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Autophagy is increased in laminin a2
chain-deficient muscle and its inhibition improves
muscle morphology in a mouse model of MDC1A
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Congenital muscular dystrophy caused by laminin «2 chain deficiency (also known as MDC1A) is a severe
and incapacitating disease, characterized by massive muscle wasting. The ubiquitin-proteasome system
plays a major role in muscle wasting and we recently demonstrated that increased proteasomal activity is
a feature of MDC1A. The autophagy-lysosome pathway is the other major system involved in degradation
of proteins and organelles within the muscle cell. However, it remains to be determined if the autophagy-
lysosome pathway is dysregulated in muscular dystrophies, including MDC1A. Using the dy**/dy®* mouse
model of laminin «2 chain deficiency and MDC1A patient muscle, we show here that expression of autop-
hagy-related genes is upregulated in laminin a2 chain-deficient muscle. Moreover, we found that autophagy
inhibition significantly improves the dystrophic dy**/dy** phenotype. In particular, we show that systemic
injection of 3-methyladenine (3-MA) reduces muscle fibrosis, atrophy, apoptosis and increases muscle
regeneration and muscle mass. Importantly, lifespan and locomotive behavior were also greatly improved.
These findings indicate that enhanced autophagic activity is pathogenic and that autophagy inhibition
holds a promising therapeutic potential in the treatment of MDC1A.

INTRODUCTION

Macroautophagy (hereafter referred to as autophagy or autop-
hagocytosis) is a multi-step catabolic process involving the se-
questration of bulk cytoplasm, long-lived proteins and cellular
organelles in autophagosomes, which are subsequently fused
with lysosomes, and their content is digested by lysosomal
hydrolases (1,2). Autophagy is generally activated by condi-
tions of nutrient or growth factor deprivation as well as endo-
plasmic reticulum stress. In addition, autophagy has been
associated with a number of physiological processes, including
development, differentiation or pathologies like neurodegen-
erative diseases, lysosomal storage diseases, infection and
cancer (1,3). However, it is not clear if defects in autophagy
are linked to muscular dystrophy. Furthermore, the role and
regulation of the autophagic pathway in skeletal muscle is

still largely unknown, but it is generally believed that exces-
sive autophagy activation contributes to muscle loss during
different catabolic conditions (4). Interestingly, inhibition of
the autophagic flow may also result in muscle atrophy (5).
In yeast, autophagy is controlled by >30 autophagy-related
genes and many of them have mammalian orthologues (6).
Notably, through inhibition of Akt, FoxO3 controls the tran-
scription of several autophagy-related genes (e.g. LC3,
Bnip3, Gabarapll and Vps34) and therefore parts of the autop-
hagic—lysosomal pathway during muscle atrophy (7-9).
Recently, it was demonstrated that autophagy activation is
impaired in collagen VI-deficient muscular dystrophy and
that its reactivation ameliorated the dystrophic phenotype in
a mouse model of the disease (10). Another type of congenital
muscular dystrophy is MDC1A (OMIM #607855), which is
caused by autosomal recessive mutations in the human
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LAMA?2 gene, encoding the a2 subunit of the basement mem-
brane protein laminin-211. Classical MDCI1A is characterized
by severe generalized muscle weakness, joint contractures and
peripheral neuropathy. Around 30% of the patients die within
their first decade of life (11,12). The generated null mutant
dy**/dy** mouse model for laminin o2 chain deficiency
recapitulates human disease and presents severe muscular
dystrophy as well as peripheral neuropathy. Newborn
dy**/dy**mice are indistinguishable from their normal litter-
mates but at postnatal day 14, their growth retardation and
muscle wasting become apparent. By 3 weeks of age, the
dy**/dy** mice are severely dystrophic and they die between
3 and 4 weeks of age (13,14). Histological features of
laminin a2 chain-deficient muscle include degeneration/regen-
eration cycles, fiber size variability, increased apoptosis and
marked connective tissue proliferation. Also, skeletal muscle
atrophy is a prevalent feature of MDCI1A (11,12,15).

Besides the autophagy—lysosome pathway, the ubiquitin—
proteasome pathway also plays a key role in protein degrad-
ation in muscle cells and hence in regulation of muscle mass
(4). In fact, we recently demonstrated increased expression
of ubiquitin—proteasome-related components in laminin o2
chain-deficient muscle and that proteasome inhibition with
MG-132 partially improves muscle and increases the lifespan
of dy**/dy** mice (16). Furthermore, apoptosis has been con-
sidered an attractive target for therapeutic intervention in
MDCIA, since there is an inappropriate induction of apoptosis
in laminin a2 chain-deficient muscle (17,18). Indeed, its inhib-
ition by genetic or pharmacological therag/y ameliorated
several pathological symptoms in the dy”/dy" mouse model
of MDCIA (19-22). However, neither anti-apoptosis
therapy nor proteasome inhibition resulted in complete recov-
ery and therefore, new targets for potential pharmacological
intervention should be explored.

Since enhanced proteasome activity appears to be a feature
of laminin a2 chain-deficient muscle (16), we hypothesized
that also autophagy is increased in MDCIA (rather than
impaired as in collagen VI muscular dystrophy). Here, we
show that expression of autophagy-related genes is definitely
upregulated in laminin a2 chain-deficient muscle and that in-
hibition of the autophagy process significantly improves the
dystrophic phenotype in the dy**/dy’* mouse model.

RESULTS

Increased expression of autophagy-related genes in
laminin a2 chain-deficient muscle

To determine whether the activity of the autophagy-lysosome
pathway is increased in laminin a2 chain-deficient muscle, we
first analyzed the expression of members of this pathway in
dy**/dy** animals. In particular, we analyzed several genes
that are controlled by the transcription factor FoxO3 (7-9),
whose expression is increased ~2-fold in 3.5-week-old
dy**/dy*® animals (16). We detected significantly increased
mRNA levels of the microtubule-associated protein-1 light
chain 3B (LC3B) and the LC3 interacting protein p62 in quad-
riceps muscle from 3.5-week-old dy**/dy** mice (Fig. 1A).
LC3B is one of the three (human) LC3 isoforms that
undergo post-translational modifications during autophagy.

The presence of LC3 in autophagosomes and the conversion
of LC3 to the lower migrating form LC3II have been used
as indicators of autophagy (23,24). By immunofluorescence
analysis, we detected accumulated LC3B in dy**/dy** quadri-
ceps muscle fibers (Fig. 1B) and western blot analysis
revealed an approximate 2-fold increase in LC3BII expression
in dy**/dy** quadriceps muscle (Fig. 1C). Similarly, we noted
enhanced transcript levels of Bnip3 and Bnip3l (encoding
BH3-only proteins) and of autophagosome membrane
markers Gabarapll, Beclin and Vps34 [a class I1I phosphoino-
sitide 3 kinase (PI3K)] as well as the cysteine protease Arg4B
in dy**/dy’* quadriceps muscle (Fig. 1A). Also, Vps34
protein expression was increased ~2-fold in dy**/dy** quad-
riceps muscle (Fig. 1C). Finally, mRNA expression of lyso-
somal markers Cathepsin L and Lamp2a was significantly
increased in dy**/dy** quadriceps muscle (Fig. 1A). In con-
trast, the expression levels of Bnip3, Bnip3l, p62, LC3B,
Gabarapll, Vps34, Beclin, Cathepsin L and Lamp2a
mRNAs were not augmented in quadriceps muscle from
7-day-old dy**/dy** mice IgSupplementary Material, Fig. S1).
At this age, the dy’*/dy** muscles appear morphologically
normal (13).

To determine whether enhanced expression of
autophagy-related genes is also seen in human laminin o2
chain-deficient muscle, we analyzed primary myoblasts and
myotubes from a control and a laminin a2 chain-deficient
patient. Increased protein expression of LC3BII, Vps34,
Cathepsin L and Beclin (other proteins were not analyzed)
was noted in MDC1A myotubes but not in corresponding
myoblasts (Fig. 1D). Moreover, by immunofluorescence ana-
lysis, we detected accumulated LC3B in muscle biopsies
obtained from two different MDC1A patients with complete
laminin o2 chain deficiency (Fig. 1E and data not shown).

We next assessed quadriceps muscles from 5-week-old
dy**SE3 mice. These laminin o2 chain-deficient mice overex-
press a truncated laminin a1 chain devoid of the dystroglycan
binding site, whereas the integrin binding site remains intact.
Consequently, dy**3E3 limb muscles are dystrophic (although
less affected compared with dy**/dy** muscles), whereas the
diaphragm muscle is spared (25). Interestingly, the expression
of the autophagy-related genes was not altered in dy’*3E3
quadriceps muscles (Fig. 1F). These data indicate that the
laminin o2 chain receptor dystroglycan may not be entangled
with the downstream autophagic machinery. Dystroglycan is a
member of the dystrophin—glycoprotein complex and muta-
tions in several of its components lead to various forms of
muscular dystrophy (26). To investigate whether autophagy
is modified when dystrophin is absent and other members of
the dystrophin—glycoprotein complex are reduced, we quanti-
fied the expression level of autophagy-related genes in quadri-
ceps muscle from mdx mice (a Duchenne muscular dystrophy
mouse model). We found no major modification in the expres-
sion of Bnip3l, p62, LC3B, Gabarapll, Beclin, Vps34 and
Atg4B mRNAs in 5-week- or 3-month-old mice. Only Brip3
and Cathepsin L transcript levels were enhanced in both
5-week- and 3-month-old mdx muscles. Also, Lampla
mRNA expression was augmented in 3-month-old mdx
muscle (Supplementary Material, Fig. S2). Together, these
data indicate that increased autophagy may not be a general
feature of muscular dystrophy.
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Figure 1. Autophagy is increased in skeletal muscle from dy**/dy** mice. (A) Relative amounts of Bnip, Bnip3l, p62, LC3B, Gabarapll, Atg4b, Vps34, Beclin,
Cathepsin L and Lamp2a mRNAs in quadriceps muscle from 3.5-week-old wild-type, dy**/dy** mice and from 4.5-week-old 3-MA-injected wild-type and
dy**/dy*® mice (n=6 for each group). The GAPDH gene expression served as a reference. Non—si§niﬁcant variations are not labeled. (B, left panel)
Co-immunostaining on cross-sections of quadriceps muscle from non-injected wild-type (a, n = 5) and dy**/dy** (b, n = 5) mice and 3-MA injected wild-type
(c, n = 6) and dy**/dy** (d and e, n = 6) mice. LC3B (in red) is present in autophagosomes and laminin 1 chain (in green) serves as delineating fiber bound-
aries. Bar =40 pm. (C) Densitometry analysis of LC3B and Vps34 western blot analysis in quadriceps muscle from wild-type and dy**/dy** mice
(3.5-week-old; n = 6 per group). Results are expressed in arbitrary units (AU). Labeling of tubulin served as internal loading control. (D) Densitometric analysis
of LC3B, Vps34, Cathepsin L and Beclin-1 in human primary myoblasts and myotubes from a control and a laminin a2 chain-deficient patient. Data represent
the mean of four different culture wells and are expressed in arbitrary units (AU). (E) Co-immunostainings on cross-sections of muscle biopsies from patients
with MDC1A and inclusion-body myositis (IBM) and from a healthy control. LC3B (in red) was detected with two different antibodies in serial sections of
MDCI1A muscle (a and b). IBM muscle was used as a positive control for LC3B accumulation (d), whereas little LC3B staining was seen in the healthy
control (c). (F) Relative amounts of Bnip, Bnip3l, p62, LC3B, Gabarapll, Atg4b, Vps34, Beclin, Cathepsin L and Lamp2a mRNAs in 5-week-old wild-type
and dy**3E3 mice (n = 3 for each group). The GAPDH gene expression served as a reference. *P < 0.05; **P < 0.001.

Systemic injection of 3-methyladenine restores autophagic Morphology and function. Thus, we administered the widely

gene expression in laminin «2 chain-deficient muscle used autophagy inhibitor 3-methyladenine (3-MA), a class
[T PI3K inhibitor that inhibits Vps34 activity and autophago-

Since the autoph.';l(gy-ljysosome pathway system seemed to be some formation (27), into the peritoneum of 2.5-week-old
overactive in dy’*/dy”® muscle, we envisaged that the inhib- dy**/dy’® mice. At this age, the dy**/dy** mice are distin-
ition of the autophagy pathway could improve muscle guishable from their littermates. We repeated the injection at

220z 1snbny |z uo1sanb Aq 01 L68G/1L681/772/0zZ/e101e/buy/woo dnoolwspede//:sdiy woll papeojumo(q



4894 Human Molecular Genetics, 2011, Vol. 20, No. 24

>

Quadriceps

Tibialis anterior

Diaphragm

dy ¥y, 3-MA

B _ —
€ 35 E 35
g [v]
£ 30 £ 30
225 2 25
2 20 2 20
g g
= 15- Q 15-
8 10 B 10
2 5 2 51 -
© 9 Foo L mm tm
WT WT  dy™ay™ dy¥dy WT WT  dy ™y dy /oy
3-MA 3-MA 3-MA 3-MA

Figure 2. Muscle morphology is improved and fibrosis is reduced in skeletal muscle with systemic injection of 3-MA. (A) Hematoxylin—eosin staining of cross-
sections of 3uadriceps (a—d), tibialis anterior (e—h) and diaphragm (i—1) muscles from wild-type (a, e, i), non-injected dy**/dy** (b, f, j), 3-MA-injected wild-
type and dy**/dy** mice at 2.5 and 3.5 weeks of age (c, d, g, h, k, 1, respectively). Fourteen days later, muscles were isolated and stained. (B) Densitometric
quantification of fibrosis in quadriceps muscle from 3-MA-injected wild-type and dy**/dy** mice (n = 6 for each genotype) and non-injected dy**/dy** (n = 7)
and wild-type mice (n = 9). (Left panel) Collagen III-positive labeling per total area of the section. (Right panel) Tenascin-C-positive labeling per total area of

the cross-section. *P < 0.05; **P < 0.001.

3.5 weeks of age. We have previously shown that the median
survival of dy**/dy** mice is around 22 days and most, if not
all, dy**/dy’* are dead by 4 weeks of age (16). We analyzed
mice and muscles 14 days post-injection (a time point when
dy**/dy** mice should be dead). Notably, we found that the
systemic injection of 3-MA restored the expression of the
autophagy-related genes to the basal level of the wild-type
(Fig. 1A-C).

Systemic injection of 3-MA improves muscle morphology
in laminin &2 chain-deficient muscle

Remarkably, the 3-MA injections also resulted in considerably
improved muscle morphology. We first evaluated the main
histological hallmarks of the dystrophic process (pathological
fibrosis and decreased muscle fiber diameter) by morphomet-
ric measurements. Collagen III expression, which 3%reviously
has been shown to be increased in dy’*/dy’® muscle
(16), was reduced in quadriceps muscle of 3-MA-injected
dy**/dy** mice (Fig. 2B). To further confirm the reduction
in fibrosis in 3-MA-treated animals, we analyzed tenascin-C
expression. Tenascin-C is only expressed at the myotendinous
junctions in normal muscle, but it has been demonstrated to be

highly expressed in fibrotic lesions of dy**/dy’* muscle
(16,28). Notably, tenascin-C expression was reduced in
quadriceps muscle of 3-MA-injected mice compared with non-
injected dy’*/dy’® mice (Fig. 2B). Also, expression of
collagen IIl and tenascin-C was significantly reduced in
tibialis anterior and diaphragm muscles of 3-MA-injected
mice (Supplementary Material, Fig. S3 and data not shown).

In addition, we investigated the expression of laminin a4
and B2 chains in 3-MA-treated dy’*/dy** mice. It has previ-
ously been shown that the expression of laminin a4 chain is
increased at the dy**/dy** sarcolemma, whereas the laminin
B2 chain expression is reduced (28,29). Expression of
both proteins was near normal in quadriceps muscle of
3-MA-injected dy**/dy** mice (Supplementary Material,
Fig. S4).

It is well established that the average fiber diameter is sig-
nificantly reduced in dy**/dy** muscle (16,25,30). Notably,
the average fiber diameter was increased upon 3-MA injection,
and fiber size distribution in quadriceps muscle was signifi-
cantly shifted towards larger fibers for both wild-type and
dy**/dy** injected animals (Fig. 3A and B). We observed
that 40% of the dy**/dy** quadriceps fibers had a diameter in-
ferior to 20 wm, whereas the number was ~18% in wild-type
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Figure 3. Atrophy is prevented in quadriceps muscle from 3-MA-treated dy**/dy** mice. (A) Determination of fiber diameter repartition (in percentage of total
number of fibers) in 3-MA injected (green and orange) and non-injected (blue and red) wild-type and dy**/dy** mice, respectively. A significant difference exists
between the curves (P < 0.0001). (B) Average of fiber diameter in pm. (C) Proportion (in percentage) of quadriceps muscle wet weight per body weight (wild-

type, n = 5; dy**/dy’®, n = 4; injected mice, n = 5). *P < 0.05; **P < 0.001.

and 22% in dy’*/dy** injected animals. Furthermore, the ratio
of quadriceps muscle wet weight per body weight was normal-
ized in 3-MA-injected d})/jK/ds)ﬁ mice, compared with age-
matched non-injected dy”’*/dy’* mice (Fig. 3C).

Systemic injection of 3-MA stimulates muscle regeneration
in laminin o2 chain-deficient muscle

The proportion of fibers with centrally located nuclei is one of
the main features of the degeneration—regeneration process.
The number of cells with centrally located nuclei was slightly
but significantly elevated in quadriceps muscle of
3-MA-injected dy’*/dy’* mice (Fig. 4A). We additionally
performed immunofluorescence experiments analyzing the ex-
pression of regeneration markers embryonic myosin heavy
chain (eMHC, a specific marker of newly regenerated fibers)
and MyoD1 (present in activated satellite cells and myoblasts).
Indeed, the proportion of fibers expressing eMHC significantly
increased with the 3-MA injection of dy**/dy’* mice
(Fig. 4B). Also, the amount of MyoDI-positive nuclei
was increased, indicating an improved regenerative capacity
in 3-MA-injected dy**/dy** mice (Fig. 4C).

Apoptosis is decreased after systemic injection of 3-MA

As apoptosis contributes to the disease progression, we ana-
lyzed the apoptosis rate occurring in skeletal muscle of sys-
temically injected mice. As previously described, the
number of caspase-3-positive fibers (containing caspase-3
and pro-caspase-3 proteins) in dy3K/dy3K mice was significant-
ly increased when compared with controls (16). Forty-eight

hours after the 3-MA injection, we were able to find
caspase-3-positive fibers in the same proportion as in non-
injected dy**/dy** mice (data not shown), suggesting that
3-MA did not enhance apoptosis. However, 14 days after in-
jection, the proportion of caspase-3-positive fibers was signifi-
cantly decreased in 3-MA-injected dy**/dy** quadriceps
muscle (Fig. 5A and B). These results were further confirmed
using the terminal deoxynucleotidyl transferase dUTP nick
end labeling (TUNEL) enzymatic labeling assay. While
there was significantly more TUNEL-positive myonuclei in
dy**/dy** quadriceps muscle (16), we found that the propor-
tion of TUNEL-positive myonuclei was significantly reduced
in 3-MA-treated dy’*/dy’* animals (Fig. 5C).

Systemic injection of 3-MA restores Akt phosphorylation

We have recently demonstrated that Akt phosphorylation
on both threonine 308 and serine 473 is diminished in
dy**/dy** quadriceps muscle, whereas the total level of Akt
is unchanged (16). To investigate whether Akt activity was
restored in 3-MA injected dy’*/dy’® mice, we euthanized
mice 48 h and 14 days after injection and learned that Akt
phosphorylation on both sites was reconstituted to wild-type
levels at both time points (Fig. 6A and B).

Systemic injection of 3-MA increases survival and
locomotive behavior, but does not significantly improve
peripheral neuropathy

Dy**/dy** mice were significantly less active in an open field
test (16). Remarkably, 3-MA-injected dy**/dy** mice displayed

220z 1snbny |z uo1sanb Aq 01 L68G/1L681/772/0zZ/e101e/buy/woo dnoolwspede//:sdiy woll papeojumo(q



4896 Human Molecular Genetics, 2011, Vol. 20, No. 24

A

ek

Proportion of centrally located nuclei (%)
)
th

7]

No injection

MyoD1 / Laminin y1 chain / DAPI

Mo injection 3-MA

50

[
(=T -

5

o

g
w0
4
58
S 2
5%
20
ga
oo
I
>
=
@

dy iy

dy ™ /dy ™
3-MA

Figure 4. Systemic injection of 3-MA stimulates regeneration in quadriceps muscle of dyjK/dy‘gK mice. (A) Proportion of fibers with centrally located nuclei in
3-MA-injected dy**/dy** and wild-type mice, non-injected dy**/dy** and wild-type mice (n = 6 for each group). (B, upper part) Co-immunolabeling on cross-
sections of quadriceps muscle from non-injected wild-type (n = 5) and dy**/dy** (n = 5) mice and 3-MA-injected wild-type (n = 6) and dy**/dy** (n = 6) mice.
Laminin y1 chain (red) delineates fiber boundaries and eMHC (green) is expressed only by regenerative cells. DAPI (in blue) denotes nuclei. Bar = 40 pm.
(Lower part) Percentage of fibers expressing eMHC. (C) Co-immunostaining on cross-sections of quadriceps muscle from non-injected wild-type (n = 3)
and dy**/dy** (n = 3) mice and 3-MA-injected wild-type (n = 4) and dy**/dy’® (n = 4) mice using antibodies against laminin 1 chain (red), MyoD (green)
and DAPI (blue). Arrows denote MyoD-positive nuclei in the interstitial space between myofibers. The two lower panels (e and f) represent higher magnification
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the same level of activity as wild-type animals (Fig. 7A). Also,
3-MA-treated dy’*/dy’* mice weighed significantly more than
non-injected dy**/dy’* mice, although they never reached the
weight of wild-type mice (Fig. 7B). Moreover, the median sur-
vival of 3-MA-injected dy**/dy** mice was 37 days (Fig. 7C),
whereas it has been shown to be 22 days for non-treated dy**/
dy** mice (16). Finally, although survival and muscle morph-
ology was significantly improved, transient hind leg paralysis
often occurred in one leg of 3-MA-treated dy**/dy** mice
and similar paralysis occurred in non-treated dy**/dy** mice
but not in 3-MA-injected wild-type mice (16) (data not
shown). Yet, this transient paralysis had no evident effect on
the locomotive behavior of 3-MA-injected dy’*/dy’* mice.
Nevertheless, it is clear that 3-MA did not appreciably
improve the pathology of the peripheral nerve. In agreement
with this observation, we found no increased mRNA levels of
autophagy-related genes in the laminin «2 chain-deficient
sciatic nerve (Supplementary Material, Fig. S5).

Combinatorial treatment with 3-MA and the proteasome
inhibitor MG-132 does not improve the dystrophic
phenotype of dy’*/dy** mice better than each compound
alone

We recently showed that treatment with the proteasome inhibi-
tor MG-132 partially improved the dystrophic dy**/dy**

phenotype (16). Similar to 3-MA therapy, administration of
MG-132 reduced fibrosis, enlarged muscle fiber diameter,
reduced apoptosis, restored Akt phosphorylation, enhanced
locomotive activity and increased lifespan (16). The only differ-
ence among the parameters analyzed was that the 3-MA treat-
ment increased muscle regeneration (Fig. 4), whereas no such
effect was seen upon systemic injection of MG-132. Instead,
the number of muscle fibers with centrally located nuclei was
slightly decreased in MG-132-injected dy**/dy** mice (16).
To investigate the relative contribution of the proteasome
versus the autophagosome in the pathogenesis of MDCI1A, we
combined 3-MA and MG-132 treatment and assessed whether
the effects were additive or not. Combination therapy with
3-MA at 15 mg/kg and MG-132 at 10 mg/kg (as previously
used) was not more beneficial than each compound alone. In
contrast, muscle morphology was even worse compared with
non-treated dy**/dy** muscle (data not shown). Therefore, we
tested combinatorial therapy with a 10 times lower dose of
each drug. Indeed, tenascin-C expression was reduced to near
wild-type levels in the double injected dy’*/dy’* mice.
However, there was no additional reduction in fibrosis compared
with therapy with either drug (Fig. 2B, Supplementary Material,
Fig. S6) (16). Double injections with 3-MA and MG-132 also
improved locomotion and survival of dy**/dy** mice. Yet,
there was no added increase in survival compared with treatment
with each compound alone (Supplementary Material, Figs S6
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and 7) (16). Moreover, there was no further alteration in the pro-  indicate that the ubiquitin—proteasome pathway and the autop-
portion of central nucleation, compared with dy**/dy*® muscles  hagy—lysosome pathway most likely intersect in laminin a2
(Fig. 4A, Supplementary Material, Fig. S6) (16). These data  chain-deficient muscle.
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DISCUSSION

MDCIA is a debilitating muscle disease for which there cur-
rently is no cure. Several approaches to prevent disease devel-
opment in MDC1A mouse models have been explored and
they include for example gene replacement (28,31,32), anti-
apoptosis (20,21), proteasome inhibition (16), cell (33) and
improved regeneration therapy (34). While the transgenic
strategies (e.g. over-expression of laminin o2 chain,
mini-agrin and in particular laminin al chain) may have
offered the most complete muscle restoration, they are not
yet clinically feasible and the pharmacological inhibition of
apoptosis and proteasome, respectively, have only resulted in
partial recovery. Therefore, new therapeutic options for
MDCI1A should urgently be explored. Here, we present data
indicating that increased autophagy is pathogenic in
MDCI1A. We found increased expression of several
autophagy-related genes in laminin a2 chain-deficient mouse
and human muscle. As a proof of concept, we have shown
that autophagy inhibition, using 3-MA in the dy**/dy’*
mouse model for MDCI1A, significantly reduced many of the
pathological symptoms in the dystrophic mice.

Another major feature of MDC1A is apoptosis. It is known
that autophagy and apoptosis are interconnected in a very
complex manner. Apoptosis and autophagy can act in a coordi-
nated way to induce cell death, or autophagy might counteract or
facilitate apoptosis and several regulatory proteins are shared by
the two pathways (e.g. mTOR, Atg5 and Bcl-2 proteins) (35—
38). Consequently, it would be interesting to test whether the
combined inhibition of apoptosis and autophagy would further
restore the phenotype of laminin a2 chain-deficient mice.
Recent evidence also suggest a crosstalk between the ubiqui-
tin—proteasome pathway and autophagic—lysosomal pathway,
as it has been demonstrated that ubiquitinated proteins can be
delivered to the autophagosomes through the p62/SQSTMI1
complex that is able to bind LC3 (39-43). We also demon-
strated that combinatorial treatment of autophagy and prote-
asome inhibition did not further improve the dy’*/dy’*
phenotype, supporting a view that both pathways may be inter-
connected (at least in laminin a2 chain-deficient muscle).

Interestingly, together with the data we presented here, incor-
rect function of autophagy has been discovered to be pathogenic
in the two most common forms of congenital muscular dys-
trophy and both are linked to deficiency of extracellular matrix
proteins (10). In the collagen VI-deficient mouse model, there
is a relative underactivity of the autophagosome (with persist-
ence of structurally abnormal mitochondria) that contributes to
the disease process (10). In contrast, absence of laminin o2
chain results in autophagosome overactivity. How does
absence of two extracellular matrix proteins result in such
contradictory effects on autophagy? Collagen VI is mainly an
interstitial matrix protein, although it is closely associated with
basement membranes in many organs (44), whereas laminin
a2 chain is a basement membrane protein (45). Hence, the two
proteins are present in different extracellular matrix structures
that may have overlapping but also separate functions in skeletal
muscle. Moreover, besides providing support and anchorage for
cells, the extracellular matrix also initiates signal transduction
pathways (46). Little is known about the laminin «2
chain-induced signaling pathways in skeletal muscle (45) and

even less is known about collagen VI-mediated signaling (in
skeletal muscle) (47), but it is tempting to speculate that they
lead to diverse or even opposite physiological effects. Neverthe-
less, it is clear that an extracellular matrix unbalance in skeletal
muscle affects the autophagy pathway. Also, extracellular
matrix abnormalities in epithelial cells induce autophagy (48).
The additional data that we provide on the Duchenne mouse
model mdx, showing that autophagy is not modified when a cyto-
skeletal protein is missing, reinforce the notion that the extracel-
lular matrix regulates autophagy. Mainly, the expression of
lysosomal markers was increased in mdx muscle. Hence, in
this model, it could be that microautophagy (direct internaliza-
tion of cytosolic cargo into the lysosome) and/or chaperone-
mediated autophagy (degradation of proteins that are recognized
by the Hsc70 chaperone and binds Lamp2a) is stimulated with
the progression of the disease (3). This should be further clarified
as well as the potential primary or secondary contribution of
autophagy in other muscular dystrophies associated with
defects in extracellular matrix proteins and their receptors.
Autophagosomes are present in many myopathies and are the
major features of a group of muscle disorders named autophagic
vacuolar myopathies. This group is composed by the late-onset
Pompe disease caused by a defect in lysosomal acid maltase
(MIM ID #232300), the Danon disease that primarily affects
the heart due to a defect in the LAMP2 gene (MIM ID
#300257) and the X-linked myopathy with excessive autophagy
associated with mutations in the VMA21 gene (49). Therefore,
autophagy-related genes could be mutated in genetically irreso-
lute muscle diseases.

In summary, our study demonstrates for the first time that
autophagy can be overactive in a congenital muscular dys-
trophy condition. In addition, its inhibition improves the
muscle phenotype of laminin a2 chain-deficient mice. Thus,
we have produced relevant pre-clinical data for the develop-
ment of pharmacological therapies for MDCI1A patients.

MATERIALS AND METHODS

Transgenic animals

Laminin o2 chain-deficient mice (dy**/dy**), which completely
lack laminin a2 chain, were used and previously described
(13,28). These mice develop severe muscular dystrophy and per-
ipheral neuropathy and the median survival is around 22 days
(16). For all experiments, dy**/dy** mice were compared with
their wild-type littermates. Dy’*8E3 mice were also described
previously (25). Mdx (C57BL/10ScSn-mdx/J) and corresponding
wild-type mice were obtained from Jackson Laboratory and bred
in our animal facility. Animals were maintained in the animal fa-
cilities of Biomedical Center (Lund) according to the animal care
guidelines, and all mouse experimentation was approved by the
Malmé/Lund (Sweden) ethical committee for animal research
(permit numbers M62-09 and M122-10).

Primary muscle cell culture and differentiation

Primary myoblasts were obtained from a control fetus (12 weeks
of gestation) and a MDCI1A fetus (15 weeks of gestation), pre-
senting a homozygous nonsense mutation in exon 31 of the
LAMA?2 gene (50). Muscle cells were obtained in accordance
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Figure 7. Systemic injection of 3-MA improves dy**/dy** mice locomotion, body weight and survival. (A) Exploratory locomotion of ~4-week-old mice in an

open field test (n = 14 for each group). (B) Body weight measurement of 4-week-old non-injected and 3-MA-treated wild-type (n = 7) and dy**/dy**

mice (n =

12). (C) Survival curves of 3-MA-injected dy**/dy** mice. The median survival for non-injected dy**/dy*® mice is 22 days (16), whereas it was 37 days for the

treated animals. *P < 0.05; **P < 0.001.

with the French legislation on ethical rules. Cells were cultivated
in six-well plates with growth medium (F10-Ham medium,
Gibco) containing 20% fetal bovine serum (Gibco) at 37°C,
5% CO,. At ~70% confluency, differentiation into myotubes
was initiated by switching to fusion medium (Dulbecco’s modi-
fied eagle’s medium, Gibco) containing 2% horse serum (Gibco),
107°M insulin (Sigma) and 2.5 x 107 °m dexamethasone
(Sigma). Protein lysates were obtained by scraping the cells dir-
ectly into the lysis buffer (50 mm Tris—HCI, pH 6.8, 10%
B-mercaptoethanol, 4% sodium dodecyl sulfate (SDS), 0.03%
bromophenol blue and 20% glycerol).

Systemic injections of 3-MA

Systemic administration of 3-MA was performed by intraper-
itoneal injections [15 mg/klg in sterile phosphate buffered
saline (PBS)] into dy’*/dy** mice and control littermates at
the age of 2.5 weeks and 3.5 weeks. Mice were sacrificed
48 h or 14 days after injection and quadriceps, tibialis anterior
and diaphragm muscles were processed for morphometric ana-
lysis, immunofluorescence experiments, quantitative real-time
polymerase chain reaction (QRT—PCR) or western blot ana-
lysis. Prior to euthanasia, an exploratory locomotion test was
performed (see below).

RNA extraction, reverse transcription and quantitative
real-time PCR

Total RNA was extracted from 10 mg of quadriceps muscle
from six dy**/dy** mice (3.5-week-old) and six wild-type

littermates; from three dy**/dy’® mice (7-day-old) and six
wild-type littermates; from three dy’“8E3 mice (5-week-old)
and three wild-type littermates; from five dy’*/dy’* mice
and five wild-type littermates treated with 3-MA; from six
mdx and six wild-type mice (both 5-week-old); from three
mdx and three wild-type mice (both 3-month-old) and from
sciatic nerve from five dy’*/dy** mice (3.5-week-old) and
five wild-type littermates using RNeasy mini kit (Qiagen), in-
cluding an initial step of proteinase K digestion (Fermentas,
240 ng/pl). Complementary DNA was synthesized from | pg
of total RNA with random primers and SuperScriptlll
reverse transcriptase (Invitrogen) following manufacturer’s
instructions. Quantitative PCRs were performed in triplicate
with the Maxima SYBR Green qPCR Master Mix (Fermen-
tas). Expression of target and reference genes was monitored
using a qRT—PCR method (Light Cycler, Roche) with the pre-
viously described primers for the autophagic genes Bnip,
Bnip3l, p62, LC3B, Gabarapll, Atg4b, Vps34, Beclin, Cathe-
psin L and Lamp2a (8). The amplification efficiency for
each primer pair was evaluated by amplification of serially
diluted template cDNAs (E = 10~ 7°P°) Efficiency-corrected
RNA levels (in arbitrary units) were calculated by using the
formula E~". Expression levels were then calculated relative
to the endogenous control gene GAPDH and relative to wild-
type quadriceps.

Protein extraction and western blot analyses

Isolated quadriceps muscles were obtained from six wild-type,
six dy**/dy*® mice (3.5 weeks of age) and six dy**/dy** mice
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48 h or 14 days after 3-MA injection. Each sample was imme-
diately frozen in liquid nitrogen and reduced to powder using a
mortar. Protein extracts were obtained as previously described
(16). A total of 30 pg of denaturated proteins was loaded on
10-20% acrylamide SDS gels (Clearpage, CBS Scientific)
and blotted onto nitrocellulose membranes (Hybond-C,
Amersham) during 1.5h (Biorad). The membranes were
blocked for 1 h at room temperature in PBS, 0.01% Tween
20, 5% milk and incubated overnight at 4°C with rabbit poly-
clonal antibodies directed against pAkt (Ser 473, 1/2000,
#4060 or Thr 308, 1/1000, #2965, Cell Signaling Technology),
Akt (1/1000, #4685, Cell Signaling Technology), Vps34
(1/200, V9764, Sigma) or LC3B (1/250, #2775, Cell Signaling
Technology). Blots were then washed three times for 10 min
with PBS, 0.05% Tween 20, incubated with horseradish
peroxidase-conjugated polyclonal goat anti-rabbit (1/4000,
sc-2004, Santa Cruz Biotechnology) or goat anti-mouse
(1/4000, sc-2005, Santa Cruz Biotechnology) antibody for
1 h. Membranes were incubated in ECL (Amersham Bio-
sciences), exposed on Hyperfilm (Amersham Biosciences)
and developed (AGFA, Curix 60). Each membrane was rehy-
bridized with mouse monoclonal anti-tubulin (1/4000, clone
DM 1A, Sigma) for loading normalization. The quantifications
were performed using Imagel 1.40 (http://rsb.info.nih.gov/ij/
download.html).

Histology and immunofluorescence experiments

Quadriceps (n = at least 6 for each group), tibialis anterior
(n=6, 5, 5 and 8, respectively) and diaphragm (n =5, 4, 3
and 4, respectively) muscles from wild-type, dy**/dy*%,
3-MA-injected wild-type and 3-MA-injected dy**/dy** mice)
were rapidly dissected after euthanasia and frozen in OCT
(Tissue Tek) in liquid nitrogen. Serial sections of 7 wm were
either stained with hematoxylin and eosin or processed for im-
munofluorescence experiments following standard procedures
(28) with rabbit monoclonal antibody against LC3B (1/100,
#3868, Cell Signaling Technology); rabbit polyclonal anti-
bodies against laminin y1 chain (1/1000, #1083), laminin o4
chain (1/400, #1100) and laminin B2 chain (1/400, #1117)
(generously provided by Dr T. Sasaki); rat monoclonal anti-
bodies against laminin y1 chain (1/200, MAB 1914, Chemi-
con) and tenascin-C (undiluted, MTnl15); goat polyclonal
antibody against collagen IIT (1/100, #1330, SouthernBiotech)
and mouse monoclonal antibodies against caspase-3 (1/100,
CPP32, BD Transduction Laboratory), eMHC (1/100,
F1.652, Developmental Studies Hybridoma Bank) and
MyoD (1/100, clone 5.8A, Dako). Human muscle sections,
obtained from muscle biopsies from a 2.5-year-old healthy
control; two MDCI1A patients (2- and 3.5-year-old, respective-
ly) with complete deficiency of laminin «2 chain and from a
21-year-old patient with inclusion-body myositis, were
stained with rabbit monoclonal antibody against LC3B (1/
100, #3868, Cell Signaling Technology); rabbit polyclonal
antibody against LC3B (1/200, #100-2220, Novus Biologicals)
and rat monoclonal antibody against perlecan (1/100, MAB
1948, Chemicon). For apoptotic myofiber detection, a
TUNEL detection kit was used following instructions of the
manufacturer (GenScript). Sections were analyzed using a
Zeiss Axioplan fluorescence microscope. Images were

captured using an ORCA 1394 ER digital camera with the
Openlab 3 software.

Exploratory locomotion test

Exploratory locomotion was examined in an open field test. In
each experiment, the mouse 14 days after 3-MA injection (n =
11 for dy**/dy** and wild-type, respectively) was placed into a
new cage and allowed to explore the cage for 5 min. The time
that the mouse spent moving around was measured manually.

Survival curves

Death was monitored in 3-MA-injected dy**/dy’* mice (n = 9).
A survival curve was constructed using the GraphPad Prism 4
software.

Morphometric analysis

Measurements were performed on whole quadriceps, tibialis
anterior and diaphragm muscle sections from untreated wild-
type and dy’*/dy’* and 3-MA-injected wild-type and dy**/
dy’® animals. Tenascin-C and collagen IlI-positive areas and
fiber diameters were measured and eMHC-positive fibers,
caspase-3 positive fibers and TUNEL-positive myonuclei
were calculated using the ImageJ software. Minimal Feret’s
diameter was measured (51) for at least 1500 fibers for each
muscle. The same number of fibers was used for quantification
of fibers with centrally located nuclei. Wet quadriceps muscle
weights were determined from seven non-injected wild-
type and dy**/dy’* and 3-MA-treated wild-type (n = 4) and
dy**/dy** (n = 6) animals and correlated to body weight.

Combinatorial treatment

Dy**/dy*® and wild-type littermates were injected intraperito-
neally with 3-MA (1.5 mg/kg in sterile PBS) and intravenous-
ly with MG-132 (1 pg/kg in sterile PBS) at the age of 2.5 and
3.5 weeks. Mice were sacrificed 14 days after injection and
quadriceps muscles were processed for morphometric analysis
and immunofluorescence experiments (n =5 and 4 for each
group, respectively). A locomotion test was also performed
(n =9 and 7 for each group, respectively) and survival (n =
4) was monitored.

Statistical analysis

All tests for the analysis of significance were done using the
GraphPad Prism 4 software.

For quantitative PCR experiments, protein quantifications,
morphometric analysis and exploratory locomotion test,
one-way analysis of variance followed by a Bonferroni’s post-
multiple comparison test was performed. Regarding fiber size
distribution, a y*-test was calculated and paired comparison of
distribution was estimated related for a P-value inferior to
0.0001. Finally, the statistic LogRank test was used for the
analysis of significance of survival curves. Data always repre-
sent mean + SEM.
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