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Autophagy is defective in collagen VI muscular dystrophies,
and its reactivation rescues myofiber degeneration

Paolo Grumati'8, Luisa Coletto®3, Patrizia Sabatelli®, Matilde Cescon!, Alessia Angelin?, Enrico Bertaggia?,
Bert Blaauw®, Anna Urciuolo!, Tania Tiepolo!, Luciano Merlini®, Nadir M Maraldi®’, Paolo Bernardi?,

Marco Sandri>* & Paolo Bonaldo!

Autophagy is crucial in the turnover of cell components, and clearance of damaged organelles by the autophagic-lysosomal
pathway is essential for tissue homeostasis. Defects of this degradative system have a role in various diseases, but little is known
about autophagy in muscular dystrophies. We have previously found that muscular dystrophies linked to collagen VI deficiency
show dysfunctional mitochondria and spontaneous apoptosis, leading to myofiber degeneration. Here we demonstrate that this
persistence of abnormal organelles and apoptosis are caused by defective autophagy. Skeletal muscles of collagen VI-knockout
(Col6al~-) mice had impaired autophagic flux, which matched the lower induction of beclin-1 and BCL-2/adenovirus E1B-
interacting protein-3 (Bnip3) and the lack of autophagosomes after starvation. Forced activation of autophagy by genetic,
dietary and pharmacological approaches restored myofiber survival and ameliorated the dystrophic phenotype of Col6al~'- mice.
Furthermore, muscle biopsies from subjects with Bethlem myopathy or Ullrich congenital muscular dystrophy had reduced
protein amounts of beclin-1 and Bnip3. These findings indicate that defective activation of the autophagic machinery is

pathogenic in some congenital muscular dystrophies.

Macroautophagy (hereafter referred to as autophagy) is a dynamic
process in which portions of cytoplasm are sequestered within
double-membraned vesicles called autophagosomes and delivered
to lysosomes for degradation and subsequent recycling!~3.
The autophagic machinery is highly conserved and has key roles in
tissue homeostasis, participating in the clearance of damaged
organelles, misfolded proteins and pathogens'™. Furthermore,
autophagy is crucial for cell survival during nutrient deprivation, but
it is detrimental when massively activated or inhibited?. Likewise,
mitochondria are essential for energy conservation, but, if damaged,
they become a source of proapoptotic factors and reactive oxygen
species™®. Selective removal of dysfunctional mitochondria via
autophagy (mitophagy) is a key mechanism to not only preserve cell
viability but also rejuvenate mitochondrial function”.

Congenital muscular dystrophies represent a large and heterogene-
ous group of inherited muscle disorders with a severe and progressive
clinical course. Mutations in any of the three genes coding for collagen VI,
a major extracellular matrix protein of the endomysium of skeletal
muscles, cause multiple muscle diseases, including Bethlem myopathy
and Ullrich congenital muscular dystrophy (UCMD)3. We have pre-
viously demonstrated that muscles of Col6al~/~ mice and humans
with UCMD or Bethlem myopathy have a latent mitochondrial dys-
function accompanied by ultrastructural alterations of mitochondria

and the sarcoplasmic reticulum and spontaneous apoptosis of muscle
fibers>10 (see also Supplementary Fig. 1a). However, in our pre-
vious study we did not uncover the reason for the occurrence of
dysfunctional organelles. Here we show that the accumulation of
abnormal mitochondria and sarcoplasmic reticulum is caused by a
defect of autophagy and that restoration of a proper autophagic flux
in Col6al~'~ muscles ameliorates these alterations.

RESULTS

Autophagy is impaired in Col6al~- muscles

To explore the relationship between organelle defects and muscle
pathology of collagen VI muscular dystrophies in vivo, we examined
several skeletal muscle types of Col6al~/~ mice for the main mole-
cular pathways linked with mitochondrial function and cell survival.
We chose the diaphragm and tibialis anterior as examples of oxidative
and glycolytic muscles, respectively. We did not find any substantial
difference between wild-type and Col6al™'~ muscles in the protein
amounts of B cell leukemia/lymphoma-2 (Bcl-2), Bcl-2-associated
X protein (Bax) and Bcl-X; and in the phosphorylation of Akt,
suggesting no major alterations in pro- or antiapoptotic pathways.
However, the amount of the active form of AMP-activated protein
kinase (AMPK) was increased in Col6al~'~ muscles (Supplementary
Fig. 1b,c). AMPK acts as an energy sensor, being activated under
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metabolic stress'!. These data indicate an energy imbalance in
Col6a1~/~ muscles, which is readily explained by the observed mito-
chondrial dysfunction. Indeed, it was previously shown that Col6al~/~
flexor digitorum brevis (FDB) myofibers have an increased inci-
dence of dysfunctional mitochondria®. The presence of abnormal
mitochondria with disorganized cristae (Supplementary Fig. 1d)
prompted us to check whether the autophagic system was affected.
Compared to wild-type mice, muscles from Col6al~~ mice had less
of the lipidated form of microtubule-associated protein-1 light chain 3
(LC3)-II (Fig. 1a and Supplementary Fig. 1le), which is generated
during autophagosome formation’2. The decreased conversion
of LC3-I to LC3-II suggested an alteration of basal autophagy in
Col6a1~/~ muscles and led us to investigate the autophagic process.
We next subjected mice to starvation for 24 h, a well-characterized
stimulus able to induce the formation of autophagosomes in various
organs including muscles'?. Fasting for 24 h prompted massive
autophagosome formation in wild-type but not Col6al~'~ muscles,
as revealed by the appearance of LC3-positive puncta in tibialis
anterior transfected with YFP-LC3 (Supplementary Fig. 1h) and
by electron microscopy of diaphragm (Fig. 1b,c). Notably, the few
autophagosomes present in Col6al~'~ diaphragm contained mito-
chondria with abnormal cristae (Supplementary Fig. 1i). Moreover,

diaphragm and tibialis anterior showed reduced LC3-I to LC3-II
conversion in fasted Col6al™'~ mice compared to fasted wild-type
mice (Fig. 1d and Supplementary Fig. 1j). Tibialis anterior was com-
pletely resistant to autophagy induction, whereas diaphragm showed a
partial LC3 conversion after 24-h starvation (Fig. 1d). The differential
response of these two muscles probably reflects differences in meta-
bolic properties and fiber types!2. These results obtained with fasted
mice confirm that Col6al~/~ muscles have an abnormal response to
a physiological autophagic stimulus.

The decreased amount of autophagosomes and the reduced LC3
lipidation in Col6al~'~ muscles could be caused by either defec-
tive autophagy induction or excessive vesicle exhaustion. Because
autophagy is a dynamically regulated process, we used a combina-
tion of in vivo tools for reliably monitoring the autophagic flux!14,
First, we used a genetic approach to knock down mRNA encod-
ing LC3 (Map1lc3b) and thus inhibit autophagosome formation.
To achieve this knockdown in vivo, we transfected adult myofibers
with a bicistronic vector encoding Map1lc3b-targeting shRNA and
GFP'>. Knockdown of Map1lc3b led to a significant increase in the
number of TUNEL-positive nuclei in wild-type myofibers, but it
did not affect the TUNEL-positive nuclei of Col6al~/~ myofibers
(Fig. 1e). Next, we treated mice with chloroquine16, a lysosomal
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inhibitor that blocks the degradation of autophagosome content,
including LC3 (refs. 13,17), and investigated its effect on LC3
protein abundance. Chloroquine treatment led to a marked increase
in LC3 bands in both diaphragm and tibialis anterior of wild-type
mice, but the increase was much smaller in the corresponding
samples of Col6al~'~ mice (Fig. 1f and Supplementary Fig. 2a).
Finally, we assessed during fasting the variations in protein
amounts of p62, a well-known substrate of the autophagy-lysosome
system!>1418 Both diaphragm and tibialis anterior showed a
decrease in p62 during the first 6-12 h of fasting in wild-type mice
but not in Col6al~/~ mice (Fig. 1g and Supplementary Fig. 2b).
Together, these data show an impairment of autophagy induc-
tion in Col6al~'~ muscles, which explains their lower incidence of
autophagosomes and defective LC3 lipidation.

Beclin-1 and Bnip3 are defective in Col6al~'~ muscles

Bnip3 has a key role in the autophagic removal of mitochondria
and induction of Bnip3 is crucial for autophagosome formation in
muscle during starvation!”. In contrast to the case in wild-type mice,
Bnip3 protein and mRNA expression was not induced in tibialis
anterior of 24-h—fasted Col6al™'~ mice (Fig. 1h,i). Conversely, dia-
phragm of 24-h-fasted Col6al™'~ mice showed Bnip3 induction,
which matched the partial LC3 lipidation reported above (Fig. 1h).
Other Bcl-2 family members, including Bax and Bcl—XL, did not

19,20
>
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differ in expression between fed and fasted mice as well as between
control and knockout mice, whereas Bcl-2 protein abundance was
increased only in fasted Col6al~/~ tibialis anterior (Supplementary
Fig. 2e). Bcl-2 has been shown to inhibit the autophagic function
of beclin-1, a component of the class IIT phosphoinositide 3-kinase
(PI3K) complex necessary for autophagosome formation®2!. Because
beclin-1 plays a key part in autophagy?, we investigated its expres-
sion in wild-type and knockout muscles. Under fed conditions,
beclin-1 protein amounts were lower in Col6al~/~ diaphragm when
compared to wild-type diaphragm (Fig. 1h). Starvation led to a
marked increase of beclin-1 protein levels in both diaphragm and
tibialis anterior of wild-type animals (Fig. 1h). Notably, the levels
of mRNA encoding for beclin-1 (Becnl) were similar in fed and
starved tibialis anterior (Supplementary Fig. 2f), suggesting that
variations of beclin-1 levels in muscle may primarily rely on protein
stability. Conversely, Col6al~'~ diaphragm and tibialis anterior did
not show any substantial increase of beclin-1 protein after 24-h fast-
ing (Fig. 1h). Vps34 protein, the class III PI3K of the PI3K-beclin-1
complex!'3, was upregulated in Col6al~/~ diaphragm but not
in Col6al™'~ tibialis anterior after 24-h fasting (Supplementary
Fig. 2g,h). These data indicate that Col6al~/~ muscles have an
imbalance of proteins actively involved in the autophagic process
and suggest that complete activation of autophagy requires a proper
induction of beclin-1 and Bnip3.
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Figure 2 Prolonged starvation induces autophagy in Co/6al~'~ mice. (a) Western blot for LC3, beclin-1 and Bnip3 in diaphragm (left) and tibialis
anterior (right) of fed and 30-h-fasted mice. (b) Densitometric quantification of Bnip3 (top) and beclin-1 (bottom) after western blotting of diaphragm
(left) and tibialis anterior (right) (***P < 0.001; *P < 0.05, n = 3). Error bars indicate s.e.m. (c) gRT-PCR analysis of Bnip3 mRNA in tibialis anterior
of fed and 30-h—fasted mice (*P < 0.05; n=7). Error bars indicate s.e.m. (d) Immunoblot analysis for Akt and 4E-BP1 phosphorylation in diaphragm
(left) and tibialis anterior (right) of fed and 30-h—fasted mice. The right graphs show the densitometric quantification of the western blots for

p-Akt. (***P < 0.001; *P < 0.05; n= 3). Error bars indicate s.e.m. (e) Quantification of myofibers containing autophagic vesicles in diaphragms

of 30-h—fasted mice (***P < 0.001; n= 5, each group). Error bars indicate s.d. (f) Immunogold labeling of LC3 in 30-h—fasted Co/6al~'~ diaphragm.
LC3 labeling (black dots marked by arrowheads) is associated with the membrane of an autophagosome containing a mitochondrion (mit). Scale bar,
300 nm. (g) Fluorescence microscopy of tibialis anterior cryosections from wild-type and Co/6al~'~ mice transfected with YFP-LC3 and starved for 30 h.

LC3 puncta (arrowheads) are indicated. Scale bar, 50 um.
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Next, we investigated the signaling pathways involved in
autophagy regulation. In skeletal muscle, autophagy and Bnip3
expression are regulated by the Akt-forkhead box protein O3 axis,
a pathway that also regulates the atrophy-related ubiquitin ligase
atrogin-1 (ref. 22). Similarly to Bnip3, upregulation of atrogin-1 was
impaired in fasted Col6al~/~ tibialis anterior, whereas induction of
muscle RING-finger protein-1, another atrophy-related ubiquitin
ligase that is under nuclear factor-xB control, was unaffected
(Supplementary Fig. 2i). These findings suggest there is abnormal
Akt signaling in fasted Col6al~/~ muscles, and, indeed, starvation
induced dephosphorylation of Akt in wild-type but not Col6al~/~
tibialis anterior (Fig. 1j and Supplementary Fig. 2j). In agreement
with the abnormal Akt phosphorylation , the mammalian target
of rapamycin pathway, which negatively regulates autophagy®?23,
remained active in fasted Col6al~'~ tibialis anterior, as indicated
by the persistent phosphorylation of eukaryotic translation initia-
tion factor 4E-binding protein-1 (4E-BP1), a downstream target of
this signaling axis (Fig. 1j). Fasted Col6al~'~ diaphragm showed
dephosphorylation of Akt and 4E-BP1, albeit to a lesser extent
than starved wild-type muscles, and this explains why autophagy
is partially activated in diaphragm after 24-h fasting (Fig. 1j and
Supplementary Fig. 2j).

Recent studies have shown that constitutive Akt expression in
wild-type muscle inhibits autophagosome formation!>. To get further
evidence of the impact of abnormal Akt signaling, we investigated
the phenotype of mice expressing a muscle-specific, inducible Akt
transgene, resulting in chronic Akt activation. In agreement with
our findings in Col6al~'~ mice, chronic Akt activation in otherwise

Figure 3 Induction of autophagy ameliorates the dystrophic phenotype.
(a) Electron micrographs of diaphragm from Co/6al~'~ mice in fed
conditions (left) and after 30 h starvation (right). Abnormal mitochondria
(arrowheads) and dilated sarcoplasmic reticulum cisternae (arrows) in
myofibers of the fed Col6al~- mice are indicated. Scale bar, 1 um.

(b) Percentage of myofibers with morphologically altered mitochondria

in diaphragm of fed, 24-h—fasted and 30-h-fasted mice (***P < 0.001;
n =5, each group). Error bars indicate s.d. (c) Mitochondrial response

to oligomycin in myofibers isolated from FDB muscles of fed and

fasted mice. Where indicated, 6 uM oligomycin (arrow) or 4 uM of the
protonophore carbonylcyanide-p-trifluoromethoxyphenyl hydrazone (FCCP)
(arrowhead) were added. Each trace represents the tetramethylrhodamine
methyl ester (TMRM) fluorescence of a single fiber. The fraction of
myofibers with depolarizing mitochondria is indicated for each condition,
where fibers are considered as depolarizing when they lose more than
10% of initial value of TMRM fluorescence after oligomycin addition

(n =5, each group). (d) Quantification of TUNEL-positive nuclei in
diaphragm (left) and tibialis anterior (right) of fed, 24-h—fasted and
30-h—fasted mice (***P < 0.001, **P< 0.01, *P< 0.05; n=5,

each group). Error bars indicate s.e.m.

wild-type mice led to decreased Bnip3 and beclin-1 protein
amounts and resulted in a dystrophic phenotype characterized by
p62 aggregates, vacuolated fibers and centrally located myonuclei
(Supplementary Fig. 3). These findings support a role for the persist-
ence of Akt activation in autophagy inhibition and in the development
of the dystrophic phenotype in Col6al™~ mice.

Because 24-h fasting was not sufficient to trigger a robust Akt
dephosphorylation and full activation of autophagy in Col6al~'~
muscles, we investigated whether prolonged starvation could reacti-
vate the autophagic process and confer some beneficial effects on
the dystrophic phenotype. Starvation for 30 h triggered LC3 lipi-
dation and increased beclin-1 and Bnip3 protein amounts in both
diaphragm and tibialis anterior of Col6al~'~ mice (Fig. 2a,b and
Supplementary Fig. 4a,b). Bnip3 mRNA levels were also increased
by 30-h fasting, whereas Becnl transcripts were unaffected
(Fig. 2c and Supplementary Fig. 4c). Similarly, Vps34 was induced
in Col6al~/~ muscles (Supplementary Fig. 4d,e). As with 24-h
fasting, Bcl-X; and Bax expression did not change between wild-
type and Col6al~'~ muscles, whereas the Bcl-2 protein amount was
increased in 30-h—fasted Col6al~/~ tibialis anterior (Supplementary
Fig. 4f). Therefore, high expression of Bcl-2 did not prevent reactiva-
tion of autophagy in Col6al~/~ mice. Prolonged starvation attenu-
ated the differences between wild-type and Col6al~'~ muscles in
the phosphorylation of Akt (Fig. 2d). Atrogin-1 mRNA expression
was induced in 30-h-fasted Col6al™'~ mice (Supplementary
Fig. 4g). Detection of LC3-positive vesicles by fluorescence micros-
copy in YFP-LC3-transfected fibers and by immunoelectron micros-
copy confirmed that 30-h fasting elicited substantial autophagosome
formation in both wild-type and Col6al~'~ myofibers (Fig. 2e-g and
Supplementary Fig. 4h).

Prolonged starvation resulted in the amelioration of myofiber
abnormalities in Col6al~/~ mice (Fig. 3a). Indeed, Col6al™'~
diaphragms showed a significant rescue of ultrastructural altera-
tions of mitochondria and sarcoplasmic reticulum (Fig. 3a,b and
Supplementary Fig. 4h-j). Moreover, the percentage of FDB myo-
fibers showing mitochondrial depolarization was substantially lower,
and the amount of TUNEL-positive-nuclei in Col6al™'~ muscles
became close to that of control muscles (Fig. 3¢,d). Wild-type mice
showed some degree of muscle alterations after fasting (Fig. 3b-d
and Supplementary Fig. 4h,j), in keeping with the observation that
excessive autophagy contributes to muscle wasting!>2,
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Figure 4 Beclin-1 protein abundance is decreased in muscle biopsies of
subjects with UCMD or Bethlem myopathy, and its expression counteracts
muscle apoptosis in Co/6al~/~ mice. (a,b) Quantification of TUNEL-
positive nuclei in wild-type and Col6al~'- tibialis anterior transfected with
a vector expressing scramble or Becnl shRNA (a) or Bnip3 shRNA (b).
Western blot confirmation of RNAi-mediated knockdown of Becnl and
Bnip3 in tibialis anterior of wild-type mice is included above each set

of graphs (***P < 0.001; **P< 0.01; *P< 0.05; n= 10, each group).
Error bars indicate s.e.m. (c) Fluorescence microscopy of tibialis anterior
cryosections from wild-type and Col/6al~'~ mice transfected with beclin-1
and YFP-LC3 expression vectors and maintained in fed condition.

LC3 puncta (arrowheads) are indicated. Scale bar, 50 um. (d) Right,
quantification of TUNEL-positive nuclei in transfected and nontransfected
myofibers of wild-type and Col6al~'~ tibialis anterior muscle after in vivo
transfection with beclin-1-EGFP expression vector. Transfected fibers
were revealed by fluorescence microscopy (left). Scale bar, 50 um
(***P < 0.001; n= 10, each group). Error bars indicate s.e.m. (e) Western
blot for beclin-1 and Bnip3 in protein lysates of human muscle biopsies
from two healthy (normal) controls (C1, C2), five individuals with UCMD
(UCMD1-5) and four individuals with Bethlem myopathy (BM1-4). Data
are representative of three independent experiments.

Restoration of beclin-1 ameliorates muscle phenotype

To further investigate the contribution of beclin-1 and Bnip3 in the
pathogenesis of Col6al ™'~ muscles, we performed in vivo loss-of-function
experiments. Adult tibialis anterior was transfected with expression
plasmids encoding shRNAs targeting Becnl and Bnip3 transcripts®*.
Becnl knockdown for 2 weeks led to a marked increase in apoptotic
nuclei in myofibers of wild-type mice and completely prevented the
significant decrease of TUNEL-positive nuclei observed in 30-h-fasted
Col6a1~'~ mice (Fig. 4a). Conversely, Bnip3 knockdown for 2 weeks did
not substantially impinge on the incidence of TUNEL-positive nuclei of
wild-type mice and had a minor effect on 30-h-starved Col6al~'~ mice
when compared to Becn1 knockdown (Fig. 4b). Together with the above
findings showing that autophagy flux is impaired in Col6al~/~ muscles,
these data indicate that the inefficient autophagy and subsequent muscle
apoptosis observed in these mice is due to beclin-1 inhibition.

To support the pathogenetic role of beclin-1 deficiency in myofiber
degeneration, we carried out in vivo transfection of tibialis anterior
with an expression construct coding for beclin-1. Transfection of the
beclin-1 construct was able to activate autophagy in both wild-type
and Col6al™'~ muscles, as revealed by concurrent transfection of
YFP-LC3 and formation of LC3-positive puncta (Fig. 4c). Moreover,
beclin-1 overexpression led to a marked decrease of TUNEL-positive
nuclei in myofibers of Col6al~'~ mice, whereas it did not affect wild-
type muscles (Fig. 4d). Therefore, correction of beclin-1 levels in
Col6al~'~ muscle fibers is sufficient to reactivate autophagy and thus
prevent apoptotic degeneration.

To assess whether the findings obtained in the Col6al-null mouse
model also apply to human collagen VI disorders, we investigated
muscle biopsies derived from five subjects with UCMD and four
subjects with Bethlem myopathy (Supplementary Table 1). The
amounts of both beclin-1 and Bnip3 proteins were decreased in sub-
jects with UCMD and Bethlem myopathy when compared to healthy
(normal) controls. Individuals with UCMD had very low beclin-1
levels, whereas individuals with Bethlem myopathy, whose dystrophic
phenotype is milder, showed a less prominent decrease in the amount
of beclin-1, which seemed closer but not identical to amounts in
controls. Bnip3 protein abundance was also lower in samples from
UCMD and Bethlem myopathy individuals compared to those in con-
trols, albeit the reductions are much less prominent than that seen
for beclin-1 abundance between disease samples and controls (Fig. 4e
and Supplementary Fig. 5a).

ARTICLES

2 A b N
IR ROV
Mw S ot MW éqé‘%c\iq%
(kDa) @ & (kDa) & S
60 — w— Beclin-1 0_ ® Bnip3
M Scramble 30— "= W= GAPDH B Scramble 30— ™ W GAPDH
0O Becn1 shRNA N [ Bnip3 shRNA
*k *
€ ® NS 1 e 8
E m £ NS NS
861 s 5 6 1
5 1 = NS
° 3 i
S 4 g 4
< c
o o
g2 5 2
Q a
o o
= =%
<o <o
Fed 30h Fed 30h Fed 30h Fed 30h
wT Col6a1™" wT Col6at™"
(o4 d M Nontransfected fibers
—- Ti fected fib
WT Col6al [ Transfecte |e*rf*
~
£
Ee
5]
Q
k7]
4T NS
c i
)
S2
Q
o
<
0
NN WT  Coleal™"
O OO
MW A A A SV SN SRR
wwa SFL FLIG d& S
B0 — w— - - — — gy - Beclin-1
38:-—— W W e e S e e W e W Bnip3
42—

W ——— —w—— GAPDH

30 W — - - —

Autophagy reactivation ameliorates muscle pathology

Given that prolonged starvation reactivated autophagy and blocked
apoptotic degeneration in Col6al~/~ muscles, we investigated whether
milder and long-lasting dietary regimens were able to activate
autophagy and ameliorate muscle morphology and function. Depletion
of amino acids strongly induces autophagy?>-2”. Conversely, supple-
mentation of protein-free diets with amino acids suppresses muscle
protein degradation through inhibition of autophagy?®. To allow for
a long-term response, we fed mice with a specifically designed low-
protein diet (LPD) (Supplementary Table 2). Four weeks of LPD was
able to ameliorate the dystrophic features of Col6al~/~ mice (Fig. 5a,b
and Supplementary Fig. 6). LPD induced autophagy and did not have
any significant effect on the ubiquitin-proteasome system as shown by
atrogin-1 expression (Supplementary Fig. 6¢). Diaphragm and tibialis
anterior of both wild-type and Col6a 1™/~ LPD-fed mice showed LC3 lipi-
dation and increased beclin-1 and Bnip3 protein amounts, consistent
with the formation of autophagosomes (Fig. 5¢,d and Supplementary
Fig. 6a,b). Activation of autophagy by LPD led to removal of struc-
turally abnormal organelles (Fig. 5b and Supplementary Fig. 6e).
Similarly to prolonged starvation, induction of autophagy by LPD led
to a marked recovery of the dystrophic alterations of Col6al~'~ mice
and produced some muscle alterations in wild-type mice (Fig. 5¢,f and
Supplementary Fig. 6e-g). The percentages of myofibers showing
mitochondrial depolarization and TUNEL positivity were significantly
lower in LPD-fed Col6al~'~ mice compared to Col6al~'~ mice fed with
normal diet and were similar to (or lower than) those observed in LPD-
fed wild-type mice (Fig. 5f and Supplementary Fig. 6g). Autophagy
reactivation also ameliorated the histological features of Col6al~'~
muscles, resulting in a more uniform myofiber size (Supplementary
Fig. 6h). Moreover, long-term induction of autophagy by LPD also
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improved muscle strength of Col6a1~/~ mice, as indicated by the sig-
nificant increase of specific force measured in gastrocnemius muscle
(Fig. 5g and Supplementary Fig. 6i). Thus, reactivation of autophagy
by dietary approaches is sufficient to improve both morphology and
function of Col6al~'~ dystrophic muscles.

Drugs inducing autophagy rescue the dystrophic phenotype

As reactivation of autophagy by dietary restriction showed a
therapeutic potential in Col6al~/~ mice, we further explored this
possibility with pharmacological tools. Rapamycin is a well-known
inducer of autophagy that can be used for in vivo treatments!’.
Treatment of Col6al™'~ mice with rapamycin for 15 d decreased
myofiber degeneration and removed abnormal organelles (Fig. 6a—c
and Supplementary Fig. 7a). Cyclosporin A has been reported to
modulate autophagy”-2>3?, and we previously demonstrated that
this drug rescues the dystrophic phenotype of Col6al™'~ mice by
desensitizing the mitochondrial permeability transition pore®.
Because reactivation of autophagy in Col6al~/~ mice led to a marked
amelioration of the phenotype, we investigated whether treatment
with cyclosporin A would have any effect on autophagy. Notably,
cyclosporin A induced autophagy in Col6al1~/~ muscles, with a con-
comitant block of apoptotic degeneration and recovery of muscle
strength (Fig. 6d-g and Supplementary Fig. 7b-d). Moreover,
cylosporin A treatment restored beclin-1 and Bnip3 induction,
LC3 lipidation and Akt dephosphorylation in 24-h-fasted Col6al~/~
muscles (Fig. 6d and Supplementary Fig. 7e). These data suggest
that the robust beneficial effect of cyclosporin A in collagen VI-
deficient mice is linked to both restoration of mitochondrial func-
tion® and autophagy induction.

DISCUSSION

Previous studies have shown that the muscle pathology of collagen VI-
null mice and humans with UCMD or Bethlem myopathy is strictly
related to ultrastructural alterations of organelles, mitochondrial
dysfunction and spontaneous apoptosis in skeletal muscles®!?. Here
we show that autophagy is impaired in Col6al~/~ muscles and that
the failure of this process has a major role in the pathogenesis of the
dystrophic phenotype, causing accumulation of abnormal organelles
and apoptotic degeneration of muscle fibers. Forced induction of
autophagy is able to reactivate the process, achieving a beneficial
response in Col6al~~ mice. Thus, prompt elimination of defec-
tive organelles is essential to protect Col6al™'~ myofibers from the
harmful consequences of dysfunctional mitochondria and excessive
apoptosis (Supplementary Fig. 8a). Indeed, accumulation of abnor-
mal mitochondria in Col6a1~/~ muscles is associated with oxidative
stress and increased production of reactive oxygen species, which
contribute to trigger apoptotic response3l. Our findings indicate
that a proper autophagic flux is crucial for the clearance of damaged
organelles and the maintenance of muscle homeostasis. Moreover,
we also point out that both defective and excessive autophagy lead to
muscle degeneration, in keeping with the intricate interplay between
autophagic and apoptotic pathways shown in different systems!=332
(Supplementary Fig. 8b). In agreement with our model, muscle-
specific inactivation of autophagy genes results in muscle atrophy
with abnormal organelles®>34,

In certain storage diseases and vacuolar myopathies, a reduced ‘off-
rate’ of autophagy results from mutations of genes coding for proteins
involved in lysosomal function, leading to accumulation of autophagic
vesicles!33%36_ Conversely, our findings suggest that the impaired
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Figure 6 Pharmacological treatments
induce autophagy and ameliorate the 30 -
myopathic phenotype of Col6al~"~ mice.

(a) Quantification of TUNEL-positive nuclei

in diaphragm (left) and tibialis anterior (right)
of wild-type and Col/6al~'~ mice treated with
vehicle (ethanol) or with rapamycin (Rap)

for 15d (***P<0.001; *P<0.05; n=5,
each group). Error bars indicate s.e.m.

(b) Representative micrographs of a transverse
section of diaphragm from untreated (left)
and rapamycin-treated (right) Co/6al~'~ mice. 0
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autophagic flux of collagen VI dystrophic muscles results from a
decreased ‘on-rate, with defective formation of autophagosomes.
Indeed, we have found that amounts of two major autophagic
effector proteins, beclin-1 and Bnip3, are reduced in Col6al~'~
muscles. Although Bnip3 induction is sufficient to trigger autophagy'>,
our data suggest that the concomitant beclin-1 upregulation is
required for a proper autophagy induction. Thus, beclin-1 seems to
be necessary and sufficient for basal autophagy and for its correct
induction, whereas Bnip3 is able to trigger autophagy in the presence
of appropriate protein levels of beclin-1.

The demonstration that muscles of Col6al™'~ mice are character-
ized by inefficient autophagy has a major impact on the understand-
ing of the pathogenesis of collagen VI muscular dystrophies. Muscle
biopsies of subjects with UCMD and Bethlem myopathy show reduced
protein amounts of beclin-1 and Bnip3. Notably, forced reactivation
of autophagy in the mouse model by nutritional and pharmacologi-
cal approaches is able to rescue the morphological and functional
aspects of the dystrophic phenotype. This opens new possibilities
for targeted therapeutic approaches aimed at combating muscle loss
in UCMD and Bethlem myopathy that add to desensitization of the
mitochondrial permeability transition pore through cyclophilin D
inhibition!%-37-38,

In more general terms, our results support a view that points at
the activators of autophagic process and at clearance systems as new
therapeutic targets for avoiding accumulation of toxic molecules
and damaged organelles in skeletal muscle. Moreover, the finding

WT  Col6al™"

WT  Colal™" Vehicle CsA

that modulation of autophagy through various nutritional and
pharmacological treatments is beneficial for collagen VI dystrophic
muscles paves the way for investigating autophagy defects in other
muscular dystrophies.

METHODS
Methods and any associated references are available in the online version
of the paper at http://www.nature.com/naturemedicine/.

Note: Supplementary information is available on the Nature Medicine website.
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ONLINE METHODS

Mice. We backcrossed Col6al*/~ mice in the inbred C57BL/6] strain (Charles
River) for eight generations®. We performed all experiments in 16- to 24-week-
old mice and compared age-matched Col6al~'~ (collagen VI-null) and Col6al*/*
(wild-type) mice. We housed mice in individual cages in an environmentally
controlled room (23 °C, 12-h light-dark cycle) and provided food and water
ad libitum. For starvation experiments, we removed chow in the morning and
maintained mice for 6-30 h with no food but free access to water. We fed mice
with either SD (Laboratorio Dottori Piccioni) or LPD (TestDiet) (Supplementary
Table 2). Muscle-specific inducible Akt-ER-Cre transgenic mice were previously
described!>, and we achieved transgene activation by tamoxifen administration
in the chow (Harlan). Mouse procedures were approved by the Ethics Committee
of the University of Padova and authorized by the Italian Ministry of Health.

Drug treatments. We subjected wild-type and Col6al~'~ mice to intraperitoneal
injection with either chloroquine diphosphate (50 mg per kg body weight; Sigma)
every 24 h for 10 d; cyclosporine A (5 mg per kg body weight; Novartis) every
12 h for 4 d or 10 d or rapamycin (2 mg per kg body weight; LC Laboratories)

every 24 h for 15 d.

Muscle in vivo transfection. We performed in vivo transfection experiments by
intramuscular injection of expression plasmids in tibialis anterior followed by
electroporation as previously described??. We used the following expression con-
structs: YFP-LC3 (ref. 39), beclin-1-EGFP*? and beclin-1. For the preparation
of the beclin-1 expression construct, we amplified Becnl cDNA by PCR from
the beclin-1-EGFP plasmid using primers 5-CTATGGAGGGGTCTAAGGC-3’
(forward) and 5-TCACTTGTTATAGAACTGTGAGG-3" (reverse) and
cloned the amplified sequence into the HindIII and Xbal sites of the pcDNA3.1
(Invitrogen) expression vector. We carried out RNAi-mediated knockdown by
transfection of sShRNA constructs targeting Map1lc3b (ref. 15), Bnip3 (ref. 15)
and Becnl. For Becnl, we used a commercial kit containing oligonucleotides
against Becn1 target sequences and the BLOCK-IT Pol II miR RNAi expression
vector (Invitrogen).

Gene expression analyses. We prepared total RNA from skeletal muscle with
the Promega SV Total RNA Isolation kit. We generated cDNA products with
SuperScript III reverse transcriptase (Invitrogen) and analyzed them by qRT-
PCR with the QuantiTect SYBR Green PCR kit (Qiagen). We normalized all data
to Gapdh expression. Oligonucleotide primers used for gRT-PCR are listed in
Supplementary Table 3.

Fluorescence microscopy and transmission electron microscopy. We fixed
muscle cryosections with ice-cold 4% paraformaldehyde, mounted the samples
with Fluorescence Mounting Medium (DAKO) and examined them on a
Leica DM5000B fluorescence microscope. For electron microscopy, we fixed
and stained stretched diaphragms as previously described’. For statistical ana-
lysis, we studied at least 1,000 muscle fibers, obtained from two levels of three
different tissue blocks for each diaphragm. We considered positive fibers pre-
senting at least one mitochondrion with abnormal cristae or a portion of dilated
sarcoplasmic reticulum. We performed immunoelectron microscopy accord-
ing to previously published protocols*!. We etched ultrathin sections with 3%
sodium alcholate, treated them with 10% H,0, and incubated them overnight
with LC3-specific antibody (LB 100-2220, Novus Biologicals). We visualized the
antibody binding by incubation with 15-nm colloidal gold-conjugated secondary
antibody (Amersham).

Western blotting. We pulverized mouse frozen muscles and human muscle
biopsies by grinding in liquid nitrogen, and we lysed and immunoblotted the
samples as previously described??. When needed, we stripped and reprobed

membranes. We used antibodies from Cell Signaling Technologies specific
for the following proteins: 4E-BP1 (9452), phospho-4E-BP1 (Thr37 and
Thr46) (2855), AMPK (2532), phospho-AMPK (Thr172) (2531), Akt (9272),
phospho- Akt (Ser473) (4058), Bcl-X| (2764), beclin-1 (3738), caspase-3 (9665),
caspase-9 (9504), LC3 (2775), S6 (2212), phospho-S6 (Ser240 and Ser244) (2215).
Antibodies to Bnip3 (B7931) and Vps34 (V9764) were from Sigma. Antibodies
to Bax (sc-493) and TOM20 (sc-11415) were from Santa Cruz. Antibodies to
Bcl-2 (610539) and calnexin (610523) were from BD Transduction Laboratories.
Antibody to p62 (GP62-C) was from Progen. Antibody to GAPDH (MAB374)
was from Chemicon International. We performed western blots in at least three
independent experiments. We carried out densitometric quantification by the
Image] software (US National Institutes of Health).

Isolation of skeletal myofibers and measure of mitochondrial membrane
potential. We isolated muscle fibers from FDB muscle, and we measured mito-
chondrial membrane potential by epifluorescence microscopy on the basis
of the accumulation of TMRM fluorescence, as previously described®37. We
considered fibers as depolarizing when they lost more than 10% of the initial
value of TMRM fluorescence. We performed imaging with a Zeiss Axiovert 100
TV inverted microscope equipped with a 12-bit digital cooled charge-coupled
device camera (Micromax, Princeton Instruments). We analyzed the data with
MetaFluor imaging software (Universal Imaging).

Terminal deoxynucleotidyl transferase dUTP nick end labeling. We prepared
sections (7-wm thick) from diaphragm, after fixation with 4% paraformaldehyde
and paraffin embedding, and from tibialis anterior muscles frozen in isopentane.
We performed TUNEL assays with the ApopTag peroxidase in situ apoptosis
detection system (Chemicon)®3”. For transfected muscles, we determined the
number of TUNEL-positive nuclei in randomly selected fields by considering,
separately, transfected and nontransfected fibers.

Muscle mechanics. We carried out in vivo determination of force and contrac-
tion kinetics of gastrocnemius muscle as previously described*2.

Human samples. We froze muscle biopsies of children and adults in isopen-
tane. Details on subjects included in the study are provided in Supplementary
Table 1. All subjects provided informed consent and were previously diagnosed
with UCMD and Bethlem myopathy according to the criteria of the European
NeuroMuscular Center> and by genetic analysis, which showed mutations in
any of the COL6A1, COL6A2 and COL6A3 genes.

Statistical analyses. We expressed data as means * s.e.m. or as means * s.d.
We determined statistical significance by unequal variance Student’s ¢ test (for
TUNEL assay), equal variance Student’s ¢ test (for qRT-PCR and muscle mechan-
ics) and Mann-Whitney test (for electron microscopy). A P value of less than
0.05 was considered statistically significant.
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CORRIGENDA

Corrigendum: Autophagy is defective in collagen VI muscular dystrophies,
and its reactivation rescues myofiber degeneration

Paolo Grumati, Luisa Coletto, Patrizia Sabatelli, Matilde Cescon, Alessia Angelin, Enrico Bertaggia, Bert Blaauw, Anna Urciuolo,
Tania Tiepolo, Luciano Merlini, Nadir M Maraldi, Paolo Bernardi, Marco Sandri & Paolo Bonaldo
Nat. Med. 16, 1313-1320 (2010); published online 31 October 2010; corrected after print 2 March 2011

In the version of this article initially published, the affiliation of two of the authors was incorrectly listed. The Institute of Medical Genetics-National
Research Council, Bologna, Italy should have been listed as the Institute of Molecular Genetics, National Research Council, ¢/o Rizzoli Orthopaedic
Institute, Bologna, Italy. The error has been corrected in the HTML and PDF versions of the article.
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