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Abstract: Autophagy is a major intracellular self-digestion process that brings cytoplasmic materials to

the lysosome for degradation. Defective autophagy has been linked to a broad range of human disorders,

including cancer, diabetes, neurodegeneration, autoimmunity, cardiovascular diseases, and myopathies. In

Pompe disease, a severe neuromuscular disorder, disturbances in autophagic process manifest themselves

as progressive accumulation of undegraded cellular debris in the diseased muscle cells. A growing body of

evidence has connected this defect to the decline in muscle function and muscle resistance to the currently

available treatment—enzyme replacement therapy (ERT). Both induction and inhibition of autophagy have

been tested in pre-clinical studies in a mouse model of the disease. Here, we discuss strengths and weaknesses

of different approaches to address autophagic dysfunction in the context of Pompe disease.
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Introduction

A large number of lysosomal storage disorders (LSDs),
including Pompe disease, underscore the importance of the
lysosome—a ubiquitous intracellular organelle enclosed
in a membrane that maintains and protects the acidic
interior. The scientific discoveries over the past decade
have fundamentally changed our understanding of the role
of the lysosome in cellular metabolism—from the view of
this organelle as a terminal waste bag to a sophisticated
“switchboard” center involved in arranging the cellular
response to various metabolites and multiple types of stress
and maintaining a balance between anabolic and catabolic
processes, including autophagy.

Autophagy (from Greek “self-eating”) is an
evolutionarily conserved lysosome-dependent recycling

© Annals of Translational Medicine. All rights reserved.

process that provides nutrients at times of starvation and
clears the cell of protein aggregates and worn-out or
dysfunctional intracellular organelles. At least three forms
of autophagy are recognized: microautophagy, chaperone-
mediated autophagy (CMA), and macroautophagy (1). In
microautophagy, cytosolic cargos are “swallowed” by the
lysosome through the inward folding of the lysosomal
membrane itself (2). CMA refers to a selective degradation
of a subset of soluble cytosolic proteins containing a
pentapeptide motif (KFERQ-like). This motif serves as
a tag for the recognition by a chaperone (the heat shock
protein Hsc70) that delivers the protein to the lysosomal
surface; once there, the substrate protein translocates
across the lysosomal membrane via the lysosome-
associated membrane protein type 2A (LAMP2A)-mediated
mechanism [reviewed in (3)]. Macroautophagy is by far
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the most studied form, and it is unique in that it relies on
the de novo formation of a transient double-membrane
vesicle, called autophagosome, that mediates the delivery
of cytosolic cargo to lysosomes. In this review we focus on
the basics of macroautophagy (subsequently referred to as
autophagy as is commonly accepted in the literature) and
its relevance to the pathophysiology of Pompe disease. We
will also discuss different ways to manipulate the autophagic
process to provide a therapeutic benefit for this severe
muscle disorder.

Brief overview of autophagy

Autophagy was initially defined as a process that allows
the cell to survive under starvation conditions by digesting
its own components so that the degradation products
can be exported back to the cytoplasm and used for
protein synthesis and energy production during “lean”
times. In the course of this multi-step process, newly
formed double-membrane cup-shaped structures, called
phagophores, surround portions of the cytoplasm and
become autophagosomes after their edges are sealed.
Autophagosomes, in which cytosolic components are
sequestered, move along microtubules and fuse with
lysosomes, giving rise to autolysosomes where the contents
of autophagosomes are degraded by lysosomal hydrolases
[reviewed in (1,4,5)]. Once the degradation is completed,
autolysosomes contribute to the regeneration of the
lysosomal pool (6). Autophagosomes can also fuse with
vesicles of the endocytic pathway—Ilate endosomes—
to form amphisomes which then fuse lysosomes (7).
This “prelysosomal connections” between autophagy
and endocytosis (8) may have implications for enzyme
replacement therapy (ERT) for Pompe disease as well as
other LSDs since the recombinant enzymes traffic to the
lysosome along the endocytic pathway (9).

Unlike proteasome-dependent degradation of
polyubiquitin-labeled proteins, autophagic response to
starvation is a non-selective “wholesale” degradation of
cytoplasmic materials which are randomly sequestered into
autophagosomes. However, the system also operates at
baseline levels even when nutrients are available; under this
conditions autophagy fulfills housekeeping functions and
contributes to intracellular homeostasis by selective removal
of potentially harmful products, such as aberrant protein
aggregates (that cannot by degraded by proteasomes),
damaged or no longer functional organelles, and pathogens
[reviewed in (10-12)].
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Autophagy is a highly regulated process; uncontrolled
autophagy may have serious repercussions for the cell.
Dozens of proteins are responsible for multiple steps of the
autophagic pathway—the initiation of autophagy, formation
and maturation of autophagosomes, autophagosomal-
lysosomal fusion, and cargo degradation. We refer
the reader to a number of recent reviews covering the
molecular machinery of autophagy (5,13,14). The two
proteins that are most commonly used as autophagy
markers in mammals are microtubule associated protein
1 light chain 3 (MAPILC3; LC3) and sequestosome
1 (SQSTMI; also known as p62). LC3, a mammalian
homologue of yeast AT'GS, is a soluble protein that exists as
a cytosolic LC3-I form and as a phosphatidylethanolamine-
conjugated LC3-II form. The latter is recruited to both the
inner and outer membranes of forming autophagosomes
where it remains all the way throughout their fusion with
lysosomes; LC3-1I serves as a highly specific marker of
autophagosomes (15). SQSTM1/p62 is a ubiquitin-binding
scaffold protein with a variety of cellular functions. This
protein plays a dual role in autophagy: it is primarily
degraded by autophagy, thus, serving as an autophagy
substrate, and it acts as a receptor in selective autophagy
by interacting with LC3 [and gamma-aminobutyric acid
receptor-associated protein (GABARAP family proteins)] to
promote autophagic degradation of ubiquitinated protein
aggregates (16-18). The protein accumulates in cells from
autophagy-deficient mice (19), and an increase in the level
of p62 is an indication of a functional defect of autophagy.

One must keep in mind that autophagy is a dynamic
process which has a beginning—autophagosome formation,
and an end—fusion with the lysosome and lysosomal
digestion of the cargo. Autophagic flux refers to the
overall efficiency of the process, namely, to the rate of
autophagosome content degradation. The flux is complete
if the formation of autophagosomes is followed by their
fusion with lysosomes and lysosomal degradation of the
cargos; if, however, the formation of autolysosomes is
impaired/or lysosomal degradation is insufficient, the flux
is incomplete, leading to accumulation of autophagosomes
and autophagy substrates (1). Therefore, the increase in the
number of autophagosomes could indicate an upregulation
of autophagy or defects in autophagosome-lysosome fusion,
or both.

As mentioned above, autophagy can be highly selective
process, in which the cargo is labeled and recruited
to the autophagosomal membrane by the receptors/
or adaptors (10-12). Multiple pathways target specific
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cellular compartments for lysosomal degradation, and
among these, the most studied is autophagic removal of
damaged mitochondria—a process called mitophagy (20).
A decrease in mitochondrial membrane potential activates
PINKI1 kinase followed by Parkin-mediated recruitment
of autophagic machinery (mutations in both proteins are
often found in patients with early-onset of Parkinson’s
disease) (21) [reviewed in (22)]. It is not surprising that
aberrant autophagic turnover of dysfunctional mitochondria
has been implicated in several LSDs, including Pompe
disease (23). Abnormal mitochondrial function and
inefficient clearance of damaged mitochondria in muscle
were documented in GAA-KO mice (24). Altered
mitochondrial morphology is commonly observed in muscle
biopsies from Pompe disease patients (25,26).

In addition to mitophagy, other kinds of selective
autophagy have been identified: pexophagy for peroxisomes,
ribophagy for ribosomes, endoplasmic reticulum (ER)-
phagy for degradation of the ER, nucleophagy for selective
targeting portion of the nucleus, lipophagy for selective
degradation of lipid droplets, etc. Two additional specific
forms of selective autophagy—Ilysophagy and glycophagy—
will be discussed in greater detail because of their potential
relevance to Pompe disease.

Lysophagy and glycophagy

Lysophagy, by definition, involves selective elimination
of damaged lysosomes through the autophagic process.
Lysosome damage, called lysosomal membrane
permeabilization (LMP), and lysosomal rupture are
prominent features of skeletal muscle damage in Pompe
disease (25). In the course of examining muscle fibers
(immunostained for lysosomal and autophagosomal
markers) isolated from biopsies of Pompe disease patients
and GAA-KO mice, we frequently observed irregularly-
shaped lysosomes inside autophagosomes. Based on this
morphological evidence, we suggested that damaged
lysosomes may trigger an increase in autophagy and proposed
the term lysophagy long before the molecular mechanism of
this type of selective autophagy began to unravel (27).

In an elegant study, using the light-based lysosome-
inactivation technique to injure only a subset of
lysosomes in a cell, Hung et 4/. demonstrated selective
ubiquitination and recruitment of damaged lysosomes by
autophagic proteins followed by their incorporation into
autolysosomes (28). Induction of autophagy and selective
engulfment of damaged lysosomes by autophagosomes
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have been also shown in the murine cells treated with
lysosomotropic agents (29). The lysosome-containing
autophagosomes are then likely to fuse with intact
lysosomes leading to the restoration of proteolytic
activity. The relevance of lysophagy and its protective
role was demonstrated in vivo, in a mouse model of
acute hyperuricemic nephropathy (29). Lysophagy may
also play a protective role in Danon disease, caused
by X-linked mutations in LAMP2a gene encoding a
lysosomal membrane protein. It has been suggested that
the recruitment of LGALS3 (galectin-3; a marker of
endovascular damage) to the damaged lysosomal membrane
may be one of the triggers of lysophagy (30). Although
the mechanisms of selective degradation of lysosomes are
not fully understood, recent studies indicate that cytosolic
galectins induce autophagy in response to lysosomal damage
by controlling mTOR and AMPK (5' AMP-activated
protein kinase) (31). The contribution of the lysophagy to
the pathogenesis of muscle damage in Pompe disease is a
focus of our current investigation at the NIH.

Glycophagy is a somewhat misleading term. Strictly
speaking, it implies that abnormal glycogen is selectively
targeted to the lysosome for degradation. Although aberrant
glycogen structure/or abnormal branching has been considered
as possible “labels” for selective shunting through autophagic
degradation (32), there is no solid data to support the
hypothesis. Similarly, there is no data showing that accumulated
lysosomal glycogen in Pompe disease is abnormal.

In general, despite extensive research into mechanisms
involved in the pathogenesis of Pompe disease, the most
obvious question of how (and why) glycogen gets to the
lysosome in the first place is still not fully addressed. Early
reports provided morphological evidence of autophagic
delivery of glycogen to the lysosomes in skeletal muscle
of neonatal rats; the presence of large glycogen-filled
autophagic vacuoles in muscle of newborn animals
suggested the role of lysosome in glycogen breakdown
at birth, when the demand for glucose is high (33). The
appearance and timing of these vacuoles (containing almost
exclusively glycogen particles), their absence in fetal tissues,
and their decline in number in the first few days after birth,
all suggested a selective nature of the physiological process
of postnatal glycogen mobilization (33). More recent studies
indicated that selective and highly regulated (by the cyclic
AMP and the mTOR pathway) glycogen autophagy also
takes place in the liver and heart to meet the demand for
glucose in the postnatal period (34-37).

Our studies pointed to the role of glycogen autophagy
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in skeletal muscle of adult animals: genetic suppression of
autophagy by inactivation of a critical autophagic gene,
Atg7, in muscles of GAA-KO mice (Atg7/GAA double
knockout) significantly reduced the amount of lysosomal
glycogen accumulation. This suggested that autophagic
pathway is, at least partially, responsible for glycogen
trafficking to the lysosome in adults (38).

Autophagic delivery of glycogen particles to the lysosome
could simply reflect their cytoplasmic distribution. On
the other hand, it has been suggested that glycogen
can be selectively transported to the lysosome through
the autophagic pathway. The starch-binding domain-
containing protein 1 (STBD1; genethonin 1) which
contains the carbohydrate-binding domain, was proposed
to function as a novel receptor for anchoring glycogen
to the autophagosomal membrane through interaction
with the cognate autophagy protein GABARAPL1—a
process termed “glycophagy” (39). If, indeed, STBD1 is a
mediator of glycogen trafficking to the lysosome, then its
inhibition would rescue or ameliorate glycogen burden in
Pompe disease. However, adeno-associated virus (AAV)-
mediated inhibition of STBD1 in GAA-KO mice did not
change the levels of lysosomal glycogen accumulation in
the diseased muscle (40). Furthermore, in GAA/STBD1
double knockouts, glycogen accumulation was significantly
reduced in the liver but not in skeletal and cardiac muscles,
suggesting a tissue-specific role of Stbdl in glycogen
transport (41).

Recent studies in Drosophila melanogaster raise an
interesting possibility that glycogen synthase (GlyS), a
protein long-known to be involved in glycogen synthesis,
regulates autophagy through its interaction with Atg8 (42).
To study glycogen autophagy in skeletal muscle, Zirin
et al. (42) established an in vivo fruit fly model of vacuolar
myopathy by using chloroquine (CQ), a widely used
antimalarial drug. Prolonged CQ treatment is associated
with the development of a vacuolar myopathy (43) due to
its lysosomotropic effect and disruption of autophagosomal-
lysosomal fusion (44). Of note, early clinical case reports
indicate that glycogen is a major component of autophagic
vacuoles in CQ myopathy (45,46).

Noutrient deprivation in CQ-treated fruit flies triggered
massive glycogen autophagy in the larval muscle as
indicated by: (I) the high degree of colocalization of
glycogen and an autophagic marker; and (II) the presence
of numerous autophagic vesicles loaded with glycogen on
electron micrographs. Knockdown of GlyS reduced the
size but not the number of autophagosomes in starved
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CQ-treated muscles suggesting an important role of GlyS
in CQ-induced autophagosome swelling. These data,
combined with the evidence of the interaction between
GlyS and Atg8, led to a hypothesis that GlyS on the
surface of the autolysosome may sense glucose released by
lysosomal glycogen degradation (42). Furthermore, genetic
screen using primary myocyte cells from a fruit fly model of
autophagy confirmed a critical role of glycogen metabolites
in modulating autophagic response to starvation in
muscle (47). Glycogen autophagy has also been suggested as
a component of the response to cardiac metabolic stress in
female hearts (48).

From our perspective, the role of glycophagy in the
pathogenesis of muscle damage in Pompe disease is, no
doubt, a high-priority research area.

Dysfunctional autophagy in Pompe disease

One of the earliest description of patients’ muscle biopsies
(long before the field of autophagy began to advance),
included “vacuolar myopathy, high vacuolar glycogen
content, and autophagic character of many vacuoles”. The
described pathology was reminiscent to that observed in
human and experimentally induced CQ myopathy (49)—a
profound insight that makes perfect sense now.

In hindsight, predicting the involvement of autophagy in
Pompe disease, should have been a slam-dunk. But, as often
happens, the new concept of the pathogenesis of muscle
damage took a long time to develop. For years, a model of
disease progression, broken down into stages of lysosomal
enlargement and rupture was considered sufficient (25,50).
"To be more specific, autophagy emerged as a player when
the shortcomings of ERT came to light. Efforts to advance
the development of ERT for Pompe disease in the 1990s
have been rewarded with the approval of in 2006 of human
recombinant GAA (rhGAA, alglucosidase alfa; Myozyme®,
Sanofi Genzyme, Cambridge, MA, USA). Although initial
reports had evoked optimism, our experience with thGAA
in GAA-KO mice was not encouraging.

While the response of cardiac muscle to ERT was very
good, skeletal muscle improvement remained far less
satisfactory. Most of the enzyme ended up in the liver,
large doses (20-40 mg/kg/wk)—far exceeding those used
in other LSDs, failed to clear skeletal muscle glycogen.
Even with huge doses (100 mg/kg), considerable amount of
glycogen remained in skeletal muscle (51). When company-
sponsored human clinical trials were completed, the results
resembled those in our pre-clinical studies. Skeletal muscle
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Figure 1 Left: impaired fusion between lysosomes and autophagosomes (stalled autophagy), along with the upregulation of autophagosome

formation in the diseases muscle, leads to progressive accumulation of autophagic debris. Right: the lysosome is a platform where mTORC1

is activated by Rheb, a small GTPase; an amino acid sensing cascade—V-ATPase, Ragulator, and the Rags—are involved in the recruitment

of the mTORCI from the cytosol to the lysosome. Once activated, mTORCI stimulates protein synthesis by activating phosphorylation

of its downstream targets, 4EBP1 and p70S6 kinase, while suppressing autophagy by inactivating phosphorylation of ULK1 and

TFEB/TFE3.

has proved a recalcitrant target. Over the years it became
increasingly clear that sub-optimal delivery of the drug
to skeletal muscle as well as the condition within muscle
cells themselves contribute to the poor muscle response to
therapy.

Electron microscopy (EM) of skeletal muscle biopsies
from Pompe disease patients (particularly with late-
onset disease) and from GAA-KO mice showed large
areas of autophagic accumulation containing classical
double-membrane autophagosomes with undigested
materials or glycogen particles, multivesicular bodies, and
multimembrane structures. Immunostaining of single
muscle fibers for lysosomal (LAMP1) and autophagosomal
(LC3) markers reveals the extent of autophagic buildup:
the core of muscle fibers was packed with clusters
of late endosomes/lysosomes with broken borders,
autophagosomes, autofluorescent material, and other
cellular debris. The extensive autophagic buildup in the
core of muscle fibers, rather than lysosomal expansion,
seemed to disrupt sarcomere structure leading to the loss of
muscle force in GAA-KO mice (52). Likewise, autophagic
buildup was the overwhelming pathology in muscle biopsies
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from children and adults with Pompe disease. In addition,
the buildup area was filled with undigested autophagic
substrates, such as p62/SQSTM1 and potentially toxic
ubiquitinated protein aggregates, suggesting the failure of
the autophagic process in the diseased muscle (27,53,54).
Gene expression analysis, western blotting, and live-
cell imaging indicated that both, increased formation of
autophagosomes and impaired autophagosomal-lysosomal
fusion (autophagic block; Figure 1) in muscle cells underlie
the mechanism of autophagic accumulation (55,56).
Nowadays, Pompe disease is classified as autophagic
myopathy (57), and dysregulation of autophagy is
recognized as a common feature of many LSDs (58,59).
The consequences of autophagic defect in Pompe skeletal
muscle are twofold: (I) massive autophagic buildup (non-
contractile inclusions) within the fibers disrupts the muscle
architecture by interrupting the contractile myofibrils and
negatively affects muscle function by causing loss of muscle
force and contractility (60-62); and (II) the buildup disturbs
vesicular movement and presents an obstacle for the
trafficking and lysosomal delivery of the therapeutic enzyme
(56,63-65). Indeed, in preclinical trials, poor skeletal muscle
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response to ERT was linked to the presence of autophagic
buildup (55,63). Several strategies have been explored to
address the dysfunctional autophagy in GAA-KO mice.

Stimulation of autophagosomal-lysosomal fusion
and lysosomal exocytosis

One way to overcome the autophagic block is to restore
the fusion between autophagosomes and lysosomes. The
feasibility of this approach came with the discovery of
the role of transcription factors, TFEB and TFE3, in
the biogenesis of lysosomes and autophagosomes. When
translocated to the nuclei, both TFEB and TFE3 stimulate
the generation of new lysosomes and autophagosomes and
promote fusion between them (66,67). The mechanism
of TFEB/TFE3-mediated gene regulation involves
their ability to bind a 10-base pair palindromic sequence
(called CLEAR: Coordinated Lysosomal Expression and
Regulation) in the promoter regions of many lysosomal and
autophagic genes (66,67). The TFEB/TFE3 cytoplasmic-
nuclear shuttling is controlled by the mammalian target
of rapamycin (mTORCI1). When nutrients are available,
TFEB and TFE3 are recruited to the lysosomal membranes
where they are phosphorylated by mTOR (at S211 of
TFEB and S321 of TFE3), creating a binding site for
the chaperone 14-3-3, thus keeping them in the cytosol;
upon nutrient deprivation, mTORCI is inactivated
and dephosphorylated TFEB and TFE3 translocate
to the nucleus to induce lysosomal biogenesis and
autophagy (66-70).

In addition to regulating the transcription of genes
involved autophagosomal-lysosomal biogenesis, TFEB
and TFE3 also facilitate lysosomal exocytosis—a process
of lysosomal fusion with plasma membrane leading to
clearance of pathologically accumulated materials by
discharging lysosomal content into the extracellular
space (71). The ability of lysosomes to exocytose is now seen
as an essential part of their function, namely, to promote
cellular clearance by degrading the cargo or by releasing it
outside the cell (68,72,73).

Overexpression of TFEB emerged as a potential
therapeutic strategy in a variety of lysosomal storage disease
as well as in disorders with accumulation of abnormal
proteins (66,71). Indeed, overexpression of TFEB and
TFE3 in GAA-deficient cultured muscle cells and in a
particular muscle group (flexor digitorum brevis, FDB) of
the GAA-KO mice triggered lysosomal exocytosis, reduced
glycogen load and lysosomal size, and alleviated autophagic
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buildup (56,67,74). Also, overexpression of TFEB combined
with GAA gene transfer promoted glycogen clearance
and improved muscle pathology in iPSC-derived skeletal
muscle cells from Pompe disease patients (75). Stimulation
of lysosomal exocytosis—a conceptually novel approach to
therapy, which addressed both lysosomal and autophagic
pathologies in the diseased muscle, seemed very promising
for treatment of Pompe disease.

However, the results of AAV-mediated systemic delivery
of the human TFEB gene [under the control of the muscle
creatine kinase (MCK) promoter] into GAA-KO mice were
far less impressive, to put it mildly: TFEB treatment did
not cause a significant decrease in total glycogen levels in
all tissues examined, including skeletal muscles, diaphragm,
or heart (76). It turned out that in skeletal muscle (unlike in
other tissues) both TFEB and TFE3 stimulate expression
of genes involved in several pathways related to glucose
homeostasis and mitochondrial biogenesis. Increase in
glucose uptake and glycogen synthesis was observed in
transgenic mice expressing Tfe3 in skeletal muscle (77). A
metabolic effect leading to increased muscle glycogen was
also observed in muscle-specific TFEB transgenic mice (78).

Although disappointing, a discussion about the merits
of this approach should continue. One can envisage a
possibility of pharmacological modulation of endogenous
TFEB/TFE3 in combination with ERT. An important
caveat is that inhibition of mMTORCI to stimulate lysosomal
exocytosis (for example, by rapamycin) should be avoided
considering that the activity of this kinase is already reduced
in the diseased muscle (see below).

Genetic suppression of autophagy in skeletal
muscle

The association between defective autophagy and muscle
resistance to ERT suggested that the removal of autophagic
buildup would be helpful. The generation of autophagy
deficient GAA-KO mice (Atg7/GAA double knockout) by
genetic suppression of autophagy in skeletal muscle served
this purpose. As mentioned above, a significant decrease in
the amount of accumulated muscle glycogen was observed
in double knockouts, indicating that this approach served
as a substrate reduction therapy. However, this genetic
manipulation did not completely eliminate lysosomal
glycogen load, suggesting that in addition to autophagy,
other pathways are involved in glycogen trafficking to the
lysosome, such as, for example, microautophagy (38).
Perhaps, most important, without autophagic buildup,
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ERT worked very well in both young (3 mo. old) and
old (7-8 mo. old) animals, as shown by complete or near
complete clearance of stored glycogen and reversal of
lysosomal pathology, an outcome never observed in GAA-
KO with genetically intact autophagy (38,79).

The loss of autophagy in skeletal muscle of healthy
mice is associated with the accumulations of dysfunctional
mitochondria, mild atrophy, and age-dependent decrease
in muscle strength (80-82). On the other hand, in the
context of GAA deficiency, the benefits outweigh the
negatives. Atg7/GAA double knockouts are phenotypically
indistinguishable from the GAA-KO mice, and both
strains have normal lifespans. Furthermore, the force level
generated by single fibers from double knockouts was
significantly higher than in GAA-KO, although not as high
as in the wild type mice (79).

Thus, the removal of autophagic buildup in muscle of
GAA-KO mice resulted in a decrease in glycogen level,
increase in muscle force, and rendered skeletal muscle
fully amenable to ERT. On the flip side, this approach
is, indeed, leads to accumulation of SQSTM1/p62 and
ubiquitinated proteins, and exacerbates ER stress and
muscle atrophy. These experiments are proof of principle
designed to explore the pathway of the cytosol-to-lysosome
glycogen transport and to support the idea that autophagic
buildup represents an impediment to ERT. An additional
factor likely to contribute to the success of ERT in double
knockouts is a significantly reduced muscle glycogen load.

Modulation of mTOR signaling

Since the nature of autophagy impairment in Pompe
skeletal muscle involves both induction of autophagy
and faulty autophagosomal-lysosomal fusion, most viable
strategy may be inhibition of autophagosome formation.
mTORCI kinase, a nutrient sensor, along with AMPK, an
intracellular sensor of ATP, respond to changing metabolic
and energy conditions to coordinate anabolic (mnRNA
translation) and catabolic pathways (such as autophagy)
(83-85). mTORCI and AMPK can directly regulate
autophagy with opposite effects by coordinated
phosphorylation of autophagy-initiating kinase UlkI:
mTORCI negatively regulates Ulkl by the inactivating
phosphorylation at Ser757 leading to a robust suppression
of autophagosome formation (Figure 1), whereas AMPK
catalyzes activating phosphorylation of Ulkl at different
sites (Ser317 and S777) leading to autophagy induction (86).
When nutrients are abundant, active mTORCI inhibits
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autophagy and prevents AMPK-mediated phosphorylation
of Ulkl. When the cell experiences energy deficit or glucose
starvation, AMPK is activated, and autophagy is induced.

Apart from the control of autophagy, both mTORC1
and AMPK regulate protein translation. When activated,
mTORCI stimulates protein synthesis by phosphorylating
several downstream targets including the two well-
established main regulators of cap-dependent protein
synthesis—p70 ribosomal S6 kinase (P70S6K) and
eukaryotic initiation factor 4E (eIF4E) binding protein 1
(4EBP1) (Figure 1). AMPK inhibits mTORCI through
multiple mechanisms including activating phosphorylation
of the tuberous sclerosis complex (T'SC) which inhibits
Rheb (Ras homolog enriched in brain)—a powerful
mTOR activator (87). Recent studies demonstrated that
the lysosomal membrane is the major site for mTORCI1
activation. Multiple proteins including v-ATPase, Ragulator,
Rag and Rheb GTPases, TSC complex, and others are
engaged in the recruitment of mTORCI to the lysosome
and its release from the lysosome (inactivation) (Figure I).
Under nutrient-rich conditions, mTORCI1 is recruited to
the lysosome; conversely, amino-acid starvation triggers
mTORCI lysosomal release and inactivation (87-92). This
breakthrough discovery combined with the established role
of mTOR in controlling muscle mass (93) underscores the
therapeutic potential of manipulating mTORCI activity in
the diseased muscle.

A reduced insulin-stimulated mTORCI activation was
described in two cellular models of Pompe disease—GAA-
deficient C2C12 myoblasts and human fibroblasts from
infantile Pompe disease patients (94). The disturbance
of mTORCI1 signaling was also reported in a recently
developed an in vitro model of infantile onset Pompe
disease using patient-specific iPSCs differentiated into
myocytes (95). We have done extensive analysis of the
mTORCI status in cultured GAA-deficient myotubes and
in muscle of GAA-KO mice (96). The results of this latter
study can be briefly summarized as follows: mTORCI1
is unable to properly shuttle to and from the lysosome
as demonstrated by immunostaining of myotubes with
LAMP1/mTORCI under nutrient-rich and starved
conditions; the basal activity of mTORCI is reduced
as shown by a decrease in the phosphorylation levels of
its two downstream targets; the excess of T'SC at the
lysosomal surface and activation of AMPK-TSC pathway
are responsible for the diminished mTOR activity, which
contributes to muscle wasting (96).

These data provided the basis for developing a new
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therapeutic approach—mTORCI-mediated inhibition of
autophagy. Indeed, reactivation of dysregulated mTORCI
by knocking down TSC2 (the Rheb inhibitor) rescued
autophagy defect and reversed muscle atrophy in GAA-
KO mice. Furthermore, the aberrant mTOR signaling was
restored by arginine supplementation (96). Importantly, this
approach demonstrated the feasibility of reversing the fully
established autophagic buildup. Once again, as in the case of
genetic suppression of autophagy, the removal of autophagic
buildup following AAV-mediated T'SC knockdown in GAA-
KO mice resulted in efficient cellular clearance on ERT (79).
Thus, by bringing mTORCI activity to “normal” levels, one
can achieve several goals—alleviation of autophagic pathology,
increase in muscle mass, and better response to ERT.

Next-generation of ERT

Finally, the question is whether a more efficient
recombinant GAA with better muscle-targeting properties
can alone alleviate autophagic pathology. Recent study by
Xu et al. (97) suggests that the answer is “yes”. A direct
comparison of the effect of the currently available drug and
a newly developed rhGAA (ATB200; Amicus proprietary
recombinant human acid alpha-glucosidase) in GAA-KO
mice demonstrated the superiority of the next-generation
of ERT. Unlike alglucosidase alfa, ATB200 has high
levels of mannose 6-phosphate (M6P) that are required
for efficient cellular uptake and lysosomal trafficking.
The enzyme is administered in combination with the
pharmacological chaperone AT2221 (miglustat), which
improves its pharmacokinetic properties. ATB200/AT2221
efficiently reversed lysosomal glycogen accumulation in
muscle cells and significantly reduced the number of fibers
with autophagic buildup—a striking contrast compared to
alglucosidase alfa. These data provide the first evidence that
the buildup can be resolved by ERT. The efficient lysosomal
glycogen clearance and the generation of a pool of healthy
lysosomes capable of digesting autophagic debris may
explain the finding. Another possibility is that on the way to
lysosomes along the endocytic pathway, ATB200/AT2221
may degrade glycogen that is trapped in amphisomes/
autolysosomes, the structures which are sufficiently
acidified (98) to allow for the drug to exert its function.
However, it is still unclear whether the long-term ATB200/
AT2221 therapy would fully reverse the autophagic
pathology and the success of therapy is likely to depend on
the timing of intervention. Lastly, the possibility remains
that an adjunct therapy, such as, for example, mTORCI1-

© Annals of Translational Medicine. All rights reserved.
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mediated inhibition of autophagy, will be required in
addition to the next generation of ERT. Whatever the
outcome, this novel drug brings renewed hope.
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