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ABSTRACT  Myoblast differentiation and fusion is a well-orchestrated multistep process that 
is essential for skeletal muscle development and regeneration. Phospholipase D1 (PLD1) has 
been implicated in the initiation of myoblast differentiation in vitro. However, whether PLD1 
plays additional roles in myoblast fusion and exerts a function in myogenesis in vivo remains 
unknown. Here we show that PLD1 expression is up-regulated in myogenic cells during mus-
cle regeneration after cardiotoxin injury and that genetic ablation of PLD1 results in delayed 
myofiber regeneration. Myoblasts derived from PLD1-null mice or treated with PLD1-specific 
inhibitor are unable to form mature myotubes, indicating defects in second-phase myoblast 
fusion. Concomitantly, the PLD1 product phosphatidic acid is transiently detected on the 
plasma membrane of differentiating myocytes, and its production is inhibited by PLD1 knock-
down. Exogenous lysophosphatidylcholine, a key membrane lipid for fusion pore formation, 
partially rescues fusion defect resulting from PLD1 inhibition. Thus these studies demonstrate 
a role for PLD1 in myoblast fusion during myogenesis in which PLD1 facilitates the fusion of 
mononuclear myocytes with nascent myotubes.

INTRODUCTION
Myoblast differentiation and fusion is key for skeletal muscle devel-
opment and for muscle repair in aging or diseased states. The pro-
cess is dynamic and tightly orchestrated, involving cell withdrawal 
from the cell cycle, cell–cell recognition, adhesion, migration, and 
subsequent membrane fusion (reviewed in Horsley and Pavlath, 
2004; Rochlin et  al., 2010; Abmayr and Pavlath, 2012). Myoblast 
fusion proceeds in two steps. On initiation of differentiation, mono-

nucleated myoblasts first fuse together to form small nascent myo-
tubes, which is termed first-phase fusion. During second-phase 
fusion, the nascent myotubes recruit and fuse with additional myo-
cytes or other myotubes. With accretion of nuclei and increase in 
myotube size, mature myotubes form eventually. The molecular 
mechanisms underlying both phases of fusion have been studied 
intensively over the last few decades yet remain relatively poorly 
understood.

Myoblast fusion, a cell–cell fusion event, is not as extensively 
studied as intracellular vesicle fusion or virus–cell fusion (Chen and 
Olson, 2005; Chen et al., 2007). For membrane fusion to occur, first 
two lipid bilayers must juxtapose and protrude to form a contact site 
where the outer membrane leaflets break down to form a hemifu-
sion stalk with the outer/proximal leaflets fused and inner/distal leaf-
lets unfused. This step is followed by fusion pore formation and 
expansion, which leads to fusion between opposed inner leaflets 
and mixing of the aqueous contents of the fused cells (reviewed in 
Chernomordik and Kozlov, 2008). Evidence suggests that both 
protein and lipid molecules play essential roles in the membrane 
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To evaluate whether PLD1 regulates adult myogenesis, we ana-
lyzed cardiotoxin (CTX)-injured TA muscle. New regenerating 
myofibers with centrally localized nuclei would suggest muscle re-
generation. PLD1 mRNA expression was strongly up-regulated 
from days 3–5 postinjury (Figure 1B; [15.2 ± 1.8]-, [20.5 ± 5.2]-, and 
[10.2 ± 0.9]-fold increase at days 3–5, respectively, as compared 
with the day 0 control), a period when major myoblast fusion 
and formation of regenerating fibers occurs. To determine whether 
PLD1 is up-regulated in the myogenic cells that actively regener-
ate myofibers, we obtained myogenic cells (CD45− Sca-1− 
PDGFRα−; Joe et al., 2010; Lawlor et al., 2012) using fluorescence-
activated cell sorting (see Supplemental Methods) from control 
and regenerating muscle. The myogenicity of these cells was con-
firmed by up-regulation of MyoD expression after injury and the 
formation of myotubes derived from these cells. As expected, 
PLD1 expression increased by 18-fold in myogenic cells at day 4 
postinjury (Supplemental Figure S1, A and B).

Next we examined PLD1 expression during myoblast differentia-
tion and fusion in vitro in myogenic cell lines C2C12 and L6, which 
originated from mouse and rat, respectively. PLD1 transcript level in 
C2C12 cells increased threefold 1 d after differentiation and was 
sustained during the 6-d differentiation process (Figure 1C). In con-
trast, PLD1 up-regulation in L6 cells was more transient, peaking at 
day 1 during differentiation with a fourfold increase and gradually 
decreasing to basal levels by day 4 (Figure 1D). PLD1 protein level 
was dramatically elevated at day 1 after differentiation in both 
C2C12 and L6 cells and gradually decreased to basal level afterward 
(Figure 1, E and F). Together the results show that PLD1 expression 
was up-regulated during myoblast differentiation and fusion in vivo 
and in vitro, suggesting that PLD1 may function in these processes.

Skeletal muscle regeneration is compromised in 
PLD1−/− mice
To investigate further the functional role of PLD1 in myogenesis, we 
turned to a PLD1-knockout (KO) mouse model (PLD1−/−). Mice lack-
ing PLD1 display impaired platelet aggregation (Elvers et al., 2010) 
and reduced tumor angiogenesis (Chen et al., 2012), but the effect 
of PLD1 ablation on myogenesis remains unknown.

PLD1−/− mouse muscle developed normally, and adult limb mus-
cles and the diaphragm did not show any significant histological 
abnormalities (Supplemental Figure S2, A and C). The average di-
ameter of postnatal and adult myofibers in PLD1−/− mice was com-
parable to that of the wild-type (WT) control (Supplemental Figure 
S2, B and D). PLD2 mRNA expression was also not altered in PLD1−/− 
muscles (Supplemental Figure S2E). To investigate whether muscle 
regeneration is affected in KO mice, we injured TA muscle by CTX 
and compared muscle regeneration in age- and sex-matched WT 
and KO adult mice. Consistent with previous reports (Harris and 
Johnson, 1978; Maltin et al., 1983), by day 6 after injury, WT muscle 
formed small, regenerating myofibers characterized by the pres-
ence of centrally located nuclei (Figure 2A) and by the expression of 
embryonic myosin heavy chain (eMyHC; Figure 2B). In contrast, KO 
muscle displayed signs of delayed regeneration, including smaller 
regenerating myofibers, increased numbers of interstitial cells, and 
increased interstitial space between myofibers (Figure 2, A and B, 
arrows). Quantitative analysis revealed that the average diameter of 
regenerating myofibers was significantly reduced in PLD1−/− mice 
(Figure 2C; 16.82 ± 2.94 μm for PLD1−/− vs. 22.26 ± 10 μm for WT, 
n = 3 per group, p < 0.01). Moreover, although the number of 
eMyHC-expressing regenerating myofibers was comparable to that 
of controls (Figure 2D), PLD1−/− mice contained more small myofi-
bers of 30–50 μm in diameter, whereas WT mice contained more 

fusion event (Lang et al., 2008), yet little is known about their spe-
cific roles during cell–cell fusion.

Mammalian phospholipase D (PLD) is a membrane-associated 
enzyme that catalyzes the hydrolysis of phosphatidylcholine (PC) to 
generate the signaling lipid phosphatidic acid (PA). There are two 
mammalian isoforms of canonical PLD, denoted PLD1 and PLD2, 
which share conserved regulatory and catalytic domains yet have 
distinct regulatory mechanisms and functional roles (reviewed in 
Liscovitch et al., 2000; Cockcroft, 2001; Jenkins and Frohman, 2005; 
Roth, 2008). Recent investigations by us and others have shown 
that PLD1 and PA play pivotal roles in membrane fusion between 
intracellular compartments and the plasma membrane (PM), such 
as in the translocation and fusion of glucose transporter Glut4-con-
taining vesicles to the PM in adipocytes (Huang et al., 2005b) and 
the release of insulin and catecholamines by pancreatic β-cells and 
adrenal chromaffin cells, respectively (Vitale et al., 2001; Hughes 
et al., 2004). However, whether PLD1 exerts any function on cell–
cell fusion processes such as myoblast fusion has not yet been 
elucidated.

A role for PLD1 in myoblast differentiation has been reported in 
vasopressin-stimulated rat L6 myoblasts through actin cytoskeleton 
remodeling (Komati et al., 2005) and in mouse C2C12 myoblasts 
through sequential activation of the mammalian target of rapamy-
cin (mTOR) and insulin-like growth factor 2 (IGF2) signaling (Yoon 
and Chen, 2008). Thus PLD1 is a multifunctional regulator of myo-
blast differentiation. However, whether PLD1 has a physiological 
function in myogenesis in vivo has not been explored. Here we use 
in vivo and in vitro approaches to investigate how PLD1 regulates 
myoblast differentiation and fusion. Our data suggest that PLD1 
expression is transiently up-regulated during myoblast fusion, and 
its genetic ablation results in delayed myofiber regeneration after 
chemical injury. Blocking PLD1 activity with a PLD1-specific inhibi-
tor or ablation of PLD1 expression either by RNA interference or 
genetic knockout revealed a novel role for PLD1 in regulating fu-
sion of myocytes to existing myotubes, that is, during second-phase 
myoblast fusion.

RESULTS
PLD1 is down-regulated in diseased muscle but becomes 
increased during muscle regeneration in vivo and 
myogenesis in vitro
The mdx mouse models Duchenne muscular dystrophy (DMD), 
caused by dystrophin deficiency. In mdx mice, different muscle 
groups exhibit substantial divergence in dystrophy severity, with 
the diaphragm being the most severely affected and phenotypi-
cally the closest to DMD patients (Stedman et al., 1991). In a mi-
croarray analysis of gene expression profiles in skeletal muscles 
isolated from 8-wk-old wild-type, mdx, and mdx5cv (an mdx variant 
with a more severe phenotype) mice (Chapman et al., 1989), a five-
fold down-regulation of PLD1 was detected in the diaphragms of 
mdx5cv mice (Haslett et al., 2005) but not in limb muscles. To vali-
date this finding, we analyzed PLD1 transcript levels in the dia-
phragm, gastrocnemius (GA), and tibialis anterior (TA) muscles of 
8-wk-old wild-type and mdx5cv mice (Figure 1A). In accordance 
with the previous report, quantitative reverse transcription PCR 
(RT-PCR) revealed a significant decrease of PLD1 expression in the 
diaphragm but not in the GA and TA muscles of mdx5cv mice. 
Given that different skeletal muscles respond to dystrophin defi-
ciency heterogeneously, it has been suggested that other factors 
have critical effects on the phenotype severity (Porter et al., 2004). 
Accordingly, PLD1 could be one of the regulatory molecules dictat-
ing this selectivity.
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and fusion was affected in primary myoblasts in vitro. The fusion in-
dex (number of nuclei in myotubes divided by total number of nu-
clei in myoblasts and myotubes) was monitored during the differen-
tiation process to assess the ability of PLD1−/− myoblasts to form 
myotubes. At day 1, when nascent myotubes (two to four nuclei) 
were forming, the fusion index was similar in WT and KO cultures 
(Figure 3, A, top, and B), indicating that PLD1 ablation did not affect 
differentiation and nascent myotube formation. However, by day 4, 
WT myoblasts had formed elongated multinucleated mature myo-
tubes, whereas myoblasts derived from PLD1−/− muscle exhibited 
smaller and fewer myotubes (Figure 3A, bottom). The total fusion 
index was significantly decreased for the PLD1−/− cultures (33% ± 
7%) compared with WT ones (54 ± 3%; Figure 3C; p < 0.05). Further 
analysis revealed that the decrease of total fusion index was caused 
by the decrease of mature myotube formation (Figure 3C; 28 ± 3% 
in WT vs. to 8 ± 5% in KO, p < 0.01), whereas nascent myotube 

myofibers in the range of 60–70 μm in diameter (Figure 2E). These 
results suggest that PLD1 is essential for normal myofiber formation 
during adult myogenesis. Eighteen days after injury, muscle mor-
phology was similar in control and PLD1−/− muscles, and the diam-
eters of regenerating myofibers were comparable (Figure 2, A and 
F). To assess whether the defect in early muscle regeneration is due 
to impaired myogenic activity of myoblasts, we analyzed expres-
sion of myogenic transcription factors Pax7, Myf5, MyoD, and myo-
genin in TA muscles of both genotypes (Supplemental Figure S2F). 
No significant differences were observed. Thus ablation of PLD1 
impairs early muscle regeneration, but ultimately it can be compen-
sated for by alternate mechanisms in vivo.

Lack of PLD1 impairs mature myotube formation in vitro
To explore the mechanisms underlying impaired muscle regenera-
tion in PLD1−/− mice, we examined whether myogenic differentiation 

FIGURE 1:  PLD1 expression is down-regulated in diseased muscle and up-regulated during myoblast differentiation and 
fusion. (A) Reduction of PLD1 mRNA expression in the diaphragm of 8-wk-old mdx5cv mice (n = 5–6, *p < 0.05) but not 
in gastrocnemius (GA) and tibialis anterior (TA) muscles. (B) PLD1 gene expression was temporarily up-regulated in 
mouse CTX-injured TA muscle (n = 3, *p < 0.05). (C, E) Mouse C2C12 and (D, F) rat L6 myoblasts were grown to 
confluence, induced to differentiate for up to 6 d, and analyzed by quantitative RT-PCR (C, D) and Western blotting 
(E, F) for PLD1 expression. Results are shown as mean ± SD (n = 3). Asterisks indicate statistically significant differences 
between cells collected at day 0 and the subsequent time points (*p < 0.05; **p < 0.01).
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myoblasts treated with PLD1-shRNA. Luc-shRNA cells were used as 
control. In control culture, myoblasts started to form nascent myo-
tubes by day 2 in low serum differentiation medium (DM: DMEM 
plus 2% horse serum), and large, elongated, mature myotubes were 
observed by days 3 and 4 (Figure 4C, top). In contrast, the onset 
of myoblast differentiation was delayed in PLD1-shRNA sublines 
1 and 2, the fusion index of which was just 30 and 23% that of the 
control, respectively, at day 2 of differentiation (Figure 4D). By day 4, 
the overall fusion indexes of PLD1-shRNA sublines were still signifi-
cantly less than that of control (Figure 4D), and this difference 
persisted even after prolonged differentiation for another 3 d 
(unpublished data).

The myogenic transcriptional factors myogenin and MRF4 func-
tion to execute the differentiation program for committed myoblasts 
and are assisted by the myocyte enhancer-binding factor 2 (MEF2) 
to mediate expression of muscle-specific genes (Braun et al., 1989; 
Molkentin et al., 1995; Black and Olson, 1998). In PLD1-shRNA cells, 
myogenin and MEF2 protein levels were much lower than those of 
Luc-shRNA cells at day 1 of differentiation but increased to levels 
similar to controls by day 2 (Supplemental Figure S3, A–C), suggest-
ing that delayed onset of myoblast differentiation could be due to 
the delayed myogenin and MEF2 expression. However, by day 2, 
myogenin and MEF2 protein expression had increased to normal 
levels, allowing the knockdown cells to enter the differentiation 
program. Therefore reduced myotube formation in PLD1-shRNA 
cells was unlikely to have been caused by the delayed onset of 
differentiation.

formation was unchanged. In accordance with this result, more un-
fused mononuclear myoblasts were found in the PLD1−/− cultures 
(Figure 3D).

The fusion defects in PLD1−/− culture were neither due to impu-
rity of myogenic cells, as the level of desmin (a myogenic marker) 
expression was similar for both WT and KO myoblasts (Figure 3E), 
nor due to impaired myogenin expression, which is prerequisite 
for myoblast differentiation (Figure 3, A and E). Overall these data 
imply that myoblast fusion in vitro, especially second-phase fusion 
(i.e., addition of nuclei to nascent myotubes), is impaired in the 
absence of PLD1.

Knocking down PLD1 in rat myoblasts delays the onset 
of differentiation and inhibits mature myotube formation
To confirm the requirement for PLD1 in myoblast fusion in a differ-
ent model, we knocked down PLD1 expression in rat L6 myo-
blasts. As shown in Figure 4A, PLD1 protein levels were dramati-
cally reduced in two of the five clones (clones 1 and 2) treated 
with short hairpin RNA (shRNA) against PLD1 (PLD1-shRNA; 
Huang et al., 2005b), whereas luciferase shRNA (Luc-shRNA; con-
trol) had no effect on PLD1 expression. Down-regulation of PLD1 
significantly inhibited PLD activity in cells stimulated with phorbol 
myristic acid (PMA) but not the basal PLD activity, which was gen-
erated by the PLD2 isoform (Figure 4B; Colley et al., 1997; Singer 
et al., 1997).

To verify whether similar fusion defects exist in PLD1-shRNA cells 
as displayed in PLD1−/− myoblasts, we conducted fusion assay in L6 

FIGURE 2:  Lack of PLD1 expression impairs skeletal muscle regeneration in vivo. (A) Representative images of H&E 
staining of TA muscles from WT and PLD1−/− mice at 6 and 18 d after CTX injury (n ≥ 3/genotype). (B) TA muscle was 
immunostained for eMyHC and laminin at 6 d after CTX injury. Nuclei were stained with DAPI. Arrows in A and B 
indicate the increased interstitial space between myofibers in PLD1−/− muscle. (C, F) The mean diameters of 
regenerating myofibers at 6 (C) and 18 (F) d after CTX injury were measured to assess myofiber size (n ≥ 3/genotype, 
*p < 0.05). (D) The total number of eMyHC-positive regenerating myofibers was not different in WT and PLD1−/− muscle 
at 6 d after CTX injury. (E) The numbers of regenerating myofibers (6 d postinjury) were measured and expressed as a 
histogram plot (n ≥ 3/genotype). PLD1−/− mice contained more regenerating myofiber of smaller size than did WT. (F) By 
day 18, regenerating myofiber size was similar in WT and PLD1−/− mice.
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As depicted in the schematic in Figure 5A, the labeled cells were 
trypsinized, mixed, and cocultured in DM for 24 h before fixation 
and scoring for the dual-labeled myotubes, with ≥5 nuclei indicating 
mature myotube formation. Owing to the delayed onset of differen-
tiation in PLD1-shRNA cultures (compared with Luc-shRNA control), 
nascent myotubes formed by day 3 in DM were used in the assay. 
The coculture strategies are as follows (Figure 5B): 1) Luc-shRNA 
myotubes (day 2) plus Luc-shRNA myoblasts; 2) Luc-shRNA myotubes 
(day 2) plus PLD1-shRNA myoblasts; 3) PLD1-shRNA myotubes (day 
3) plus Luc-shRNA myoblasts; and 4) PLD1-shRNA myotubes (day 3) 
plus PLD1-shRNA myoblasts. In PLD1-shRNA coculture (Figure 5B4), 
only 22.61 ± 2.2% of myotubes (Figure 5C) showed dual label, in 
contrast to Luc-shRNA coculture (Figure 5B1), for which 87.76 ± 
5.4% of myotubes were double stained (Figure 5C). These results 
reconfirmed that lack of PLD1 impaired second-phase myoblast 
fusion. More important, mixing of PLD1-shRNA myoblasts with Luc-
shRNA myotubes (Figure 5B2) significantly hindered maturation of 
nascent myotubes and resulted in only 32.95 ± 1.32% of myotubes 
with double staining (Figure 5C), suggesting that myoblasts lacking 
PLD1 expression were unable to fuse properly with existing myo-
tubes. Conversely, heterotypic mixing of Luc-shRNA myoblasts with 
PLD1-shRNA myotubes (Figure 5B3) led to adequate development 
of nascent myotubes (89.9 4± 5.33% of myotubes with dual labeling; 
Figure 5C), indicating that nascent myotubes from PLD1-shRNA 
cultures had no defect in fusion. Hence these data show that mono-
nucleated myoblasts are the primary sites of PLD1 function during 
their fusion with nascent myotubes.

The protein expression of the late myogenic differentiation 
marker myosin was greatly decreased at all time points examined in 
PLD1-shRNA cells (Supplemental Figure S3D), consistent with less 
myotube formation, as shown in Figure 4C. On day 4 of differentia-
tion, the myosin-positive myotubes were much smaller and con-
tained fewer nuclei in PLD1-shRNA cultures compared with control 
cultures (Supplemental Figure S3, E and F), a phenotype similar to 
PLD1−/− cultures, suggesting that lack of PLD1 inhibits myoblast fu-
sion, especially mature myotube formation. As a measure of the 
specificity of RNA interference targeting, an shRNA-resistant PLD1 
cDNA (wobble mutation; Huang et  al., 2005b) was expressed in 
PLD1-shRNA cells via adenoviral infection, which rescued the sec-
ondary fusion defect and restored mature myotube formation (Sup-
plemental Figure S3, E and F). Thus these data are in line with previ-
ous findings suggesting that PLD1 can assist second-phase myoblast 
fusion.

PLD1 facilitates mononucleated myoblasts fusion with 
nascent myotubes during second-phase fusion
To investigate the roles of PLD1 in myoblasts and nascent myotubes 
in second-phase myoblast fusion, we performed a nascent myo-
tube-myoblast fusion assay in which PLD1-shRNA knockdown myo-
blasts or nascent myotubes were pulse labeled with CellTracker 
Green and CellTracker Red, respectively, to trace their contributions 
in mature myotubes. By calculating the ratio of green to red nuclei 
in mature myotubes, we could determine whether PLD1 acts on 
myoblasts, nascent myotubes, or both in this setting.

FIGURE 3:  Genetic ablation of PLD1 inhibits myoblast fusion in vitro. (A) Immunofluorescence analysis of desmin and 
myogenin expression in primary myoblasts derived from WT and PLD1−/− skeletal muscles and subjected to 
differentiation for up to 4 d. Nuclei were counterstained with DAPI. (B, C) Fusion index was determined by dividing the 
number of nuclei within myotubes by the total number of nuclei in a microscopic field (three to four microscopic fields/
sample). The data were collected from three independent experiments and are shown as mean ± SD (*p < 0.05; 
**p < 0.01). (D) Percentage of desmin-positive mononuclear cells was determined in WT and PLD1−/− cultures after 4 d 
in differentiation (n = 3, *p < 0.05). (E) Percentages of desmin- and myogenin-positive cells were determined in WT and 
PLD1−/− cultures after 4 d in differentiation (n = 3).
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track PA production in mammalian cells (Zeniou-Meyer et al., 2007; 
Su et al., 2009), whereas the mutant sensor GFP-Spo20L67P, which 
does not bind PA, localizes uniformly in the cell. In proliferating L6 
myoblasts, the majority of the sensor localized to the nucleus (Figure 
6A). On differentiation, GFP-PABD localized to the PM, as the per-
centage of myocytes expressing GFP-PABD on the cell surface 
increased dramatically (Figure 6, B, arrow, and C). In addition, PM 
localization of GFP-PABD was observed only in mononuclear myo-
cytes and not in the fused myotubes (Figure 6B, arrowhead), and 
knocking down PLD1 significantly decreased PA production on the 

PA production on plasma membrane is required for 
myocytes to fuse with nascent myotubes
Because PLD1 is required for myoblasts to fuse with nascent myo-
tubes, we wondered whether PLD1 activity could be detected on 
the PM of myoblasts. The PLD product PA can be monitored using 
a fluorescent sensor, which consists of enhanced GFP fused with the 
PA-binding domain (PABD) of the yeast Spo20 protein (GFP-
Spo2051-91; Nakanishi et  al., 2004). This sensor, called GFP-PABD 
hereafter, translocates to the PM to bind acidic phospholipid PA, 
and monitoring the GFP fluorescence has been successfully used to 

FIGURE 4:  Inhibition of myogenesis by PLD1 silencing in L6 muscle cells. (A) L6 myoblasts were transfected with either 
pSuper-PLD1 shRNA (PLD1-shRNA) or luciferase shRNA (Luc-shRNA). Western blot analysis showed that PLD1 
expression was significantly reduced by RNA interference in clones 1 and 2 compared with Luc-shRNA–treated cells and 
L6 myoblasts. (B) PLD1 knockdown inhibited PLD activity stimulated by PMA, whereas the basal activity was not 
affected (n = 3, *p < 0.05). (C, D) PLD1 knockdown resulted in delayed onset of myoblast fusion. Luc- and PLD1-shRNA 
myoblasts were cultured until nearly confluent and switched to low-serum differentiation medium. Myoblast fusion was 
monitored daily for 4 d using phase-contrast microscopy, and fusion index was analyzed at days 2 and 4. Data are shown 
as mean ± SD (n = 3, *p < 0.05).
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Scott et  al., 2009; Supplemental Figure 
S4A). To inhibit PLD1 activity in the first-
phase fusion, we differentiated L6 myoblasts 
in DM with 4 μM VU0359595 for 48 h (Bach 
et al., 2010; Scott et al., 2009). We then re-
moved the inhibitor from the culture and dif-
ferentiated the cells in inhibitor-free DM for 
another 3 d. Under such conditions, myo-
blasts differentiated and fused similarly to 
the dimethylsulfoxide (DMSO)-treated con-
trols (Supplemental Figure S4, B and C), 
suggesting that acute PLD1 inhibition in 
early differentiation did not hinder myoblast 
fusion. To block PLD1 activity specifically 
during second-phase myoblast fusion, we 
differentiated L6 myoblasts in normal DM 
for 48 h, followed by addition of PLD1 in-
hibitor for another 3 d. This led to remark-
able reduction of mature myotube forma-
tion and accumulation of nascent myotubes 
(Supplemental Figure S4, D and E). Of note, 
selective blockade of PLD1 activity at the 
onset of second-phase fusion is sufficient to 
recapitulate the myogenic fusion defect 
shown in PLD1−/− myoblasts and PLD1-
knockdown cells, again demonstrating that 
PLD1 plays an essential role in second-phase 
myoblast fusion.

PLD1 and its product, PA, have been 
shown to facilitate vesicle–PM fusion during 
exocytosis, possibly through regulation of 
hemifusion and/or fusion pore dynamics 
(Huang et al., 2005b; Zeniou-Meyer et al., 
2007; Xu et al., 2011). The opening and ex-
pansion of a fusion pore—a rate-limiting 
step of fusion (Cohen and Melikyan, 2004)—
is facilitated by lysophosphatidylcholine 
(LPC). To test whether addition of LPC might 
reverse the PLD1 inhibition phenotype and 
restore mature myotube formation, we dif-
ferentiated L6 myoblasts in DM containing 
PLD1 inhibitor VU0359595 for 4 d and then 
replaced the medium with DM with 50 μM 
LPC for another 15 h. LPC at this concentra-
tion does not change cell viability signifi-
cantly (Huang et  al., 2005a) and enhances 
fusion of WT myocytes (Supplemental Figure 
S5). As shown in Figure 7A, acute perturba-
tion of PLD1 abrogated mature myotube 
formation and led to the accumulation of 

nascent myotubes, whereas LPC could partially reverse this second-
phase fusion defect. Moreover, LPC specifically increased myotube 
maturation instead of nascent myotube formation (Figure 7B). Simi-
larly, LPC partially rescued the fusion arrest of the nascent PLD1−/− 
myotubes and promoted more mature myotube formation (Figure 
7, C and D). Taken together, these data suggest that PLD1 and its 
product, PA, may be required for a late step of fusion of adjacent 
membranes between myoblasts and myotubes.

DISCUSSION
In this study, we demonstrated that PLD1 facilitates muscle regen-
eration in vivo and validated that its expression is decreased in 

PM of differentiated myocytes (Figure 6C). Together these data im-
ply that PLD1 activity on the PM of myocytes is essential for their 
fusion into nascent myotubes.

A small-molecule PLD1 inhibitor blocks mature myotube 
formation, whereas lysophosphatidylcholine addition 
partially rescues the fusion defect
Chronic depletion of PLD1 protein throughout myoblast differentia-
tion and fusion revealed a second-phase fusion defect. To verify this 
result, we used the PLD1-specific inhibitor VU0359595 to block 
PLD1 activity at a distinct phase of myoblast fusion and to test 
whether the effect of PLD1 inhibition is reversible (Lewis et al., 2009; 

FIGURE 5:  PLD1 is required by mononucleated myoblasts to fuse with nascent myotubes 
during second-phase myoblast fusion. (A) Schematic diagram showing coculture experiments. 
Nascent myotubes and mononucleated myoblasts were labeled with CellTracker green and 
CellTracker red, respectively, and cocultured for 24 h in DM before assessing the fused 
myotubes with dual labeling. (B, C) Confocal imaging analysis of myoblast and myotube 
coculture derived from Luc-shRNA or PLD1-shRNA cells. See text for details. Myoblasts from 
PLD1-shRNA culture exhibited impaired fusion capacity with control (Luc-shRNA) myotubes, 
whereas nascent myotubes from PLD1-shRNA culture fused normally with control myoblasts. 
Arrows indicate myotubes with dual labeling. Data are shown as mean ± SD from three 
independent analyses (**p < 0.01).
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generation of mature myotubes. This role of 
PLD1 in myogenesis is distinct from what is 
found in previous reports. For example, 
knocking down PLD1 in C2C12 cells was 
shown to inhibit myoblast differentiation 
through the mTOR-IGF2 pathway (Yoon and 
Chen, 2008). In a different model of myo-
genesis, Nemoz’s group demonstrated that 
vasopressin-induced L6 differentiation is 
PLD1 dependent and occurs through activa-
tion of mTORC2-PKCα pathways (Jaafar 
et al., 2011). In both cases, PLD1 is implied 
to be involved in the early phase of differen-
tiation and regulates myogenin expression, 
which is prerequisite for myoblast differen-
tiation and fusion (Hasty et  al., 1993; 
Nabeshima et  al., 1993). In the present 
study, L6 cells treated with PLD1-shRNA dis-
played delayed expression of myogenin 
and delayed onset of differentiation. How-
ever, after 1 d of differentiation, myogenin 
expression rose to a level similar to WT, 
whereas primary myoblasts derived from 
WT and PLD1−/− mice exhibit comparable 
level of myogenin expression upon differen-
tiation. Thus our data indicate that ulti-
mately myoblasts lacking PLD1 were able to 
express myogenin to enter the differentia-
tion program; however, these cells could not 
complete secondary fusion to form mature 
myotubes, implying a novel role of PLD1 in 
secondary myoblast fusion.

Our results further indicate that PA tran-
siently accumulated on the PM of myocytes 
and appeared to act on myocytes but not 
nascent myotubes during second-phase fu-
sion. Secondary myoblast fusion is asym-
metric, with many proteins required exclu-
sively by unfused myoblasts (reviewed in 

Chen et al., 2007). Reports, including ours, also suggest that PLD1 
and its product, PA, promote intracellular vesicle fusion to the PM 
(reviewed in Roth, 2008) and do so most probably asymmetrically 
because this enhancement occurs only when PLD/PA is present on 
the acceptor membrane (equivalent to PM) in a cell-free system 
(Vicogne et al., 2006).

PA generation on the PM predisposes these cells for subsequent 
fusion events. In an earlier study using chick embryo myoblasts, 
Santini et al. (1990) showed that right before fusion occurs, PC and 
cholesterol on the PM break down, whereas PA and PE phospholip-
ids increase inversely (which is in agreement with our finding). These 
kinds of lipid composition changes result in a highly destabilized 
fusion-competent myoblast membrane. In addition to PLD hydroly-
sis of PC, PA can be generated from lysophosphatidic acid (LPA) 
through LPA acyltransferases (LPAAT) and from 1,2-diacyl-sn-glycer-
ols (DAG) by the action of diacylglycerol kinases (DGKs). Several 
LPAAT isoforms have been found to be highly expressed in skeletal 
muscle, although their function in myogenesis has not been fully 
understood (Leung, 2001; Li et al., 2003). DGK-catalyzed PA pro-
duction increases in fusion-competent myoblasts with Ca2+ stimula-
tion (Wakelam, 1983). More recently, DGKζ has been shown to me-
diate mechanical activation of PA-mTORC1 signaling in skeletal 
muscle (You et al., 2014). Here our data indicate that in vitro PLD1 

diseased muscle. In an acute muscle injury model, cardiotoxin is 
known to cause acute muscle damage on existing myofibers but 
spares satellite cells, which are reactivated from quiescent stage 
upon injury and reenter the cell cycle for proliferation and differen-
tiation to make new myofibers (Harris and Johnson, 1978; Dixon 
and Harris, 1996). We detected a significant increase in PLD1 tran-
script levels in myogenic cells (satellite cells) at a time when myo-
blast fusion is actively ongoing and nascent myofibers have formed 
but not yet matured. Concordant with PLD1 up-regulation during 
muscle regeneration, ablation of PLD1 in vivo attenuates myofiber 
regeneration. In the mdx mouse, diaphragm is the most severely 
affected muscle, which exhibits a chronic degeneration phenotype 
starting at 6–8 wk of age, comparable to that of DMD patient limb 
muscle (Stedman et  al., 1991). Given that PLD1 expression was 
greatly down-regulated in the diaphragm of adult mdx5cv mice, it is 
likely that PLD1 expression level is associated with the severity of 
muscle degeneration. Although this is intriguing, further research is 
required to corroborate the role of PLD1 in the development of 
DMD.

In vitro analysis of primary myoblasts from PLD1−/− mice and L6 
myoblasts treated with either PLD1-shRNA or PLD1 inhibitor further 
defined a role for PLD1 in secondary myoblast fusion—that is, PLD1 
facilitates mononuclear myocyte fusion into nascent myotubes for 

FIGURE 6:  PA production on the plasma membrane is required for myocytes to fuse with 
nascent myotubes. (A) Localization of GFP-PABD and mutant GFP-PABD in proliferating L6 
myoblasts. (B) At day 2 of differentiation, GFP-PABD was detected on the PM of mononuclear 
myocytes (arrows) but inside myotubes (arrowhead). In PLD1-shRNA culture, fewer myocytes 
with cell surface localization of GFP-PABD were detected. (C) Quantification of PA sensor 
(GFP-PABD) on the PM of Luc-shRNA and PLD1-shRNA cells (n = 3, *p < 0.05).
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membrane, LPC has been shown to stimulate various signaling mol-
ecules through the activation of the membrane G-protein–coupled 
receptors (Wang et al., 2005). Of particular relevance to our study, 
L6 myotubes treated with 20 μM exogenous LPC for 3 h resulted in 
increased phosphorylation of Jun N-terminal kinase (JNK; Han et al., 
2011). However, JNK activation impairs myogenesis (Meriane et al., 
2000), which is contradictory to LPC’s effect in this setting. Therefore 
it is reasonable to deduce that LPC-mediated fusion rescue is un-
likely through signal transduction, even though it cannot be ruled 
out that LPC may modulate myoblast fusion via an unidentified 
signaling network.

Apart from influencing lipid composition during fusion, PLD1 
and its product, PA, could also regulate myoblast fusion by 1) serv-
ing as an anchor for recruiting fusogenic proteins to the PM or 
2) playing a role in signal transduction to promote membrane 
fusion. For example, PA binds to and activates PI4P5 kinase on PM 
to generate phosphatidylinositol 4,5-bisphosphate (PIP2), which is 
known to promote myoblast fusion (Bach et  al., 2010). More re-
cently, PA-induced PIP2 generation was shown to be specifically 
required for membrane inner leaflet fusion, which ensures the 
mixing of cellular contents from fused cells (Leikina et al., 2013).

In conclusion, our data extend previous studies on the role of 
PLD1 in skeletal myogenesis and reveal the specific requirement of 
PLD1 for myocytes to fuse into existing myotubes through regula-
tion of a late step of membrane fusion possibly involving fusion pore 
opening and expansion. Increased knowledge of additional protein 
players in myoblast fusion would have significant advantages for 
developing new strategies for accelerating muscle regeneration 
after injuries and treating neuromuscular disorders.

and its product, PA, facilitate mononuclear myocyte fusion with na-
scent myotubes.

PLD1 and its product, PA, could regulate myoblast fusion by 
changing the composition of lipid bilayers to favor fusion. Topologi-
cally, membrane lipids with distinct curvature will favor or disfavor 
certain steps of fusion. According to their geometric features, PA, a 
cone-shaped lipid, produces negative curvature; by contrast, the 
inverted-cone-shaped LPC induces positive curvature and exhibits 
opposite effects in fusion. The effects of different cone-shaped lip-
ids on membrane fusion also depend on their location on mem-
brane bilayers. For instance, during cell–cell fusion, LPC in the con-
tacting membrane monolayers (outer leaflets) is expected to inhibit 
hemifusion, whereas the same lipid in the inner membrane leaflet 
should promote fusion pore development (Kozlovsky et al., 2002). 
During myoblast fusion, the hemifusion of myoblasts could be 
blocked by LPC at a concentration of 300 μM (Leikina et al., 2013).

In the present study, addition of 50 μM LPC to the differentiation 
medium enhanced the membrane fusion of PLD1 inhibitor-treated 
myoblasts, supporting its role in inducing fusion pore formation in 
the inner membrane bilayer. Transbilayer flip-flop of LPC from the 
outer leaflet to the inner leaflet of the PM is an energy-independent 
process with a translocation rate of 1.87%/h in human erythrocytes 
(Mohandas et al., 1982). The amount of LPC that translocates to the 
inner monolayer increases linearly with total LPC concentration 
ranging from 8 to 80 μM. Thus it is feasible to speculate that in our 
study, LPC translocates to the inner membrane leaflets to promote 
the opening of fusion pore and subsequently removes the block 
that keeps membranes from merging in PLD1 inhibitor-arrested 
cells. In addition to its role as a lipid component of the cell 

FIGURE 7:  PLD1 inhibitor blocks mature myotube formation in L6 myoblasts, which can be partially rescued by addition 
of LPC. (A) Near-confluent L6 myoblasts were treated with either DM plus DMSO or DM plus PLD1 inhibitor (4 μM) for 
4 consecutive days. Then the medium was replaced with DM with or without 50 μM LPC for another 15 h. Severe 
retardation of mature myotube formation was observed in PLD1 inhibitor-treated cells, whereas LPC treatment partially 
reversed the PLD1 inhibition. L6 cells were immunostained with myosin and myogenin antibodies, and the nuclei were 
counterstained with DAPI. (B) The fusion indexes of mature and nascent myotubes were calculated in the treated cells 
(n = 3, *p < 0.05, **p < 0.01). (C, D) Primary myoblasts isolated from WT and PLD1−/− muscle were differentiated for 4 d, 
and PLD1−/− culture was then treated with or without 50 μM LPC for another 15 h before immunofluorescence staining 
for myosin and myogenin expression. The fusion indexes of mature and nascent myotubes were calculated (n = 3, 
*p < 0.05, **p < 0.01). Again, addition of LPC could partially reverse the PLD1−/− fusion defect.
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cells were incubated with Alexa Fluor 546–conjugated or Alexa Fluor 
488–conjugated secondary antibodies (Molecular Probes, Eugene, 
OR) for 1 h at room temperature and washed with PBS. Nuclei were 
counterstained with either 4′,6-diamidino-2-phenylindole (DAPI; 
100 ng/ml) or TOTO-3 (2.4 nM; Molecular Probes). Slides were 
then mounted in Vectashield (Vector Laboratories, Burlingame, CA). 
Cells were visualized using an Eclipse E-1000 microscope (Nikon, 
Melville, NY) and photographed using a Hamamatsu digital camera 
(Hamamatsu, Bridgewater, NJ), and images were acquired using 
Openlab software, version 3.1.5 (Improvision, PerkinElmer, Waltham, 
MA). For confocal imaging, all images were acquired with a 40×/1.25 
numerical aperture oil immersion objective using a TCS2 confocal 
microscope (Leica, Wetzlar, Germany).

Cell culture
Primary muscle cultures were derived from the pooled muscles of 
6-wk-old wild-type and PLD1-knockout mice and cultured as de-
scribed (Rando and Blau, 1994; Sohn et al., 2009). Briefly, muscles 
were minced under sterile conditions and incubated for 45 min at 
37ºC in 1× Hanks’ balanced salt solution (HBSS) containing 35 mg of 
collagenase D (Roche, Indianapolis, IN) and 8.4 U of Dispase II 
(Roche) per gram of tissue with gentle trituration every 15 min. Di-
gestion was terminated by addition of growth medium (1:1 mixture 
of DMEM-high glucose and Ham’s F-10 medium; 20% fetal bovine 
serum, 5 ng/ml basic fibroblast growth factor, 100 U/ml penicillin, 
100 μg/ml streptomycin, and 2 mM l-glutamate), and the cell sus-
pension was filtered through 100- and 40- μm filters. After centrifu-
gation at 1100 rpm for 5 min, cells were resuspended in 1:7 mixture 
of growth medium and RBC lysis buffer (Invitrogen). Cells were then 
preplated on noncoated tissue culture (TC) dishes for 2 h; afterward, 
the cells in suspension were transferred to collagen type I (BD Bio-
sciences, Bedford, MA)–coated TC dishes. C2C12 and L6 myoblasts 
were grown in DMEM supplemented with 10% fetal bovine serum, 
100 U/ml penicillin, 100 μg/ml streptomycin, and 2 mM l-glutamate. 
All cells were incubated in a humidified incubator with 5% CO2 
at 37°C. The PLD1 inhibitor (VU0359595; Avanti Polar Lipids, 
Alabaster, AL) was used at 4 μM (Scott et al., 2009), and the inhibi-
tor-containing medium was replenished every day. Aliquots of 16:0 
Lyso PC (Avanti Polar Lipids) were evaporated under nitrogen in 
glass tubes, resuspended in HBSS, and added to the cultures to 
give a final concentration of 50 μM for 15 h.

Lipofectamine transfection and generation of PLD1-shRNA 
stable cell lines
GFP-PABD, GFP-PABD-mutant constructs, and shRNA construct for 
PLD1 (target nucleotides 547–565 of the open reading frame; Huang 
et  al., 2005b) were transfected in L6 cells with Lipofectamine re-
agents (Invitrogen), following manufacturer’s instructions. Stable 
PLD1-shRNA cell lines were selected 48 h later in growth medium 
containing G418 (1 mg/ml), and single colonies were picked for 
Western blot analysis and PLD enzyme activity assays. As a control, 
luciferase-shRNA was transfected into L6 cells as well. One control 
and two PLD1-shRNA sublines were chosen for subsequent experi-
ments and maintained in medium supplemented with G418 
(400 μg/ml). For rescue assays, adenoviral vectors containing PLD1 
cDNA with wobble mutations was generated using the AdEasy sys-
tem (Huang et al., 2005b). PLD1-shRNA myoblasts were infected at 
a multiplicity of infection of 100 plaque-forming units/cell in DMEM 
with 0.5% BSA overnight. The medium was replaced with DMEM 
containing 10% serum the next morning, and the cells were induced 
for myoblast differentiation after 48 h of infection. This protocol re-
sulted in an infection efficiency of at least 80%.

MATERIALS AND METHODS
Mouse strains
PLD1−/− mice were generated and characterized as described (Elvers 
et al., 2010; Chen et al., 2012). C57BL/6Ros-5cv (mdx5cv) mice were 
obtained from Jackson Laboratories (Bar Harbor, ME). All animal 
procedures were approved by the Institutional Animal Care and Use 
Committee at Boston Children’s Hospital.

Cardiotoxin injury and analysis of muscle regeneration
Muscle injury was made by injection of cardiotoxin (15 μl of 0.5 μg/μl 
stock) from Naja mossambica (Sigma-Aldrich, St. Louis, MO) into the 
TA muscle of 8- to 12-wk-old C57BL/6 mice or wild-type and PLD1-
knockout mice. Muscles were harvested at various times (3, 4, 5, 7, 
and 12 d) after injection to extract RNA. Contralateral, uninjected TA 
muscle was used as a control. For regeneration studies, muscles 
were embedded and rapidly frozen in isopentane cooled with liquid 
nitrogen for cryostat sectioning at days 6 and 18 after injury. Muscle 
tissue sections (10 μm) were stained for hematoxylin and eosin 
(H&E), and regeneration was analyzed by measuring the diameter of 
regenerating myofibers with centrally localized nuclei. Measure-
ments were performed using ImageJ software (National Institutes of 
Health, Bethesda, MD).

RNA isolation and quantitative RT-PCR analysis
Total RNA was isolated from tissues or cultured cells using Trireagent 
(Molecular Research Center, Cincinnati, OH). Reverse transcription 
was performed using the Superscript III First Strand Synthesis kit for 
RT-PCR (Invitrogen, Carlsbad, CA) according to the manufacturer’s 
instruction. Quantitative RT-PCR was performed with the SYBR 
Green PCR master mix kit (Applied Biosystems, Carlsbad, CA) us-
ing an ABI7900HT PCR machine under ‘‘default’’ conditions: 50°C 
for 2 min and 95°C for 10 min, followed by 40 cycles of amplifica-
tion at 94°C for 15 s and 60°C for 1 min. All transcripts levels were 
normalized to glyceraldehyde-3-phosphate dehydrogenase tran-
script levels. The sequences of primers used in this study are listed 
in Supplemental Table S1.

Immunoblot analysis
Protein lysates were collected from cultured C2C12 and L6 cells be-
fore differentiation and at the specified days after differentiation. 
Briefly, cells were rinsed in cold phosphate-buffered saline (PBS) and 
lysed on ice for 30 min in lysis buffer (50 mM Tris, pH 7.4, 150 mM 
NaCl, 1% NP-40, 0.1% SDS, and Halt Protease Inhibitor Cocktail 
[Pierce Biotechnology, Rockford, IL]). Protein concentration was 
measured using a bicinchoninic acid protein assay (Pierce Biotech-
nology). Twenty to fifty micrograms of protein extracts was sepa-
rated on 10% SDS–PAGE gels and transferred onto nitrocellulose 
membranes. Western blot was performed using the antibodies 
against PLD1 (1:1000), tubulin (1:1000; Sigma-Aldrich), myogenin 
(1:1000; Santa Cruz Biotechnology, Santa Cruz, CA), MEF2 (1:1000; 
Santa Cruz Biotechnology), and myosin heavy chain (1:10,000; De-
velopmental Studies Hybridoma Bank, Iowa City, IA), as described 
(Huang et al., 2005b).

Immunocytochemistry
Cells were fixed in 4% paraformaldehyde for 10 min, permeabilized 
with 0.1% Triton X-100 for 10 min, blocked with PBS containing 2% 
bovine serum albumin (BSA) plus 5% normal goat serum for 1 h, and 
incubated overnight at 4°C with mouse anti-desmin antibody (1:50; 
DakoCytomation, Carpinteria, CA), rabbit anti-myogenin (1:50; Santa 
Cruz Biotechnology), or mouse anti–myosin heavy chain (1:20; De-
velopmental Studies Hybridoma Bank). After three washes with PBS, 
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Myoblast differentiation and fusion index determination
Myoblasts were plated in a 12-well plate at a density of 1 × 105 cells/
well in growth medium. Differentiation was induced when the cells 
reach 90% confluency by switching to differentiation medium 
(DMEM with low glucose, 1 g/l, 2% horse serum, 100 U/ml penicillin, 
100 μg/ml streptomycin, and 2 mM l-glutamate). The fusion index 
was determined from three to five randomly chosen microscopic 
fields as the ratio of the number of nuclei within myotubes over the 
total number of nuclei.

Cocultures of myoblasts with nascent myotubes
Coculture of labeled myoblasts and myotubes has been described 
(Horsley et al., 2003; Sohn et al., 2009). In brief, L6 myoblasts and 
nascent myotubes were labeled with 5 μM CellTracker red and 
green CMFDA (Molecular Probes), respectively, for 30 min at 37°C, 
washed with PBS twice, and incubated with fresh growth medium 
for another 30 min at 37°C. Labeled cells were trypsinized, plated in 
12-well plates at equal cell numbers, and cocultured for another 
24 h. Cells were then fixed with 3.7% formaldehyde, stained with 
DAPI, and visualized with a Leica confocal microscope. Fusion 
between myoblasts with nascent myotubes was analyzed in double-
stained myotubes with ≥3 nuclei. More than 300 nuclei per sample 
were counted for analysis.

PLD activity assay
PLD activities were determined by an in vivo transphosphatidylation 
reaction to measure the accumulation of phosphatidylbutanol in in-
tact cells (Morris et al., 1997). A detailed protocol for the PLD activity 
assay in L6 cells has been described (Cazzolli et al., 2009). For PMA-
stimulated PLD activity, myoblasts were incubated with 100 nM 
PMA and 0.3% butan-1-ol for 30 min.

Statistical analysis
All values are presented as the mean ± SD from at least three inde-
pendent experiments unless otherwise stated. Two-tailed Student’s 
t test and one-way ANOVA were used for statistical analyses with 
two groups and more than two groups, respectively. p < 0.05 was 
considered to represent statistically significant differences.
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