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Abstract

Age-dependent neurodegenerative diseases are associated with a decline in protein quality control 

systems including autophagy. Amyotrophic lateral sclerosis (ALS) is a motor neuron degenerative 

disease of complex etiology with increasing connections to other neurodegenerative conditions 

such as frontotemporal dementia. Among the diverse genetic causes for ALS, a striking feature is 

the common connection to autophagy and its associated pathways. There is a recurring theme of 

protein misfolding as in other neurodegenerative diseases, but importantly there is a distinct 

common thread among ALS genes that connects them to the cascade of autophagy. However, the 

roles of autophagy in ALS remain enigmatic and it is still unclear whether activation or inhibition 

of autophagy would be a reliable avenue to ameliorate the disease. The main evidence that links 

autophagy to different genetic forms of ALS is discussed.
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Introduction

ALS is an age-dependent neurodegenerative disease characterized by progressive 

degeneration of motor neurons (MNs), with ~10% of all cases being familial. To date, a 

large number of genes have been linked to ALS, including Cu/Zn superoxide dismutase 

(SOD1) [1], TAR DNA-binding protein (TDP-43) [2,3], fused in sarcoma (FUS) [1,4], 

sequestosome1 (SQSTM1/p62) [5,6], optineurin (OPTN) [7], TANK binding kinase 1 
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(TBK1) [8], VAMP-associated protein B (VAPB) [9,10], valosin-containing protein (VCP) 

[11], ubiquilin 2 (UBQLN2) [12], alsin (ALS2) [13,14], charged multivesicular body protein 

2B (CHMP2B) [15–17], dynactin (DCTN) [18], profilin 1 (PFN1) [19], factor-induced gene 

4 (FIG4) [20], and a hexanucleotide repeat expansion in the gene C9orf72 [21,22]. In recent 

years, increasing evidence has suggested that ALS and frontotemporal dementia (FTD) are 

two related diseases in a continuous clinical spectrum [23]. FTD is the second most common 

cause of dementia after Alzheimer’s disease in patients younger than 65 [24]. Biochemical 

and genetic studies have identified the involvement of TDP-43, FUS, and C9orf72 in both 

ALS and FTD, as part of evidence linking these two neurodegenerative disorders.

The toxicity caused by protein misfolding or aggregation, or proteotoxicity, is a common 

theme in many forms of ALS. For example, ubiquitin-positive inclusions have been reported 

as an almost universal pathologic feature of ALS, including those linked to SOD1, TDP-43, 

FUS, and C9orf72 [25]. Not only has the proteinopathy of the abnormal proteins been 

identified as a major pathological feature in familial ALS (fALS), but the abnormal 

accumulation of the wild-type forms of some proteins, such as TDP-43, has also been 

observed in a large fraction of the patients with sporadic ALS (sALS) [2,26]. However, the 

involvement of proteotoxicity in ALS is not limited to proteinaceous inclusions but is also 

affirmed by strong evidence of impairment in protein quality control systems, particularly 

autophagy, in ALS. Although proteotoxicity has been implicated in many neurodegenerative 

diseases, there are a multitude of ALS genes with functions related to the autophagic system, 

including p62, optineurin, VCP, ubiquilin 2, and TBK1. The increasingly strong connection 

between ALS and autophagy suggests that there are shared mechanisms underlying different 

forms of ALS (Figure 1 & Table 1). In this review, we summarize recent findings concerning 

a few select ALS genes with regard to their connections to autophagy, as part of a discussion 

on our current understanding of the basic disease pathways.

SOD1

Superoxide dismutase 1 (SOD1) is a key enzyme involved in quenching toxic superoxide 

radicals within the cell. More than 100 different mutations of SOD1 have been linked to 

fALS, with approximately 20% of fALS cases and 1% of sALS cases being attributable to 

SOD1 mutations [1,27–29] Although the mechanism by which mutant SOD1 (mSOD1) 

causes ALS is not fully understood, many studies suggest that the misfolding or aggregation 

of mSOD1 is a key event in the pathogenic process. The role of autophagy in mSOD1 

clearance was initially implicated by the observation that autophagic inhibition resulted in 

the accumulation of insoluble SOD1 aggregates in MNs [30]. On the basis of this finding, 

dysregulations in protein quality control systems such as autophagy has been suspected in 

ALS pathophysiology associated with mSOD1.

Pathogenic mSOD1 is characterized by the misfolding and aggregation of the protein. 

Autophagy adaptor p62 interacts with polyubquitinated misfolded mSOD1, and enhances 

the association between LC3-II and mSOD1, sequestering mSOD1 into protein inclusions 

[31–33]. Studies suggest that mSOD1 aggregation can affect multiple early steps in 

autophagy, with evidence from mSOD1 models pointing to the occurrence of hyperactive 

induction of autophagy [34]. Consistent with this evidence, levels of Ser757-phosphorylated 
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ULK1, a target of mTOR, was significantly reduced in MNs of SOD1G85R mice, suggestive 

of AMPK activation and mTOR repression, resulting in enhanced initiation of autophagy 

[35,36]. Further indicating autophagic induction, amplified proteolytic processing of LC3-I 

to LC3-II and increased LC3-II turnover was observed in MN cell cultures expressing 

SOD1G93A [37]. Equivalent results were also seen in vivo, with upregulated LC3-II levels 

and autophagic vacuoles consistently being found in spinal cord and brainstem fractions of 

SOD1G93A mice [38–40]. Moreover, in spinal cords of SOD1G93A mice, there was persistent 

upregulation of the autophagy regulators TFEB (a coordinator of autophagic induction and 

lysosome biogenesis) [41], and beclin1 (an initiator of autophagy involved in 

autophagosome production) [42], with a corresponding increase in LC3-II [43].

Autophagosome maturation and subsequent lysosomal fusion are downstream events in 

autophagy at which mSOD1 is also thought to exert its deleterious effects. Autophagosomes 

mature during retrograde transport and are shuttled by way of the dynein-dynactin complex, 

acidifying prior to fusion with lysosomes located in the soma [44]. In retrograde transport, 

processive movement of dynein along the microtubule enables transport of autophagosomes 

for endosomal or lysosomal fusion [45,46]. It was found that in ALS-linked mSOD1-

expressing neurons and transgenic mice, there was colocalization between dynein, and 

mSOD1. In mice, misfolded mSOD1 acquired a gain-of-interaction with dynein, 

overloading dynein-mediated retrograde axonal transport, impairing autophagosome 

transport [47]. Similar defects in retrograde transport were observed in another SOD1G93A 

murine model, where mSOD1 closely associated with the dynein-dynactin complex in MNs, 

sequestering dynein into mSOD1 aggregates and impairing retrograde transport efficiency at 

an early symptomatic stage [48]. Interestingly, it was shown in cells that overexpression of 

SNAPIN, a vesicle docking protein, can compete with mSOD1 for binding to dynein, 

thereby rescuing the effects of impaired retrograde transport via recruitment of dynein 

motors to late endosomes for transport [49]. Overall, mSOD1-induced dysfunctions in 

retrograde transport appear to contribute to a failure of late-stage fusion steps in autophagy.

Given the important role of autophagy in cleansing the cell of misfolded proteins, promoting 

autophagy in mSOD1 models has been thought to be beneficial [50]. To date, however, the 

assessment of autophagic enhancement in ALS SOD1G93A mice has uncovered conflicting 

results. In several studies, when SOD1G93A mice were administered with autophagy inducer 

lithium carbonate, they experienced delayed disease progression and prolonged lifespan 

[51,52], contrasting with later findings reporting worsened neuropathology in SOD1G93A 

mice treated with lithium [53]. Furthermore, when SOD1G93A mice were treated with 

autophagy enhancers including trehalose and resveratrol, animals displayed delayed 

symptom onset, prolonged survival, and diminished MN loss [35,54–58]. However, when 

SOD1G93A mice were treated with another autophagy enhancer, rapamycin, they showed 

accelerated MN degeneration and shortened lifespan [59]. On the other hand, in several 

other studies, autophagic inhibition by n-butylidenephtalide (n-BP) has yielded positive 

effects in ameliorating MN pathology in mSOD1 models. Specifically, n-BP treatment in 

SOD1G93A mice attenuated MN loss by preventing the abnormal accumulation of 

autophagosomes in MNs, as evidenced by the inhibition of the expression of a number of 

proteins: LC3-II, p62, and beclin1, as well as other autophagy-related proteins (Atg1/5) 

[60,61].
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It appears that autophagic disturbances related to mSOD1 vary depending on the phases of 

disease development, further complicating the association between mSOD1 and autophagic 

dysregulation. In a recent study where the essential autophagy gene ATG7 was conditionally 

knocked out in MNs of SOD1G93A mice, autophagic inhibition resulted in an earlier onset of 

disease phenotypes, suggesting that autophagy fulfills a neuroprotective role at the early 

stage of disease. Later, however, inhibition of autophagy extended the lifespan of mice and 

slowed disease progression, suggesting that autophagy plays a deleterious role at an 

advanced disease state [62]. This stage-dependent action of autophagy has also been 

demonstrated in another study, which indicated that starvation-induced autophagy markedly 

reduced neurotoxic mSOD1 aggregation at an early pathological stage, yet dramatically 

increased mSOD1 inclusions at a later point of disease in SOD1G93A mice [63]. Further 

studies are needed to resolve the precise effects of autophagic modulation in mSOD1-

associated ALS pathology.

TDP-43 and FUS

A subset of ALS-associated genes encodes RNA-binding proteins (RBPs), including TAR 

DNA-binding protein 43 (TDP-43) and fused in sarcoma (FUS) [64–66]. Mutations in each 

of these genes are accountable for about 3% of fALS cases and less than 1% of sALS cases 

[67]. TDP-43 mutations are also identified in approximately 2% of FTD cases [68]. The 

connection between these RBPs and autophagy is in part indicated by their shared tendency 

to exhibit misfolding and aggregation [69,70] that burden the autophagic system. Also, loss-

of-function of these proteins contributes to dysregulations in autophagy [71–73]. 

Notwithstanding the many advances that have been made from studies of these RBPs in 

ALS, how the gain- and loss-of-function mechanisms of these RBPs contribute to ALS 

pathogenesis remains a complicated area of investigation.

Gain of toxicity

The gain of toxicity of RBPs is directly linked to their role as constituents of the 

ubiquitinated protein inclusions observed in most forms of ALS. To date, TDP-43-positive 

inclusion buildup has been described as one of the most prevalent pathological hallmarks of 

ALS [1,4,65,74]. The protein structures of TDP-43 and FUS share characteristics of low 

sequence complexity domains (LCs) [75,76], which are regions where the majority of ALS-

related mutations reside [65,76]. The link between the function of LCs and RBP-positive 

inclusion formation has been recently studied, where mutations in LCs of both TDP-43 and 

FUS was shown to enhance inclusion formation [69,77,78]. LCs was reported to promote the 

sequestration of soluble proteins into membrane-less protein-rich liquid droplets, a phase 

transition event that was proposed to be vital for their normal functions but also can render 

them prone to aggregation [75,77,78]. As part of a normal cellular stress response, TDP-43 

and FUS are transiently recruited at stress granules (SGs) for translation repression. Under 

chronic stress, however, their prolonged cytosolic deposition can disrupt the structural 

homeostasis of SGs, leading to the formation of persistent inclusions [79–81].

As a mechanism for maintaining protein homeostasis, autophagy is known as an important 

pathway for the clearance of TDP-43 and FUS-positive protein inclusions [82–84]. Several 
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studies have demonstrated that pharmacological induction of autophagy enhances the 

TDP-43 turnover rate as well as the rate of FUS-positive SG’s clearance, in certain cases 

rescuing the ALS-related pathology [82,85–87]. Rapamycin treatment reduced cell death in 

neurons expressing FUSR521C, an ALS-linked mutation [83]. In Drosophila and mouse 

models of TDP-43 proteinopathy, rapamycin-induced autophagy enhanced the clearance of 

TDP-43 aggregates while lessening ALS/FTD-like symptoms [85,86].

RBPs and their inclusions can influence autophagy beyond being autophagic substrates. 

Overexpression of soluble TDP-43 in the cytoplasm was suggested to disrupt the VAPB-

PTPIP51 tether, loosening ER-mitochondrial contact, subsequently enabling the recruitment 

of the early autophagic membrane and inducing autophagy [88,89]. Several mutations have 

been reported to cause direct disruption of autophagy initiation. Mutations in the C-terminal 

domains of TDP-43 and FUS inhibited ER-Golgi vesicle transport through depletion of the 

vesicle-trafficking regulator Rab1, a small GTPase required for phagophore formation [90–

92]. Additional data indicated that accumulation of FUS mutants inhibited autophagy, while 

overexpression of Rab1 reversed this disruption [93].

Loss of function

TDP-43 and FUS are primarily localized to the nucleus, where they carry out important 

functions that include RNA splicing, transcriptional regulation, and the maintenance of 

genome integrity [72,73,94–96]. Both LC and RNA recognition motif domains are essential 

for their native functions. For instance, LCs allow these proteins to cluster at DNA breaks, 

forming scaffolds for the repair complex [75,96]. As part of the cell’s normal stress 

response, temporary translocation of TDP-43 to the cytoplasm can exert a protective effect 

through autophagic upregulation, as part of adaptation to maintain cellular homeostasis 

under stress. Transient discharge of TDP-43 from the nucleus was shown to relieve the 

repression of the FOXO transcription factors, inducers of autophagy [97]. However, under 

conditions of prolonged cellular stress such as those present in neurodegeneration, the 

protective effect of TDP-43 cytosolic sequestration is thought to be compromised, 

contributing to the overburdening of protein quality control [97].

In the case of ALS, chronic cytoplasmic sequestration of TDP-43 at ribonucleoprotein 

(RNP) granules constitutes a loss-of-function in mRNA stabilization [72], directly 

influencing the expression of TDP-43’s target genes, among which are important players in 

autophagy. Nevertheless, the overall impact of this loss-of-function for autophagic clearance 

remains unclear. In several instances, TDP-43 ablation inhibits the expression of positive 

regulators of autophagy. TDP-43 depletion was shown to downregulate the expression of the 

autophagic factor Atg7, an E1-like enzyme essential for the lipidation of LC3-I and 

autophagosome formation [98]. TDP-43 depletion also inhibited autophagosome-lysosome 

fusion by depleting dynactin, a motor protein essential for retrograde transport that enables 

vesicular fusion events in the pathway [99]. However, in other cases, the loss of TDP-43 

function was reported to downregulate expression of mTOR, a negative regulator of 

autophagy. In particular, TDP-43 nuclear depletion resulted in reduced expression of Raptor, 

an mTOR adaptor protein. Downregulation of Raptor inhibits the phosphorylation of 

transcription factor TFEB, resulting in its nuclear translocation and a corresponding increase 
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in the expression of autophagy and lysosome biosynthesis genes [99]. These concurrent 

events ultimately lead to the accumulation of autophagic vesicles observed in TDP-43 

knockdown cells [99].

In sum, it is clear that the loss of TDP-43 function leads to a complex array of gene 

expression dysregulations that result in various aberrations to the events of autophagy; 

however, the combined effect of these changes on autophagic clearance remains uncertain.

SQSTM1, OPTN, and TBK1

Macroautophagy was thought to be a nonselective process, until the identification of 

autophagy receptors, integral components of the autophagic machinery that enable selective 

recruitment of specific cargo for degradation [100]. Mutations in SQSTM1/p62 and OPTN, 

two well-defined autophagy receptors, and in their activating kinase, TBK1, have been 

identified in multiple forms of ALS [7,8,101]. Specifically, mutations of these multi-

functional proteins has been implicated in the impairment of the clearance of neurotoxic 

aggregates, as well as the disruption of inflammation regulation, conventional hallmarks of 

ALS [8,102,103]. p62 and OPTN share two common domains that are important for their 

role as autophagy receptors, the ubiquitin-associated domain (UBA) and the LC3-interacting 

region (LIR). The UBA domain allows these receptors to bind ubiquitinated cargo marked 

for degradation, and the LIR domain interacts with LC3, allowing the recruitment of 

receptors and cargo to the phagophore [100,104,105]. Distinctly, p62 contains another 

domain, PB1, which enables the oligomerization of p62 that is essential for the function of 

this protein in autophagy [106].

SQSTM1/p62

Mutations in sequestosome 1, or p62, account for approximately 1% of ALS cases 

[101,107]. Furthermore, about 2% of FTD patients in a French cohort were reported to carry 

p62 mutations [108]. p62 is known to be involved not only in selective autophagy but also in 

degradation through the ubiquitin-proteasome system (UPS) via its UBA domain [109–111]. 

p62 was first suggested to play a role in neurodegeneration due its enrichment in misfolded 

proteinaceous inclusions in many neuronal disorders including Alzheimer’s disease and 

Parkinson’s disease [112]. Accordingly, p62 has been widely used as a pathological marker 

to study these disorders. Notably, p62-positive inclusions have also been detected 

consistently in C9orf72-related ALS (C9ALS), the most common form of ALS [113–115].

Mutations in p62 were most commonly identified in Paget disease of bone (PDB), a skeletal 

disorder, occurring at a frequency of 20–50% in familial and 5–10% in sporadic PDB cases 

[102] with the majority of PDB-associated p62 mutations residing in the UBA domain. 

Similarly, p62 missense mutations of UBA were also identified in patients with ALS-FTD 

[5,108], suggesting that disruptions in the interactions between p62 and ubiquitinated cargo 

are shared between ALS-FTD and PDB. However, it remains unclear whether these shared 

mutations affect autophagy in both diseases. For example, expression of the p62P392L mutant 

impaired basal autophagy in murine osteoclasts, implicating this mutation to impeded 

autophagic clearance in PBD [102]. By comparison, the implications of p62 UBA domain 
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mutations on autophagy in the context of CNS disorders such as ALS-FTD remains to be 

studied.

Beyond the UBA domain, additional relatively rare ALS-associated p62 mutations are 

diffusely expressed in other regions of p62, including the LIR domain and p62 promoter 

region [6,101]. Assessment of mutations in the LIR domain of p62 have particularly 

important implications for their possible contribution to disturbed autophagy in ALS, as this 

domain enables interactions with LC3, a central component in the recruitment of substrates 

to the autophagic membrane. A recent study reported that the ALS-associated mutation 

L341V in the LIR domain resulted in significantly reduced affinity of p62 for LC3-II, 

hindering its functional involvement with autophagic vesicles [116]. Furthermore, mutations 

detected in the promoter region of p62 of ALS/FTD patients suggest that reduced p62 

expression could play role in the autophagy dysfunction found in this pathological spectrum 

[117,118].

In addition to canonical interactions between p62 and ubiquitinated inclusions, p62 also 

associates with mSOD1, offering insights as to how p62 may contribute to SOD1-related 

ALS. Early evidence of this interaction includes the observation that p62 expression and 

accumulation correlate with an increase in aggregation of mutant (G93A), but not wildtype, 

SOD1 [106]. This association was later reported to be independent of the UBA domain, 

instead interacting via a distinct SOD1 mutant interacting region (SMIR) to enable 

sequestration of mSOD1 without the presence of the ubiquitin signal [32]. In murine models, 

depletion of p62 was reported to shorten the lifespan of SOD1H46R and SOD1G93A mice 

[119]. In the SOD1H46R model, p62 loss aggravated ALS symptoms, provoking accelerated 

weight loss, motor dysfunction, and MN degeneration. Furthermore, a link between p62 and 

alsin, a causative gene in ALS, has also been suggested. Depletion of alsin exacerbated the 

aforementioned contribution of p62 depletion to the neuropathology of SOD1H46R mice 

[119].

Optineurin

Optineurin (OPTN) is a protein involved in a diverse range of cellular processes, including 

vesicular trafficking, maintenance of the Golgi, NF-κB modulation, and antibacterial 

signaling [120]. In addition, it has a well-characterized role as an autophagy receptor. 

Genetic analyses have uncovered OPTN mutations in cohorts of ALS patients, which 

account for approximately 3% of fALS and about 1% of sALS [64], raising questions as to 

the potential associations between OPTN dysfunction, autophagic impairment, and ALS 

neuropathology. Rare ALS-associated pathogenic variants of OPTN were initially reported, 

including deletion of OPTN exon 5, a Q398X nonsense mutation, and an E478G missense 

mutation [7]. Later, insertion R96L, nonsense Q165X, and truncation (c.1320delA) 

mutations of OPTN were detected, expanding the mutational spectrum associated with ALS 

[121]. Interestingly, the majority of deleterious OPTN mutations are found in the UBA 

region and occur in a heterozygous manner, potentially implicating haploinsufficiency in the 

case of a loss-of-function mechanism in pathogenesis [105]. Despite these findings, 

however, definitive mechanistic causes accounting for OPTN dysregulation and consequent 

autophagic impediments are yet to be identified.
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Several pathways involving mutant OPTN-induced autophagic impairment have been 

proposed. In cell cultures, wildtype OPTN colocalizes with httx1 Q103 and SOD1G93C 

inclusion bodies, toxic protein models of Huntington’s disease and ALS, respectively [122]. 

Deletion of OPTN induces increases in both httx1 Q103 and SOD1G93C inclusions, hinting 

at the involvement of OPTN in regulating the turnover of aggregation-prone proteins [122]. 

Specifically, OPTN recognition of misfolded proteins is mediated by the C-terminal coiled-

coiled UBA domain, which enables K63-linked polyubiquitin-mediated autophagy. 

Furthermore, OPTN UBA mutations, including ALS-associated E478G, reduce degradation 

of polyubiquitinated inclusion bodies [122,123]. In another study, OPTNE478G 

overexpression resulted in perturbed autophagic degradation, as shown by enhanced levels of 

lipidated LC3-II, with possible impeded autophagosome transport or fusion events occurring 

[124]. The proposed model to account for these findings posits that OPTN UBA mutants 

interact with wildtype OPTN, forming hybrid wildtype-mutant OPTN complexes that 

repress autophagosomal maturation [124]. Further in vitro studies in neuronal cultures have 

expanded these findings by demonstrating that the ALS-linked OPTN mutants E478G and 

Q398X failed to bind myosin VI (MYO6), an essential protein involved in regulating the 

intracellular transport of autophagosomes and endocytic/secretory vesicles [125,126]. 

Diminished OPTN-MYO6 binding resulted in the accumulation of immature 

autophagosomes and conditions of ER stress, Golgi fragmentation, and impaired secretory 

protein trafficking in mutant-expressing cells. In contrast, wildtype OPTN linked 

sequestered autophagosomes to endosomes via recruitment of MYO6 and its cargo adaptor 

TOM1, allowing for efficient autophagosome maturation [126]. These results have been 

further supported by analyses of spinal cord fractions from ALS patients, in which OPTN-

MYO6 interactions were absent [126]. Thus, the compromised binding of mutant OPTN to 

MYO6 may represent a late-stage inhibition of autophagosome fusion with lysosomes or 

endosomes.

There is additional evidence to suggest OPTN’s involvement at more upstream nodes of 

autophagic regulation. It was shown that Ypt1, the yeast homolog of mammalian Rab1a, a 

GTPase involved in autophagosome formation, is a binding partner of OPTN [91,127]. The 

Rab1a-OPTN association was dependent upon the GTP-binding capacity of Rab1a, along 

with the Rab1a zinc finger domain of OPTN [127]. After siRNA-mediated silencing of 

Rab1a, autophagosome formation is inhibited in neuroblastoma cells, suggesting that intact 

Rab1a is a necessary component of autophagosome formation undertaken by OPTN [127]. 

Given that previous findings in cells expressing ALS-associated OPTNE478G have indicated 

an abolition of vesicle and autophagosome formation [128], dysfunction in Rab1a binding 

may underlie this pathology.

TBK1

TBK1 is a key player in various cellular processes including innate immunity, nucleic acid 

sensing pathways, and autophagy [129,130]. Regarding autophagy, TBK1 operates primarily 

by phosphorylating the autophagic adaptors p62 and OPTN. TBK1 comprises four distinct 

domains, an N-terminal serine/threonine kinase domain, two coiled-coiled domains 

(CCD1/2), and a ubiquitin-like domain [131]. TBK’s modulatory properties in autophagy 

were initially shown in cultured cells, with TBK1 phosphorylation of the UBA domain of 
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OPTN on Ser-177 enhancing LC3 binding affinity and promoting autophagic clearance of 

cytosolic Salmonella in HeLa cells [132]. It has also been reported that TBK1 coordinates 

the autophagic machinery via phosphorylating Ser-403 on the UBA domain of p62, 

enhancing the affinity of UBA for K48/K63-linked ubiquitin chains, resulting in the 

autophagic clearance of mycobacteria in macrophages [133].

In ALS patients, exome sequencing has revealed that novel genetic aberrations of TBK1, 

encompassing loss-of-function mutations, are causal in pathogenesis. About 4% of fALS 

patients carry loss-of-function TBK1 mutations, however, these mutations are relatively rare 

(<0.1%) in sALS cases. Within a Belgian cohort, TBK1 mutations also account for about 

1% of FTD patients [8,134,135]. A particularly pathogenic variant results in a (p.690–713) 

deletion in the C-terminal CCD2 domain of TBK1, with in vitro models exhibiting an 

inability of truncated TBK1 to associate with OPTN [134]. In addition, other loss-of-

function mutations occurring in the serine/threonine kinase domain have been reported in a 

cohort of French ALS and FTD patients. The pathogenicity of these variants is considered to 

be a result of haploinsufficiency, since they are heterozygous missense in nature [136]. 

Given the essential catalytic role of the serine/threonine domain, mutations in this region 

may repress the activation of p62 and OPTN. Nevertheless, since the majority of ALS-

associated TBK1 mutations are missense mutations with largely unknown domain-specific 

interactions, further analyses are necessary to deduce exactly how the constituents of the 

broad spectrum of mutations contribute to the neurodegenerative state.

Elucidating the mechanisms by which TBK1 regulates autophagy may provide insights into 

how dysregulations of the autophagic pathway contribute to ALS pathology. TBK1 

potentially plays a role in autophagic initiation, since its kinase activity has recently been 

reported to be necessary for the proper functioning of the C9orf72 complex, whose 

interactions with conventional autophagic initiation factors, including ULK1 and mTOR, 

were also shown [137–139]. TBK1 activates C9orf72 activity via phosphorylation of its 

binding partner, SMCR8. In cells, depletion of SMCR8 alters autophagy, causing an 

accumulation of p62-positive aggregates, whereas mimicking TBK1 phosphorylation 

corrects this autophagic dysfunction [140]. Furthermore, in a glaucoma-associated variant of 

OPTN, M98K, premature retinal cell death has been attributed to amplified TBK1 activity 

when compared to controls. Specifically, TBK1 phosphorylation at Ser-177 of OPTN 

induces autophagosome formation, increasing autophagic flux and causing retinal cell death 

[141]. Mutations in TBK1 may also impede later autophagic events, such as dynein-

dependent autophagosome maturation along microtubules. TBK1 phosphorylation of the 

microtubule-binding protein CEP170 is necessary for centrosomal localization and binding 

to the microtubule depolymerase Kif2b, which regulates the association of NuMA with 

dynein that is required for microtubule activity [142]. Hence, loss of TBK1 function may 

contribute to ALS by disrupting the microtubular retrograde transport of autophagosomes, 

preventing autolysosome formation [131]. In addition, TBK1 activity plays an important 

regulatory role in the autophagy of damaged mitochondria, since constitutive interactions of 

TBK1 with OPTN induces the retention of OPTN/TBK1 on damaged mitochondria and 

result in an enhanced binding capacity of the UBA domain of OPTN with polyubiquitin 

chains, promoting mitophagy in cells by facilitating LC3- mediated linkage with 

phagophores [143,144].
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In sum, mutations in p62, OPTN, and TBK1 significantly impair autophagy through various 

mechanisms, resulting in ALS-relevant pathological features such as the accumulation of 

autophagic substrates and damaged organelles in MNs. A comprehensive understanding of 

the interplay between TBK1 and its effectors p62 and OPTN in autophagy may allow for 

targeted approaches aimed towards correcting aberrations resulting from alterations in the 

functions of these proteins.

VAPB

Mutations in vesicle-associated membrane protein-associated protein B (VAPB) are 

relatively rare, with a mutation frequency of less than 0.6% in ALS patients [145,146]. 

VAPB and VAPA together comprise the VAP protein family of ER tail-anchored 

transmembrane proteins. VAPB is associated with the membrane surrounding the ER and 

operates as a receptor for cytosolic protein recruitment to the ER surface. Interacting with 

FFAT-motif-containing polypeptides, VAPB plays diverse roles, being involved in such 

cellular functions as membrane trafficking, lipid transport and metabolism, membrane 

contact site formation, and neurotransmitter release. A rare missense mutation (P56S) in 

VAPB has been found to cause autosomal dominant ALS in a Brazilian cohort [10], with 

P56S transgenic mice later recapitulating this ALS-like pathology [147]. Another pathogenic 

mutation of VAPB (T46I) has been found in individuals with fALS, with this variant being 

speculated to impede the interaction of VAPB with cytosolic proteins by inducing 

dysfunctions in lipid metabolism [9]. Accumulating evidence has linked VAPB to 

autophagic regulation, raising the prospect that dysfunctions in VAPB may potentially 

underlie autophagic impairment in ALS pathogenesis.

Interactions between the ER and mitochondria are involved in mediating a range of 

physiological processes, including autophagy. These interactions arise as a result of ER-

resident VAPB closely associating with mitochondrial protein PTPIP51, enabling ER 

membrane recruitment to mitochondria [88]. Autophagosomes are known to form at this 

ER-mitochondria interface, with the pre-autophagosome marker ATG14 and autophagosome 

formation marker ATG5 becoming localized to this site [148]. It was recently reported that 

the VAPB-PTPIP51 tether regulates autophagosome formation. Overexpression of VAPB 

and PTPIP51 induces a tightening of the tether and concomitant impairment of 

autophagosome formation. Conversely, siRNA-mediated loss of VAPB or PTPIP51 loosens 

the tether, stimulating autophagosome formation [89]. Interestingly, after chemically 

induced autophagy by rapamycin and torin 1, VAPB and PTPIP51 overexpression results in 

a reduction in the autophagic substrates LC3 and DFCP1, yet no such effect has been 

reported for cells subjected to starvation-induced autophagy [89]. Thus, the effects of VAPB-

PTPIP51 in modulating autophagy appear to be dependent on the particular signaling 

mechanism by which stimuli induce autophagy. In addition, another means by which VAPB 

participates in autophagosome formation has been identified from co-immunoprecipitation 

assays in cells, which exhibited binding interactions between VAPB and Rab3GAP1, a 

protein influencing autophagosome biogenesis [149,150].

In various models assessing the effects of ALS-associated P56S, persistent intracellular 

inclusions and alterations in ER structure are observed, perhaps providing the trigger for 
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downstream autophagic dysregulations. Cells overexpressing P56S displayed significant ER 

restructuring, accompanied by inclusions continuous with the ER [151]. In a further 

characterization of these results in mice, P56S induced rapid oligomerization and 

aggregation of mutant VAPB [152]. These effects can be explained by the buildup of 

inclusions positive for mutant VAPB exceeding the capacity for ER-associated degradation, 

suggesting that VAPB dysfunctions contribute to impairments in ER quality control, in turn, 

leading to conditions of ER stress. Another study employing P56S VAPB knock-in mice 

reported that ER stress in murine models was coupled with evidence of impaired autophagy 

preceding the development of ALS-like pathology. This was shown by the significant 

colocalization of early autophagosome markers p62 and LC3 in cytoplasmic inclusions, 

along with accumulation of VAPB P56S within the cytosol of MNs, indicating VAPB 

mislocalization from the ER to cytosolic regions [153]. There is therefore reason to 

speculate that perturbed autophagy may be the result of ER stress.

VCP

Valosin-containing protein (VCP/p97) is an essential AAA+-ATPase involved in a range of 

cellular processes that include DNA replication and repair, cell cycle regulation, and protein 

clearance [154]. Regarding the latter, VCP is integral to ERAD, a process in which 

unwanted proteins are extracted from the ER for proteasomal degradation [155]. Expanding 

VCP’s role in proteostasis, emerging findings now point to the involvement of VCP in 

autophagy [156,157].

Mutations of VCP are causal in inclusion body myopathy, Paget’s disease, and 

frontotemporal dementia (IBMPFD) [158]. Broadening the phenotypic spectrum of VCP 

mutations to ALS, whole-exome sequencing has revealed the existence of several VCP 

mutations (R155H, D592N, R191Q, R159G), which account for approximately 1–2% of 

fALS cases [11,159]. Initial evidence suggesting VCP’s involvement in autophagy has come 

from muscle lysates of IBMPFD patients expressing IBMPFD/ALS-associated R155H. 

Analysis of patient tissue revealed the accumulation of autophagosomes colocalized with 

p62 and LC3, coalescing at rimmed vacuoles [156]. Since then, additional studies in mouse 

models expressing pathogenic VCP variants have elicited similar observations 

[157,160,161]. Nevertheless, the precise mode of involvement of VCP in autophagy is a 

subject of debate.

There are several proposed mechanisms by which VCP interacts with the autophagic 

machinery. With regard to autophagic initiation, in neuronal cell cultures subjected to insulin 

withdrawal-induced induction of autophagy, VCP expression repressed the negative 

autophagy regulators calpain 2 and mTOR, while upregulating GSK-3β, a positive 

autophagic regulator [162]. Moreover, two direct targets of mTOR, EIF4EBP1 and 

RPS6KB1/p70S6, were found to be decreased in a murine VCPR155H model. Reduced 

mTOR activity was consistent with the enhanced autophagic activation and autophagosome 

biogenesis apparent in the model [163]. Additional studies have suggested a role for VCP in 

downstream autophagosome maturation. Proteomic analysis in IBMPFD murine muscle 

lysates and neuronal cells revealed that VCP loss in addition to presence of VCPR155H 

resulted in the failure of autophagosomes to mature into autolysosomes, causing 
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accumulation of non-degradative autophagosomes, ubiquitinated aggregates, and p62-

positive inclusions [156,157]. Other evidence suggests that mutant VCP interferes with 

processes following autophagosome-lysosome fusion, since cells expressing ALS/IBMPFD-

linked VCPR155H and VCPA232E mutations exhibit accumulations of irregular, enlarged 

autophagic vacuoles possessing acidified autophagosomes, implying that autophagic failure 

occurrs at a later point, following acidification and delivery of lysosomal hydrolases [157]. 

Stress granule clearance represents yet another juncture in autophagy that VCP is suspected 

to influence. This possibility was recognized in yeast models in which the VCP ortholog 

Cdc48 promoted targeting of SGs for autophagic degradation [164]. These results have also 

been noted in HeLa cells, in which cell cultures expressing ALS/IBMPFD-associated VCP 

mutations were found to constitutively accumulate pathogenic TDP-43-positive SGs; in 

contrast, in wildtype cells, VCP regulated the amount of TDP-43-containing RNP 

complexes, facilitating their disassembly and targeting to autophagosomes [164].

Based on the assessment of ALS-related VCP dysfunctions, it is evident that autophagic 

impairment is a common theme underlying neuropathology. Extensive evidence suggests 

that VCP’s role in autophagy is multifaceted and varied, necessitating clarification as to 

which autophagic processes are directly regulated by VCP and what the specific 

consequences of dysregulation are.

C9orf72

A GGGGCC hexanucleotide repeat expansion in C9orf72 is the most common cause of ALS 

[21,22]. Notably, the frequency of C9orf72 repeat expansion varies between ALS cohorts, 

with very high prevalence in European cohorts (~33% in fALS, ~5% in sALS) and lower 

prevalence in Asian cohorts (~2% in fALS, ~0.3% in sALS). In FTD patients, the frequency 

of C9orf72 repeat expansion also varies within a range of 3% to 12%, depending on the 

studied cohort [67,165]. To date, there are three major mechanistic components that have 

been reported to contribute to the pathogenesis of C9ALS: (1) the loss or reduction in 

expression of the C9of72 protein [21,166], (2) the toxicity mediated by C9orf72 repeat 

expansion sense/antisense RNA transcripts [167,168] , and (3) the generation of repeat 

dipeptides from non-ATG translation of C9orf72 repeat expansion [169–171]. The 

sensitivity of patients’ cells to inhibition of autophagy was exacerbated as a result of the 

presence of C9orf72 repeat expansion, although the mechanism is unknown [172]. 

Regarding the role of C9orf72 repeat expansion in autophagy, gain-of-function components 

(2) and (3) may exert indirect influences that perturb the autophagy-lysosomal pathway. By 

sequestering important RBPs such as TDP-43 in nuclear RNA foci and preventing nuclear 

import via disruption of nucleocytoplasmic transport, the native function of these proteins 

can be compromised and the autophagy-lysosomal pathway influenced as a result 

[79,167,173–175]. In this section, however, we will focus on the direct influence of the 

repeat expansion on autophagy via (1) or through C9orf72 protein reduction or depletion.

Since the discovery of C9orf72 repeat expansion, the transcript level of the C9orf72 protein 

has been recognized as being reduced in the frontal and cerebellar cortices of C9ALS 

patients [21,166], with later studies reporting a reduction in the protein levels in patients’ 

brains [176]. Homology analysis of the C9orf72 protein sequence revealed a DENN-like 
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domain in its structure suggesting that C9orf72 may play a role as a guanine exchange factor 

(GEF) for Rab GTPases key players in vesicular trafficking [177–179] that are extensively 

involved at different events of macroautophagy [92]. This role of C9orf72 in Rab-mediated 

events in the autophagy–lysosomal pathway was supported by the observation that C9orf72 

interacts with Rab1, Rab5, Rab7, and Rab11, small GTPases known to be involved in 

autophagy [180,181]. In addition, a role for C9orf72 in modulating filamentous actin (F-

actin) assembly was recently suggested [182]. F-actin is known to play central roles in the 

structure and dynamics of the cytoskeleton, the maintenance of which may be critical in the 

autophagy-lysosomal pathway[183–185], raising the possibility of another mechanism 

through which C9orf72 may affect autophagy.

In an interaction essential to its known functions, C9orf72 forms complexes with SMCR8, 

another DENN domain protein [137–140,186]. Multiple studies have described the many 

events that this complex could potentially influence within the cascade of autophagy 

including autophagic induction, nutrient-sensing pathways, and lysosome biogenesis/

clearance [137–139,186].

Depletion of C9orf72 protein appears to inhibit autophagy initiation via the ULK1-mediated 

pathway [137,187]. C9orf72 was reported to interact with the ULK1/FIP100/ATG13/

ATG101 complex in multiple studies [137,186–188]. Loss of C9orf72 expressionmay 

disrupt the induction of ULK1-mediated autophagy via two events: Firstly, C9orf72 was 

suggested to act as an effector protein for Rab1a, a GTPase known to be recruited for 

phagophore formation [92]. Through its interaction with the ULK1 complex, C9orf72 could 

regulate the Rab1a-dependent trafficking of ULK1 to the autophagic initiation site [187]. 

Secondly, C9orf72 may be essential for relaying signals from the ULK1 complex to promote 

downstream Rab-mediated phagophore maturation. The C9orf72-SMCR8 complex was 

shown to act as a GEF toward Rab8a and Rab39b [140], with expression of phosphomimetic 

Rab39b being found to rescue the inhibition of autophagic induction caused by C9orf72 

depletion. This finding suggested that Rab39b could act immediately downstream of ULK1, 

whose phosphorylation via C9orf72 is required for autophagy initiation [137,140]. Notably, 

a recent study reported that the loss of SMCR8, C9orf72’s binding partner, resulted in an 

upregulation of ULK1 expression, characterizing SMCR8 as a negative regulator of 

autophagy induction [188]. In the same study, however, SMCR8 also exhibited another 

independent function in promoting autophagosome maturation [188]. The multitude of roles 

in autophagy, exhibited by C9orf72 and SMCR8 that results in various disturbance to the 

events of the autophagy cascade further demonstrate the complexity in function of the 

C9orf72 complex.

Autophagy is a crucial mechanism by which the cell adapts to its environment by managing 

and recycling its metabolism according to the availability of nutrients. The autophagy-

lysosomal pathway, therefore, is directly influenced by nutrient-sensing signaling pathways, 

of which the mTOR-mediated pathway is a major regulator. Loss of C9orf72 function was 

reported to cause a defect in mTOR signaling pathway [138,139]. In the absence of C9orf72, 

mTOR, a negative regulator of autophagy, was inactivated [139]. In two separate studies, it 

was observed that mTOR inactivation leaded to the nuclear translocation of transcription 

factor TFEB, a master inducer of autophagy and lysosome biogenesis genes, resulting in an 
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increase in autophagic flux [137,138]. Notably, this increase in autophagic flux was not 

observed in torin 1-induced autophagy [187], suggesting that there are two distinct pathways 

in starvation and in chemical-induced autophagy where C9orf72 may play different roles.

The potential role of C9orf72 in the lysosome pathway has been suggested by its 

localization to this organelle [180]. This localization was reported to be negatively regulated 

by amino acid availability, suggesting potentially unknown roles of the protein at the 

lysosome. Interestingly, inhibition of mTOR via torin 1 treatment did not result in the 

localization of C9orf72 to lysosomes, implicating that the lysosomal function of the protein 

is associated with starvation-induced, but not chemically-induced autophagy [139]. 

Furthermore, based on evidence from multiple studies, lysosome biogenesis has been 

suggested to be upregulated as a result of C9orf72 loss. Supporting this in cell models, 

ablation of C9orf72 resulted in swollen lysosomes that cluster near the nucleus [139]. Also, 

in liver lysates from C9orf72-knockout mice, a buildup of lysosomal markers, including 

LC3-I, LAMP1, and PSAP, was reported [138,186]. In another study, aberrantly enlarged 

lysosomes were observed in bone marrow-derived macrophages and microglia from 

C9orf72-knockout mice [189]. Upregulation of TFEB, an inducer of lysosome biogenesis 

via inactivation of the mTOR pathway, has been suggested to contribute to the 

aforementioned abnormalities in lysosomal morphology and lysosomal marker levels in 

C9orf72-knockout models [138].

In summary, C9orf72’s role in autophagy is multifaceted, and the ultimate consequence of 

C9orf72 downregulation related to the repeat expansion remains undefined. On one hand, 

C9orf72 has been shown to mediate autophagic induction in conjunction with the ULK1 

complex, yet on the other hand, C9orf72 modulates mTOR and lysosomal functions. 

Together, the function of C9orf72 in the autophagy-lysosome pathways needs to be further 

studies.

Other ALS genes

UBQLN2

Ubiquilin 2 (UBQLN2) is part of the ubiquilin family of proteins involved in proteasome-

mediated protein degradation via activity of ubiquitin-associated (UBA) and ubiquitin-like 

(UBL) domains. UBQLN2 may also operate as an autophagic receptor, with reported 

interactions between UBQLN2 and LC3-II [190]. Deletion of UBQLN2’s UBL domain 

abrogates its association with LC3-II [191]. According to studies in French/French–

Canadian populations, UBQLN2 mutations are relatively rare and mostly found in sALS 

patients (~0.4%) [192,193]. UBQLN2 mutations were also found in about 0.3% of FTD 

cases in an extended Belgian cohort [194]. Most ALS/FTD-associated UBQLN2 mutations 

are clustered in UBQLN2’s proline repeat region [12], although they are also found 

elsewhere [192,195]. This then raises the question if autophagic dysfunction due to mutant 

UBQLN2 may contribute to ALS pathogenesis.

In vitro studies have conferred limited support for disturbed autophagic pathways by 

UBQLN2 mutations. Cells overexpressing mutant UBQLN2 showed diminished 

colocalization between UBQLN2 and ATG9/ATG16L1, essential factors in autophagosome-
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lysosome fusion [196]. Also, although wildtype UBQLN2 is found in endosomal vesicles 

colocalizing with p62 and autophagy initiator ULK1, ALS-linked UBQLN2 variant E478 

abolished vesicle formation, inhibited endosomal trafficking, and increased inclusion body 

formation [128]. Similar findings have been recapitulated in animal models, where 

overexpression of ALS-associated UBQLN2P497H accelerated MN loss in rats via possible 

endosomal pathway impairment, evidenced by reduced early endosome antigen 1 [197], a 

nessary component of autophagosome maturation [198]. Aberrant accumulation of 

autophagy substrates p62 and LC3-II are also present in neural tissue of rats overexpressing 

UBQLN2P497H [197,199]. Despite these findings, the role of UBQLN2 in the context of 

autophagy remains controversial, and it is unclear by which precise mechanisms UBQLN2 

may regulate autophagic flux.

Alsin

Mutations in ALS2, which encodes the protein alsin, have been identified in a rare juvenile-

onset form of ALS [14]. Alsin is constitutively expressed and is localized to the cytosolic 

side of the endosomal membrane [29,200]. Its protein structure includes a Vps9 domain, 

which is crucial for its GEF role with regard to Rab5, a regulator of endosomal vesicle 

transport and fusion [200–204]. Alsin-mediated endosome trafficking and vesicular fusion 

were evidenced to be important events within the autophagy cascade that particularly 

influence the maturation of autophagosomes and the formation of amphisomes, two events 

preceding fusion with the lysosome and vesicular clearance [205]. Consistently, loss of alsin 

was reported to exacerbate the neurotoxicity of protein aggregates in murine models of ALS, 

including SQSTM1/p62-null and mSOD1 mice models. Alsin ablation leaded to elevated 

SOD1H46R protein buildup and toxicity by reducing autophagic clearance, which was a 

result of impaired endosomal trafficking and disrupted maturation of autophagosomes [206]. 

More recently, loss of alsin was also reported to intensify the effect of p62 deletion in 

SOD1H46R transgenic mice [119]. This modifier effect of alsin on p62 depletion further 

suggests that intact alsin-mediated endosomal functions are required for proper autophagic 

clearance.

CHMP2B

Charged multivesicular protein 2B (CHMP2B) is a subunit of the endosomal sorting 

complex required for transport (ESCRT-III), whose mutations were identified in less than 

1% of a large cohort of ALS patients in North England [17]. In autophagy, dissociation of 

ESCRT-III from the endosomal membranes generates multivesicular bodies (MVBs) that 

fuse with autophagosomes, producing amphisomes that later fuse with lysosomes [207,208]. 

CHMP2B recycles ESCRT-III and mediates its dissociation via the recruitment of Vps4, an 

ATPase that facilitates membrane abscission and MVB formation. Sequencing of CHMP2B 

in FTD patients has revealed a splice-site mutation that produces two aberrant transcripts 

(CHMP2BIntron5, CHMP2BΔ10) that result in C-terminal domain truncations and significant 

p62 and ubiquitin deposition in patient brains [15]. CHMP2B mutations (T104N, I29V, 

Q206H) have also been found in ALS cohorts, with patients’ brains exhibiting immature 

autophagosome accumulation and upregulated LC3-II and p62 levels, implicating 

autophagic impairment as a common neuropathological pathway [16,17].
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Various studies of autophagic disruption in CHMP2B models have recapitulated the 

observations made in clinical ALS-FTD cases marked by CHMP2B dysfunctions. In cells, 

CHMP2BIntron5 overexpression inhibited autophagic clearance, inducing the formation of 

ubiquitin- and p62-positive inclusions [209,210]. Similar results were reported in a 

CHMP2BIntron5 murine model [211]. C-terminal CHMBP2B truncations may underlie 

autophagic aberrations, given the role of the autoinhibitory C-terminal region in preventing 

self- or abnormal interactions with other ESCRT components [212]. Consistent with this 

explanation, truncated CHMP2BIntron5 in cells is avidly associated with mSnf7-2, a key 

constituent of ESCRT-III, and together they form abnormal complexes that prevent ESCRT-

III dissociation from the endosomal membranes and downstream autolysosomal fusion 

[184,210]. In addition, in cell models, CHMP2BIntron5 displays impaired endosomal 

recruitment of Rab7, a GTPase required for endosome-lysosome fusion [213]. Similarly, 

another C-terminal truncation (ALS-associated CHMP2BT104N), accumulates in Rab5- and 

Rab7- positive endosomes, while also closely complexing with mSnf7-2 in cortical neurons, 

indicating defective endocytic trafficking [212]. There is also evidence suggesting a more 

upstream consequence of CHMP2B mutations in autophagy, with experiments in a 

Drosophila model indicating that CHMP2BIntron5 inhibits autophagosome maturation by 

repressing binding interactions between Vti1a and STX13, an endosomal SNARE involved 

in the maturation of phagophores into closed autophagosomes [214]. Thus, C-terminal 

CHMP2B truncations appear to exert deleterious effects that disrupt various steps in 

autophagy, primarily at the late-stage endosome-lysosome fusion. Further analysis is needed 

to decipher the role this disruption may play in ALS pathogenesis.

Dynactin

Dynactin (DCTN) is a protein found in complex with molecular motor dynein, both of 

which are required for retrograde transport of autophagic substrates. Mutations of DCTN are 

infrequent in fALS, but estimated to vary from 0.5–3% in different sALS cohorts [215]. 

Hinting at the involvement of dynactin mutations in the motor neuron disease, a G59S 

mutation in the largest subunit of dynactin, p150Glued, has been detected in patients with 

lower MN pathology, with patient neural tissue displaying abnormal dynein and dynactin 

inclusions and significant MN degeneration [18,216]. Additional ALS-associated DCTN 

mutations include T1249I and M751T [217].

Neuropathological features of dynactin mutations have been associated with autophagic 

impairment resulting from repressed retrograde transport. The G59S mutation of p150Glued 

inhibits dynein-dynactin-mediated retrograde transport by reducing the affinity of p150Glued 

for microtubules and microtubule plus-end binding protein (EB1) in transfected MNs, 

thereby decreasing the activity of the dynein complex. This effect results in G59S 

aggregation, perhaps as the result of insufficient molecular chaperone recruitment [218]. 

Further expanding these findings, a study of G59S transgenic mice revealed that these mice 

exhibit dysfunctional intracellular vesicular trafficking, since G59S p150Glued impedes the 

targeting of cargo to its intended destination and causes inclusion formation (specifically, 

autophagosomes enriched in LC3-II and ubiquitin) [219]. Also supporting the role of 

dynactin in autophagy, DCTN knockdown in C. elegans markedly decreased the transport of 

autophagosomes and significantly reduced both the speed and distance of retrograde 
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transport. These effects induce the accumulation of immature autophagosomes and 

subsequent MN degeneration [220], modeling pathological features seen after DCTN 

silencing in ALS patients [220,221].

Interestingly, studies employing various models have suggested that the autophagy-related 

pathological features of dynactin mutations may be ameliorated by autophagic enhancement. 

In G59S p150Glued transgenic mice, consumption of a low-protein diet largely alleviates MN 

pathology, as a result of diet-induced autophagic induction and balancing of autophagic flux, 

indicated by normalized levels of LC3-II, decreased immature autophagosome formation 

and reduced p62-positive inclusions [222]. Similarly, the autophagic inducer rapamycin 

attenuated neurodegeneration and locomotor dysfunction in cultured MNs [220]. Taken 

together, these data suggest that autophagic modulators may compensate for retrograde 

transport deficits brought on by dynactin mutations.

Profilin 1

Profilin 1 (PFN1) is an actin-binding protein that facilitates the binding and conversion of 

actin-ADP monomers into actin-ATP, enabling its addition to growing actin filaments. PFN1 

also binds to phosphoinositides and polyproline-rich ligands [223]. Collectively, these 

binding interactions underscore PFN1’s role in regulating cytoskeletal dynamics, membrane 

trafficking, and neuronal synaptic activity [224]. Emerging evidence has revealed a link 

between mutations of PFN1 and ALS, with whole-exome sequencing of individuals with 

fALS uncovering C71G, M114T, and G118V mutants of PFN1 [19]. Since then, other ALS-

related pathogenic variants (R136W, T109M, A20T, Q139L) of PFN1 have been found 

[225–227]. Overall, mutations of PFN1 were found in 1–2% of fALS patients. In addition, 

they were also identified in less than 1% of FTD cases from an extended Flanders-Belgian 

cohort [194,228]. Various models assessing the effects of mutant PFN1 have revealed 

interactions of PFN1 with autophagic substrates, raising the possibility that autophagic 

dysregulations may be at play in mutant PFN1-related neuropathology. In transfected cells 

and primary mouse neurons, mutant PFN1 aggregates are reported to be positive for p62, 

ubiquitin, and TDP-43 [19]. Also, autophagy adaptor LC3 is sequestered in PFN1 

aggregates, repressing the conversion of LC3-I to LC3-II in a potentially p62-dependent 

manner [229]. In transgenic mice expressing the PFN1-C71G mutant, which has been shown 

to possess a highly disordered non-native helical conformation [230], severe MN loss and 

elevated p62 levels are observed [231]. Although these studies based on overexpression 

models suggest a gain-of-function mechanism, the involvement of loss-of-function in 

disease, as suggested by the observation that mutant PFN1 displays lower levels of bound 

actin and inhibited axonal outgrowth would also be possible [19].

FIG4

Factor-induced gene 4 (FIG4) encodes the protein Fig4, the phosphatase that modifies 

phosphatidylinositol-3,5,-bisphosphate (PI(3,5)P2), thereby regulating the level of this 

important signaling lipid molecule of the endosomal pathway. Located on the cytosolic side 

of the endosomal membrane, (PI(3,5)P2) mediates retrograde trafficking of endosomes to 

the Golgi apparatus [232,233]. Mutations in FIG4 have been identified in 1–3% of ALS 

patients from central Europe, thereby qualifying as contributing factors for ALS [20,234]. 
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These mutations are often deleterious, causing loss-of-function of the protein. Loss of Fig4 

function is known to cause dysfunction in the activity of the PI(3,5)P2 biosynthesis complex, 

thereby resulting in a decrease in PI(3,5)P2 levels [235,236]. PI(3,5)P2 depletion, in turn, 

results in enlarged endosomal vesicles and defects in the endo-lysosomal pathway 

[235,237,238].

There have been reports of Fig4 playing a regulatory role in the autophagy–lysosomal 

pathway. In Drosophila models, Fig4 ablation induced lysosomal enlargement and abnormal 

level of lysosomal markers, resulting in a shorter lifespan and mobility defects [206]. The 

effect of Fig4 depletion on autophagic clearance has been further substantiated in a mouse 

model, in which p62/SQSTM1 and LC3-II were observed to accumulate in neurons and 

astrocytes of FIG4-knockout mice. A defect in autolysosome clearance was also suggested 

by an abnormal accumulation of LAMP-2-positive vesicles in cultured FIG4-knockout 

neurons and astrocytes [239]. Together with other endosome-associated proteins such as 

CHMP2B and alsin, the linkage of Fig4 to ALS further underscores the importance of 

endocytosis and autophagy in neurodegeneration.

Perspective

The common theme of autophagy defects presents an opportunity to develop a broad-

spectrum strategy that could be effective for many forms of ALS (Table 1). Here, we have 

reviewed the main evidence linking autophagy to ALS suggesting that autophagy is a stress 

response whose balance may be a key to pathogenesis and treatment. Elucidating a clear 

connection between apparent dysregulations in autophagy and ALS pathophysiology 

presents numerous challenges, given that ALS is governed by a wide array of causative 

genes. ALS-related mutations within a subset of autophagic genes deleteriously affect 

different junctures of autophagy, encompassing autophagic initiation, autophagosome 

maturation and transport, endosome trafficking, and autophagosome-lysosome fusion. 

Autophagy destabilization likewise can arise from mutations in genes not canonically 

involved in autophagy, by way of diminished autophagic gene expression, retrograde 

transport impairment, or aggregation-induced overburdening of autophagic clearance. 

Indeed, the precise sequence of events resulting in autophagic failure depends largely on the 

particular context of the disease state. Both excessive and inadequate autophagic flux have 

been connected to ALS pathology, and autophagy may either alleviate or exacerbate the 

disease process at different stages. Consequently, accurately defining the nature of 

autophagic defects and the cell’s response to these alterations becomes increasingly 

important because it enables an integrated understanding of the autophagic dysregulation 

and proteostatic imbalance observed in ALS. Therefore, further studies are needed to 

provide a systematic analysis of the range of genetic players involved in autophagy and 

associated with ALS. These efforts may not only resolve current gaps in the understanding 

of autophagy in ALS but also suggest mechanism-based therapeutic measures.
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Highlights

• >Many ALS-causing genetic factors share a common link to autophagy

• >Diverse mechanisms in ALS impair or overactivate autophagy

• >Autophagic activation or repression has variable effects in ALS models

• >The nodes of autophagy amenable to therapeutic intervention remain 

uncertain
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Figure 1. Schematic representation of ALS-related genes and their modulatory effects on 
autophagy
The spectrum of ALS-associated genes and their various modulatory effects upon autophagy 

entailing the stages of autophagy initiation, autophagosome maturation, and autophagosome-

lysosome/endosome fusion are depicted herein. Proteins prone to aggregation are 

highlighted in yellow, those involved in autophagic initiation and autophagosome formation 

in red, those involved in endosome trafficking and the autophagosome-lysosome fusion in 

green, and those with less defined roles in autophagy are signified in white.
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Table 1

Summary of ALS genes involved in autophagy impairment

Gene Role in Autophagy References

SOD1 Mutants induce autophagy through undefined mechanisms and interfere with autophagosome maturation 
by disrupting the microtubule-localized dynein-dynactin complex integral to retrograde transport.

[38–40,44,47,49]

TDP-43 Gains toxicity via the formation of proteinaceous inclusions, known substrates of autophagy. Loss of 
nuclear functions caused by chronic sequestration in RNP granules results in reduced expression of 
autophagic factors that function at various events within the autophagy-lysosomal pathway.

[88–90,97–99]

FUS Gains toxicity via formation of proteinaceous inclusions, known substrates of autophagy. Possible direct 
disruption of autophagy regulation.

[83,90,93]

P62 Functions as an autophagy receptor. ALS-linked mutations may impede its association with ubiquitinated 
substrates or block its association with autophagic membranes via LC3-II.

[32,104]

OPTN Autophagy adaptor that binds ubiquitinated cargo via UBA and LC3 via LIR; also regulates 
autophagosome formation and maturation.

[124–127]

TBK1 Phosphorylates the UBA domain of autophagy adaptors p62 and OPTN; ALS-associated mutants induce 
dysfunctions in C-terminal CCD2 and serine/threonine kinase domains that may inhibit p62/OPTN 
activation; also involved in autophagy initiation via phosphorylation of the C9orf72 binding partner 
SMCR8; phosphorylation of microtubule-binding protein CEP170 underscores involvement in 
autophagosome maturation.

[132,134,140–143]

VAPB ER resident that tethers with mitochondrial protein PTPIP51, regulating autophagosome formation; 
tightening of the tether represses autophagosome formation, while loosening stimulates formation; 
modulatory effects in autophagic induction vary depending on autophagic stimuli (chemical vs. starvation-
induced); ALS-associated mutations induce oligomerization and aggregation of VAPB that overburdens 
ERAD, hastening ALS pathology.

[89,149–152]

VCP Precise roles are uncertain, but speculated to diversely affect autophagy; ALS-associated mutations reduce 
mTOR activity, aberrantly induce autophagy; mutations also impede autophagosome-autolysosome 
maturation, and potentially impair autophagic clearance following autophagosome-lysosome fusion; 
mutants repress TDP-43-containing RNP complex disassembly.

[156,157,163]

C9orf72 A DENN domain protein, suggested to possess multifunctional roles in autophagy initiation, nutrient 
sensing, and lysosomal pathways.

[137–140,186–189]

UBQLN2 Recruits autophagosomes to polyubiquitinated aggregates via UBA domain interactions; mutants may 
hinder the endosomal pathway

[128,190,191,240]

ALS2 Functions as GEF of Rab5, mediating endosome trafficking and fusion. Loss-of-function mutations lead to 
impeded maturation and clearance of autophagic vesicles.

[13,119,205]

CHMP2B Carries out ESCRT-III dissociation from endosomal membranes, forming MVBs that transition to 
amphisomes, which fuse with lysosomes; toxic gain-of-function ALS-FTD-associated mutations are C-
terminal truncations that disrupt late-stage endosome-lysosome fusion.

[212–214]

DCTN Involved in retrograde transport of autophagic substrates; ALS-associated mutations exhibit impaired 
intracellular trafficking, immature autophagosome accumulation, and hastened MN degeneration.

[218–221]

PFN1 Regulates actin dynamics, membrane trafficking, and synaptic structure; ALS-associated gain-of- function 
mutants may disrupt TDP-43 binding partner interactions, inducing deleterious conformational changes.

[229–231]

FIG4 A required phosphatase for IP(3,5)P2 biosynthesis. Loss of function mutations result in a reduction in 
IP(3,5)P2 level, subsequently leading to enlarged endosomes and disrupted autolysosome clearance.

[235,236,239]
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