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Suppression of autophagy in skeletal muscle
uncovers the accumulation of ubiquitinated
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The role of autophagy, a catabolic lysosome-dependent pathway, has recently been recognized in a variety of
disorders, including Pompe disease, the genetic deficiency of the glycogen-degrading lysosomal enzyme
acid-alpha glucosidase. Accumulation of lysosomal glycogen, presumably transported from the cytoplasm
by the autophagic pathway, occurs in multiple tissues, but pathology is most severe in skeletal and cardiac
muscle. Skeletal muscle pathology also involves massive autophagic buildup in the core of myofibers. To
determine if glycogen reaches the lysosome via autophagy and to ascertain whether autophagic buildup
in Pompe disease is a consequence of induction of autophagy and/or reduced turnover due to defective
fusion with lysosomes, we generated muscle-specific autophagy-deficient Pompe mice. We have demon-
strated that autophagy is not required for glycogen transport to lysosomes in skeletal muscle. We have
also found that Pompe disease involves induction of autophagy but manifests as a functional deficiency
of autophagy because of impaired autophagosomal-lysosomal fusion. As a result, autophagic substrates,
including potentially toxic aggregate-prone ubiquitinated proteins, accumulate in Pompe myofibers and
may cause profound muscle damage.

INTRODUCTION

Macroautophagy (hereafter called autophagy) is an evolu-
tionarily conserved degradative pathway by which long-lived
intracellular proteins and organelles are delivered to the
lysosome for destruction and recycling. During this process,
a double-membrane vesicle called an autophagosome develops
around a portion of the cytoplasm and organelles, such as
mitochondria. The outer autophagosomal membrane fuses
with the lysosomal membrane resulting in the delivery of the
inner vesicle into the lumen of the lysosome. Within the lyso-
some, the autophagic cargo is broken down by hydrolases, and
the resulting molecules are recycled (reviewed in 1-3). Autop-
hagy is involved in the cellular response to starvation, cellular
differentiation, cell death, aging, cancer and neurodegenerative

diseases. Since the lysosomes are the final destination of the
autophagic pathway, it is not surprising that this pathway
has also been implicated in several lysosomal storage dis-
orders (4-7), including Pompe disease (glycogen storage
disease type II, GSDII), a deficiency of the glycogen-
degrading lysosomal enzyme acid-alpha glucosidase (GAA).

The deficiency of this enzyme results in the failure to meta-
bolize lysosomal glycogen to glucose leading to progressive
accumulation of glycogen and the enlargement of lysosomes
in multiple tissues. Cardiac and skeletal muscles are the major
tissues affected by the storage. Both severe cardiomyopathy
and skeletal muscle myopathy are observed in patients with
complete or near complete enzyme deficiency. Affected
infants usually die within the first year of life. In patients with
milder late-onset forms, cardiac muscle is spared, but slowly
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progressive skeletal muscle weakness eventually leads to pre-
mature death due to respiratory insufficiency (8).

Pompe disease itself and the basic biochemistry of the
genetic defect have been known for decades, but the mechan-
ism of profound muscle damage has remained unclear. The
accumulation of glycogen, presumed to be transported to the
lysosomes via the autophagic pathway, is not limited to
the lysosomes in skeletal muscle, but is also found in autophagic
vacuoles containing cytoplasmic degradation products (8,9). We
have demonstrated that the great extent of autophagy and its role
in muscle damage make the autophagic process a critical player
in the pathogenesis of Pompe disease. Our findings in both
humans and GAA knockout mice (GAA KO) revealed the pre-
sence in the core of muscle fibers of huge non-contractile
inclusions containing cellular debris, fragmented mitochondria,
remnants of lysosomal membranes and a large number of
autophagosomes (10,11). In the GAA KO these inclusions
are limited to muscles rich in glycolytic fast fibers and appear
to be responsible for the disappointing response to enzyme
replacement therapy (ERT) with recombinant human enzyme
(12,13). This enzyme (alglucosidase alfa, Myozyme®,
Genzyme Corp. Framingham, MA) has recently become avail-
able for ERT in Pompe patients.

To determine if glycogen reaches the lysosome via autop-
hagy and to establish if autophagic buildup in Pompe disease
is a consequence of an induction of autophagy and/or impaired
resolution of autophagosomes due to defective fusion with lyso-
somes, we have generated muscle-specific autophagy-deficient
Pompe mice. We have found that the transport of glycogen
from the cytoplasm to lysosomes does not require autophagy.
We also demonstrated that autophagy is upregulated in both
slow (type I) and fast (type II) fibers in the GAA KO, but
only in fast fibers is there also inefficient disposal of autophagic
cargo and the accumulation of ubiquitin-positive bodies, puta-
tive mediators of muscle damage. In addition, suppression of
autophagy in the wild-type (WT) control mice allowed us to
explore the role of this pathway in normal muscle, of which
little is yet known. Here we demonstrate that the consequences
of loss of autophagy in normal muscle are dependent on fiber
type, indicating that autophagy fulfills different purposes in
the diverse fiber types.

RESULTS

Generation of skeletal muscle-specific autophagy-deficient
GAA KO mice

We generated muscle-specific autophagy-deficient mice on the
GAA KO background (AD-GAA KO); these mice contain a
Cre recombinase transgene under the control of the human
skeletal actin promoter (HSA-Cre) and an Atg5 gene, in
which exon 3 is flanked by /loxP sites (Atg5§"X/ M. The
HSA promoter drives the expression of Cre recombinase in
both fast and slow muscle fibers resulting in muscle-specific
inactivation of Arg5, a critical gene in autophagosome for-
mation (14). The need for tissue-specific suppression of auto-
phagy is justified by the fact that mice with global deletion of
autophagic genes (A7g5 or Atg7) die soon after birth (15,16).

Of note is the fact that in the GAA KO mice, the GAA4 gene,
which is disrupted by a neo cassette in exon 6 (6"/ 6"),

contains two /oxP sites in introns 5 and 6 (17). The expression
of Cre recombinase would therefore remove exon 6 (A6) and
the neo from the GAA gene in skeletal muscle. We have
previously demonstrated that in homozygous A6/A6 mice, patho-
logical and biochemical changes in skeletal muscle are indistin-
guishable from those in the 6"¢°/6"° mice (17). Nevertheless,
to obtain the most adequate control we have generated GAA
KO mice, in which Cre recombinase, driven by the HSA promo-
ter, is expressed in the muscle, resulting in the removal of exon 6
of the GAA gene specifically in the muscle but not in other tissues.
WT mice and muscle-specific Atg5-deficient mice ona WT back-
ground (AD-WT) served as additional controls; the data concern-
ing the AD-WT mice will be discussed in a separate section.

The suppression of autophagy in the skeletal muscle was
evaluated by the level of a specific autophagosomal marker,
LC3-II. The microtubule-associated protein 1 light chain 3
(LC3), the mammalian homologue of the yeast autophagoso-
mal marker, Atg8, exists as a soluble form, LC3-I, which is
modified into the PE (phosphatidylethanolamine)-conjugated
form LC3-IT (18). Conversion of the soluble LC3-I to the
membrane associated LC3-II form is an Atg5-dependent
process (19,20). In AD-GAA KO only the LC3-I form is
present, indicating complete suppression of autophagy in the
skeletal muscle in these mice (Fig. 1A).

Suppression of autophagy in the skeletal muscle does not
significantly affect the level of glycogen accumulation,
but exacerbates the phenotype of the GAA KO mice

In the WT, a negligible amount of glycogen was detected in
skeletal muscle by a biochemical assay, 0.26 + 0.30% wet
weight (n=17). The levels of accumulated glycogen were
comparable in fast (white gastrocnemius) muscle from 4- to
7-month-old AD-GAA KO and GAA KO; 4.0 + 2.6% wet
weight (n =34) and 5.0 + 2.8% (n = 36), respectively. The
same was true of slow (soleus) muscle; AD-GAA KO 9.7 +
2.9% wet weight (n = 9), GAAKO 7.8 + 2.8% (n = 8). Consist-
ent with these data, histological examination of muscle samples
from AD-GAA KO mice revealed multiple PAS-positive struc-
tures similar to those observed in GAA KO mice, indicating
that inactivation of autophagy does not prevent lysosomal
accumulation of glycogen (Fig. 1 B, shown for fast muscle).
Despite the similar level of glycogen accumulation in GAA
KO and AD-GAA KO, the AD-GAA KO develop a more
severe phenotype (Fig. 1B). Like GAA KO, AD-GAA KO are
born normal, but at the age of 2—3 months they already show
clear signs of lower back muscle weakness and distinct kyphosis.
By the age of 4—5 months the AD-GAA KO mice exhibit severe
muscle wasting, profound kyphosis, a waddling gait and growth
retardation. The symptoms progress rapidly, and by the age of
6—7 months these mice breathe with difficulty, drag their hind
limbs in a splayed fashion while walking, cannot lift their
bellies off the ground, lose tail strength, and develop a near
paralysis of hind limbs. At this stage the AD-GAA KO mice
require daily observation and many begin to die. By 8-10
months, the surviving mice are euthanized to prevent suffering.
In contrast, the GAA KO mice remained phenotypically normal
up to 8—9 months of age, after which point they develop the first
clinical signs of muscle wasting consistent with the results
reported previously for the GAA 6"°°/6"° (17). In the wire-hang
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Figure 1. Generation and characterization of muscle-specific AD-GAA KO
mice. (A) Western blotting of protein lysates from gastrocnemius muscle of
3-month-old mice with LC3 antibody. Lane 1: WT; Lane 2: GAA KO;
Lane 3: AD-GAA KO. The absence of LC3-1I in AD-GAA KO indicates an
efficient suppression of autophagy (dozens of mice were analyzed for the sup-
pression of autophagy). (B) PAS-stained sections of gastrocnemius muscle
from 5-month-old WT, GAA KO and AD-GAA KO; PAS-positive material
(small dots) is seen in both GAA KO and AD-GAA KO. Centrally located
‘holes” found in the GAA KO, but not in the AD-GAA KO fibers represent
areas of autophagic buildup (arrows). Magnification: 335x. A 4.5-month-old
AD-GAA KO mouse shows profound muscle wasting.

task, AD-GAA KO performed less well than GAA KO;
AD-GAA KO were able to maintain their hold for an average
of 26.5 s, whereas GAA KO held on for an average of 36.1 s
(P = 0.035). Both performed significantly less well than WT
(average 201.5 s) (P < 0.001).

These changes correlate well with greater muscle atrophy
of AD-GAA KO compared with GAA KO, as demonstrated by
the significant reduction of the cross-sectional area of myofibers
(P < 0.05). GAA KO and AD-GAA KO fibers are both more
atrophic compared with the WT (P <0.001); WT 582 +
227 pm® (n=196); GAA KO 369 + 116 um* (n = 252);
AD-GAA KO 286 + 145 pum? (n = 273).

The AD-GAA KO mice are significantly smaller than the
GAA KO at the age of 5-7 months: 19.9 + 3.7 g (n = 10)
and 25.0+3.6g (n=10) (P=0.03), respectively. In
younger, 4—5-month-old mice the difference is not significant:
24.0 +3.5g (n=7) for the AD-GAA KO and 26.7+35¢g
(n = 6) for the GAA KO. The weights of the GAA KO and
AD-GAA KO are significantly lower than the WT at all
ages tested (P < 0.05).

Muscle atrophy in either GAA KO or AD-GAA KO is not
associated with the common transcriptional program of
changes identified in atrophying muscles

It has been shown that muscle loss in different systemic disorders,
including cancer, diabetes mellitus, and in multiple models of
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skeletal muscle atrophy is associated with transcriptional
activation of a number of genes termed atrophy-related genes
(21,22). In order to determine if these genes are activated in
the muscle atrophy in Pompe disease, we selected and monitored
by RT-PCR two highly upregulated muscle-specific ubiquitin
ligases, atrogin-1/MAFbx and Murfl, as well as the upstream
activator FoxO/ and a lysosomal hydrolase Cathepsin L. No acti-
vation of any of these genes was detected in GAA KO or the
AD-GAA KO. In fact, Atrogin was downregulated up to 3-fold
in two of four GAA KO animals, and downregulated up to
2-fold in two of five AD-GAA KO animals. Murf and Cathepsin
L were consistently unchanged in both GAA KO and AD-GAA
KO animals compared with WT (n = 5 for each group). FoxO1
was downregulated up to 5-fold in two of five GAA KO and in
one of seven AD-GAA KO animals. Western analysis revealed
no difference in the levels of FoxO3 in GAA KO and
AD-GAA KO compared with WT (data not shown). These
data indicate that the common program of atrophy is not
engaged in Pompe disease and, therefore, there must be a differ-
ent mechanism of muscle wasting in this disorder.

Suppression of autophagy in the skeletal muscle of
GAA KO (AD-GAA KO) reveals a buildup of endocytic
vesicles in the core of fast muscle fibers

We have previously shown that large areas of non-contractile
cellular debris containing numerous LC3-positive auto-
phagosomes (which we refer to as autophagic buildup)
accumulate in the core of fast GAA KO fibers. As expected,
LC3-positive structures were not seen in fast fibers of the
AD-GAA KO. Surprisingly, there was still buildup in the
core of the myofibers, now composed primarily of clustered
LAMP-1-positive vesicles (Fig. 2A). Double staining of
single myofibers with LAMP-1 and cation-independent
mannose 6-phosphate receptor (CI-MPR) identified these struc-
tures as lysosomes (LAMP-positive/CI-MPR-negative) and late
endosomes (LAMP-1/CI-MPR double-positive) (Fig. 2B).

Consistent with these data, electron microscopy showed
accumulation of multiple vesicles surrounding the expanded
glycogen-filled lysosomes. Some of these vesicles contained
internal vesicles, which identified them as late endosomes,
also called multi-vesicular bodies (Fig. 2C and D). The
data indicate that a subset of clustered, centrally located, dys-
functional glycogen-filled lysosomes in fast fibers of the
AD-GAA KO is unable to fuse with endosomes. It is there-
fore reasonable to assume that a similar subset of lysosomes
in the GAA KO would also be unable to fuse with auto-
phagosomes, leading to the observed autophagic buildup.
The consequence of this situation would be a reduction
in the turnover of autophagosomes and their substrates.
To test this hypothesis we have looked at the levels of
autophagic substrates, such as ubiquitinated proteins and
P62/SQSTMI (23-25).

Accumulation of ubiquitinated (Ub) proteins and
P62/SQSTM1 in GAA KO and AD-GAA KO

Immunoblotting showed increased levels of high molecular mass
Ub-proteins in fast gastrocnemius muscle of the GAA KO, indi-
cating that there is a failure of autophagosomal—lysosomal
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Figure 2. Buildup of late endocytic vesicles in fast (psoas) fibers from
AD-GAA KO. (A) Single fiber stained for LAMP-1 (LP). Arrowhead points
to an enlarged lysosome. Bar: 10 um. (B) Single fiber stained for CI-MPR
(MPR) and LAMP-1. Bar: 10 pm. (C and D) Electron microscopy shows
intermyofibrillar accumulations of enlarged glycogen-filled lysosomes (arrow-
head), clusters of vesicles and inclusions (*). These inclusions likely represent
polyubiquitinated protein aggregates (see text and Fig. 4). Some vesicles have
the typical morphology of multi-vesicular bodies (right panel in D).
Bars: 500 nm.

fusion and a block in autophagosomal turnover—in other words,
a functional deficiency of autophagy (Fig. 3A). In the AD-GAA
KO, in which there is no autophagy, even more Ub-proteins were
detected in both soluble and non-soluble fractions (Fig. 3A).
Both FK2 (recognizes both mono- and poly-ubiquitinated pro-
teins) and FK1 (recognizes only polyubiquitinated proteins) anti-
bodies showed a similar pattern on western blots, indicating that
at least some (or possibly all) proteins are polyubiquitinated
(shown for FK2 in Fig. 3). The accumulation of Ub-proteins in
the GAA KO preceded the development of clinical symptoms
and increased with age; this increase was most dramatic for non-
soluble proteins, suggesting that the formation of Ub-positive
protein aggregates parallels the progression of the disease
(Fig. 3B).

Immunostaining of isolated fibers for ubiquitin revealed a
dramatic difference in the distribution of Ub-positive struc-
tures in the GAA KO and AD-GAA KO. In the GAA KO,
inclusions of Ub-proteins were limited to the regions of the
autophagic buildup and often located within the LC3-positive
autophagosomes (Fig. 4, top panel). In contrast, in the
AD-GAA KO, these inclusions were dispersed throughout
the fibers, often located next to the lysosomes (Fig. 4
AD-GAA KO, immunostaining), and were identifiable by
EM as large irregular non-membrane bound filamentous
structures (Fig. 4 AD-GAA KO, EM). The confinement of
the inclusions to the regions of autophagic buildup in fast
GAA KO muscle fibers indicates that the functional deficiency
of autophagy is local.
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Figure 3. Accumulation of Ub-proteins in fast (gastrocnemius) muscle of
GAA KO and AD-GAA KO. Muscle lysates, prepared as detergent (Triton
X-100)-soluble and -non-soluble fractions, were analyzed by immunoblotting
with anti-ubiquitin (FK2) antibody. (A) Muscle samples were taken from
~4-month-old WT, GAA KO and AD-GAA KO mice. High molecular
mass Ub-proteins are marked by a bracket. Data shown are representative of
at least four independent experiments. (B) Age-dependent accumulation of
soluble and non-soluble Ub-proteins in muscle from young (6-week-old; I)
and old (10-month-old; IT) GAA KO. For each time point and each genotype,
three mice were used.

Immunostaining of fast GAA KO fibers for P62/SQSTMI,
an autophagic substrate that links Ub-proteins to auto-
phagosomes (25—27), revealed accumulation of this protein
only in the regions of the autophagic buildup in the core of
the GAA KO fibers (Fig. 5). In contrast, P62-positive struc-
tures in atrophying AD-GAA KO fast fibers were dispersed
throughout the fibers, and their distribution resembled that of
Ub-proteins (Fig. 5). These data provide further evidence of
the local functional deficiency of autophagy in the GAA KO.

Both slow and fast GAA KO muscle exhibit an induction
of autophagy, but in slow muscle fibers there is no
functional deficiency of autophagy

In WT muscle, the abundance of both LC3 forms is higher in
slow than in fast muscle fibers (Fig. 6A). In the GAA KO,
LC3-II, the autophagosomal membrane-associated form,
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AD-GAA KO

Figure 4. Distribution of Ub-proteins in fast (psoas) muscle of GAA KO and AD-GAA KO. Left top panel: GAA KO; single fiber stained for ubiquitin (Ub) and
LAMP-1 (LP) showing the confinement of Ub-positive structures to the area of autophagic buildup (arrow); in contrast, LAMP-1 staining is present throughout
the fiber—in the autophagic area and on the enlarged lysosomes (arrowhead). Bar: 10 wm. Right panel: single fiber stained for Ub and LC3 showing the presence
of Ub-positive structures within LC3-positive autophagosomes. Bar: 10 wm. The EM panel shows autophagic buildup. Bar: 2 wm. Left panel: AD-GAA KO;
single fiber stained for Ub and LAMP-1 showing Ub-positive structures (arrow) dispersed in a linear array throughout the fiber in a repeating pattern of inclusions
flanking lysosomes (arrowhead). Bar: 10 wm. EM (left bottom panel) shows glycogen-filled lysosomes (arrowheads) and an electron-light, irregularly shaped
structure (arrow), which likely represents a Ub-positive inclusion. Bar: 500 nm. At higher magnification (right EM panels) the filamentous inclusions
(arrows) appear very different from the membrane-bound lysosomal glycogen (arrowhead). Bars: 500 nm (top); 100 nm (bottom).

increases dramatically in both fiber types, an indication of an
increase in the number of autophagosomes. In addition, there
is more newly synthesized unprocessed LC3-I form in GAA
KO muscle, an indication of an induction of autophagy
(Fig. 6A).

Unlike fast GAA KO myofibers, however, slow GAA KO
myofibers, which do not exhibit autophagic buildup (10,12),
showed no increase in Ub-proteins as detected by immunoblot
(Fig. 6B) or by immunostaining of single fibers (data not
shown) derived from mice of up to 6 months of age. Thus,

the induction of autophagy, observed in both slow and fast
GAA KO fibers, is accompanied by a functional deficiency
of autophagy—massive autophagic buildup and the accumu-
lation of Ub-proteins—only in fast muscle.

We observed no appreciable increase in the amount of
Ub-proteins in slow fibers in either GAA KO or in
AD-GAA KO up to 6 months of age (Fig. 6B), suggesting
that autophagic flux is complete at this stage of the disease,
but we cannot exclude the possibility that later in life, a func-
tional deficiency could develop.
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Figure 5. Distribution of P62/SQSTM1 protein in fast (psoas) muscle of GAA KO and AD-GAA KO. Single fibers stained for P62 and for LAMP-1 (LP). P62
protein accumulates in the area of autophagic buildup in muscle from GAA KO. In AD-GAA KO P62-positive structures are dispersed throughout the fiber [this
pattern was observed in profoundly atrophic fibers (~50% of the total); the remaining fibers showed no staining for P62]. The recording parameters were opti-
mized for each genotype. The WT P62 image was recorded at a higher gain than the other two images to ensure the absence of cytoplasmic staining. Bar: 10 pm.
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Figure 6. (A) Basal level of autophagy in gastrocnemius and soleus muscles
from WT and GAA KO. Western blotting of protein lysates with LC3 antibody
shows a dramatic increase in the levels of both LC3-I and LC3-1I in GAA KO.
At least five WT and five GAA KO animals were used for these experiments.
(B) Western blotting of protein lysates from soleus (slow) muscle with FK2
antibody. No difference in the levels of Ub-proteins is observed among the
three genotypes in 4-month-old mice. Data shown are representative of at
least three independent experiments.

Suppression of autophagy in WT muscle (AD-WT) results
in low level accumulation of Ub-proteins and altered
distribution of lysosomes in fast muscle fibers

As in the AD-GAA KO, autophagy was completely sup-
pressed in skeletal muscle of the AD-WT (data not shown).
Suppression of autophagy in normal healthy muscle did

not result in any visible clinical abnormalities during the
7 months of observation. These mice performed no worse
than the WT in the wire hang task and had no significant
reduction in weight at 4—6 months of age; 31.6 + 5.6 g for
AD-WT (n=10) and 33.0 + 4.8 g for WT (n = 11).

There was, however, an atrophy of fast AD-WT myofibers
compared with the WT, as shown by the reduction in
the cross-sectional area: 343 + 137 pm® (n=229) and
582 + 227 pm? for AD-WT and WT, respectively (P <
0.05). The atrophy in fast muscle fibers was associated with
an increase in the amount of accumulated autophagic sub-
strates, as demonstrated by immunostaining of isolated fibers
for Ub and P62 (Fig. 7). These data are consistent with the
results obtained in autophagy-deficient brain and liver
(16,23,24). The cytoplasmic inclusions of Ub-proteins in the
AD-WT were similarly distributed but much less numerous
than in AD-GAA KO (compare Fig. 4 and Fig. 7A). In slow
muscle fibers, however, we did not observe an increase in
Ub-proteins in the AD-WT (data not shown), indicating that
the consequences of loss of autophagy in normal muscle are
dependent on fiber type.

Unexpectedly, in fast muscle fibers of the AD-WT, the lyso-
somal size and density appear increased, and the distribution
of the lysosomes and microtubules are strikingly altered com-
pared with the WT: lysosomes and microtubules appear to be
arranged in a more linear fashion than in the WT (Fig. 8). It
has been shown that intact microtubules are essential for
autophagosomal formation and movement (28—30). In an ana-
logous fashion, we show here that intact autophagy is essential
for the normal disposition of microtubules in skeletal muscle.

DISCUSSION

The genetics, biochemistry, clinical presentations, and many
other facets of Pompe disease are very well described, but
important questions have remained unanswered: how is glyco-
gen delivered to the lysosomes; and what is the mechanism of
the profound skeletal muscle damage. The answers to both
of these questions have implications for the proper design of
therapy.

Glycogen has been thought to reach the lysosomes via the
autophagic pathway. This assumption is based on data
showing autophagic delivery of glycogen to the lysosomes
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Figure 7. Accumulation of Ub-proteins and P62 in AD-WT gastrocnemius muscle. Single fibers stained for Ub and LAMP-1 (LP) show a typical Ub pattern
(A) and a rare pattern of large deposits (C) of ubiquitin-positive material. The overall level of Ub-positive staining is much lower than in the AD-GAA KO shown
in Figure 4. The WT Ub image (D) was recorded at a higher gain than the AD-WT images (A and C) to ensure the absence of cytoplasmic staining. (B) EM
shows a filamentous inclusion, which resembles those shown in Figure 4. Bars: 500 nm; 100 nm (inset). (E) Single fiber stained for P62 and LAMP-1 showing

the similarity between P62 and Ub staining patterns. Bars: 10 pm.

Figure 8. Altered distribution of microtubules and lysosomes in AD-WT muscle. Single fibers from fast WT and AD-WT (gastrocnemius) muscle stained for
alpha-tubulin (o tub) and LAMP-1 (LP) showing the realignment of microtubules and lysosomes in AD-WT. Arrowhead points to a string of microtubules and
lysosomes. Bar: 10 wum. EM of fast (psoas) muscle from AD-WT shows vesicular structures in the intermyofibrillar space. The vesicles likely represent lyso-

somes. Bar: 1 pm.

in neonatal tissues (reviewed in 31,32). In this early postnatal
period, when there is a high demand for glucose, ‘glycogen
autophagy’ and lysosomal degradation of glycogen to
glucose constitute a mechanism of supplying this sugar. It
has been suggested that hepatic glycogen autophagy is a selec-
tive and highly regulated process in the newborn. Several

pathways, including the cyclic AMP/cyclic AMP-dependent
protein kinase and the phosphoinositides/TOR pathways are
implicated in the control of this process (33—35). Earlier
studies suggested that autophagic degradation and rapid
mobilization of glycogen not only in liver, but also in skeletal
muscle, is an important source of energy in the first critical
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period of extra-uterine life in newborn rats (36). However,
little is known about the role of glycogen autophagy in adult
animals. We have now demonstrated that the AD-GAA KO
and GAA KO mice contain a comparable amount of glycogen
in muscle, indicating that macroautophagy in muscle is not the
major route of glycogen delivery to the lysosome in adult
animals. This is true of both slow and fast muscles. Microau-
tophagy, the direct transport of substrates to the lysosome by
invagination of the lysosomal membrane, may be a plausible
alternative. Thus, the findings indicate that suppression of
autophagy is not an option for substrate deprivation therapy
in Pompe disease.

The need to expand our understanding of the disease patho-
genesis and the mechanisms of muscle damage in Pompe
disease has become particularly clear in light of the limited
success of the recently developed ERT in reversing pathology
in skeletal muscle (12,13,37). The long-held view of the
pathogenesis is that expansion and rupture of lysosomes
result in the release of glycogen and lytic enzymes into the
cytoplasm, which causes a loss of myofibrils and contractile
function (38,39). However, studies in a mouse model of the
disease (40) have shown that the enlarged lysosomes in skele-
tal muscle cannot adequately account for the reduction in
mechanical performance, and that the presence of large
inclusions containing degraded myofibrils contributes to the
impairment of muscle function (41,42). In another GAA KO
mouse model (17), we showed the enormous extent of these
inclusions in fast muscle fibers, their effect on muscle archi-
tecture, the problem they pose for ERT, and their considerable
autophagic component, justifying the term ‘autophagic
buildup’ (43,44).

It remained unclear, however, whether the increased
number of autophagosomes in fast fibers is the result of an
induction of autophagy, an impairment of autophagosomal—
lysosomal fusion, or a combination of both. Distinguishing
between these two opposite scenarios would greatly influence
the development of therapeutic approaches. We did observe
induction of autophagy in both fast and slow GAA KO
fibers (although more robust in fast fibers) as evidenced by
increased levels of LC3-I and LC3-II compared with WT
levels.

The consequences of the induction of autophagy in the dis-
eased muscle, however, are profoundly different depending on
the fiber type. Counter-intuitively, the induction of autophagy
in fast GAA KO muscle is associated with a functional
deficiency of autophagy. In these fibers, there is also a
problem with the other end of the autophagic process,
namely impaired fusion with the lysosome. Failure to fuse
with lysosomes, referred to as incomplete autophagic flux
(45), results in accumulation of autophagic substrates, such
as potentially toxic Ub-proteins. The accumulation of such
Ub-proteins observed in GAA KO fast fibers is clear evidence
of incomplete autophagic flux. This conclusion is strengthened
by the finding that P62 also accumulates in these fibers.
P62/SQTSM1, a scaffold protein that binds both LC3 and ubi-
quitinated substrates, is itself an autophagic substrate and thus
accumulates only when autophagy is blocked (25,26,46). The
autophagic dead-end in muscle is in effect a functional autop-
hagic deficiency. The deficiency is, however, local and limited
to the core of the fiber, and as such is less detrimental than the

complete genetic deficiency and dispersed cytoplasmic
accumulation of Ub-proteins in the AD-GAA KO fast fibers.
Thus, the additional burden imposed by complete autophagy
deficiency in the AD-GAA KO exaggerates the problem
already present in the GAA KO. The elimination of toxic
Ub-proteins was traditionally assigned exclusively to the pro-
teasomal system, but is now recognized as a critical function
of constitutive autophagy in addition to its major roles in the
cellular responses to starvation or stress (reviewed in
1,47,48). This recognition was made possible by data
showing accumulation of these proteins when autophagy was
suppressed in liver or brain (16,23,24).

Malfunctioning of the endocytic pathway that terminates at
the lysosome is also likely to contribute to the pool of
Ub-proteins in the GAA KO. It has been shown that
Ub-proteins destined for lysosomal degradation are delivered
to this organelle not only by the autophagic, but also by the
endocytic pathways. For example, multiple plasma membrane
proteins and cell surface receptors are mono-ubiquitinated and
sorted into the lumen of multivesicular bodies for delivery to
lysosomes. Lysosomal contribution to the accumulation of
Ub-proteins in GAA KO is supported by the fact that complete
autophagic deficiency in healthy muscle (AD-WT) is much
less harmful than the complete autophagic deficiency com-
bined with abnormal lysosomes (AD-GAA KO). Lysosomal
degradation of cell-surface receptors serves as a mechanism
for transient downregulation of these polypeptides (49-51),
and the failure to efficiently downregulate these molecules in
GAA KO may result in unrestrained signaling with profound
consequences. This possibility needs to be further investigated.

Muscle wasting in GAA KO mice occurs despite the
absence of the transcriptional changes shown to be associated
with muscle atrophy due to a variety of conditions, such as
cancer cachexia, uremia, diabetes, etc. (22,52—56). Thus, the
mechanism of muscle loss in Pompe disease and possibly
other metabolic myopathies is quite distinct from the
‘common atrophy program’ (22).

This distinct mechanism may involve the accumulation of
undegraded aggregate-prone Ub-proteins: in the GAA KO
this pathology is observed before the first clinical symptoms,
but expands with age, paralleling disease progression. It has
been shown that cytoplasmic accumulation of large ubiquitin-
containing aggregates and inclusion bodies in autophagy-
deficient hepatocytes and neurons resulted in severe liver
injury and neurodegeneration (16,23,24). Progressive neuronal
loss in autophagy-deficient neurons was associated with
increase in size and number of these inclusions, suggesting a
strong correlation between the accumulation of the
Ub-proteins and disease severity. In both autophagy-deficient
brain and liver, these inclusions occurred despite the appar-
ently normal proteasome function.

The association of skeletal muscle weakness with the
accumulation of high molecular weight proteins and
Ub-containing protein inclusions has been shown for sporadic
inclusion-body myositis and hereditary inclusion body myo-
pathies (IBM) (57). A similar association has been recently
shown for IBM caused by mutations in valosin-containing
protein p97/VCP (58). In these cases, the accumulation of
the Ub-proteins appears to be a consequence of abnormal
proteasome function.



Finally, accumulation of Ub-proteins due to an autophagic
block is associated with neuronal cell death in a deficiency
of another lysosomal enzyme, multiple sulfatase deficiency
(5), suggesting that abnormal autophagy and toxicity from ubi-
quitinated material may also be a general mechanism of cel-
lular damage not only for metabolic myopathies, but also for
other lysosomal storage disorders.

MATERIALS AND METHODS

The following primary antibodies were used for immunostain-
ing of fixed fibers: rabbit antiserum to bovine CI-MPR (a gift
from Dr Stuart Kornfeld, Washington University School of
Medicine, St Louis, MO); rabbit anti-LC3B (microtubule-
associated protein 1 light chain 3) (Sigma, St Louis, MO);
rat anti-mouse LAMP-1 (Lysosomal-Associated Membrane
Protein 1) (BD Pharmingen, San Diego, CA); mouse
anti-mono- and poly-ubiquitinated conjugates (clone FK2)
and mouse anti-poly-ubiquitinated conjugates (clone FKI;
IgM immunoglobulin subclass) (both from BIOMOL Inter-
national, L.P., Philadelphia, PA); mouse monoclonal anti-alpha
tubulin  (Sigma); rabbit anti-phospho-FKHRL1/FOXO3A
(Upstate, Lake Placid, NY); mouse monoclonal anti-P62/
SQSTM1 (Santa Cruz Biotechnology, Inc., Santa Cruz, CA);
mouse monoclonal anti-GAPDH antibody (Abcam, Cambridge,
MA) served as a loading control. Alexa Fluor-conjugated anti-
bodies (Molecular Probes, Eugene, OR) were used as secondary
antibodies.

Generation of mice

Atg5 conditional knockout mice (24), crossed with transgenic
mice expressing Cre recombinase under the control of human
skeletal actin promoter (HSA) (59) were intercrossed to
produce mice deficient for Atg5 specifically in skeletal muscle
(HSA-Cre:Atg5"/) These muscle-specific autophagy-
deficient mice were then crossed with GAA KO mice to
produce (after several rounds of crossing) GAA KO mice
deficient for Arg5 in skeletal muscle (HSA-Cre:Aig5/ /.
GAA —/—; AD-GAA KO). The AD-GAA KO colony contained
140 mice. The clinical signs of muscle disease were monitored in
approximately 100 mice. Genomic DNA was isolated from tail
clips using iPrep™ ChargeSwitch® gDNA tissue Kit (Invitro-
gen, Carlsbad, CA) according to the manufacturer’s instructions.
The presence of Cre recombinase is indicated by a 400 bp PCR
product made with a primer pair: Cre sense/antisense:
5'ccggtgaacgtgcaaaacagecteta  3'/5 cttcca%ggcgcgagtggatagc
3. The Atg5 wild-type, Atg5"" and A1g5" ™/~ alleles were
detected as described (24). The GAA wild-type, GAA +/— and
GAA—/— alleles were detected as described (17).

Isolation of fixed single muscle fibers and
immunofluorescence microscopy

White gastrocnemius, soleus and psoas muscles were removed
immediately after sacrifice and pinned to Sylgaard-coated
dishes for fixation with 2% paraformaldehyde in 0.1 M
phosphate buffer for 1 h, followed by fixation in methanol
(—20° C) for 6 min. Single fibers were obtained by manual
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teasing. Fibers were placed in a 24-well plate in Blocking
Reagent (Vector Laboratories, Burlingame, CA) for 1 h. The
fibers were then permeabilized, incubated with primary anti-
body overnight at 4°C, washed, incubated with secondary
antibody for 2 h, washed again and mounted in Vectashield
(Vector Laboratories, Burlingame, CA) on a glass slide. The
fibers were analyzed using a Zeiss 510 META confocal micro-
scope. The white part of gastrocnemius and psoas muscles in
mice are a good source of glycolytic fast-twitch type II fibers
(referred to as fast fibers), whereas soleus muscle is a good
source of oxidative slow-twitch type I fibers (referred to as
slow fibers) (60,61). At least three animals from each genotype
were used to obtain single muscle fibers for immunostaining.
For each immunostaining and for confocal analysis, at least
20 fibers were isolated from each of the three muscle groups.

Western blot of muscle tissues

Whole muscle tissues were homogenized in RIPA buffer (PBS
containing 1% NP40, 0.5% Sodium deoxycholate, 0.1% SDS
and the following protease inhibitors: 4 pmol Pefabloc,
10 pwg/mL Leupeptin, 10 pg/mL Aprotinin (Roche Diagnos-
tics, Indianapolis, IN) and 5 pg/mL E64 (Calbiochem,
San Diego, CA). Samples were centrifuged for 30 min at
13000 rpm at 4°C. Alternatively, detergent-soluble and
-insoluble fractions from muscle tissues were obtained as pre-
viously described (24). Protein concentrations of the super-
natants of the total lysates or soluble fractions were
measured using Bio-Rad Protein Assay (Bio-Rad Labora-
tories, Inc., Hercules, CA). Equal amounts of protein were
run on SDS—PAGE gels (Invitrogen) followed by electro-
transfer onto nitrocellulose membranes (Invitrogen). Mem-
branes were blocked in 1:1 PBS and Odyssey Blocking
Buffer (LI-COR Biosciences, Lincoln, NE), incubated with
primary antibodies overnight at 4°C, washed, incubated with
the secondary antibodies, and washed again. Blots were
scanned on an infrared imager (LI-COR Biosciences).

Glycogen measurement and light microscopy

Glycogen concentration in skeletal muscle was evaluated by
measuring the amount of glucose released after treatment of
tissue extracts with Aspergillus niger amyloglucosidase as
described (13). Tissues were fixed in 3% glutaraldehyde
(EM grade, Electron Microscopy Sciences, Hatfield, PA) in
0.2 M Sodium Cacodylate buffer for 4 h at 4°C, washed in
0.1 M Sodium Cacodylate buffer and stored at 4°C in the
same buffer. Samples were then imbedded in paraffin, sec-
tioned and stained with periodic acid-Schiff (PAS) by standard
methods.

Measurement of the cross-sectional area of the fibers

PAS-stained cross-sections from the psoas muscle were used
for the measurements. Bright field images of cross-sections
were obtained on a Leica DMR microscope (objective =
16X/0.5 NA) with a QImaging Qcolor3 digital camera. Two
representative frames per slide were analyzed for fiber diam-
eter. Images were first opened in Adobe Photoshop CS2, and
a brush tool (matched to the background color of the bright
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field images) was used to draw lines between adjacent fibers.
These images were then quantitated with ImageJ (written at
NIH by Wayne Rasband and freely available at http://
rsbweb.nih.gov/ij/) and then converted to binary form to
measure the cross-sectional area of the fibers. Student’s #-tests
were used to compare fiber diameters between genotypes.

Electron microscopy

Immediately after dissection, the clamped muscles were
injected with ice-cold 5% glutaraldehyde (Electron
Microscopy Sciences, Hatfield, PA) buffered with 0.1 M
sodium phosphate, using a 27-gauge hypodermic needle. The
muscles were then immersed and kept in the fixative for 2 h.
They were subsequently rinsed and kept in ice-cold buffer
overnight. Small blocks of muscle were then cut, osmicated
and dehydrated before Epon embedding. The blocks were sec-
tioned and observed in a Jeol 1200 equipped with an XR-100
CCD camera (Advanced Microscopy Techniques Corporation,
Danvers, MA).

Quantitative real-time PCR

Total RNA was extracted from gastrocnemius muscle using
TRIzol reagent (Gibco-BRL, Grand Island, NY) according to
a standard procedure. The RNA cleanup protocol from the
Qiagen RNeasy Mini Kit (Valencia, CA) was used to eliminate
short transcripts. Five micrograms of total RNA was used for
cDNA synthesis using the High Capacity cDNA Archive Kit
from Applied Biosystems (Foster City, CA). The cDNA was
then diluted 1:5 and 1 pL of the diluted cDNA was used to
perform real-time PCR in 20 pL reactions in 96-well optical
plates according to the manufacturer’s instructions. The follow-
ing FAM-MGB-labeled TagMan Gene Expression Assays were
used: atrogin-1/Fbxo32 (MmO01207875_m1); cathepsin L/Ctsl
(Mm00515597_m1); FoxOl1 (Mm00490672_ml); MuRF-3/
Trim54 (Mm01220477_g1). Mouse GAPDH was used as an
endogenous control. Fold changes from expression levels in
WT muscle samples were calculated using the formula 224,

Muscle strength measurement

Muscle strength was measured by the wire hang test (also
known as inverted screen test). The animals were placed on
lattice covers which were held horizontally. The Ilattice
cover was then turned upside down, and the time at which
the animals lost grip was recorded. The animals were individu-
ally tested three to four times every day of testing and allowed
to rest between trials. All tested animals were females aged
4.5-5.5 months. Four AD GAA KO mice (n =74 tests);
three GAA KO mice (n =57 tests); five WT mice (n =28
tests); and four AD WT mice (n = 20 tests) were tested.
Animals used for weight comparison were 4—5-month-old
males and 5-7-month-old females. Animals were starved
overnight before sacrifice. Animal care and experiments
were conducted in accordance with the National Institutes
of Health Guide for the Care and Use of Laboratory
Animals. Data in text and figures are given as mean + SE.
The Student’s r-test was used for comparisons between the
groups. Differences were considered significant at P < 0.05.
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