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Abstract
Cell membrane consists of various lipids such as phosphatidylserine (PS), phosphatidylcholine
(PC), and phosphatidlethanolamine (PE). Among them, PS is a molecular marker of apoptosis,
because it is located to the inner leaflet of plasma membrane generally but it is moved to the outer
leaflet during programmed cell death. The process of apoptosis has been implicated in the fusion
of muscle progenitor cells, myoblasts, into myotubes. However, it remained unclear whether PS
regulates muscle cell differentiation directly. In this paper, localization of PS to the outer leaflet of
plasma membrane in proliferating primary myoblasts and during fusion of these myoblasts into
myotubes is validated using Annexin V. Moreover, we show the presence of PS clusters at the
cell-cell contact points, suggesting the importance of membrane ruffling and PS exposure for the
myogenic cell fusion. Confirming this conclusion, experimentally constructed PS, but not PC
liposomes dramatically enhance the formation of myotubes from myoblasts, thus demonstrating a
direct positive effect of PS on the muscle cell fusion. In contrast, myoblasts exposed to PC
liposomes produce long myotubes with low numbers of myonuclei. Moreover, pharmacological
masking of PS on the myoblast surface inhibits fusion of these cells into myotubes in a dose-
dependent manner
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1. Introduction
The cell plasma membrane largely consists of a phospholipid bilayer containing
phopsphatidylcholine (PC), phosphatidylserine (PS) and phosphatidylethanolamine (PE)
[1,2]. PS is a hallmark of apoptosis because in normal healthy cells it is localized to the
inner lipid layer, or leaflet, of the plasma membrane, but during early apoptosis PS localizes
to the outer leaflet by phospholipid(s) scramblase [3,4]. The exposed PS recruits various
immune cells and in particular is one of the ‘eat me’ signals present on the surface of
apoptotic cells signaling macrophage engulfment [5].
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During muscle maintenance and repair, muscle stem or satellite, cells activate, proliferate
and give rise to myoblasts, which can both proliferate and differentiate into myotubes.
Myotubes are the final product of the muscle lineage, where each cell is post-mitotic and
multinucleated and is produced by the fusion of many myoblasts [6]. Some growth factors
[7–9], macrophages [10,11], and leukocytes in general [12] can control muscle regeneration
and specifically, cell fusion. However, the molecular nature of fusogen(s) remains unknown
and it is yet to be determined what specific molecules in the plasma membrane of myoblasts
play a crucial role during fusion of these cells into myotubes or myofibers. To date, several
molecules that are thought to control myoblast fusion, such as caveolin-3 [13,14], myoferin
[15] and nephrin [16], were reported to cluster at the cell membrane, specifically localizing
at the cell-cell contact regions during myotube formation. However, none of these molecules
were demonstrated to directly regulate the membrane fusion process. Additionally,
damaging stimuli that are known to promote apoptosis as well as direct experimental
induction of apoptosis have been shown to enhance myotube formation [17,18]. However,
no molecular mechanism connecting apoptosis with myoblast fusion was revealed, until
now.

In this paper, we demonstrate that one of the key membrane-bound regulators of myoblast
fusion into myotubes is PS, which provides the first molecular identification of a fusogen
and gives an explanation as to why induction of apoptosis promotes terminal muscle
differentiation.

2. Materials and Methods
2.1. Cell culture of mouse primary myoblasts

Primary myoblasts were isolated from young (2–4 month) C 57/Bl6 mice (Jackson Lab.,
ME) as described [20]. Briefly, tibialis and gastrocnemius muscles were dissociated into
myofibers by a digest for 1 hr at 37°C in DMEM with 250 units/ml Collagenase Type II
(Sigma-Aldrich, MO), containing 1% Penicillin-Streptomycin. Digested muscles were
washed with PBS two times and triturated into myofibers in Ham’s F10 (Mediatech, VA),
20% Bovine growth serum (BGS; Hyclone, IL) and 1% Penicillin-streptomycin. In order to
get primary myoblast from myofibers, myofibers were incubated in Ham’s F10 including
1% Pnicillin-Streptomycin and 2 U/ml Dispase for 1 hr at 37°C incubator with shaking.
Isolated satellite cells were cultured in growth media (Ham’s F10, 20% BGS, 5 ng/ml bFGF
(Invitrogen, CA) and 1% Penicillin-Streptomycin). Satellite cells gave rise to primary
myoblasts in growth medium. Primary myoblasts were used for no more than 10 passages.

2.2. Preparation of SUV (small, unilamellar vesicles) liposomes
Phosphatidylserine and phosphatidylcholine were purchased from Avanti polar lipids
(Alabaster, AL). PS and 50:50% PS:PC SUV liposomes were made as described [21].
Briefly, 2.6 µmole each phospholipid (PL) was prepared in a glass test tube (13 × 100 mm),
in chloroform and then dried under a nitrogen stream in the hood, followed by vacuum
drying for 1 hr. Dried PL was resuspended with 2.6 ml HBS solution for 1 hr at room
temperature and then vortexed to mix. Resuspended PL was sonicated until clear using a
bath sonicator (75T, VWR, PA) for 5–10 min. PC, PS and PC:PS liposomes were added at
40, 80, and 80 µM concentrations to myoblasts cultured in DM for 48 hours.

2.3. Immunocytochemistry
Immunostaining was performed as described [19]. Briefly, differentiated myotubes were
fixed in 70% EtOH over night at 4°C. Cells were permeabilized with PBS + 1% FBS +
0.25% Triton X-100, incubated with 1 µg/ml of primary antibodies for 1 hr at room
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temperature, washed in staining buffer (PBS + 1% FBS), incubated with fluorochrome
conjugated secondary antibodies and Hoechst, washed again and mounted.

2.4. Differentiation of mouse primary myoblasts
Primary myoblasts were seeded onto 6 well plates at a density of 5 × 105 cells/well in
growth medium. Culture medium was switched to differentiation medium (DMEM
containing 2% Horse serum and 1% Penicillin-Streptomycin), for 48 hrs at 37°C under 5%
CO2. Exposed PS was detected using Alexa Fluor® 488 conjugated Annexin V (Invitrogen,
CA), as recommended by the manufacturer [23].

2.5. Statistical analysis
Quantified data are expressed as mean ± sd. Significance testing was performed using T-test
of variance to compare data from different experimental groups. Three independent
experiments were conducted to obtain the means. P-values of < 0.05 were considered
statistically significant.

3. Results
3.1. Phosphadidylserine is enriched at cell-cell contact regions during myoblast
differentiation into myotubes

To determine whether phophatidylserine (PS) is exposed on the outer leaflet of the plasma
membrane during fusion of primary myoblast into de-novo myotubes, mitogenic growth
medium (GM) was replaced by the mitogen-low differentiation medium (DM) where
myoblasts normally form myotubes by 48 hrs, and these cell cultures were stained by Alexa
Fluor 488 conjugated-Annexin V (Fig. 1). H2O2 treated myoblasts were used as a positive
control for PS translocation and Annexin V staining, as well as for propidium iodide (PI)
staining. All cells were co-stained by PI in order to clearly distinguish membrane permeable
(apoptotic) cells from live, fusing cells. H2O2 treated cells were easily detected by PI and
Annexin V, indicating they had either localized PS to the outer surface of their membranes
(Fig. 1a, b) or their membranes were antibody permeable. Some Annexin V staining was
seen in live, PI-excluding myoblasts in GM (Fig. 1c, d), indicating these cells had localized
PS to the outer leaflet of the plasma membrane. In DM, however, fused myotubes which
excluded PI and thus were not apoptotic, had significantly more Annexin V staining than
myoblasts cultured in GM, and furthermore, the highest presence of PS clusters was
identified at the cell-cell contact regions of apparently fusing myoblasts (Fig. 1e, f). These
results reveal that re-location of PS from the inner to the outer leaflet of the plasma
membrane in myoblasts and myotubes is not caused by the process of apoptosis and might
be specific to cell-cell fusion.

3.2. PS treated myoblasts form robust myotubes
In order to address whether PS just correlates with or actually causes fusion of primary
myoblasts into multinucleated myotubes, we generated PS liposomes (as well as a negative
control PC liposomes), and added them to myoblasts that were cultured for 48 hrs in DM.
Myoblast treated with PS liposomes and a 50:50% mixture of PS:PC liposomes, but not with
PC liposomes alone, displayed greatly enhanced fusogenic properties, based on the
quantification of the width of the de-novo formed, eMyHC expressing myotubes which have
more than 2 nuclei, and on the counts of the myonuclei in these myotubes (Fig. 2A,
quantified in B). Myoblasts treated with PC liposomes alone formed long narrow myotubes
with a low number of myonuclei, suggesting a defect in myogenic cell fusion (Fig. 2 C). In
contrast, the width and the number of myonuclei (fusion index) of de-novo myotubes were
enhanced by adding PS or PS:PC liposomes. PS:PC liposomes increased the width, length
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and fusion index of the myotubes, suggesting that while PS directly and specifically
enhanced the myoblast fusion, the high concentration of liposomes (80 uM) in PC and
PS:PC cultures could have an indirect effect on myotube length. These results strongly
suggest that PS liposomes on the myoblast cell surface directly enhance cell-cell contacts
and promote myogenic fusion into multinucleated myotubes of larger width and with more
myonuclei.

3.3. Myoblast fusion index is decreased by masking PS with Annexin V or PS-specific
antibody

To confirm and extrapolate these data, we blocked PS on the cell surface of myoblasts
cultured in DM by treating these cells with Annexin V or with PS-specific antibody, and
assayed the ability of these myoblasts to fuse into myotubes. Indeed, the myoblast fusion
index was significantly decreased in a dose-dependent manner when PS was experimentally
masked (Fig. 3A, C, quantified in B, D). These data establish that translocation of the PS to
the outer leaflet of the plasma membrane directly and positively regulates the fusion of
primary myoblasts into multinucleated myotubes.

4. Discussion
Phosphatidylserine (PS) is a hallmark of eukaryotic cell apoptosis and its translocation from
the inner to outer leaflet of the membrane is well known [3,4]. While previous work
suggested that some membrane bound proteins may regulate myoblast fusion and that
apoptosis generally promotes myotube formation, the molecular regulator of this event
remained unknown and the mechanism by which apoptosis promotes myotube generation
was undefined. This work is the first to provide a molecular explanation to both of these
questions, as it occurs in primary mouse myoblasts that were freshly generated from muscle
stem cells. Specifically, we show that PS is moved to the outer leaflet of the plasma
membrane in primary myoblasts and that this process plays a crucial causal role during
myoblast fusion. Even though PS was localized to the outer leaflet in myoblasts fusing into
myotubes, these cells were not undergoing apoptotic pathway. Hence, these data uncover
that membrane ruffling occurs independently of apoptosis, which changes the dominant
paradigm. As shown in figure 1, some of PS is present on the outer membrane leaflet of
proliferating myoblasts [24]. The function of exposed PS during myoblast cell proliferation
is unknown, but we propose that it predisposes these cells for the fusion events.
Interestingly, according to a previous report, the presence of PS at the cell-cell contact
regions in C2C12 and H9C2 cell lines was only transient [25]. However, our data in primary
myoblasts suggest that PS is present in the outer membrane leaflet broadly and persistently,
particularly when these myogenic cells are cultured for 48 hours in DM that is known to
promote myoblast differentiation into myotubes. Thus, our work not only validates but also
greatly clarifies the localization of PS in proliferating and differentiating muscle progenitor
cells.

Importantly, when PS liposomes were added exogenously, fusion of myoblasts into
multinucleated myotubes was significantly and specifically enhanced; conversely, masking
of PS with Annexin V or an antibody, inhibited the fusogenic properties of myoblasts (Fig.
2). Therefore, PS localization to the outer membrane that is unrelated to cell-death, directly
promotes the physiological fusogenic properties of primary myoblasts. Future identification
of the PS receptor in myoblasts will further enhance our understanding of the cell-cell fusion
process and of the molecular regulation of muscle regeneration.

Highlights
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PS broadly and persistently trans-locates to the outer leaflet of plasma membrane duirng
myoblast fusion into myotubes. Robust myotubes are formed when PS liposomes are
added exogenously. PS increases the width of de-novo myotubes and the numbers of
myonuclei, but not the myotube length. Annexin V or PS antibody inhibits myotube
formation by masking exposed PS.
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Figure 1.
PS was exposed on the outer leaflet of the plasma membrane and was enriched at the cell-
cell contact regions during myoblast differentiation into myotubes. H2O2 treated myoblasts
were used as a positive control for apoptosis and for PS translocation (a, b). Apoptotic cell
nuclei were detected with PI (red). The myoblasts were cultured in GM (c, d) and DM (e, f)
for 48 hours and then stained using Annexin V (green). Scale bar, 20 µm.
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Figure 2.
PS treated myoblasts form robust myotubes. (A) PS 100%, PS:PC (50%:50%) or PC 100%
liposomes were added to myoblasts that were cultured in DM for 48 hours and then fixed
with 70% EtOH for 24 hours and stained with anti-eMyHC specific antibody (red). Nuclei
were stained with Hoechst. Scale bar, 100 µm. (B) The fusion index was calculated by
quantifying the percent of myonuclei in myotubes that have more than 2 nuclei, out of the
total cell nuclei number. (C, D) The length and the width of the de-novo formed myotubes
that have more than 2 nuclei were quantified. *p= 0.0006; **p= 0.0004 (B). *p= 0.0388;
**p=0.0398 (C). *p=0.0248; **p=0.0024 (D).
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Figure 3.
Myoblast fusion index is decreased by masking PS with Annexin V or PS-specific antibody.
(A) Annexin V or (B) PS-specific antibody was added to myoblasts in DM for 48 hours. De-
novo myotubes were detected by immunostaining with eMyHC-specific antibody. Scale bar,
100 µm. The percent of myonuclei in myotubes out of total cell nuclei number was
quantified for Annexin V (C) and for PS-specific antibody (D). *p=0.0002; **p=0.0005.
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