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Significance

Myoblast fusion into multinuclear 
myotubes is a critical cellular 
process for the formation of 
skeletal muscle fibers. However, 
the mechanisms orchestrating 
cell fusion remain incompletely 
understood. In this study, using a 
cellular model of X-linked 
centronuclear myopathy, in 
which the phosphoinositide 
phosphatase MTM1 has been 
knockout, we unravel an 
unexpected pathway connecting 
MTM1 to cell-cell fusion. We 
demonstrate that MTM1 is the 
main enzyme in this cellular 
system responsible for 
synthesizing PI5P. Subsequently, 
PI5P is rapidly metabolized by 
the PI5P 4-kinase α into PI(4,5)P2 
which accumulates at the plasma 
membrane thereby facilitating 
the formation of podosome-like 
protrusions, playing a crucial role 
in the spatiotemporal regulation 
of myoblast fusion.
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fuels the formation of podosome-like protrusions regulating 
myoblast fusion
Mélanie Mansata , Afi Oportune Kpotora,1 , Gaëtan Chicannea,1 , Mélanie Picota, Anne Mazarsa , Rémy Flores-Floresa , Bernard Payrastrea,b ,  
Karim Hniaa , and Julien Viauda,2

Edited by Elizabeth H. Chen, The University of Texas Southwestern Medical Center, Dallas, TX; received October 21, 2022; accepted April 10, 2024 by 
Editorial Board Member Rebecca Heald

Myogenesis is a multistep process that requires a spatiotemporal regulation of cell 
events resulting finally in myoblast fusion into multinucleated myotubes. Most major 
insights into the mechanisms underlying fusion seem to be conserved from insects to 
mammals and include the formation of podosome-like protrusions (PLPs) that exert a 
driving force toward the founder cell. However, the machinery that governs this process 
remains poorly understood. In this study, we demonstrate that MTM1 is the main 
enzyme responsible for the production of phosphatidylinositol 5-phosphate, which in 
turn fuels PI5P 4-kinase α to produce a minor and functional pool of phosphatidylin-
ositol 4,5-bisphosphate that concentrates in PLPs containing the scaffolding protein 
Tks5, Dynamin-2, and the fusogenic protein Myomaker. Collectively, our data reveal 
a functional crosstalk between a PI-phosphatase and a PI-kinase in the regulation of 
PLP formation.

phosphoinositides | myoblast fusion | MTM1 | podosomes

Phosphoinositides (PIs) are a minor class of phospholipids that play an essential role in 
diverse cellular functions highlighted by the direct involvement of their metabolizing 
enzymes in human pathologies (1, 2). However, there is still limited knowledge of the 
functions of low abundant PIs such as phosphatidylinositol 5-phosphate (PI5P) or phos-
phatidylinositol 3,5-bisphosphate [PI(3,5)P2], the least characterized species (3). MTM1 
is a lipid phosphatase that dephosphorylates phosphatidylinositol 3-phosphate (PI3P) 
into PI (4–6) and PI(3,5)P2 into PI5P (7, 8). Mutations in the myotubularin 1 (MTM1) 
gene are responsible for X-linked myotubular myopathy (XLMTM), the most severe form 
of centronuclear myopathy, which results in most cases from the lack of MTM1 (9). 
Interestingly, while MTM1 is ubiquitously expressed, only skeletal muscle is affected in 
XLMTM, suggesting the intervention of tissue-specific interactors/signaling pathways to 
mediate the impact of MTM1 on the disease. An Mtm1 knockout mouse model has been 
developed and it reproduces the human pathology (10). Data from studies on other animal 
models, like Drosophila and Zebrafish, support the muscular function of MTM1 in 
PI3P-dependent membrane/vesicular trafficking and the homeostasis of the endosomal 
system to regulate t-tubule organization, organelle positioning, excitation-contraction 
coupling, and cytoskeletal organization (11–13). However, our current knowledge about 
the role of MTM1 substrates and products during myogenesis is undefined as well as their 
roles in the etiology of the disease.

Results

MTM1 Is Required for Normal Myoblast Differentiation. In order to gain insight into 
the function of MTM1, its importance in PI5P production from PI(3,5)P2, and the role 
of these lipids in the etiology of the disease, we used the C2C12 mouse myoblast cell 
line that is widely used to study myogenesis in vitro and that rapidly differentiates into 
myotubes under low-serum conditions (14–16). We succeeded to isolate an Mtm1-KO cell 
line that has retained its myotube formation capacity, using CRISPR–CRISPR-associated 
protein 9 (Cas9) technology via the ribonucleoprotein editing strategy. In KO cells, the 
presence of frameshift mutations leading to premature stop codons in the Mtm1 gene 
was identified by allelic sequencing (SI Appendix, Fig. S1 A and B) and confirmed by the 
absence of MTM1 on western blot; in parental WT cells, MTM1 expression normally 
increases steadily during differentiation (Fig. 1A). No indel mutations were observed in 
predictive off-targets (SI Appendix, Fig. S1C).
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Fig. 1.   Phenotypic characterization of the Mtm1 knockout cell line. (A) Expression of MTM1 at the indicated time points of WT and Mtm1-KO C2C12 differentiation 
analyzed by western blot. Images are representative of six independent experiments. (B) MYH4 and DAPI staining of C2C12 WT and Mtm1-KO at the indicated 
time points. (Scale bar, 100 μm.) On the right, higher magnifications for the indicated areas shown as boxes. (Scale bar, 50 μm.) (C) Average area of MYH4 labeled 
WT and Mtm1-KO cells during differentiation. Data are represented as mean ± SEM, n = 4, five fields per independent experiment, each point represents one 
field of view, ns = not significant, ***P < 0.001, ****P < 0.0001 according to one-way ANOVA test and Šídák’s multiple comparisons test. (D) Quantification of 
the fusion index for the WT and Mtm1-KO cells at the indicated time points. The fusion index represents the number of nuclei in MYH4 positive cells compared 
to the total number of nuclei. Data are represented as mean ± SEM, n = 4, five fields per independent experiment, each point represents one field of view, ns = 
not significant, **P < 0.01, ****P < 0.0001 according to one-way ANOVA test and Šídák’s multiple comparisons test. (E) Relative myotube alignment from C2C12 
WT, Mtm1-KO, Mtm1-KO expressing flag-MTM1, or flag-MTM1-CS for the indicated days of differentiation. Data are represented as mean ± SEM, n = 3 to 4, five 
fields per independent experiment, each point represents one field of view, ns = not significant, **P < 0.01, ****P < 0.0001 according to one-way ANOVA test 
and Šídák’s multiple comparisons test. (F) MYH4 and DAPI staining of C2C12 Mtm1-KO expressing flag-MTM1 after 3 d of differentiation. (Scale bar, 100 μm.) 
The lower panel represent a higher magnification for the indicated area shown as a box. (Scale bar, 50 μm.) (G) Percentage of myotubes with clustered nuclei 
(myotube presenting more than five grouped nuclei) for the indicated days of differentiation of C2C12 WT, Mtm1-KO, and Mtm1-KO expressing flag-MTM1. Data 
are represented as mean ± SEM, n = 3 to 4, *P < 0.05, ***P < 0.001, and ****P < 0.0001 according to one-way ANOVA test and Šídák’s multiple comparisons test. 
(H) Quantification of the fusion index for the indicated days of differentiation of C2C12 WT transduced with lentiviruses expressing an empty vector, Mtm1-KO 
cells expressing flag-MTM1 or flag-MTM1-CS, C2C12 WT cells expressing flag-MTM1 or flag-MTM1-CS. Data are represented as mean ± SEM, n = 3 to 4, five fields 
per independent experiment, each point represents one field of view, *P < 0.05, **P < 0.01, ***P < 0.001 according to one-way ANOVA test and Šídák’s multiple 
comparisons test. (I) Quantification of the differentiation index for the indicated days of differentiation of C2C12 WT transduced with lentiviruses expressing an 
empty vector, Mtm1-KO cells expressing flag-MTM1 or flag-MTM1-CS, C2C12 WT cells expressing flag-MTM1 or flag-MTM1-CS. Data are represented as mean ± 
SEM, n = 3 to 4, five fields per independent experiment, each point represents one field of view, ns=not significant, ****P < 0.0001 according to one-way ANOVA 
test and Šídák’s multiple comparisons test. (J) MYH4 and DAPI staining of C2C12 Mtm1-KO expressing flag-MTM1-CS after 3 d of differentiation (Left). MYH4 
and DAPI staining of C2C12 Mtm1-KO expressing flag-MTM1-CS after 8 d of differentiation (Right). (Scale bar, 100 μm.) (K) MYH4 and DAPI staining of C2C12 WT 
expressing an empty vector (Left), expressing flag-MTM1 (Middle), expressing flag-MTM1-CS (Right), after 3 d of differentiation. (Scale bar, 100 μm.)
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We next differentiated parental WT and KO cells for 10 d and 
assessed myotube formation [myosin heavy chain (MYH4)-positive 
cells]. As shown in Fig. 1B, myogenic differentiation in WT cells 
is visually apparent after 3 d, with aligned and elongated myotubes 
on day 6 that continue to grow until day 10. In contrast, in KO 
cells there is a clear delay in differentiation with formation of 
shorter non-spindle-shaped myotubes visible on day 6, with con-
tinued growth until day 10 but with adhesion defects of myotubes 
on the gelatin substratum, a phenotype already described in animal 
models (11, 17). There was no observed difference in cell spreading 
and migration speed between WT and Mtm1-KO myoblasts 
(SI Appendix, Fig. S1 D and E). Interestingly, we recently reported 
that valproic acid ameliorates the differentiation process and adhe-
sion of our Mtm1-KO cells as in zebrafish and mouse XLMTM 
models (18). Importantly, knockdown of Mtm1 with shRNAs 
resulted in the same phenotypes as KO cells (SI Appendix, Fig. S1 
F–H). Accordingly, average area of myotubes from KO cells was 
found reduced by ~50% at all stages of the differentiation process 
(Fig. 1C), with fusion indexes (percentage of nuclei in 
MYH4-positive cells containing more than 2 nuclei) in WT and 
KO cells of 11 ± 0.97% and 1.78 ± 0.19% after 3 d of differen-
tiation, respectively (Fig. 1D). Fusion indexes were comparable 
on day 6, with a decrease in KO cells on day 10 that can be 
explained by myotube detachment from the substrate. This defect 
in the early phases of myoblast fusion is consistent with what has 
already been reported in primary cells from Mtm1−/y cells (17), 
where the authors observed a significant defect in myoblast fusion 
at 24 and 48 h of differentiation, but not at 72 h, which is remi-
niscent to the myofibers hypotrophy typically seen in patient’s 
muscles. While nuclei were found well aligned in WT myotubes 
(Fig. 1B, zoom a), nuclei were found mislocalized in KO myotubes 
(Fig. 1B, zoom b, Fig. 1G), a phenotype also reminiscent of the 
human XLMTM pathology. Moreover, quantification of align-
ment of myotubes, obtained by calculating the angle of deviation 
of myotubes from the principal axis (for more details, see Materials 
and Methods), identified the nonalignment of myotubes as a phe-
notype of Mtm1 KO (Fig. 1 B and E). To confirm that the defects 
in differentiation were a specific consequence of the loss of MTM1 
rather than a nonspecific effect of CRISPR/Cas9 mutagenesis, we 
transduced KO cells with a lentivirus encoding flag-MTM1 and 
then allowed the cells to differentiate. Re-expression of MTM1 
rescued the differentiation process, with the formation of 
well-structured and aligned myotubes (Fig. 1 F and E), a rescue 
in nuclei positioning (Fig. 1G), and an increase in the fusion index 
(Fig. 1H). On the contrary, re-expression of a catalytic-dead ver-
sion of MTM1 (flag-MTM1-CS) failed to rescue the normal 
differentiation process (Fig. 1 E, H, and J). To confirm that 
MTM1 enzymatic function enhances the differentiation process, 
we overexpressed MTM1 or its catalytic-dead version in WT cells 
and allowed the cells to differentiate for 3 d. Similar to Mtm1-KO 
cells, overexpression of flag-MTM1 increased the fusion index in 
comparison to WT cells, whereas overexpression of flag-MTM1-CS 
had a negative effect on the formation of myotubes (Fig. 1 K and 
H). This result is consistent with the substrate-trapping function 
of MTM1-CS, which competes with endogenous MTM1 and 
acts as a dominant negative form (5, 19). Quantification of the 
differentiation index (percentage of nuclei in all MYH4-positive 
cells) revealed that MTM1-CS overexpression does not impact 
the myogenic program, consistent with observations in the Mtm1 
knockout mouse model (Fig. 1I) (10). However, the overexpres-
sion of the catalytically active form of MTM1 increases the differ-
entiation index. This may be attributed to an ectopic localization 
of MTM1 within the nucleus, where phosphoinositides have been 
demonstrated to regulate myogenic gene expression (20). All of 

these results validate the Mtm1-KO cell line as a cellular model 
and position MTM1 as a critical enzyme in myoblast differenti-
ation as recently reported (21).

PI5P Level Is Dependent on MTM1 Activity in Muscle Cells and 
Unexpectedly Decreases during Myoblast Differentiation. 
To evaluate the impact of Mtm1 KO on PIs metabolism, we 
quantified PIs during C2C12 differentiation by metabolically 
labeling cells with [32P] Phosphate. PI3P levels remained stable 
during WT cells differentiation, whereas it accumulates in KO 
myotubes (Fig.  2 A–C ), similar to what has been observed in 
muscle tissues from Mtm1-KO animal models (6, 12). Regarding 
the other in vitro substrate of MTM1, PI(3,5)P2, we measured 
an increase in its level by ~1.5-fold in KO myotubes (Fig. 2D), 
suggesting that PI(3,5)P2 is metabolized by endogenous MTM1 
in skeletal muscle cells (7). However, one cannot exclude that one 
part of PI(3,5)P2 could come from the accumulation of PI3P and 
its subsequent phosphorylation by PIKfyve. Regarding PI(3,4)P2, 
a phosphoinositide unrelated to MTM1, no significant differences 
were observed between WT and Mtm1-KO cells, although its 
levels were slightly lower in Mtm1-KO cells (Fig. 2E). Because 
PI5P, the product of PI(3,5)P2 hydrolysis by MTM1, cannot be 
quantified by metabolic labeling, we used a specific radioactive 
mass assay. We measured a decrease of PI5P level by ~40% 
in Mtm1-KO myoblasts and ~70% in Mtm1-KO myotubes 
compared to WT cells (Fig. 2F) indicating that MTM1 is the 
major source for PI5P synthesis in this cell system. Unexpectedly, 
while an increase of PI5P level in myotubes derived from WT 
myoblasts was expected, due to the increase of MTM1 expression 
during differentiation (Fig. 1A), we measured a ~50% decrease 
in its level (Fig. 2F). We concluded that PI5P could be used as 
a substrate by phosphoinositide-metabolizing enzymes during 
myoblasts differentiation.

PI(4,5)P2, Tks5, Dynamin-2, and Myomaker Are Enriched in 
Podosome-Like Protrusions, the Myoblast Fusion-Promoting 
Sites. The best characterized metabolic conversion mechanism 
of PI5P is mediated by PI5P 4-kinases (PI5P4Ks) to generate a 
minor pool of PI(4,5)P2, the major source being generated from 
PI4P by PI4P 5-kinases (22). However, it is largely accepted 
that their function would be to control PI5P levels in the cell 
(23). Interestingly, PI(4,5)P2 was shown to be locally enriched 
at the fusion site of Drosophila myoblast (24) in structures 
called podosome-like protrusions (PLPs), demonstrated to drive 
myoblast fusion by exerting an invasive force toward the opposing 
founder cell (25). Importantly, PLPs are essential to bring the cell 
membranes even closer together than the adhesion machinery 
and would be required to coordinate the action of cell fusogens 
(26–28). In this model, PI(4,5)P2 enrichment at the fusion site is 
thought to regulate fusion through the localization of activators 
of actin polymerization (24), which is consistent with the role of 
PI(4,5)P2 as a central regulator of actin cytoskeleton dynamics 
(29). More recently, those structures have been described to 
drive mammalian myoblast fusion (30). Remarkably, this study 
showed that the scaffolding proteins Tks5 (31) and Dynamin-2 
(32) are also markers of those structures and are required for 
mammalian myoblast fusion. Therefore, we performed PI(4,5)P2  
immunostaining using the established conditions reported by 
Hammond et al. that allow immunostaining of phosphoinositides 
at the plasma membrane (referred to as plasma membrane 
staining in the manuscript) or in endomembranes (referred to as 
endomembrane staining) (33). Immunofluorescence experiments 
on WT cells differentiated for 3 d revealed the presence of PI(4,5)P2  
decorating all the plasma membrane, with PI(4,5)P2-enriched 

http://www.pnas.org/lookup/doi/10.1073/pnas.2217971121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2217971121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2217971121#supplementary-materials
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structures resembling PLPs (SI Appendix, Fig. S2A) (30). Using a 
fluorescent recombinant probe for PI(4,5)P2 (e.g., the PH domain 
from phospholipase Cδ1, PLCδ1) (34), we confirmed PI(4,5)P2 
enrichment in those structures where α-actin accumulates (Fig. 3 
A and B). Colabeling with Tks5 confirmed that these structures 
are indeed PLPs (Fig. 3 C and D). Time-lapse microscopy of WT 
C2C12 cells expressing Tks5-GFP through a lentiviral approach 
allowed us to observe the dynamics of structures resembling the 
labeling observed in fixed cells (Movie S1). However, excitation 
illumination hindered cell fusion in the imaged field areas. To 
address this issue, we transfected Tks5-GFP to minimize laser 
exposure and imaged cell fusion using confocal microscopy with 
a 15-min time-interval. Even though cell fusion remained low 
under fluorescent microscopy, Movie S2 shows a fusion event 
where Tks5 enrichment preceded cell fusion. Additionally, we 
demonstrated the enrichment of Tks5 and PI(4,5)P2 at the fusion 
site of fusing myocytes (Fig. 3E). We also identified dynamin-2 
enrichment in PLPs (Fig. 3 F and G) and established that the 
skeletal muscle myosin MYH4 serves a marker for PLPs (Fig. 3 
F–I and SI Appendix, Fig. S2 D and E). Importantly, confocal 
microscopy enabled us to illustrate its enrichment in fusing 
myocytes (SI Appendix, Fig. S2F). Thus, these results confirmed 
that PLPs are the fusion-promoting protrusion. Since the 
fusogenic protein Myomaker is known to be essential for the 

fusion process (35), and the formation of the hemifusion stalk 
(36), it was tempting to speculate that there may be a correlation 
between PLPs and this fusion factor. This factor has been suggested 
to converge to the invasive protrusions of Zebrafish myoblast, 
initiating myoblast fusion, as demonstrated for Myomerger (27). 
Therefore, we colabeled Myomaker with an antibody that we first 
validated (SI Appendix, Fig. S3 A and B) along with PI(4,5)P2 
and MYH4. We observed a strong enrichment of Myomaker in 
the plasma membrane enriched with PI(4,5)P2 (Fig.  3 H and 
I and SI  Appendix, Fig.  S3C), while MYH4 was localized in 
the cytosol (Fig. 3I and SI Appendix, Fig. S3C). These findings 
further emphasize the role of PLPs in mammalian myoblast 
fusion. Moreover, colabeling of PI(4,5)P2 with cadherin, a 
plasma membrane marker, revealed that membrane folding does 
not account for the excess PI(4,5)P2 staining in PLPs (Fig. 3J). 
Importantly, imaging and quantification of PLPs using Tks5 
and PI(4,5)P2 colabeling in WT and Mtm1-KO cells after 3 d of 
differentiation revealed a defect in their formation in the absence 
of MTM1 (Fig. 3K and SI Appendix, Fig. S3 D and E).

PI5P4Kα and γ Are Enriched in Podosome-Like Protrusions. 
We next tested whether PI(4,5)P2 enrichment was dependent 
on PI5P4K activity. This family encompasses three genes in 
mammals: PIP4K2A, PIP4K2B, and PIP4K2C that encode the 

P
I3

P
/P

I4
P

****
ns

*

**

W
T

D0

Mt
m1

-K
O

D0

Mt
m1

-K
O

D8

W
T

D8
0.002

0.004

0.006

0.008

A C

W
T

D6

Mt
m1

-K
O

D6
0

2

4

6 **

R
el

at
iv

e
flu

or
es

ce
nc

e
P

I3
P

/µ
m

2

D

B

WT D6

10 µm

Mtm1-KO D6

*
**

**

**

0.0

0.5

1.0

1.5

2.0

2.5

FE

P
I(

3,
4)

P
2

/P
I(

4,
5)

P
2

W
T

D0

Mt
m1

-K
O

D0

Mt
m1

-K
O

D8

W
T

D8

W
T

D0

Mt
m1

-K
O

D0

Mt
m1

-K
O

D8

W
T

D8

P
I5

P
(p

m
ol

)
/t

ot
al

ph
os

ph
ol

ip
id

s
(n

m
ol

)

P
I(

3,
5)

P 2
/P

I(
4,

5)
P

2

**

ns
**

ns

ns
ns

W
T

D0

Mt
m1

-K
O

D0

Mt
m1

-K
O

D8

W
T

D8
0.00000

0.00005

0.00010

0.00015

0.00020

0.00025

0.0000

0.0002

0.0004

0.0006

0.0008

Fig. 2.   PI5P is mainly produced by MTM1 in skeletal muscle cells and is rapidly metabolized. (A) PI3P quantification in C2C12 WT and Mtm1-KO cells at the 
indicated days of differentiation quantified by HPLC following 32P metabolic labeling. Results are expressed as ratios to the most abundant PI-monophosphate 
PI4P. A unique symbol for each independent experiment is used. Data are represented as mean ± SEM, n = 4, ns = not significant, *P < 0.05, **P < 0.01, and 
****P < 0.0001 according to one-way ANOVA test and Šídák’s multiple comparisons test. (B) Representative images of PI3P labeling (FYVEHRS probe) of C2C12 
WT and Mtm1-KO myotubes on day 6 of differentiation. Cell contours are represented as dashed lines. (Scale bar, 10 μm.) (C) Quantification of the experiment 
described in (B). Data are represented as mean ± SEM, n = 3, each point represents one field of view, **P < 0.01 according to Student’s t test. (D) PI(3,5)P2 
quantification as in (A). Results are expressed as ratios to the most abundant PI-bisphosphate PI(4,5)P2. A unique symbol for each independent experiment 
is used. Data are represented as mean ± SEM, n = 4, ns = not significant, **P < 0.01 according to one-way ANOVA test and Šídák’s multiple comparisons test. 
(E) PI(3,4)P2 quantification as in (A). Results are expressed as ratios to the most abundant PI-bisphosphate PI(4,5)P2. A unique symbol for each independent 
experiment is used. Data are represented as mean ± SEM, n = 4, ns = not significant according to one-way ANOVA test and Šídák’s multiple comparisons test. 
(F) PI5P quantification by mass assay in C2C12 WT and Mtm1-KO cells at the indicated days of differentiation. Data are represented as mean ± SEM, n = 4, *P < 
0.05 and **P < 0.01 according to one-way ANOVA test and Šídák’s multiple comparisons test.
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Fig. 3.   PI(4,5)P2 is highly enriched in podosome-like protrusions. (A) Representative confocal images of C2C12 WT after 3 d of differentiation and labeled with 
a PI(4,5)P2 probe (PH domain of PLCδ1), α-actin, and DAPI. (Scale bar, 10 μm.) (B) Magnification of the boxed area shown on the left. Respective line scans are 
shown below the zoom panel. (Scale bar, 5 μm.) (C) Representative confocal images of C2C12 WT on day 3 of differentiation labeled with a PI(4,5)P2 antibody and 
for Tks5 and DAPI. Arrows indicate podosome-like protrusions. (Scale bar, 10 μm.) (D) Magnification of the boxed area shown in (C). Arrows indicate podosome-
like protrusions. (Scale bar, 5 μm.) (E) Confocal images of fusing C2C12 WT on day 3 of differentiation labeled for Tks5, a PI(4,5)P2 probe, and DAPI. (Scale bar,  
10 μm.) A magnification of the boxed area depicting the fusion site is shown on the right. (Scale bar, 5 μm.) (F) Representative confocal images of C2C12 WT after 
3 d of differentiation labeled with a PI(4,5)P2 probe and for Dynamin-2, Myosin Heavy Chain 4 (MYH4) and DAPI. (Scale bar, 10 μm.) (G) Magnification of the boxed 
area shown in (F). (Scale bar, 5 μm.) (H) Representative confocal images of C2C12 WT after 3 d of differentiation and labeled with a PI(4,5)P2 probe, Myomaker, 
MYH4, and DAPI. Cell contour is represented as dashed lines. (Scale bar, 10 μm.) (I) Magnification of the boxed area shown on the left. A line scan is shown on 
the bottom. (Scale bar, 5 μm.) (J) Representative confocal images of C2C12 WT after 3 d of differentiation and labeled for Cadherin and with the PI(4,5)P2 probe. 
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each point represents one field of view, ****P < 0.001 according to unpaired t test.
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enzymes PI5P4Kα, PI5P4Kβ, and PI5P4Kγ, respectively, with 
very different in vitro PI5P 4-kinase activities. PI5P4Kα is at least 
100-fold more active than PI5P4Kβ and 1,000-fold more active 
than PI5P4Kγ (37). However, recent data in Drosophila suggest 
that all mammalian PI5P4K isoforms have in vivo lipid-kinase 
activity since the phenotype observed in the absence of the sole 
Drosophila PI5P4K can be compensated by each mammalian 
isoform (38). Moreover, individual PI5P4Ks have been shown 
to localize in different cellular compartments and to homo and 
hetero-dimerize (39). Notably, PI5P4Kβ, which is localized in the 
nucleus through a nuclear localization sequence (39), has been 
shown to regulate nuclear PI5P and the expression of myogenic 
genes during myoblast differentiation (20). Concerning PI5P4Kα 
and PI5P4Kγ, they have been shown to hetero-dimerize in vitro 
(37) and to localize mainly in the cytosol including the Golgi and 
undefined endomembrane compartments (39). We thus focused 
on PI5P4Kα and PI5P4Kγ and localized endogenous PI5P4Ks 
using antibodies that we first validated (SI Appendix, Fig. S4 A, 
Right) and that didn’t exhibit cross-reactivity with one another 
(SI Appendix, Fig. S4 D–F). PI5P4Kα and PI5P4Kγ were found to 
localize as cytoplasmic puncta that accumulate in MYH4-enriched 
PLPs (Fig. 4 A and B). Immunofluorescence of PI(4,5)P2-enriched 
PLPs confirmed those observations (Fig. 4 C and D). Particularly, 
we observed that PI5P4Kα was strongly enriched in all PLPs, 
while PI5P4Kγ accumulated in larger PLPs (Fig. 4 E and F). These 
findings further support the hypothesis that PI5P4Ks, and most 
probably PI5P4Kα, are responsible for producing this localized 
pool of PI(4,5)P2 from PI5P. In contrast, PI5P4Kβ localized 
homogeneously as cytosolic puncta (SI Appendix, Fig. S5 A and B).

PI5P4Kα Plays a Major Role in Myoblast Differentiation. We 
then analyzed the expression of PI5P4Kα and PI5P4Kγ by 
immunoblot, which showed that both proteins increased gradually 
during C2C12 differentiation, with no difference in Mtm1-KO 
cells (SI Appendix, Fig. S5C). This suggests that these proteins may 
play a role in myogenesis but also in mature muscle cells, as already 
demonstrated for PI5P4Kα in myotubes, in which it regulates the 
PI5P level to control insulin-stimulated glucose uptake (40). We 
then knock down either Pip4k2a or Pip4k2c in C2C12 cells using 
lentiviruses expressing shRNA. We achieved efficient knockdown 
with Pip4k2a shRNA #1 and #2 (84.3% and 94.2% of protein 
extinction, respectively), while shRNA #3 led to a more modest 
reduction (42.8% of extinction) (SI Appendix, Fig. S4 A and B). 
Knockdown of Pip4k2a with shRNAs #1 and #2 resulted in a 
significant impairment of myoblast fusion (Fig. 5A) and with a 
high proportion of MYH4-positive cells with 1 nucleus (Fig. 5B). 
Regarding Pip4k2a shRNA #3, myoblast fusion still occurred, 
indicating that substantial knockdown levels are required to inhibit 
the fusion process. Immunoblot analysis of Myogenin expression 
in cells depleted for Pip4k2a with the most effective shRNA 
(shRNA #2) during differentiation indicated that the myogenic 
program was unaffected (Fig. 5C). Re-expression of PI5P4Kα in 
knockdown cells for Pip4k2a (shRNA #2) using a lentivirus that is 
resistant to shRNA successfully restored the fusion process (Fig. 5 
A and B), thereby confirming that this phenotype is specifically 
due to Pip4k2a knockdown. Importantly, re-expression of a 
kinase-dead version of PI5P4Kα failed to rescue the fusion process, 
indicating the essential role of its catalytic activity (Fig. 5 A and 
B). Concerning PI5P4Kγ, robust knockdown was achieved with 
Pip4k2c shRNAs #1 and #2 (60% and 93.6% of protein extinction, 
respectively) (SI Appendix, Fig. S4 A and C). This also led to the 
inhibition of myoblast fusion and a high proportion of MYH4-
positive cells containing 1 nucleus and re-expression of PI5P4Kγ, 
with either the WT or kinase-dead version, rescued the fusion 

defect (Fig. 5 A and B). This validates the observed phenotype 
and suggests a potential role for this isoform in the regulation of 
PI5P4Kα activity. Similar to Pip4k2a knockdown, immunoblot 
analysis of Myogenin expression during differentiation in cells 
depleted for Pip4k2c using the most effective shRNA (shRNA 
#2) revealed no impact on the myogenic program (Fig.  5C). 
Consistent with the phenotypes observed during the myoblast 
differentiation, and their enrichment in PLPs, the knockdown of 
Pip4k2a and Pip4k2c reduced the number of PLPs in myoblasts 
after 3 d of differentiation (Fig. 5D). To further investigate the 
role of PI5P4Kα in myogenesis, we used lentiviruses to overexpress 
the lipid kinase in C2C12 myoblasts and allowed the cells to 
differentiate for 3 d. The results showed that overexpression of 
flag-PI5P4Kα accelerated differentiation, with a fusion index of 
15.08% compared to a fusion index of 12.33% observed with 
vector-control lentiviruses (Fig.  5E). Importantly, PI5P4Kα 
overexpression caused a marked increase in fusion with a robust 
increase in the appearance of myotubes with several nuclei in the 
cultures infected with PI5P4Kα (Fig. 5F), further suggesting that 
PI5P4Kα likely plays a role in myoblast fusion.

PI5P Is Likely Converted into PI(4,5)P2 by PI5P4Kα on Cytosolic 
Vesicles. In order to demonstrate that PI5P4Ks are responsible for 
the transformation of PI5P produced from MTM1 into PI(4,5)P2, 
we measured PI5P levels in 6 d differentiated WT cells depleted for 
either PI5P4Kα or PI5P4Kγ. A ~fivefold increase in PI5P levels was 
observed when Pip4k2a was knocked down (as compared to control 
cells), whereas a ~twofold increase was observed when PI5P4Kγ 
was knocked down, showing that PI5P4Kα is responsible for the 
conversion of a large amount of PI5P into PI(4,5)P2 (Fig.  6A). 
Importantly, PIP2 levels were unchanged, showing that PI5P4Kα 
and γ are responsible for the synthesis of a quantitatively minor 
pool of PI(4,5)P2 (Fig. 6B). In contrast, knock down of Pip4k2a 
or Pip4k2c in Mtm1-KO C2C12 cells (SI Appendix, Fig. S5 D–
G) had no effect on PI5P levels, demonstrating that the pool of 
PI5P produced by MTM1 is metabolized into PI(4,5)P2 mainly by 
PI5P4Kα (Fig. 6A). Because there is currently no specific probe to 
visualize endogenous PI5P, we reasoned that overexpressing PI5P4Kα 
together with a PI(4,5)P2 probe would define the localization of PI5P. 
We thus overexpressed mCherry-PH (PLCδ1) alone (as a control) 
or cooverexpressed mCherry-PH (PLCδ1) and GFP-PI5P4Kα 
[converting PI5P into PI(4,5)P2], in WT C2C12 cells, differentiated 
the cells for 3 d, and labeled them for active β1 integrin as a ventral 
plasma membrane marker. As expected and previously reported, 
blocking PI(4,5)P2 accessibility with a PI(4,5)P2 probe inhibits 
myoblast fusion and PLP formation (24, 41). Besides the expected 
labeling of PI(4,5)P2 at the plasma membrane in both conditions, we 
observed approximately a fourfold increase in the labeling of cytosolic 
vesicles upon overexpression of GFP-PI5P4Kα (Fig. 6 C and D and 
SI Appendix, Fig. S5H). These PI(4,5)P2-rich vesicles, whose origin 
remains to be determined, colocalized with GFP-PI5P4Kα (Fig. 6D), 
suggesting that PI5P is primarily localized on vesicles, mirroring the 
localization pattern of endogenous PI5P4Kα, which is found to be 
enriched in PLPs (Fig. 4 A and C). It is worth noting that PI(4,5)
P2 signals in the ventral region of cells were much lower compared 
to those at the equatorial planes. This discrepancy could potentially 
be attributed to strong interactions of PI(4,5)P2 with proteins from 
the adhesion machinery, which could hinder its accessibility for the 
PI(4,5)P2 probe. Interestingly, we observed a significant enrichment 
of flag-MTM1 in PLPs (Fig. 6 F and G), suggesting that MTM1 
may convert PI(3,5)P2 into PI5P in proximity to the plasma 
membrane. Subsequently, PI5P would be transformed into PI(4,5)
P2 by PI5P4Kα, fueling the plasma membrane with PI(4,5)P2 to 
promote PLP formation.

http://www.pnas.org/lookup/doi/10.1073/pnas.2217971121#supplementary-materials
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Discussion

Our results reported here identify PI5P4Kα/γ, members of the 
lipid kinases family implicated in metabolism, immune function, 
and growth control (23), as important regulators of myoblast 
differentiation. We show, by biochemical experiments combined 
with studies in genome-engineered cells, that MTM1 is a master 
enzyme for the production of PI5P from PI(3,5)P2 in skeletal 
muscle cells, highlighting an unconsidered role of PI(3,5)P2 and 
PI5P compared to PI3P in the pathogenesis of XLMTM. 
Moreover, we uncover a direct role of MTM1 activity in the early 

phase of myogenesis, showing that MTM1 may participate in 
different regulatory mechanisms during myogenesis as compared 
to its function in mature skeletal muscle (42). We reveal an unex-
pected mechanism whereby PI5P is rapidly transformed into 
PI(4,5)P2 by PI5P4Kα to drive PI(4,5)P2 accumulation in PLPs 
where it localizes with α-actin, Tks5, and Dynamin-2, the molec-
ular markers of PLPs (30), as well as the skeletal muscle myosin 
MYH4 and the fusogen Myomaker. This allows the generation 
of a localized area of close cell–cell contact to create a favorable 
environment for membranes to fuse (Fig. 6F). Therefore, the 
pathway unraveled here identifies PI5P4Kα as responsible for the 
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Fig. 4.   PI5P4Kα and γ localize to PI(4,5)P2-enriched podosome-like protrusions. (A) Top: Representative confocal images of C2C12 WT after 3 d of differentiation 
and labeled for PI5P4Kα, MYH4 and DAPI. (Scale bar, 10 μm.) Bottom: higher magnifications of areas shown as boxes on the top. The arrows show the strong 
enrichment of PI5P4Kα in MYH4-positive PLPs. (Scale bar, 5 μm.) (B) Top: Representative confocal images of C2C12 WT after 3 d of differentiation and labeled for 
PI5P4Kγ, MYH4 and DAPI. (Scale bar, 10 μm.) Bottom: higher magnifications of areas shown as boxes on the top. The arrows indicate the enrichment of PI5P4Kγ 
in MYH4-positive PLPs. (Scale bar, 5 μm.) (C) Top: Representative confocal images of C2C12 WT after 3 d of differentiation and labeled for PI5P4Kα, PI(4,5)P2 (PH 
domain of PLCδ1), and DAPI. (Scale bar, 10 μm.) Bottom: higher magnifications of areas shown as boxes on the top. (Scale bar, 5 μm.) (D) Top: Representative 
confocal images of C2C12 WT at 3 d of differentiation labeled for PI5P4K2γ, PI(4,5)P2 (PH domain of PLCδ1), and DAPI. (Scale bar, 10 μm.) Bottom: magnifications 
of areas shown as boxes on the top. (Scale bar, 5 μm.) (E) Quantification of the fluorescence ratio of the indicated proteins in podosome-like protrusions (PLPs) 
versus cytosol. Data are represented as mean ± SEM, n = 3, each point represents the quantification of one field of view, ns = not significant, ****P < 0.0001 
according to One-sample t test (two tailed). (F) Correlation plot between the size of PLPs and the fluorescence ratio of the indicated proteins in podosome-like 
protrusions versus cytosol, n = 3, r = Pearson correlation coefficient, ns = not significant, ****P < 0.0001, according to simple linear regression analysis.
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≥5 nuclei : control vs Pip4k2a #1, ****; control vs Pip4k2a
#2, ****; control vs Pip4k2a #3, ns; control vs Pip4k2a #2 +
flag-PIP4K2A #2-R, **; control vs Pip4k2a #2 + flag-
PIP4K2A-KD #2-R, ****; Pip4k2a #2 vs Pip4k2a #2 + flag-
PIP4K2A #2-R, ****; Pip4k2a #2 vs Pip4k2a #2 + flag-
PIP4K2A-KD #2-R, ns; control vs Pip4k2c #1, ****; control vs
Pip4k2c #2, ****; control vs Pip4k2c #2 + flag-PIP4K2C #2-R,
****; control vs Pip4k2c #2 + flag-PIP4K2C-KD #2-R, ****;
Pip4k2c #2 vs Pip4k2c #2 + flag-PIP4K2C #2-R, ****;
Pip4k2c #2 vs Pip4k2c #2 + flag-PIP4K2C-KD #2-R, ****.

Fig. 5.   PI5P4Kα play a major role in myoblast differentiation. (A) MYH4 and DAPI staining of differentiated C2C12 cells expressing control shRNA, Pip4k2a 
shRNAs, Pip4k2c shRNAs and re-expressing or not a shRNA-resistant PI5P4K (-R) or a shRNA-resistant kinase-dead PI5P4K, after 6 d of differentiation. Higher 
magnifications of the boxed areas are shown on the right of each image. (Scale bar, 100 μm.) (B) Percentage of MYH4 positive cells containing 1, 2 to 4, or ≥5 
nuclei from the experiment described in (A). Data are represented as mean ± SEM, n = 3, five fields per independent experiment, ns = not significant, *P < 0.05, 
**P < 0.01, ****P < 0.0001, according to Two-way ANOVA and Šídák’s multiple comparisons test. (C) Expression of PI5P4Kα, PI5P4Kγ, Myogenin, and actin, at 
the indicated time points of C2C12 cells expressing control shRNA, Pip4k2a shRNA #2, Pip4k2c shRNA #2 analyzed by western blot. Images are representative 
of three independent experiments. (D) Quantification of podosome-like protrusions [positives for PI(4,5)P2 and Tks5 enrichment] in WT myocytes expressing 
control shRNA, Pip4k2a shRNA #2, or Pip4k2c shRNA #2 at the indicated time points of differentiation. Data are represented as mean ± SEM, n = 3, five fields 
per independent experiment, each point represents one field of view, ***P < 0.001 according to unpaired t test. (E) Representative images of C2C12 WT cells 
transduced with lentiviruses expressing an empty vector or flag-PI5P4Kα after 3 d of differentiation and labeled for MYH4 and DAPI. (Scale bar, 100 μm.) 
Quantification of the fusion index for the experiment shown on the right. Data are represented as mean ± SEM, n = 4, five fields per independent experiment, 
each point represents one field of view. ***P < 0.001 according to unpaired t test. (F) Percentage of MYH4+ cells that contained the indicated number of nuclei 
of the experiment described in (E). Data are represented as mean ± SEM, n = 3, five fields per independent experiment, each point represents one field of view, 
*P < 0.05, **P < 0.01, according to Mann–Whitney U test.
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Fig. 6.   PI5P4Kα is responsible for the conversion of PI5P produced by MTM1 into a minor PI(4,5)P2 pool on cytosolic vesicles. (A) PI5P quantification by mass 
assay of 6 d differentiated WT and Mtm1-KO C2C12 cells expressing control shRNA, Pip4k2a shRNA #2, or Pip4k2c shRNA #2. Data are represented as mean ± 
SEM, n = 4, ns = not significant, **P < 0.01 according to one-way ANOVA test and Šídák’s multiple comparisons test. (B) PIP2 quantification by mass spectrometry 
of 6 d differentiated C2C12 cells expressing control shRNA, Pip4k2a shRNA #2, or Pip4k2c shRNA #2. Data are represented as mean ± SEM, n = 4, no statistical 
significance, according to one-way ANOVA test and Šídák’s multiple comparisons test. (C) Representative confocal images of C2C12 WT cells overexpressing 
mCherry-PH (PLCδ1), differentiated for 3 d, and labeled for active β1 integrin and DAPI. (Scale bar, 10 μm.) Magnification of the boxed area shown on the right. 
(Scale bar, 5 μm.) (D) Representative confocal images of C2C12 WT cells overexpressing mCherry-PH (PLCδ1) and GFP-PI5P4Kα, differentiated for 3 d, and labeled 
for active β1 integrin and DAPI. (Scale bar, 10 μm.) Magnification of the boxed areas shown on the bottom. (Scale bar, 5 μm.) Respective line scans are shown below. 
Colocalization between mCherry-PH (PLCδ1) and GFP-PI5P4Kα was quantified by means of Pearson’s correlation coefficient using the Fiji JaCoP Plugin, n = 3 (10 
cells per experiment). r = 0.607 ± 0.084. (E) Representative confocal images of C2C12 WT cells differentiated for 3 d and overexpressing flag-MTM1, and labeled 
for PI5P4Kα, flag, and DAPI. (Scale bar, 10 μm.) Higher magnifications of the boxed areas are shown as Insets. (F) Quantification of the fluorescence ratio of the 
indicated proteins in podosome-like protrusions (PLPs) versus cytosol. Data are represented as mean ± SEM, n = 3, each point represents the quantification of 
one field of view, ****P < 0.0001 according to One-sample t test (two tailed). (G) Hypothetical model for the production of PI(4,5)P2 in podosome-like protrusions 
via MTM1 through PI5P4Kα. Right: Ribbon diagram representation of Myomaker dimer (PDB: 8T04). The side chains of all basic residues are shown in stick form.
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synthesis of a minor yet functional pool of PI(4,5)P2, as also 
shown in B cells (43), while most of previous studies suspected 
that it mainly acts by controlling PI5P levels (23). Concerning 
PI5P4Kγ, we found it accumulating during PLP formation. 
Given the evidence that knockdown of either pip4k2a or pip4k2c 
negatively affects PLP formation, and that PI5P4Kα activity is 
essential for myocyte fusion, while PI5P4Kγ activity is not, our 
main hypothesis is that PI5P4Kγ could play a role in localizing 
PI5P4Kα to the site of PI(4,5)P2 generation (37) and that its 
accumulation may impair PI5P4Kα activity by competing for 
substrate binding. The major pool of PI(4,5)P2, generated from 
PI4P by PI4P 5-kinases (22), and decorating the entire plasma 
membrane would, in turn, play a major role in cytoskeleton 
dynamics, focal adhesion assembly (44), second messenger pro-
duction (IP3 and DAG), as well as in cell-cell contacts through 
cadherin stabilization (45). Based on our results, we propose a 
model in which the production of PI(4,5)P2 from PI5P within 
vesicles is as a mechanism for myocytes to efficiently supply a 
local amount of PI(4,5)P2 for PLP formation. This would imply 
exocytosis of these vesicles to specific regions of the plasma mem-
brane, suggesting the involvement of the actin and/or tubulin 
cytoskeleton (46). Interestingly, this hypothesis aligns with the 
crucial role of the actin cytoskeleton in the targeted exocytosis of 
prefusion vesicles during myoblast fusion in Drosophila (47) and 
is consistent with previous electron microscopy studies revealing 
the accumulation of vesicles at localized points of cell-cell appo-
sition in fusing cells (48, 49). In line with the recognized role of 
PI(4,5)P2 in vesicle exocytosis and membrane fusion (50), these 
vesicles will subsequently fuel the plasma membrane with PI(4,5)
P2. This, in turn, could recruit proteins capable of inducing cur-
vature in the plasma membrane through curvature-sensing 
domains. Interesting candidates are I-BAR domain-containing 
proteins, well-documented for generating negative membrane 
curvature on PI(4,5)P2-rich membranes, linking direct membrane 
deformation to actin polymerization, and inhibiting the lateral 
diffusion of phosphoinositide molecules (51). Moreover, it was 
proposed that exocytosis of these vesicles may release fusogenic 
materials to trigger fusion (52). The analysis of the recent cryo-EM 
structure of the fusogen Myomaker (53) revealed clusters of pos-
itively charged amino acid residues (14 arginine and lysine) facing 
the cytosolic leaflet, compatible with its binding with phospho-
inositides and that could be responsible for Myomaker clustering 
(Fig. 6F). Interestingly, Syntaxin, a plasma membrane protein 
crucial for vesicle fusion with target membranes, has been demon-
strated to interact with and be clustered by PI(4,5)P2 through a 
polybasic region, thus strengthening this hypothesis (54). Moreover, 
Myomaker could also promote PI(4,5)P2 clustering through elec-
trostatic interactions, thereby facilitating the recruitment of other 
effectors (55–57). In line with the phenotype observed when 
Pip4k2a was knocked down in C2C12, knockdown of the Zebrafish 
PI5P4Kα has been shown to lead to severe morphological abnor-
malities features, most likely due to defects in midbody curvature, 
which are largely dependent on structurally and functionally intact 
muscles (58). However, mouse knockout for PI5P4Kα (59) or 
PI5P4Kγ (60) appear normal in regard to growth and viability. 
Nevertheless, it is conceivable that most tissues can compensate 
developmental events when there is deletion of a single isoform 
of PI5P4K as suggested by the facts that phenotypes are only 
observed or worsen when multiple isoforms are targeted (59) and 
that compensation of the Drosophila PI5P4K deletion phenotype 
is observed with any of the three mammalian PI5P4K isoforms 
(38). Finally, because we didn’t succeed to identify the vesicular 
compartments where PI5P is produced by MTM1 and trans-
formed into PI(4,5)P2 by PI5P4Kα, further investigations are 

needed to understand the origin of the different actors implicated 
in this molecular pathway. With better tools being made available, 
such as a specific PI5P probe and MTM1 antibodies working on 
immunofluorescence, we hope to answer precisely these questions 
to understand the spatiotemporal regulation of MTM1 functions 
particularly during PLP formation. Collectively, these findings 
provide a key missing link in the understanding of muscle cell 
fusion, potentially explaining the hypotrophy and abnormal shape 
of myofibers observed in XLMTM patients (17, 61), that we also 
observed in our Mtm1-KO cell model. Notably, the absence of 
MTM1 leads to impaired PLP formation, causing delayed myoblast 
fusion during early differentiation. However, at high cell conflu-
ency, fusion still occurs but in a disorganized manner, resulting in 
the formation of shorter, non-spindle-shaped myotubes with clus-
tered nuclei. Given Myomaker’s essential role in myoblast fusion, 
this suggests that its trafficking to the plasma membrane may oper-
ate independently of MTM1, or alternatively, compensatory mech-
anisms within the cells may facilitate Myomaker localization to the 
plasma membrane. Consequently, the defect in PLP formation 
resulting from the absence of MTM1 may result in a uniform 
distribution of Myomaker at the plasma membrane of myocytes, 
rather than its enrichment in PLPs. This uniform distribution likely 
underlies the dysregulation of the spatiotemporal fusion process, 
ultimately leading to the observed phenotypes. Taken together, our 
study reveals a phosphoinositide conversion mechanism involving 
MTM1 and PI5P4Kα that generates a functional pool of PI(4,5)
P2, which accumulates in PLPs and plays a crucial role in the precise 
regulation of myoblast fusion.

Materials and Methods

Detailed information on cell culture; antibodies (SI Appendix, Table S1); plas-
mids (SI Appendix, Table S2); main reagents; CRISPR-Mediated Genome Editing 
in C2C12 Cells; lentivirus production and transduction; Western Blotting; 
protein purification; microscopy and image analysis; phospholipid extraction 
and analysis; and PIP2 measurement by mass spectrometry is provided in 
SI Appendix.

Statistics and Reproducibility. All data were represented as the mean ± SEM. 
Statistical analysis was performed as described for each experiment in the figure 
legends using GraphPad Prism 9. In all tests and all statistical analyzed datasets, 
the levels of significance were defined as *P < 0.05, **P < 0.01, ***P < 0.001 
and ****P < 0.0001. For comparisons between two experimental groups, after a 
normality test, data were analyzed by Mann–Whitney U test or unpaired t test. For 
comparisons between more than two experimental groups, data were analyzed 
by one-way ANOVA with a post hoc test (Šídák’s multiple comparisons test). One-
sample t test was used for comparisons with control group values that had been 
set to 1 for normalization purposes. For each experiment, data are representative 
of at least three independent replications, with similar results obtained.

Data, Materials, and Software Availability. All study data are included in the 
article and/or supporting information.
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