Human Molecular Genetics, 2017, Vol. 26, No. 2 320-332

doi: 10.1093/hmg/ddw388
Advance Access Publication Date: 20 December 2016
Original Article

ORIGINAL ARTICLE

Cellular, biochemical and molecular changes in
muscles from patients with X-linked myotubular
myopathy due to MTM1 mutations

Christoph Bachmann?, Heinz Jungbluth?**, Francesco Muntoni®,
Adnan Y. Manzur®, Francesco Zorzato® and Susan Treves>®*

'Departments of Biomedicine and Anesthesia, Basel University Hospital, Basel University, Basel, Switzerland,
’Department of Paediatric Neurology, Neuromuscular Service, Evelina Children’s Hospital, St Thomas’ Hospital,
London, UK, *Department of Basic and Clinical Neuroscience, Institute of Psychiatry, Psychology and
Neuroscience (IoPPN), King’s College London, London, UK, “Randall Division of Cell and Molecular Biophysics,
Muscle Signalling Section, King’s College, London, UK, *Dubowitz Neuromuscular Centre and MRC Centre for
Neuromuscular Diseases, Institute of Child Health, London, UK and ®Department of Life Sciences, General
Pathology section, University of Ferrara, Ferrara, Italy

*To whom correspondence should be addressed at: Susan Treves, lab 408 Department of Anesthesia and Biomedicine, Hebelstrasse 20, 4031 Basel,
Switzerland. Tel: +41612652373; Fax: +41612653702; Email: susan.treves@unibas.ch

Abstract

Centronuclear myopathies are early-onset muscle diseases caused by mutations in several genes including MTM1, DNM2,
BIN1, RYR1 and TTN. The most severe and often fatal X-linked form of myotubular myopathy (XLMTM) is caused by mutations
in the gene encoding the ubiquitous lipid phosphatase myotubularin, an enzyme specifically dephosphorylating
phosphatidylinositol-3-phosphate and phosphatidylinositol-3,5-bisphosphate. Because XLMTM patients have a predomi-
nantly muscle-specific phenotype a number of pathogenic mechanisms have been proposed, including a direct effect of the
accumulated lipid on the skeletal muscle calcium channel ryanodine receptor 1, a negative effect on the structure of intracel-
lular organelles and defective autophagy. Animal models knocked out for MTM1 show severe reduction of ryanodine receptor
1 mediated calcium release but, since knocking out genes in animal models does not necessarily replicate the human pheno-
type, we considered it important to study directly the effect of MTM1 mutations on patient muscle cells. The results of the
present study show that at the level of myotubes MTM1 mutations do not dramatically affect calcium homeostasis and cal-
cium release mediated through the ryanodine receptor 1, though they do affect myotube size and nuclear content. On the
other hand, mature muscles such as those obtained from patient muscle biopsies exhibit a significant decrease in expression
of the ryanodine receptor 1, a decrease in muscle-specific microRNAs and a considerable up-regulation of histone
deacetylase-4. We hypothesize that the latter events consequent to the primary genetic mutation, are the cause of the severe
decrease in muscle strength that characterizes these patients.
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Introduction

Centronuclear myopathies are rare muscle disorders caused by
mutations in several genes including MTM1, DNM2, BIN1, RYR1
and TTN (1-7) and are associated with autosomal dominant, au-
tosomal recessive and X-linked modes of inheritance. The X-
linked form (XLMTM, MIM #310400) is the most severe and is
characterized by profound muscle weakness, severe bulbar and
respiratory involvement. Symptoms are typically present at
birth and without ventilator support most affected males die
within the first year of life, though some infants have a milder
presentation with less severe onset and survive into early child-
hood or adolescence (1,2,8,9). Muscle biopsies typically show
the presence of numerous centralized nuclei, the predominance
of often atrophic type I fibres, disorganization of the myofibrillar
network and, particularly in more mildly affected males and
manifesting females, ‘necklace fibres’ (10-12). MTM1 encodes
for myotubularin, a lipid phosphatase that specifically dephos-
phorylates phosphatidylinositol-3-phosphate  (PI(3)P) and
phosphatidylinositol-3,5-bisphosphate (PI(3,5)P,) to produce PI
and PI(5)P, respectively (for review see 3). Though myotubularin
is ubiquitously expressed, mutations in the MTM1 gene result in
a selective skeletal muscle phenotype. One reason for this may
be the lack of expression of potentially compensatory myotubu-
larin related proteins in skeletal muscle in contrast to their ex-
pression in other tissues (13); however, skeletal muscles
expresses MIP/MTMR14 a phosphatidylinositol phosphate phos-
phatase of apparent similar function as myotubularin and mice
knocked out for MIP/MTMR14 also exhibit a severe muscle phe-
notype (14), raising the possibility that altered phosphatidylino-
sitol lipid metabolism specifically interferes with physiological
skeletal muscle function(s) and/or development (15). To date
more than 200 different MTM1 mutations (including missense,
frameshift and small deletions) have been identified in XLMTM
patients with most mutations predicted to affect enzymatic ac-
tivity (9,10,16-19).

In humans, 15 genes encode for different myotubularins
with most members of this family playing important roles in
membrane trafficking, movement of intracellular vesicles,
autophagy and phagocytosis (3,20-22). In addition to their role
as phosphatases, myotubularins also contain functional do-
mains promoting protein-protein or lipid-protein interactions
suggesting that the lack of the myotubularin complex may addi-
tionally be involved in disease pathogenicity (18,19). Muscles
from 5 week old Mtm1-null mice are 50% lighter compared to
controls, show disorganization of triadic architecture, longitudi-
nally oriented tubules and a significant decrease in RyR1 and
Cay1.1 protein content (23). Furthermore, Mtm1-null mice and
zebrafish exhibit abnormal Ca?"homeostasis and impaired
excitation-contraction coupling (ECC) (13,23). ECC is the process
occurring in striated muscles whereby an electrical signal, the
depolarization of the plasma membrane, is converted into a
chemical signal, that is an increase in the myoplasmic calcium
concentration, leading to muscle contraction (24,25). The two
key players of skeletal muscle ECC are the dihydropyridine re-
ceptor (DHPR), a multi-protein complex made up of 5 subunits
(Cay1.1, 31, v, o1, 02, and 9) (26) which is localized on the trans-
verse tubules where it acts as a voltage sensor and the ryano-
dine receptor (RyR1), a macromolecular complex of>2.5 MDa
made up of 4 homotetramers, that constitute the Ca”’ release
channel of the sarcoplasmic reticulum (SR) (24,27). Activation of
the DHPR induces conformational changes that promote its in-
teraction with the RyR1; this leads to the opening of the RyR1
and to the release of Ca”"from the SR stores. In order to occur
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rapidly (few milliseconds) and efficiently, ECC relies on a highly
sophisticated and well-defined subcellular architecture with
each DHPR facing a RyR1 in a highly organized conformation
(24,27) thus a reduction of the RyR1 protein content or disorga-
nization of triadic architecture should negatively affect ECC.
Indeed, patients with recessive RYR1 mutations exhibiting a se-
vere reduction in RyR1 protein content are affected by congeni-
tal muscle disorders (28-30), and animal models knocked
out for structural SR proteins show reduced muscle strength
(31-33). In a recent study, we investigated the mechanism lead-
ing to reduced RyR1 expression in patients with recessive RYR1-
related congenital myopathies and found that a pathological
epigenetic loop involving changes in the expression of
microRNAs and class II histone deacetylases (HDACs) is acti-
vated (34). Since muscles from Mtm1-null mice show reduced
RyR1 expression, we hypothesize that similar epigenetic
changes might occur in the muscles of patients with XLMTM.

In the present study, we investigated the physiological, bio-
chemical and epigenetic characteristics of skeletal muscles
from patients with MTM1 mutations. Surprisingly ECC in myo-
tubes from MTM1-mutated patients was unaffected while there
were important biochemical and epigenetic modifications oc-
curring in mature muscle fibres. The findings of this and of our
recent study (34) indicate that common epigenetic changes con-
sequent to the primary genetic defect are activated in different
congenital myopathies. Targeting such secondary modifications
could potentially improve the muscle function in patients af-
fected by congenital myopathies with the common feature of
the reduced RyR1 protein content.

Results

Patient description

The genotypic and phenotypic characteristics of the patients en-
rolled in the present study are shown in Table 1. Five of six pa-
tients either had frameshift mutations, deletions or premature
stop codons and only one patient (NH14-1816) carried a missense
mutation. The recurrent p.Arg241Cys mutation shows pheno-
typic variation and has previously been identified in severely,
moderately and mildly affected patients (16-19). The patient car-
rying the p.Arg241Cys mutation investigated in this study was se-
verely affected, requiring ventilation and a tracheostomy.
Surprisingly, patient N° 6499 who carried a 2 nucleotide deletion
in exon 14 which encodes part of the SID (SET interaction do-
main) was only moderately affected; he was nasogastric tube/
gastrostomy fed, did not require ventilator support, achieved the
ability to sit unsupported, but had swallowing difficulty with oral
secretions and suffered a respiratory arrest at age three. Three
patients died at 4, 6 months and 3 years. Three patients are >1
year old but are severely affected and require mechanical ventila-
tion. These results are in line with previous reports suggesting
thatin general, truncating mutations are associated with a severe
phenotype. In order to verify whether potential genotype-
phenotype correlations could be identified at the molecular level,
we investigated physiological, cellular and biochemical changes
occurring in the muscle cells of the affected patients.

Immunohistochemistry and functional studies on
primary muscle cells

PI phospholipids are present in specific subcellular membrane
compartments and organelles and alterations in their
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Table 1. Genotype and phenotype of the patients investigated in the present study

Sample ID Disease Phenotype Exon MTM1 Amino
severity mutation acid substitution

NH15-0805 Severe Ventilator dependent aged 18 months. 11 c.1084_1087delGACA p-Asp362fs
6212 Severe Died aged 4 months 11 c.1171T>G p.Tyr397X
NH13-0078 Severe Died age of 6 months, Bipap ventilated. 8 c.594C>G p-Tyr198X
6499 Moderate Neonatal nasogastric tube requirement 14 €.1508_1509delAC

and gastrostomy and one year.

Ventilation not required, but marked

orobulbar secretions difficulties. Died at

3 years 10 months age.
7457 Moderate/Severe Non-invasive mask ventilation at 3 1 deletion exonl and 5’

months, tracheostomy by 1 year. 24h part of gene

tracheostomy ventilation dependent at

age 12 years.
NH14-1816 Severe Ventilator dependent via tracheostomy 9 c.721C>T p-Arg241Cys

aged 2 years. No head control or sitting

ability.

distribution and content may affect cell size, growth and ap-
pearance. We first examined the gross morphology of differenti-
ated myotubes form healthy controls and patients harbouring
MTM1 mutations. Muscle cells were only available from patients
having either a frameshift mutation, deletion of the 5’end of the
gene, or a premature stop codon (Supplementary Material,
Table S1) all of which are expected to result in lack of myotubu-
larin protein expression. Figure 1A shows a brightfield image of
the cells from a healthy control (top panel) and a patient (bot-
tom panel), and panels B-D show the average area, number of
nuclei and nuclei/area, respectively. As shown myotubes from
the XLMTM patients were significantly smaller and had fewer
nuclei than myotubes from healthy controls, though the num-
ber of nuclei/cell area remained unchanged. These results sug-
gest that the lack of myotubularin negatively affects cell
growth.

Since there are no commercial antibodies recognizing
PI(3,5)P,, one of the substrates of myotubularin, we performed
immunofluorescence analysis on myotubes to check for alter-
ations in the subcellular distribution and content of PI3P as well
as PI(3,4)P,, a PI that can either be phosphorylated to yield
PI(3,4,5)P; or dephosphorylated to yield PI4P and then poten-
tially re-converted to PI3P (35). Figure 2 shows the localization
of the two phospholipids in myotubes from a healthy control
(Fig. 2A panels a and e) and a patient with XLMTM (Fig. 2A pan-
els c and g). Panels b, d, f and h of Fig. 2 show the cellular distri-
bution of actin (phalloidin, green), the PI phospholipid (red) and
nuclei (DAPI, blue). The commercial antibodies against the two
phospholipids show background staining on areas of the cover-
slips devoid of any cells; these may be either lipid aggregates or
fragments of the membranes of cells that have detached.
Nevertheless there is a punctuated staining in correspondence
of the myotubes and as far as the gross appearance and distri-
bution of the phospholipids is concerned, these were similar in
control and patient myotubes, with PI3P having a punctuated,
uniformly distributed fluorescence within a membrane com-
partment, and PI(3,4)P, having a more patchy appearance, con-
centrated within particular membrane domains. More detailed
examination revealed quantitative differences in the amount of
PI3P present as determined by fluorescence intensity; in partic-
ular there was ~ a 2 fold increase in the mean fluorescence in-
tensity (measured as arbitrary units) associated with PI3P but

no significant change in the level of PI(3,4)P, in myotubes from
patients versus controls (Fig. 2B).

In muscle fibres from Mtm1-null zebrafish and 5 weeks old
Mtm1-null mice profound changes in the distribution of RyR1
and Ca,1.1 have been described, with the absence of immuno-
labelling in some regions and disruption of the triad architec-
ture (13,23). We therefore examined the distribution of RyR1
and Ca,1.1 in patient myotubes; even though the latter cells do
not achieve the degree of differentiation typical of mature fibres
(36), a drastic decrease or mis-localization of these proteins
would be observable by confocal microscopy. However, no sub-
stantial changes in the subcellular distribution of RyR1 (Fig. 3A,
panels a and d) and Ca,1.1 (Fig. 3A panels b and e) were ob-
served. More importantly, quantification of RyR1 and Ca,1.1
protein by Western blot revealed that if anything, the content of
these two proteins was increased in myotubes from patients
compared to controls (Fig. 3B and C). Figure 3B and C also show
that the protein content of HDAC-4 is similar in myotubes from
controls and patients while the protein myotubularin is present
in myotubes from healthy controls but is absent from myotubes
from XLMTM patients (Fig. 3B and C).

In previous reports it was shown that muscle fibres from the
Mtm1-null mice show impaired ECC (23). In order to verify if this
was also the case in cells from human MTM1-mutant patients
we investigated the calcium homeostasis and ECC characteris-
tics of myotubes from 3 patients (2 carrying frameshift muta-
tions and 1 carrying a premature stop codon) and compared
them to those of myotubes from healthy controls (pooled re-
sults from 3 different individuals). There was a small but signifi-
cant decrease in the resting [Ca®']; in myotubes from patients
harbouring MTM1 mutations (Fig. 4A), whereas the total amount
of rapidly releasable Ca®" within intracellular stores calculated
as area under the curve (AUC) after addition of 1 uM thapsigar-
gin and 1 pM ionomycin in Krebs Ringer containing 100 pM
La®**and 0.5 mM EGTA (34,36), was similar in control and patient
myotubes (Fig. 4B). Figure 4C shows a representative trace of
changes in the [Ca®']; in response to 60 mM KCl in Krebs Ringer
containing 100 uM La**. The peak Ca®* elicited by 600 uM 4-cmc
and 60 mM KCl (Fig. 4D and E, respectively) were similar in myo-
tubes from controls and patients. There were no significant dif-
ferences in the dose response curves to 4-cmc and KCI (see also
Supplementary Material, Fig. 1), the ECso being 351.4 + 65.6 and
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Figure 1. Myotubes from XLMTM patients are smaller and have fewer nuclei than myotubes from healthy controls. (A) Brightfield image overlaid with DAPI staining to
visualize nuclei. Top panel shows myotubes from a healthy control, bottom panel, from a patient with XLMTM,; bar indicates 50 pm. (B) Mean (=SEM) myotube area and
(C) mean (=SEM) number of nuclei/myotube was significantly higher in cells from controls (total number of cells measured =41) compared to cells from XLMTM pa-
tients (total number of cells measured = 16). (D) The calculated ratio of number of nuclei/cell area was not different. Cells were prepared as described in the Materials
and Methods section, fixed with paraformaldehyde and stained with DAPI to visualize nuclei with a Plan Fluor 20x air objective (NA 0.75). **P <0.01 Student’s t test.

387.4 +33.7 uM for 4-cmc and 16.1 =4.2 and 12.0 + 3.8 mM for
KCl in control and patient myotubes, respectively. In conclu-
sion, these results indicate that at the level of myotubes, muta-
tions in MTM1 cause a 2 fold increase in PI3P, a decrease in
myotube size and nuclear content but no major alterations in
the distribution of PI3P/PI(3,4)P,, nor in the proteins involved in
ECC. In the next series of experiments, we investigated if bio-
chemical changes were occurring in mature patient muscle
fibres.

Biochemical analysis and epigenetic modifications in
muscles from patients with XLMTM

The content of RyR1, Ca,1.1 and class II histone deacetylases
(HDAC-4 and HDAC-5) was investigated by immunoblotting on
total muscle homogenates from patients and healthy controls.
We assessed class I HDACs since a decrease in the RyR1 protein
level was observed in the muscle of patients with CNM due to
recessive RYR1 mutations and this is accompanied by a signifi-
cant increase in HDAC-4 and HDAC-5 protein content (34).
Figure 5A and C shows representative Western blots and Fig. 5B
and D shows the relative protein content of RyR1 and Ca,1.1

normalized to MyHC content. The anti-MyHC antibody that was
used recognizes all isoforms, so that the results are not affected
by the potential expression of different MyHC isoforms. Protein
quantification could not be performed on biopsies from all pa-
tients due to the lack of sufficient biological material.
Nevertheless, qPCR analysis was performed on muscle samples
from all patients (see next paragraph). The results depicted in
Fig. SA-D confirm that both RyR1 and Ca,1.1 protein content
was significantly reduced in most mature human MTM1-mu-
tated muscle fibres whereas the levels of HDAC-4 were signifi-
cantly increased, while those of HDAC-5 were not as elevated.
Of interest, patient NH13-0078 carrying the p.Tyr198X mutation
had RyR1 and HDAC-4 protein levels that were similar to those
of controls, whereas the moderately affected patient carrying
the ¢.1508_1509 deletion (N° 6499) had HDAC-4 protein levels
that were >200 times higher than in controls. Protein and tran-
script levels were not always concordant (see next paragraphs).
In patients with recessive RYR1 mutations increased class II
HDAC content was paralleled by an increase in the transcripts
encoding DNA methyltransferase 1 (DNMT1), and DNA methyl-
transferases 2 (now called tRNA aspartic acid methyltransferase
1, or TRDMT1) (34). We therefore also investigated whether simi-
lar changes occur in the muscles of patients with MTM1
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Figure 2. The subcellular distribution of PI3P and PI(3,4)P, in myotubes is similar in cells from XLMTM patients and healthy controls. Human skeletal muscle myotubes
were stained as described in the Material and Methods section and analysed using a Nikon A1 plus confocal microscope equipped with a Nikon Plan Apo TIRF 60x oil
objective (NA 1.49). (A) Subcellular distribution of PI3P in myotubes from a healthy control (a) and an XLMTM patient (c). Subcellular distribution of PI(3,4)P, in myotubes
from a healthy control (e) and an XLMTM patient (g). Composite images showing the distribution of PI3P (red), actin (green) and nuclei (blue) in myotubes from a
healthy control (b) and an XLMTM patient (d). Composite images showing the distribution of PI(3,4)P, (red), actin (green) and nuclei (blue) in a myotube from a healthy
control (f) and an XLMTM patient (h). The background staining on areas of the coverslip devoid of cells may be caused either by lipid aggregates or by fragments of
membranes of cells that have detached. Also note that the subcellular distribution of the two phospholipids is different: PI3P has a punctuate uniform intracellular
membrane distribution whereas PI(3,4)P, appears to be more clustered within intracellular membranes. Bar indicates 50 um. (B) Bar chart showing the mean (+S.E.M.)
fluorescence intensity (arbitrary units, a.u.) associated with PI3P and PI(3,4)P, in myotubes from a control and XLMTM patient. *P < 0.05 Student’s t test.

mutations. Figure 5E shows that a significant increase (approxi-
mately 10 fold) in both in DNMT1 and TRDMT1 transcripts occurs
in the muscles of the XLMTM patients. Note that in Fig. S5E the
values for patients 0805 and 7457 have not been plotted since
they were > 1000 fold higher than in control muscles; however,
all expression values are presented in panel F of Fig. 5 where
the expression levels of the transcripts encoding HDAC4, RYR1,
MTM1, DNMT1 and TRDMT1 of each patient compared to levels
observed in biopsies from control individuals are shown. The
latter values were used as a reference and set to 1 (Fig. 5F). A de-
crease in the transcript is indicated in red and an increase in
green and the colour-code scale is shown in the right hand col-
umn. RYR1 transcripts were significantly reduced by more than
50% in muscle biopsies from all patients examined and HDAC4
transcripts were significantly elevated in all patients. The in-
crease in HDAC4 was paralleled by increased expression of the
DNA methylating enzyme transcripts DNMT1 and TRDMT1. Of
note, patients 0805 and 7457 were particularly striking since
they exhibited > 40 fold increased levels of MTM1, the highest
levels of HDAC4 transcripts and >700 fold levels of DNMT1 and
TRDMT1. Curiously, at the myotube level HDAC-4 was expressed
to similar levels in myotubes from healthy controls and XLMTM
patients (see Fig. 3 panels B and C) indicating that these epige-
netic modifications only occur in the mature muscle tissue.

As mentioned above, the relative expression of HDAC-4 pro-
tein and transcript level did not always correlate, particularly in
the case of patient 6499 where HDAC-4 protein was elevated

approximately 200 fold but whose transcript was increased only
3 times. Similar discrepancies were found for MTM1 transcript
and protein levels: mRNA levels were decreased in 3 patients
(N° 6212, 0078 and 6499) and increased in 3, (N° 1816, 0805 and
7457) whereas the myotubularin protein was absent in the mus-
cles of patients N° 6212, 0805 and 0078 (Supplementary
Material, Fig. 2A). Insufficient quantities of biological material
precluded the assessment of myotubularin protein in the biop-
sies from the remaining patients. PI3P levels were significantly
elevated in muscles of all XLMTM patients tested (patients N°
0078, 1816, 0805, 6212 and 6499. Supplementary Material, Fig.
2B) confirming the results obtained on myotubes (Fig. 2) as well
as the previous observation that cells from patients or animal
models knocked out or knocked in for human MTM1 mutations
have higher PI3P levels (13,23,37,38).

We focused the next series of experiments on determining
the content of microRNAs (miRs). Because of the limited
amount of biological material, we measured the expression lev-
els of a selected group of muscle-specific miR transcripts,
namely miR-1, miR-133, miR-206 and the muscle enriched miR-
486 as well as miR-22, miR-124 which are predicted to bind to
the 3'UTR of the RYRI gene and several miRs predicted to bind
to the human MTM1. Figure 6 shows the mean expression levels
and Supplementary Material, Table S2 shows miR levels in indi-
vidual patients. As shown, most miRs were significantly down-
regulated, except for miR-124, 128 and 206 that showed greater
variability and were not always changed when compared to
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Figure 3. Cellular distribution and quantification of RyR1 and Ca,1.1 in differentiated myotubes from XLMTM patients and healthy controls. (A) Confocal analysis of
subcellular distribution of RyR1 and Ca,1.1 in myotubes. Human myotubes were visualized with a Nikon A1 plus confocal microscope equipped with a Plan Apo 60x oil
objective (NA 1.49) and stained as described in the Materials and Methods section. Top panels show myotubes from a healthy control, bottom panels show myotubes
from an XLMTM patient. Panels (a) and (d) anti-RyR1, panels (b) and (e) anti-Ca,1.1. Panels (c) and (f) composite image of anti-RyR1 (red), anti-Cay1.1 (green) and DAPI
(blue); orange pixels show area where RyR1 and Ca,1.1 co-localize. Bar indicates 50 pm. (B) Representative immunoblots of myotubes from a control and XLMTM pa-
tient. Blots were probed with the indicated primary antibodies. (C) Relative content of the immunopositive band (normalized to MyHC) of HDAC-4, RyR1, Ca,1.1 and
myotubularin (MTM1) in myotubes from controls (full circles) and XLMTM patients (empty circles). **Student’s t test P <0.01; n.s. not significantly different. NA, not

applicable.

levels in biopsies from healthy controls. Of interest patients N°
1816, 0805 and 7457 who were all severely affected showed
down-regulation of all the miRs, down-regulation of RYR1 tran-
script and up-regulation of HDAC4 transcript.

Muscles from XLMTM patients are different from foetal
muscles

Data from the literature suggest that muscles from XLMTM pa-
tients revert to a ‘foetal’ phenotype (15) a hypothesis that is
compatible with the up-regulation of HDAC-4 and down-
regulation of RyR1 and of muscle-specific miRs. Since we had
available small amounts of muscle samples from non-affected
13.8-20.2 week old foetuses, we used these to assess the content
of several proteins. Not unexpectedly the foetal samples con-
tain very high levels of HDAC-4 protein (Supplementary
Material, Fig. 3) and HDAC-5 but because of the large variability
and small sample size this did not achieve statistical signifi-
cance (Fig. 7A); on the other hand, the relative content of RyR1
was significantly reduced while that of Ca,1.1 was either
unchanged (1 sample) or reduced (1 sample) (Fig. 7B).

Since the MyHC isoform expressed by a muscle is a sensitive
and accepted indicator of muscle fibre type we performed high-
resolution gel electrophoresis on control, foetal and patient
muscle extracts to verify their degree of development, using
conditions that allow separation of the different MyHC isoforms
(39,40). Figure 7C shows a representative gel stained with
Coomassie Blue showing the separation of MyHC isoforms (I, Ila
and IIx) in human muscle biopsies. As shown the muscle sam-
ple from a control shows the 3 bands corresponding to MyHC I,
Ila and IIx, while in foetal muscle the MyHC I band correspond-
ing to the slow isoform is clearly present, together with a band
having an electrophoretic mobility similar to that of MyHC IIa.
The MyHC isoform present in muscle biopsies from the 5 pa-
tients carrying MTM1 mutations were not uniform, showing the
presence of bands having different electrophoretic mobility,
with the biopsy from patient MTM1 0805 being more similar to
that of the control individual. The upper band present in foetal
muscle (and in the muscles from the XLMTM patients) having
an electrophoretic mobility similar to MyHC Ila, may correspond
to the embryonic/foetal isoform. We therefore also performed a
Western blot using an antibody specific for MyHC3 (embryonic/
foetal isoform). Figure 7D shows that MyHC3 is virtually absent
from control muscles, whereas a strong immunoreactive band
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Figure 4. Calcium homeostasis in human skeletal muscle-derived myotubes
from XLMTM patients and healthy controls. (A) Resting [Ca*'];. Bars represent
the mean (+SEM) resting [Ca®*] calculated from the indicated number of cells.
Myotubes from XLMTM patients had significantly lower resting [Ca®']; than
myotubes from healthy controls. **P <0.001 Student’s t test. (B) Total amount of
Ca”*in the SR. Bars represent the mean (+ SEM) fluorescence obtained by calcu-
lating the Area Under the Curve (AUC) after stimulation of cells with 1 uM ion-
omycin+1 pM thapsigargin in Krebs Ringer containing 0.5mM EGTA.
(C) Representative trace showing changes in [Ca?*]; induced by stimulation with
60mM KCI. (D) Peak (mean * SEM) response to 600 pM 4-chloro-m-cresol and (E)
60mM KCl. Experiments were performed as indicated in the Materials and
Methods section in Krebs-Ringer containing 100 uM La®'unless otherwise
stated. n.s. results were not significantly different.

is visible in homogenates from the foetal muscles. A band
showing immunoreactivity with anti-MyHC3 antibodies is pre-
sent in the muscle biopsy from patient MTM1 6212 but not with
biopsies from patients MTM1 0805,1816 and 0078 indicating that
the latter patients do not express detectable levels of embry-
onic/foetal MyHC.

Discussion

In the present study, we investigated skeletal muscle samples
from 6 patients affected by XLMTM and assessed the impact of
MTM1 mutations on ECC. Our results show that MTM1 muta-
tions do not directly impinge on ECC since at the level of myo-
tubes the absence of myotubularin does not significantly affect
calcium homeostasis but rather affects cell morphology and
size. This contrasts with what is observed in mature muscle fi-
bres, where the expression of key proteins involved in ECC is
significantly down-regulated. In addition, we show that in mus-
cles from XLMTM patients HDAC-4 is significantly up-regulated.

We propose that secondary modifications occurring as a conse-
quence of MTM1 mutations affect the expression of muscle-
specific transcripts and are responsible at least in part for the
muscle weakness seen in these patients.

In order to assess ECC we used muscle cells explanted from
the patient’s biopsies, an experimental model we have previ-
ously used to investigate calcium homeostasis in cells from pa-
tients affected by other congenital muscle diseases (28,34,41,42).
Such a system offers several advantages, including (i) endoge-
nous expression of the patient’s mutation without the need to
transfect or virally infect cells, (ii) ease with which cells are
grown and differentiated into myotubes and (iii) amenability of
cells for studies on basic calcium homeostasis. The main draw-
back of this model is that myotubes do not differentiate into
fully developed muscle fibres and that they will also express, if
present, other mutations present in the patient’s genome. From
a morphological point of view, the most striking difference was
the appearance of the myotubes, their smaller size and number
of nuclei, though the average number of nuclei corrected per
cell area remained unchanged. This finding contrasts an earlier
report suggesting that myotubes from XLMTM patients are in-
distinguishable as far as size, shape or nuclear distribution are
concerned, compared to myotubes from healthy controls (43).
Such a discrepancy may relate to the nature of the mutation,
muscle of origin and growth conditions. All the myotubes used
in the present study were from quadriceps and the mutations
lead to undetectable levels of myotubularin, while in the study
of Dorchies et al., muscle cells were obtained from different
muscle tissues (leg, arm, quadriceps) and from patients with se-
vere and mild phenotypes (43).

Although the exact causes of such morphological changes
are difficult to uncover, they may relate to the accumulation of
PIs within subcellular membrane domains, alterations of
autophagy, or inappropriate activation of mTOR (44-48). As far
as accumulation of specific PIs is concerned, myoblasts deficient
in phosphoinositide phosphatases were reported to contain a
two-fold increase in PI3P/PI(3,5)P,, (14,37,38), a result confirmed
in the present study where we also show that the PI3P content
in mature muscle is significantly increased. Generally, PI lipids
constitute less than 15% of the total cellular phospholipids with
PI4P and PI(4,5)P, representing the major forms in mammalian
cells (35,44,45). Thus while it is true that PI can be metabolically
interconverted in vitro, different PI species are not equally pre-
sent within the cell, do not share the same subcellular distribu-
tion and can diffuse within but not between membranes unless
assisted by specific transfer proteins. For example PI(4,5)P, and
PI(3,4,5)P; are concentrated in the plasma membrane, PI(3,4)P,
is in the plasma membrane as well as early endocytic vesicles
and PI3P is concentrated in early endosomes (35,45). Thus accu-
mulation of PI3P as caused by MTM1 mutations, could poten-
tially interfere with early endosomal trafficking as recently
confirmed by Ketel and co-workers (20).

An alternative possibility is that PI3P accumulation affects
autophagy since this lipid plays a major role in the initiation of,
and modulation of autophagy (47,48) or affects the IGF1R/AKT
pathway that closely controls mTOR activation and thus cell
growth, which was shown to be dysregulated in muscles from
Mtm1-/- mice (49).

One of the main questions relating to PI metabolism and dis-
ease pathomechanism(s) is whether there is a functional link
between alterations of phospholipid metabolism and skeletal
muscle function. This is particularly relevant since patients car-
rying mutations in genes encoding enzymes involved in lipid
metabolism have a muscle-specific phenotype. Recent data
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support a direct effect of certain PI lipids on calcium homeosta-
sis. In particular (i) myotubes from mice deficient in MTMR14
exhibit spontaneous Ca?*leak due to the binding of PI(3,5)P, and
PI(3,4)P, to RyR1 which promotes its activation (14); (ii) PI3P and
PI(3,5)P,, directly depress voltage activated Ca’'release when
injected into mouse FDB fibres (50); (iii) depletion of PI(4,5)P, in
the transverse tubules impairs SR Ca®'release (51) and (iv) the
endoplasmic reticulum and sarcoplasmic reticulum of animal
models knocked out for MTM1 and MTMR14 show profound
structural changes and dysfunction of ECC (13,14,23,38). For
these reasons, we were surprised to find that the calcium ho-
meostasis and ECC of myotubes from patients with MTM1 mu-
tations were similar to those of control myotubes. Indeed, we
observed no changes in the levels of the SR Ca®* stores, nor in
the peak Ca”" elicited by depolarization or by direct pharmaco-
logical activation of the RyR1. We did observe a small decrease
in the resting [Ca®']; but this is most likely due to the degree of
differentiation of the myotubes rather than to a direct effect on
ECC. In fact, Western blot analysis showed that myotubes from
the XLMTM patients express higher levels of RyR1 and Ca,1.1

compared to control myotubes, though the subcellular localiza-
tion of both proteins was similar in patient and control cells.
Importantly, the lack of effect on Ca®* homeostasis is not due to
the lack of myotubularin expression at the level of the myo-
tubes as opposed to mature muscle, since Western blot analysis
showed that the immunopositive band was present in protein
extracts of myotubes from controls (but not from patients).

This observed lack of effect of MTM1 mutations on the ECC
of myotubes was puzzling especially considering that muscle
biopsies from the same patients and muscles from the Mtm1-/-
mice showed significantly lower levels of RyR1 and Ca,1.1 pro-
teins and that FDB fibres from the Mtm1-/- mice showed a much
smaller depolarization induced peak Ca?*transient compared
to their wild type littermates (23). This apparent inconsistency
between myotubes and mature muscle fibres indicates that:
(i) the lack of myotubularin does not directly affect ECC and (ii)
requires fully developed mature fibres in order to show a func-
tional effect. This is reminiscent of what occurs in muscles
from patients with recessive RYR1 mutations, where no appar-
ent effect on Ca?" homeostasis was seen at the myotube level
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Source: http://www.microrna.org/microrna/getGeneForm.do (Supplementary
Material, Table 3 for more details on the miRs).

but where a significant decrease of ECC proteins in muscle ho-
mogenates was found (34). In the latter case epigenetic modifi-
cations were responsible at least in part, for the decrease in ECC
protein expression. Interestingly, in muscle biopsies from the
XLMTM patients RYR1 transcript content was severely reduced,
HDAC4, DNMT1 and TRDMT1 levels were significantly increased
and most muscle-specific miRs were down-regulated. Although
in the present study the sample number was too small to draw
definite conclusions and make specific correlations, they may
explain phenotypic differences observed in patients. Indeed, pa-
tients carrying mutations such as the p.R241C substitution, or
patients carrying deletions of exon 1 have been reported as be-
ing severely, moderately or mildly affected (16-19) while some
patients carrying nonsense mutations predicted to result in a
truncated enzyme-dead protein, were surprisingly only moder-
ately affected (18,19).

An important additional observation of the present study re-
lates to the amounts of protein and transcript levels within the
muscle biopsy that did not always match. Lack of correlation
between transcripts and proteins have been reported by a num-
ber of authors and may relate to transcript/protein stability, sta-
bility of the transcript versus selected housekeeping gene, effect
of post-translational modifications on protein turnover (52-55).
However, lack of correlation of the same protein/transcripts in
the same tissue in some individuals but not others, indicates
that different mechanisms are activated in response to muta-
tions, stress or environmental factors in different cells and that
these will result in ‘phenotypic variability’. One such mecha-
nism linking the regulation of gene expression to external or
environmental factors involves a group of enzymes known
HDACs that can be recruited in association with DNA-
methylation to repress transcription by deacetylating core

histones (56). Class Il HDACs are expressed in skeletal muscle
and affect myogenesis by sequestering mef2, a master trans-
activator of skeletal muscle gene expression (57,58). Mef2 se-
questration results in blockage of mef2 dependent gene tran-
scription, including transcription of muscle-specific miRs such
as miR1 and miR133 (59,60) and this in combination with the in-
creased expression of DNA methylating enzymes could be a
contributing factor to the fast to slow fibre type conversion, tri-
adic disarrangement and phenotype of a muscle with ‘foetal-
like’ characteristics. Clearly, more work needs to be carried out
in the future and it is important that transcriptome analysis be
validated at the protein level and more detailed characteriza-
tion of the MyHC isoform expressed be performed whenever
possible.

Taken together the results of this and our previous study (34)
raise the interesting possibility that the epigenetic modifications
taking place in skeletal muscle as a consequence of mutations in
different genes involved in congenital myopathies are activated
and cause a general down-regulation of most skeletal muscle
ECC genes and the reversal to a more ‘foetal-like’ muscle. It is dif-
ficult to understand how and why such epigenetic modifications
are activated but they may relate to the fact that of phosphoino-
sitide lipids have a negative effect on ECC, on SR structure and
consequently on muscle function. The lack of normal
Ca”’" homeostasis in skeletal muscle could affect its physiological
development further precluding its proper function. If this is the
case, then it is possible that patients with such congenital myop-
athies may show benefit from pharmacological compounds tar-
geted to decrease the expression levels of class I HDACs.

Materials and Methods

Muscle biopsies and cell cultures

Human myoblasts from controls and patients were cultured in
skeletal muscle growth medium as previously described
(34,36,39,41) until approximately 90% confluent then they were
induced to differentiate by switching the medium to differentia-
tion medium (PromocCell; C-23061) for 7 days.

Calcium measurements

Muscle cells were cultured on laminin-coated 0.17 mm glass
cover slips as previously described (34,39,42). Fully differenti-
ated myotubes were loaded with 5 pM fura-2/AM (Calbiochem;
344905) for 30min at 37°C and mounted on a temperature-
controlled stage (tempcontrol 37-2 digital). The chamber was
continuously perfused with Krebs-Ringer medium containing
2mM Ca?"and cells were stimulated using a 12-way 100 mm di-
ameter quartz micro-manifold computer-controlled microper-
fuser (ALA Scientific Instruments), as described previously
(39,41,42). The recordings were done on a fluorescent Axiovert
S$100 TV inverted microscope (Carl Zeiss) equipped with a 20x
water-immersion FLUAR objective (NA 0.17) and filters (BP 340/
380, FT 425, BP 500/530) attached to a Photometrics Cascade
128+ CCD (charge-coupled device) camera controlled by
VisiView software version 2.0.8. Data analysis was performed
using Image] version 1.50 g and the Ratio Plus, Process Fura2,
Time Series Analyzer V 3 plugins.

Brightfield and confocal microscopy

Muscle cells were cultured on laminin-coated Ibid® 0.17 mm
u-Slide 4 well glass bottom slides (Ibid Cat # 80427) until 90%
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Figure 7. Muscle biopsies from foetuses express lower levels of RyR1, different MyHC isoforms and variable levels of class Il HDACs compared to muscles of older
healthy controls. (A) Quantification of HDAC-4 and HDAC-5 and (B) quantification of RyR1 and Ca,1.1 in total muscle homogenates from healthy controls (full circles)
and foetal muscles (empty circles). Statistical analysis was performed using the Welch two sample test. *P <0.01; n.s. not significantly different. (C) Electrophoretic
separation of MyHC isoforms performed according to Talmadge and Roy (40). (D) Representative Western blots showing the immunoreactivity of the muscle homoge-
nates with an antibody recognizing the embryonic/foetal isoform (MyHC 3, top) and an antibody recognizing all MyHC isoforms (bottom).

confluent. The medium was switched to differentiation me-
dium for 7 days after which cells were fixed in 4% paraformalde-
hyde in phosphate buffered saline (PBS) and visualized using a
Nikon TE2000 TIRF microscope equipped with a 20x Plan Apo air
objective and attached to an electron multiplier Hamamatsu
CCD camera C9100-13.

For cell size and nuclear counting, cells were stained with 4’,6-
diamidino-2-phenylindole (DAPI) and observed with a Nikon
Alplus confocal microscope equipped with a Plan Fluor 20x air ob-
jective (NA 0.75); calculation of the cell area was performed using
the Fiji software (version 2.0.0-rc-49/1.51d) as described (61). For
immunofluorescence, cells were permeabilized with 1% Triton®
X-100 in PBS for non-lipophilic targets (myotubularin, RyR1,
Cay1.1) and 0.01% Digitonin (Calbiochem; 300411) in TRIS buffered
saline (TBS) for lipophilic targets (PI3P, PI(3,4)P,). Non-specific
binding sites were blocked by 1% blocking buffer in TBS (Roche;
11500694001). Cells were incubated with the primary antibodies
detailed in Supplementary Material, Table S3 for 60 min at room
temperature, rinsed three times with 0.1% Tween® 20 in TRIS buff-
ered saline (TBS-T) for non-lipophilic targets; for lipophilic targets
antibodies were incubated at 37 °C and washed with 0.1% blocking
buffer in PBS. Cells were then incubated for 60 min at room tem-
perature with the appropriate Alexa Fluor conjugated secondary
antibodies (Life Technologies). Actin filaments were stained for
30 min using phalloidin conjugated Alexa Fluor® 647 and nuclei
were counterstained with DAPI. Myotubes were visualized on a
Nikon® Alplus confocal microscope equipped with a Nikon Plan
Apo TIRF 60x oil objective (NA 1.49) and with Coherent® Sapphire
lasers (405, 488, 561nm) and an MPBC® CW Visible Fiber laser
(647 nm) controlled by Nikon® NIS-Elements Confocal software.

Electrophoresis and immunoblotting

Total homogenates of muscle biopsies and myotubes were pre-
pared as previously described (34,39). Protein concentration was
determined using the Bradford protein assay kit (Bio-Rad,

500-0006) using bovine serum albumin as a standard. Proteins (50
ug/lane) were separated on 6 or 7.5% SDS-PAGE and blotted onto
nitrocellulose. For MyHC isoform separation, gels were prepared
according to Talmadge and Roy (40) and stained with Coomassie
Blue R250 (Fluka; 27816). Single fibres isolated from mouse FDB or
soleus fibres were used to identify the different MyHC isoforms;
alternatively in order to verify whether embryonic/neonatal iso-
forms were present, proteins were transferred onto nitrocellulose
and stained with anti-MyHC3 followed by anti-MyHC recognizing
all isoforms. For immunoblotting, membranes were blocked for
60min at room temperature or overnight at 4°C in 1% blocking
buffer (Roche; 11500694001) and incubated with the primary anti-
bodies listed in Supplementary Material, Table S3. Secondary anti-
bodies/proteins used were either anti-mouse peroxidase (Sigma,
catalogue #A2304) or protein-G peroxidase (Sigma, catalogue #
P8170). Bands were visualized using the SuperSignal Dura West kit
(Thermo Scientific; 34076) or BM Chemiluminescence kit (Roche;
11520709001). For quantification, films were scanned on an Epson
Perfection V700 Photo as 16-bit tiff image and densiometrically
analysed using the GelAnalyzer software version 2010a.

Quantitative PCR

RNA was extracted from muscle biopsies using TRIzol® reagent
(Thermo Fischer; 15596026) according to the manufacturer’s in-
structions. DNA was removed using DNase I (Invitrogen; 18068-
015) and 1000 ng RNA were reverse-transcribed into cDNA using
the High capacity cDNA Reverse Transcription Kit (Applied
Biosystems; 4368814) on an Applied Biosystems 2720 Thermal
Cycler. The cDNA was amplified by quantitative real-time poly-
merase chain reaction (QPCR) using either Power Sybr® Green
Master Mix (Applied Biosystems; 4367659) for regular DNA
quantification or TagMan® microRNA reverse transcription kit
(Applied Biosystems; 4366596) for miRNA assays both on an
Applied Biosystems 7500 Fast Real-time PCR System running
7500 software version 2.3 (34). Quantification was based on the
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comparative AACt method. The sequences of the primers used
for gPCR are listed in Supplementary Material, Table S4 and the
sequences of primers used for miRNA quantification are listed
in Supplementary Material, Table S5. Each reaction was per-
formed in triplicate and results are expressed as relative gene
expression normalized to desmin (DES) for gPCR and to the hu-
man housekeeping gene RNU44 for miRNAs. Expression levels
obtained from biopsies of healthy controls were set to 1.

PIP lipid quantification

The content of PI3P and PI(4,5)P, was determined on muscle bi-
opsies from patients and controls using the Mass ELISA kits
(Echelon catalogue numbers K-3300 and K-4500), following the
manufacturer’s recommendations. For each muscle, the con-
tent of PI3P was calculated either as [PI3P] per gram of wet
weight or was normalized to the content of PI(4,5)P, which is re-
ported to be constant in most tissues (62).

Compliance with ethical standards

All procedures performed in studies involving human partici-
pants were in accordance with the ethical standards of the in-
stitutional and/or national research committee and with the
1964 Helsinki declaration and its later amendments or compa-
rable ethical standards. This study was approved by the
Ethikkommission beider Basel (permit N° EK64/12); all subjects
gave written informed consent to carry out this work.

Statistical analysis

Statistical analysis was performed using the ‘R’ version 3.2.4 run-
ning on platform x86_64-apple-darwin13.4.0 (64-bit). For dose-
response curves the package ‘drc’ version 2.5-12 was used (63).
Comparisons of two groups were performed using the Student’s
t-test, for groups of three or more comparisons were made using
the ANOVA test followed by the Bonferroni post-hoc test unless
otherwise stated. Means were considered statistically significant
when P values were < 0.05. All figures were created using Adobe
Photoshop CS6 or R Studio (version 0.99.891 or newer).

Supplementary Material

Supplementary Material is available at HMG online.
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