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Objective: To understand the mechanisms of skeletal muscle destruction and resistance to enzyme replacement therapy in
Pompe disease, a deficiency of lysosomal acid �-glucosidase (GAA), in which glycogen accumulates in lysosomes pri-
marily in cardiac and skeletal muscles. Methods: We have analyzed compartments of the lysosomal degradative pathway
in GAA-deficient myoblasts and single type I and type II muscle fibers isolated from wild-type, untreated, and enzyme
replacement therapy–treated GAA knock-out mice. Results: Studies in myoblasts from GAA knock-out mice showed a
dramatic expansion of vesicles of the endocytic/autophagic pathways, decreased vesicular movement in overcrowded cells,
and an acidification defect in a subset of late endosomes/lysosomes. Analysis by confocal microscopy of isolated muscle
fibers demonstrated that the consequences of the lysosomal glycogen accumulation are strikingly different in type I and
II muscle fibers. Only type II fibers, which are the most resistant to therapy, contain large regions of autophagic buildup
that span the entire length of the fibers. Interpretation: The vastly increased autophagic buildup may be responsible for
skeletal muscle damage and prevent efficient trafficking of replacement enzyme to lysosomes.
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The pathological hallmark of Pompe disease (glycogen
storage disease type II), an autosomal recessive disorder
caused by the deficiency of lysosomal acid
�-glucosidase (GAA), is the accumulation of glycogen
primarily in cardiac and skeletal muscles.1 Complete
GAA deficiency causes a rapidly progressive disease in
infants who invariably die of cardiac failure within the
first 2 years of life.2 In less severe late-onset forms, car-
diac muscle is usually spared; slowly progressive myop-
athy and diaphragmatic weakness are the main symp-
toms.3

Enzyme replacement therapy (ERT) with recombi-
nant human enzyme (rhGAA) is being investigated in
clinical trials. In ERT, the rhGAA propeptide is endo-
cytosed and delivered to the acidic milieu of lysosomes.
Uptake of the rhGAA at the plasma membrane is me-
diated by the cation-independent mannose-6-
phosphate receptor (CI-MPR).4 The protein bound to
the receptor is concentrated in clathrin-coated pits; it
subsequently enters a chain of endocytic vesicles, which
participate in recycling and sorting the enzyme. The
acidic pH of the late endosomes causes the release of
the enzyme, after which the receptor is recycled for ad-

ditional rounds of sorting, whereas the enzyme moves
on to the lysosomes for the final maturation.5,6

For Pompe’s disease, the effective clearance of skele-
tal muscle glycogen, as indicated by both animal pre-
clinical7–10 and human clinical studies,11–14 appears to
be significantly more difficult than anticipated. Neither
transgenic liver-secreted hGAA nor even transgenic
hGAA expressed in the skeletal muscle of knock-out
(KO) mice have been successful.8,10 In the mouse
model, type II skeletal muscle was most resistant to
therapy.9,10 This outcome of ERT has highlighted the
gaps in knowledge of the pathogenesis of the disease.
Although the primary defect in Pompe disease has been
long established, intralysosomal glycogen storage, little
is known about the secondary events responsible for
muscle weakness and wasting. In fact, little is known
about the lysosomal system in skeletal muscle, healthy
or diseased.

We report here analyses of the downstream pathways
that are affected as a result of the accumulation of un-
digested substrate in lysosomes. Studies in KO myo-
blasts have shown that the deficiency of a single lyso-
somal enzyme results in a global vacuolar dysfunction
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and abnormal vesicular trafficking of both the endo-
cytic and autophagic pathways. Experiments using sin-
gle muscle fibers isolated from type I– and type II–rich
muscles from KO mice emphasize the role of the au-
tophagic pathway in the pathogenesis of the disease
and shed new light on both muscle wasting and the
resistance to ERT.

Materials and Methods
Antibodies
The following primary and secondary antibodies were used:
anti-Lamp1 (lysosome-associated membrane protein 1; BD
Pharmingen, San Diego, CA); anti-EEA1 (early endosomes
antigen 1; Affinity BioReagents, Golden, CO); anti–CI-
MPR (a gift from Dr W. Gregory, University of Washing-
ton, Seattle, WA); anti-TfR (transferrin receptor; Zymed
Laboratories, San Francisco, CA); anti-GGA2 (Golgi-
localized �-ear-containing, Arf-binding protein 2), anti-
GAPDH (glyceraldehyde phosphate dehydrogenase; Abcam,
Cambridge, MA); anti–AP-1 (adaptor protein 1), anti-
GM130 (BD Transduction Laboratories, San Jose, CA);
anti-LC3 (microtubule-associated protein 1 light chain 3; a
gift from Dr T. Ueno, Juntendo University School of Med-
icine, Japan); anti-� tubulin, anti-vinculin (Sigma-Aldrich,
St. Louis, MO); Alexa Fluor–conjugated secondary antibod-
ies (Invitrogen, La Jolla, CA); and nanogold-conjugated sec-
ondary antibodies (Nanoprobes, Yaphank, NY).

Primary Mouse Myoblast Cultures and
Gene Transfection
Primary mouse myoblasts were prepared and enriched by
several rounds of preplating as described.15 Myoblasts were
transiently transfected with pEGFP-LC3, pEGFP-Rab5, or
pEGFP-Lamp1 using the FuGENE 6 reagents according to
the manufacturer’s instructions. The cells were analyzed 48
to 72 hours after transfection by confocal microscopy (Zeiss
LSM 510 META; Zeiss, Oberkochen, Germany).

Single Muscle Fiber Preparation
Fibers were prepared from wild-type (WT), untreated, or
ERT-treated KO mice.16 The mice were 4 months old at
start of therapy. They received the rhGAA (20mg/kg twice a
week; Genzyme, Cambridge, MA) for up to 6 months. So-
leus (predominantly type I) and white gastrocnemius (pre-
dominantly type IIB) muscles were fixed with 2% parafor-
maldehyde for 1 hour, followed by fixation in methanol
(�20°C) for 6 minutes. After several rinses, single fibers
were obtained by manual teasing.

Immunofluorescence Microscopy and Western Analysis
Paraformaldehyde-fixed myoblasts or single muscle fibers
were immunostained with markers for endocytic/autophagic
compartments according to the standard procedures. The
cells and fibers were analyzed by confocal microscopy. West-
ern analyses of the tissue lysates were performed as described
elsewhere.10

pH Measurements
The late endosome/lysosome pH assay is based on measuring
the ratio of pH-sensitive fluorescein (FL) to pH-insensitive
TMR (tetramethylrhodamine) fluorescence emissions. Myo-
blasts were incubated with FL/TMR double-conjugated dex-
tran overnight, followed by 2- or 36-hour chase. Cross talk–
free confocal images of cells were recorded using the
appropriate emission ranges. The FL/TMR ratio of individ-
ual dextran containing vesicles was calculated. This ratio, de-
pendent on pH, but not dye concentration,17 was converted
to a pH value as described.18

Electron Microscopy
For electron microscopy (EM), muscles were fixed in 2%
glutaraldehyde/2% paraformaldehyde/0.1M sodium cacody-
late. For immunogold EM, single fibers were fixed with para-
formaldehyde only and stained for Lamp1, and nanogold-
conjugated secondary antibodies were used as described
elsewhere.19 Small pieces of muscle or single fibers were ob-
served in a Jeol 1200 microscope (JEOL, Peabody, MA) at
60kV.

Image Analysis
The mobility of late endocytic vesicles was analyzed by Co-
localization Orthogonal Regression algorithm (http://
mipav.cit.nih.gov). Data are given as mean � standard devi-
ation or as median and interquartile. Student’s t test was
used for statistical analysis. Whiskers within a box plot indi-
cate range within 1.5-interquartile range; open circles repre-
sent data points between 1.5- and 3-interquartile range, and
plus signs represent extreme data points.

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

Results
Expansion of Endocytic and Autophagic Vesicles,
Abnormalities in Lysosomal pH, and Decreased
Vesicle Mobility in Knock-out Myoblasts
Transfection with or immunostaining for lysosomal
(Lamp1), late endosomal (Lamp1/CI-MPR; CI-MPR
is present on late endosomes, but not on lysosomes20)
markers, or early endosomal (Rab5 and EEA1) markers
showed a significant expansion of the endocytic vesicles
in KO myoblasts (Figs 1A–F). The autophagic vacuoles
identified by transfection with GFP-LC3 (an autopha-
gosomal marker21) were also strikingly increased in size
in the diseased cells (see Fig 1G).

To examine the acidification of the expanded late
endocytic vesicles in the KO, we exposed the cells to
FL/TMR double-conjugated dextran for 24 hours fol-
lowed by 2-hour chase. In the WT myoblasts, most of
the dextran accumulated in the vesicles with normal
lysosomal pH22 of less than 5.2 (median value, 4.74).
In contrast, in KO only approximately 60% of vesicles
were within the normal lysosomal pH range (median
value, 5.08; Table). Furthermore, the difference per-
sisted after 36-hour chase, suggesting that a subset of
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alkalinized lysosomes is present in KO myoblasts. Nev-
ertheless, the number of vesicles within the normal ly-
sosomal pH range increased after 36-hour chase, indi-
cating that the transport from late endosomes to
lysosomes may pose an additional problem in the KO
animals (see the Table). Indeed, decreased mobility of
the enlarged late endocytic compartments in KO cells
was shown by imaging of living GFP-Lamp1–trans-
fected myoblasts. The mobile late endosomes/lyso-
somes occupied approximately 30% of the total late

endosomal/lysosomal area in the WT cells, whereas the
percentage was only approximately 18% in the KO
cells (Fig 2).

Differential Effect of Enzyme Replacement Therapy
in Types I and II Muscle Fibers in Knock-out Mice
Next, we analyzed vesicles of the endocytic pathway in
isolated muscle fibers of WT and KO mice and the ef-
fect of ERT. Our initial studies indicated that ERT
cleared glycogen from type I–rich muscle more effi-

Fig 1. Confocal images of myoblasts stained for Lamp1 (lysosome-associated membrane protein 1) (A) or transfected with GFP-
Lamp1 (B) showing the enlargement of late endosomes/lysosomes in knock-out (KO) animals. (C) The diameter of vesicles in wild-
type (WT) and KO cells is different: median values are 0.49 and 0.66�m respectively; *p � 0.05 (�1,000 vesicles were ana-
lyzed). (D) The enlargement of late endosomes in KO is confirmed by the size of Lamp1 (red)/cation-independent mannose-6-
phosphate receptor (CI-MPR) (green) double-positive structures. (E, F) The enlargement of early endosomes in KO cells is shown by
transfection with GFP-Rab5 (E) or by staining for early endosomes antigen 1 (EEA1) (green)/Lamp1 (red). (G) The enlargement of
autophagic vacuoles (AVs) in KO cells is shown by transfection with GFP-LC3. Bars � 10�m (A, B, E–G); 5�m (D).
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ciently than from type II–rich muscle, despite the higher
level of glycogen accumulation in untreated type I–rich
muscles.9,10 Confocal images of Lamp1-immunostained
single fibers confirmed that type II fibers responded
poorly to ERT (Fig 3). We have tried, therefore, to
identify the characteristics of the two fiber types that
may account for the different responses to therapy.

Expansion of Endocytic Vesicles and Fiber-Type
Specific Distribution of Lysosomes
As in KO myoblasts, enlarged endosomes/lysosomes
were found in both fiber types of untreated KO mice
(not shown). Confocal images, however, showed major
differences in the distribution of lysosomes in types I
and II WT fibers (see Figs 3 and 4). The lysosomes in
type I fibers are arranged in long stretches, whereas in
type IIB fibers they are not. The expansion of long
stretches of lysosomes in type I KO fibers generates a
tube-like structure (see Figs 4A, C; n � 70). In con-
trast, in type IIB KO fibers, the expanded lysosomes
are distributed throughout the fibers and are not con-
nected (see Fig 4B; n � 200). Lamp1/GM130 (cis-
Golgi complex marker) double staining showed the
two organelles positioned next to one another in types
I and II WT fibers, as well as in type I KO fibers. In
contrast, the distribution of Golgi marker in type II
KO fibers was less regular and the association with the
lysosomes was not entirely maintained (see Fig 4B).

Autophagic Buildup and Atrophy in Type II Fibers
of Knock-out Mice
Confocal microscopy of single type I KO fibers showed
isolated LC3-positive structures (not shown), and EM
captured occasional double-membrane autophagosomes
(Fig 5A). Autophagic buildup, however, occurred only
in type II KO fibers. The autophagic regions contained
vesicles with morphological features representative of
various stages of the autophagic process (see Fig 5B).

None of the Lamp1-positive structures initially ob-
served in immunofluorescence (see Fig 3) remotely ap-
proached the size of these autophagic areas. Closer ex-

amination of type II fibers showed long areas of LC3/
Lamp1 double-positive structures connected by a dark
area devoid of fluorescence (Figs 6B, C) or connected
by diffuse Lamp1 staining (see Figs 6D, E, H). The
myofibrillar striations appeared to be disrupted in these
regions (see Figs 6B, C). As shown by immunogold
EM (see Figs 5C, D), all large vesicles in type I fibers
are lined with dark grains (see Fig 5C, arrows); in con-
trast, the autophagic buildup areas in type II fibers
contain discrete Lamp1-positive smaller vesicles (see
Fig 5D, arrowhead).

Once discovered, the areas of autophagic buildup
were found easily. They extend for nearly the length of
the fibers (see Fig 6H) and are sometimes branched
(see Fig 6D). Importantly, they were not removed by
ERT (not shown). Staining with �-tubulin showed dis-
organization of the microtubular structure in the auto-
phagic areas (Fig 7).

In addition, there was a dramatic reduction in the
size of type II KO fibers compared with the WT (see
Figs 3 and 6). The average diameter of a type II fiber
of 8- to 10-month-old WT mice was 90.9 � 16.5�m
(n � 70) compared with 56.9 � 11.9�m (n � 59;
p � 0.0001) and 54.3 � 14.3�m (n � 41) for fibers
from age-matched untreated and ERT-treated mice, re-
spectively. In contrast, type I fibers showed a tendency
for hypertrophy: the average fiber size in 8- to 10-
month-old KO mice was 64.2 � 12.3�m (n � 25)
compared with 57.7 � 10.5�m (n � 33) in age-
matched WT mice.

Low Abundance of Trafficking Proteins in Type II–
Rich Muscle
Levels of trafficking proteins also differ between fiber
types in both the WT and KO mice. In addition to the
reduced levels of CI-MPR, clathrin, and AP-2 shown
previously,10 the TfR, GGA2, and AP-1 (Fig 8) are all
less abundant in type II than in type I muscle. In fact,
GGA2 was virtually absent in type II muscle, and
AP-1, a negative regulator of CI-MPR–mediated endo-
cytosis, was upregulated in type II but not type I KO
muscle (see Fig 8).

Discussion
We have found an expansion of all the vesicles of the
endosomal/lysosomal system (rather than just the lyso-
somes) and a striking decrease in the mobility of these
vesicles in KO myoblasts, suggesting that vesicular fu-
sion may be impaired. Because efficient targeting and
processing of lysosomal enzymes requires a proper pH
gradient along the endocytic pathway,22,23 we consid-
ered that the enlargement and stasis of all the endocytic
compartments might alter pH, thereby preventing the
dissociation of rhGAA from the receptor and/or inhib-
iting the enzyme activity. The dissociation of the
MPR-ligand complexes on late endosomes requires a

Table. Percentage of Fluorescein/Tetramethylrhodamine
Dextran-Labeled Vesicles Classified by pH

Cell Type/Chase
Perioda

pH range

pH � 5.2 5.2 � pH � 5.8 pH � 5.8

WT/2 hours 89.0 9.1 1.9
KO/2 hours 60.3 26.5 13.2
WT/36 hours 90.4 5.0 4.6
KO/36 hours 70.2 18.5 11.3

aThe number of vesicles analyzed: approximately 1,400 (WT/2
hours); approximately 1,300 (KO/2 hours); approximately 600
(WT/36 hours and KO/36 hours each).

KO � knock-out; WT � wild type.
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pH below 6.0.24 The inability of the CI-MPR to dis-
sociate from procathepsin D resulting from a profound
acidification defect has been found in certain cancer
cells.25 Elevated intralysosomal pH has been described
in other lysosomal storage diseases, such as mucolipi-
dosis type IV and several forms of neuronal lipofusci-
noses.26,27 Despite a significant expansion of the endo-
cytic vesicles, the majority of late endosomes/lysosomes
maintained normal pH in Pompe cells. There was,
however, an increased population of vesicles with pH
above the normal lysosomal and even late endosomal

range, suggesting a defective acidification of a subset of
the late endosomes/lysosomes that may be of pathoge-
netic importance in multinucleated muscle fibers.

We have identified some intrinsic properties of types I
and II fibers that might contribute to their differential
response to ERT. The levels of proteins involved in
receptor-mediated endocytosis and trafficking of lysoso-
mal enzymes are much lower in type II than in type I
fibers in both WT and KO animals. These proteins in-
clude (but are not limited to) the CI-MPR, clathrin,
AP-2 complex, TfR (a marker for recycling endosomes),

Fig 3. Confocal images of type I (6-month-old mice) and type IIB (10-month-old mice) fibers stained for lysosome-associated mem-
brane protein 1 (Lamp1). After 2 months of therapy the size of lysosomes in type I knock-out (KO) fibers is similar to that in
wild-type (WT) fibers. The lysosomes remain significantly enlarged in type II KO fibers after 6 months of therapy. Bar � 10�m.

Fig 2. Reduced mobility of late endocytic vesicles in knock-out (KO) myoblasts. (A) Images of live GFP-lysosome-associated mem-
brane protein 1 (Lamp1)–transfected cells at time 0 (pseudo-green) and 20 seconds (pseudo-red). In the merged images, particles
that have moved are red. The amount of red is significantly higher in WT than in KO. Bars � 10�m. (B) Quantitative analysis
of vesicle mobility (10 WT and 10 KO cells were used) was done by calculating the percentage of red area in the merged images
relative to the total late endosomal/lysosomal area.
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Fig 5. Electron microscopy (EM) of types I and II fibers from 10-month-old knock-out (KO) mice. (A) Double-membrane autopha-
gosomes in type I fiber. (B) Autophagic buildup in type II fiber: autophagosome (black arrow); large autophagic vacuole (AVs) con-
taining small autophagosomes (black arrowhead); multivesicular body (white arrow); multimembrane structure (white arrowhead).
Types I (C) and II fibers (D) labeled with lysosome-associated membrane protein 1 (Lamp1) for immunogold EM showing strong
labeling on lysosomal membranes (arrows) and discrete smaller Lamp1-positive vesicle within the area of autophagic buildup in type
II fiber (arrowhead). Bars � 0.2�m (A); 2�m (B); 1�m (C, D).

Fig 4. Confocal microscopy of lysosome-associated membrane protein 1 (Lamp1)/GM130 double-stained fibers showing closely ap-
posed or fused enlarged lysosomes in type I knock-out (KO) fibers (A) and lysosomes that remain apart in type II KO fibers (B).
The distribution of the Golgi complex elements (GM130 in A and B) is different in type I and type II fibers in wild-type fibers
(WT). A similar fiber-type–specific distribution of the Golgi marker was described in normal rat muscle.45,46 This marker remained
aligned in type I KO fibers as in WT, whereas in type II KO fibers, the Golgi marker appeared irregular. (C) Interconnected tube-
like structure in type I KO fiber (Lamp1 staining). Bars � 10�m.
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and a family of GGA proteins, which link cargo mole-
cules and clathrin-coated vesicle assembly at the trans-
Golgi network and early endosomes.28–30 Interestingly,
the level of another protein involved in vesicle transport,
Vear, was shown to be much lower in type II than in
type I fibers in humans.31 However, one of the traffick-
ing proteins, AP-1, was upregulated in type II KO fibers
compared with WT. Paradoxically, this upregulation
may negatively affect the CI-MPR–mediated endocyto-
sis.32 In addition to the low level of trafficking proteins,
the distribution and organization of the lysosomes may
also be disadvantageous for type II fibers.

The overcrowding and stasis observed in KO is ex-
acerbated by an increase in size of autophagic vacuoles
in both fiber types. Autophagy is a highly regulated
process in which parts of the cytoplasm and organelles
are sequestered within double-membrane–limited auto-

phagosomes.33,34 The autophagosomes mature and be-
come amphisomes and autolysosomes when they fuse
with endosomes or lysosomes.35,36 Excessive autophagy
is a hallmark of several myopathies including Pompe
disease; accumulation of autophagic vacuoles has been
documented both in patients and in the KO mod-
els.10,37,38 It has been suggested that the autophagic
clusters (referred to as “noncontractile” material), ob-
served in some myofibrils by EM, may contribute to
the age-related decline in muscle contractile function in
Pompe disease mice.38,39

Nutritional deprivation induces autophagy, presum-
ably to provide substrates for energy. An increase in
autophagy in Pompe skeletal muscle raises an intrigu-
ing possibility that the failure to digest lysosomal gly-
cogen to glucose, the fundamental lesion in Pompe dis-
ease, may set up a vicious cycle by depriving muscle

Fig 6. Autophagic buildup in type II fibers from knock-out (KO) mice. Confocal microscopy of type II fibers from wild-type (WT)
(A) and KO (B–F, H) mice stained for lysosome-associated membrane protein 1 (Lamp1) alone (red) or together with LC3 (green)
(C, E, F), showing large central region of autophagy in each fiber. The areas of autophagic buildup appear either as a huge “black
hole” (B, C) or as a diffuse Lamp1 staining (D, E). (F) Enlarged view of autophagosomes (green) colocalized with late endosomes/
lysosomes (red). (G) Unstained KO fibers show autofluorescence in the autophagic area. (H) Lamp1 immunostaining of type II KO
fiber showing that the autophagic buildup spans the length of the core of a fiber. Bars � 10�m (A–G).
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cells of a necessary source of energy. Glucose depriva-
tion in rat cardiomyocyte, for example, results in auto-
phagic rather than apoptotic cell death.40 Only in type
II KO fibers, however, did we see huge autophagic
masses (the full extent of which is best seen by confocal
microscopy) both before and after ERT, suggesting
that the pathogenesis of the disease in the two fiber
types is quite different. The role of GAA in type II
fibers may resemble that in liver and heart in the im-
mediate postnatal period when there is a demand for
massive liberation of glucose. During this period, GAA
activity increases dramatically, and the autophago-
somal-lysosomal degradation of glycogen to glucose
provides energy to meet the metabolic requirements.41

The enormous autophagic buildup in glycolytic type
II, but not oxidative type I, fibers from the KO mice
may reflect both a more robust increase in autophagy
and an impairment of fusion of autophagic vacuoles
with endosomes/lysosomes. Indeed, significantly in-
creased autophagy in response to starvation was ob-
served in type II, but not in type I, muscle in trans-
genic mice overexpressing GFP-LC3.42

We suggest, therefore, that the pathological cascade,
triggered in response to the primary defect in type II
glycolytic fibers, may be as follows: the failure of gly-
cogen digestion results in a local starvation that stim-
ulates a strong autophagic response that, coupled with
the inability of the vesicles to fuse and discharge their
contents in the lysosomes, leads to a continuous auto-
phagic buildup and a profound disorganization of the
microtubule structure that may perpetuate the autoph-
agic process.43

There is a clear need to improve the treatment of
Pompe affected skeletal muscle. Although remodeling
the carbohydrate of rhGAA to increase its affinity for
CI-MPR was shown to enhance the efficacy of the ERT
in KO mice,44 the secondary changes in vesicle traffick-
ing and autophagy are likely to compromise the ability
of the fibers to recover. Consequently, therapeutic efforts
to switch fiber type or to find an alternative route to
provide energy to type II fibers should be sought.
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