
PNAS  2023  Vol. 120  No. 47  e2315347120� https://doi.org/10.1073/pnas.2315347120   1 of 12

RESEARCH ARTICLE | 

Significance

Recent studies, including ours, 
have suggested that 
mitochondria-associated 
membrane (MAM) disruption is a 
common pathogenic mechanism 
in amyotrophic lateral sclerosis 
(ALS). In the present study, we 
have revealed that TANK-binding 
kinase 1 (TBK1) activity is 
markedly reduced in the lesions 
of sporadic ALS patients and ALS 
model mice, which is associated 
with MAM disruption. We also 
found the molecular mechanistic 
link between the MAM and TBK1 
activation under proteostatic 
stress conditions mediated by 
MAM-specific ubiquitination. 
These findings propose a critical 
role of the MAM in ALS 
pathogenesis. Moreover, our 
findings emphasize the 
importance of organelle contact 
sites in cellular homeostasis and 
will provide further insights into 
therapeutic options targeting the 
MAM integrity.
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The organelle contact site of the endoplasmic reticulum and mitochondria, known as 
the mitochondria-associated membrane (MAM), is a multifunctional microdomain in 
cellular homeostasis. We previously reported that MAM disruption is a common patho-
logical feature in amyotrophic lateral sclerosis (ALS); however, the precise role of MAM 
in ALS was uncovered. Here, we show that the MAM is essential for TANK-binding 
kinase 1 (TBK1) activation under proteostatic stress conditions. A MAM-specific E3 
ubiquitin ligase, autocrine motility factor receptor, ubiquitinated nascent proteins to 
activate TBK1 at the MAM, which results in ribosomal protein degradation. MAM 
or TBK1 deficiency under proteostatic stress conditions resulted in increased cellular 
vulnerability in vitro and motor impairment in vivo. Thus, MAM disruption exacerbates 
proteostatic stress via TBK1 inactivation in ALS. Our study has revealed a proteostatic 
mechanism mediated by the MAM–TBK1 axis, highlighting the physiological impor-
tance of the organelle contact sites.

mitochondria-associated membrane | sigma-1 receptor | TANK-binding kinase 1 | stress granules |  
amyotrophic lateral sclerosis

Organelle contact sites between the endoplasmic reticulum (ER) and mitochondria, known 
as the mitochondria-associated membranes (MAMs), are multifunctional microdomains 
in cellular homeostasis (1, 2). The MAMs are highly dynamic structures within the cell, 
and they increase or decrease in abundance in response to the environment (3). MAM 
dysregulation has been linked to various neurological diseases, including amyotrophic 
lateral sclerosis (ALS) (4, 5). However, it is not yet clear how MAM disruption leads to 
neurodegeneration.

ALS is a fatal neurodegenerative disease characterized by the selective loss of motor 
neurons (6). Most ALS patients are sporadic, i.e., they have no genetic background; 
however, in familial ALS patients, more than 20 genes have been identified as the causative 
genes of ALS. We previously reported that MAM collapse was a common pathology in 
SOD1- and SIGMAR1-linked ALS (7). Sigma-1 receptor (σ1R), a gene product of the 
SIGMAR1 gene, is a MAM-specific chaperone protein, the deficiency of which is a cause 
of juvenile ALS (ALS16) (8). Mutations in the SIGMAR1 gene also cause distal hereditary 
motor neuropathy (9), suggesting that σ1R function is closely associated with motor 
neuronal function. In SOD1- or SIGMAR1-linked ALS, MAM disruption leads to Ca2+ 
dysregulation, resulting in reduced ATP synthesis and Ca2+-dependent cell death (7). In 
previous research, we established a quantitative high-throughput reporter, MAMtracker-Luc, 
and showed that MAM disruption is widely induced by the causative genes of familial 
ALS (9). Although Ca2+ dysregulation is one possible mechanism of ALS pathogenesis, it 
is not yet clear whether other mechanisms are involved in this pathological process.

TBK1, which encodes TANK-binding kinase 1 (TBK1), has been identified as a caus-
ative gene in ALS with frontotemporal lobar degeneration (FTLD-ALS4) (10, 11). 
Nonsense or frameshift mutations in TBK1 reduce the expression levels of TBK1 at the 
RNA and protein levels (12, 13), suggesting that TBK1 haploinsufficiency is the mecha-
nism responsible for the TBK1-linked ALS. However, it has yet to be determined whether 
TBK1 loss-of-function is involved in the pathomechanism of ALS without TBK1 muta-
tions, such as in sporadic ALS patients.

TBK1 is best known as a regulator in innate immunity (14). Stimuli that activate innate 
immunity, such as cytosolic double-strand DNA or lipopolysaccharides, activate TBK1 
following recognition by stimulator of interferon genes (STING) or Toll-like receptors, 
respectively. Activated TBK1 phosphorylates interferon regulatory factor 3 (IRF3), a tran-
scription factor that induces inflammatory cytokines, thereby promoting dimerization and 
nuclear translocation of IRF3, which in turn increases the expression of various inflammatory 
factors. In addition, TBK1 regulates autophagy (15, 16). TBK1 phosphorylates SQSTM1/
p62, an adaptor protein for autophagic protein degradation, and promotes the binding of 
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p62 to its degradation targets, i.e., polyubiquitinated proteins (17). 
This function helps rapidly eliminate foreign bacteria or exogenous 
viral components by autophagy, enhancing the cellular defense 
against infection (18). TBK1-dependent autophagy is also involved 
in the clearance of misfolded proteins in ALS (19).

In ALS, the mitochondria are one of the primary targets for 
injury in motor neurons (6). ALS induces mitochondrial dysfunc-
tion represented by compromised mitochondrial energy synthesis, 
increased production of reactive oxygen species, and altered mito-
chondrial dynamics. MAM alternation is also involved in mito-
chondrial fragmentation in ALS associated with the Sig1R 
loss-of-function (20). TBK1 contributes to the elimination of such 
damaged mitochondria via selective autophagy, called mitophagy, 
by phosphorylating optineurin (21) or Rab7A (22). Moreover, 
TBK1 loss-of-function is associated with impaired mitophagy in 
ALS patients (23). These findings suggest the important role of 
TBK1 in the maintenance of the mitochondria, which is disrupted 
in neurodegenerative diseases.

Despite these findings, the physiological role of TBK1, espe-
cially in the central nervous system (CNS), remains largely 
unknown. In the present study, we aimed to elucidate the role of 
TBK1 at the MAM. We found that TBK1 activity is dependent 
on MAM integrity and is induced by MAM-specific accumulation 
of polyubiquitinated proteins under proteotoxic conditions. 
Moreover, disruption of this pathway induced cellular vulnerabil-
ity to proteotoxicity. Our study shows that TBK1 regulates the 
cellular proteostatic response at the MAM, highlighting the phys-
iological importance of organelle contact sites.

Results

TBK1 Is Inactive in Human Sporadic ALS Patients and ALS Model 
Mice. Although TBK1 haploinsufficiency is linked to inherited 
forms of ALS with a mutation in the TBK1 (13), it was not yet 
clear whether TBK1 dysregulation was apparent in sporadic ALS 
patients, which account for >90 % of ALS cases. Thus, to achieve 
clarification in sporadic ALS cases, we performed immunoblotting 
using the postmortem tissues of sporadic ALS patients and found 
that levels of an active form of TBK1, which is phosphorylated at 
Ser 172 (pTBK1), were significantly decreased in the brains (Fig. 1 
A–C) and spinal cords (Fig. 1 D–F) of the patients with ALS. 
TBK1 was also inactivated in the spinal cords of SOD1-linked ALS 
model mice at the end stage (Fig. 1 G–I). Immunofluorescence 
results showed that pTBK1 was mainly localized in the ventral 
horn motor neurons and that pTBK1 levels were specifically 
reduced in end-stage SOD1G93A mice (Fig.  1J). In addition, 
endogenous TBK1 was highly activated in the CNS (SI Appendix, 
Fig.  S1). In the wild-type mice, although pTBK1 was widely 
observed in neurons, including nonmotor neurons, the pTBK1 
level was highest in motor neurons (SI Appendix, Fig. S2). Thus, 
the reduction in pTBK1 levels appeared to be associated with 
neurodegeneration in ALS. Consistent with this notion, pTBK1 
levels began to decrease at the onset of disease in SOD1G85R ALS 
model mice (Fig. 1 K–M). The pTBK1 levels were not altered 
between young (5 mo old) and old (12 mo old) mouse spinal 
cords (SI Appendix, Fig. S3), suggesting that normal aging does not 
affect pTBK1 levels in the CNS. In addition, pTBK1 puncta in 
non-neuronal cells seemed to be a non-specific immunoreactivity 
in oligodendrocytes (SI Appendix, Fig. S4). Although the total 
amount of TBK1 protein was slightly reduced in the ALS spinal 
cords (Fig. 1F), the TBK1 protein levels remained unaltered in the 
brains of the patients (Fig. 1C) and ALS mouse models (Fig. 1I), 
suggesting that inactivation of TBK1 rather than degradation of 
TBK1 protein predominantly caused the reduction in pTBK1 

levels. Overall, these results suggest that TBK1 insufficiency is a 
common pathological feature of ALS.

σ1R Is Essential for TBK1 Activation. We previously found that 
σ1R dysfunction-associated MAM disruption was involved in the 
disease onset of ALS (7); thus, we examined the potential association 
between σ1R-associated MAM disruption and TBK1 inactivation 
in ALS. We found that pTBK1 levels were substantially decreased 
in σ1R knockout (Sigmar1−/−) mouse spinal cord neurons (Fig. 2 
A and B), indicating that σ1R is required to maintain TBK1 
activity. TBK1 inactivation in Sigmar1−/− mice, i.e., a lack of 
TBK1 degradation, was confirmed using immunoblotting analyses 
(Fig. 2 C–E). Moreover, pTBK1 specifically accumulated at the 
MAM in the presence of σ1R (Fig. 2 F and G). Therefore, σ1R-
associated MAM is apparently essential to maintaining the TBK1 
activity in the spinal cord neurons.

In contrast to the high activation of TBK1 in the spinal cord 
neurons, endogenous TBK1 was generally inactivated in cultured 
cell lines, including human cervical carcinoma HeLa, mouse neu-
roblastoma Neuro2a, and human neuroblastoma SH-SY5Y 
(SI Appendix, Fig. S5). Neurotrophic factors also failed to activate 
TBK1 in a σ1R-dependent manner (SI Appendix, Fig. S6). However, 
treatment with sodium arsenite, an oxidative stress inducer, activated 
TBK1 in a σ1R-dependent manner in primary mouse embryonic 
fibroblasts (MEFs) from the wild-type or Sigmar1−/− mice (Fig. 2 
H–K). Similar observation was confirmed in HeLa cells (SI Appendix, 
Fig. S7). Thus, sodium arsenite treatment successfully mimicked 
σ1R-dependent TBK1 activation in cultured cells.

Proteostatic Stress Induces TBK1 Translocation and Activation 
at the MAM. To identify other stimuli that induce TBK1 activation 
in vitro, we treated HeLa cells with various stressors (Fig. 3 A and B). 
Two proteostatic stress inducers, tunicamycin (ER stress inducer) 
and MG-132 (proteasomal inhibitor), significantly activated 
TBK1. In contrast, hydrogen peroxide–induced oxidative stress did 
not activate TBK1. In a previous study, arsenite treatment induced 
not only oxidative stress but also affected protein folding to induce 
proteostatic stress (24). Taken together, these results indicate that 
TBK1 is activated by proteostatic stress, including that caused 
by arsenite treatment. Interestingly, Toll-like receptor (TLR)  
4–mediated innate immune responses led to increased activation 
of TBK1, whereas TLR-mediated TBK1 activation was unaffected 
by σ1R depletion. In addition, siRNA-mediated suppression of 
TLR3, TLR4, or STING, another major activator of TBK1, did 
not affect TBK1 activation by arsenite treatment (SI Appendix, 
Fig. S8). These findings indicate that innate immune pathways are 
independent of MAM/σ1R-dependent TBK1 activation.

Under proteostatic stress conditions, TBK1 was translocated into 
the MAM (Fig. 3 C–G). Immunocytochemical analyses revealed 
that pTBK1 colocalized with σ1R (Fig. 3 C and D). Arsenite is 
known to prevent cellular translation and promote the formation 
of small membraneless cytosolic compartments composed of RNA 
and ribonuclear proteins known as stress granules (SGs) (25). 
Although Ras GTPase–activating protein-binding protein 1 
(G3BP), an SG marker, was not colocalized with σ1R or pTBK1, 
they were located in close proximity (Fig. 3E). TBK1 contains four 
functional domains: a kinase domain, a ubiquitin-like domain 
(ULD), and two coiled-coil domains (CC1 and CC2) (Fig. 3H). 
In particular, the ULD is required for interactions with ubiquitin 
and ubiquitin-associated adaptor proteins such as p62 (26, 27). 
Moreover, local accumulation of TBK1 through binding to ubiq-
uitinated proteins would cause TBK1 activation by a transauto-
phosphorylation mechanism (26, 28). Thus, to investigate whether 
the ULD domain was involved in MAM translocation of TBK1, 
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we prepared a ULD-lacking TBK1 mutant (ΔULD). Although the 
ΔULD mutant was extremely unstable, we confirmed that the 
ΔULD mutant was not localized at the MAM and predominantly 
localized in the cytoplasm (Fig. 3 I–K). Consistent with this obser-
vation, even K38A TBK1 mutants, a kinase-deficient mutant, 
translocated into the MAM (Fig. 3 L and M), suggesting that the 
TBK1 recruitment into the MAM is independent of its activation. 
These data indicate that TBK1 is translocated into the MAM under 
proteostatic stress conditions, possibly by binding to polyubiquit-
inated proteins accumulated at the MAM.

Autocrine Motility Factor Receptor/gp78-mediated MAM-
specific Ubiquitination Is Crucial for TBK1 Activation under 
Proteostatic Stress Conditions. We also investigated how the 
MAM contributes to TBK1 activation under proteostatic stress 

conditions. As shown in Fig.  4A, σ1R knockdown prevented 
the accumulation of ubiquitinated proteins caused by arsenite 
treatment. However, TBK1 suppression did not prevent the 
arsenite-induced ubiquitination, implying that ubiquitination 
at the MAM precedes TBK1 activation. Notably, ubiquitinated 
proteins accumulated predominantly at the MAM (Fig. 4B). Given 
that the ULD domain, which is essential for TBK1 activation (Fig. 3 
F–I), is a ubiquitin-binding motif, this collective evidence suggests 
that accumulation of MAM-specific ubiquitinated proteins recruits 
TBK1 to the MAM and promotes its activation by increasing the 
local TBK1 concentration.

However, the question remained as to how MAM-specific ubiq-
uitination occurred. Hence, we studied ER-mediated degradation 
of stress-induced misfolded proteins via the ubiquitin-proteasome 
system, i.e., ER-associated degradation (ERAD) (29), because some 

Fig. 1. TANK-binding kinase 1 (TBK1) is inactive in the brains and spinal cords of sporadic ALS patients or SOD1-linked ALS model mice. (A–F) TBK1 was inactive 
in the cerebral cortices and the spinal cords of sporadic ALS patients. Representative immunoblotting images of brain (A–C) or spinal cords (D–F) lysates from four 
sporadic ALS patients and control patients. Levels of active TBK1 (TBK1 phosphorylated at Ser172; pTBK1) were significantly reduced in ALS patients (B and E).  
Total TBK1 protein levels were reduced in the ALS spinal cords (F) but unaffected in the brains (C). (G–J) TBK1 was inactive in the spinal cords of SOD1-linked ALS 
model mice. Representative immunoblotting images of spinal cord lysates from two different SOD1-linked ALS model mice, carrying p.Gly93Ala (SOD1G93A) or 
p.Gly85Arg (SOD1G85R), at the end stage (G). Similar to the ALS patients’ tissues, pTBK1 was specifically decreased in ALS model mice (H) without degradation of 
the TBK1 protein itself (I). pTBK1 was predominantly downregulated in the motor neurons of SOD1G93A mice, which are indicated by choline acetyltransferase 
(ChAT), at the end stage (J) (Scale bar, 50 µm). (K–M) TBK1 inactivation was associated with disease onset in the SOD1G85R ALS model mouse brain. pTBK1 levels 
began to decrease from the onset of the disease (9 M) (K and L) without a reduction in the total TBK1 protein level (M). Relative levels of pTBK1 (B, E, H, and L) 
and TBK1 (C, F, I, and M) were quantified from the corresponding immunoblots and are plotted as means ± SEM with P-values.
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ERAD-associated proteins are accumulated at the MAM (1, 30). 
Among the E3 ubiquitin ligases involved in ERAD, we found that 
autocrine motility factor receptor (AMFR)/gp78 depletion pre-
dominantly reduced the accumulation of the polyubiquitinated 
proteins following arsenite treatment (Fig. 4 C and D and 
SI Appendix, Fig. S9). When AMFR was depleted, TBK1 activation 
was inhibited along with the reduction in polyubiquitinated pro-
teins (Fig. 4 C and E). Thus, AMFR was seemingly responsible for 
MAM-specific ubiquitination. Additionally, we confirmed that 
AMFR colocalized with σ1R (Fig. 4F), interacted with σ1R inde-
pendent of arsenite treatment (Fig. 4G), and was significantly 
reduced in terms of amounts of AMFR in the MAM of Sigmar1−/− 
MEFs (Fig. 4H). Collectively, these data suggest that σ1R anchors 
AMFR in the MAM. Furthermore, TBK1 and p62 were coimmu-
noprecipitated with polyubiquitinated proteins but not with AMFR 
(Fig. 4I), providing evidence for an indirect mechanism of TBK1 
recruitment into the MAM by AMFR-mediated ubiquitination 

rather than through a direct interaction of TBK1 with the ERAD 
complexes at the MAM.

AFMR and TBK1 Target Proteins under Synthesis, including 
Ribosomal Complexes. To identify the target proteins of MAM-
specific ubiquitination, we performed a proximal labeling assay using 
engineered ascorbate peroxidase APEX2 fused to the C-terminus 
of σ1R (σ1R-APEX2; Fig. 5A), similar to recent studies (31, 32). 
σ1R-APEX2 specifically labeled proteins closely associated with σ1R 
(SI Appendix, Fig. S10 A and B). The 56 labeled proteins (listed in 
Dataset S1) were mainly related to the mitochondria [16/56 (29 
%)] and ER [12/56 (21 %)], indicating that MAM proteins were 
successfully labeled in the assay (Fig. 5B). Intriguingly, the identified 
proteins also contained various ribosomal subunits, suggesting that 
AFMR may ubiquitinate the nascent proteins at the MAM. To test 
this hypothesis, we treated the cells with cycloheximide (CHX) to 
prevent translation before arsenite treatment; thus, we confirmed 

Fig. 2. Sigma-1 receptor (σ1R) is essential for TBK1 activation in mouse spinal cords or cells under arsenite-induced stress. (A and B) TBK1 was inactive in the 
lumbar ventral horn neurons of Sigmar1 (which encodes murine σ1R), knockout (Sigmar1−/−) mice. Arrowheads in (A) indicate TBK1-active neurons in a wild-type 
mouse. Percentage of pTBK1-positive neurons in (A) is plotted (B). (C–E) pTBK1 levels were reduced without degradation in the Sigmar1−/− mouse spinal cords. 
Representative immunoblotting images are shown in (C). Relative levels of pTBK1 and TBK1 were quantified in (D) and (E), respectively. (F and G) pTBK1 was 
localized at the mitochondria-associated membranes (MAMs), where σ1R is specifically localized. Cyto., cytoplasm; P1, nuclei and debris; mito., mitochondria; MAM; 
and P3, microsomes. Representative immunoblotting images for pTBK1, TBK1, and the specific markers used to validate appropriate fractionation (F). Relative 
levels of TBK1 in the MAM fraction normalized to the one in the cytoplasmic fraction are shown in (G). (H–K) Activation of TBK1 by arsenite treatment (0.1 mM, 
30 min) requires σ1R in mouse embryonic fibroblasts (MEFs) from wild-type or Sigmar1−/− mice. Representative immunocytochemical (H) and immunoblotting (J) 
images are shown with quantification of the relative pTBK1-positive cell numbers or protein levels in (I) and (K), respectively. The data are expressed as means 
± SEM; P-values are shown. Scale bars, 50 µm in (A), 20 µm in (H).
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Fig. 3. TBK1 was activated at the MAM under proteostatic stress conditions, including arsenite treatment. (A and B) σ1R was crucial for TBK1 activation under 
proteostatic stress conditions. HeLa cells with or without siSIGMAR1 were treated with tunicamycin (5 µg/mL; ER stress), MG-132 (1 µM; proteasomal inhibition), 
hydrogen peroxide (100 µM; H2O2; oxidative stress), poly I:C [100 µM; Toll-like receptor 3 (TLR3) agonist], or lipopolysaccharide [1 µg/mL; LPS; Toll-like receptor 
4 (TLR4) agonist] for 6 h. Human TLR3 or TLR4 with the coactivator MD2 were overexpressed one day before the treatment with agonists. Representative 
immunoblotting images (A) and relative levels of pTBK1 (B) are provided. (C–E) pTBK1 colocalized with σ1R. Representative immunofluorescent images are shown 
in (C). HeLa cells were treated with 0.1 mM arsenite for 30 min. Colocalization coefficiency (D) and fluorescent intensity profile (E) are also provided; whereas 
pTBK1 was colocalized with σ1R, suggesting pTBK1 localization at the MAM, Ras GTPase–activating protein-binding protein 1 (G3BP), a marker of stress granules 
(SGs), was close but independent of the MAM (Scale bar, 10 µm). (F and G) TBK1 translocated into the MAM by arsenite treatment (0.1 mM, 30 min). Representative 
immunoblotting images for TBK1, pTBK1, and the specific markers used to validate appropriate fractionation (F) with quantification of the relative TBK1 levels at 
the MAM normalized to the one in the cytoplasm (G). (H) Schematic diagram of TBK1 and its mutant lacking the ubiquitin-like domain (ΔULD). Known functional 
domains are indicated by colored rectangles. Myc, c-Myc tag; CC1/2, coiled-coil domain 1/2. (I–K) ULD of TBK1 was essential for translocation into the MAM. 
Representative immunoblotting images (I) are shown with quantification of the relative pTBK1 (J) and total TBK1 (K) levels at the MAM. (L and M) Phosphorylation 
of TBK1 is not essential for TBK1 translocation into the MAM. TBK1 carrying the p.K38A mutation, a kinase-dead mutant, was translocated into the MAM after 
the arsenite treatment. Representative immunoblotting images (L) are shown with quantification of the relative TBK1 levels at the MAM normalized to the one 
in the cytoplasm (M). All the data are expressed as means ± SEM with P-values.
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Fig. 4. Autocrine motility factor receptor (AMFR)/gp78 is essential for MAM-specific ubiquitination induced by arsenite. (A) Arsenite-induced accumulation 
of polyubiquitinated proteins (pUbi) was σ1R-dependent. HeLa cells were transfected with siSIGMAR1 and/or siRNA against TBK1 (siTBK1) 1 d before arsenite 
treatment (As: 0.1 mM for 30 min). Representative immunoblotting images (Upper) and quantification of pUbi (lower; quantified the band intensities indicated by 
the black line in the upper image). (B) Arsenite-induced pUbi were predominantly accumulated at the MAM after arsenite treatment (0.1 mM for 30 min). Specific 
markers were used to confirm appropriate fractionation (Right). (C–E) AMFR was crucial for arsenite-induced ubiquitination. HeLa cells were transfected with 
siRNAs against AMFR (siAMFR) 1 d before arsenite treatment (As: 0.1 mM for 30 min). Representative immunoblotting images (C) with quantification of relative pUbi 
(D) and pTBK1 (E) levels. pTBK1 levels were also reduced by siAMFR. (F–H) AMFR interacted with σ1R to localize at the MAM. Representative immunofluorescent 
images of σ1R and AMFR in HeLa cells (F). Coimmunoprecipitation was performed using C-terminally FLAG-tagged σ1R (σ1R-FLAG); AMFR and σ1R interacted, and 
the interaction was not affected by arsenite (G). AMFR was lost in the MAM fraction of Sigmar1−/− MEFs (H), suggesting that σ1R functions as a scaffold for AMFR. 
Relative AMFR levels at the MAM [Lower panel in (H)] (Scale bar, 10 µm). (I) pUbi induced by arsenite interacted with TBK1 and SQSTM1/p62. HeLa cell lysates 
were coimmunoprecipitated using an antibody against pUbi. Representative immunoblots show bound TBK1 and SQSTM1/p62 proteins in arsenite-treated 
HeLa cells. Asterisks indicate nonspecific bands. All the data are expressed as means ± SEM with P-values.
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that CHX significantly reduced ubiquitination and TBK1 activation 
(Fig. 5 C–E). Arsenite reportedly induces ribophagy, i.e., ribosomal 
degradation via selective autophagy (33). Therefore, we speculated 
that the observed ubiquitination was associated with autophagy-
dependent degradation of ribosomes at the MAM. Consistent with 
this notion, levels of the ribosomal subunits RPS3 and RPL26 
were reduced at the MAM following arsenite treatment, but this 
reduction was prevented by amlexanox, a TBK1-specific inhibitor, 
or bafilomycin A1, an autophagy inhibitor (Fig. 5 F–H). In addition, 
RPS3 and RPL26 reduction at the MAM was also inhibited in 
AMFR- or TBK1-depleted cells (SI  Appendix, Fig.  S10C). The 
levels of RPS3 or RPL26 in non-MAM fractions were unchanged 
(SI Appendix, Fig. S11), supporting the notion that these ribosomal 
subunits are degraded at the MAM. Therefore, it is likely that 
ribosomal subunits, at least RPS3 and RPL26, are degraded in a 
TBK1-related autophagy-dependent manner. Notably, TBK1-
dependent degradation of RPS3 and RPL26 was MAM-specific, and 
microsomal fractions, i.e., P3 fractions, were not entirely affected. 
Thus, AMFR apparently ubiquitinates proteins under synthesis 
at the MAM, TBK1 is recruited through the accumulation of 
polyubiquitinated proteins, and activated TBK1 induces autophagy, 
which contributes to ribosomal degradation.

σ1R or TBK1 Deficiency Delays SG Formation In Vitro. Because 
pTBK1 was located close to SGs (Fig. 3 C–E) according to G3BP 
marking, we used arsenite treatment to examine the effect of 
TBK1 defects in SG formation. We found that SG formation 
was impaired in Sigmar1−/− MEFs concomitant with TBK1 
inactivation (Fig.  6 A and B). Additionally, siRNA-mediated 

depletion of σ1R or TBK1 reduced the number and average size 
of SGs in HeLa cells (Fig. 6 C–E). Pharmacological inhibition 
of TBK1 using amlexanox also reduced the size of SGs (Fig. 6 F 
and G), suggesting that TBK1 activity was responsible for normal 
SG formation. According to time course analyses, the TBK1 
defect specifically delayed SG formation but did not affect SG 
disassembly (Fig. 6 H and I). A direct involvement of TBK1 in 
SG formation was also confirmed using TBK1-deficient MEFs 
(SI  Appendix, Fig.  S12). Given that autophagic degradation 
of ribosomal complexes is required for SG assembly (34), our 
findings suggest that impaired TBK1-dependent autophagy 
delays SG formation. Moreover, σ1R or TBK1 deficiency also 
compromised the stress granules’ formation induced by paraquat 
in mouse neuroblastoma Neuro2a cells (SI Appendix, Fig. S13). 
Thus, the TBK1-mediated proteostatic stress response does not 
appear to be specific to the particular cell type.

Since arsenite damages cells not only by proteostatic stress but 
also by multiple mechanisms, we asked whether the proposed path-
ways are general under proteostatic stress conditions. As shown in 
Fig. 3 A and B, we have demonstrated that tunicamycin, an ER stress 
inducer, causes TBK1 activation in a MAM-dependent manner. 
Hence, we intended to confirm our observations using tunicamycin. 
When we treated the cells with tunicamycin, 1) polyubiquitinated 
proteins accumulated at the MAM, 2) TBK1 translocated into the 
MAM and was activated in situ, and 3) σ1R suppression impaired 
SG formation in the cytoplasm (SI Appendix, Fig. S14). All these 
observations are well consistent with those of arsenite treatment, 
suggesting that the MAM–TBK1 axis is a general cellular response 
pathway against proteostatic stress.

Fig. 5. AMFR targets nascent proteins and TBK1 induces degradation of ribosomal proteins at the MAM under arsenite-induced stress conditions. (A) Schematic 
illustration of the APEX2-based proximal labeling assay including σ1R C-terminally fused to APEX2-V5 (σ1R-APEX2) (Upper). σ1R and APEX structure were from PDB 
5hk2 and 1V0H, respectively. (B) Identified proteins were classified as shown in the table (the full list of the identified proteins is available in Dataset S1). (C–E) AMFR 
targets nascent proteins. HeLa cells were treated with cycloheximide (50 µg/mL; CHX) for 1 h before arsenite treatment (0.1 mM for 30 min), resulting in reduced 
pUbi and pTBK1. Representative immunoblotting images (C, Left panel). No effect of CHX on total loading amounts was confirmed by Coomassie brilliant blue 
staining (C, Right panel). Relative pTBK1 (D) and pUbi (E) levels were quantified. (F–H) Ribosomal proteins were specifically degraded by TBK1-dependent autophagy 
at the MAM. HeLa cells were pretreated for 1 h with amlexanox (3.3 µM; Amlx), a TBK1 inhibitor, or bafilomycin A1 (100 nM; BafA1), an autophagy inhibitor, 
before arsenite treatment (0.1 mM, 30 min) MAM and P3 fractions were analyzed by immunoblotting using indicated antibodies (F). The levels of two ribosomal 
subunits, RPS3 (G) and RPL26 (H), at the MAM were quantified in three independent experiments. All the data are expressed as means ± SEM with P-values.

http://www.pnas.org/lookup/doi/10.1073/pnas.2315347120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2315347120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2315347120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2315347120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2315347120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2315347120#supplementary-materials
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Impaired MAM-dependent TBK1 Activation Increases Cell 
Vulnerability In  Vitro and Induces Motor Dysfunction In  Vivo. 
Because SGs are essential to the preservation of cellular tolerance 
under various stress conditions (35), we speculated that TBK1 defects 
following delays in SG formation might affect cellular vulnerability. 
Consistent with this notion, the number of apoptotic cells increased 
significantly when σ1R or TBK1 was knocked down using specific 
siRNAs (Fig. 7 A and B). Moreover, the cell viability measured using 
an MTS assay, representing mitochondrial activity in living cells, 
also decreased when σ1R or TBK1 was depleted (Fig. 7C). These 
data indicate that MAM–TBK1 axis deficiency compromises the 
cellular stress response by impairing SG formation. To determine 
the impact of MAM–TBK1 deficiency in vivo, we treated wild-
type or Sigmar1−/− mice with sodium arsenite-containing water for 
3 wk (Fig. 7D). Motor function, as measured using rotarod tests, 
was significantly impaired only in arsenite-treated Sigmar1−/− mice 
without affecting their body weight (Fig. 7 E and F). Additionally, 
chronic administration of arsenite-activated TBK1 in wild-type 
but not in Sigmar1−/− mouse brains (Fig. 7 G–I). Furthermore, 
the number of C-bouton, a cholinergic synaptic terminus on 
motor neuron soma and a primary target of injury in ALS (36), 
was significantly reduced without any motor neuron degeneration 
(Fig.  7 J–L). Moderate activation of astrocytes was induced in 
arsenite-treated Sigmar1−/− mice (Fig. 7 M–O). Collectively, these 
findings indicate that defects in the MAM–TBK1 axis induce 

motor dysfunction possibly due to synaptic dysfunction on motor 
neurons in vivo.

Discussion

In the current study, we demonstrate a MAM-dependent TBK1 acti-
vation mechanism (SI Appendix, Fig. S15). Specifically, MAM scaf-
folded by σ1R induced ubiquitination of nascent proteins mediated 
by AMFR. This ubiquitination was a key event in TBK1 activation, 
which is required for cellular stress tolerance due to SG formation. 
Moreover, TBK1 activity was impaired in sporadic ALS patients and 
ALS model mice. When TBK1 activation was lacking, the insufficient 
stress response resulted in motor dysfunction in vivo. Overall, our 
findings provide insights into the mechanistic link between TBK1 
loss-of-function and motor neuronal dysfunction in ALS.

TBK1 haploinsufficiency is a cause of familial ALS (10, 11, 13). 
Several studies have revealed that TBK1 insufficiency accelerates 
disease onset in ALS model mice (37, 38). Importantly, we showed 
that TBK1 activity was also compromised in the affected tissues of 
sporadic ALS patients. Thus, TBK1 function is apparently crucial 
for motor neuronal function. Although TBK1 is well known for its 
role in the innate immune system and inflammation (14), its role in 
autophagic regulation has also been reported (15, 39). It is reasonable 
to suggest, therefore, that TBK1 activity, e.g., in the autophagic 
clearance of misfolded proteins, is associated with proteostatic stress. 

Fig. 6. TBK1 activation at the MAM promotes SG formation. (A and B) σ1R-deficiency prevented SG formation. Wild-type or Sigmar1−/− MEFs were treated with 
arsenite (As: 0.1 mM for 30 min). Representative immunofluorescent images of HeLa cells stained with the antibodies for pTBK1 and G3BP (A). The percentage 
of cells with G3BP-positive granules was calculated and plotted as “Cells with SGs” (B). (C–E) Depletion of σ1R and/or TBK1 resulted in impaired SG formation. 
HeLa cells were treated with arsenite (0.1 mM for 30 min) with or without siSIGMAR1 and/or siTBK1. Representative immunofluorescent images of HeLa cells 
stained with the antibodies for pTBK1, G3BP (C). G3BP and TIAR were used as SG markers. The percentage of Cells with SGs was calculated and plotted (D). The 
size of the G3BP-positive SGs was also quantified (E). (F and G) Pharmacological inhibition of TBK1 using amlexanox [3.3 µM for 30 min before arsenite treatment 
(As: 0.1 mM for 30 min)] impaired SG formation in Hela cells. Representative immunofluorescent images (F) with quantification of SGs size (G). (H and I) σ1R or 
TBK1 deficiency delayed SG formation. HeLa cells were treated with arsenite (As: 0.1 mM) for the indicated times. After 60 min of incubation with arsenite, the 
cells were further incubated in growth medium (Recovery) for the indicated duration. Representative immunofluorescent images (H). The percentage of Cells 
with SGs was calculated and plotted as (I). All data are expressed as means ± SEM with P-values, and all the scale bars indicate 10 µm.

http://www.pnas.org/lookup/doi/10.1073/pnas.2315347120#supplementary-materials


PNAS  2023  Vol. 120  No. 47  e2315347120� https://doi.org/10.1073/pnas.2315347120   9 of 12

Fig. 7. TBK1 inactivation is associated with stress vulnerability in vivo. (A–C) Impaired SG formation via loss of σ1R or TBK1 increased cell death. HeLa cells 
transfected with siSIGMAR1 or siTBK1 were treated with 0.1 mM arsenite overnight (O/N). Apoptotic cells, indicated by arrows, were visualized using Hoechst 
33342 (A; Scale bar, 5 µm). The percentages of cells without an apoptotic phenotype are quantified and plotted (B). Relative cell viability evaluated by MTS 
assay is plotted (C). (D) Schematic diagram of arsenite oral administration. Water intake was around 6 mL/day; thus, mice ingested arsenite at approximately 
10 mg/kg/day. (E and F) Rotarod score (E, a mean time staying on the rotating rod) and relative change in body weights (F) of arsenite-treated wild-type and 
Sigmar1−/− mice were plotted (n = 6 for B6J, 7 for Sigmar1−/−, each). Body weights relative to those at the starting point did not change, suggesting that the motor 
dysfunction was not due to acute systemic toxicity of arsenite. (G–I) Oral administration of arsenite increased pTBK1 levels in the brains of B6J but not Sigmar1−/− 
mice. Representative immunoblots (G) with quantification of relative pTBK1 (H) or total TBK1 (I) levels. (J–L) Arsenite treatment reduced the number of C-bouton 
without neurodegeneration. Immunohistochemistry using anti-ChAT antibody was performed to visualize motor neurons and C-boutons (J). The number of 
motor neurons (ChAT-positive cells) (K) and C-boutons per motor neuron (L) were quantified. A total of 15 ventral horns (K) or 23 motor neurons (L) from three 
independent mice were used for quantification. (M–O) Arsenite treatment induced astrogliosis in the ventral horn of arsenite-treated Sigmar1−/− mice. Relative 
signal intensities of astrocytes (GFAP) and microglia (Iba-1) were quantified per anterior horns of the mouse spinal cords in (N) and (O), respectively (n = 3) (Scale 
bar, 50 µm). The data in (B, C, H, and I) are expressed as means ± SEM, whereas other quantitative data are expressed as means ± SD; P-values are shown.
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Indeed, TBK1 deficiency markedly increases ubiquitin-positive 
inclusion bodies in the motor neurons of ALS model mice (38). 
Nevertheless, it seems controversial that TBK1 is inactivated in ALS 
stress conditions. One possible interpretation is deregulation of auto-
phagy. We have reported σ1R loss-of-function in ALS (7). In the 
absence of σ1R, reduced autophagosomes may prevent TBK1 trans-
location to the MAM where autophagosomes are formed.

We found that TBK1 activation at the MAM was dependent on 
AMFR-mediated polyubiquitination targeting the nascent pro-
teins. Additionally, activated TBK1 contributed to the autophagic 
degradation of ribosomal subunits. Although it was not clear 
whether TBK1 specifically targets RPS3 and RPL26, a previous 
study indicated that arsenite-induced ribophagy degrades various 
ribosomal subunits (33), suggesting that TBK1 would also con-
tribute to the degradation of other ribosomal subunits. AMFR is 
a key player in ERAD, a protein quality control mechanism active 
in the ER lumen (40). Interestingly, AMFR forms a complex with 
p97/valocin-containing protein (VCP), one of the causative gene 
products in ALS, to induce ERAD (41). Disruption of protein 
control mechanisms is considered one of the major causes of neu-
rodegeneration in ALS. Indeed, ERAD is compromised by mutant 
SOD1 proteins that are causative of ALS (42). Impaired autophagy, 
another protein quality control mechanism, has been associated 
with various ALS cases related to mutations in TBK1, SQSTM1, 
and C9orf72 (16). In our previous studies, we demonstrated that 
enhanced responses to misfolded proteins via sirtuin 1 (43) or 
cystatin C (44, 45) ameliorated the disease progression in ALS 
model mice. Taken together, these findings suggest that TBK1 
activity maintenance may limit translation to prevent overflow of 
the protein quality control mechanisms represented by ERAD.

On the other hand, TBK1 is also involved in the autophagic 
clearance of damaged mitochondria by mitophagy (21–23). Since 
the MAM contributes to the maintenance of physiological mito-
chondrial functions (1, 4, 5) and Sig1R prevents mitochondrial 
fragmentation in ALS model mice (20), it is reasonable to assume 
that MAM disruption impairs mitophagy. Unfortunately, in this 
study, we could not investigate a role of the MAM-dependent 
TBK1 activation in mitophagy due to a technical limitation. It 
remains an open question whether the MAM-dependent TBK1 
activation is associated with mitophagy.

AMFR also ubiquitinates STING, a major activator of TBK1 in 
the innate immune response, in the presence of cytosolic double- 
stranded DNA (46). Furthermore, activation of the STING–TBK1 
axis by endogenous ligands is reportedly involved in ALS pathogenesis 
(47). We cannot exclude the possibility that AMFR is also involved 
in the STING-mediated TBK1 activation; however, MAM was not 
associated with TBK1 activation via TLR ligands, TLR suppression, 
or STING suppression, suggesting that MAM-dependent TBK1 
activation is independent of the STING-associated innate immune 
response. However, our observations do not exclude the possibility 
that TBK1 is activated in vivo via innate immune pathways. Future 
studies are required to determine the involvement of the innate 
immune system.

Studies, including ours, have provided evidence that MAM dis-
ruption is a common pathomechanism in ALS (7, 48, 49). For 
example, MAM disruption is induced by various familial ALS caus-
ative genes (9), aberrant σ1R aggregation occurs in sporadic ALS 
patients (50), and MAMs with VAPB, another tethering factor at 
the MAM, are compromised in ALS (51, 52). Thus, impairment 
of the physiological functions of the MAM is closely associated with 
ALS pathomechanisms. The MAM has various physiological func-
tions, including Ca2+ transfer to mitochondria, lipid synthesis, and 
glucose homeostasis (1, 2). In particular, the MAM is known to be 

involved in proteostasis, represented by ER stress response (53) and 
autophagosome formation (54). In our study, AMFR ubiquitinated 
nascent proteins at the MAM and recruited autophagic factors, 
including TBK1 and SQSTM1/p62, into the MAM; the subse-
quent TBK1 activation contributed to the degradation of ribosomal 
subunits via autophagy. Molecular chaperones, such as σ1R, cal-
nexin, calreticulin, and glucose-regulated protein-78/BiP, are known 
to localize at the MAM. Notably, σ1R and VAPB localize at the 
MAM and regulate autophagy (55, 56). Mutant SOD1 species 
accumulate at the MAM (7), and AMFR and VCP are the crucial 
components of ERAD (38). Taken together, these observations 
suggest that the MAM is a center for proteostasis, and its disruption 
may cause an impaired stress response, leading to motor neuron 
vulnerability. Therefore, preventing MAM disruption could improve 
proteostasis and contribute to future therapeutic strategies for ALS. 
We and others have shown that the administration of synthesized 
σ1R agonists improved the pathology of ALS model mice (7, 57). 
We postulate that σ1R activation may be a possible means to realize 
such therapeutic strategies.

On the other hand, MAM disruption did not seem to be a com-
mon pathology in neurodegenerative diseases. In Alzheimer’s disease 
(AD), excess MAM contributes to the production of amyloid-β via 
the accumulation of presenilin-1, an enzymatic complex processing 
amyloid-β (58). Although both excess and deficiency of the MAM 
result in neurodegeneration, there are differences in affected neurons, 
phenotypes, and accumulated pathological proteins. Indeed, type 2 
diabetes or obesity is a risk factor for AD, whereas it is known to 
reduce the risk of developing ALS (59). In obesity, increased MAM 
activity leads to insulin resistance (3). These observations suggest the 
possibility that deregulation of the MAM compromises cellular home-
ostasis to induce neurodegeneration independent of MAM levels. In 
future studies, it would be necessary to elucidate a precise mechanism 
of how the MAM is deregulated in each disease.

SGs are stress-induced inclusions composed of RNA and 
RNA-binding proteins (36). SGs contribute to reducing proteo-
toxicity under stress conditions by preventing protein synthesis. 
We showed that SG formation was delayed when TBK1 activity 
was inhibited, resulting in an increased vulnerability, both in vitro 
and in vivo. Consistent with our findings, autophagic inhibition 
is known to delay SG formation via insufficient degradation of 
translational complexes (35). Hence, TBK1-mediated autophagy 
seems to be required for rapid SG formation and is crucial for 
achieving proteotoxic tolerance. Moreover, aberrant SG formation 
has been suggested as an ALS pathomechanism (60). TAR 
DNA-binding protein 43 (TDP-43), a protein ubiquitously accu-
mulated in ALS, is localized at SGs, and demixing TDP-43 with-
out its sequestration into SGs compromises the physiological 
function of TDP-43, leading to ALS pathology (61). Another 
ALS-related RNA-binding protein, fused-in-sarcoma (FUS), is 
also known to be localized at SGs (62). Mutations in TIA1, a 
recently identified ALS causative gene, also compromise SGs to 
induce neurodegeneration (63). Although it is unclear whether 
the delayed SG formation observed in the present study similarly 
affected these ALS-related proteins, abnormalities in SGs are 
intrinsically associated with the pathogenesis of ALS.

Finally, our findings emphasize the importance of organelle 
contact sites in cellular homeostasis. Although our study has the 
limitation of lacking a direct link between MAM-dependent 
TBK1 insufficiency and ALS pathogenesis, TBK1 impairment 
associated with MAM alternation would be a part of the general 
pathomechanisms in cellular proteostatic stress response. Indeed, 
MAM–TBK1 deficiency was associated with motor dysfunction 
possibly due to a synaptic dysfunction in vivo. Accumulating 
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evidence indicates that organelle contact sites, including the 
MAM, play essential roles in the physiological maintenance of 
cellular components (64). Multiple physiological functions of 
the MAM may explain the diversity of cytotoxicity in ALS, 
including proteostatic stress. Therefore, targeting the MAM has 
a therapeutic potential for ALS. It is probable that organelle 
contact sites other than the MAM are also involved in ALS 
pathology. Moreover, MAM deregulation has also been reported 
in other neurodegenerative diseases, including Alzheimer’s dis-
ease (65), Parkinson’s disease (66), and Huntington’s disease (67). 
Continued research aimed at identifying the precise mechanisms 
underlying the functions of organelle contact sites is important 
to the future development of therapeutic strategies for such neu-
rodegenerative diseases.

Materials and Methods

For detailed methods and antibody list used in this study, see SI Appendix.

Postmortem Human Tissues. Frozen brain (frontotemporal cortices) or spi-
nal cord samples from four cases with sporadic ALS or ALS with frontotemporal 
lobar degeneration (ALS/FTLD) and four other neurological disease patients 
as controls were obtained by autopsy with informed consent (SI Appendix, 
Table S2). The diagnosis of ALS was confirmed by El Escorial diagnostic cri-
teria defined by the World Federation of Neurology. The ethics committee 
of Nagoya University approved the collection of tissues and their use in this 
study. Brain tissues were immediately frozen in liquid nitrogen and stored 
at −80 °C until use.

Animals. For detailed information on the animals used in this study, see 
SI Appendix. The experiments using genetically modified animals and organisms 
were approved by the Animal Care and Use Committee and recombinant DNA 
experiment committee of Nagoya University.

Cell Culture, Plasmids, siRNAs, and Transfection. HeLa (#CCL-2) and SH-
SY5Y (#CRL-2266) cells were obtained from American Type Culture Collection 
(ATCC). SH-SY5Y cells were differentiated by adding 10 µM all-trans retinoic acid 
(Sigma-Aldrich Inc.) before the day of transfection. MEFs were established from 
E14 embryos of B6J or Sigmar1−/− mice, as described in SI Appendix. siRNAs 
were purchased from Integrated DNA Technologies Inc.). For information on the 
plasmids and transfection, see SI Appendix.

Isolation of MAM, Immunofluorescence, Coimmunoprecipitation, and 
Immunoblotting. Isolation of the MAM and immunofluorescence were performed 
as described previously (7). Detailed methods are described in SI Appendix.

Proximal Labeling and Mass Spectrometry (MS) Analysis. The proximal 
labeling assay using σ1R-APEX2 and MS analysis were performed as described 
in SI Appendix.

In Vitro and In Vivo Arsenite Toxicity Assay. HeLa cell viability was evaluated 
using Hoechst 33342 (Sigma-Aldrich) or MTS assay (Promega Corporation) after 
treatment with 0.1 mM arsenite overnight. The protocols for oral administration 
of arsenite are described in SI Appendix.

Statistics. All semiquantitative immunoblotting data, cell viability data, score of 
rotarod test, and mouse body weight were analyzed by one-way ANOVA followed 
by multiple comparison tests with Sidak’s correction for three or more groups 
and Welch’s t-tests for two groups. Time course of SG formation was analyzed 
by two-way ANOVA following Tukey’s multiple comparison tests. All statistical 
analyses were performed using GraphPad Prism software (GraphPad Software). 
No randomization or blinding was used in this study.

Data, Materials, and Software Availability. All study data are included in the 
article and/or supporting information.

ACKNOWLEDGMENTS. This work was supported by Grants-in-Aid for Scientific 
Research 17H04986 and 23K06826 (to S.W.), 18H02740, 18H04860, 19KK0214, 
and 22H00467 (K.Y.) from the Ministry of Education, Culture, Sports, Science and 
Technology, Japan/Japan Society for the Promotion of Science; Japan Agency for 
Medical Research and Development under Grant Numbers JP21ek0109426 and 
JP23wm0425014 (K.Y.); Uehara Memorial Foundation (to S.W.); and the Public 
Foundation of Chubu Science and Technology Center (to S.W.). We are gratefully 
thankful to the Center for Animal Research and Education at Nagoya University for 
technical support for animal experiments and Enago Corporation for the English 
language reviewing.

Author affiliations: aDepartment of Neuroscience and Pathobiology, Research Institute 
of Environmental Medicine, Nagoya University, Nagoya, Japan; bDepartment of 
Genetics, Research Institute of Environmental Medicine, Nagoya University, Nagoya, 
Japan; cDepartment of Neurology, Nagoya University Graduate School of Medicine, 
Nagoya, Japan; dMedical Interactive Research and Academia Industry Collaboration 
Center, Research Institute of Environmental Medicine, Nagoya University, Nagoya, 
Japan; eInstitute for Glyco-core Research, Nagoya University, Nagoya, Japan; and fCenter 
for One Medicine Innovative Translational Research, Nagoya University, Nagoya, Japan

1.	 M. Fujimoto, T. Hayashi, New insights into the role of mitochondria-associated endoplasmic 
reticulum membrane. Int. Rev. Cell Mol. Biol. 292, 73–117 (2011).

2.	 J. E. Vance, MAM (mitochondria-associated membranes) in mammalian cells: Lipids and beyond. 
Biochim. Biophys. Acta 1841, 595–609 (2014).

3.	 P. Theurey, J. Rieusset, Mitochondria-associated membranes response to nutrient availability and 
role in metabolic diseases. Trends Endocrinol. Metab. 28, 32–45 (2017).

4.	 M. Krols et al., Mitochondria-associated membranes as hubs for neurodegeneration. Acta 
Neuropathol. 131, 505–523 (2016).

5.	 M. Perrone et al., The role of mitochondria-associated membranes in cellular homeostasis and 
diseases. Int. Rev. Cell Mol. Biol. 350, 119–196 (2020).

6.	 J. P. Taylor, R. H.  Brown Jr., D. W. Cleveland, Decoding ALS: From genes to mechanism. Nature 539, 
197–206 (2016).

7.	 S. Watanabe et al., Mitochondria-associated membrane collapse is a common pathomechanism in 
SIGMAR1- and SOD1-linked ALS. EMBO Mol. Med. 8, 1421–1437 (2016).

8.	 A. Al-Saif, F. Al-Mohanna, S. Bohlega, A mutation in sigma-1 receptor causes juvenile amyotrophic 
lateral sclerosis. Ann. Neurol. 70, 913–919 (2011).

9.	 S. Sakai, S. Watanabe, O. Komine, A. Sobue, K. Yamanaka, Novel reporters of mitochondria-
associated membranes (MAM), MAMtrackers, demonstrate MAM disruption as a common 
pathological feature in amyotrophic lateral sclerosis. FASEB J. 35, e21688 (2021).

10.	 E. T. Cirulli et al., Exome sequencing in amyotrophic lateral sclerosis identifies risk genes and 
pathways. Science 347, 1436–1441 (2015).

11.	 A. Freischmidt et al., Haploinsufficiency of TBK1 causes familial ALS and fronto-temporal dementia. 
Nat. Neurosci. 18, 631–636 (2015).

12.	 C. Pottier et al., Whole-genome sequencing reveals important role for TBK1 and OPTN mutations in 
frontotemporal lobar degeneration without motor neuron disease. Acta Neuropathol. 130, 77–92 
(2015).

13.	 A. Freischmidt, K. Muller, A. C. Ludolph, J. H. Weishaupt, P. M. Andersen, Association of mutations in 
TBK1 with sporadic and familial amyotrophic lateral sclerosis and frontotemporal dementia. JAMA 
Neurol. 74, 110–113 (2017).

14.	 L. Ahmad, S. Y. Zhang, J. L. Casanova, V. Sancho-Shimizu, Human TBK1: A gatekeeper of 
neuroinflammation. Trends Mol. Med. 22, 511–527 (2016).

15.	 J. A. Oakes, M. C. Davies, M. O. Collins, TBK1: A new player in ALS linking autophagy and 
neuroinflammation. Mol. Brain 10, 5 (2017).

16.	 J. P. Chua, H. De Calbiac, E. Kabashi, S. J. Barmada, Autophagy and ALS: Mechanistic insights and 
therapeutic implications. Autophagy 18, 1–29 (2021).

17.	 G. Matsumoto, T. Shimogori, N. Hattori, N. Nukina, TBK1 controls autophagosomal engulfment of 
polyubiquitinated mitochondria through p62/SQSTM1 phosphorylation. Hum. Mol. Genet. 24, 
4429–4442 (2015).

18.	 C. J. Kuo, M. Hansen, E. Troemel, Autophagy and innate immunity: Insights from invertebrate model 
organisms. Autophagy 14, 233–242 (2018).

19.	 W. Duan et al., Deletion of Tbk1 disrupts autophagy and reproduces behavioral and locomotor 
symptoms of FTD-ALS in mice. Aging (Albany N. Y.) 11, 2457–2476 (2019).

20.	 S. Watanabe et al., Sigma-1 receptor maintains ATAD3A as a monomer to inhibit mitochondrial 
fragmentation at the mitochondria-associated membrane in amyotrophic lateral sclerosis. 
Neurobiol. Dis. 179, 106031 (2023).

21.	 B. Richter et al., Phosphorylation of OPTN by TBK1 enhances its binding to Ub chains and promotes 
selective autophagy of damaged mitochondria. Proc. Natl. Acad. Sci. U.S.A. 113, 4039–4044 (2016).

22.	 J.-M. Heo et al., RAB7A phosphorylation by TBK1 promotes mitophagy via the PINK-PARKIN 
pathway. Sci. Adv. 4, eaav0443 (2018).

23.	 O. Harding et al., ALS- and FTD-associated missense mutations in TBK1 differentially disrupt 
mitophagy. Proc. Natl. Acad. Sci. U.S.A. 118, e2025053118 (2021).

24.	 T. Jacobson et al., Arsenite interferes with protein folding and triggers formation of protein 
aggregates in yeast. J. Cell Sci. 125, 5073–5083 (2012).

25.	 K. Frydryskova, T. Masek, M. Pospisek, Changing faces of stress: Impact of heat and arsenite 
treatment on the composition of stress granules. Wiley Interdiscip. Rev. RNA 11, e1596. (2020).

26.	 A. Larabi et al., Crystal structure and mechanism of activation of TANK-binding kinase 1. Cell Rep. 3, 
734–746 (2013).

27.	 J. Li et al., Crystal structure of the ubiquitin-like domain of human TBK1. Protein Cell 3, 383–391 (2012).
28.	 X. Ma et al., Molecular basis of TANK-binding kinase 1 activation by transautophosphorylation. Proc. 

Natl. Acad. Sci. U.S.A. 109, 9378–9383 (2012).
29.	 J. Hwang, L. Qi, Quality control in the endoplasmic reticulum: Crosstalk between ERAD and UPR 

pathways. Trends Biochem. Sci. 43, 593–605 (2018).

http://www.pnas.org/lookup/doi/10.1073/pnas.2315347120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2315347120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2315347120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2315347120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2315347120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2315347120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2315347120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2315347120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2315347120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2315347120#supplementary-materials


12 of 12   https://doi.org/10.1073/pnas.2315347120� pnas.org

30.	 Z. Zhou et al., Endoplasmic reticulum-associated degradation regulates mitochondrial dynamics in 
brown adipocytes. Science 368, 54–60 (2020).

31.	 V. Zhemkov et al., Sigma-1 Receptor (S1R) interaction with cholesterol: Mechanisms of S1R 
activation and its role in neurodegenerative diseases. Int. J. Mol. Sci. 22, 4082 (2021).

32.	 J. Zhao et al., Defining the ligand-dependent interactome of the Sigma 1 receptor. Front. Cell Dev. 
Biol. 11, 1045759 (2023).

33.	 H. An, J. W. Harper, Systematic analysis of ribophagy in human cells reveals bystander flux during 
selective autophagy. Nat. Cell Biol. 20, 135–143 (2018).

34.	 S. J. Seguin et al., Inhibition of autophagy, lysosome and VCP function impairs stress granule 
assembly. Cell Death Differ. 21, 1838–1851 (2014).

35.	 D. S. W. Protter, R. Parker, Principles and properties of stress granules. Trends Cell Biol. 26, 668–679 
(2016).

36.	 K. Nishino et al., Mice deficient in the C-terminal domain of TAR DNA-binding protein 43 develop 
age-dependent motor dysfunction associated with impaired Notch1-Akt signaling pathway. Acta 
Neuropathol. Commun. 7, 118 (2019).

37.	 D. Brenner et al., Heterozygous Tbk1 loss has opposing effects in early and late stages of ALS in 
mice. J. Exp. Med. 216, 267–278 (2019).

38.	 V. Gerbino et al., The loss of TBK1 kinase activity in motor neurons or in all cell types differentially 
impacts ALS disease progression in SOD1 mice. Neuron 106, 789–805.e785 (2020).

39.	 C. S. Evans, E. L. F. Holzbaur, Autophagy and mitophagy in ALS. Neurobiol. Dis. 122, 35–40 (2019).
40.	 Z. Chen, S. Du, S. Fang, gp78: A multifaceted ubiquitin ligase that integrates a unique protein 

degradation pathway from the endoplasmic reticulum. Curr. Protein Pept. Sci. 13, 414–424 (2012).
41.	 B. L. Song, N. Sever, R. A. DeBose-Boyd, Gp78, a membrane-anchored ubiquitin ligase, associates 

with Insig-1 and couples sterol-regulated ubiquitination to degradation of HMG CoA reductase. 
Mol. Cell 19, 829–840 (2005).

42.	 H. Nishitoh et al., ALS-linked mutant SOD1 induces ER stress- and ASK1-dependent motor neuron 
death by targeting Derlin-1. Genes Dev. 22, 1451–1464 (2008).

43.	 S. Watanabe et al., SIRT1 overexpression ameliorates a mouse model of SOD1-linked amyotrophic 
lateral sclerosis via HSF1/HSP70i chaperone system. Mol. Brain 7, 62 (2014).

44.	 S. Watanabe, T. Hayakawa, K. Wakasugi, K. Yamanaka, Cystatin C protects neuronal cells against 
mutant copper–zinc superoxide dismutase-mediated toxicity. Cell Death Dis. 5, e1497 (2014).

45.	 S. Watanabe, O. Komine, F. Endo, K. Wakasugi, K. Yamanaka, Intracerebroventricular administration 
of Cystatin C ameliorates disease in SOD1-linked amyotrophic lateral sclerosis mice. J. Neurochem. 
145, 80–89 (2018).

46.	 Q. Wang et al., The E3 ubiquitin ligase AMFR and INSIG1 bridge the activation of TBK1 kinase by 
modifying the adaptor STING. Immunity 41, 919–933 (2014).

47.	 C. H. Yu et al., TDP-43 triggers mitochondrial DNA release via mPTP to activate cGAS/STING in ALS. 
Cell 183, 636–649 (2020).

48.	 S. Paillusson et al., There’s something wrong with my MAM: The ER-mitochondria axis and 
neurodegenerative diseases. Trends Neurosci. 39, 146–157 (2016).

49.	 R. Raeisossadati, M. F. R. Ferrari, Mitochondria-ER tethering in neurodegenerative diseases. Cell 
Mol. Neurobiol. 42, 917–930 (2020).

50.	 J. Prause et al., Altered localization, abnormal modification and loss of function of Sigma receptor-1 
in amyotrophic lateral sclerosis. Hum. Mol. Genet. 22, 1581–1600 (2013).

51.	 R. Stoica et al., ER-mitochondria associations are regulated by the VAPB-PTPIP51 interaction and are 
disrupted by ALS/FTD-associated TDP-43. Nat. Commun. 5, 3996 (2014).

52.	 R. Stoica et al., ALS/FTD-associated FUS activates GSK-3beta to disrupt the VAPB-PTPIP51 interaction 
and ER-mitochondria associations. EMBO Rep. 17, 1326–1342 (2016).

53.	 B. Lan et al., The roles of mitochondria-associated membranes in mitochondrial quality control 
under endoplasmic reticulum stress. Life Sci. 231, 116587 (2019).

54.	 M. Hamasaki et al., Autophagosomes form at ER-mitochondria contact sites. Nature 495, 389–393 
(2013).

55.	 P. Gomez-Suaga et al., The ER-mitochondria tethering complex VAPB-PTPIP51 regulates autophagy. 
Curr. Biol. 27, 371–385 (2017).

56.	 H. Yang, H. Shen, J. Li, L. W. Guo, SIGMAR1/Sigma-1 receptor ablation impairs autophagosome 
clearance. Autophagy 15, 1539–1557 (2019).

57.	 Y. Ono et al., SA4503, a sigma-1 receptor agonist, suppresses motor neuron damage in in vitro and 
in vivo amyotrophic lateral sclerosis models. Neurosci. Lett. 559, 174–178 (2013).

58.	 E. Area-Gomez et al., Upregulated function of mitochondria-associated ER membranes in Alzheimer 
disease. EMBO J. 31, 4106–4123 (2012).

59.	 N. Skajaa et al., Type 2 diabetes, obesity, and risk of amyotrophic lateral sclerosis: A population-
based cohort study. Brain Behav. 13, e3007 (2023).

60.	 B. Wolozin, P. Ivanov, Stress granules and neurodegeneration. Nat. Rev. Neurosci. 20, 649–666 
(2019).

61.	 F. Gasset-Rosa et al., Cytoplasmic TDP-43 de-mixing independent of stress granules drives 
inhibition of nuclear import, loss of nuclear TDP-43, and cell death. Neuron 102, 339–357 (2019).

62.	 T. A. Shelkovnikova, H. K. Robinson, N. Connor-Robson, V. L. Buchman, Recruitment into stress 
granules prevents irreversible aggregation of FUS protein mislocalized to the cytoplasm. Cell Cycle 
12, 3194–3202 (2013).

63.	 I. R. Mackenzie et al., TIA1 mutations in amyotrophic lateral sclerosis and frontotemporal dementia 
promote phase separation and alter stress granule dynamics. Neuron 95, 808–816 (2017).

64.	 M. J. Phillips, G. K. Voeltz, Structure and function of ER membrane contact sites with other 
organelles. Nat. Rev. Mol. Cell Biol. 17, 69–82 (2016).

65.	 E. Area-Gomez, E. A. Schon, On the pathogenesis of Alzheimer’s disease: The MAM hypothesis. 
FASEB J. 31, 864–867 (2017).

66.	 P. Gomez-Suaga, J. M. Bravo-San Pedro, R. A. Gonzalez-Polo, J. M. Fuentes, M. Niso-Santano, ER-
mitochondria signaling in Parkinson’s disease. Cell Death Dis. 9, 337 (2018).

67.	 M. Cherubini, L. Lopez-Molina, S. Gines, Mitochondrial fission in Huntington’s disease mouse 
striatum disrupts ER-mitochondria contacts leading to disturbances in Ca(2+) efflux and reactive 
oxygen species (ROS) homeostasis Neurobiol. Dis. 136, 104741 (2020).


	Mitochondria-associated membrane collapse impairs TBK1-mediated proteostatic stress response in ALS
	Significance
	Results
	TBK1 Is Inactive in Human Sporadic ALS Patients and ALS Model Mice.
	σ1R Is Essential for TBK1 Activation.
	Proteostatic Stress Induces TBK1 Translocation and Activation at the MAM.
	Autocrine Motility Factor Receptor/gp78-mediated MAM-specific Ubiquitination Is Crucial for TBK1 Activation under Proteostatic Stress Conditions.
	AFMR and TBK1 Target Proteins under Synthesis, including Ribosomal Complexes.
	σ1R or TBK1 Deficiency Delays SG Formation In Vitro.
	Impaired MAM-dependent TBK1 Activation Increases Cell Vulnerability In Vitro and Induces Motor Dysfunction In Vivo.

	Discussion
	Materials and Methods
	Postmortem Human Tissues.
	Animals.
	Cell Culture, Plasmids, siRNAs, and Transfection.
	Isolation of MAM, Immunofluorescence, Coimmunoprecipitation, and Immunoblotting.
	Proximal Labeling and Mass Spectrometry (MS) Analysis.
	In Vitro and In Vivo Arsenite Toxicity Assay.
	Statistics.

	Data, Materials, and Software Availability
	ACKNOWLEDGMENTS
	Supporting Information
	Anchor 30



