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Figure 5. Generation and characterization of muscle-specificVps15-knockout mice.

A. Immunoblot analysis of TA muscle of 2 month old muscle Vps15 KO and matching control mice with indicated antibodies.

B. mTORC1 and mTORC2 activity in TA muscles of 2 month old muscle Vps15 KO and matching control mice analysed by immunoblotting with indicated
antibodies. The ratio of phosphorylated to total protein of the densitometric assay is presented. Data are mean £ SEM.

C. Histological analysis of muscles by HE staining and COX activity from 2 month old muscle Vps15 KO and matching control mice. Black arrows indicate

centronucleated fibres; white arrows—cell infiltration. Scale bars: 40 um.

binding protein 1 (4EBP) was observed in Vps15 KO muscles
from randomly fed and starved/refed animals (Fig. 5B and
Supporting Information Fig. 5). Morphometric examinations did
not reveal significant changes in fibre type composition and
cross section area in Vps15 KO muscles (Supporting Information
Fig. 6A and B). However, severe degenerative changes were
evident in the Vps15-depleted muscles including appearance of
necrotic fibres, cell infiltration, centronucleated fibres as early
as 2 months after birth in all types of muscles examined (Fig. 5C,
Supporting Information Fig. 6C). The infiltration detected in the
Vps15-depleted muscles consisted of immune cells, macro-
phages and T-cells, as revealed by immunostaining with the
F4/80 and CD3 markers, respectively (Supporting Information

© 2013 The Authors. Published by John Wiley and Sons, Ltd on behalf of EMBO.

Fig. 7A). Furthermore, the induction of the inflammatory
response in VpslS-depleted muscles was confirmed at the
transcript level by the detection of inflammatory cytokines and
cell markers (Supporting Information Fig. 7B). The morpholo-
gical changes observed in VpsiS-depleted muscles were
accompanied by marked changes in mitochondrial content as
assessed by cytochrome c oxidase (COX) assay (Fig. 5C).

Muscle Vps15 knockout results in autophagy block distinct
from Atg7 knockout

Genetic mouse models carrying muscle specific inactivation of
autophagy genes, Atg7 (Masiero et al, 2009) and AtgS (Raben
et al, 2008), highlighted the role of macroautophagy in the

EMBO Mol Med (2013) 5, 870-890
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maintenance of muscle mass and function. We took advantage
of already generated muscle-specific Atg7 knockout mice
(muscle Atg7 KO) and set up a comparative analysis of
phenotypes with Vpsl5 muscle KO (Masiero et al, 2009). For
quantitative comparative analysis of Vps15 and Atg7 mutants
we mainly focused on TA muscles that are predominantly
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composed by fast twitch fibres and thus relatively homogenous
in terms of fibre typing. As shown in Fig. 6A, at the age of
4 months the severity of muscle damage was more pronounced
in fast twitch TA muscles from Vpsl5 KO mice compared to
Atg? KO, as judged by the number of necrotic fibres,
centronucleated fibres and cell infiltration. These data point

A
[ Vps15% [[ muscle vps15 KO “ muscle Atg7 KO I
B muscle muscle
Vps15% Vps15 KO Atg7 KO
Starv Fed Starv Fed StarvFed
p62
b
g LC3
2]
S
& Lamp2
GADPH
C

I muscle Vps15 KO | [

Vps15#

muscle Atg7 KO l

D

Vps157

muscle
Vps15 KO

R 1

Figure 6. Muscle-specific deletion of Vps15 is distinct from muscle-specific Atg7 knockout.

A.

EMBO Mol Med (2013) 5, 870-890

Histological analysis of TA muscles of 4 month old 30 h starved muscle Atg7 KO mice, muscle Vps15 KO mice and matching control mice by HE staining and
YFP-LC3 fluorescence. Scale bars: 20 um (HE) and 40 pm (YFP-LC3).

. Immunoblot analysis of total protein extracts of gastrocnemius muscles with indicated antibodies. Gastrocnemius muscles were dissected from 30 h starved

and random fed 4 month old muscie Atg7 KO mice, muscle Vps15 KO mice and matching control mice.

. Accumulation and co-localization of p62/LAMP2 positive structures in TA muscle of 4 month old random fed muscle Vps15 KO, muscle Atg7 KO and matching

control mice. Insets show higher magnification views. Scale bars: 40 pm.

. Histochemical analysis of TA muscle of randomly fed 4 month old muscle Vps15 KO and matching control mice by LC3-YFP fluorescence. Scale bars: 40 pm.
. Immunostaining of TA muscle of randomly fed 4 month old Vps15 muscle KO and matching control mice using anti-ubiquitin antibody. Scale bars: 40 pm.
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to a broader role of VpsI5 gene in muscle function than the
autophagy genes.

After electroporation of TA muscles with YFP-LC3 over-
expressing plasmid and after 30 h starvation, Atg7 KO muscles
failed to form YFP-LC3 positive autophagosomes, as opposed to
starved control mice and muscle Vps15 KO mice (Fig. 6A).
Consistently, LC3 was not processed in Atg7 KO mice, whereas
Vpsl5 KO mice displayed an up-regulation of both total and
lipidated LC3 as compared to control (Fig. 6B). However, p62
accumulated in both mutants, with higher levels observed in
Atg7-deficient muscles (Fig. 6B and C). Interestingly, p62
protein appeared differentially localized in Atg7 and Vpsl5
mutants. While in Vpsl5-deficient TA muscles p62 positive
structures were uniformly distributed and largely co-labelled
with Lamp2 antibodies representing autolysosomes, in Atg?
mutants p62 was detected in subsarcolemmal protein aggregates
void of Lamp?2 staining (Fig. 6C). The selective increase in the
amount of lysosomes observed in VpslS-depleted muscles
(Fig. 6C) was confirmed by immunoblot analysis (Fig. 6B) and
was unlikely to be due to an induction of lysosomal biogenesis,
the expression of the master regulator of lysosome biogenesis
TFEB and its downstream targets were unaffected at the
transcript level (Supporting Information Fig. 8). In contrast to
the control mice, p62 and YFP-LC3 positive structures were
evident in muscle Vps15 KO mice that were ad libitum fed and
did not undergo a starvation protocol (Fig. 6C and D).
In addition, Vpsl5S-deficient fibres contained high levels
of ubiquitinated proteins, as detected by immunostaining
(Fig. 6E). To evaluate possible phenotypic differences at early
times after gene deletion, we established primary myoblast
cultures from Vpsle/f mice, differentiated the myoblasts to
myotubes in vitro and transduced them with adenoviral Cre
to induce gene deletion. In this cell autonomous model we
observed that depletion of Vp15 results in a phenotype similar to
the one observed in MEFs as judged by the induction of p62, LC3
and the sparing of mTOR signalling (Supporting Information
Fig. 9A and B). Furthermore, by directly comparing VpsI5 and
Atg7 deletion in the myotube cultures we observed that
depletion of both genes led to marked accumulation of p62
(Supporting Information Fig. 9C). However, EGFP-LC3 positive
puncta were undetectable in Atg7-depleted cells even in nutrient-
deprived medium, while they were constitutively present in
Vps15-depleted cells even in nutrient-rich conditions (Supporting
Information Fig. 9D). These observations recapitulated data of our
in vivo Atg7 and Vpsl5 KO muscles analysis. In conclusion,
defects in p62 and ubiquitinated protein degradation in VpsiS-
deficient muscles are accompanied by an up-regulation of LC3
positive autophagosomes and Lamp2 positive lysosomes, which is
not observed in Atg7-deficient muscles.

Ultrastructural analyses of Vps15 KO muscles

To unquestionably identify the morphological alterations of
Vpsl15-deficient tissue, EDL muscles underwent -electron
microscopy (EM) analysis. As shown in Fig. 7A, Vps15-deficient
muscles displayed massive accumulation of vacuoles that were
frequently found in longitudinal stacks. At higher magnification
a large fraction of these vacuoles appeared constituted by

© 2013 The Authors. Published by John Wiley and Sons, Ltd on behalf of EMBO.
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Figure 7. Ultrastructural analysis of Vps15-deficient muscles. Electron

micrographs of Vps15-deficient EDL muscles.

A. Low magnification micrograph showing accumulation along the fibre of
numerous autophagic vacuoles of varying morphologies.

B. Enlargement of autophagic vacuoles and vacuoles with lamellated
membrane structure (black arrow).

C. Enlargement of a large multilameliar structure in proximity to the nucleus.

D. Accumulation of mitochondria (black arrows) and lysosome like structures
(black asterisks).

E. Mitochondria enclosed in an autophagic vacuole (black arrow).

. Autophagic vacuoles at different stages.

G. Accumulation of mitochondria (black arrows). Scale bars: Aand E, 2 um; B,
Cand F, 0.2 um; D and G, Lpum.

m

variable number of membrane layers (Fig. 7B and C). The
various appearance of other vacuoles represented different
stages of maturation (e.g. lysosomes in Fig. 7D, autophagosome
in Fig. 7E). Importantly, autophagosomes, constituted by two
layers of membranes enclosing degraded material or organelles
(i.e. a mitochondrion in Fig. 7E) were frequently observed
(Fig. 7E and F). Furthermore, abnormally shaped mitochondria
were accumulated and active mitochondria autophagy (mito-
phagy) was observed (Fig. 7E and G). Thus, EM analysis
provided the demonstration that autophagosomes and lyso-
somes accumulate in Vpsl5-deficient muscles.

Muscle Vps15 KO mice display symptoms of autophagic
vacuolar myopathies

Accumulation of autophagosomes and muscle damage in Vps15
KO mice were reminiscent of AVMs (Nishino, 2003). These are

EMBO Mol Med (2013) 5, 870-830
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rare genetic diseases characterized by abnormal lysosomal
function. The best characterized AVM is Danon disease, in
which the causative gene is Lamp2 (Nishino et al, 2000).
Similarly to Vpsl15-depleted MEFs and muscles, Lamp2 mutant
cells are characterized by autophagic build-up, intracellular
mistargeting of lysosomal enzymes which is accompanied by
increased lysosomal enzyme secretion (Eskelinen et al, 2002).
We, therefore, addressed whether muscle Vpsl5 KO mice
displayed distinctive features of AVMs, namely glycogen
accumulation and autophagic vacuoles with sarcolemmal
features. Analysis of glycogen levels by Periodic acid Schiff
(PAS) staining revealed a sharp increase in glycogen accumula-
tion in Vpsl5-deficient muscles as compared to control and
Atg7-deficient muscles (Fig. 8A). Biochemical analysis con-
firmed a 60% increase in glycogen levels in Vpsl5 mutants
(Fig. 8B). Using an embedding procedure that allows visualizing
glycogen granules as electron-dense small dots, the presence of
glycogen was evident in the cytoplasm and inside of both the
autophagosomes and the lysosomes by EM (Fig. 8C and
Supporting Information Fig. 10). Thus, glycogen is accumulated
in Vpsl5 mutants, distinct to Atg7 mutants.

Presence of the sarcolemmal features is a well-described
diagnostic feature of muscles in AVM patients. Proteins which
are under normal conditions localized to the membrane (e.g.
dystrophin, acetylcholinesterase, caveolin 3), are mislocalized
and are found inside the affected muscle fibres within the
vacuolar structures. Of note, Vps15-deficient muscles, but not
Atg7-deficient muscles, presented with the accumulation of all
above-mentioned proteins in the vacuoles within the fibres
(Fig. 8D and Supporting Information Fig. 11A). Furthermore, the
phenotype of Vps15 muscle KO mice was highly reminiscent of
the phenotype observed in muscles of Lamp2 knockout mice
(model of Danon disease)} which presented a similar accumula-
tion of glycogen and p62, as well as sarcolemmal features
(Supporting Information Fig. 11B). In line with the severe
muscle damage in Vps15 muscle KO mice, the levels of plasma
creatine kinase were increased by eightfold, another commonly
observed symptom in AVM patients (Fig. 8E). To assess the
functional consequences of Vpsl5 deletion, in vivo force
measurements on the gastrocnemius muscles were performed
in 4 month old mice through stimulation of the sciatic nerve.
These analyses showed a significant reduction in absolute force
(Fig. 8F), and relative force after normalization to muscle mass
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(Fig. 8G). Quantitative decrease in muscle force in Vpsi5
mutants was more prominent as compared to reported in Atg7
mutants (Masiero et al, 2009), and was close to dystrophic mdx
mice (Head et al, 1992), indicating a general reduction in force
generation and profound muscle weakness.

Class 11l PI3K overexpression alleviates glycogen
accumulation in human AVM muscle cells

As a first step to establish gain-of-function approaches, we asked
whether adenoviral mediated overexpression of Vps15 and/or
Vps34 in VpslS-deficient MEFs was sufficient to rescue the
autophagolysosome defects. The overexpression of Vpsl5 was
able to restore the levels of PI3P in the Vpsl5-depleted MEFs,
as judged by the localization of 2XFYVE-GFP protein and the
measurements of PI3P kinase activity in immunocomplex
kinase assays after pull down with antibodies against the
Vpsl5 partners Atgl4L and Vps34 (Fig. 9A; Supporting
Information Fig. 12A and data not shown). Importantly, as
shown in the Fig. 9B and Supporting Information Fig. 12B, the
overexpression of Vpsl5 in VpsiS-depleted MEFs completely
reverted the accumulation of p62 and LC3, indicating an
efficient autophagic flux. Interestingly, the overexpression of
Vps34 in Vpsl1S-deficient cells was not sufficient to rescue the
autophagy flux and PIP3s levels, confirming that Vps15 not only
regulates Vps34 stability but is also required for PI3K activity
(Fig. 9B and Supporting Information Fig. 12B). Importantly,
overexpression of the truncated 100 kDa Vps15, unlike the full-
length protein, did not further worsen the phenotype of Vps15-
mutant cells and was not able to rescue neither PI3P levels
nor accumulation of Lamp2, p62, LC3 (Supporting Information
Fig. 13A-C).

Next, we asked whether these gain-of-function approaches
may be beneficial in human muscle cells from AVM patients
(Nishino et al, 2000). Danon disease is caused by point loss-of-
function mutations in Lamp2 gene leading to lysosomal storage
disease. One prominent clinical feature in these patients is the
accumulation of glycogen within the muscle fibres (Malicdan
et al, 2008). As shown in Fig. 9C, overexpression of both Vps15
and Vps34 in two different cell lines of Danon disease patients
can partially decrease the LC3 levels in these cells. Importantly,
this effect was concomitant with a reduction in glycogen
accumulation as judged by PAS staining (Fig. 9D). Notably,
overexpression of Vps15 alone was not sufficient to improve the

Figure 8. Muscle-specific deletion of Vps15 manifests with signs of lysosomal storage disease.
A. Deletion of Vps15 affects glycogen metabolism in muscles. Histological analysis of TA muscles of 4 month old starved muscle Atg7 KO, muscle Vps15 KO and

matching control mice by PAS staining to detect glycogen. Scale bars: 40 pm.

B. Glycogen was extracted and levels determined by enzymatic assay in TA muscles of 4 month old randomly fed muscle Vps15 KO and matching control mice.

Data are mean = SEM (p < 0.05 a: us. Vps15™7).

C. Electron micrographs of Vps15-deficient EDL muscle fibre showing accumulation of glycogen granules (black dots) in the cytoplasm, inside the double

membrane structures (left) and in lysosome (right). Scale bar: 0.2 pm.

D. Immunostaining of TA muscle of randomly fed 4 month old muscle Atg7 KO mice, muscle Vps15 KO mice and matching control mice using anti-Dystrophin and

anti-Caveolin 3 antibodies. Scale bars: 40 pm.

E. Plasma creatine kinase levels of randomly fed 4 month old muscle Vps15 KO and matching control mice. Data are mean == SEM (n =4-8, p < 0.05 a: us. Vpslsf’f).
F. Invivo force measurements performed on gastrocnemius muscle of 4 month old muscle Vps15 KO and matching control mice during tetanic contraction. Data

are mean = SEM (n=5 p<0.05 a: vs. Vps15™).

G. Relative force measurements after normalization of absolute tetanic force to the gastrocnemius muscle weight. Data are mean = SEM (n=35 p <0.05 a: us.

Vps157.
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phenotype of the patient cells, consistent with the data
indicating that both Vpsl5 and Vps34 should be expressed to
induce production of PI3P in mammalian cells (Supporting
Information Fig. 14A) (Yan et al, 2009). Importantly, over-
expression of the truncated 100kDa Vpsl5S protein did not
affect LC3 or glycogen levels in the patient cells (Supporting
Information Fig. 14B and C). Our data are consistent with a
critical role of the Vps34/Vpsl5 complex in regulating
autolysosome and endosomal function that are affected in
AVMs and other lysosomal storage diseases.

DISCUSSION

To dissect the complex and controversial role of Vps15/Vps34 in
autophagy, nutrient sensing and mTOR signal transduction, we
generated Vpsl15 loss-of-function mutants in MEFs, myotubes
and skeletal muscles. While our findings do not support an
essential role for Vpsl5/Vps34 in autophagy initiation and
mTOR activation in these cell types, we uncover severe defects
in autophagy maturation, lysosomal function, glycogen storage
that in skeletal muscles cause AVM with sarcolemmal features,
muscle weakness and lysosomal storage disease.

Our data are consistent with a complete loss-of-function of
Class III PI3K activity in Vps1S-mutant cells. Vps15 mutant mice
die during early embryonic development before E7.5, similar to
the Vps34 knockout embryos (Zhou et al, 2011). In addition, Cre
expression in MEFs leads to a sharp decrease in Vps34 levels few
days after Vpsl15 excision. This effect is paralleled by a drop in
endosomal 2xFYVE-GFP and PI3K kinase activity in Atgl4L
immunoprecipitates, that is comparable in wortmannin-treated
cells and can be rescued by adenoviral transduction of full
length Vpsl15 (Fig. 1C; Fig. 9A and Supporting Information Fig.
12A and 13B). Since the truncated Vps15 protein that is detected
after gene targeting, does not form a complex with Vps34 or
Beclin 1 and has no effect on mTOR activity and the LC3, p62 or
Lamp2 protein levels (Supporting Information Fig. 3B and C),
we can conclude that the observed phenotypes are due to Vps15
loss of function. Of note, this Vpsl5 truncation is sufficient to
severely blunt starvation-induced puncta formation for two
PI3P-binding proteins regulating autophagy, mCherry-WIPI-1
and the endogenous WIPI-2 (Fig. 2A and B). Our data indicate
that the N-terminus domain of Vps15 containing the myristoyla-
tion signal for membrane localization and the putative catalytic
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domain is required to regulate Vps34 stability and PI3K activity,
and to maintain cell viability. In addition, we demonstrate
that in these cells the Vps15/Vps34 complex is critical for the
regulation of PI3P-binding FYVE-domain proteins, ruling out a
major role of other PI3K classes or PIP phosphatases.

The implication of Vps15/Vps34 complex in mTOR activation
in response to nutrients and in particular to amino acids is
extremely controversial. The role of Vps34 as an amino acid
availability sensor was proposed using Vps34 and VpslS
knockdown by RNAi in human cells (Byfield et al, 2005;
Nobukuni et al, 2005). More recently, it has been proposed that
Vps34/Vpsl5 may mediate the effects of amino acids on mTOR
through the stimulation of phospholipase D activity and
phosphatidic acid production (Yoon et al, 2011). However,
genetic studies in drosophila flies and nematodes did not
confirm these observations (Avruch et al, 2009; Juhasz et al,
2008). In Vps34~/~ mouse embryos immunostaining of
phosphorylated rpS6 was reduced, suggesting a reduced
mTORC1 activity (Zhou et al, 2011). However, since the
development and viability of Vps34™/~ mutants was severely
affected, a general reduction in nutrient uptake and sensing, that
indirectly leads to the shut-down of the mTOR pathway, should
be considered. In vivo we do not observe dramatic changes of
mTOR signalling in Vps15-deficient MEFs and skeletal muscles,
as growth factor stimulation is modestly reduced while nutrient
stimulation leads to a minor up-regulation (Figs. Fig. 4 and
Fig. 5B; Supporting Information Fig. 5). It is conceivable,
although unlikely, that the regulation of mTOR activity by
Vps34/Vpsl5 is somehow limited to human cells. Alternatively,
the effects of Vps34/Vpsl5 on mTOR may not be direct, but
secondary consequences of cellular responses to the disruption
of the Vps34/Vps15 complex. Interestingly, lysosomes and p62
levels are involved in upstream regulation of mTOR activity
(Duran et al, 2011; Zoncu et al, 2011), and both components are
dramatically increased in Vpsl5 mutant cells (Fig. 2D and F;
Fig. 3B; Fig. 6B and C). Similarly, recent data on conditional
Vps34 knockout mice in liver and heart (Jaber et al, 2012)
indicated that the steady-state level of mTOR signalling was not
affected in Vps34-nuil MEFs, liver or cardiomyocytes. However,
contrary to our observations, amino acid-stimulated mTOR
activation was suppressed in the absence of Vps34 in vitro in
immortalised MEF cultures. One possible explanation for
this discrepancy is that we used primary cultures of MEFs to
assess the status of mTOR signalling in response to both amino

Figure 9. Overexpression of Vps15/Vps34 complex rescues autophagy defects in Vps15-depleted MEFs and upregulates autophagy in primary myotube

cultures from Danon disease patients improving the glycogen metabolism.

A. IntactVps15 is required for Vps34 kinase activity. Beclin 1 complexes were immuno-purified with antibody against ATG14L from Vps15-depleted MEFs, Vps15-
depleted MEFs transduced with indicated adenoviral vectors or from control MEFs in which Vps34 was pharmacologicaly inactivated. Activity of Vps34
complexes was assayed by an in vitro kinase assay with phosphatidylinosito! and *2P-ATP as substrates. *2P-PI3P was resolved by thin layer chromatography
and visualized by autoradiography. Fractions of the kinase reaction were used for immunoblotting for Beclin 1.

B. Vpsl5-depleted MEFs were transduced with indicated adenoviral vectors, cells collected 60 h post-infection and total protein extracts immunobloted with
indicated antibodies. The ratio of p62 or LC3 to GAPDH of the densitometric assay is presented.

C. Human myoblasts derived from Danon disease patients were differentiated to myotubes and then transduced 2 days post-differentiation with indicated
adenoviral vectors. Cells were collected 3 days post-infection and total protein extracts were analysed by immunoblotting with indicated antibodies. The ratio

of LC3 to GAPDH of the densitometric assay is presented.

D. PAS staining of the glycogen in human myotubes derived from Danon disease patients with and without Vps15 and Vps34 overexpression, analysed 3 days

post-infection. Scale bars: 20 pm.
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acids and dialysed foetal calf serum. Moreover, we addressed
the dynamics of mTOR activation by both stimuli in time course
experiments. Finally, we measured wortmannin sensitivity and
showed similar sensitivity of control and Vps15 mutant cells to
the PI3K inhibitor, suggesting that additional PI3K classes
mediate mTOR activation by amino acids. However, we cannot
exclude that Vps34 deletion causes effects on mTOR signalling
that are not mimicked by Vps15 deficiency.

Different Vps15/Vps34 complexes are involved in multiple
steps of autophagosome formation and endosomal trafficking.
A complex also containing Beclin 1 and ATG14L promotes
autophagosome formation during the early nucleation step,
at least in part through the recruitment of the PI3P binding
effectors WD repeat domain phosphoinositide-interacting
(WIPI) proteins at the phagophore assembly sites (Matsunaga
et al, 2009). Moreover, a distinct Vpsl5/Vps34 complex
containing Beclin 1 and UVRAG, and localized at the
endosomes, regulates autophagosome maturation by favouring
fusion with lysosomes/late endosomes and endocytic trafficking
(Zhong et al, 2009). In Vpsl5 mutant MEFs and skeletal
muscles we still detect autophagosome formation as indicated
by endogenous LC3 lipidation and puncta formation after LC3-
GFP ectopic expression (Fig. 2C, D and E; Fig. 3A and B; Fig. 5A,
Fig. 6A, B and D). More importantly, EM of skeletal muscles
undoubtedly reveals the accumulation of double membranated
autophagosomes containing mitochondria, glycogen and cyto-
solic components in Vpsl5 mutant tissue (Figs. Fig. 7 and
Fig. 8C; Supporting Information Fig. 10). Our data are consistent
with recent analysis of Vps34-deficient sensory neurons and
lymphocytes reporting defects in the endosomal pathway but
not in autophagosome formation (McLeod et al, 2011; Zhou
et al, 2011), while they contrast with the reported defects of
autophagy initiation in Vps34-deficient liver and heart (Jaber
et al, 2012). It is possible that in different cell types and
physiological conditions, the Vps15/Vps34/Beclinl/ATG14L
complex is dispensable for autophagosome nucleation. Inter-
estingly, there is increasing evidence of non-canonical routes to
autophagy that can bypass this complex and WIPI-1/2 effectors
(Codogno et al, 2011). Conversely, we trace a block in the late
phases of the autophagic flux by the following experimental
evidences: (i) immunostaining or immunoblot analysis of
p62, ubiquitin and lysosomal marker Lamp2, indicating that
ubiquitinated cargo proteins are not properly digested after p62-
mediated delivery to the lysosomes (Fig. 2D, E and G); (ii) lack
of red puncta induction in Vpsl15 mutant MEFs after ectopic
expression of mRFP-EGFP tandem fluorescent-tagged LC3
reporter protein, consistent with an alteration in acidic pH or
hydrolase content that does not efficiently quench the EGFP
signal (Fig. 3A); (iii) flux experiment with lysosomal inhibitors,
showing that mutant cells mimic the effect of bafilomycin Al on
LC3 processing (Fig. 3B and Supporting Information Fig. 3A);
(iv) processing defects of GST-BHMT fusion reporter protein
at the autolysosome step (Fig. 3C); (v) decreased activity
of lysosomal enzymes and sorting defects leading to the
excretion to the enzymes to the extracellular fluid (Fig. 3D).
These defects in the autolysosomal function suggest that
Vpsl5/Vps34 complexes containing UVRAG or additional

EMBO Mol Med (2013) 5, 870-890
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partners are impaired by the Vpsl5 deletion and are not
functionally compensated. Notably, there is growing evidence
highlighting the important role of PI3P in the autophagosome
maturation. For instance, reduction of cellular PI3P levels
by overexpression of PI3P phosphatase MTMR3 results in
decreased size of autophagosomes suggesting a role for PI3P
in autophagosome maturation (Taguchi-Atarashi et al, 2010).
Recently, the essential direct role of TECPR1 protein in
autophagosome maturation has been demonstrated (Chen
et al, 2012). TECPR1 is a binding partner of Atg5/Atgl2
complex which requires PI3P for its function on complex
recruitment to autolysosomes. Strikingly, depletion of TECPR1
phenocopies the deletion of VpslS in terms of p62 and LC3
accumulation while autophagosome formation is preserved.
Since VpslS-depleted cells have decreased levels of PI3P,
it is tempting to speculate that PI3P are indispensable for
autophagosome maturation by acting on target proteins such
as TECPR1.

Consistently, the phenotype of VpslS-deficient skeletal
muscles differs from the Atg7 mutants (Fig. 6; Fig. 8; Supporting
Information Fig. 9C and D). In contrast to the Vps15 mutants,
Atg7 deletion impairs LC3 lipidation, autophagosome formation
and mitophagy. However, Atg7 deletion does not cause
accumulation of glycogen and sarcolemmal features within
the fibres that are observed in the Vps15 mutants. Interestingly,
dysfunctional Endosomal Sorting Complex Required for Trans-
port (ESCRT) leads to defects similar to the Vps15 deletion. The
ESCRT machinery consists of four protein complexes, named
ESCRT-0, -1, -II, -11I, that are involved in sorting of ubiquitinated
cargoes and in multivesicular endosome biogenesis (Rusten
et al, 2012). Depletion of ESCRT subunits causes autophago-
some accumulation and defects in receptor tyrosine kinase
recycling (Lee et al, 2007; Rusten et al, 2007), adding new
evidence that defects in late endosomal/lysosomal functions
may be responsible of the Vpsl5 mutant phenotype. Whether
the autophagosome build-up observed in lysosomal storage
disease and ESCRT deficiency is a cause or a compensatory
response of the disease state is still an open question. Inhibition
of autophagy by Atg5 and Atg7 knockdown delays neuronal cell
loss caused by dysfunctional ESCRT-III (Lee and Gao, 2009).
However, in an animal model of lysosomal storage Pompe
disease due to GAA deficiency, the combined deletion of Atg5
worsens the myopathy, though permitting successful enzyme
replacement therapy in autophagy deficient skeletal muscles
(Raben et al, 2008; Raben et al, 2010). It will be important to
determine whether the myopathy in Vps15 mutants is affected
by altering the autophagosome formation.

AVMs are rare disorders including Danon disease and
X-linked myopathy with excessive autophagy (XMEA), infantile
AVM, adult-onset AVM with multi-organ involvement, X-linked
congenital AVM (Nishino, 2003). The only known causative
gene is Lamp2 whose mutations cause Danon disease. In
addition, lysosomal storage diseases are metabolic disorders
that are often, but not exclusively, due to mutations in genes
encoding lysosomal degrading enzymes, leading to defects in
lysosomal function {Eskelinen and Saftig, 2009). Individually,
AVMs and lysosomal storage diseases occur with incidences of
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less than 1:100,000. However, as a group the incidence is about
1:5000-1:10,000 (Fuller et al, 2006). Interestingly, in both AVMs
and lysosomal storage diseases the accumulation of autophago-
somes, glycogen and sarcolemmal features are pathognomonic
morphological hallmark of the disease. We show that Vps15
loss-of-function mouse mutants recapitulate these features of
the disease (Fig. 5; Fig. 6; Fig. 7; Fig. 8), while Vps15/Vps34
gain-of-function approaches in human muscle cells from Danon
patients alleviate LC3 and glycogen accumulation (Fig. 9C and
D). Although future work will tell whether mutations in the
Class III PI3K pathway underlie a fraction of human AVM, our
study unquestionably demonstrates that the modulation of
Vpsl5/Vps34 expression has a direct functional role in the
development of AVM.

MATERIALS AND METHODS
Generation of Vps157" mice
The Vps15 conditional mutant mouse line was established at the MCl/
ICS (Mouse Clinical Institute — Institute Clinique de la Souris, HlIkirch,
France). The targeting vector was constructed as follows. The 5
(4.2kb), 3" (3.5kb) and inter-loxP (1.4kb) fragments were PCR
amplified on a 129 BAC DNA (reference bMQ366b03) and sequentially
subcloned into an MCI proprietary vector containing the LoxP sites
and a Neo cassette flanked by Flippase Recognition Target (FRT) sites.
The linearized construct was electroporated in 12952/SvPas mouse
embryonic stem (ES) cells. After selection, targeted clones were
identified by PCR using external primers and further confirmed by
Southern blot with 5’ and 3’ external probes. Two positive ES clones
were injected into C57BL/6] blastocysts, and derived male chimaeras
gave germline transmission. The excision of the neomycin-resistance
cassette was performed in vivo by breeding the chimeras with a Flp
deleter line (C57BL/6N genetic background). The Flp transgene was
segregated by breeding the first germ line mice with a wild type
C57BL/6N animal. For generation of whole body or muscle specific
Vps15 knockout, Vps15 floxed mice were crossed with transgenic mice
expressing Cre recombinase under the control of a CMV promoter or
Human Skeletal Actin promoter, respectively (Miniou et al, 1999;
Schwenk et al, 1995). Genomic DNA isolated from mouse tail snip or
tissues was analysed by PCR. Cre-mediated recombination was
confirmed by PCR with genomic DNA from muscles. The following
PCR primers were used:

EF 5'-GCTAGGCCCTCTTAGACGGTTTCAGAC-3/;
ER 5'-AGCTGTGTGCTTCTGTAGCAGCAACTG-3/;
LF 5'-GACCGAGGCATACGGTACTTTTACG-3';
LR 5/-ACGTCATGTCATTCTTTCCAGCCGC-3'.

The following combinations of the primers were used: to check
presence of distal loxP sites—LF/LR; to check Cre mediated excision of
the locus—LF/ER; to check Flp mediated excision of Neomycin
cassette—EF/ER. The primers used for Cre recombinase are: 5'-
GCGGTCTGGCAGTAAAAACTATC-3’ and 5'-GTGAAACAGCATTGCTGT-
CACTT-3". All animal studies were approved by the Direction
Départementale des Services Vétérinaires, Préfecture de Police, Paris,
France (authorization number 75-1313).
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Knockout mice and in vivo transfection experiments

Muscle specific Atg7 knockout mice were described previously
(Masiero et al, 2009). In vivo transfection experiments were performed
by intramuscular injection of plasmid DNA in TA muscle followed by
electroporation as described {(Mammucari et al, 2007). Muscles were
collected 10 days after electroporation and frozen in liquid nitrogen
for subsequent analyses. Cryosections of TA muscles expressing YFP-
LC3 were examined in a fluorescence microscope as described
(Mizushima et al, 2004). Lamp2 knockout mice were described
previously (Tanaka et al, 2000).

Reagents

The following primary antibodies were used: anti-Vps15 antibody and
anti-p62 (SQSTM) (Abnova), anti-LAMP2 and anti-LAMP1 (Abcam),
anti-Acetylcholinesterase (Novus), anti-Dystrophin (Novocastra), anti-
WIPI-2 (Abgent), anti-Atg14L (MBL). All other antibodies were from
Cell Signalling. 2xFYVE-GFP expressing vector was kindly provided by
Sharon Tooze. EGFP-LC3 adenovirus was a kind gift of Aviva Tolkovsky
(49), tfLC3 adenovirus was a kind gift from Junichi Sadoshima
(Hariharan et al, 2010). The human WIPI-1 cDNA was subcloned from
pEGFPC1-WIPI-1 (Proikas-Cezanne et al, 2004) into EcoRl/Xhol of
mCherry (kindly provided by Roland Brock). GST-BHMT construct was a
kind gift from Carol Mercer (Dennis et al, 2009). Vps15, Vps34 and
AVps15(293-1358 aa) adenoviruses were generated by Vector BioLabs
(USA). Wortmannin and bafilomycin A1 were from Sigma.

Cell cultures

Vps157 MEFs were prepared from embryos at embryonic day 13.5 as
previously described (Shima et al, 1998). Briefly, embryos were minced
and incubated in 0.25% trypsin at 37°C for 15 min, then passed through
a cell strainer (Falcon). Dulbecco’'s modified Eagle’s medium (DMEM),
containing 10% of fetal calf serum (FCS) was added to the cell
suspension. Cells were then centrifuged at 1000 rpm and the pellet was
suspended in DMEM containing 10% FCS. To obtain Vps15~/~MEFs,
fibroblasts were transduced at 50 MOI by adenoviruses Cre-GFP or GFP
as a control and incubated for 3 days before analyses.

For LC3 analyses MEFs were transduced with LC3 adenoviruses (EGFP-
LC3 or tfLC3) 48 h after CAG-Cre adenovirus transduction. For FYVE
domain and WIPI-1 analyses MEFs were transfected with 2xFYVE-GFP
or mCherry-WIPI-1 using Lipofectamine 2000 reagent as recom-
mended by manufacturer (Invitrogen).

For growth factor or amino acid treatment experiments MEFs were first
starved for 18 h in serum-free medium and then additionally for 2 h in
EBSS. Cells were then stimulated for indicated time with dialysed Fetal
bovine serum (FBS) (final concentration 10%) or stimulated with amino
acid mixture. After stimulation, the final concentration of amino acids in
the media was the same as in DMEM. The 10x amino acid mixture was
prepared from individual amino acid powders.

GST-BHMT assay was performed as described previously (Dennis et al,
20009).

Primary myoblast cultures were obtained from gastrocnemius and TA
muscles of 4-week-old mice, as described (Aguilar et al, 2007). Briefly,
muscles were digested with five sequential 10-min incubations in
DMEM/HamF12 medium containing 0.14% pronase (Sigma). The
supernatants from the second, third and fourth digestions were pooled
and filtered through a 100 pm cell strainer. Cells were centrifuged,
washed twice, counted and plated at low density (100 cells/cm?) on
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12-well plates coated with gelatin (Type A from pig skin; Sigma). Cells
were grown in medium composed of DMEM/Ham F12, 2% Ultroser G
(Biosepra), 20% FCS, penicillin, streptomycin and i-glutamine. After
1 week, wells containing myoblasts without contamination with
fibroblasts were trypsinized, pooled and expanded. For the experi-
ments, myoblasts were differentiated to myotubes in DMEM/Ham’s
F12 medium supplemented with 2% horse serum. At day 2 of
differentiation myotubes were transduced by Cre adenovirus at SMOI
and incubated for another 3 days for immunoblot analyses and 2 days
before transduction with EGFP-LC3 adenovirus. The subcellular
distribution of EGFP-LC3 was analysed 24h post-infection by
fluorescent microscopy.

In rescue experiments Vps15-deleted and control MEFs were infected
with GFP, Vps15, Vps34 or AVpsl5 adenoviruses at 200 MOI and
analysed 60 h after.

Human primary myoblasts were established from muscle obtained
from biceps brachii (Nishino et al, 2000). Genetic mutations were
identified for 02-74M (Danon disease) LAMP2 ¢.928G > A and for 08-
967 (Danon disease) LAMP2 ¢.371_372del. Cells were grown and
differentiated similarly to mouse myoblasts. Two days after differ-
entiation cells were transduced by GFP, Vpsl5, Vps34 or AVpsl5s
adenoviruses at 150 MOI. Three days post-infection cells were
analysed by immunoblot or stained with PAS to visualize glycogen.

Metabolic studies in mice

At two months of age, a GTT was performed in mice after an overnight
fasting (14 h). Mice were intraperitoneally injected with 2 g/kg glucose,
and blood was collected from the tail vein for determination of
glucose levels at 0, 15, 30, 45 and 100 min by Glucotrend glucometer
(Roche Diagnostics). ITT was performed at two months of age.
Overnight fasted mice were intraperitoneally injected with 1U/kg
insulin (Actrapid) and the glucose concentration in whole blood from
the tail vein was measured at 0, 15, 30 and 60 min.

Histology

Soleus, EDL and TA muscles of male mice were embedded in Cryo-Gel
(Electro Microscopy Sciences), frozen in isopentane pre-chilled in
liquid nitrogen and stored at —80°C. Transverse 6 um thick cross
sections were collected along the entire length of the muscle at
300 pm intervals with a cryostat (Leica CM 1850) and stained with
haematoxylin/eosin solution, PAS or assayed for COX activity.

Microscopy

For confocal microscopy cells were grown on coverslips, fixed with 4%
paraformaldehyde in PBS and permeabilized with 0.2% TritonX100 in
PBS for 5 min, followed by blocking in 3% BSA in PBS. Slides were then
treated with primary antibodies overnight. Secondary antibodies used for
this assay were anti-rat 1gG Alexa Fluor 488 and anti-mouse 1gG Alexa
Fluor 555 (Invitrogen). Confocal images were acquired with an optical
slice of 0.8 wm using a 40x/0.75 oil immersion objective using LSM 700
confocal microscope (Zeiss) and analysed using ZEN software (Zeiss).
Fluorescence and light microscopy were performed using an inverted
microscope (Eclipse Ti-S; Nikon) and 10x/0.30, 20x/0.50 or
40x/0.785 Plan Fluor objectives (Nikon). Images were captured using
a Super high-definition cooled colour camera head DS-Ril (Nikon) and
NIS Elements software (Nikon). All samples for microscopy were
viewed at room temperature.
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Direct fluorescence of mCherry-WiPi-1 and indirect immunofluores-
cence of endogenous WIPI-2 was conducted as previously described
(Proikas-Cezanne et al, 2004; Proikas-Cezanne and Pfisterer, 2009).
Z-stacks (optical sections of 0.5um) were acquired using Zeiss/
Axiovert 100M/LSM510 and a 63 x1.4 DIC Plan-apochromat
objective, and projections of individual optical sections were used to
generate final images. mCherry-WIPI-1 puncta formation was
assessed as previously described (Proikas-Cezanne et al, 2007).

Protein extraction, immunoblotting and
immunoprecipitation

For immunoblot analysis, cells were washed twice with cold
phosphate-buffered saline (PBS), scraped off of the culture dish in
lysis buffer B containing 50 mM Tris (pH 8.0), 1% NP-40, 120 mM
NaCl, 20 mM NaF, 1x protease inhibitors (Roche), 1x PhosphoStop
Inhibitors (Roche). Protein extract from muscle tissue was prepared in
20 mM Tris-HCI (pH 8.0), 5% glycerol, 138 mM NaCl, 2.7 mM KCl, 1%
NP-40, 20mM NaF, 5 mM EDTA, 1x protease inhibitors (Roche), 1x
PhosphoStop Inhibitors (Roche). Homogenates were spun at
12,000xg for 10 min at 4°C. Protein extracts were resolved by SDS-
PAGE before transfer onto PVDF membrane and incubation with the
primary antibodies. For immunoprecipitations, the indicated anti-
bodies were added to the cell extracts and incubated at 4°C for 2 h.
The complexes were pulled down by incubating at 4°C for additional
1h with protein G-sepharose (GE Healthcare). The resulting beads
were washed with lysis buffer five times and complexes eluted by
boiling in sample buffer before proceeding with immunoblot analysis.

Real-time quantitative PCR

Total RNA was isolated using RNAeasy Mini Kit (QIAGEN), single-strand
cDNA was synthesized from 1 g of total RNA with random hexamer
primers and SuperScript Il {Invitrogen). Real-time quantitative PCR
(RTgPCR) was performed on MX3005P instrument (Agilent) using a
Brilliant 1l SYBR Green QPCR Low ROX Master Mix (Agilent). The
relative amounts of the mRNAs studied were determined by means of
the 27%2CT method, with pinin as a reference gene and control
treatment or genotype as the invariant control. Pairs of primers
were used in the study: Vps15 exon 2 CCTGGTGGTTGTGAAGGTCT and
AGCGCTTCTCGATGTTGTTT, Vpsl5 exon 4 TTGTCCTGGTGTCCGTGATA
and GAGTGTCCTCAGGGCTTCAG, TNF-a CAAGGGACAAGGCTGCCCCG and
GCAGGGGCTCTTGACGGCAG, L6 TAGTCCTTCCTACCCCAATTTCC
and TTGGTCCTTAGCCACTCCTTC, IL1B CTGGTGTGTGACGTTCCCATTA and
CCGACAGCACGAGGCTTT, F4/80 CCCCAGTGTCCTTACAGAGTG and
GTGCCCAGAGTGGATGTCT. For analyses of TFEB and its targets transcript
levels, primer sequences were taken from (Pena-Llopis et al, 2011).

Biochemical assays

For glycogen content, frozen tissue samples were powdered in liquid
nitrogen. The powder was used for enzymatic analysis of glycogen
after perchloric acid extraction (Bergmeyer and Bernt, 1974). For
creatine kinase assay, blood samples were taken by peri-orbital
bleeding in random-fed mice. Activity of creatine kinase in plasma was
determined with a multiparametric automate (Olympus AU 400) by
colorometric density.

Lysosomal enzyme activities were measured using fluarometric assays.
Cell lysates were prepared in water by repetitive freezing-defrosting
cycles. Then 20 pL of cell culture media or 3 pg of total protein extract
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were incubated at 37°C with 0.1 mL of 0.1 M sodium citrate, pH 4.6
containing the corresponding 4-methylumbelliferyl substrate (3 mM).
The reaction was stopped with 0.1 mL 0.2 M glycine, pH 10.4, and the
4-methylumbellifery! fluorescence was measured using fluorometric
plate reader.

Electron microscopy

EDL muscles were dissected from Vps157 and HSA-Cre™:vps157 mice.
Muscles were fixed at RT in 3.5% glutaraldehyde in 0.1 M sodium
cacodylate buffer (pH 7.4) for 2 h and kept in fixative before further use.
In standard embedding preparations, small bundles of fixed fibres were
post-fixed in 2% 0sO,4 in 0.1 M sodium cacodylate buffer for 2 h and
block-stained in agueous saturated uranyl acetate. For glycogen analysis,
small bundles of fixed fibres were post-fixed in 0.5% 0s0,4-1.5% Fe(CN)e.
Specimens from both procedures, after dehydration, were embedded in
an epoxy resin (Epon 812). After staining with Toluidine Blue dye, the
sections were viewed on a Leica DMLB fluorescence microscope (Leica
Microsystem). For EM, ultrathin sections (50 nm) were cut and, after
staining in 4% uranyl acetate and lead citrate, examined with a
Morgagni Series 268D electron microscope (FEI Company), equipped
with Megaview Il digital camera.

In vitro Vps34 lipid kinase assay

Immuno-purified complexes were washed in 1x kinase base buffer
(KBB) consisting 20 mM HEPES pH 7.4, 1 mM EGTA, 0.4 mM EDTA, 5 mM
MgCl,. Half of the volume was taken for input, the remainder was
centrifuged and excess 1x KBB was removed. 40 L of 1x kinase assay
buffer was added to precipitated kinase (1xKBB supplemented with
0.1 mg/mL phosphatidylinositol, 50 uM cold ATP, 5 uCi 32P-ATP, 5 mM
MnCl, and 50 wM DTT) followed by incubation at 37°C for 30 min with
vigorous shaking. Reaction was quenched by addition of 1M HCl,
followed by lipid extraction with two volumes of MeOH:CHCl3 (1:1).
Organic phase was resolved by thin layer chromatography (Whatman).
Resolution of phospho-lipids was achieved using a buffer composition of
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CHCI:MeOH(99%):NH,OH(30%):water (129:100:4.29:24). Resolved
plates were analysed by autoradiography. Vps34 was pharmacologicaly
inhibited by addition of 50 nM Wortmannin in cell culture and kinase
reaction buffer.

Statistical analysis

A two-tailed Student’s t-test was used for statistical analysis. All data
are expressed as means = SEM, and significance was established at
the p < 0.05 level.
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Juvenile autophagic vacuolar myopathy - a
new entity or variant?

Autophagic vacuolar myopathies (AVMs) comprise a het-
erogeneous cluster of diseases. These include lysosomal
storage disease with or without abnormal acid maltase
activity such as glycogen storage disease (GSD) type II
(OMIM 232300) and lysosomal membrane protein
LAMP-2-deficient Danon disease (OMIM 300257) [1]
caused by mutations in the LAMP-2 gene (OMIM
309060). X-linked myopathy with excessive autophagy
(XMEA; OMIM 310440), infantile AVM (OMIM 609500)
and adult onset AVM with multi-organ involvement are
also included in the spectrum of AVMs [2—5]. These latter
diseases demonstrate distinct pathomorphological fea-
tures, including vacuoles with autophagy-associated
proteins and immunoreactivity for a multitude of sarco-
lemmal proteins (e.g. dystrophin, B-spectrin, dysferlin,
caveolin-3, sarcoglycans), prominent acetylcholine este-
rase (AChE) activity and complement deposition [3,6].
Particularly in XMEA, ultrastructural evidence of intra-
vacuolar debris associated with multiplication of the basal
lamina and fusion of the vacuoles with the sarcolemma
have been described as specific hallmarks for the disease,
suggesting an aberrant exocytotic process [2,6]. Further-
more, the VMA21 gene on chromosome Xq28, which
encodes a chaperone for assembly of lysosomal vacuolar
ATPase, has been established as responsible for XMEA [7].
It is likely that AVMs share a common pathomechanism
related to a dysfunctional autophagosomal machinery
[1,6].

After a normal post-natal and infantile development, a
14-year-old boy from Yemen presented with mild proximal
weakness affecting his lower extremities for a duration of
1 year. He showed Gowers sign upon neurological exami-
nation. Strength in his arms and distal leg muscles was
unremarkable as was the rest of the entire neurological
examination. In particular, no evidence of muscle or
tendon contractures was found. Creatine kinase was
elevated up to 15-fold, and a cardiac work-up disclosed a
Wolf-Parkinson-White syndrome by 24-h electrocardiog-
raphy, but no signs of cardiomyopathy by echocardiogra-
phy, and no involvement of further internal organs was
detectable. He had no intellectual deficits, and his family

© 2013 The Authors

history was reported to be unremarkable, notably with an
absence of a history of muscle diseases.

A biopsy specimen from the quadriceps muscle was sub-
jected to routine enzyme histochemistry, immunohisto-
chemistry and ultrastructural examination. In most
fibres, numerous vacuoles inside the sarcoplasm exhibited
sarcolemmal lining, demonstrated by the strong but
variable expression of plasma membrane- or basal lamina-
associated proteins, including B-spectrin, caveolin-3,
laminin-o2 (300 kDa) (Figure 1B-D), dystrophin and dys-
ferlin (not shown). Interestingly, invagination of the sarco-
lemma could be detected in Gomori trichrome, B-spectrin,
caveolin 3, laminin-a2 and major histocompatibility
complex (MHC) class I stains (Figure 1A-D, F). Vacuoles
contained both AChE (Figure 2A) and non-specific este-
rase (Figure 2C) but lacked acid phosphatase activity
(Figure 2B). Vacuoles were also lined by complement
(C5b9), but none of the fibres demonstrated C5b9 staining
of the sarcolemma (Figure 1E). Furthermore, MHC class I
was upregulated on the sarcolemma and on the vacuolar
lining (Figure 1F), while neither stained for MHC class II
(not shown). Large autophagosomes were strongly immu-
nopositive for LC3 (Figure 2D). Interestingly, LAMP-2
was strongly positive on numerous lysosomes (Figure 2E),
which were more densely packed and larger when com-
pared tonormal controls (Figure 2F, inset). Ultrastructural
studies identified cellular debris and myelin-like features in
the centre of vacuoles (Figure 2F) as well as duplicated
basal laminae (Figure 2G) and accumulation of glycogen,
which was not membrane-bound (Figure 2H). Fusion of
vacuoles with the sarcolemma of muscle fibres was not a
detectable feature of this biopsy specimen.

Molecular sequencing was performed and ruled out
GSD 1I (juvenile ‘Pompe’ disease), Danon disease and
XMEA. Sequencing of the entire GAA gene on chromo-
some 17q25, LAMP-2 gene on chromosome Xq24 as well
as the VMAZ21 gene on chromosome Xq28 failed to reveal
deletions.

Taken together, the present case may represent the
manifestation of a new disease or a variant among the
genetically unidentified congenital infantile and adult
AVM displaying some similarities with XMEA, but also
distinctive clinicopathological features. We describe a
juvenile male subject with normal intelligence suffering
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Figure 1. Myopathological characteristics of juvenile autophagic vacuolar myopathy with sarcolemmal features. Numerous vacuoles are
illustrated by a Gomori trichrome stain in nearly every muscle fibre (A). Sarcolemmal features with lining of the vacuoles by sarcolemmal
and basal lamina proteins at varying intensity are exemplified by B-spectrin (B), caveolin-3 (C) and laminin-o.2 (300 kDa) stains (D).
Complement deposition of the membrane attack complex (C5b9) was strongly positive in the vacuoles and in the vacuolar lining but
negative on the sarcolemma of muscle fibres (E), while major histocompatibility complex class I is found on the vacuolar lining and on the
sarcolemma (F).

© 2013 The Authors NAN 2013; 39: 449-453
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Figure 2. Light microscopic and ultrastructural characteristics of juvenile autophagic vacuolar myopathy with sarcolemmal features. The
content of most vacuoles is positive for acetylcholine esterase (A), negative for acid phosphatase (B) but positive for non-specific esterase (C).
Autophagic activity of large lysosomes is documented by LC3 immunostaining (D). Strong immunoreactivity of LAMP-2 protein is identified
on these large lysosomes (E). The inset shows a healthy control muscle, with smaller lysosomes. Ultrastructural analysis reveals cellular
debris, myelin-like formations and glycogen in vacuoles (F). Additionally duplicated basal laminae are illustrated (G), but exocytosed material
between them is absent. Intermyofibrillar accumulation of glycogen which is not membrane-bound is illustrated (H).
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from proximal myopathy and cardiac arrhythmia, but
without manifesting signs of cardiomyopathy. Muscle
biopsy showed morphological characteristics compatible
with AVM, but genetic evidence for XMEA could not be
found. Although unlikely, one caveat is that mutations in
non-sequenced regions including the promoter and deep
introns may have been missed. This is an issue in all
sequencing endeavours across all hereditary diseases, and
thus a general point of contention. Although not a prob-
able diagnosis, atypical GSD IT and Danon disease were
also ruled out by genetic analyses as mentioned above. Of
note, some features were particularly unique to the case
and of diagnostic relevance; others were overlapping with
details found in XMEA, GSD II and Danon disease and
in the twin girls harbouring AVMs, described by Holton
et al. [5]. Invaginations of the sarcolemma as illustrated
here have also been described in Danon disease and in
the report by Holton et al., and support the concept of
autophagosomal isolation of sarcolemmal membranes
prior to fusion with lysosomes [1]. Importantly, acid phos-
phatase activity was consistently absent in the vacuoles in
this juvenile patient’s muscle tissue, which is known to be
very strong in lysosomes and vacuoles of juvenile GSD II
patients’ muscle tissues. Further, acid phosphatase is
present but less pronounced in Danon disease and in the
twin girls’ muscles reported by Holton et al., while strong
acid phosphatase positivity was reported in a Chinese
patient’s muscle who was one of seven affected boys
suffering from congenital X-linked AVM [4]. Excessive
LAMP-2 immunoreactivity on lysosomal structures has
thusfar not been described in infantile cases or in the adult
case of AVM [4,8-11], but it was described to be increased
in the report by Yan et al. in the patient of the congenital
X-linked AVM family [4]. LAMP-2 immunoreactivity was
not tested in the report on twin girls with AVM by Holton
et al., but mutations in the corresponding gene have for-
mally been ruled out [5]. LAMP-2 staining in our case
illustrates unusually large autophagosomes, which can be
detected by the LC3 stain as well. Absence of complement
deposition on the sarcolemma but strong presence on the
vacuolar lining is a further relevant immunohistochemi-
cal feature of our patient’s muscle tissue, presented here.
The twin girls described by Holton et al. [5], and the
patient from the family of congenital X-linked AVM [4],
exhibited both sarcolemmmal and vacuolar staining of
complement. Finally, the ultrastructural morphology
differs from the classical morphology of XMEA. We
provide evidence of vacuoles containing cellular debris

© 2013 The Authors

(Figure 2F) but absence of vacuoles having fused with the
sarcolemma of muscle fibres as described in XMEA. Fur-
thermore, multiplication of the basal lamina was clearly
less prominent than in XMEA and in the report by Holton
et al. [5]. Paucity of multilayered basal lamina may also be
the underlying reason for an absence of complement
deposition on the sarcolemma described here. Yet, another
difference from XMEA is that exocytosed material between
multilayered basal lamina could not be detected in our
muscle biopsy specimen. The two male infants reported by
Verloes et al. [9] and Morisawa et al. [8] had severe cardio-
myopathy, which was lethal, as well as generalized muscle
hypotonia. Interestingly, glycogen content was reported
severely increased in skeletal muscle and especially in
heart muscle in these aforementioned studies.

Taken together, a number of features in the present case
are at variance with the morphology described in XMEA
or the other AVMs with sarcolemmal features published to
date. Further, the patient showed cardiac involvement,
which also does not fit clinically with XMEA, where
cardiac symptoms are generally absent. One example that
contradicts this observation is a report of two male sib-
lings with the severe congenital form of XMEA, one of
whom suffered from cardiac right bundle branch block
and left ventricular hypertrophy, while his brother did not
show any cardiac involvement [4].

In conclusion, our 14-year-old patient is the first juve-
nile male subject reported with a proximal myopathy due
to AVM with sarcolemmal features. Genetically, XMEA,
which is due to mutations of the VMA21 gene on chro-
mosome Xq28, as the most probable cause was ruled out.
Although very rare, it is important to consider AVM and
thus perform muscle biopsy and appropriate analysis
including electron microscopy to improve our under-
standing of the morphological spectrum of AVM. We
believe that modern genetic analysis will lead to identifi-
cation of further causative genes and functional concepts
for these obviously heterogeneous entities grouped under
the term AVM.
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