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Abstract
Autophagy is an intracellular lysosomal degradation process, which plays an important
role in cell growth and development, and keeping cellular homeostasis in all eukaryotes.
Autophagy has multiple physiological functions, including protein degradation, organelle
turnover and response to stress. Emerging evidences support the notion that dysregulation
of autophagy might be critical for pathogenesis of amyotrophic lateral sclerosis (ALS). The
autophagy dysregulation in motor neurons of ALS may occur in different steps of the
autophagic process. Recent studies have shown that two ALS associated proteins, TDP-43
and superoxide dismutase 1 (SOD1), are involved in the abnormal autophagy regulation.
Furthermore, it is reported that several genetic mutations in ALS disturb the autophagic
process in the motor neurons. This review will provide new evidence of autophagy dysregu-
lation as a critical pathogenic process leading to ALS, and will discuss the prospect of future
therapeutic targets using autophagic regulation to treat this disease.
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INTRODUCTION
Amyotrophic lateral sclerosis (ALS) is an adult-onset devastating
neurodegenerative disease. The pathological hallmark of ALS is
the selective death of motor neurons in the brain and spinal cord
(6). Although the causes of most cases of ALS are not yet unde-
fined, it is believed that a toxic gain of function resulting from
abnormal protein aggregation is probably one of the mechanisms
contributing to this disease (52). In eukaryotic cells, there are
two main systems for degradation of cytoplasmic proteins: the
ubiquitin-proteasome system (UPS) and autophagy (34, 54). The
autophagic pathway has been implicated in several neurodegenera-
tive diseases such as Alzheimer’s disease (AD), Huntington’s
disease (HD), Parkinson’s disease (PD), frontotemporal dementia
and ALS (67). Post-mortem and experimental neuropathological
studies have shown increased number of autophagosomes in the
motor neurons of the spinal cord of sporadic and familial ALS
patients (42, 46, 58).

Several studies suggest indirectly that activation of autophagy
may be protective in some neurodegenerative diseases by enhanc-
ing the removal of toxic protein aggregates (10). Targeting autoph-
agy with rapamycin, which induces autophagy through the
inhibition of the mammalian target of rapamycin (mTOR) pathway,
decreases the abnormal protein aggregates and alleviates disease
progression in animal models of HD and other neurodegenerative
disorders (55, 60). However, rapamycin could also affect aggregate
levels through its well-known effects on protein translation. It
should be pointed out that autophagy may not only operate as a
protein degradation mechanism, but also its impairment may lead
to detrimental effects in neuronal function and survival (3, 67).

Actually, emerging evidence supports the point of view that dys-
regulation of autophagy (defects in autophagic flux or in specific
autophagy-regulatory processes) contributes to neurodegenera-
tion. In this review article, we provide insight into autophagy dys-
regulation mechanisms in ALS, which may not only enhance our
understanding of the disease pathogenesis, but also help in the
design of future therapies to treat this devastating disease.

THE AUTOPHAGIC PROCESS
Autophagy is an evolutionally conserved pathway involving the
lysosome that is induced by trophic factor deprivation or starvation
(33). According to the different pathways by which cargo is
delivered to the lysosome, autophagy is divided into three forms:
chaperone-mediated autophagy (CMA); microautophagy; and
macroautophagy (45). In CMA, cytoplasmic proteins containing a
KFERQ motif is specifically recognized by a cytosolic chaperone,
heat-shock cognate 70 (HSC70), which targets the cargo protein to
the CMA receptor lysosome-associated membrane protein type-2A
(LAMP2A) (37, 43). A number of proteins of neuropathological
significance, including amyloid precursor protein (APP) and
a-synuclein, contain this targeting sequence, supporting a possible
role of CMA in neurodegenerative diseases (37). Microautophagy
is a poorly understood non-selective process, in which small quan-
tities of cytoplasm enter the lysosome for degradation through
invagination, protrusion or septation of the lysosomal membrane
(61). Finally, macroautophagy is characterized by the formation of
a double-membrane delivery vesicle, the autophagosome. Among
these three forms of autophagy, macroautophagy is the most
studied form, hereafter referred to as autophagy.
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Autophagy is a bulk degradation pathway, beginning with the
formation of a phagophore (or isolation membrane), which
expands to encase portions of cytoplasm containing proteins and
organelles into an autophagosome (45). At present, microtubule-
associated light chain 3-II (LC3-II) is the major protein marker
specifically associated with the autophagosome in eukaryotes (27).
Autophagosomes are trafficked along microtubules in a dynein-
dependent manner to lysosomes (45). They mature through fusion
with endosomal vesicles or multivesicular bodies (MVBs; amphi-
somes), then fusing with lysosomes to form autolysomes (5).
Finally, the cytoplasmic contents are degraded by lysosomal acid
hydrolases. Because the morphology of autophagosomes, amphi-
somes and autolysosomes form a continuum, the term “autophagic
vacuoles” is used frequently to refer to all these structures.

Most of the steps in the autophagic process require the cytoskel-
etal network. Efficient autophagosome trafficking is essential for
autophagic degradation in neurons or other cells (35, 68). Several
proteins associated with microtubule transport, such as dynein,
histone deacetylase 6 (HDAC6) and p62/SQSTM1 (p62), play
crucial roles in the autophagic process (40, 51). Chemical interfer-
ence with dynein function leads to an accumulation of autophago-
somes, suggesting impaired autophagosome/lysosome fusion (68).
HDAC6, which interacts with dynein complex, appears to be
important for trafficking ubiquitined proteins and lysosomes (24,
29). These data indicate that the impairment of microtubule trans-
port retards the autophagosome/lysosome fusion.

As a complementary pathway for the UPS, which serves as the
primary route of degradation for short-lived proteins, autophagy is
responsible for degrading long-lived proteins and intact organelles
or protein complexes (45). Selective forms of autophagy is
classified into several subtypes: mitophagy (for mitochondria),
nucleophagy (for nucleus), ribophagy (for ribosomes), pexophagy
(for peroxisomes), reticulophagy (for endoplasmic reticulum) and
xenophagy (for microorganisms) (22).

AUTOPHAGY AND
NEURODEGENERATION
Now, at least 35 autophagy-related (Atg) proteins are considered to
be involved in mammalian autophagy initiation and execution (49).
It is known that autophagy is essential to neuronal homeostasis, and
may in some settings be neuroprotective (41). Mice with condi-
tional knockout of Atg genes die prematurely with extensive neuro-
degeneration and ubiquitin-positive pathology, which illustrate the
importance of autophagy in neurodegeneration (36). However,
when autophagy is excessively induced or defective, it can result in
autophagic cell death (type II cell death), which is defined by the
massive accumulation of autophagosomes without nuclear conden-
sation (59). Growing evidence supports a role of autophagic dys-
function as a contributing factor in various neurodegenerative
diseases associated with abnormal aggregation of disease-related
mutant proteins (3, 67). For example, mutations in presenilin 1,
huntingtin, a-synuclein, parkin, LRRK2 and dynein have been
shown to dysregulate autophagic process either at the initiation or
maturation steps, or at the substrates recognition (67).

Autophagic vacuoles form at a rate in parallel with protein deg-
radation. Under pathological conditions the rate of autophagic
vacuoles formation may exceed the rate of degradation, and such
state is called “autophagic stress.” Autophagic stress has been rec-

ognized as harmful for cell survival in lysosomal storage disease
and neurodegenerative diseases (9, 12). In other words, defects in
initiation and maturation stages of autophagic process and imbal-
ances between induction and clearance of autophagosomes can
collectively develop autophagic stress (9, 12). Under such condi-
tion, neurons are more vulnerable to genetic and environmental
disturbance-induced degeneration.

MOLECULES INVOLVED IN AUTOPHAGY
DYSREGULATION IN ALS

Superoxide dismutase 1 (SOD1)

Altered autophagy in SOD1-G93A mice

Most cases of ALS are sporadic; only ~5–10% are familial. Muta-
tions in Cu/Zn SOD1 account for approximately 20% of classic
familial ALS (57). Transgenic mice overexpressing mutant forms
of the SOD1 protein, especially SOD1-G93A, have been widely
used to model ALS. Studies report the altered autophagy in G93A
mice that starts from the presymptomatic stage of the disease (42).
The number of LC3-labeled autophagic vacuoles is significant
increased in the motor neurons of the spinal cords of G93A mice
compared with the age-matched controls (42). However, it is not
known whether the increased autophagic vacuoles in motor
neurons are the result of autophagy induction or autophagy flux
impairment. Furthermore, while autophagosomes are frequently
observed in dying neurons, it is unclear whether autophagy actively
participates in the process of motor neuron death in ALS. Accumu-
lating evidence suggests that defects in autophagic flux or in spe-
cific autophagy-regulatory processes, rather than simply induction,
may contribute to the motor neuron degeneration (4). A recent
report indicates that treatment of G93A mice with rapamycin sig-
nificantly inactivates the mTOR signaling pathway, causes further
accumulation of autophagic vacuoles, but fails to reduce the level
of mutant SOD1 aggregates in the spinal cord of transgenic G93A
mice (71). This study indicates the possibility of abnormal autoph-
agic flux in ALS. Increased autophagic activity may augment
the motor neuron degeneration with the extra accumulation of
autophagosomes, causing a state of autophagic stress (9, 12).

SOD1 protein and autophagy

Motor neuron degeneration in ALS is characterized by mitochon-
drial damage and abnormal protein aggregates or inclusions, which
show different morphological features, such as Lewy bodies, skein
inclusions and Bunina inclusions (52). Several important proteins
including SOD1 and TAR DNA-binding protein of 43 kDa (TDP-
43) have been identified within these inclusions in both sporadic
and familial ALS (1, 50). SOD1 protein is considered as one of the
most important components of ALS-associated inclusions in motor
neurons. Accumulating evidence indicates that a gain of toxic func-
tion of mutant SOD1 proteins is the cause of ALS (6). Mutant
SOD1 can be degraded by autophagy and by the UPS in neuronal
and non-neuronal cells (28). Furthermore, an in vitro study shows
that rapamycin can decrease SOD1 aggregates and reduce mutant
SOD1-mediated toxicity (28). Growing evidence supports the
assumption that ubiquitin-interacting proteins such as p62 and
HDAC6 are involved in the selective autophagy pathway that
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targets protein aggregates for clearance (69). Recently, it has been
reported that mutant SOD1 can be recognized by p62 and targeted
for the autophagy-lysosome degradation pathway in motor neurons
(18). Although autophagy induction may have benefit effects in
SOD1 degradation, mutant SOD1 can inhibit the autophagic
process and lead to defective clearance (70). Dynein is reported to
play an important role in autophagosome trafficking and/or fusion
with lysosomes (31, 65). Mutant SOD1 can alter the cellular local-
ization of dynein and inhibit the dynein/dynactin function in
neurons (70). It is worth noting that mutant SOD1 impairs the
axonal transport of mitochondria and membrane-bound organelles,
leading to their accumulation in the perinuclear location (70).
These findings suggest the possibility that mutant SOD1 protein
may induce dysfunction of autophagy in ALS.

TDP-43

TDP-43 is a nuclear protein functioning in the regulation of tran-
scription and mRNA splicing. Mutations in TDP-43 are identified
in patients with familial and sporadic ALS (50). The neuropathol-
ogy associated with TDP-43 mutations consists of inclusions in
neurons and glial cells in the spinal cords and brains (50, 62).
Furthermore, TDP-43 is a major component of ubiquitinated
protein aggregates found in ALS patients (2). Thus, it is important
to explore the degradation of TDP-43 in ALS patients and experi-
mental models. Under normal conditions, TDP-43 proteins locate
in the nucleus and are degraded through the proteasome pathway.
However, in ALS, aberrant modifications and cleavage of TDP-43
generate the 25 kDa fragments. Because the 25 kDa fragments lack
the nuclear localization signal, they aggregate in the cytoplasm
(72). The accumulation of abnormally modified TDP-43 in ALS
patients indicates that dysfunction in the intracellular protein deg-
radation systems may be involved in the disease pathogenesis.
Recent studies show that inhibition of either the UPS or autophagy
dramatically increases TDP-43 aggregation, suggesting that
TDP-43 can be degraded by both degradative systems (63).
Autophagy induction by rapamycin is associated with reduced
cytoplasmic TDP-43 accumulation in neuronal cell lines (8). In
addition, an autophagy enhancer, trehalose, can reduce TDP-43
aggregates by an mTOR-independent pathway way (20). TDP-43
aggregates colocalize with the marker of autophagy LC3 and the
adaptor protein p62 (7, 63). Over-expression of p62 reduces
TDP-43 aggregation in an autophagy and proteasome-dependent
manner (7). A recent report demonstrates that mice overexpressing
mutant TDP-43 develop a progressive and fatal neurodegenerative
disease reminiscent of ALS (66). In this mice model, aggregates of
ubiquitinated proteins selectively accumulated in spinal motor
neurons and frontal cortex neurons (66). Because the ubiquitinated
proteins are the substrates for both UPS and autophagy pathways, it
is likely that mutant TDP-43 may impair protein clearance path-
ways in motor neurons.

Dynein/dynactin complex

DCTN1 encodes the p150 subunit of dynactin and mutations in this
gene can cause familial ALS (47). Transgenic mice that express
mutant DCTN1 show increased LC3-II proteins, and accumulated
ubiquitin-positive aggregates and autophagic vacuoles in affected
motor neurons (38). In fact, microtubule-based vesicular traffick-

ing is essential for delivery of autophagosomes to lysosomes and
subsequent fusion, and impaired dynein-mediated trafficking is
associated with impaired autophagosome/lysosome fusion and
reduced protein clearance (70). Dynactin is a hereomultimeric
protein complex, which binds to both microtubules and cytoplas-
mic dynein. Dynein promotes the movement of the autophagosome
to regions rich in lysosomes (56). Furthermore, it is reported that
the mutations in dynein link motor neuron degeneration to defects
in axonal transport in SOD1 mutant mice model (21). Another
protein that interacts with dynactin, is dynamitin, which inhibits
dynein-based cellular trafficking acts by causing disassembly of
dynactin (44). Overexpressing dynamitin can result in motor
neuron degeneration in an experimental model (39). These findings
raise the possible roles of the dynein/dynactin complex in autopha-
gosome abnormalities observed in ALS.

Charged multivesicular body protein-2B
(CHMP2B)

The endosomal sorting complexes required for transport (ESCRT)
are necessary for sorting of integral membrane proteins into MVBs,
and their subsequent degradation in the lysosome (16). Mutations in
the ESCRT-III subunit CHMP2B, the mammalian orthologue of
Vps2, are associated with frontotemporal dementia and ALS (12,
13). Studies report that autophagic degradation is inhibited in cells
depleted of ESCRT subunits and in cells expressing CHMP2B
mutants, leading to accumulation of protein aggregates containing
ubiquitinated proteins and the cargo adapter p62 (16). Moreover, it is
reported that either ESCRT depletion or CHMP2B mutations cause
aggregation of TDP-43 and other proteins (16). These results
indicate that efficient autophagic degradation requires functional
MVBs, and provide a possible explanation to the autophagic dys-
regulation in patients with CHMP2B mutations.

Valosin-containing protein (VCP)

Recently, mutations in VCP have been identified in familial ALS
patients, which have previously been considered as causative
factors for inclusion body myopathy associated with Paget disease
of bone and frontotemporal dementia (IBMPFD) (64). VCP is a
member of the AAA-ATPase family, which interacts with various
ubiquitin-binding partners to regulate multiple ubiquitin-
dependent processes (26). VCP also participates in regulating the
autophagic pathway. Loss of VCP activity results in autophago-
some accumulation. After autophagy induction, autophagosomes
fail to mature into autolysosomes in VCP mutant models (26).
Interestingly, VCP works with HDAC6 to control autophagosome
maturation and aggresome formation in a ubiquitin-dependent
mechanism (25). Thus, autophagosome maturation defects may
contribute to the pathogenesis of ALS in VCP mutant patients.

Ubiquilin 2

UBQLIN 2 encodes the ubiquitin-like protein ubiquilin 2; muta-
tions in this gene cause dominantly inherited, chromosome-X-
linked ALS and ALS/dementia (14). Ubiquilin 2, a member of the
ubiquilin family, regulates the degradation of ubiquitinated mis-
folded proteins. Deng et al. reported that the mutations in UBQLIN
2 lead to an impairment of protein degradation in ALS patients,
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especially the ubiquitin-mediated proteasomal degradation (14).
Because ubiquitin modification of protein aggregates also provides
a specific recognition signal for autophagic degradation through
p62, it is believed that ubiquilin 2 may influence the autophagic
process in ALS.

MECHANISMS OF AUTOPHAGIC
DYSREGULATION IN ALS
Because the autophagy process involves multiple steps, it will be
interesting to know when and where the autophagic dysfunction
may occur in ALS. Figure 1 summarizes the possible mechanisms
implicated for how the proteins above can affect the autophagic
process in ALS.

Substrates sequestration

It is now well accepted that selective autophagy plays a major role
in the clearance of various cellular structures, including protein
aggregates and abnormal mitochondria (32). The clearance of
protein aggregates requires the ubiquitination of autophagic sub-
strates (15, 23). Molecules that bind both polyubiquitinated protein
and membrane components of the autophagosome mediate the
selective autophagic process. P62, a receptor for ubiquitinated
protein aggregates is one such adapter, bringing ubiquitinated
cargo to the autophagosome through its interaction with LC3 (51).
Furthermore, substrate recognition by p62 is not limited to mis-
folded protein aggregates, but also includes organelles such as
mitochondria (30). It is envisaged that mutations in Ubiquilin 2

Figure 1. The tentative mechanisms of autophagic dysregulation in
ALS. First, the autophagosome formation phase (A). p62, linking ubiq-
uitinated protein aggregates and LC3, brings the ubiquitinated cargo to
autophagosome through its interaction with LC3. Ubiquilin 2 may influ-
ence substrate recognition through its interaction with p62 or LC3.
Second, the autophagosome maturation phase (B). Autophagosomes
fusion with multivesicular bodies (MVB) to form an amphisome.
Charged multivesicular body protein-2B (CHMP2B) is a component of
MVB, which sorts integral membrane proteins into MVB. Mutations of
CHMP2B may impair the fusion of autophagosomes to lysosomes.

Third, the autophagosome trafficking phase (C). Autophagosomes
move to lysosomes in a microtubule- and dynein complex-dependent
manner. Mutations in dynein or dynactin cause defective autophago-
some movement. Furthermore, mutant superoxide dismutase 1
(SOD1) proteins may impair autophagosomes clearance through inhibi-
tion of dynein/dynactin function. Fourth, the lysosomal fusion phase
(D). The fusion of autophagosomes to lysosomes is an important step
to complete the autophagic process. Mutation of valosin-containing
protein (VCP) or CHMP2B can lead to impairment in autophagosome/
lysosome fusion.
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may change the ubiquitin modification on substrates, influence
recognition by p62 and reduce the clearance of ubiquitinated mis-
folded proteins.

Autophagosome clearance

Recent studies indicate that increased number of autophagic vacu-
oles is not necessarily associated with increased autophagic flux
(3, 4, 67). In SOD1-G93A mice, rapamycin treatment increases
autophagic vacuoles in the motor neurons of spinal cord.
However, it causes accumulation of p62, a marker of autophagic
flux, which is degraded by autophagy (71). The increased autoph-
agic vacuoles and accumulated p62 raise the possibility of
impaired autophagosomes clearance in SOD1-G93A transgenic
mice, which may result from the inhibition of the fusion between
autophagosomes and lysosomes and/or impaired protein degrada-
tion in the autolysosome.

As a membrane trafficking pathway, autophagy carries cytoplas-
mic components to the lysosome for degradation. During this
process, autophagosomes move to the lysosome in a microtubule-
and dynein/dynactin complex-dependent manner (31). The dynein
complex plays an important role in the process of autophagosome/
lysosome fusion (65). Mutations in dynein or dynactin affecting the
dynein machinery cause defective autophagosome movement and
autophagosome/lysosome fusion in the motor neurons (38). It is
speculated that mutant SOD1 protein may impair autophagosomes
clearance through inhibition of dynein/dynactin function in SOD1-
G93A transgenic mice (70).

Similar autophagosome/lysosome fusion defects have also been
observed in the mouse models of CHMP2B or VCP mutations.
CHMP2B is a component of the MVB, which sorts and delivers
membrane proteins to lysosomes through a ubiquitin-dependent
mechanism (16). Mutation of VCP can lead to impairment in
autophagosome/lysosome fusion (26). These observations confirm
the autophagic dysregulation in ALS, with potential impact on
developing effective therapies.

TARGETING AUTOPHAGY IN
ALS THERAPY
The recent assumption that autophagy induction might have thera-
peutic potential for ALS has led to clinical trials to evaluate the
effects of several autophagic inducers such as lithium and rapamy-
cin for ALS patients. Lithium has been reported to reduce motor
neuron loss in SOD1-G93A mice, probably through the activation
of autophagy and increase of the mitochondriogenesis (17).
However, using the same strain of ALS mice and similar treatment
protocols, two other investigators did not observed therapeutic or
neuroprotective effects of lithium; instead it caused an earlier onset
of the disease and a reduction of survival time (19, 53). Moreover, a
recent clinical trial reported that therapeutic or subtherapeutic
doses of lithium did not differ in the primary outcome of efficacy
(survival or loss of autonomy) in ALS patients (11). In addition,
concerns about the safety of lithium carbonate as a therapy for ALS
patients have been raised after the halting of a trial that found
serious adverse effects in its participants. Although rapamycin
shows neuroprotective effects in HD and PD models through
autophagy-mediated protein clearance (55, 60), the impact of rapa-
mycin treatment is controversial in ALS (28, 71). In vitro treatment

with rapamycin induces the degradation of SOD1 proteins and
exerts neuroprotective effects in neurons expressing mutant SOD1
(28). However, an in vivo study reported that rapamycin treatment
exacerbates motor neuron loss and disease progression, accompa-
nied by autophagy induction in SOD1-G93A mice (71). Impor-
tantly, no alteration of mutant SOD1 levels was detected after
rapamycin treatment, even though it is a known substrate of the
autophagy pathway (71). These studies suggest the possibility that
autophagy activity or flux may be impaired in SOD1 mutant ALS
mice. In-depth studies are required to directly manipulate the pos-
sible impact of autophagy in disease progression and pathogenesis
of ALS. The use of rapmaycin analogs (CCI-779) or molecules that
induce mTOR-independent autophagy, such as trehalose disaccha-
ride, or combinatorial strategies to repair the autophagy deficit and
also enhance the activation of the pathway, may be useful to solve
this question (48). However, there is a need to explore new autoph-
agic regulators with higher specificity and lower side effects.

CONCLUSIONS
The protein degradation system plays an important role in neurode-
generative diseases. The contribution of autophagy in the pathol-
ogy of ALS has not yet been fully elucidated. Although autophagic
alteration has been confirmed in the ALS patients and experimental
models, it remains controversial whether activating autophagy is
beneficial or detrimental for the motor neuron degeneration. Accu-
mulating evidence suggests an impaired autophagic process in
ALS, caused by the ALS-associated protein aggregation or genetic
mutations. Manipulating the autophagy process is thus a compli-
cated dilemma. It is anticipated that more specific autophagic
regulators will be discovered and deeper understanding of the
autophagy biology will be advanced in the near future, which will
help decode the mystery of autophagy in ALS pathogenesis, and
evaluate the therapeutic value of autophagy modulators for this
devastating disease.
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