiments were carried out using independent cell transfec-
tions, in triplicate. Statistical analysis was performed using Student's
t-test.
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