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X-linked centronuclear myopathy (XLCNM) is a severe human disease without existing
therapies caused by mutations in the phosphoinositide 3-phosphatase MTM1. Loss of
MTM1 function is associated with muscle fiber defects characterized by impaired
localization of B-integrins and other components of focal adhesions. Here we show that
defective focal adhesions and reduced active f-integrin surface levels in a cellular model
of XLCNM are rescued by loss of phosphatidylinositiol 3-kinase C2f8 (PI3KC2f)
function. Inactivation of the Mmml gene impaired myoblast differentiation into
myotubes and resulted in reduced surface levels of active Bl-integrins as well as
corresponding defects in focal adhesions. These phenotypes were rescued by concomi-
tant genetic loss of Pik3¢2b or pharmacological inhibition of PI3KC2f activity. We
further demonstrate that a hitherto unknown role of PI3KC2p in the endocytic traffick-
ing of active P1-integrins rather than rescue of phosphatidylinositol 3-phosphate levels
underlies the ability of Pik3c2b to act as a genetic modifier of cellular XLCNM
phenotypes. Our findings reveal a crucial antagonistic function of MTMI and
PI3KC2P in the control of active P-integrin surface levels, thereby providing a
molecular mechanism for the adhesion and myofiber defects observed in XLCNM.
They further suggest specific pharmacological inhibition of PI3KC2f catalysis as a
viable treatment option for XLCNM patients.

myotubular myopathy | integrins | focal adhesions | phosphoinositides | endocytosis

X-linked centronuclear myopathy (XLCNM) is a severe congenital myopathy characterized
by muscle weakness and disorganization, among other muscle and nonmuscle symptoms.
About one-third of affected boys die in the first year of life, and the surviving children
suffer from significant morbidities, including chronic ventilator and wheelchair depen-
dence, resulting in a dramatically reduced lifespan. Muscle biopsies from XLCNM patients
display a severe variation in fiber size due to the presence of small, round fibers with cen-
trally placed nuclei as well as abnormalities of the muscle triad (1). Currently, no approved
specific therapy is available for XLCNM patients. XLCNM is caused by loss-of-function
mutations in the phosphoinositide 3-phosphatase MTM1 (1, 2), a major regulator of the
endosomal signaling lipids phosphatidylinositol-3-phosphate [PI(3)P] and phosphatidylino-
sitol-3,5-bisphosphate [PI(3,5)P,] (3-8). Loss or depletion of MTM1 in mice, Drosophila
melanogaster, or XLCNM patient-derived fibroblasts causes the intracellular accumulation
of the key focal adhesion (FA) components pl-integrins within the endosomal system
(5, 9, 10). Integrin localization defects were also found in human XLCNM muscle fibers
(10). P1-integrins are essential for differentiation, maintenance, and regeneration of skeletal
muscle due to their roles in myotube fusion, muscle-specific adhesion and contractile
machinery, signaling, and stem cell renewal (10-13). Hence, one might hypothesize that
the structural and functional muscle fiber defects in animal models and XLCNM patients
are due to defective p1-integrin localization caused by loss of MTM1 function. In support
of this hypothesis, it has been observed that MTM1-mediated hydrolysis of endosomal
PI(3)P controls the exocytic delivery of membrane proteins including f1-integrins in non-
muscle cells (5) as well as D. melanogaster muscle (10).

Genetic studies in D. melanogaster, zebrafish, and mice suggest that the phenotypic
symptoms of XLCNM can be rescued by muscle-specific deletion of Pik3c26 (14, 15), a
ubiquitously expressed class II phosphatidylinositol 3-kinase (PI3K). PI3KC2B has been
shown to synthesize PI(3)P or phosphatidylinositol 3,4-bisphosphate [PI(3,4)P,] (i.e., a
non-MTMI1 substrate lipid), possibly in a cell-type and/or subcellular location-specific
(e.g., endosomes, lysosomes, and plasma membrane) manner to regulate a variety of
processes including insulin signaling, nutrient signaling via mTORCI, and cell migration
(16-21). It has, thus, been hypothesized that the reversal of the XLCNM disease process
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elicited by loss of PI3KC2p function involves its ability to synthe-
size 3-phosphoinositides, i.e., PI(3)P (15), as further indicated by
the ability of the pan-PI3K inhibitor wortmannin to modestly
improve motor function and prolong lifespan of MTM1 knock-
out (KO) mice (14). Whether and how PI3KC2B exhibits a
specific role in muscle cells, in particular with respect to
B1-integrins, and how its function may relate to XLCNM at the
molecular mechanistic level are unknown.

Here we unravel a crucial antagonistic function of MTM1 and
PI3KC2f in the cell-autonomous control of active Pl-integrin
surface levels, thereby providing a molecular mechanism for the
adhesion and myofiber defects observed in XLCNM. Our find-
ings further suggest that pharmacological blockade of PI3KC2f
function by specific small-molecule inhibitors may serve as a
potential treatment option for XLCNM in patients.

Results

Defective FAs and Reduced Active f1-Integrin Surface Levels
in a Cell-Based Model of XLCNM. Previous studies have shown
that loss of MTM1 in D. melanogaster or KO mice causes the
intracellular retention of P1-integrins in endosomes in vivo (9, 10)
and results in defects in myoblast fusion into myotubes
(9, 22-24). Moreover, genetic studies suggest that the phenotypic
symptoms of XLCNM in animal models can be rescued by dele-
tion of the sole class II PI3K gene in Drosophila (15) or Pik3c2b
in mice and zebrafish (14), possibly via a mechanism that involves
restoration of PI(3)P levels (15). To obtain a better mechanistic
understanding of the phenotypes elicited by MTM1 loss, in par-
ticular its role in myotube formation and integrin trafficking, we
generated three independent C2C12 myoblast MTM1 KO lines
via CRISPR-Cas9-mediated genome engineering. The disruption
of the MmI locus was verified by genomic DNA sequencing
(Materials and Methods) and lack of MTMI1 protein expression
was confirmed by immunoblotting (S Appendix, Fig. S14). Given
the reported defects in muscle fiber size in MTM1 KO mice
(9, 14, 25, 26), we assessed the ability of MTM1 KO myoblast
C2C12 cells to fuse into multinucleated myotubes using myosin
heavy chain (MHC) as a differentiation marker (S/ Appendix, Fig.
S1B). MTM1 KO led to a significant reduction in the average
number of nuclei per MHC-positive myotube (referred to as
differentiation index) and a greaty reduced fraction of muld-
nucleated cells (i.e., 6 to 15 or >15 nuclei per myotube) com-
pared to wild-type (WT) C2C12 (Fig. 1 A and B). More variable
differences were observed in the nuclear fusion index (i.e., the frac-
tion of nuclei within MHC-positive myotubes) in our MTM1
KO C2C12 clones (SI Appendix, Fig. S1C). These corresponded
with a reduced expression of MHC and myogenin in the MTMI1
KO done 1 but not in clones 2 and 3 (8] Appendix, Fig. S1D).
These data suggest that loss of MTMI results in defective myo-
tube formation, in agreement with other models and previous
reports (9, 22-24).

As B-integrins (11, 12) and FAs (27) are important for myoblast
fusion and myofiber assembly, we hypothesized that the observed
defect in myotube formation of MTM1 KO myoblasts may origi-
nate from defective FA assembly as a consequence of alterations in
integrin localization due to loss of MTM1. To test this hypothesis
we analyzed cell spreading, FA number, and pl-integrin localiza-
tion in undifferentiated C2C12 myoblasts. Undifferentiated
MTM1 KO myoblasts displayed a reduced cell area-to-volume
ratio (Fig. 10) as a result of impaired cell spreading (S Appendix;
Fig. S1E), whereas the total cell volume (i.e., cell size) was unal-
tered (SI Appendix, Fig. S1F). Cell spreading and FA dynamics
largely depend on the function of plasma membrane-localized
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active B-integrins (27). MTM1 KO C2C12 myoblasts displayed a
significant reduction in the number of FAs marked by paxillin
(Fig. 1 D and E). A similar reduction was observed for other FA
markers such as vinculin and zyxin (S/ Appendix, Fig. S1 G-)).
We then probed the surface levels and localization of active
PB1-integrins using well-established conformation-specific antibodies
(28-31). The surface levels of active B1-integrins (Fig. 1 Fand G),
but not those of total Bl-integrins (SI Appendix, Fig. S1j), were
greatly reduced in MTM1 KO C2C12 myoblasts. Analysis of total
surface Pl-integrin levels by fluorescence-activated cell sorting
(FACS) confirmed the reduction of cell surface active p1-integrins
upon loss of MTM1 (S Appendix, Fig. S1K). Total Pl-integrins
appeared to be slightly increased upon MTMI1 loss when analyzed
by FACS (81 Appendix, Fig. S1L). Consistent with the reduced lev-
els of active Pl-integrins, MTM1 KO myoblasts displayed reduced
pFAK (81 Appendix, Fig. S2 A and B) and pAKT1 (87 Appendix,
Fig. S2 Cand D) levels, established downstream effectors of integ-
rin signaling. To explore whether the role of MTM1 in FA assem-
bly and P1-integrin surface delivery depends on its 3-phosphatase
activity, we conducted rescue experiments in MTM1 KO myo-
blasts. Reexpression of WT but not catalytically inactive (C375S)
MTML1 potently promoted Pl-integrin delivery to the cell surface
(SI Appendix, Fig. S2 E and F). This correlated with the restoration
of normal PIB3)P levels by WT but not by inactive MTMI
(SI Appendix, Fig. S2 E and G).

FAs serve as anchoring points for cells in tissues including mus-
cle and, thereby, limit the speed of migration (27). Consistent
with the observed reduction in FA number MTM1 KO myoblasts
displayed increased speed of migration (SI Appendix, Fig. S2H).
MTM1 KO C2C12 myoblasts also recapitulated other reported
features of XLCNM models including defective organization of
desmin intermediary filaments and dispersion of transferrin
receptor-containing recycling endosomes (5) to the cell periphery
(SI Appendix, Fig. S2 Iand )).

Collectively, these data indicate that MTM1 KO myoblasts
recapitulate key features of XLCNM in animal models and in
humans, most notably a cell-autonomous defect in surface delivery
of active Pl-integrins resulting in reduced numbers of FAs as a
result of defective PI 3-phosphate hydrolysis.

Genetic Loss of PI3KC2p Rescues Defective Myotube
Differentiation and Restores Normal Active p1-Integrin Surface
Levels. As genetic studies suggest that Pik3c2b acts as a genetic
modifier of XLCNM pathology in vivo (14), we decided to
explore the potential role of PI3KC2p in myoblasts and in the
modulation of XLCNM at the molecular mechanistic level by
creating MTM1/PI3KC2f double-KO C2C12 cells (Fig. 2 and
SI Appendix, Fig. S3). Immunoblot analysis of MTM1 KO
myoblasts showed that loss of MTMI1 is associated with
reduced steady-state levels of PI3KC2p protein, as often seen
for proteins that act together in a common genetic pathway.
Neither MTM1 nor PI3KC2f3 were detectable in a double-KO
myoblast line generated by CRISPR-Cas9 (double KO#1) (S
Appendix, Fig. S34). We then analyzed the ability of WT
or KO myoblasts lacking either MTM1, PI3KC2, or both
proteins to differentiate into multinucleated MHC-positive
myotubes (Fig. 2 A-D). In contrast to the defects in myotube
differentiation observed in MTM1 KO myoblasts (Fig. 1),
MTM1/PI3KC2 double-KO myoblasts were indistinguishable
from WT cells with respect to myotube differentiation as evi-
denced by a normal differentiation index (Fig. 2B), nuclear
fusion index (Fig. 20), and the fraction of multinucleated
cells (Fig. 2D). MTMI1/PI3KC2f double-KO myoblasts

also showed normal levels of myogenin and MHC expression
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Fig. 1. Defective differentiation, FAs, and reduced active p1-integrin surface levels in a cell-based model of XLCNM. (A) Differentiation index (number of
nuclei/MHC-positive myotube) of WT and MTM1 KO C2C12 cells differentiated for 6 d. Mean + SD from three independent experiments compared to WT.
For each experiment, 10 images (850 pM x 850 pM) were acquired per condition. One-way ANOVA (F=32.71) and Tukey's multiple-comparison test; **P <
0.01. WT vs. MTM1 KO#1 P = 0.0032; WT vs. MTM1 KO#2 P = 0.0077; WT vs. MTM1 KO#3 P = 0.0085. (B) Fraction of myotubes containing 1, 2 to 5, 6 to 15,
or >15 nuclei of WT and MTM1 KO C2C12 cells differentiated for 6 d. Mean + SD from three independent experiments. For each experiment, 10 images (850
pm x 850 pm) were acquired per condition. Two-way RM ANOVA and Dunnett's multiple comparison test; 1 nucleus: WT vs. MTM1 KO#1 **P = 0.0097;
WT vs. MTM1 KO#2 *P = 0.0305; WT vs. MTM1 KO#3 *P = 0.0486; 2 to 5 nuclei: WT vs. MTM1 KO#1 *P = 0.0147; WT vs. MTM1 KO#2 *P = 0.0347: WT vs.
MTM1 KO#3 ns P = 0.0652; 6 to 15 nuclei: WT vs. MTM1 KO#1 *P = 0.260; WT vs. MTM1 KO#2 *P = 0.0180: WT vs. MTM1 KO#3 *P = 0.0220; >15 nuclei:
WT vs. MTM1 KO#1 **P = 0.0058; WT vs. MTM1 KO#2 ***pP = 0.0005: WT vs. MTM1 KO#3 **P = 0.0013. (C) Relative cell area to volume ratio of WT and
MTM1 KO C2C12 undifferentiated myoblasts measured by FACS. Mean + SD from seven independent experiments represented as fold change compared to
control (WT) with a hypothetical mean of 1. Cell areas were determined from 10 images per condition per experiment accounting for 50 to 100 cells.
Forward scatter values were obtained from 10,000 cells per experiment per condition. One-way ANOVA (F=9.795) and Dunnett's multiple-comparison test;
WT vs. MTM1 KO#1 ***P = 0.0001, WT vs. MTM1 KO#2 ns P = 0.1342, WT vs. MTM1 KO#3 **P = 0.0016. (D) Representative images of WT and MTM1 KO
C2C12 undifferentiated myoblasts immunostained for active paxillin and DAPI for nuclear staining. (Scale bar, 10 um.) (E) Number of FAs per cell in WT and
MTM1 KO C2C12 undifferentiated myoblasts measured using paxillin as FA marker. Mean + SD from three independent experiments represented as fold
change compared to control (WT) with a hypothetical mean of 1. 10 images per condition and experiment were acquired accounting for 50 to 100 cells.
One-way ANOVA (F=12.33) and Dunnett's multiple-comparison test; WT vs. MTM1 KO#1 **P = 0.0048, WT vs. MTM1 KO#2 **P = 0.0014, WT vs. MTM1
KO#3 **P = 0.0054. (F) Representative images of WT and MTM1 KO C2C12 undifferentiated myoblasts immunostained under nonpermeabilizing conditions
for active p1-integrin and DAPI for nuclear staining. (Scale bar, 10 pm.) (G) Surface active p1-integrin intensity per cell in WT and MTM1 KO C2C12 undifferen-
tiated myoblasts measured by immunofluorescence. Mean + SD from four or five independent experiments represented as fold change compared to con-
trol (WT) with a hypothetical mean of 1. 10 images per condition and experiment were acquired accounting for 50 to 100 cells on average. One-way ANOVA
(F=13.12) and Dunnett's multiple-comparison test; WT vs. MTM1 KO#1 ***P = 0.0002, WT vs. MTM1 KO#2 **P = 0.0033, WT vs. MTM1 KO#3 ***P = 0.0003.

(SI Appendix, Fig. S1D). Normal myotube differentiation

membrane-localized active Pl-integrins were also observed in

(Fig. 2 B-D) was also observed in a second genome-
engineered myoblast cell line (MTMthPD/PISKC2ﬁ KO)
lacking detectable PI3KC2P protein expression and with
severely reduced MTM1 protein content (SI Appendix, Fig.
S3B). MTM1/PI3KC2p double-KO myoblasts also showed
normal cell spreading (87 Appendix, Fig. S3C) and cell area-
to-volume ratio (Fig. 2E). Moreover, the levels of active
B1-integrins displayed on the double-KO cell surface (Fig. 2 F
and G) as well as the number of zyxin-containing FAs (Fig. 2
H and 1) were indistinguishable from WT cells, as was the
speed of cell migration (Fig. 2/). Normal cell area, cell spread-
ing, and levels of FA proteins (e.g., zyxin) as well as plasma

PNAS 2022 Vol.119 No.40 2202236119

PI3KC2p KO myoblasts (Fig. 2 E-1) and in the MTM1™?°/
PI3KC2B KO cell line (S/ Appendix, Fig. S3 D-I). These
results support the hypothesis that the observed rescue of
XLCNM phenotypes in double-KO myoblasts is a specific
phenotype due to functional genetic interactions between
Miml and Pik3c2b rather than phenotypic differences
originating from clonal selection. Consistently, elevated
Bl-integrin surface pools were also observed in MTM1 KO
myoblasts subjected to short hairpin RNA-mediated knock-
down of PI3KC2 expression (8] Appendix, Fig. S3)).

Our findings show that genetic loss of PI3KC2f rescues defec-
tive myotube differentiation, cell spreading, and FA number and
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restores normal active B1-integrin surface levels induced by lack of

functional MTM1 in myoblasts.

Rescue of p1-Integrin Surface Pools by Loss of Active PI3KC2p
Neither Involves mTORC1 nor Restoration of Cellular PI(3)P
Levels. The pathology of XLCNM as well as the cellular and
organismal phenotypes of MTMI1 loss of function are linked to
its enzymatic activity as a 3-phosphatase that controls the levels
of endosomal PI(3)P and, possibly, PI(3,5)P, (4, 7, 8, 15, 32,
33). While the reliable determination of PI(3,5)P, levels in cells
remains difficult, endosomal PI(3)P can be detected and semi-
quantitatively analyzed using the recombinant purified 2xFYVE
domain of Hrs as a probe (34, 35). Consistent with prior
studies (5, 15, 36), we found PI(3)P levels to be significantly
elevated in three independent MTM1 KO myoblast cell lines
compared to WT controls (SI Appendix, Fig. S4 A and B),
while the total number over PI(3)P positive endosomes was not
affected (S7 Appendix, Fig. S4C). Furthermore, most detectable
PI(3)P labeled by our approach resided on EEA1-positive endo-
somes (SI Appendix, Fig. S4 D and E). Conversely, PI3KC2f
KO C2C12 cells displayed reduced levels of PI(3)P, suggesting
that PI3KC2f contributes to PI(3)P synthesis in these cells
[as in primary hepatocytes (17)], although it may not be the
major source for endosomal PI(3)P (see below). Strikingly,
MTM1/PI3KC2f double-KO myoblasts showed elevated
PI(3)P levels similar to those observed in MTM1 single-KO
cells (ST Appendix, Fig. S4 F and G). These data suggest that
loss of Pik3c2b rescues cellular XLCNM phenotypes without
restoring normal PI(3)P levels. We challenged these unexpected
findings by exploring the effects of suppressing PI(3)P synthesis
pharmacologically by application of a specific inhibitor of
VPS34, the major contributor to endosomal PI(3)P synthesis in
most cells and tissues (37, 38) including C2C12 myoblasts (57
Appendix, Fig. S4H). Prolonged inhibition of VPS34-mediated
PI(3)P synthesis in the presence of VPS34-IN1 (39) failed to
rescue the depletion of active Bl-integrins from the surface of
MTM1 KO myoblasts (Fig. 34 and S/ Appendix, Fig. S41),
despite its ability to potently reduce endosomal PI(3)P levels.
Hence, it appears that rescue of Pl-integrin surface pools by
loss of PI3KC2p is not mediated by restoration of endosomal
PI(3)P levels.

Given these results and previous work showing that wort-
mannin, a broad-spectrum PI 3-kinase inhibitor targeting most
PI 3-kinases including PI3KC2, led to a mild rescue of muscle
phenotypes in MTM1 KO mice (14), we considered alternative
mechanisms. PI3KC2f in addition to its contribution to
PI(3)P formation in some cell types (17, 18) has been shown to
suppress mTORCI-mediated nutrient signaling via local
synthesis of a lysosomal pool of phosphatidylinositol 3,4-
bisphosphate [PI(3,4)P,] in growth factor-deprived cells (19).
Although PI(3,4)P, is not a substrate for MTM1 (40) and no
consistent alterations in its levels were detected in the three KO
myoblast lines, we considered the possibility that MTM1 and
PI3KC2f might serve as antagonistic regulators of mTORCI1
activity. However, we failed to detect changes in mTORCI1
activity in MTM1 KO myoblasts assessed by the levels of its
phosphorylated downstream substrate pS6K1 (Fig. 3B). Fur-
thermore, prolonged application of different doses of the
mTORCI inhibitor rapamycin failed to restore normal levels
of active Pl-integrins on the surface of MTM1 KO myoblasts
(Fig. 3C and SI Appendix, Fig. S4j). These data suggest that
loss of Pik3c2b does not restore reduced surface levels of
p-integrins caused by KO of MTM1 via elevation of mTORC1
signaling.
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Our collective findings argue that the rescue of Pl-integrin
surface pools by loss of PI3KC2f in MTM1 KO cells either is
1) independent of its PI 3-kinase activity and/or 2) involves a
mechanism that functions antagonistically to MTM1-mediated
B1-integrin recycling to the cell surface (5, 10). To explore the
putative function of PI3KC2p in integrin traffic more directly,
we resorted to HeLa cells, which express much higher endoge-
nous levels of PI3KC2f and less MTM1 compared to C2C12
myoblasts (Fig. 3D) and can be easily manipulated by RNA
interference or plasmid-based expression. We used previously
reported specific small interfering RNA (siRNA) to deplete
Hela cells of endogenous PI3KC2B (19) (S Appendix, Fig.
S4K) and monitored the levels of active B1-integrins on the cell
surface. Loss of PI3KC2p led to pronouncedly elevated surface
pools of active Bl-integrins in Hela cells (Fig. 3 E'and F). This
was paralleled by a moderate increase in the total pl-integrin
levels in PI3KC2B-depleted cells (SI Appendix, Fig. S4L).
Reexpression of siRNA-resistant WT but not kinase-inactive
(KI) mutant PI3KC2P restored the surface pool of active
Pl-integrins to normal levels akin to those detected in control
cells (Fig. 3 Eand B).

These data together with the fact that loss of PI3KC2f does
not appear to restore elevated PI(3)P levels in the absence
of MTMI1 expression (compare SI Appendix, Fig. S4 C and D)
suggest that PI3KC2B may act on a different pool of
3-phosphoinositides, e.g., via synthesis of PI(3,4)P, (16, 19). To
test this we capitalized on a class Ill-like mutant version of
PI3KC2p, which is selectively defective in PI(3,4)P, synthesis but
can generate PI(3)P with WT efficacy (16, 41). Strikingly, reex-
pression of mutant class III-like PI3KC2 failed to restore normal
levels of Bl-integrins in HeLa cells depleted of the endogenous
enzyme (Fig. 3 G and H). These results indicate that the surface
pool of active Bl-integrins is controlled by PI3KC2-mediated
synthesis of PI(3,4)P, rather than PI(3)P.

PI3BKC2p and MTM1 Antagonistically Control Active p1-Integrin
Endocytosis and Recycling. Based on these findings and the
known function of other class II PI3Ks in the endocytic path-
way (18, 42), we hypothesized that PI3KC2f regulates the cell
surface pools of active P-integrins by directly controlling their
endocytosis and/or endosomal sorting (i.e., recycling vs. lysoso-
mal degradation) (Fig. 44) and, thereby, counteract MTM1-
dependent Pl-integrin delivery to the surface (5). We probed
this hypothesis in multiple ways. As active Pl-integrins are
thought to be internalized at least in part via clathrin- and
dynamin-dependent endocytosis (CME) (43), a process that
depends on PI(3,4)P, (42), we depleted MTM1 KO myoblasts
of either clathrin or dynamin 2. Inhibition of CME by knock-
down of either clathrin or dynamin 2 rescued the levels of
active Pl-integrins on the cell surface of MTM1 KO myoblasts
(Fig. 4B), consistent with the fact that reducing dynamin
2 expression rescues XLCNM in mice in vivo (44). To directly
probe the putative function of PI3KC2f in the CME of
B-integrins, we monitored its localization by total internal
reflection fluorescence microscopy in genome-engineered Hela
cells endogenously expressing eGFP-PI3KC2f. We found
eGFP-PI3KC2 to colocalize with endogenous clathrin-coated
endocytic structures at the cell surface (SI Appendix, Fig. S5A).
Further biochemical analysis revealed that endogenous eGFP-
PI3KC2 associates with clathrin and other endocytic proteins
including intersectin 1, a known binding partner of PI3KC2f
(45) and the clathrin adaptor complex AP-2 (46), and with
Dab2 (Fig. 40), an endocytic adaptor for P-integrins (47).
Affinity chromatography experiments paired with truncation
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Fig. 2. Genetic loss of PI3KC2p rescues defec-
tive myotube differentiation and restores
normal active pl-integrin surface levels.
(A) Representative images of WT, MTM1 KO#1,
double KO#1, and MTM1™P°/PI3KC2p KO
C2C12 myotubes differentiated for 6 d and
immunostained for MHC as a differentiation
marker and DAPI for nuclear staining. (Scale
bar, 100 pm.) (B) Differentiation index (average
number of nuclei per MHC positive myotube)
of WT, MTM1 KO#1, double KO#1, and
MTM1MYPo/PI3KC2 KO C2C12 myotubes differ-
entiated for 6 d. Mean + SD from three inde-
pendent experiments compared to WT. Ten
images (850 pM x 850 pM) per condition. One-
way ANOVA (F=32.71) and Tukey's multiple-
comparison test; ns P > 0.05, *P < 0.05, **P <
0.01, ***P < 0.001, ****P < 0.0001. WT vs.
MTM1 KO#1 P = 0.0032; WT vs. double KO#1
P = 0.9980; WT vs. MTM1™PYPI3KC2B KO P =
0.0015; MTM1 KO#1 vs. double KO#1 P =
0.0061; MTM1 KO#1 vs. MTM1™PYPI3KC2p KO
P < 0.0001. (€) Nuclear fusion index (nuclei in
myotubes per total number of nuclei) of WT,
MTM1 KO#1, double KO#1, and MTM1™P°/
PI3KC2p KO C2C12 myotubes differentiated for
6 d. Mean + SD from three independent
experiments compared to WT. Ten images
(850 pM x 850 uM) per condition. One-way
ANOVA (F= 15.96) and Tukeys multiple-
comparison test; ns P > 0.05, ***P < 0.001.
WT vs. MTM1 KO#1 P = 0.0003; WT vs. double
KO#1 P = 0.6060; WT vs. MTM1™P/PI3KC2p
KO P = 0.7549. (D) Fraction of myotubes con-
taining 1, 2 to 5, 6 to 15, or >15 nuclei of WT,
MTM1 KO#1, double KO#1, and MTM1™P°/
PI3KC2p KO C2C12 myotubes differentiated for
6 d. Two-way RM ANOVA and Dunnett's multi-
ple comparison test; 1 nucleus: WT vs. MTM1
KO#1 **P = 0.0097; WT vs. double KO#1 ns
P = 0.4915; WT vs. MTM1™P®/PI3KC2p KO ns
P = 0.1845; 2 to 5 nuclei: WT vs. MTM1 KO#1
*P = 0.0147;, WT vs. double KO#1 ns P =
0.3660; WT vs. MTM1™PYPI3KC2p KO *P =
0.0284; 6 to 15 nuclei: WT vs. MTM1 KO#1
*P = 0.0260; WT vs. double KO#1 ns P =
0.1741; WT vs. MTM1™P*PI3KC28 KO ns P =
0.6133; >15 nuclei: WT vs. MTM1 KO#1 **P =
0.0058; WT vs. double KO#1 ns P = 0.2142;
WT vs. MTM1™POPI3KC2p KO ns P = 0.0936.
(E) Cell area of WT and C2C12 KO myoblasts.
Mean + SD from 13 to 16 independent experi-
ments represented as fold change compared
to control (WT) with a hypothetical mean of 1.
One-way ANOVA (F=44.72) and Dunnetts
multiple-comparison test; WT vs. MTM1 KO#1
**+%p < 0.0001, WT vs. PI3KC2p KO ns P =
0.9712, WT vs. double KO#1 ***P = 0.0007.
(F) Representative images of WT, MTM1 KO#1,
PI3KC2p KO#1, and double KO#1 undifferenti-
ated myoblasts immunostained under nonper-
meabilizing conditions for active p1-integrin
and DAPI for nuclear staining. (Scale bar,
10 pm.) (G) Surface active p1-integrin intensity
per cell in WT, MTM1 KO#1, PI3KC28 KO#1,
and double KO#1 undifferentiated myoblasts.
Mean = SD from five or six independent
experiments represented as fold change com-
pared to control (WT) with a hypothetical
mean of 1. Ten images per condition and
experiment were acquired accounting for
50 to 100 cells. One-way ANOVA (F=6.0) and
Dunnetts multiple-comparison test; WT vs.
MTM 1KO#1 **P = 0.0020, WT vs. PI3KC2p KO

ns P = 0.5683, WT vs. double KO#1 ns P = 0.6538. (H) Representative images of WT, MTM1 KO#1, PI3KC28 KO#1, and double KO#1 undifferentiated myoblasts
immunostained for zyxin and DAPI for nuclear staining. (Scale bar, 10 um.) () Number of FAs per cell in WT, MTM1 KO#1, PI3KC2 KO#1, and double KO#1
undifferentiated myoblasts measured using zyxin as FA marker. Mean + SD from four independent experiments represented as fold change compared to control (WT)
with a hypothetical mean of 1. Ten images per condition and experiment were acquired accounting for 50 to 100 cells. One-way ANOVA (F=7.655) and Dunnett's
multiple-comparison test; WT vs. MTM1 KO#1 **P = 0.0079, WT vs. PI3KC2B KO ns P = 0.9980, WT vs. double KO#1 ns P = 0.8806. (/) Random migration speed of WT,
MTM1 KO#1, PI3KC2p KO#1, and double KO#1 undifferentiated myoblasts on a Matrigel matrix. Mean + SD from three independent experiments represented as fold
change compared to control (WT) with a hypothetical mean of 1. For each replicate and condition an average of 40 cells were analyzed. One-way ANOVA (F=102.6)
and Dunnett's multiple-comparison test; WT vs. MTM1 KO#1 ****p < 0,0001, WT vs. PI3KC2 KO **P = 0.0039, WT vs. double KO#1 ns P = 0.9640.
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Fig. 3. Rescue of p1-integrin surface pools by
loss of active PI3KC2B neither involves
mTORC1 nor restoration of cellular PI(3)P lev-
els. (A) Surface active p1-integrin intensity per
cell in WT and MTM1 KO#1 C2C12 myoblasts
treated for 4h with 1 pM VPS34-IN1 or
dimethyl sulfoxide (DMSO). Mean + SD from
six independent experiments represented as
fold change compared to control (WT+DMSO)
with a hypothetical mean of 1. Ten images per
condition and experiment were acquired
accounting for 50 to 100 cells on average.
One-way ANOVA (F=21.00) and Tukey's
multiple-comparison test; WT+DMSO vs.
MTM1  KO#1+DMSO  ****p < 0.0001,
WT+VPS34-IN1 vs. MTM1 KO#1+VPS34-IN1

Qe O%\ Qa O&:\ Qe O%N
RSN NS

N *kkp —
FREIHE P = 0.0001, MTM1 KO#1+DMSO vs. MTM1
< <+ S KO#1+VPS34-IN1 ns P = 0.8808. (B) Immuno-
DMSO 0.5uM 0.1uM blot of p-S6 kinase Thr-389 levels in WT a‘nd
— MTM1 KO#1 C2C12 lysates. (C) Surface active
rapamycin B1-integrin intensity per cell in WT and MTM1

KO#1 C2C12 myoblasts treated for 16 h with

ns 0.5 pM or 0.1 pM rapamycin or DMSO. Mean +

- .. SD from three independent experiments rep-
resented as fold change compared to control
(WT+DMSO) with a hypothetical mean of 1.
EL T = Ten images per condition and experiment
were acquired accounting for 50 to 100 cells
on average. One-way ANOVA (F=12.224) and
Tukey's multiple-comparison test; WT+DMSO
vs. MTM1 KO#1+DMSO **P = 0.0057, WT+0.5
pM vs. MTM1 KO#1+0.5 pM **P = 0.0085,
WT+0.1 pM vs. MTM1 KO#1+0.1 pM **P =
0.0083, MTM1 KO#1+DMSO vs. MTM1
KO#1+05 pM ns P = 0.9998, MTM1
KO#1+DMSO vs. MTM1 KO#1+0.1 pM ns P =
0.9890. (D) PI3KC2p protein levels in WT
C2C12 and Hela cells detected by immuno-
blotting. p-actin is used as a loading control.
R (E) Representative images of Hela cells
treated with control (siSCR) or PI3KC2p-
targeting (siPI3KC2p) siRNA and transfected
with plasmids encoding for eGFP, eGFP-
PI3KC2B, or kinase-inactive eGFP-PI3KC2p
(eGFP-PI3KC2p KI) prior to immunostaining for
active p1-integrin under nonpermeabilizing
conditions. (Scale bar, 10 pm.) (F) Surface
active p1-integrin intensity per cell in Hela
cells treated with control (siSCR) or PI3KC2p-
targeting (siPI3KC2p) siRNA and transfected
with plasmids encoding for eGFP, eGFP-
PI3KC2B, or kinase-inactive eGFP-PI3KC2p
(eGFP-PI3KC2p KI) prior to immunostaining.
Mean + SD from four independent experi-
ments represented as fold change compared
to control (siSCR+GFP) with a hypothetical
mean of 1. Ten images per condition and
experiment were acquired accounting for 30
to 60 cells. One-way ANOVA (F=15.83) and

Hk

Tukey's multiple-comparison test; siSCR+GFP vs. siPI3KC2p+GFP ***P= 0.0007, SiSCR+GFP vs. siPI3KC2B+GFP-PI3KC2p Kl ***P = 0.0009, siSCR+GFP vs.
SiPI3KC2B+GFP-PI3KC2B ns P = 0.6, siPI3BKC2B+GFP vs. siPI3KC2p+GFP-PI3KC2p **P = 0.0053, siPI3KC2p+GFP-PI3KC2p Kl vs. siPI3KC2p+GFP-PI3KC2p **P =
0.0075. (G) Surface active p1-integrin intensity per cell in Hela cells treated with control (siSCR) or PI3KC2p-targeting (siPI3KC2p) siRNA and transfected with
plasmids encoding for eGFP, eGFP-PI3KC2p, or class Il like eGFP-PI3KC2p (eGFP-PI3KC2p") prior to immunostaining. Mean + SD from three independent
experiments represented as fold change compared to control (siSCR+GFP) with a hypothetical mean of 1. Ten images per condition and experiment were
acquired accounting for 30 to 60 cells. One-way ANOVA (F=90.54) and Tukey's multiple-comparison test; siSCR+GFP vs. siPI3BKC2p+GFP ****p < 0.0001,
SiISCR+GFP vs. siPI3KC2p+GFP-PI3KC28 ns P = 0.3224, siPI3KC2p+GFP vs. siPI3KC2p+GFP-PI3KC2p ****P < 0.0001, siPI3KC2p+GFP vs. siPI3KC2p+GFP-
PI3KC2B" ns P = 0.9986, siPI3KC2p+GFP-PI3KC2p vs. siPI3KC2p+GFP-PI3KC2pC" **++p < 0,0001.

mutational analysis (Fig. 4D) showed that complex formation
of PI3KC2p with clathrin, intersectin 1, and Dab2 is mediated
via molecular determinants within its unstructured amino-
terminal domain (see scheme in S/ Appendix, Fig. S5B) that
harbors independent binding sites for clathrin (21) and inter-
sectin (45) (S Appendix, Fig. S5C). The related PI3KC2a
enzyme also bound to clathrin but did not coimmunoprecipi-
tate with either intersectin 1 or the Pl-integrin adaptor Dab2
(ST Appendix, Fig. S5D). Importantly, endocytosis of active
B1-integrins in HeLa cells depleted of PI3KC2p, intersectin 1,

6 of 10  https://doi.org/10.1073/pnas.2202236119

or Dab2 was greatly reduced (Fig. 4F), resulting in increased
active Pl-integrin surface levels (S/ Appendix, Fig. S5). Defec-
tive active Pl-integrin endocytosis was also observed in
PI3KC2p KO C2C12 myoblasts (S Appendix, Fig. S5 F and
G). By contrast, loss of PI3KC2p in Hela cells had minor
effects on CME of transferrin (S7 Appendix, Fig. S5H), suggest-
ing that it specifically regulates the internalization of active
B1-integrins. Reexpression of WT but not KI mutant PI3KC2f
restored normal Pl-integrin endocytosis in HeLa cells depleted
of the endogenous enzyme (Fig. 4F). Importantly, defective
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Fig. 4. PI3KC2p and MTM1 antagonistically control active p1-integrin endo-
cytosis and recycling. (A) Schematic representation of integrin cycling in
control and upon PI3KC2p loss.(B) Surface active f1-integrin intensity in WT
and MTM1 KO#1 C2C12 myoblasts treated with control (siSCR), clathrin
heavy chain- (siCHC), or dynamin2-targeting (sibDNM2) siRNA. Mean + SD
from three independent experiments normalized to control (WT + siSCR).
10 images /condition and experiment (30-60 cells) were acquired account-
ing for . One-way ANOVA (F = 18.24) and Tukey's multiple-comparison test;
WT + siSCR vs. MTM1 KO#1 + siSCR ***P = 0.0002; WT + siSCR vs. MTM1
KO#1 + siCHC ns P = 0.2946; WT + siSCR vs. MTM1 KO#1 + siDNM2 ns P =
0.1408; MTM1 KO#1 + siSCR vs. MTM1 KO#1 + siCHC **P = 0.0031; MTM1
KO#1 + siSCR vs. MTM1 KO#1 + siDNM2 **P = 0.0282. (C) Immunoprecipi-
tation of eGFP-PI3KC2p from HEK293T cells endogenously expressing eGFP-
PI3KC2p. Proteins were detected by immunoblotting from starting material
(SM, 5% of total lysate) or bound to GFP-nanotrap magnetic beads (IP
a-GFP) or control magnetic beads (Ctr.-IP). (D) Immunoprecipitation analysis
of proteins associated with eGFP, eGFP-PI3KC2p, or eGFP-PI3KC2p AN in
HEK293T cells. Samples were analyzed by immunoblotting for clathrin
heavy chain (CHC), intersectin 1 (ITSN-1), Dab2, or AP2(u). SM, 1.25% of total
lysate . IP a-GFP, material affinity-captured using GFP-nanotrap magnetic
beads. (E) Relative internalized to surface active p1-integrin ratio in Hela
cells treated with control (siSCR), PI3KC2p- (siPI3KC2p), ITSN1- (silTSN1), or
Dab2-targeting (siDab2) siRNA.Mean + SD from four independent experi-
ments normalized to control (siSCR). 10 images per condition and experi-
ment (30-60 cells) were acquired . One-way ANOVA (F=99.74) and Tukey's
multiple-comparison test; ****P < 0.0001. (F) Relative internalized to sur-
face active p1-integrin ratio in Hela cells treated with control (siSCR) or
PI3KC2p-targeting (siPI3KC2p) siRNA and transfected with plasmids encod-
ing for eGFP, eGFP-PI3KC2B, or kinase-inactive eGFP-PI3KC2p (eGFP-PI3KC2p
KI) prior to immunostaining. Mean + SD from 4 independent experiments
normalized to control (siSCR+GFP). 10 images / condition and experiment
(30-60 cells). . One-way ANOVA (F=22.52) and Tukey’'s multiple-comparison
test; SiSCR+GFP vs. siPI3BKC2p+GFP ***p = 0.0008, siSCR+GFP vs.
SiPI3KC2B+GFP-PI3KC2B KI ***P = 0.0003, siSCR+GFP vs. siPI3KC2p+GFP-
PI3KC2B ns P = 0.9981, siPI3BKC2p+GFP vs. siPI3KC2p+GFP-PI3KC2p ***p =
0.0006, siPI3KC2B+GFP-PI3KC2B Kl vs. siPI3KC2Bp+GFP-PI3KC2p ***p =
0.0002. (G) Relative internalized to surface active p1-integrin ratio in Hela
cells treated with control (siSCR) or PI3KC2p-targeting (siPI3KC2p) siRNA
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Bl-integrin endocytosis was not restored upon reexpression of
mutant class III-like PI3KC2p lacking the ability to synthesize
PI(3,4)P, (Fig. 4G). These results indicate that endocytic clear-
ance of active B1-integrins from the cell surface depends on the
ability of PI3KC2f to synthesize PI(3,4)P,. Based on these col-
lective data we hypothesize that clathrin, intersectin 1, and the
intersectin-associated integrin adaptor Dab2 may synergize to
form an endocytic hub for active p1-integrin internalization.
We noted that the cell-surface levels of active f1-integrins in cells
depleted of PIBKC2p appeared to exceed even those induced by
loss of the integrin adaptor Dab2 (87 Appendix, Fig. S5E). Based on
these data and previous reports suggesting that PI3KC2f can be
recruited to early (17) and late endosomes where it promotes the
degradative turnover of autophagy/lysosomal cargoes (19), we
hypothesized that PI3KC2f may also impact the downstream
endosomal sorting (i.e., recycling vs. lysosomal degradation) of
internalized active integrins (Fig. 44). We probed a putative role of
PI3KC2f in endosomal sorting at several levels. We found that loss
of PI3KC2f resulted in facilitated endosomal recycling of internal-
ized transferrin from endosomes (Fig. 4H). Conversely, degradative
endosomal sorting of internalized active fl-integrins to LAMDP2a-
containing lysosomes was perturbed in PI3KC28 KO myoblasts or
PI3KC2p-depleted Hela cells (Fig. 4/ and SI Appendix, Fig. S5)).
Moreover, while endogenous pl-integrins were effectively cleared
from the cell surface of control Hela cells within 24 h, we observed

and transfected with plasmids encoding for eGFP, eGFP-PI3KC2p, or classllI
like eGFP-PI3KC2p (eGFP-PI3KC2p") prior to immunostaining. Mean + SD
from four independent experiments normalized to control (siSCR+GFP)
with a hypothetical mean of 1. 10 images / condition and experiment (30-
60 cells) were acquired . One-way ANOVA (F=104.0) and Tukey's multiple-
comparison test; siSCR+GFP vs. siPI3KC2p+GFP ****p < 0.0001, siSCR+GFP
vs. siPIBKC2p+GFP-PI3KC2B ns P = 0.9520, siPI3KC2p+GFP vs. siPI3KC2p+
GFP-PI3KC2BC" ns P > 0.9999, siPI3KC2p+GFP vs. siPI3KC2p+GFP-PI3KC2p
*F*kP < (0,0001, SiPI3KC2p+GFP-PI3KC2B vs. siPI3KC2p+GFP-PI3KC2p"
**%%P < 0.0001. (H) Transferrin recycling assay in Hela cells treated with
control (siSCR) or PI3KC2p-targeting (siPI3KC2pB) siRNA. Internal transferrin
pools were quantified after 0, 10, 30, and 60 min. Data normalized to
the internal pool at 0 min. Mean + SEM from 3 independent experiments.
10 images per condition and experiment (30-60 cells) were acquired . One-
way ANOVA (F=41.48) and Sidak’s multiple comparisons test; siSCR 10 min
vs. siPI3KC2B 10 min **P = 0.0019, siSCR 30 min vs. siPI3KC2B 30 min ns
P =0.1433, siSCR 60 min vs. siPI3KC2B 60 min ns P = 0.8202. (/) Fraction of
active p1-integrin in late endosomal/lysosomal compartment (LAMP-2a) in
control (siSCR) and PI3KC2p-depleted (siPI3KC2p) Hela cells and in undiffer-
entiated WT or PI3KC2p KO C2C12 myoblasts after 4 h of active p1-integrin
uptake. Mean + SD from four independent experiments (HelLa) or three
independent experiments (C2C12), respectively. Data normalized to control
(siSCR). 10 images per condition and experiment (30-60 cells) were
acquired . One-sample two-tailed t test; HelLa: **P = 0.0020; C2C12: **P =
0.0019. () Streptavidin pulldown using lysates of surface biotinylated Hela
cells treated with control (siSCR) or PI3KC2p targeting (siPI3KC2p) SiRNA.
Cells were incubated for 0 or 24 h after surface biotinylation, lysed, and
remaining surface pi1-integrin  was analyzed by immunoblotting.
(K) Quantification of J. The ratio of p1-integrin after 24 h and B1-integrin
after 0 h is depicted. Mean + SD from three independent experiments.
Two-tailed t test; *P = 0.0141. (L) Surface active p1-integrin intensity per cell
in Hela cells treated with control (siSCR), PI3KC2p- (siPI3KC2p), MTM1-
(siMTM1), Exo70- (siEx070), or Sec3-targeting (siSec3) siRNA in the indicated
combinations. Mean + SD from four independent experiments normalized
to control (siSCR). One-way ANOVA (F=49.88) and Tukey's multiple-
comparison test; siSCR vs. siSCR+siPI3KC2p ****p < 0.0001, siSCR vs.
SiPI3KC2B+siMTM1 *P = 0.0107, siSCR vs. siPI3KC2B+siExo70 ns P = 0.7205,
SiSCR vs. siPI3KC2p+siSec3 ns P = 0.3015, siSCR+siPI3KC2p vs.
SiPIBKC2B+SiIMTM1 ****P < 0.0001, siSCR+siPI3KC2p vs. siPI3KC2p+siExo70
**%%p < 0.0001, siSCR+siPI3KC2p vs. siPI3KC2B+siSec3 ****p < 0.0001.
(M) Surface active pl-integrin intensity in WT and MTM1 KO#1 C2C12
myoblasts treated for 16 h with PITCOIN2 inhibitor or DMSO. Mean + SD
from nine independent experiments normalizedto control (WT+DMSO).
10 images / condition per experiment (50 to 100 cells) were analyzed. One-
way ANOVA (F=18.43) and Tukey's multiple-comparison test; WT+DMSO
vs. MTM1 KO#1+DMSO ****P < 0.0001, WT+DMSO vs. MTM1 KO#1+
PITCOIN3 ns P = 0.1523, MTM1 KO#1+DMSO vs. MTM1 KO#1+PITCOIN3
**p = 0.0014.
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a substantial retention of Pl-integrins at the plasma membrane of
HeLa cells depleted of PI3KC2p (Fig. 4 / and K). These results
suggest that PI3KC2 promotes the internalization and degradative
sorting of B1-integrins. Recycling of internalized membrane proteins
from endosomes to the plasma membrane depends on active
MTMI and on the hetero-octameric exocyst complex with which
MTMI indirectly associates (5). To assess the possible contribution
of elevated endosomal recycling of Pl-integrins to the surface of
PIBKC2p-depleted cells, we conducted double-knockdown experi-
ments targeting MTM1, or subunits of exocyst, ie., Ex070 and
Sec3. Strikingly, we found that concomitant loss of either MTM1
or the exocyst components Exo70 or Sec3 greatly reduced the
surface accumulation of active fl-integrins in Hela cells depleted
of PI3KC2 (Fig. 41).

These collective findings show that PI3KC2f and MTMI
antagonistically control active Bl-integrin endocytosis and recy-
cling to the cell surface from endosomes. Hence, specific pharma-
cological inhibition of PI3KC2f catalysis would be predicted to
restore active Pl-integrin surface pools caused by loss of MTM1
function. No specific membrane-permeant pharmacological inhib-
itors of class II PI3Ks including PI3KC2 have been available so
far. We recently combined high-throughput screening with
medicinal chemistry approaches to identify tool compounds that
selectively inhibit the activity of PI3KC2a (48). One of the identi-
fied compounds, termed PITCOIN2, displayed off-target activity
toward PI3KC2f with a concentration that inhibits response by
50% (ICsp) of 1.5 pM, while leaving other lipid kinases including
VPS34 and class I PI3Ks unperturbed (87 Appendix, Fig. S6A)
(48). Pharmacological inhibition of PI3KC2B function in the
presence of PITCOIN2 indeed potently elevated the surface levels
of active Pl-integrins in Hela cells, essentially phenocopying
genetic loss of PI3KC2f (SI Appendix, Fig. S6 B and (). In con-
trast, when Hela cells were treated with the PI3KC2a-selective
inhibitor PITCOIN3 the surface levels of active Pl-integrins
remained unaltered (S/ Appendix, Fig. S6 B and (). Moreover,
application of PITCOIN2 partially restored the surface levels of
active Pl-integrins in MTMI1 KO myoblasts (Fig. 4/ and
SI Appendix, Fig. S6D). The potent inhibitory effect on
PI3KC2a, an essential gene in mice (18), prevented us from
exploring the effects of long-term (more than many days) applica-
tion of PITCOIN2 on MTM1 KO myoblasts further. Nonethe-
less, our data provide proof of principle that isoform-selective
pharmacological inhibition of PI3KC2f activity may be a viable
option to rescue XLCNM phenotypes in cell- and animal-based
models and, possibly, in patients.

Discussion

In this study we identify the lipid kinase PI3KC2p as a genetic
and functional modifier of MTM1 function in a cell-based model
of XLCNM. We demonstrate that genetic KO of Pik3c2b or
pharmacological inhibition of PI3KC2f activity rescues reduced
active Bl-integrin surface levels and other key phenotypes of
MTMI dysfunction such as defective myoblast differentiation and
reduced numbers of FAs that underlie XLCNM pathology.
Surprisingly, however, loss of PI3KC2f does not appear to act by
restoring endosomal PI(3)P levels increased following absence of
MTM]1, distinct from earlier suggestions (14, 15). We further
show that PI3KC2 acts by facilitating the endocytosis and degra-
dative endosomal sorting of active Bl-integrins, thereby control-
ling their plasma membrane levels in myoblasts and nonmuscle
cells. Together with previous studies (5, 10) that have established
a role for MTML1 in the delivery of B-integrins to the cell surface,
our findings suggest a model whereby PI3KC2f and MTM1
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antagonistically control active Pl-integrin endocytosis and
recycling to the plasma membrane from endosomes, while acting
on different pools of PI 3-phosphates. A key role for f1-integrin
endocytosis and recycling in centronuclear myopathy is under-
scored by the fact that gain-of-function mutations in the endocytic
protein dynamin 2 that lead to elevated dynamin 2 protein levels
cause an autosomal dominant form of the disease (49).
Conversely, genetic depletion of dynamin 2 (33, 44, 50) or post-
transcriptional reduction of dynamin 2 protein expression induced
by tamoxifen (51) improved phenotypes of MTMI loss in a
murine model of XLCNM, although the relationship to
Bl-integrins had not been explored in these studies. Whether loss
or inhibition of PI3KC2 also rescues other XLCNM phenotypes,
e.g., defects in nuclei positioning or the organization of the sarco-
plasmic reticulum (25), will need to be addressed in the future.

Given that PI3KC2 loss leads to selective defects in the endo-
cytosis of active B1-integrins but is largely dispensable for CME of
transferrin, we favor a model whereby PI3KC2f via association
with intersectin 1 (45) and the associated integrin adaptor
Dab2 (47) serves a cargo-selective function in targeting active
PB1-integrins to sites of endocytic vesicle formation. Previous work
has identified multiple pathways (52) that differentially contribute
to the endocytosis and recycling of active and inactive B-integrins
(29) including clathrin-based mechanisms (47, 53, 54), the
CLIC/GEEC pathway (55), and the surface delivery of matrix
metalloproteases from lysosomes to cleave active B-integrins from
the extracellular fibronectin matrix (56). PI3KC2f may conceiv-
ably regulate several of these processes. In addition to its endocytic
function at plasma membrane clathrin-coated pits (this study) it
might, for example, contribute to the surface delivery of matrix
metalloproteases from lysosomes to which PI3KC2p has been
localized (19, 20). Internalized active P-integrins are either
retained intracellularly, recycled to the cell surface (52), a pathway
mediated by MTM1 and the exocyst complex (5), or sorted to
lysosomes for proteolytic turnover. Our data favor a mechanism
in which the decision to recycle, retain, or degrade pl-integrins is
controlled by active PI3KC2, likely at the level of endosomes or
primary endocytic vesicles (17). The precise mechanism by which
active PI3KC2p facilitates degradative sorting of internalized active
Bl-integrins will need to await future studies. For example, local
PI3KC2B-mediated synthesis of PI 3-phosphates may serve to
selectively recruit lipid-binding endosomal effector proteins such
as ESCRT proteins as recently demonstrated for the related
PI3KC2a isoform in the context of cytokinesis (57).

Irrespective of the precise mechanism of B1-integrin sorting our
study provides prima facie evidence that acute pharmacological
inhibition of PI3KC2f activity can rescue key features of MTM1
deficiency and may therefore provide a therapeutic option for
XLCNM patients. The development of the class II PI 3-kinase
inhibitor PITCOIN2 may serve as a starting point for the future
development of small molecules that selectively interfere with
PI3KC2f function at the organismic level, albeit possible concerns
remain with respect to adverse effects of PI3KC2f inhibitors in
nonmuscle tissue. The tools developed here will serve to pave the
way toward this goal.

Materials and Methods
Antibodies. See S/ Appendix, Table S1.

Plasmids. Complementary DNA encoding human MIM1 was inserted into
mCherry-pcDNA3.1(+), resulting in expression of an N-terminally mCherry-
tagged protein, as described before (5). An MTM1 phosphatase-inactive mutant
mCherry-MTM1%7> was also generated and described in the same publication.
FL eGFP-PI3KC2B, KI eGFP-PI3KC2B, and eGFP-PI3KC2p AN were described
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previously (13, 14). eGFP-PI3KC2o was described previously (29). eGFP-
PI3KC2BC" was described before (11).

Cell Lines. Cos7, HEK293T, Hela, and C2C12 were obtained from ATCC and not
used beyond passage 30 from original derivation by ATCC. HEK293T and Hela
cells expressing endogenous eGFP-PI3KC2( were described previously (13, 14).
Cell lines were routinely tested for mycoplasma contamination.

€212 Cell Culture and Differentiation. Myoblastic cell line C2C12 (ATCC
CRL-1772) was cultured in growth media (GM) containing Dulbecco's modified
Eagle's medium (DMEM) with 25 mM p-glucose, 4 mM L-glutamine, and phenol
red (Gibco) supplemented with 10% (volivol) heat-inactivated fetal bovine
serum (FBS; Gibco), 100 U/mL penicillin, and 100 pg/mL streptomycin (Gibco).
Cells were routinely maintained at low confluency (<70%) and seeded for
experiments at low passage number. For immunocytochemistry, cells were
seeded on Matrigel (Corning)-coated glass coverslips, whereas no coating was
used for protein extraction experiments.

For C2C12 differentiation, either 4 x 10* cells per well were seeded on 0.1%
(wtivol) gelatin (Sigma)-coated ibiTreat eightwell chambers (ibidi) or 3 x 10° cells
were seeded on 0.1% (wt/vol) gelatin-coated six-well plates. On the following
day (differentiation day 0), cells were confluent and GM was replaced by differentia-
tion media (DM), containing DMEM with 25 mM p-glucose, 4 mM t-glutamine, and
phenol red (Gibco) supplemented with 2% (vol/vol) horse serum (Gibco), 100 U/mL
penicillin, and 100 pg/mL streptomycin (Gibco). From the following day on, DM was
exchanged every 24 h. Cells were processed on day 7.

Hela Cell Culture. The Hela cell line was cultured in cell culture media contain-
ing DMEM with 25 mM p-glucose, 4 mM L-glutamine, and phenol red (Gibco)
supplemented with 10% (vol/vol) heat-inactivated FBS (Gibco), 100 U/mL penicil-
lin, and 100 pg/mL streptomycin (Gibco). Cells were not used beyond passage 30.

Generation of CRISPR-Cas-Engineered C2C12 Cell Lines. For generation of
MTM1, PI3KC2 and double-KO C2C12 cell lines single-guide RNA (sgRNA) was
cloned into Cas9 (Streptococcus pyogenes) green fluorescent protein (GFP) plas-
mid px458-pSpCas9(BB)-2A-GFP (Addgene, #48138). C2C12 cells at passage
3 were transfected with px458 plasmid containing Mtm1- and Pik3c2b-targeting
sgRNA inserts using jetPRIME (Polyplus). GFP-expressing cells were sorted into
96-well plates using fluorescence-activated single cell sorter (BD FACSAria). Colo-
nies were expanded and screened for genetic alterations at the sgRNA target site
via sequencing and insertion-deletion (InDel) estimation and, subsequently, by
immunoblotting. See S/ Appendix, Extended Methods for further details.
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washes in PBS cells were analyzed using a BD LSR Fortessa flow cytometer.

Statistics and Reproducibility. Values are depicted as mean + SD. One-
sample two-sided t tests were used for comparisons with control group values
that had been set to 1 for normalization purposes and that therefore did not fulfill
the requirement of two-sample ¢ tests. One-way ANOVA with Dunnet's or Tukey's
multiple-comparison tests were used to compare three or more groups after the
same normalization. GraphPad Prism version 9 software was used for statistical
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Extended Methods. S/ Appendix, Extended Methods contain information on
oligonucleotides and siRNAs; generation of CRISPR-Cas9-engineered C2C12 cell
lines; transfection of cultured cells; lentiviral transduction of C2C12 cells; chemi-
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