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Abstract

Myotubularin MTM1 is a phosphoinositide (PPIn) 3-phosphatase mutated in X-linked centronuclear myopathy (XLCNM;
myotubular myopathy). We investigated the involvement of MTM1 enzymatic activity on XLCNM phenotypes. Exogenous
expression of human MTM1 in yeast resulted in vacuolar enlargement, as a consequence of its phosphatase activity.
Expression of mutants from patients with different clinical progression and determination of PtdIns3Pand PtdIns5Pcellular
levels confirmed the link between vacuolar morphology and MTM1 phosphatase activity, and showed that some disease
mutants retain phosphatase activity. Viral gene transfer of phosphatase-dead myotubularin mutants (MTM1C375S and
MTM1S376N) significantly improved most histological signs of XLCNM displayed by aMtm1-null mouse, at similar levels as
wild-type MTM1. Moreover, the MTM1C375Smutant improved muscle performance and restored the localization of nuclei,
triad alignment, and the desmin intermediate filament network, while it did not normalize PtdIns3P levels, supporting
phosphatase-independent roles of MTM1 in maintaining normal muscle performance and organelle positioning in skeletal
muscle. Among the different XLCNM signs investigated, we identified only triad shape and fiber size distribution as being
partially dependent on MTM1 phosphatase activity. In conclusion, this work uncovers MTM1 roles in the structural
organization of muscle fibers that are independent of its enzymatic activity. This underlines that removal of enzymes should
be used with care to conclude on the physiological importance of their activity.
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Introduction

X-linked centronuclear myopathy (XLCNM, also called
myotubular myopathy; OMIM 310400) is a recessive congenital
muscle disorder affecting mainly males and due to mutations in the
MTM1 gene coding for the phosphoinositides (PPIn) phosphatase
myotubularin [1]. The most severe form of XLCNM is
characterised by hypotonia at birth, muscle atrophy, generalized
muscle weakness and respiratory failure leading to high neonatal
mortality [2]. Milder clinical phenotypes and progression were
also reported and some are compatible with nearly normal lifespan
[3]. Muscle biopsies from XLCNM patients show hypotrophic
muscle fibers with an abnormal central positioning of nuclei. A
mouse model lacking the MTM1 protein (Mtm1 KO) has been
characterized and reproduces the muscle mass decrease and most
histopathological features of XLCNM, including muscle fibers

hypotrophy and abnormal organelles positioning [4]. While the
MTM1 gene is ubiquitously expressed, skeletal muscle is the tissue
mainly affected. To date almost 200 different disease-causing
mutations have been identified in theMTM1 gene [3,5–7]. Most
mutations cause severe forms of the myopathy characterized by a
strong decrease in the protein level, at least in fibroblasts or
lymphoblasts, whereas others cause milder forms of the disease
[8,9]. A very mild XLCNM phenotype was even described in a
67-year-old grandfather with a N180K missense mutation [3].
However, the genotype-phenotype correlation is not extensive and
the importance of the PPIn phosphatase activity in the disease
phenotype was not defined.

Myotubularin (MTM1) displays PPIn 3-phosphatase activity
and converts phosphatidylinositol 3-phosphate (PtdIns3P) into
PtdIns and phosphatidylinositol 3,5-bisphosphate (PtdIns(3,5)P2)
into PtdIns5P. The PtdIns3Pphosphatase activity of myotubularin
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was identified in a purified protein complex in brain and
confirmed in vitroand ex vivoafter the isolation of the cDNA
[10,11]. The catalytic site and mechanism of MTM1 resembles
those of dual-specificity protein phosphatases. Indeed, mutation of
the catalytic cysteine of MTM1 into serine (C375S, phosphatase-
dead) totally abolished its enzymatic activity [12–14]. PtdIns3P
produced by the PtdIns 3-kinase hVPS34/Vps34, is enriched at
early and late endosomes and is essential for endosomal protein
sorting and trafficking, autophagy and proper morphology of the
endosomal compartment in human and yeast cells (for a review see
[15]). PtdIns3P is also produced by class II PtdIns 3-kinases in
multicellular eukaryotes, while these kinases are absent in yeasts
[16,17]. PtdIns(3,5)P2, the other substrate of MTM1, is generated
from PtdIns3P by the 5-kinase PIKfyve/Fab1. The absence of
PtdIns(3,5)P2 resulting from impairment of PIKfyve activity in
mammalian cells, or fromFAB1gene deletion in yeastS. cerevisiae,
leads to a swollen or enlarged endosomal/lysosomal compartment
associated with retrograde endosomal trafficking defects (for a
review see [18]).

The study of MTM1 in human cells is hampered by the
presence of highly conserved paralogues, termed MTMR for
myotubularin related proteins. There are thirteen MTMR
proteins (MTMR1 to MTMR13), seven of which are active
phosphatases while the other six are dead phosphatases lacking key
catalytic residues.S. cerevisiaecontains only one member of the
myotubularin family, Ymr1 (yeast myotubularin related-1) encod-
ed by the YJR110W gene [19,20]. Ymr1 displays PtdIns 3-
phosphatase activityin vitroand in vivoand deletion of theYMR1
gene leads only to minor phenotypes [12,21].

The aim of this study is to understand the importance of the
MTM1 PPIn phosphatase activity in the phenotype and severity of
the disease. We first analyzed at the cellular level the functional
impact of MTM1 mutations isolated from patients using yeastS.
cerevisiae ymr1D deletion strains. Among the described mutations in

MTM1, we have chosen to enzymatically characterize missense
mutations affecting different MTM1 domains that lead to severe,
mild or very mild XLCNM forms. We then analyzed the
morphology of the vacuolar/lysosomal compartment, the subcel-
lular distribution of these proteins and the intracellular levels of the
different PPIn. The yeast results show that some disease mutants
display phosphatase activity. In parallel, we performed rescue
experiments for the XLCNM-like phenotypes displayed by the
Mtm1 KO mice using adeno-associated viral gene transfer of
murine wild-type, phosphatase-inactive C375S or S376N con-
structs. Taken together, our data show that phosphatase-dead
MTM1 mutants ameliorated most phenotypes of knock-out mice
thus suggesting that myotubularin displays phosphatase-indepen-
dent functions to maintain normal skeletal muscle.

Results

Expression of human Myotubularin MTM1 in yeast
impairs vacuolar morphology

We analyzed in yeastS. cerevisiaethe expression of four missense
mutations in MTM1, two affecting the PPIn interaction PH-
GRAM domain (MTM1V49F and MTM1R69C), one the protein-
protein interaction domain RID (MTM1N180K) and one the
phosphatase catalytic domain (MTM1R421Q), leading respectively
to severe, mild or severe (depending on the family), very mild, and
severe XLCNM forms (Figure 1A) [3,5,6,22]. We used as controls
the wild-type MTM1 and the artificial phosphatase-dead
MTM1 C375S mutant [12]. The different MTM1 constructs were
expressed into theymr1D yeast mutant from either low (CEN) or
high (2m) copy number plasmids. Growth curves (optical density
of liquid cultures as a function of time) as well as drop tests
revealed that none of the plasmids induced a significant growth
defect and that only cells expressing MTM1 or MTM1R69C

showed a slight growth delay (Figure S1). The Western blot
analysis shows that the different human MTM1 proteins were
produced at the expected molecular weight (70 kDa) and that
protein levels in cells transformed with CEN plasmids were lower
than in cells transformed with 2m plasmids (Figure 1B). None-
theless, there were differences in the levels of the different MTM1
produced. Indeed, mutants having little or no effect on growth,
like the phosphatase-dead MTM1C375S, were most abundant
while mutants delaying growth, like MTM1R69C, were least
abundant suggesting that yeast cells regulate the production of the
exogenous human proteins.

The expression ofMTM1 in fission yeastSchizosaccharomyces
pombeinduced an enlarged vacuolar phenotype [13,23]. This was
also observed upon expression ofMTMR3 in S. cerevisiaeand the
enlarged vacuolar phenotype was correlated with MTMR3 PPIn
3-phosphatase activity [24]. We stained the vacuolar membrane
with the lipophilic fluorescent dye FM4-64 inymr1D cells upon
MTM1 or MTM1 C375S production (pVV204, CEN) or overpro-
duction (pVV200, 2m). Wild-type yeast cells show unilobar
vacuoles, whereas theymr1D mutant displayed small multilobar
vacuoles (Figure 2). In contrast, MTM1 overproduction resulted in
larger cells with a small or large unilobar vacuole, whereas
MTM1 C375Soverproduction resulted in no obvious change in cell
morphology (Figure 2A). The vacuolar morphologies were
classified by microscopic observation into three categories: large
unilobar or giant, small one or two lobes and more than two lobes
or fragmented vacuoles (Figure 3). A significantly higher percent-
age of cells with abnormally large vacuoles was observed upon
MTM1 production and this was increased with overproduction,
whereas this percentage was low for MTM1C375S and similar to
the empty plasmid controls (Figure 3).

Author Summary

X-linked centronuclear myopathy is a muscle disorder
characterized by neonatal hypotonia and abnormal
organelle positioning in skeletal muscle. This myopathy is
due to different mutations in the MTM1 gene encoding
the phosphoinositide phosphatase myotubularin. Disease-
causing mutations are found all along the protein
sequence and not only in the phosphatase catalytic
domain. We investigated the link between myotubularin
phosphatase activity and disease phenotypes. We used
brewer yeast as a simple cellular model to analyze thein
vivo phosphatase activity of different disease mutants. Our
results show that mutations responsible for severe forms
of myopathy are either active or inactive phosphatases. To
further question this finding, we used the mice myotubu-
larin knock-out model that reproduces faithfully the
histopathological findings from human patients. Expres-
sion of phosphatase-dead mutants improved most phe-
notypes of knock-out mice comparable to wild-type
myotubularin. This shows that the maintenance of normal
skeletal muscles is largely independent from myotubularin
phosphatase activity, while defects in the activity may
participate in the onset of the disease. Moreover, it could
have important implications in the design of therapeutic
approaches aimed at manipulating the phosphoinositide
levels in the different diseases linked to myotubularin
homologues. Finally, these data call for cautiousness when
manipulating such enzymes to conclude on the physio-
logical relevance of their activity.

Phosphatase-Independent Roles of Myotubularin
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The enlarged vacuole phenotype could be due to the 3-
phosphatase activity of MTM1 or to loss of Fab1 kinase functions
upon MTM1 production. Indeed, thefab1D mutant also displays
the enlarged vacuole phenotype (Figure 2A) [25]. Osmotic stress in
wild-type yeast results in vacuolar fragmentation (Figure 2A), due
to stimulation of Fab1 kinase activity [26,27]. Theymr1D cells
producing either MTM1 or phosphatase-dead MTM1C375S

displayed fragmented vacuoles upon osmotic shock, whereas in
the fab1D mutant vacuoles remained enlarged (Figure 2A),
indicating that overproduction of MTM1 did not block the Fab1
kinase activity. A similar result was previously obtained withS.
cerevisiaecells expressing humanMTMR3 [24]. These results show
that MTM1 phosphatase activity is directly responsible for the
enlarged vacuole phenotype observed in yeast cells. Thus, analysis
of vacuolar morphologies can be used to assess the MTM1
enzymatic activity of mutants found in XLCNM patients.

Differential impact of XLCNM patientMTM1mutations
on yeast vacuolar morphology

The vacuolar morphology of theymr1D mutant expressing or
overexpressing the four MTM1 constructs with XLCNM muta-
tions was analyzed (Figure 1A). Many cells producing MTM1V49F,
MTM1 R69C and MTM1N180K displayed enlarged vacuoles
(Figure 2B). Producing or overproducing the MTM1R421Q in the
ymr1D mutant did not result in major changes in vacuolar
morphology, suggesting that this mutation strongly impairs the

enzymatic activityin vivo. Upon production (CEN) and overpro-
duction (2m) of MTM1V49F or MTM1 N180K, the percentage of
cells with small and large unilobar vacuoles increased as observed
for MTM1 (Figure 3). Thus MTM1V49F and MTM1N180K

responsible for severe and very mild forms of XLCNM respec-
tively display a phosphatase activityin vivo. Production (CEN and
2 m) of MTM1R69C resulted in similar or higher numbers of
enlarged vacuoles as compared to MTM1 (Figure 3). As for
MTM1, osmotic stress also induced fragmentation of the vacuole
in cells expressing the different MTM1 with XLCNM mutations
(Figure 2B) confirming that Fab1 kinase activity was not impaired.
To determine whether similar enlarged vacuolar phenotypes were
also observed in wild-type yeast cells (WT SEY6210) upon MTM1
expression, we analyzed the vacuolar morphology of WT cells
transformed with pVV200 or pVV204 empty plasmids or coding
for MTM1 or the different MTM1 mutants (Figure S2). The
expression of the MTM1, MTM1V49F, MTM1 R69C and
MTM1 N180K constructs induced an increase in the vacuolar size
in both WT and ymr1D mutant cells, showing that this phenotype
was not specific for the latter yeast mutant cells. Taken together,
our data show that the vacuolar phenotypes induced by the
different MTM1 mutants are not reflecting the severity of
XLCNM phenotypes.

The enlarged vacuolar phenotypes observed upon production of
various MTM1 proteins in yeast cells suggest that these human
phosphatases have access to their membranous PPIn substrates.
To determine their intracellular distribution, protein extracts from
ymr1D cells producing the different MTM1 proteins were
subjected to subcellular fractionation to separate the membrane
fractions P13 and P100 from the cytosolic fraction S100 (Figure
S3). MTM1 was found mainly in P13 and P100 fractions and a
similar fractionation was observed for the different MTM1
mutants. This membrane association of MTM1, despite the
absence of a transmembrane domain or a lipid anchor, suggests
that MTM1 interacts with lipids or proteins independently of its
phosphatase activity since MTM1C375S was also membrane-
associated. These results show that the different vacuolar
phenotypes observed upon production of the different MTM1
proteins are not due to differences in their subcellular distribution.

Some MTM1 disease mutants display phosphatase
activity

The vacuolar phenotypes suggest that MTM1, MTM1V49F,
MTM1 R69C or MTM1 N180K dephosphorylate PtdIns3P and
PtdIns(3,5)P2 in yeast cells. To assess their phosphatase activity
in vivowe determined the intracellular levels of PtdIns3P and
PtdIns5P in ymr1D cells producing the different MTM1 constructs.
Cells were labeled with32P, lipids extracted and separated by thin-
layer chromatography (TLC) and spots corresponding to phos-
phatidylinositol-monophosphates (PtdInsP) and phosphatidylinosi-
tol-bisphosphates (PtdInsP2) were isolated, deacylated and resolved
by anion-exchange HPLC chromatography. Four different PPIn
are identified in yeast S. cerevisiae: PtdIns3P, PtdIns4P,
PtdIns(3,5)P2 and PtdIns(4,5)P2. The relative abundance of
[PtdIns3P, PtdIns4P, PtdIns(3,5)P2, PtdIns(4,5)P2] is 40:40:7:13
in wild-type SEY6210 strain whereas infab1D mutant strain this
ratio changes to 74:21:0:5 [25]. It was previously shown that in
ymr1D cells PtdIns3P levels are 2-fold higher than in wild-type cells
and represent 82% of the total PtdInsP species [12]. To compare
the phosphatase activity of the different MTM1 constructs, we
calculated the percentage of PtdIns3P over total PtdInsP for the
different strains (Figure 4A). This showed that MTM1R421Q

mutant affecting a residue in the catalytic pocket displayed a poor
phosphatase activity, as PtdIns3P levels were comparable to those

Figure 1. Human myotubularin expression in yeast S. cerevisiae.
(A) Representation of the MTM1 protein with its domains, the position
of the mutations analyzed and the severity of the resulting myopathy
phenotype. MTM1 displays different domains, PH-GRAM (pleckstrin
homology-glucosyltransferase, Rab-like GTPase activator and myotubu-
larin), RID (Rac-induced recruitment domain), catalytic phosphatase
domain and SID (SET-protein interaction domain). (B) Anti-MTM1
Western-blot on yeast protein extracts. TheMTM1 gene was placed
under the control of the tetracycline-repressibletetO promoter in the
low copy number centromeric plasmid (CEN, pVV204, 1 to 3 copies per
cell). In the high copy number 2mplasmid (2m, pVV200, 20 to 50 copies
per cell), the MTM1gene was under the control of the strong yeast
PGK1promoter. These different plasmids were transformed into the
ymr1D yeast mutant. Protein extracts ofymr1D cells transformed with
pVV204 (CEN) or pVV200 (2m) empty plasmids (Control) or bearing the
different MTM1 forms were analyzed by Western-blot. MTM1 produc-
tion was detected with the mouse monoclonal 1G6 anti-MTM1
antibody. The different human MTM1 proteins were produced at the
expected molecular weight (70 kDa) as compared to theymr1D cells
transformed with empty control plasmids that displayed no signal.
Protein loading was evaluated by immunodetection of the yeast
endogenous 3-phosphoglycerate kinase Pgk1 protein.
doi:10.1371/journal.pgen.1002965.g001
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