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Myotubularin is a 3-phosphoinositide phosphatase that is
mutated in X-linked myotubular myopathy, a severe neonatal
disorder in which skeletal muscle development and/or regener-
ation is impaired. In this report we provide evidence that
siRNA-mediated silencing of myotubularin expression mark-
edly inhibits growth factor-stimulated Akt phosphorylation,
leading to activation of caspase-dependent pro-apoptotic sig-
naling in HeLa cells and primary human skeletal muscle myo-
tubes. Myotubularin silencing also inhibits Akt-dependent sig-
naling through the mammalian target of rapamycin complex 1
as assessed by p70 S6-kinase and 4E-BP1 phosphorylation. Sim-
ilarly, phosphorylation of FoxO transcription factors is also sig-
nificantly reduced in myotubularin-deficient cells. Our data fur-
ther suggest that inhibition of Akt activation and downstream
survival signaling in myotubularin-deficient cells is caused by
accumulation of the MTMR substrate lipid phosphatidylinosi-
tol 3-phosphate generated from the type II phosphatidylinositol
3-kinase PIK3C2B. Our findings are significant because they
suggest that myotubularin regulates Akt activation via a cellular
pool of phosphatidylinositol 3-phosphate that is distinct from
that generated by the type III phosphatidylinositol 3-kinase
hVps34. Because impaired Akt signaling has been tightly linked
to skeletal muscle atrophy, we hypothesize that loss of Akt-de-
pendent growth/survival cues due to impaired myotubularin
function may be a critical factor underlying the severe skeletal
muscle atrophy characteristic of muscle fibers in patients with
X-linked myotubular myopathy.

Myotubularin is the archetypical member of a family of
phosphoinositide 3-phosphatases. Mutations in the myotu-
bularin gene are causative for X-linked recessive myotubular
myopathy (XLMTM),* also known as “centronuclear myopa-
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thy.” XLMTM is a severe neonatal disorder in which the matu-
ration and/or regeneration of skeletal muscle fibers is compro-
mised (1, 2). Myofibers from affected individuals display
abnormal centrally located nuclei and are severely atrophic.
Mice in which the myotubularin gene has been deleted exhibit
a skeletal muscle phenotype consistent with that of XLMTM
disease. Like XLMTM patients, early stages of myogenesis in
these mice appear to occur normally, and it has been suggested
that skeletal muscle maintenance or regeneration is affected
rather than early myogenic differentiation (3). Mutations in two
other MTMR family proteins, MTMR2 and MTMRI13, are
causative for the demyelinating peripheral neuropathy type 4B
Charcot-Marie-Tooth disease (4-6).

The myotubularin-related protein (MTMR) family consists
of 14 proteins including 8 catalytically active lipid phosphatases
and 6 forms that are inactive due to germ-line substitutions of
essential catalytic residues (7). Active MTMRs specifically
remove the 3-phosphate moiety from phosphatidylinositol
3-phosphate and phosphatidylinositol  3,5-bisphosphate
(PI(3,5)P,), generating phosphatidylinositol (PI) and phospha-
tidylinositol 5-phosphate (PI(5)P), respectively (8 —10). PI(3)P
and PI(3,5)P, play critical roles in membrane trafficking pro-
cesses including trafficking through early/late endosomes and
multivesicular bodies, lysosomal transport, trafficking to the
trans-Golgi network, and autophagy (10 —13). Recent work has
linked myotubularin and/or MTMR?2 to membrane remodeling
and internalization and turnover of growth factor receptors
(14-17). However, specific mechanisms of how impaired myo-
tubularin function, aberrant levels of its substrate/product
phosphoinositides, or altered trafficking events can lead to
XLMTM disease have yet to be identified. Interestingly, recent
studies have shown that MTMR6 can regulate KCa3.1 ion
channels by a mechanism that is dependent on PI(3)P but not
directly associated with alterations in early endosomal traffick-
ing, suggesting that important functions exist for PI(3)P in
addition to its roles in membrane trafficking (18, 19).

A growing body of evidence has linked MTMRs to cell sur-
vival and/or apoptotic processes. MTMR1, MTMR6, MTMR?7,
and MTMR8 active lipid phosphatases and MTMR12 (inactive)
were identified as “survival” phosphatases using a gene silenc-
ing approach in HeLa cells that targeted all human kinases and
phosphatases (20). In this study, depletion of MTMR7 or

mammalian target of rapamycin complex 1; FoxO, forkhead family tran-
scription factor; HsSMM, primary human skeletal muscle myoblasts; mtm,
Drosophila ortholog of mammalian MTM1/MTMR1/MTMR2 subfamily
proteins.
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MTMR12 led to proteolytic cleavage and activation of the pro-
apoptotic markers caspase-9 and poly(ADP-ribose) polymerase
(PARP). In addition, MTMR2 knockdown has been shown to
inhibit proliferation and to promote caspase-dependent apo-
ptosis in cultured primary rat Schwann cells (21). Moreover,
silencing of MTMR6 and MTMR9 in HelLa cells potentiated
etoposide-induced apoptosis, whereas overexpression of these
proteins blunted the effect of etoposide treatment (22). A
mechanism to explain how MTMRs or their lipid substrates
and/or products promote cell survival and oppose apoptosis
has not been determined. However, these observations are part
of an emerging picture that implicates important roles for
MTMRSs in regulating cell growth and survival.

In this work we have investigated the role of myotubularin as
a potential regulator of cell survival and pro-apoptotic signal-
ing. We find that myotubularin silencing in HeLa cells robustly
activates caspase-dependent pro-apoptotic signaling, ulti-
mately leading to nuclear DNA fragmentation and cell death.
We show that impaired phosphorylation and activation of Akt
is a major factor underlying these pro-apoptotic events. As a
relevant model system for myotubularin function in skeletal
muscle, we demonstrate that myotubularin depletion also
inhibits Akt phosphorylation, activates caspase-dependent
pro-apoptotic signaling, and promotes DNA fragmentation in
primary human skeletal muscle myotubes. Myotubularin-defi-
cient myotubes further exhibit aberrant signaling via Akt-de-
pendent pathways including the mammalian target of rapamy-
cin complex (mTORC1) and forkhead transcription factors
(FoxOs). These are critical findings because mTORC1 and
FoxOs are important regulators of skeletal muscle growth and
atrophy and have been linked to muscle phenotypes similar to
those observed in XLMTM disease in studies using genetically
altered mice (23-25). Our findings represent the first evidence
linking myotubularin to specific Akt-dependent signaling path-
ways and suggest potential mechanisms for the muscle pathol-
ogy observed in XLMTM patients.

EXPERIMENTAL PROCEDURES

Cell Culture and Transfections—HeLa cells were maintained
at 37 °C with 5% CO, in DMEM supplemented with 10% fetal
bovine serum, 2 mm L-glutamine, 100 units/ml penicillin, and
100 mg/ml streptomycin. Human primary skeletal muscle
myoblasts (HsMM) were maintained at 37 °C with 5% CO, in
SkBM-2 skeletal muscle basal medium containing 10% fetal
bovine serum, gentamycin sulfate, amphotericin-B, epidermal
growth factor, and dexamethasone as recommended by the
supplier (Lonza). For differentiation into myotubes, HsMM
primary skeletal muscle myoblasts were cultured in 35-mm
dishes to ~80% confluence then shifted to differentiation
medium (DMEM/F-12 containing 2% horse serum, 2 mMm
glutamine, 100 units/ml penicillin, 100 ug/ml streptomycin)
for 96 h. At least 95% of the cells formed multinucleated
myotubes under these conditions as assessed by phase con-
trast microscopy.

Transfections with siRNAs were carried out using Lipo-
fectamine RNAi-MAX (Invitrogen) according to the manufac-
turer’s protocol. Standard siRNA transfection conditions for
HeLa cells were 45 pmol of siRNA and 6 ul of RNAi-MAX
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transfection reagent combined in 500 ul of Opti-MEM serum-
free medium (Invitrogen). This transfection mixture was added
to a 35-mm dish containing ~6.0 X 10* cells in 2.5 ml of DMEM
medium with fetal bovine serum and glutamine as above but
without antibiotics. The final siRNA concentration in all HeLa
samples was 15 nMm. HeLa cells transfected with siRNAs were
incubated 48 h before harvest and sample preparation. In HeLa
cell experiments where myotubularin was depleted alone or in
combination with lipid kinases, the total amount of siRNA used
per sample was also 45 pmol, representing 22.5 pmol (each) of
control and/or mRNA-specific siRNA pools (2 siRNAs per
pool). The concentration of each of the 4 individual siRNAs in
these samples was 3.75 nm, for a final siRNA concentration of
15 nm.

For transfection of HsMM primary human skeletal muscle
myotubes, the cells were rinsed once in 2.5 ml of differentiation
medium (DMEM/F-12 containing 2% horse serum and 2 mm
glutamine) without antibiotics ~16 h before siRNA transfec-
tion, then incubated overnight in 2.5 ml of differentiation
medium without antibiotics. To achieve efficient myotubularin
knockdown, myotube siRNA transfections were carried out
using pools of three different siRNAs. The control pool
included low GC, medium GC, and GFP negative control
siRNA duplexes. The myotubularin-specific pool contained
MTM1-1, MTM1-2, and MTM1-3 siRNA duplexes. For these
transfections, 60 pmol (total) of control or myotubularin-spe-
cific siRNA pool (3 siRNAs per pool) and 9 ul of RNAi-MAX
transfection reagent were used per 35-mm dish. The total
siRNA concentration in these experiments was 20 nm (6.7 nMm
for each siRNA), and the cells were incubated 72 h before har-
vest and sample preparation for immunoblot analyses.

For sequential transfections of HeLa cells with expression
plasmids and siRNA, plasmid transfections were carried out
first followed by siRNA transfection 36 h later. Plasmid trans-
fections were carried out using FuGENE 6 (Roche Applied Sci-
ence) according to the manufacturer’s instructions. After ~6 h,
the cells were rinsed once, and the medium was replaced with
fresh DMEM medium containing fetal bovine serum and glu-
tamine as above but without antibiotics. Transfections with
siRNAs were carried out the following day as described above.

Plasmids and siRNAs—The plasmids encoding FLAG-tagged
wild-type human myotubularin and a severe myotubular myop-
athy (S376N) mutant were described previously (26). Plasmids
encoding myr-HA-Akt1 (#9008, William Sellers) and myr-HA-
Akt2 (#9016, William Sellers) were obtained through Addgene
(27). The EGFP-2xFYVE construct containing tandem FYVE
domains was generously provided by Dr. Harald Stenmark
(28). All silencing experiments in these studies were carried
out using control or protein-specific Stealth siRNAs (Invit-
rogen). The following siRNA duplexes were used (low and
medium GC control sequences are not available): GFP nega-
tive control, 5'-GAGACCACAUGGUCCUUCUUGAGUU-3’
(sense) and 5'-AACUCAAGAAGGACCAUGUGGUCUC-3’
(antisense); MTM1-1, 5'-GCGACGAAUACAUAAAGCGGC-
UUGA-3’ (sense) and 5'-UCAAGCCGCUUUAUGUAUUCG-
UCGC-3' (antisense); MTM1-2, 5'-GGCACCGCAUUAGAG-
CUCGAAAUAA-3’ (sense) and 5'-UUAUUUCGAGCUCUA-
AUGCGGUGCC-3’ (antisense); MTM1-3, 5'-GGACUGUU-
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UCUUUAUGGUCACUGAU-3' (sense) and 5'-AUCAGUGA-
CCAUAAAGAAACAGUCC-3' (antisense); PIK3C2A-1, 5'-
GGAAUAUGGUGUGACAGGAUCCUUU-3" (sense) and
5'-AAAGGAUCCUGUCACACCAUAUUCC-3' (antisense);
PIK3C2A-2, 5'-GGAUGUAGCAGAGUGUGAUCUU-
GUU-3' (sense) and 5'-AACAAGAUCACACUCUGCUACA-
UCC-3' (antisense); PIK3C2B-1, 5'-GAGAGAUGAGGAGG-
UUGCUGCAUUU-3’ (sense) and 5'-AAAUGCAGCAACCU-
CCUCAUCUCUC-3’ (antisense); PIK3C2B-2,5'-GGUGACU-
GUGUUGUGUGACAGGCUU-3' (sense) and 5'-AAGCCUG-
UCACACAACACAGUCACC-3' (antisense); Vps34-1, 5'-
CCCAUGAGAUGUACUUGAACGUAAU-3’ (sense) and 5'-
AUUACGUUCAAGUACAUCUCAUGGG-3’ (antisense);
Vps34-2,  5'-CCUCCACCUGCGAAGGUAUUCUAAU-3’
(sense) and 5'-AUUAGAAUACCUUCGCAGGUGGAGG-3'
(antisense); PIP5K3-1, 5'-GAGGCCAGGGAGAACAGCAG-
CCUUU-3’ (sense) and 5'-AAAGGCUGCUGUUCUCCCUG-
GCCUC-3' (antisense); PIP5K3-2, 5'-GGAGACCUCCGAGC-
UUGCACAUAUU-3’ (sense) and 5'-AAUAUGUGCAAGCU-
CGGAGGUCUCC-3' (antisense).

Protein Sample Preparation—After siRNA treatment and
protein knockdown, cells were rinsed with ice-cold PBS and
lysed in ~150 ul (per 35-mm dish) of ice-cold lysis buffer (PBS
containing 0.5% Triton X-100, 0.1% deoxycholate, protease
inhibitor mixture (Complete + EDTA, Roche Applied Science),
1 mm PMSEF, and 2 mm benzamidine) by scraping and vortexing.
Soluble protein extracts were prepared from cell lysates by cen-
trifugation (20 min, 18,000 X g, 4 °C). Protein determinations
were carried out using Bradford reagent (Bio-Rad), and soluble
protein extracts were normalized with lysis buffer to contain
equal protein concentration. After the addition of 5X SDS-
PAGE sample buffer, the samples were boiled for 10 min, frozen
in liquid nitrogen, then stored at —80 °C. For analysis of phos-
phorylated proteins, cells were deprived of serum in DMEM for
2 h after siRNA treatment, then stimulated with 10 nm epider-
mal growth factor (EGF) for 10 min or 100 nMm insulin for 5 min
at 37°C to promote Akt phosphorylation. Soluble protein
extracts were prepared as described above except that the lysis
buffer also contained phosphatase inhibitors (10 mm NaF, 2.5
mwMm sodium orthovanadate, 20 nm calyculin A (Cell Signaling))
to minimize protein dephosphorylation during sample process-
ing. Except where listed, all chemicals and reagents were
obtained from Sigma.

Immunoblotting— Approximately 5— 8 ug of total protein per
sample were resolved by SDS-PAGE and transferred to PVDF
membranes. The membranes were blocked in 5% milk in Tris-
buffered saline containing 0.1% Tween 20, then immuno-
blotted using the procedures recommended by Cell Signaling.

Antibodies—Myotubularin polyclonal antiserum was pro-
duced in rabbits using recombinant human myotubularin puri-
fied as described (Cocalico) (29). Total IgG was enriched from
the crude antiserum by ammonium sulfate precipitation fol-
lowed by affinity purification using bacterial recombinant
human myotubularin coupled to an NHS Hi-Trap column
(Amersham Biosciences). Myotubularin antibodies were used
at a concentration of 1 ug/ml. Primary antibodies against total
Akt, phospho-Akt (Thr(P)-308, Thr(P)-450, Ser(P)-473)-
cleaved caspase 9, cleaved PARP, 4E-BP1, phospho-4E-BP1,
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p70S6K, phospho-p70S6K, FoxO1, FoxO3a, FoxO4, phospho-
FoxO1/phospho-FoxO3a/phospho-FoxO4, and Vps34 were
obtained from Cell Signaling and used at 1:1000 dilution. Other
primary antibodies used included tubulin (Sigma, 1:1000),
FLAG-M2 (Sigma, 1 pg/ml), HA (Roche Applied Science, 1
png/ml), PIK3C2A, PIK3C2B (BD Biosciences, 1:1000), EGFP
(Clontech, 1:1000), and PIP5K3 (Santa Cruz, 1:200). Donkey
anti-mouse IgG and sheep anti-rabbit IgG horseradish peroxi-
dase conjugates (Amersham Biosciences, 1:5000) were used for
secondary detection. Protein bands were visualized using
LumiLight and LumiLight PLUS detection reagents (Roche
Applied Science). Intensities of protein bands from developed
films were quantified using a Bio-Rad GelDoc EQ system and
Quantity One software.

TUNEL Assay—HeLa or HsMM cells were cultured in 2-well
chamber slides and transfected with siRNAs as described above
and processed using the In Situ Cell Death Detection kit, TMR
Red (Roche Applied Science) according to the manufacturer’s
protocol. Cell nuclei were stained using Hoechst 33342 (Molec-
ular Probes). Images were captured using a Leica DMI6000B
fluorescence microscope and Leica Application Suite software.

PI(3)P Mass Assay—HeLa cells were seeded in 60-mm dishes
at a density of ~2.0 X 10° cells/dish and transfected with con-
trol or myotubularin siRNAs as described above. After serum-
starvation and stimulation with EGF, the cells were harvested,
and PI(3)P levels in lipid extracts from the cells were quantified
using a PI(3)P Mass Assay kit (Echelon Biosciences) according
to the manufacturer’s protocol. Lipid extract samples were nor-
malized for equal protein, and %20 of the total lipid extract was
spotted for each sample.

Graphing and Statistical Analyses—All graphs were gener-
ated using Kaleidagraph software for MacIntosh. For statistical
probability determinations, data from at least three independ-
ent experiments were analyzed using a paired, two-tailed Stu-
dent’s ¢ test (Excel). The immunoblot data shown in each figure
represent one of the independent sample sets used for statistical
analyses.

RESULTS

Mpyotubularin Depletion Activates Proapoptotic Signaling—
To investigate the possible role(s) of myotubularin in endocy-
tosis and vesicular trafficking, we used HeLa cells as a well char-
acterized model system to study these events. We utilized
siRNA gene silencing of myotubularin to mimic the loss of
function effect caused by severe XLMTM mutations, many of
which cause almost complete loss of myotubularin protein (30).
The siRNAs employed in these studies correspond to the myo-
tubularin mRNA coding region (MTM1-1, MTM1-3), or
3'-untranslated region (MTM1-2). Using these siRNAs, we
routinely achieved >90% depletion of endogenous myotubu-
larin after 48 h (Fig. 1A). No changes in the protein level of the
closely related MTMR family member MTMR2 were observed,
suggesting that these siRNAs were specific for myotubularin
(Fig. 1A).

Surprisingly, we observed many dead cells in myotubularin
knockdown samples, suggestive of pro-apoptotic signaling.
Therefore, we analyzed soluble protein extracts from these cells
by immunoblotting with antibodies specific for cleaved (acti-
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FIGURE 1. Myotubularin gene silencing activates caspase-dependent pro-apoptotic signaling. A, soluble protein extracts from Hela cells treated with
control or myotubularin siRNAs (MTM1-1 and -2) were immunoblotted for myotubularin (MTM1), MTMR2, cleaved (activated) forms of caspase-9 and
caspase-7, and cleaved (inactive) PARP. B-tubulin was used as loading control. B, control or myotubularin-deficient HelLa cells were analyzed using a red
fluorescent TUNEL assay kit (center panels) for nuclear DNA strand breaks, indicative of DNA degradation in apoptotic cells. Nuclei were stained with Hoechst
33342 dye (left panels). Merged images are shown in the right panels. C, the percent of TUNEL-positive nuclei in control or myotubularin-deficient HelLa cells is
represented graphically as the mean = S.D. (n = 5, at least 100 cells were counted per replicate; ***, p < 0.005). D, myotubularin silencing was carried out in
Hela cells that had previously been transfected with expression plasmids encoding control (Vector), FLAG-tagged wild-type myotubularin (WT), or a catalyti-
cally inactive severe XLMTM S376N (S/N) myotubularin mutant. Soluble protein extracts were analyzed by immunoblotting for myotubularin, FLAG tag,
cleaved caspase-9 and caspase-7, and cleaved PARP. E, cleaved caspase-9, caspase-7, and PARP bands from developed film were quantified by scanning
densitometry. The data from 3 independent sample sets are shown graphically as the mean = S.D. (n = 3;*,p < 0.05). F, the effect of the pan-caspase inhibitor
benzyloxycarbonyl VAD- fluoromethyl ketone (zVAD-fmk; 40 um final concentration, right three lanes) on pro-apoptotic signaling was determined in control or
myotubularin-deficient HeLa cells. Soluble protein extracts were analyzed by immunoblotting for myotubularin, cleaved caspase-9, and caspase-7, and

cleaved PARP.

vated) caspase-9 and caspase-7 and cleaved (inactive) PARP, as
markers of pro-apoptotic signaling. As shown in Fig. 14, myo-
tubularin depletion markedly activated caspase-9, caspase-7
and PARP cleavage as compared with cells treated with control
siRNA. We also examined these cells for nuclear DNA frag-
mentation using a red fluorescent TUNEL assay. As shown in
Fig. 1, B and C, myotubularin depletion significantly increased
the number of TUNEL-positive nuclei, also indicative of pro-
apoptotic signaling. Cell cycle analysis of myotubularin-defi-
cient HeLa cells by Telford assay revealed no significant
changes compared with control cells, suggesting that myotubu-
larin depletion did not alter cell cycle progression (not shown).

To confirm that the pro-apoptotic effects we observed were
not due to siRNA off-target effects, we knocked down endoge-
nous myotubularin in cells that had been transfected 24 h
before siRNA treatment with overexpression vectors encoding
FLAG-tagged wild-type myotubularin or a myotubularin
mutant (S376N). The S376N mutant was specifically chosen
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because it is associated with severe XLMTM and is catalytically
inactive (26). Of six different severe XLMTM myotubularin
point mutants that we tested, S376N was the only mutant that
could be overexpressed at detectable levels in mammalian cells
(not shown), which is consistent with the destabilizing effect of
XLMTM disease mutations on the myotubularin protein pre-
viously reported (30). It should be noted that the mRNA from
the myotubularin overexpression vectors is not sensitive to the
MTM1-2 siRNA, which targets the 3'-UTR sequence of endog-
enous myotubularin mRNA. HeLa cells transfected with myo-
tubularin wild-type and S376N expression vectors displayed
~2.5-fold overexpression as compared with control cells trans-
fected with empty vector (Fig. 1D). Overexpression of wild-type
myotubularin before siRNA silencing suppressed the cleavage
of caspase-9, caspase-7, and PARP caused by myotubularin
depletion by ~50%, as shown in Fig. 1, D and E. In contrast,
overexpression of the inactive XLMTM S376N mutant did not
significantly decrease cleavage of caspase-9, caspase-7, or
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PARP. It should be noted that using pEGFP vector and a fluo-
rescently labeled siRNA, we determined that >98% of the HeLa
cells were transfected with siRNAs under the transfection con-
ditions used, whereas plasmid transfection efficiency was sig-
nificantly lower at ~75%. As a result, we estimate that the sup-
pressive effect of the myotubularin expression plasmid was
incomplete due to the differences in transfection efficiency.
Importantly, because the inactive S376N mutant did not sup-
press cleavage of caspase-9, caspase-7, or PARP, these findings
suggest that the pro-apoptotic signaling events we have
observed are caused by loss of myotubularin function. The fact
that levels of the closely related MTMR2 protein were not
altered in these cells also underscores the idea that, although
catalytically similar, active MTMRs do not necessarily exhibit
functional redundancy (Fig. 14).

We also tested the effect of the pan-caspase inhibitor benzy-
loxycarbonyl-VAD-fluoromethyl ketone on pro-apoptotic
signaling induced by myotubularin depletion. As shown in Fig.
1F, benzyloxycarbonyl-VAD-fluoromethyl ketone suppressed
caspase-7 and PARP cleavage, whereas caspase-9 cleavage,
which is carried out by Apaf-1 and therefore not affected by a
general caspase inhibitor, remained unchanged. Together, our
results indicate that myotubularin silencing activates a pro-
apoptotic signaling pathway leading from caspase-9 through
caspase-7 and PARP, ultimately resulting in nuclear DNA frag-
mentation and apoptosis. Activation of other caspases, includ-
ing caspase-6, -8, and -12, was not detected in myotubularin-
deficient cells (not shown).

Mpyotubularin Depletion Inhibits Growth Factor-stimulated
Akt and Akt Effector Phosphorylation—Akt represents a nexus
in signaling pathways that regulate cell survival and apoptosis in
virtually all cell types (31, 32). In response to growth fac-
tor stimulation, Akt undergoes phosphoinositide-dependent
translocation to the plasma membrane, where it becomes acti-
vated by phosphorylation on Thr-308 via PDK-1 (33). Phosphor-
ylation of Akt at a second site within a C-terminal hydrophobic
motif (Ser-473) leads to full activation (33). Constitutive Akt
phosphorylation at a third site (Thr-450) has been shown to
regulate its stability and turnover (34, 35). Akt phosphorylation
at both Thr-450 and Ser-473 can be regulated by the mamma-
lian target of rapamycin complex 2 (mTORC2) (34—36).

Due to its role as a critical regulator of cell survival and pro-
apoptotic signaling, we investigated whether Akt phosphoryla-
tion might be affected by myotubularin depletion. Because Akt
phosphorylation in HeLa cells is low under normal growth con-
ditions (10% serum), we silenced myotubularin expression in
HeLa cells, then serum-starved and stimulated the cells with
EGF to promote Akt phosphorylation to detectable levels. Sol-
uble protein extracts were analyzed by immunoblotting for
phosphorylated forms of Akt. As shown in Fig. 24, myotubu-
larin depletion markedly decreased Akt phosphorylation at
Thr-308 and Ser-473 by 40 —60% as compared with the EGF-
stimulated control siRNA sample (Fig. 2B). In contrast, myotu-
bularin depletion had little effect on Akt Thr-450 phosphor-
ylation (Fig. 2, A and B). Myotubularin depletion and decreased
Akt phosphorylation at Thr-308 and Ser-473 could be detected
as soon as 24 h after siRNA treatment. Consistent with these
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findings, myotubularin overexpression increased Akt Ser-473
phosphorylation in HeLa and HEK293 cells (data not shown).

We also wanted to determine whether myotubularin deple-
tion might affect Akt phosphorylation after stimulation by a
growth factor other than EGF. To address this issue, we ana-
lyzed Akt phosphorylation in control or myotubularin-defi-
cient HeLa cells that were stimulated with insulin. As shown in
Fig. 2C, myotubularin silencing also markedly decreased insu-
lin-stimulated Akt phosphorylation at Thr-308 and Ser-473 as
compared with the control siRNA sample. This result indicates
that the inhibitory effect of myotubularin depletion on Akt acti-
vation is not limited to a specific growth factor receptor signal-
ing pathway.

Previous reports have demonstrated that myotubularin and
MTMR2 regulate internalization and turnover of growth factor
receptors such as EGF receptor. Specifically, inhibition of myo-
tubularin and/or MTMR?2 function by gene silencing or over-
expression of a catalytically inactive mutant resulted in delayed
EGF receptor internalization and turnover (14). We observed a
slight decrease in EGF receptor levels in myotubularin-defi-
cient HeLa cells after EGF-stimulation, but this change was not
statistically significant (Fig. 2A4). Furthermore, we did not
observe changes in insulin receptor levels in myotubularin-de-
ficient cells that were stimulated with insulin (Fig. 2C). We also
used FACS analysis to measure cell surface insulin receptor
expression with an antibody specific to the extracellular
domain of the insulin receptor in unstimulated and insulin-
stimulated cells and did not detect marked changes (not
shown). Therefore, in the short time points after growth factor
stimulation (5-10 min), it appears that a mechanism other than
altered growth factor receptor trafficking is responsible for the
inhibition of Akt activation caused by myotubularin depletion.

Because inhibition of Akt activation is an established initia-
tion event for caspase-dependent cell death, we next asked
whether overexpression of constitutively active Akt proteins
could suppress the pro-apoptotic effect of myotubularin deple-
tion. We transfected HeLa cells with empty vector or vectors
encoding Aktl and Akt2 containing an N-terminal myristoyla-
tion sequence that promotes plasma membrane recruitment
and constitutive activation (27). These cells were subsequently
treated with control or myotubularin siRNAs, and soluble pro-
tein extracts were analyzed for cleaved caspase-9 and PARP as
pro-apoptotic markers. As shown in Fig. 2, D and E, expression
of constitutively active Aktl and Akt2 decreased cleavage of
caspase-9 by 40 —70% in myotubularin-deficient cells and PARP
cleavage by 40 — 60%. Although the pro-apoptotic response ini-
tiated by myotubularin depletion was markedly diminished by
constitutively active Akt isoforms, it was not completely sup-
pressed. It is likely that the lower transfection efficiency of Akt
plasmids as compared with myotubularin siRNAs can account
for part of the residual pro-apoptotic signaling in Akt-overex-
pressing cells as described above for incomplete rescue of the
knockdown phenotype by myotubularin overexpression (Fig. 1,
Dand E). We also cannot rule out that an effect of myotubularin
depletion in addition to impaired Akt activation contributes to
increased pro-apoptotic signaling. Together, these data indi-
cate that myotubularin plays an important role in regulating
Akt phosphorylation and that impaired Akt activation is a
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major factor underlying the pro-apoptotic effect of myotubu-
larin depletion.

After activation of growth factor receptors, Akt signals are
sent to numerous effector pathways that promote cell growth
and survival and oppose pro-apoptotic signaling (31, 32). We
next asked whether signaling through specific Akt downstream
effector pathways might be impaired in myotubularin-deficient
cells. We therefore analyzed the phosphorylation status of
4E-BP1, p70S6K, and FoxO transcription factors in myotubu-
larin-deficient cells. Akt-dependent phosphorylation of 4E-
BP1 and p70S6K is carried out by the mammalian target of
rapamycin complex 1 (mTORC1), whereas FoxO transcription
factors can be phosphorylated directly by Akt. As shown in Fig.
3A, myotubularin silencing caused a marked decrease in phos-
phorylation of 4E-BP1, FoxO1, FoxO3a, FoxO4, and p70S6K.
When normalized for total protein levels, myotubularin-defi-
cient HeLa cells displayed a 40—60% decrease in EGF-stimu-
lated phosphorylation of these effectors. These findings suggest
that loss of myotubularin function may differentially regulate
distinct Akt effector pathways.
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PI(3)P Mediates Akt Inhibition and Cell Death Caused by
Mpyotubularin Depletion—A schematic diagram outlining the
interconversion of PI(3)P, P1(3,5)P,, and PI(5)P by MTMR fam-
ily phosphoinositide phosphatases and inositol lipid kinases in
mammalian cells is illustrated in Fig. 4A. Although these path-
ways are not the only mechanisms by which these lipids can be
generated or interconverted, they represent major routes for
control of their levels in mammalian cells. Because myotubu-
larin dephosphorylates PI(3)P and PI(3,5)P, to generate PI and
PI(5)P, respectively, overexpression of myotubularin decreases
cellular levels of PI(3)P and PI(3,5)P, and increases levels of the
product PI(5)P (37). Conversely, myotubularin knockdown or
overexpression of a catalytically inactive substrate-trapping
myotubularin mutant causes approximately a 2-fold increase in
total cellular PI(3)P (14, 26, 38). Based on these experimental
data, it is expected that loss of myotubularin function in
XLMTM disease would result in both increased levels of the
substrate lipids PI(3)P and PI(3,5)P, and in decreased levels of
its product lipid PI(5)P. This is noteworthy because PI(5)P pro-
duced by pathogenic bacterial lipid phosphatases during infec-
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FIGURE 3. Myotubularin silencing inhibits Akt signaling through downstream mTOR and FoxO effector pathways. Hela cells were treated with control
or myotubularin siRNAs, then serum-starved and stimulated with EGF. A, soluble protein extracts were analyzed by immunoblotting for the indicated proteins,
and tubulinimmunoblotting was used as a loading control. B, the bands on developed film corresponding to phosphorylated and total 4E-BP1, FoxO3a, FoxOT1,
FoxO4, and p70S6 kinase were quantified, and the values for phospho-protein/total protein in myotubularin-deficient samples are represented graphically as
a percentage of EGF-stimulated control values (mean = S.D., n = 3; %, p < 0.05; **, p < 0.01).

tion has been shown to activate Akt (39). An important ques-
tion is which of the myotubularin substrate/product lipids may
be directly linked to inhibition of Akt and pro-apoptotic signal-
ing induced by myotubularin depletion? We hypothesized that
accumulation of the substrate PI(3)P in the absence of myotu-
bularin causes impaired Akt phosphorylation.

To address this question, we first determined the effect of
myotubularin depletion on cellular PI(3)P levels in HeLa cells
using a mass assay for this lipid. As shown in Fig. 4B, myotubu-
larin silencing caused a corresponding increase of PI(3)P rela-
tive to cells transfected with control siRNAs. Overall, the two
myotubularin siRNAs increased relative levels of PI(3)P by 1.9-
and 2.0-fold, respectively (Fig. 4C). This finding prompted us to
ask whether impaired Akt activation and increased pro-apo-
ptotic signaling in myotubularin-deficient cells could be attrib-
uted to increased levels of PI(3)P. Myotubularin silencing and
the resultant inhibition of Akt phosphorylation in samples car-
ried out in parallel are shown in Fig. 4D.

The highly conserved FYVE domain specifically binds PI(3)P
(28). When overexpressed, EGFP fused to tandem FYVE
domains (EGFP-2xFYVE) can function as a “scavenger” that
can bind and sequester cellular PI(3)P, in effect decreasing the
availability of PI(3)P within the cell. We reasoned that if exces-
sive PI(3)P was a cause of impaired Akt activation and activated
pro-apoptotic signaling in myotubularin-deficient cells, then
sequestering excess PI(3)P using EGFP-2xFYVE should restore
Akt activation and suppress apoptotic signaling. HeLa cells
were transfected with vectors encoding EGFP or EGEFP-
2xFYVE. The cells were subsequently transfected with control
or myotubularin siRNAs. After insulin stimulation, soluble pro-
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tein extracts were analyzed by immunoblotting for Akt phos-
phorylation and PARP cleavage as an apoptotic index. As
observed previously, depletion of myotubularin inhibited Akt
phosphorylation at Thr-308 and Ser-473 and increased pro-
apoptotic PARP cleavage (Fig. 4E). However, overexpression of
EGFP-2xFYVE significantly increased Akt Thr-308 and Ser-
473 phosphorylation and partially suppressed PARP cleavage in
myotubularin-deficient cells compared with EGFP alone (Fig.
4E). Notably, EGFP-2xFYVE significantly increased insulin-
stimulated Akt phosphorylation compared with EGFP alone
even in the absence of myotubularin silencing (Fig. 4E, control
siRNA lanes). These data suggest that suppressing PI(3)P accu-
mulation reversed the effects of myotubularin depletion on Akt
activation and apoptosis and implicate PI(3)P as the critical
lipid species in myotubularin-dependent Akt signaling. These
data also indicate that PI(5)P is unlikely to be the critical lipid
component in myotubularin-dependent cell survival because it
is not sequestered by the EGFP-2xFYVE scavenger.

Next, we surmised that if accumulated PI(3)P was responsi-
ble for Akt inhibition and cell death, then knockdown of its
source kinase should reduce PI(3)P accumulation in myotubu-
larin-deficient cells and suppress pro-apoptotic signaling. We
conducted co-silencing experiments in which three of the four
PI 3-kinases that specifically generate PI(3)P from phospha-
tidylinositol in mammalian cells (PIK3C2A, PIK3C2B, and
Vps34) were knocked down alone or in combination with myo-
tubularin. PIK3C2G was not tested because it is not expressed
at significant levels in HeLa cells. As shown in Fig. 5, A and C,
co-silencing of PIK3C2A and Vps34 together with myotubu-
larin failed to restore Akt phosphorylation or suppress PARP
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by immunoblotting for the indicated proteins.

cleavage caused by myotubularin silencing alone. However, co-
silencing of PIK3C2B together with myotubularin almost com-
pletely reversed the pro-apoptotic effect of myotubularin
depletion alone (Fig. 5, B and E). At the same time, Akt phos-
phorylation at Thr-308 and Ser-473 in the myotubularin/
PIK3C2B co-silencing samples was increased to levels signifi-
cantly higher than observed in cells depleted of myotubularin
alone (Fig. 5, B and F). Notably, silencing of PIK3C2B alone
increased EGF-stimulated Akt phosphorylation to a level even
above that of control siRNA-treated cells. These results further
suggest that PI(3)P accumulation contributes to the pro-apo-
ptotic signaling and cell death in myotubularin-deficient HeLa
cells and support our interpretation that impaired Akt signaling
is also a factor underlying these events.

These experiments could not rule out the possibility that the
myotubularin substrate PI(3,5)P, affected Akt signaling and
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apoptosis. To address this question, we asked whether silencing
of PIP5K3, the major source of PI(3,5)P, in mammalian cells,
could suppress the pro-apoptotic effect of myotubularin deple-
tion. Therefore, we knocked down myotubularin alone or in
combination with PIP5K3. As shown in Fig. 5, D—F, co-silenc-
ing of PIP5K3 with myotubularin did not significantly restore
Akt phosphorylation or suppress PARP cleavage as compared
with myotubularin silencing alone, suggesting that increased
PI(3,5)P, was unlikely to be the causative factor underlying Akt
inhibition and pro-apoptotic signaling in myotubularin-defi-
cient cells.

Although Akt phosphorylation at Ser-473, which is required
for full Akt activation, was decreased in myotubularin-deficient
cells by nearly 40% in these experiments as compared with con-
trol cells, it should be noted that this decrease in Akt phosphor-
ylation was not as robust as previously shown in Fig. 2. The

VOLUME 286+NUMBER 22+JUNE 3, 2011



Myotubularin Regulates Akt Signaling

A. < B ~ C. D.
ol a1 Py
) s 3 s
X 3 = =
(-9 -5 > (-9
3—51 s-{mji == =9 =
EZ 8= £S5 853 £35S E3 %=
. sE X E . S ¥g . S5 A& . sc sk
siRNA(s): O =2 & = siRNAGs): © =2 & =  siRNA(s): © = > = siRNA(s): © = & =
MTMI [ ] MTM| [ ] MTM| [ ] MM [
PIK3C2A ] PIK3C2B Vps34 [  PIPSK3 (BRER ]
Casp9 [ == wm Caspd (= ]  (Cogpo [[m_wm] Casp9 [om_=o]
pARP [ @B @8] PARP[ @B =] pypp [em @m0 PARe [ &)
pT308 [Seesss pT308 [ pT308 [ pT308 Eamew o]
pSa7; [ emEm =] pse73 e g3 Eememes]  pS473 [Eememes]
T T T BN = R
tubulin [ ——] tubulin tubulin [ s—w—] tubulin [Se———]
E. _ 2 F. _ 2
eh en
g W Casp9 | g 0 pT308
g % 20 & E = % 20 ¢ 8 p7
S = L=
% ? = 7
2 S st 25 1S
2 E 2 E
- [-9
%@ 106 ] E -§_ = 10 - —
83 ] =3
é ,i:’ 0.5 3 J<‘ .i:’ 0.5
o » 7
) 3 )
8 0.0 8 0.0

PIK3C2A PIK3C2B Vps34 PIP5K3

PIK3C2A PIK3C2B Vps34 PIP5K3

FIGURE 5. Co-silencing of PIK3C2B with myotubularin increases EGF-stimulated Akt phosphorylation and suppresses pro-apoptotic signaling. Myo-
tubularin and phosphoinositide kinases involved in the MTMR phosphoinositide interconversion cycle (Fig. 4A) were knocked down separately or in combi-
nation in Hela cells. A—D, Hela cells were treated with control (medium GC negative control + GFP negative control) or myotubularin-specific (MTM1-1 and
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myotubularin plus lipid kinase (co-silencing) response to myotubularin silencing (alone) response (n = 3, mean = S.D.). The dashed line at 1.0 indicates the level
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Ser(P)-473.

most likely explanation is that to keep total siRNA concentra-
tions constant in this co-silencing experiment, the amount of
myotubularin-specific siRNA was reduced by half. This likely
reduced the efficiency of myotubularin knockdown and subse-
quent effects on Akt phosphorylation. Regardless, even small
overall decreases in Akt phosphorylation over the time course
of myotubularin knockdown were sufficient to induce apopto-
tic signaling through caspase 9 and PARP, and these effects
were robustly suppressed through co-knockdown of PIK3C2B,
but not PIK3C2A, Vps34, or PIK3C2B.

The cyclic interconversion of phosphoinositides and the pres-
ence of other phosphoinositide phosphatases and kinases make it
challenging to unequivocally determine the critical lipid species
responsible for our observations. Nevertheless, our results are con-
sistent with PI(3)P as the likely candidate to mediate myotubu-
larin-dependent Akt activation and survival signaling.

Mpyotubularin Depletion Promotes Caspase-dependent Pro-
apoptotic Signaling in Primary Human Skeletal Muscle
Mpyotubes—The findings we have presented thus far provide
compelling evidence that myotubularin depletion inhibits Akt
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phosphorylation and triggers pro-apoptotic signaling in HeLa
cells. We also wanted to employ a more relevant cell model
system for understanding the role of myotubularin in skeletal
muscle physiology. To do this we used HsMMs that were dif-
ferentiated into multinucleated myotubes in culture. To
achieve effective knockdown of myotubularin in these cells, we
found it necessary to employ a myotubularin-specific siRNA
pool that consisted of equimolar amounts of the three most
effective myotubularin siRNAs (MTM1-1, MTM1-2, MTM1-
3). Myotubularin silencing in HsMM myotubes, although not
as efficient as in HeLa cells, consistently resulted in a >80%
reduction in myotubularin protein levels after 72 h (Fig. 6A).
Furthermore, myotubularin depletion markedly activated
cleavage of caspases-9 and -7 and PARP (Fig. 6A). As in HeLa
cells, myotubularin depletion had no effect on the level of
the closely related MTMR?2 protein, suggesting that increased
caspase and PARP cleavage were specifically caused by myotu-
bularin silencing. We also observed a significant increase in the
number of TUNEL-positive nuclei in myotubularin-deficient
myotubes as compared with those treated with the control
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FIGURE 6. Myotubularin depletion activates pro-apoptotic signaling in skeletal muscle myotubes. Primary human skeletal muscle myotubes were
treated with control or myotubularin-specific siRNA pools. A, soluble protein extracts were analyzed by immunoblotting for the indicated proteins and tubulin
immunoblotting was used as a loading control. B, myotubes in two-well microscope slides were fixed and analyzed by fluorescence microscopy using a red
fluorescent TUNEL assay (center panels). Nuclei were stained with Hoechst dye (left panels), and the merged images are shown at the right. C, the percent of
TUNEL-positive nuclei in control and myotubularin-deficient myotubes are represented graphically as the mean = S.D. (n = 5, at least 100 cells were counted

per replicate; ***, p < 0.005).

siRNA pool (Fig. 6, B and C). Importantly, few myotubes could
be detected that contained more than a single TUNEL-positive
myonucleus. Together, these results demonstrate that myotu-
bularin silencing also elicits a pro-apoptotic response in skeletal
muscle myotubes.

Inhibition of Akt Phosphorylation in Myotubularin-deficient
Skeletal Muscle Myotubes—Because our studies indicated that
impaired Akt activation was a critical factor underlying
increased pro-apoptotic signaling in myotubularin-deficient
HeLa cells, we wanted to assess Akt phosphorylation in skeletal
muscle myotubes. We treated HsMM myotubes with control or
myotubularin siRNA pools and analyzed Akt phosphorylation
by immunoblotting soluble protein extracts from cells treated
under two distinct conditions. First, we analyzed extracts from
myotubes that were neither serum-starved nor stimulated with
growth factor(s). In these samples, Akt phosphorylation is pri-
marily dependent on autocrine signaling via the insulin-like
growth factor receptor I induced by low serum differentiation
conditions. Depletion of myotubularin inhibited basal levels of
Akt phosphorylation at Thr-308 and Ser-473 by 80% (Fig. 7, A
and B). Second, we analyzed phospho-Akt in extracts prepared
from differentiated myotubes that were serum-deprived fol-
lowed by stimulation with EGF. Here also, myotubularin deple-
tion significantly decreased EGF-induced phosphorylation of
Akt at Thr-308 and Ser-473 (Fig. 7, C and D). In both cases,
phosphorylation at Thr-450 was unaffected. Furthermore, we
did not detect changes in the level of either insulin-like growth
factor receptor I or EGF receptor in myotubularin-deficient
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cells, suggesting that altered receptor turnover was not respon-
sible for impaired Akt phosphorylation. These data further
demonstrate that the effect was not unique to a single growth
factor receptor, as EGF-dependent Akt phosphorylation was
impaired in addition to the insulin-like growth factor receptor
I-dependent Akt response. These results demonstrate that
myotubularin silencing also elicits a marked decrease in growth
factor-stimulated Akt phosphorylation in human skeletal mus-
cle myotubes.

Impaired Signaling through Akt Effectors in Myotubularin-
deficient Skeletal Muscle Cells—We next analyzed the phos-
phorylation patterns of FoxO transcription factors that are reg-
ulated directly by Akt phosphorylation and proteins regulated
indirectly via mTORC]1 including 4E-BP1 and p70S6K. These
proteins play critical roles in the growth and maintenance of
many tissues including skeletal muscle and have been linked to
myopathic phenotypes that are similar to those observed in
XLMTM patients (23-25).

EGF stimulation in myotubes treated with control siRNA
elicited a marked increase in phosphorylation of 4E-BP1,
FoxO1, FoxO4, and p70S6K as compared with unstimulated
control cells (Fig. 84). The increase in phosphorylation (nor-
malized for total phosphoprotein) of these proteins in response
to EGF ranged from 30 to 75% greater than unstimulated con-
trol cells, as shown in Fig. 8B. In contrast, myotubularin-defi-
cient myotubes exhibited significantly decreased levels of phos-
phorylation for 4E-BP1, FoxOl, and p70S6K (Fig. 8A).
Compared with EGF-stimulated control cells, myotubularin-
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immunoblotted for the indicated proteins. Tubulin immunoblotting was used as a loading control. B, bands on developed film corresponding to phosphoryl-
ated and total Akt were quantified by scanning densitometry. The values for phosphorylated Akt/total Akt in myotubularin-deficient samples are represented
graphically as a percentage of the control value (mean = S.D., n = 3; ¥, p < 0.05). C, control and myotubularin-deficient myotubes were serum-starved and
treated with EGF, and soluble protein extracts were immunoblotted for the indicated proteins. Tubulinimmunoblotting was used as a loading control. D, bands
on developed film corresponding to phosphorylated and total Akt were quantified by scanning densitometry. The values for phosphorylated Akt/total Akt in
myotubularin-deficient samples are represented graphically as a percentage of the EGF-stimulated controls (mean = S.D.,n = 3;*,p < 0.05; ** p < 0.01). Values
for phosphorylated Akt (Thr(P)-308 (p7308), Thr(P)-450 (pT450), Ser(P)-473 (pS473)) are represented as white, gray, and black bars, respectively.

affect cell survival, growth, and maintenance in myotubularin-
deficient myotubes.

deficient myoblasts showed decreases of 33, 76, and 45% in
4E-BP1, FoxO1, and p70S6K phosphorylation, respectively
(Fig. 8B). Even with long exposure times, we were unable to
detect phosphorylation of FoxO3a in any of the samples,
although total FoxO3a protein was readily detectable. In addi-

DISCUSSION

Loss-of-function myotubularin mutations are causative for

tion, myotubularin silencing caused a dramatic decrease in the
total protein levels of FoxO1 and FoxO4 by an undetermined
mechanism. Although we were able to take this decrease into
account when determining the change in FoxO1 phosphoryla-
tion (Fig. 8B), we were unable to do so for FoxO4, which could
not be detected by this method in myotubularin-deficient cells.
Notably, FoxO1 is an important regulator of atrophy and apo-
ptosis in skeletal muscle and can also function to repress tran-
scription and expression of FoxO4 (40-43). Further studies
will be necessary to determine how the function(s) of FoxO
transcription factors is regulated by changes in their expression
levels and phosphorylation status and how these changes may
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X-linked recessive myotubular myopathy (1, 2). XLMTM is
characterized by skeletal muscle fibers with numerous centrally
located nuclei that are markedly atrophic/hypotrophic. Be-
cause early stages of myogenic differentiation and myoblast
fusion into multinucleated myotubes appear to occur normally
in XLMTM patients and myotubularin knock-out mice, it has
been proposed that the XLMTM represents impaired skeletal
muscle maturation and/or regeneration (3). Numerous studies
have demonstrated that enzymatically active MTMR proteins
specifically dephosphorylate the 3-phosphate of the inositol lip-
ids PI(3)P and PI(3,5)P, (7, 44). These phosphoinositides have
well established roles in growth factor receptor internalization,
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FIGURE 8. Myotubularin silencing inhibits signaling through Akt effector pathways in skeletal muscle myotubes. Control and myotubularin-deficient
human skeletal muscle myotubes were serum-starved and treated with EGF as shown in Fig. 7C, and the phosphorylation status of Akt effector proteins was
analyzed. A, soluble protein extracts were immunoblotted for the indicated proteins, and tubulin immunoblotting was used as a loading control. B, the bands
on developed film corresponding to phosphorylated and total 4E-BP1, FoxO1, and p70S6 kinase as shown in panel A were quantified, and the values for
phospho-protein/total protein in myotubularin-deficient samples are represented graphically as a percentage of EGF-stimulated control values (mean =+ S.D.,

n = 3;% p<0.05;*% p<0.01).

endocytic vesicle trafficking, lysosomal transport, and initiation
of autophagy (11, 12, 45). However, definitive evidence for how
aberrant regulation of PI(3)P and/or PI(3,5)P, might link these
processes to the defects observed in XLMTM disease has
remained elusive.

A growing body of evidence has emerged suggesting that
MTMRs may regulate cell survival and pro-apoptotic signaling
(20-22). In this study, we utilized siRNA-mediated gene silenc-
ing in HeLa and primary human skeletal muscle cells to mimic
the cellular depletion of myotubularin protein observed in
severe XLMTM patients (30). Our data show that myotubu-
larin functions as a positive regulator of Akt-dependent cell
growth and survival signaling in HeLa cells and primary human
skeletal muscle myotubes. The pro-apoptotic effect of myotu-
bularin silencing could be suppressed by expression of exoge-
nous myotubularin but not by a catalytically inactive form of
myotubularin associated with XLMTM, indicating that the
effect is specifically due to loss of myotubularin function. We
have further demonstrated that the pro-apoptotic effect of
myotubularin depletion is due to impaired Akt activation. In
myotubularin-deficient cells, growth factor-stimulated Akt
phosphorylation at Thr-308 and Ser-473 was profoundly inhib-
ited, resulting in impaired growth and survival signaling
through mTORC1 and decreased phosphorylation of FoxO
transcription factors. We have provided evidence that impaired
Akt phosphorylation in myotubularin-deficient cells is caused
by accumulation of the MTMR substrate PI(3)P. Moreover, our
findings have identified the type II PI 3-kinase PIK3C2B as a

20016 JOURNAL OF BIOLOGICAL CHEMISTRY

likely source of accumulated PI(3)P in myotubularin-deficient
cells and a potential negative regulator of Akt phosphorylation.
Our work has provided the first evidence linking impaired Akt
activation to myotubularin deficiency and aberrant regulation
of its inositol lipid substrate, PI(3)P.

Our studies highlight a potential role for impaired Akt acti-
vation and cell growth and survival signaling in the pathology of
XLMTM. The remarkable specificity of active MTMR family
lipid phosphatases toward PI(3)P and PI(3,5)P, substrates sug-
gests that aberrant activation of Akt may also represent an
important link between other MTMR family proteins and
altered cell survival and apoptosis. In support of this hypothesis,
a recent study by Berger et al. (46) has provided biochemical
and genetic evidence that MTMR2 and MTMRI13 also regu-
late Akt activity. We detected no change in MTMR2 protein
levels in myotubularin-deficient cells, suggesting that the effect
of myotubularin silencing on Akt and cell survival in both HeLa
cells and skeletal muscle myotubes was independent of an effect
of MTMR?2 on these processes. Collectively, these findings sup-
port the idea that, although they are highly similar enzymati-
cally, active MTMRs may possess non-redundant functions,
possibly by regulating distinct subcellular pools of their sub-
strate phosphoinositides.

Although Vps34 has long been considered the major source
of endosomal PI(3)P, numerous recent studies have demon-
strated that class II PI 3-kinases also produce this lipid. For
example, a recent study by Velichkova et al. (47) demonstrated
that the sole Drosophila ortholog of the mammalian MTM1/
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MTMR1/MTMR2 subfamily (mtm) regulates an endosomal
pool of PI(3)P that plays distinct roles in endocytic trafficking
and cortical remodeling. It is probable that mammalian
MTMRs have evolved non-redundant functions to spatially and
temporally regulate such distinct events. Notably, Velichkova et
al. (47) also found that Pi3K68D, the Drosophila ortholog of the
mammalian type-II PI 3-kinase PIK3C2B, was directly linked to
a PI(3)P pool regulated by Drosophila mtm. While this manu-
script was under revision, the same group also showed that
depletion of Pi3K68D could suppress integrin trafficking
defects associated with loss of mtm function (48). In that study,
Ribeiro et al. (48) found that altered regulation of integrin traf-
ficking in mtm-deficient flies was linked to muscle attachment
and maintenance defects that are remarkably similar to those
observed in XLMTM disease. This observation is especially
intriguing in light of our finding that myotubularin regulates
Akt signaling because disruption of integrin trafficking has pre-
viously been linked to impaired Akt signaling, pro-apoptotic
signaling, and skeletal muscle atrophy (49, 50). In addition,
PIK3C2B has also been shown to regulate integrin trafficking
and inhibit Akt phosphorylation in mammalian cells (51).
Although it does not rule out a role for myotubularin as a reg-
ulator of Vps34-dependent signals, our finding that co-silenc-
ing of PIK3C2B, but not Vps34, together with myotubularin can
suppress Akt inhibition and pro-apoptotic signaling induced by
silencing of myotubularin alone is consistent with the idea that
these signals result from accumulated PI(3)P generated by
PIK3C2B.

An important question that stems from these findings is that
of the mechanism(s) by which Akt activation is impaired in
myotubularin-deficient cells. Akt signaling has been directly
linked to endocytic vesicle trafficking by several independent
studies. For example, Akt can be recruited to a subset of Rab5-
positive endosomes by an adaptor protein containing a PH
domain, PTB domain, and leucine zipper motif (Appll),
thereby controlling its specificity toward distinct effectors (52).
Furthermore, WDFY2, a protein containing WD repeats and a
PI(3)P binding FYVE domain has also been established as an
Akt interactor (53). PI(3)P on endocytic vesicles can serve as a
molecular switch to coordinately regulate the endosomal local-
ization of Appll and WDFY2. After growth factor stimulation,
Appll is predominantly localized to pre-early endosomes that
are deficient in PI(3)P (54). PI(3)P accrues on the surface of
these structures as they mature into early endosomes, correlat-
ing temporally with the acquisition of EEA1 and WDFY2 and
release of Appll. Together, these findings have established a
strong correlation between PI(3)P-dependent endosomal traf-
ficking events and Akt activation and substrate specificity. The
inhibition of Akt activation and up-regulation of pro-apoptotic
signaling caused by myotubularin depletion are consistent with
the idea that aberrant accumulation of PI(3)P may shift the
balance from pre-early endosomes to favor WDFY2- and
EEA1-containing early endosomes, thereby displacing Appll
and inhibiting Akt activation.

Our findings also raise the question of how impaired Akt
signaling might underlie the skeletal muscle defects associated
with XLMTM. Recent studies have revealed how Akt signaling
can promote maintenance of skeletal muscle cell size and pre-
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vent muscle atrophy through the actions of FoxO transcription
factors and mTORC1 as downstream Akt effectors (23-25).
Under normal growth conditions, phosphorylation of FoxO
transcription factors by Akt inhibits their nuclear translocation
and prevents transcriptional activation of target genes that are
essential for autophagy. Under conditions where Akt and
mTORCI1 activities are low, FoxOs can translocate to the
nucleus to stimulate target gene transcription. FoxO1 and
FoxO3a are both known to play critical roles in the induction of
autophagy and protein turnover and have been associated with
atrophy in skeletal muscle (23, 24, 55, 56). Myotubularin deple-
tion led to decreased Akt activation and subsequent down-
stream phosphorylation of FoxO transcription factors in HeLa
cells and skeletal muscle myotubes. Abnormal autophagic flux
has been associated with skeletal muscle phenotypes similar to
those observed in XLMTM skeletal muscle (23, 24, 57). In addi-
tion, other MTMR family proteins have been linked to altered
regulation of autophagy (58). Taken together with our results,
these findings suggest that altered autophagic flux may play a
role in skeletal muscle atrophy in XLMTM disease.

A second Akt-dependent effector pathway relevant to skele-
tal muscle maintenance and XLMTM disease is signaling
through mTORC1. The mTOR complex 1 regulates initiation
of protein translation and can oppose autophagy. Notably,
impaired signaling through mTORC]1 has also been linked to
phenotypes that are remarkably similar to those of XLMTM
disease. For example, skeletal muscle fibers from the raptor-
deficient (mTORCI1-deficient) mice were severely atrophic and
contained many centrally located nuclei, phenotypes that are
hallmarks of XLMTM (25). Our finding that myotubularin
depletion inhibits Akt-dependent activation of the mTORC1
effectors p70 S6-kinase and 4E-BP1 is consistent with the con-
cept that impaired mTORCI signaling can promote the atro-
phy and centrally located nuclei that are important clinical
markers for XLMTM.

The signaling events that initiate programmed cell death are
highly conserved among most cell types. However, skeletal
muscle is unique among mammalian tissues in that it is com-
posed of multinucleated myofibers. Unlike mononucleated
cells, activation of pro-apoptotic signaling in skeletal muscle
results in selective destruction of myonuclei and decreased
myofiber size (atrophy) rather than overall death of the myofi-
ber (59). This distinct outcome of pro-apoptotic signaling in
skeletal muscle myofibers is termed “nuclear apoptosis” and is
consistent with the concept of the myonuclear domain, defined
as the volume of cytoplasm that can be supported by a single
muscle fiber nucleus (60). Pathological factors such as age, diet,
injury, or disease states including myopathies and dystrophi-
nopathies, activate pro-apoptotic signaling and cause de-
creased numbers of myonuclei, overall reduction in cytoplas-
mic volume, and corresponding atrophy of muscle fibers. Our
finding that myotubularin depletion leads to increased pro-
apoptotic signaling suggests that decreased myofiber size in
XLMTM patients may be linked to selective nuclear apoptosis.

In summary, our data collectively implicate myotubularin as
a positive regulator of Akt survival and growth signaling and
identify aberrant mTORC1 and FoxO signaling as potential
mechanisms underlying the pathology of XLMTM disease.
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These findings provide new insight into how Akt-dependent
signaling events may be linked to human neuromuscular dis-
eases such as XLMTM and Charcot-Marie-Tooth 4B, altered
phosphoinositide metabolism, endocytic vesicle trafficking,
and myotubularin family lipid phosphatases. Our ongoing
efforts are aimed at further clarifying the roles of MTMR pro-
teins in the regulation of Akt growth and survival signaling
pathways and how they affect neuromuscular tissues.
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