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Suppression of autophagy permits successful
enzyme replacement therapy in a lysosomal
storage disorder—murine Pompe disease
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Autophagy, an intracellular system for delivering portions of cytoplasm and damaged organelles to lysosomes for
degradation/recycling, plays a role in many physiological processes and is disturbed in many diseases. We recently
provided evidence for the role of autophagy in Pompe disease, a lysosomal storage disorder in which acid alpha-
glucosidase, the enzyme involved in the breakdown of glycogen, is deficient or absent. Clinically the disease manifests
as a cardiac and skeletal muscle myopathy. The current enzyme replacement therapy (ERT) clears lysosomal glycogen
effectively from the heart but less so from skeletal muscle. In our Pompe model, the poor muscle response to therapy
is associated with the presence of pools of autophagic debris. To clear the fibers of the autophagic debris, we have
generated a Pompe model in which an autophagy gene, Atg7, is inactivated in muscle. Suppression of autophagy alone
reduced the glycogen level by 50-60%. Following ERT, muscle glycogen was reduced to normal levels, an outcome not
observed in Pompe mice with genetically intact autophagy. The suppression of autophagy, which has proven successful
in the Pompe model, is a novel therapeutic approach that may be useful in other diseases with disturbed autophagy.

Introduction

The lysosomal glycogen storage disorder, Pompe disease, is
caused by deficiency of acid alpha-glucosidase (GAA), the sole
hydrolase responsible for the breakdown of glycogen to glucose
in the acidic milieu of the lysosome. The lack or insufficient
activity of GAA results in accumulation of lysosomal glycogen
that primarily affects cardiac and skeletal muscles.! In infants the
disease manifests as a rapidly progressive skeletal myopathy and
cardiomyopathy with death occurring within the first year of life
from cardiac failure.? In milder late-onset forms cardiac muscle
is spared, but a slowly progressive muscular disorder eventually
leads to death from respiratory failure.?

Enzyme replacement therapy (ERT) with recombinant
human GAA (thGAA; Myozyme®, alglucosidase alfa, Genzyme
Corp., Framingham, MA) is the first approved therapy for this
devastating disorder. It has proven to be very efficient in rescu-
ing the cardiac abnormalities and thus significantly extending
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the life span of infants, but its effect in skeletal muscle falls
short of expectations.

It is not clear why skeletal muscle is such a difficult target for
ERT. The sheer mass of skeletal muscle, the diversion of the admin-
istered enzyme to the liver and the low density of the mannose-
6-phosphate receptor (which is responsible for the endocytosis of
the thGAA) on muscle cells contribute to, but do not fully explain,
the limited benefit of therapy. In fact, both in humans and in
GAA" mice glycogen accumulation persists even when the enzyme
activity reaches normal or near normal levels in muscle.*® This sug-
gests that some intrinsic properties of muscle cells play a role. We
have found that muscle fibers in the GAA” mice and in patients
with the disease contain large pools of autophagic debris in addition
to the enlarged glycogen-filled lysosomes.”® In the GAA” mice,
this autophagic buildup is seen in therapy-resistant fast muscles
but not in slow muscles which respond well to therapy. We have
also shown that a significant portion of the therapeutic enzyme is
diverted to the area of autophagic accumulation in GAA” mice.”
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Macroautophagy (referred to as autophagy), the major lyso-
some-dependent catabolic pathway, is required to generate nutri-
ents and energy during starvation and to perform homeostatic
functions such as clearance of toxic misfolded proteins or dam-

aged organelles.”!!

The autophagic process involves sequestration
of a portion of the cytoplasm by double-membrane autophago-
somes, which deliver their contents to lysosomes for degradation.
Dysfunctional autophagy has been found in many lysosomal

storage disorders'>"

as well as in other major disease groups, such
as neurodegenerative diseases, malignancy, inflammatory dis-
eases, etc.' The attempt to modulate autophagy by upregulation
(in neurodegenerative diseases) or by downregulation (in drug-
resistant cancer cells) has led to some promising results.>!¢

In light of our findings of the association between autophagic
buildup and resistance to therapy in Pompe disease, it seemed
intuitive that regulation of autophagy might offer an alternative
therapy for this disorder. The aim would be to rid muscle cells
of the autophagic accumulation and, in addition, possibly reduce
the lysosomal glycogen load since autophagy is a presumed mech-
anism of glycogen trafficking to lysosomes."”!

We previously reported the generation of a GAA” model in
which a key autophagic gene, A#g5, was selectively inactivated
in skeletal muscle (AD-GAA KO, which we now refer to as
HSAcre:Atg5"":GAA™”). Suppression of autophagy in muscle
of the GAA” mice, indeed, prevented the autophagic buildup,
but exacerbated the clinical phenotype of the knockout mice
despite somewhat diminished muscle glycogen levels. To verify
whether this outcome resulted from the suppression of auto-
phagy alone and not from genetic manipulations or the addi-
tional, autophagy-independent role of Atg5 [shown in tumor

cells®]

, we made another muscle-specific autophagy-deficient
GAA" strain by inactivating a different critical autophagic gene,
Atg7. Furthermore, we chose to limit the suppression of Azg7 to
the muscles that are affected by the autophagic buildup, namely,
fast muscles. Here we demonstrate that suppression of Azg7 alone
resulted in a substantial reduction of glycogen accumulation in
the GAA”" mice and remarkably, a combination of ERT with the
suppression of Azg7 led to normalization of glycogen levels. These
results prompted us to re-examine the HSAcre:Atg5"":GAA™
model and to evaluate the effect of ERT in this previously
described strain. We now show that the therapy is successful in
both strains despite the phenotypic and biochemical differences
between them. Thus, the enhanced correction of muscle glyco-
gen storage by suppression of autophagy suggests a new therapeu-
tic approach for this and possibly other diseases with disturbed
autophagy. Further, we provide evidence that glycogen synthase
kinase 3 (GSK-38; a protein involved in glycogen metabolism)
is activated and may contribute to the upregulation of autophagy
in GAA” muscle cells.

Results
Characteristics of the MLCcre:Atg7"": GAA™ strain. We have
generated GAA”" mice in which a large segment of the A#g7 gene

is excised in fast muscle fibers by Cre recombinase; these mice
are referred to as MLCcre:Atg7"": GAA”". We have also made a
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control MLCcre:Atg7"":WT strain in which Atg7 is excised in
fast muscle fibers of WT mice.

Consistent with our previous data," autophagy is upregulated
in muscle of the GAA”" mice as shown by an increase in both
cytosolic LC3-I and autophagosomal membrane-bound LC3-1I
(Fig. 1A). As expected, in the MLCcre:Atg7"":GAA” mice
autophagy was considerably suppressed in fast (gastrocnemius,
Fig. 1A) but less so in slow (soleus, Fig. 1B) muscles as indi-
cated by the levels of LC3-II. The suppression of autophagy in
fast muscle is further supported by the increase in the level of
p62 protein (Fig. 1C). The degree of the suppression of autoph-
agy in fast muscles differs in young and old mice, as shown by
a progressive decline with age in the levels of LC3-II and Atg7
(Fig. 1A and Suppl. Fig. 1). Small clusters of double-membrane
vesicles containing undigested cytoplasmic material and possibly
glycogen were detected by electron microscopy (Fig. 2), but auto-
phagic buildup, which is so prominent in GAA” muscle, was not
observed in fibers from MLCcre:Atg7""": GAA”" mice of any age
(Fig. 1D and Suppl. Video 1).

Expansion of lysosomes, a hallmark of Pompe disease, per-
sists in muscle fibers from MLCcre:Atg7"": GAA” mice, but the
lysosomes in the majority of the fibers are smaller (5-6 pm) than
those in the GAA” mice (12-15 wm) (Fig. 1C). Furthermore,
the fibers from MLCcre:Atg7"":GAA™" contain a large number
of normal-looking, dot-like LAMP-1-positive lysosomes which
appear to maintain their acidic pH (Suppl. Fig. 2A). Other
prominent features of these autophagy-deficient fibers are clus-
tering of lysosomes in the core of fibers (Suppl. Fig. 2B) and
an age-dependent accumulation of ubiquitinated (Ub) proteins
(Suppl. Fig. 2C-E).

The most striking finding in MLCcre:Atg7"":GAA™" mice,
however, is a ~60% reduction in the level of glycogen accu-
mulation in fast muscle compared to that in the GAA” mice,
suggesting that the suppression of autophagy serves as sub-
strate reduction therapy (Table 1 and Suppl. Table 1). The
reduced glycogen level is detected in fast but not in cardiac
(Table 1) or slow muscles (Suppl. Table 1), indicating that
suppression of autophagy, rather than differences in glycogen
metabolism in the two strains, is responsible. Clinically, the
MLCecre:Atg7"F: GAA’ mice are no different from the GAA",*
in terms of muscle wasting, kyphosis and life span.

The absence of autophagic buildup, a significantly reduced
glycogen load and the lack of additional clinical manifestations
made the MLCcre:Atg7"": GAA”" model a promising candidate
for enzyme replacement therapy.

Enzyme replacement therapy. Suppression of autophagy com-
bined with ERT resulted in a ~90% decrease of glycogen in fast
muscles from MLCcre:Atg7"":GAA” mice when compared to
the levels in untreated GAA” mice (Fig. 3A and Table 1). This
glycogen clearance was also shown by PAS staining of muscle
biopsies (Fig. 3B) and by immunostaining of single fibers for a
lysosomal (LAMP-1) marker (Fig. 3C). In contrast, ERT-treated
GAA"" mice with genetically intact autophagy had only a ~30%
reduction in fast muscles (Fig. 3A and Table 1). Furthermore, the
autophagic buildup persisted in ERT-treated GAA”" muscle, as
shown by immunostaining of single fibers for an autophagosomal
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marker, LC3 (Fig. 3C and Suppl. Video 2). As expected, in both
strains ERT cleared glycogen from cardiac muscle very efficiently
(Table 1).

We also tested ERT in another, previously described muscle-
specific, autophagy-deficient Pompe model with a higher level of
glycogen accumulation.” In this model, HSAcre:Atg5"": GAA™,
the Azg5 gene was excised by Cre recombinase driven by the human
skeletal actin promoter. Unlike in the MLCcre:Atg7"":GAA™"
strain, glycogen levels in HSAcre:Atg5"": GAA” mice were insig-
nificantly reduced by only ~20% compared to the GAA" (4.0 +
2.6% wet weight and 5.0 + 2.8% for HSAcre:Atg5"": GAA” and
GAA" respectively).”” With the additional samples the difference
(~29%) reached statistical significance, but the glycogen levels
still remained much higher than in MLCcre:Atg7"": GAA”" mice
(Fig. 3A, Table 1 and Suppl. Table 1).

Despite the higher level of glycogen, the effect of ERT in
HSAcre:Atg5"" :GAA” was equally impressive—a complete
removal of glycogen was observed (Fig. 3A and Table 1). These
data were supported by PAS staining of muscle biopsies (Suppl.
Fig. 3) and by immunostaining of fibers for LC3 and LAMP-1
(shown for MLCcre:Atg7"":GAA™ in Fig. 3C). Thus, it is the
suppression of autophagy rather than the initial level of glycogen
accumulation that has an effect on therapy.

We next examined the functionality of the lysosomes in ERT-
treated mice by analyzing the level of Ub-proteins. A number
of transmembrane proteins and receptors are ubiquitinated and
delivered via the endocytic pathway to the lysosomes for degrada-
tion.”*?* Another pool is delivered to the lysosomes via constitu-
tive autophagy.?*?*® Both pools contribute to the accumulation
of Ub-proteins in fast GAA” fibers,” as well as in cells from
patients with different lysosomal storage diseases.”” We observed
no appreciable reduction of Ub-proteins in ERT-treated GAA™
mice (Fig. 4A). In contrast, ERT treatment in autophagy-deficient
GAA " strains resulted in a decrease in the amount of Ub-proteins
in both soluble and nonsoluble fractions as shown by western blot-
ting (Fig. 4B) and by immunostaining of myofibers (Fig. 4C).
These data suggest that the lysosomal function in muscles from
treated autophagy-deficient GAA”" mice is largely restored. Thus,
the suppression of autophagy in skeletal muscle greatly facilitates
the effect of ERT, resulting in an outcome which has not been
observed in Pompe mice with genetically intact autophagy.

The functional effect of ERT, however, as assessed by the
force of the EDL muscle from treated and untreated autophagy-
deficient GAA™" mice, was not measurable because at the age of
these animals (4 months) even untreated GAA”’ mice show no
significant difference in the specific isometric tetanic force when
compared to the WT (Suppl. Table 2).

Although successful reversal of lysosomal pathology is
achieved in MLCcre:Atg7"":GAA” mice by ERT, it should
be remembered that these animals remain autophagy-deficient
in skeletal muscle. Consistent with the previously published
data,” suppression of autophagy in the control MLCcre:Atg7"
EWT or HSAcre:Atg5"":WT mice resulted in accumulation
of Ub-proteins; this accumulation, however, was modest when
compared to that in the GAA” (Fig. 4B). No weight loss was
recorded in 4-month-old MLCcre:Atg7"":WT animals [21.1 +
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Figure 1. Autophagy is suppressed in fast muscles from
MLCcre:Atg7"":GAA” mice. (A) Western blot of protein lysates from
gastrocnemius (fast) muscles derived from WT, GAA” and
MLCcre:Atg77F:GAA” mice with LC3 (top part) or with Atg7 antibody
(middle part) (n = 10 for each age group). (B) Western blot of lysates
from soleus (slow) muscle derived from 6-month-old GAA” (lane 1)
and MLCcre:Atg7"":GAA” (lane 2) mice with LC3. LC3-Il is consistently
present in slow muscle from MLCcre:Atg7"":GAA” mice although the
levels are lower than in GAA” mice. The data are representative of at
least five independent experiments. GAPDH serves as a loading control.
(C) Western blot of protein lysates from gastrocnemius (fast) muscles
derived from WT, GAA” and MLCcre:Atg7"":GAA” mice with p62
antibody (n = 10 for each age group). Muscle samples were taken from
3-4.5 month-old mice. (D) Immunostaining of single psoas (fast) fibers
stained for LAMP-1 (green) and LC3 (red). Muscle samples were taken
from 4-month-old mice. Bar: 20 microns.

1.0g(n=11)and 21.2 + 2.3 g (n =7) in WT and MLCcre:Atg7"
EWT respectively] and no major clinical abnormalities were
noted in these mice during an observation period of up to two
years. These autophagy-deficient mice show muscle atrophy, as
evidenced by a tendency toward a reduction in cross-sectional
area of EDL muscle (Suppl. Table 2) and by a reduced diameter
of single psoas (fast) fibers (Suppl. Table 3). The maximum Ca**-

activated isometric force generated by single psoas fibers were
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Figure 2. Electron microscopy confirms the disappearance of autophagic buildup in fast muscles of MLCcre:Atg7"”":GAA” mice and provides evidence
for the presence of residual autophagy-related vesicles. (A and B) Two non-overlapping images of a single continuous area of autophagic accumula-
tion in the psoas muscle of a 10 month-old GAA” mouse illustrate the impressive size of such areas, which were not encountered in muscle from
age-matched MLCcre:Atg77" :GAA” mice (C-E). However, limited accumulations of nonlysosomal vesicular material are seen in the psoas muscle of
MLCcre:Atg77F:GAA” mice (arrowheads in C and E). Vesicles are often found adjacent to glycogen-laden lysosomes (C, white asterisk) and to accumula-
tions of Ub-proteins (C, black asterisk). (D) shows a detailed view of multi-membrane vesicles, some of which (D, small arrowheads) may contain glyco-
gen. (F) shows a higher magnification image of the area in (E); one of the vesicles (small arrowheads) resembles a pre-autophagosome membrane cup.

Bars: (A and B): 1 micron; (C and E): 500 nanometers; (D and F): 100 nanometers.

lower than in the WT but higher than in the GAA” (Suppl.
Table 3). In addition, the overall muscle strength, as measured
by a grip strength test, of the autophagy-deficient mice was lower
than the WT (Suppl. Table 4).

Possible triggers of autophagy in fast muscle of GAA”* mice.
We have previously shown that autophagy is upregulated in
Pompe muscle.” We now add two additional pieces of informa-
tion supporting the upregulation of autophagy: Beclin 1, a pro-
tein known to be activated during autophagy induction,” and
the Atg7 protein are increased in GAA™ fast muscle (Figs. 1A
and 5A).

Unraveling the mechanisms of autophagic disturbance in
skeletal muscle under pathological conditions is a daunting task,
particularly because skeletal muscle is a peculiar tissue in terms
of how it responds to the classic inducers of autophagy—starva-
tion and an mTOR inhibitor, rapamycin. Unlike cardiac muscle,
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WT fast muscle showed no appreciable increase in the amount
of LC3-II following 24 or 48 hours of starvation (Suppl. Fig. 4A
and B). This outcome was unexpected because it had been previ-
ously shown that starvation did result in conversion of LC3-I to
LC3-II in muscle.’® The discrepancy may be attributed to the
differences in the kind of muscles used (we consistently use only
the white part of the gastrocnemius muscle), the genetic back-
ground and the age of the animals. For starvation experiments,
we routinely use 4—5 month-old animals; in young, ~1 month old
mice, we, too, see a mild response to starvation but the results are
inconsistent (not shown).

Rapamycin also does not induce autophagy in WT skeletal
muscle as shown by us (Suppl. Fig. 4C) and others.” Similar to
the effect of rapamycin in the WT, no increase in LC3-II was
detected in muscle from GAA” mice although mTOR activity
was suppressed by the drug, as evidenced by a decrease in the
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Table 1. The effect of ERT on glycogen levels (ug glucose/hr/mg protein) in GAA” and autophagy-deficient GAA” strains

Genotype Tissue Untreated Treated % Reduction”
Gastroc 719+ 22.7 (n=29) 52.5+227 (n=14) 29
GAA” Quad 75.7 £24.8 (n =31) 54.5+29.6 (n=12) 30
Heart 1974 +41.7 (n=13) 06+1.2(n=12) 100
Gastroc 25.0+13.4(n=18) 86+89(n=9) 94
MLCcre:Atg7"":GAA™ Quad 35.0+18.4 (n=17) 13.7£10(n=9) 87
Heart 199.2 +79.1 (n =13) 0204 (nh=9) 100
Gastroc 42.6+18.9 (n=33) 41+49(nh=11) 100
HSAcre:Atg57 :GAA™ Quad 50.4 + 14.1 (n = 34) 50£49 (n=11) 929
Heart 148.4 £34.5 (n=14) 0.0+0.0(n=11) 100

Each value is the mean + sd. from the indicated number of animals. The WT levels of glycogen in gastrocnemius/quadriceps are 4.4 + 4.6 g glucose/
hr/mg protein. The amount of residual glycogen (minus the WT level) in treated animals was compared to the level of glycogen in the respective tis-

sue of GAA” mice.

amount of the hyper-phosphorylated (y) 4E-BP1 (Suppl. Fig.
4C). Furthermore, the mTOR regulation of protein synthesis in
GAA"" muscle does not fit the typical mold. mTOR regulates
protein synthesis through the phosphorylation and inactivation
of 4E-BP1, a repressor of mRNA translation.’ In the GAA™"
muscle there is a significant increase in both hypo- (a and B)
and hyper-phosphorylated (y) forms of 4E-BP1 as if conflicting
messages are sent for protein synthesis (Suppl. Fig. 4D).

The role of FOXO transcription factors, known to be involved
in the induction of autophagy,® is also not clear in GAA”" mus-
cle. We have previously shown that FOXO1 was not upregulated
in fast muscles of GAA” mice.”” We now demonstrate by real-
time PCR that FOXO3 is, in fact, downregulated (1.5 fold) in
fast muscles of GAA™ mice (n = 5).

Although starvation does not appear to induce autophagy
in WT muscle, in GAA” muscle we did observe an increase in
LC3-1I upon starvation (Suppl. Fig. 4B). This sensitivity to star-
vation of fast muscle in the GAA”" mice may be one of the factors
contributing to the increase in autophagy in this disease.

Considering the lack of clarity concerning the classical trig-
gers of autophagy in GAA” muscle, we looked at a recently
appreciated regulator of autophagy, glycogen synthase kinase
3B (GSK-3PB), a protein long known to be involved in glycogen
metabolism. A significant decrease in phosphorylation (activa-
tion) of GSK-3( is seen in skeletal muscle in both young and
old GAA” mice (Fig. 5B and C) leading to an increase in phos-
phorylation (inactivation) of glycogen synthase (GS) (Fig. 5D).
The inactivation of glycogen synthase may reflect a homeostatic
adjustment in muscle cells to reduce the cytoplasmic glycogen
burden, but it appears to come at a price—the induction of
autophagy by activation of GSK-3, with unfortunate conse-
quences for Pompe skeletal muscle.

To investigate whether or not GSK-3f can induce autophagy
in muscle cells, we expressed constitutively active GSK-3p3%* in
C2C12 cells. Indeed, immunostaining and western analysis for
LC3 showed an induction of autophagy in both C2C12 myo-
blasts and myotubes (Fig. 6A and B). Furthermore, a similar
induction of autophagy was observed in GAA” derived pri-

33

mary myoblasts,”® as demonstrated by a two-fold increase of
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LC3-II/a-tubulin ratio in the cells expressing GSK-3B%* as
compared to those expressing the vector alone (not shown).
Consistent with the data in whole muscle, mTOR signaling does
not appear to regulate autophagy in C2C12 myotubes, as shown
by the absence of changes in the levels of phosphorylated 4E-BP1
in the cells expressing GSK-33%* (Fig. 6D).

Thus, a homeostatic attempt to downregulate the synthesis of
glycogen may contribute to the upregulation of autophagy in this
glycogen storage disorder.

Discussion

The autophagic pathway is a critical player in the pathogenesis of
Pompe disease and other lysosomal storage diseases, recommend-
ing it as a potential site for therapy. This additional therapy is
needed because even at very high dosages of the drug the current
ERT has a variable effect in skeletal muscle. The rationale for
the suppression of autophagy in Pompe skeletal muscle is two-
fold: first, to prevent the accumulation of a disruptive autophagic
buildup in myofibers and second, to reduce the glycogen load.
Muscle-specific suppression of autophagy in Pompe mice
reduced glycogen levels in muscle, but the degree of this reduc-
tion was significantly different in the MLCcre:Atg7" " :GAA™"
and HSAcre:Atg5"" : GAA™ strains (with higher glycogen levels
in HSAcre:Atg5"":GAA” mice). It is not clear why these two
autophagy-deficient strains have different amounts of glyco-
gen. Assuming that autophagy is involved in glycogen traffick-
ing to the lysosomes it appears counterintuitive that muscles
from the HSAcre:Atg5"":GAA” in which LC3-II was not
present” accumulate more glycogen than muscles from the
MLCcre:Atg7"":GAA™ in which LC3-I1 is still detectable. One
possible explanation is that, in addition to their role in the for-
mation of autophagosomes,*** Atg5 and Atg7 may fulfill other
functions in skeletal muscle; for example, it has been recently
shown in tumor cells that post-translational cleavage of Atg5 by
calpain produces a truncated protein with pro-apoptotic func-
tion.”* Another possibility is that the lack of Atg5 in muscles
from HSAcre:Atg5"":GAA” stimulates microautophagy or an
Atg5/Atg7-independent alternative autophagy pathway. This
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Figure 3. Effect of ERT on glycogen clearance in
skeletal muscle of GAA” and MLCcre:Atg7"":GAA”
mice. (A) Quantitation of glycogen levels in gastroc-
nemius (fast) muscle from GAA”,
MLCcre:Atg77F:GAA” and HSAcre:Atg57":GAA™
mice before and after ERT (values are mean + sd.;

n = 18-33 for the untreated mice and n = 9-14 for
the treated mice). (B) PAS-stained sections (shown
in black/white) of gastrocnemius muscle from 4
month-old mice. (C) Immunostaining of single
psoas (fast) fibers stained for LAMP-1 (green) and
LC3 (red) from 4 month-old ERT-treated GAA” and
MLCcre:Atg77F:GAA” mice. Comparison of the lower
part with that of Figure 1D shows the shrinking of
lysosomes after ERT. Bar: 20 microns.

Despite the difference in glycogen levels, both
autophagy-deficient Pompe strains responded
remarkably well to ERT, suggesting that the
removal of autophagic buildup is an important
factor that permits this therapy to be so effective.
The successful clearance of lysosomal glycogen
with thGAA reported here is unprecedented—it
has never been observed in Pompe mice treated
with the recombinant enzyme alone.*4-3

The finding in the GAA” mice of an
increased phosphorylation (inactivation) of
glycogen synthase, the enzyme that controls
bulk glycogen synthesis, suggests a feedback
mechanism used by muscle cells to control the
level of cytoplasmic glycogen. The major kinase
that phosphorylates GS and reduces its activity
is, as indicated by its name, glycogen synthase
kinase-3 (GSK-3).% The activity of the kinase
itself is inhibited by phosphorylation. Glycogen
depletion has been observed in skeletal muscle
of GSK-3f transgenic mice as well as in muscle
cells expressing constitutively active GSK-33.%-4
In addition to its role in glycogen metabolism,
GSK-3p has been implicated in a large number
of pathways and in numerous disorders? includ-
ing lysosomal storage diseases.”®* Autophagy
has recently joined the long list of pathways
affected by the status of GSK-3B. This kinase
is a positive regulator of autophagy, as shown
by the suppression of autophagy in GSK-33"
mouse embryonic fibroblasts (MEFs) as well as
in COS-7 cells treated with a GSK-3B inhibi-
tor.>® A direct correlation between the GSK-33
activity and the induction of autophagy has also
been shown in cadmium-treated mouse kidney
mesangial cells.”

We hypothesize that excess glycogen accu-

latter, nonconventional autophagy has been recently discov- mulation in GAA” muscle triggers a mechanism by which
ered,” and it may transport glycogen to the lysosomes. In the cytoplasmic glycogen synthesis is suppressed. A relatively slow
MLCcre:Atg7"":GAA™", autophagy is not completely suppressed  rate of glycogen accumulation in fast GAA”" muscle attests to
and therefore, the alternative pathway may not be triggered. This  this hypothesis."*** The suppression of glycogen synthesis by
issue, however, is beyond the scope of this paper. activation of GSK-3f3 may have an unintended consequence in
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Figure 4. Decrease in the amount of
potentially toxic Ub-proteins in muscle

from autophagy-deficient GAA” strains
upon therapy. (A) Western blot of
protein lysates from gastrocnemius
(fast) muscle with anti-ubiquitin (FK2)
antibody. No difference in the levels

of Ub-proteins is observed between
untreated (lane 1) and ERT-treated (lane
2) GAA” mice. (B) Western blot of lysates
from gastrocnemius muscle, prepared
as detergent (Triton X-100)-soluble (s)
and -nonsoluble fractions (ns), with FK2.
Lane 1-WT; Lane 2-HSAcre:Atg57F:WT;
Lane 3-HSAcre:Atg57F::GAA” untreated;
Lane 4-HSAcre:Atg57F:GAA” treated.
Note that there is a modest increase in
the amount of Ub-proteins in muscle-
specific autophagy-deficient WT mice
(lane 2). (C) Single fibers stained for

Ub (red) and LAMP-1 (green) show a
dramatic decrease in the amount of Ub-
proteins upon therapy. Muscle samples
were taken from 4-month-old mice. Bars:
20 microns (top two parts); 10 microns
(two lower parts). Occasional fibers
from autophagy-deficient GAA” strains
still contain enlarged lysosomes. The
distribution of Ub-proteins in untreated
fast muscle of MLCcre:Atg77":GAA” mice
(shown in Suppl. Fig. 2) is similar to that
in the HSAcre:Atg57":GAA” mice.

GAA"" muscle by contributing to the
induction of autophagy. This suggests
that direct modulation of GS rather
than modulation through GSK-3(3
might be a better therapeutic approach
because it can reduce the glycogen
load without activation of GSK-3B
and thus without induction of autoph-
agy. In fact, the beneficial effect of
suppression of glycogen synthesis in
skeletal muscle has been recently dem-
onstrated in Pompe mice.”® Thus, the
two different therapeutic approaches,
suppression of autophagy or suppres-
sion of glycogen synthesis, may have
a very similar outcome—Ilessening q
the glycogen load and reducing auto-
phagic accumulation.

The potential benefit of combining
ERT with suppression of either glyco-
gen synthesis or autophagy depends upon the balance between
alleviating the symptoms of Pompe disease by reducing glyco-
gen accumulation and risking the creation of new underlying
conditions—a deficiency of glycogen synthase or a deficiency
of autophagy in skeletal muscle. The risk of creating glycogen
synthase deficiency is discussed in Douillard-Guilloux et al.®
As for the suppression of autophagy, we and others did not
observe any gross phenotypical abnormalities in muscle-specific,
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autophagy-deficient, wild-type mice.?*>* However, the impair-
ment of autophagy has been shown to lead to the accumulation
of dysfunctional mitochondria and oxidative stress,”* as well as
to muscle atrophy and an age-dependent decrease in force in
gastrocnemius muscle.?® The relatively mild negative effects of
inactivation of autophagy that we observe in normal skeletal
muscle pale by comparison to the benefits this approach pro-
vides in Pompe skeletal muscle. The experiments reported here,
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A WT GAA-/- B WT GAA-/- rounds of crossing we produced GAA”" mice
Beclin-1 P'. — —' 4 Vinculin i -~ deficient for Atg7 specifically in skeletal muscle

- i — (MLCcre:Atg7"":GAA™).
— Genomic DNA was isolated from tail
GAPDH S ame G| | P-GSK-37 | D GNS 0 clips using the QuickGene DNA tissue kit
(AutoGene, FK-DTS) according to the manu-
C WT GAA-- - D Lod GAA-/- facturer’s instructions. The presence of Cre
P-GSK-3( |@NES swe - P-GS |y vy = - recombinase is indicated by a ~400 bp PCR
product made with either primer pair Cre sense/
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GAPDH | Glilb 4D GRD oD GAPDH | b D G Gl GAG TGG ATA GC-3' or 5-AAG CCC TGA

CCC TTT AGA TTC CAT TT-3' (MLCIf

promoter)/5-CCT CAT CAC TCG TTG

representative blots from at least four samples.

Figure 5. Increase in the levels of Beclin 1 and changes in the phosphorylation status of
GSK-3B and glycogen synthase (GS) in muscle from GAA” mice. Western blot of protein
lysates from gastrocnemius (fast) muscles derived from WT and GAA” mice with the
indicated antibodies. (A) Upregulation of Beclin 1 indicates that basal autophagy in GAA™ is
induced. (B and C) A markedly decreased phosphorylation (activation) of GSK-3B (on Ser®)
is observed in muscle from GAA” mice without changes in the amount of total GSK-3. (D)
Increased phosphorylation (inactivation) of GS is shown with anti-phospho-GS antibody
(top part) and by an upward shift on the gel with anti-GS antibody. Images shown are

CAT CGA-3' (anti-sense in Cre). The pres-
ence of a wild-type MLCIf gene (Cre-negative)
is indicated by a ~300 bp PCR product made
with MLCIf promoter primer (see above) and
an antisense primer in exon 1 of the MLCIF
gene (5-GCA GCG GGC TTC TTC ACG
TCT TTC T-3"). The Atg7 wild type, Atg7"
and Azg7"" alleles were detected with the primer

we believe, are the first successful attempt to use suppression of
autophagy to return cells towards a near normal state.

Bringing the observations reported here to patients with
Pompe disease will require developing new approaches that
permit a controllable suppression of autophagy directed to skel-
etal muscle. Oligonucleotides such as shRNA and morpholinos
given locally or systemically and pharmaceuticals targeted to the
autophagic pathway are sensible ways to consider.

The disturbances of autophagy are involved in the patho-
genesis of other lysosomal storage diseases and in other fami-
lies of diseases and in each, the disturbance is different;'®' like
Tolstoy’s unhappy families, each is unhappy in its own way.” Up
to the present, however, the approaches to therapy—primarily
in neurodegenerative diseases’® and drug-resistant malignan-
cies’’—have relied on a limited number of chemicals, established
drugs and genes. The promising results so far point to the need
for new, more precise and more practical methods of autophagy
modulation.

Materials and Methods

Generation and genotyping of muscle-specific autophagy-
deficient Pompe mice. Atg7-conditional knockout mice?® (Atg7
foxlfies - referred to as Atg7"'"), provided by Dr. Komatsu, were
crossed with GAA”* mice®® (C57BL/6/129/Sv inbred strain) to
produce Atg7"":GAA’ mice. We then crossed Atg7"":GAA™
mice to a skeletal muscle specific Cre line, which has been gener-
ated by homologous recombination of Cre into the myosin light
chain If (MLC) locus (knock-in) (C57BL/6).* The Cre mice
were generously provided by Dr. Burden (Skirball Institute for
Molecular Medicine, New York University Medical center, NY,
New York). Cre expression in this line is restricted to fast fibers
and is activated early during muscle development. After several
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pair 5-TGG CTG CTA CTT CTG CAA TGA
TGT-3'/5-GAA TAT TCT AAT TCA ACC AGA TCT AGG
T-3' (Atg7Zex13s/Atg7intrl3as) that amplifies a ~1.5 kb fragment
from the wt allele and a ~0.35 kb fragment from the floxed allele.
The wild-type Azg7 can also be detected as a PCR fragment of
~0.6 kb with primer pair 5-GCT GGT TAA AGA CTG TCT
AAT AAA GAG CA-3'/5-CTG CCG CTG AGC CCT GAG
AGA GGC CT-3' (intron 13s/mid-intron 13as). The GAA wild
type, GAA*" and GAA” alleles were detected as described.’®
Generation and genotyping of HSAcre:Atg5"": GAA™" mice was
described previously.” In these muscle-specific autophagy-defi-
cient mice, the Azg5 gene is inactivated in muscle by Cre recom-
binase driven by the human skeletal actin (HSA) promoter.

The removal of the LoxP-flanked fragment from the Azg7 gene
was confirmed by PCR of genomic DNA with Atg7ex13s primer
(5"“TGG CTG CTACTT CTG CAATGA TGT-3') and an anti-
sense primer 5-CAC ACA GAT GTG ACA CTG GAG TGC
AGC AT-3" in intron 14. The excision of the loxP-flanked frag-
ment [which includes all the exons starting at exon 14 of the Azg7
gene®] is indicated by the presence of a ~1.2 kb PCR fragment. A
combination of three primers—Atg7ex13s/Atg7intrl3as/Intron
14as—allows for the detection of both excised (~1.2 kb) and non-
excised floxed (~0.4 kb) alleles. Analysis was performed using tail
or tissue (muscle or brain) DNA, which was isolated according
to the standard procedure. The MLCcre:Atg7"": GAA™ colony
contained ~150 mice. The clinical signs of muscle disease were
monitored in ~ 50 mice.

Enzyme replacement therapy. Two and a half month-old
GAA”, MLCcre:Atg7"":GAA" and HSAcre:Atg5"":GAA™”
mice received 3 i.v. injections of alglucosidase alfa (provided under
a CRADA between the NIH and the Genzyme Corporation)
at a dose of 100 mg/kg every other week. Diphenhydramine
hydrochloride was injected i.p at a dose of 5 mg/kg 15 minutes
before the second and third injections of thGAA as described.*
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The mice were sacrificed 5 days after the last injec-
tion. Twelve GAA”, 11 HSAcre:Atg5"":GAA” and 9
MLCcre:Atg7"": GAA’ were treated with thGAA.

Isolation of fixed single muscle fibers and immunoflu-
orescence microscopy. Muscle fixation, isolation of single
fibers and immunostaining are described in detail in Raben
et al.’? 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 psoas muscle.

Isolation of live single muscle fibers and staining with
acridine orange. Single live myofibers were isolated from
gastrocnemius muscle. The dissected muscle was placed
in a Sylgaard plate containing PBS. Muscles were pinned
at resting length and cleaned of any extraneous mate-
rial under a dissection microscope. Muscles were then
digested in 0.2% (w/v) collagenase type 1 (Sigma-Aldrich,
C0130-1G) in Dulbecco’s modified Eagle’s medium
(DMEM) (Invitrogen, 11054-020) for 1 h at 37°C in an
atmosphere of 5% CO,. Individual fibers were released
under a dissecting microscope by gentle pipeting of par-
tially digested muscle bundles. Individual translucent myo-
fibers (-20 fibers) were plated in each well of a BD cell
TAK™-coated 2-chambered cover glass (BD Pharmingen,
354241) and incubated in plating medium [10% horse
serum in DMEM (HyClone Laboratories, SH30074.03)]
overnight to let the fibers attach to the surface; the fibers
were then incubated with acridine orange (AO) at 2.5 wg/
ml for 10 minutes (Molecular Probes, A3568). Fibers were
washed three times with medium and then analyzed on a
Zeiss 510 confocal microscope (AO emission was collected
with a 500-560 nm band pass filter (green) and a 590-660
nm band pass filter (red)).

Western blot. Whole muscle tissues were homogenized
in RIPA buffer [PBS containing 1% NP40, 0.5% sodium
deoxycholate, 0.1% SDS and a protease inhibitor cockrail
tablet (Roche Diagnostics, 11836170001)]. Samples were
centrifuged for 30 min at 13,000 rpm at 4°C. Alternatively,
detergent-soluble and -insoluble fractions from muscle tis-
sues were obtained as described.?* Protein concentrations
of the supernatants of the total lysates or soluble fractions
were measured using the Bio-Rad Protein Assay (Bio-Rad
Laboratories, 500-0006). Equal amounts of protein were
run on SDS-PAGE gels (Invitrogen, EC6498BOX and
EC6078BOX) followed by electro-transfer onto nitrocel-
lulose membranes (Invitrogen, LC2001). Membranes were

blocked in 1:1 PBS and Odyssey Blocking Buffer (LI-COR

pHan-caGSK-38

Starvation - - +
Bafilomycin - + -

LC3-1
LC3-II

GBED GEp eane cas» emee ammy | O-tubulin

26.7 32.6 227 254 233 28.7

. GEp =9 | HA

C

<o pHan GSK-33
Condition

GSK/pHan
Fold Increase

. s |P- 4EBP1

No Treatment 27+0.9
Starvation 21*0.6 e w—GAPDH
Bafilomycin 29+1.3

Figure 6. Expression of constitutively active GSK-33 (caGSK-3) stimulates
autophagy in C2C12 cells. (A) Immunostaining of fixed C2C12 myoblasts with
LC3 shows an increase in the number of autophagosomes in the cells express-
ing caGSK-3 (pHan-caGSK-33) compared to the cells with the vector alone
(pHan). The cells were starved in Krebs-Ringer solution for 4 h. (B) Western blot
of lysates from myotubes (three-day cultures) expressing caGSK-3f3 or vector
alone with LC3. Myotubes were starved or treated with bafilomycin for 4 h. An
increase in the amount of LC3-Il is observed under all three conditions in the
caGSK-3p cells. The numbers correspond to the densitometry values for LC3-II
and a-tubulin (loading control). The expression of hemagglutinin (HA) con-
firms the expression of caGSK-3R. Images shown are representative blots from
at least four experiments. (C) The effect of GSK-3 on autophagy in C2C12
myotubes was assessed as a fold increase of LC3-Il/a-tubulin ratio in the cells
with or without caGSK-3. (D) Western blot of lysates from myotubes express-
ing caGSK-3 or vector alone with antibody against phosphorylated 4E-BP1.

Biosciences, 927-40003), incubated with primary antibodies
overnight at 4°C, washed, incubated with secondary antibod-
ies and washed again. Blots were scanned on an infrared imager
(LI-COR Biosciences).

The following primary antibodies were used for western blots
and immunostaining of fixed fibers: rabbit anti-LC3B (micro-
tubule-associated protein 1 light chain 3) (Sigma, L7543); rat
anti-mouse LAMP-1 (Lysosomal-Associated Membrane Protein

1) (BD Pharmingen, 553792); rabbit polyclonal anti-Atg7 (Cell
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Signaling Technology, 2631); mouse anti-poly-ubiquitinated
conjugates (FK2) (BIOMOL International, PW8810); goat poly-
clonal anti-BECNT1 (Beclin 1) (Cell Signaling Technology, 3738);
rabbit monoclonal anti-GSK-33 (Cell Signaling Technology,
9315); rabbit monoclonal anti-phospho-GSK-38 (Ser9) (Cell
Signaling Technology, 9323); rabbit monoclonal anti-glycogen
synthase (Cell Signaling Technology, 3886) and rabbit poly-
clonal anti-phospho-glycogen synthase (Ser641) (Cell Signaling
Technology, 3891); rabbit polyclonal anti-eIF4EBP1 (Abcam,
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ab2606) and anti-phospho-4E-BP1 (Cell Signaling Technology,
9459); guinea pig polyclonal anti-p62 (ProGen, GP62-N); rabbit
polyclonal anti-HA-probe (Santa Cruz Biotechnology, sc-805);
mouse monoclonal anti-vinculin (Sigma, V 9131) and mouse
monoclonal anti-GAPDH antibody (Abcam, ab9484) served as
loading controls. Alexa Fluor-conjugated antibodies (Molecular
Probes, A21057, A21076, A21096) were used as secondary
antibodies.

Quantitative real-time PCR. Total RNA was extracted from
gastrocnemius muscle using TRIzol reagent (Gibco-BRL, 15596-
026) according to the standard procedure. The RNA cleanup
protocol from the Qiagen RNeasy Mini Kit (Qiagen Sciences,
74104) was used to eliminate short transcripts. 5 g total RNA
was used for cDNA synthesis using the High Capacity cDNA
Archive Kit from Applied Biosystems (4368814). 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 opti-
cal plates according to the manufacturer’s instructions. SYBR®
Green Mouse Foxo3 primer set [SABioscienes, (Mm. 338613)]
was use for the analysis. Mouse B-actin was used as an endog-
enous control.

Electron microscopy. Muscles were fixed and treated as
described'? except that in some cases osmication was done in the
presence of 1.5% potassium ferrocyanide (“reduced osmium”) for
darker glycogen staining.

The source of fast and slow muscles. The white part of gas-
trocnemius, quadriceps, psoas and extensor digitorum longus
(EDL) muscles in mice are a good source of glycolytic fast-twitch
type II fibers, whereas soleus muscle is a good source of oxidative
slow-twitch type I fibers. ¢!

Glycogen measurement and light microscopy. Glycogen con-
centration in skeletal muscle, periodic acid-Schiff (PAS) stain-
ing of muscle biopsies and fiber type analysis were performed as
described.!3¢2

Plasmids, C2C12 cell cultures and transfection. The EcoR1/
Xhol fragment containing HA (hemagglutinin)-tagged GSK-33
S’A was released from the pcDNA3 plasmid (Addgene plasmid
#14754). This fragment was then cloned into the EcoRI/Sall sites
of the pHan-Puro retroviral expression vector (kindly provided
by Dr. M. Fulco, NIAMS, NIH). GSK-38 S°A is a glycogen
synthase kinase in which serine 9 of human GSK-3f3 is mutated
to alanine. When expressed, the mutant kinase is constitutively
active (ca). The pHan-Puro-GFP vector was used as a control.
Culturing and transfection of C2C12 myoblasts and myotubes
were done according to the standard procedures with some mod-
ifications. Viral supernatants were obtained by transfection of
Phoenix cells (Orbigen, RVC-10002) with the retroviral expres-
sion vectors (pHan-Puro or pHan-Puro containing constitu-
tively active GSK-3S9A) using the calcium phosphate method.
C2C12 mouse myoblasts were grown in DMEM supplemented
with 20% fetal bovine serum (Atlanta Biologicals, S11550),
0.5% chick embryo extract (Sera Laboratories International
Ltd., CE-650-T) and 1% penicillin-streptomycin-glutamine
(Invitrogen, 10378-016). The cells were seeded into 6-well plates

www.landesbioscience.com

Autophagy

(3 x 10 cells/well) and infected with the filtered viral supernatant
containing 8 pg/ml Polybrene (Sigma, H9268-5G). The plates
were centrifuged at 3,700 rpm at room temperature for 1.5 h,
placed at 37°C overnight, and then selected in the presence of
2 pg/ml of puromycin (Invitrogen, A1113803). For differentia-
tion of C2C12 cells into myotubes, the cells were grown to near
confluence and the culture medium was changed to DMEM
containing 1% penicillin-streptomycin-glutamine and 5% horse
serum (HyClone Laboratories, SH30074.03).

For starvation, the cells (myoblasts or myotubes) were incu-
bated in Krebs-Ringer solution at 37°C for 4 h. Alternatively,
cells were treated with 400 nM bafilomycin [(Sigma, 131793)
in DMEM containing serum and supplements to inhibit auto-
phagosome-lysosome fusion®]. For western analysis the cells were
lysed in RIPA buffer with inhibitors. For immunostaining, the
cells were fixed with 2% paraformaldehyde (Electron Microscopy
Sciences, 15710) in 0.1 M phosphate buffer for 1 h. After sev-
eral washes with PBS, myoblasts were incubated with blocking
reagent (MOM kit; Vector Laboratories, BMK-2202) for 1 h at
room temperature; the cells were then incubated with primary
antibodies overnight at 4°C, washed with PBS, incubated with
secondary antibody for 2 h and washed again with PBS before
examination by confocal microscopy (Zeiss LSM 510).

Force measurements. Force measurements on the EDL (exten-
sor digitorum longus) muscles were conducted as described.*
Force measurements on single fibers isolated from psoas muscle
were done as described.® The overall muscle strength was evalu-
ated by grip strength measurements using a grip-strength meter
(Columbus Instruments, 1027MPB); the data were normalized
by body weight and expressed as KGF/kg as described.®

Animal care and experiments were conducted in accordance
with the National Institutes of Health Guide for the Care and
Use of Laboratory Animals.
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