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A B S T R A C T   

Amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD) are genetically, pathologically and 
clinically-related progressive neurodegenerative diseases. Thus far, several SQSTM1 variations have been iden
tified in patients with ALS and FTD. However, it remains unclear how SQSTM1 variations lead to neuro
degeneration. To address this issue, we investigated the effects of ectopic expression of SQSTM1 variants, which 
were originally identified in Japanese and Chinese sporadic ALS patients, on the cellular viability, their intra
cellular distributions and the autophagic activity in cultured cells. Expression of SQSTM1 variants in PC12 cells 
exerted no observable effects on viabilities under both normal and oxidative-stressed conditions. Further, 
although expression of SQSTM1 variants in PC12 cells and Sqstm1-deficient mouse embryonic fibroblasts resulted 
in the formation of numerous granular SQSTM1-positive structures, called SQSTM1-bodies, their intracellular 
distributions were indistinguishable from those of wild-type SQSTM1. Nonetheless, quantitative colocalization 
analysis of SQSTM1-bodies with MAP1LC3 demonstrated that among ALS-linked SQSTM1 variants, L341V 
variant showed the significantly lower level of colocalization. However, there were no consistent effects on the 
autophagic activities among the variants examined. These results suggest that although some ALS-linked 
SQSTM1 variations have a discernible effect on the intracellular distribution of SQSTM1-bodies, the impacts 
of other variations on the cellular homeostasis are rather limited at least under transiently-expressed conditions.   

1. Introduction 

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease 
characterized by progressive motor disturbance due to a selective loss of 

upper and lower motor neurons [1,2]. On the other hand, fronto
temporal dementia (FTD) is a group of disorders that cause changes in 
social behavior, personality and loss of language skills due to progres
sive damage to the frontal and/or temporal lobes [3]. These disorders 
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were previously regarded to be distinct from one another. However, 
several recent studies have uncovered that they are genetically, patho
logically and clinically related [3,4], and might be on a continuum 
where ALS is at one end and FTD is at the other end. Indeed, several 
genes, such as C9orf72, TBK1, SQSTM1, TARDBP and OPTN, have been 
identified as common associated genes with both ALS and FTD [3,4]. 

Recently, we and others have identified several missense variations 
in SQSTM1 in patients with sporadic as well as familial ALS [5–13]. The 
SQSTM1 coded protein, SQSTM1 (also known as p62 or sequestosome- 
1), comprises multiple domains and motifs that mediate the interac
tion with various factors [14,15]. SQSTM1 interacts with TRAF6 E3 
ligase, which in turn ubiquitinates mTORC1 on lysosomes in response to 
increased concentration of amino acids [16]. SQSTM1 also acts as an 
adaptor protein for ubiquitinated cargo molecules on selective auto
phagy [17]. It can interact not only with ubiquitinated cargo molecules 
via its C-terminal ubiquitin-associated (UBA) domain but also with 
MAP1LC3 (LC3) via its LC3-interacting region (LIR), thereby ubiquiti
nated cargo molecules are efficiently engulfed into autophagosomes and 
degraded [18]. Further, the N-terminal Phox and Bem 1 (PB1) domain, 
which is known to be involved in homo-oligomer formation of SQSTM1, 
is also required for proper localization of SQSTM1 on phagophore [19] 
and selection of ubiquitinated cargo molecules [20]. Indeed, we have 
previously shown that both loss of SQSTM1 and excessive SQSTM1 
expression deregulate the autophagy-endolysosomal degradation sys
tem and accelerate the onset of disease in ALS mouse models [21,22]. On 
the other hand, under oxidative stressed and/or dysregulated proteo
static conditions, SQSTM1 expression is known to be upregulated, 
thereby activating the NFE2L2-dependent anti-oxidative stress signaling 
pathway through interaction between SQSTM1 and KEAP1, a negative 
regulator for NFE2L2 [23,24]. Notably, the LIR (residues 335–341) is 
located very close to the KEAP1-interaction region (KIR; residues 
347–352) [25], suggestive of a possible competition in the binding by 
LC3 and KEAP1 in this region. These findings suggest that SQSTM1 has 
protective roles against various cellular stresses, such as autophagy- 
mediated proteostatic and oxidative stresses. 

Thus far, several biochemical as well as pathological studies on 
disease-linked SQSTM1 variants have been published. The ALS-linked 
L341V LIR variation reduces the affinity of SQSTM1 to LC3 in vitro 
and retards the degradation of SQSTM1 in cultured cells [26]. The KIR 
variants, P348L and G351A, show reduced ability to activate NFE2L2 
signaling [25]. Further, ALS/FTD-linked C-terminal variant, G427R, not 
only inhibits selective autophagy and but also disrupts NFE2L2 anti- 
oxidative stress response [27]. Under pathological conditions, it has 
been demonstrated that enlarged granular SQSTM1-positive structures, 
called SQSTM1-bodies, are frequently detected in motor neurons of ALS 
patients [2]. Interestingly, when artificial SQSTM1 mutants are 
expressed in cells, the morphology of SQSTM1-bodies is altered [28]. 
However, despite of increased number of studies on SQSTM1 variants, it 
still remains unclear whether disease-linked variations in SQSTM1 are 
associated with such abnormalities. 

In this study, we focused on four SQSTM1 missense variants that 
were originally identified and as yet exclusively found in Japanese or 
Chinese patients with sporadic ALS [7–9]. Two variations, A53T and 
V90M, reside in the PB1 domain, and other two variations, D337E and 
L341V, are located in the LIR of SQSTM1. In order to clarify the effects of 
these SQSTM1 variants in cells, we performed cell viability assay under 
normal and stressed conditions, and also conducted a series of immu
nocytochemical and biochemical analyses on the intracellular distribu
tion of SQSTM1-bodies as well as the autophagic activities. 

2. Materials and methods 

2.1. Plasmids 

Human SQSTM1_wild-type (WT) cDNA were obtained by subcloning 
the reverse transcriptase-PCR-amplified full-length SQSTM1 cDNA. 

SQSTM1 mutants were generated by PCR-based site-directed mutagenesis 
using SQSTM1_WT as a template. Full length SQSTM1_WT and its mutant/ 
variant cDNAs were subcloned into pCIneo and pGEX6P vectors. Plasmids 
generated were as follows; pCIneoFLAG-SQSTM1_WT, pCIneoFLAG- 
SQSTM1_A53T, pCIneoFLAG-SQSTM1_V90M, pCIneoFLAG-SQSTM 
1_D337E, pCIneoFLAG-SQSTM1_L341V, pCIneoFLAG-SQSTM1_K7A/ 
D69A, pCIneoFLAF-SQSTM1_D335A/D336A/D337A, pCIneoHA- 
SQSTM1_WT, pCIneoHA-SQSTM1_A53T, pCIneoHA-SQSTM1_V90M, 
pCIneoHA-SQSTM1_D337E, pCIneoHA-SQSTM1_L341V, pCIneoHA- 
SQSTM1_K7A/D69A, pCIneoHA-SQSTM1_D335A/D336A/D337A, pGEX 
6P-SQSTM1_WT, pGEX6P-SQSTM1_A53T, pGEX6P-SQSTM1_V90M and 
pGEX6P-SQSTM1_K7A/D69A. DNA sequence of the insert as well as the 
flanking regions in each plasmid was verified by sequencing. 

2.2. Reagents and antibodies 

We used the following reagents for cell viability assay; menadione 
(or vitamin K3) (SIGMA), carbonyl cyanide 3-chlorophenylhydrazone 
(CCCP) (SIGMA) and Alamar Blue Reagent (Thermo Fisher). All other 
regents were from commercial sources and of analytical grade. 

Primary antibodies for Western blotting included rabbit anti-human 
SQSTM1 (1:3000, MBL, PM045), rabbit anti-human LC3 (1:3000, 
SIGMA, L8918), mouse monoclonal anti-FLAG M2 (1:5000, SIGMA, 
F1804), rabbit polyclonal anti-HA (1:2000, CST, 3724), rabbit anti- 
GAPDH (1:5000, SIGMA, G9545) and mouse monoclonal anti-β-actin 
(1:3000, SANTA CRUZ, sc-47778) antibodies. Secondary antibodies 
included horseradish peroxidase (HRP)-conjugated anti-rabbit IgG 
(1:5000, GE Healthcare bioscience NA934) and HRP-conjugated anti- 
mouse IgG (1:5000, Jackson) antibodies. 

Primary antibodies for immunocytochemistry included rabbit anti- 
human LC3 (1:2000, MBL PM036), guinea-pig anti-human SQSTM1 
(1:2000, PROGEN, GP62-C) and mouse monoclonal anti-FLAG M2 
(1:20000, SIGMA, F1804) antibodies. Secondary antibodies included 
Alexa 488 conjugated anti-guinea-pig IgG (1:500, Molecular Probes), 
Alexa 594 conjugated anti-rabbit IgG (1:500, Molecular Probes) and 
Alexa 488 conjugated anti-mouse IgG (1:500, Molecular Probes) 
antibodies. 

2.3. Animals 

We used Sqstm1-deficient (KO) mice, which were generously gifted 
from Drs. Tetsuro Ishii and Toru Yanagawa (University of Tsukuba) 
[29]. Genotypes of the mice were determined by PCR using primers as 
follows; A170#1F: 5′-CTGCATGTCTTCTCCCATGAC-3′, A170#1R: 5′- 
TAGATACCTAGGTGAGCTCTG-3′, A170#2F:5′-CTTACGGGTCCTTTTC 
CCAAC-3′ and A170#2R: 5′-TCCTCCTTGCCCAGAAGATAG-3′. Mice 
were housed at an ambient temperature of 22 ◦C with a 12h light-dark 
cycle. Food and water were fed ad libitum. All animal experimental 
procedures were carried out in accord with the Fundamental Guidelines 
for Proper Conduct of Animal Experiment and Related Activities in Ac
ademic Research Institutions under the jurisdiction of the Ministry of 
Education, Culture, Sports, Science and Technology (MEXT), Japan, and 
reviewed and approved by The Institutional Animal Care and Use 
Committee at Tokai University. 

2.4. Cell culture 

PC12 cells were cultured in Dulbecco’s Modified Eagle’s medium 
with High glucose (DMEM-HG) (Wako) supplemented with 7.5% (v/v) 
heat-inactivated fetal bovine serum (FBS) (PAA Laboratories), 7.5% (v/ 
v) heat-inactivated horse serum (HS) (GIBCO), 100 U/ml penicillin G, 
100 μg/ml streptomycin and 100 μg/ml sodium pyruvate. Mouse em
bryonic fibroblasts (MEFs) and COS-7 cells were cultured in the same 
condition as PC12 cells, except that 10% (v/v) FBS was used as a serum 
supplement. 
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2.5. Transfection 

Transfection were performed as previously described [30,31]. In 
brief, PC12 cells and MEFs were seeded onto an 8 well-chamber slide at a 
density of 1 × 104 cells for immunocytochemistry and onto a 12 well- 
plate at a density of 1 × 105 cells for western blot analysis. PC12 cells, 
MEFs and COS-7 cells were transfected with plasmids using Lipofect
amine 3000 Reagent (Invitrogen), Lipofectamine LTX Reagent (Invi
trogen) and Effectene Transfection Reagent (Qiagen), respectively, 
according to the manufacturer’s instructions. 

2.6. Cell viability assay 

PC12 cells transfected with FLAG-tagged plasmids were left un
treated, or treated with 10 μM menadione (to assess cell viability in 
response to oxidative stress) for 4 h, or 750 μM CCCP (to assess cell 
viability in response to mitochondrial stress) for 10 h. Cells transfected 
with pCIneo-vector in the untreated condition were used as control in 
these assays. After treatment of these reagents, Alamar Blue Reagent 
[10% (v/v) of medium] was added. Resazurin, a principal component of 
Alamar Blue reagent is reduced to highly red fluorescent resorufin only 
in viable cells. We detected the fluorescence intensity of resorufin by 
Spectra Max i3 (Perkin Elmer). We determined the appropriate con
centrations of menadione and CCCP, at which an approximately 75–80% 
of cells was survived, and used in these assays. Values for the cell 
viability were calculated after subtracting by those obtained from the 
cells treated with 0.1% (w/v) Triton X-100 (complete cell death), and 
represented as the mean percentage relative to control cells transfected 
with pCIneo-vector under normal conditions. 

2.7. Protein purification 

GST-fused SQSTM1_WT, _A53T, _V90M and _K7A/D69A were 
induced in E. coli BL21, which were transformed with pGEX6P- 
SQSTM1_WT, _A53T, _V90M and _K7A/D69A, by culturing in LB me
dium containing 50 μg/ml ampicillin and 100 μM isopropyl thio-beta-D- 
galactoside (IPTG), respectively. E. coli pellet was lysed in buffer A [20 
mM Tris-HCl (pH 7.5), 100 mM NaCl, 2 mM EDTA, 0.2% Tween-20, 
Complete Protease Inhibitor (CI) (Rhoche)], and sonicated. After 
centrifugation at 10,000 ×g for 30 min at 4 ◦C, supernatant was filtered 
with 0.2 μm syringe filter and then mixed with glutathione-Sepharose 
beads. Beads were washed three times with buffer A without CI at 
4 ◦C. GST-fused proteins bound to the beads were treated with Pre- 
Scission protease in buffer B [50 mM Tris-HCl (pH 7.5), 100 mM NaCl, 
1 mM EDTA, 0.2% Tween-20, 1 mM dithiothreitol (DTT)]. After 
centrifugation at 5000 ×g for 10 min at 4 ◦C, the supernatant was 
recovered. Concentration of proteins in the supernatant was determined 
by Micro BCA (Pierce). 

2.8. Western blotting 

Equal amount of protein samples was subjected to SDS- 
polyacrylamide gel electrophoresis (PAGE) (Wako Supersep Ace, 
5–20% 17 well) in SDS-PAGE buffer [25 mM Tris-HCl, 192 mM glycine, 
0.1% (w/v) SDS], and electrophoretically blotted onto polyvinylidene 
fluoride (PVDF) membranes (Bio-Rad Laboratories) in transfer buffer 
[25 mM Tris-HCl, 192 mM glycine, 20% (w/v) methanol]. Membranes 
were blocked with 0.5% skimmed milk in TBST [50 mM Tris-HCl (pH 
7.5), 150 mM NaCl, 0.1% (w/v) Tween-20] for 1 h at room temperature 
(RT) and probed with the appropriate primary antibody, followed by 
horseradish peroxidase-coupled secondary antibody. Signals were 
visualized by Immobilon (Merck) and detected by EZ capture MG system 
(ATTO). 

2.9. Co-immunoprecipitation 

COS-7 cells were co-transfected with constructs expressing FLAG- 
tagged and HA-tagged proteins. After transfection, the cells were lysed 
in buffer C [50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1% (w/v) Tween- 
20, CI]. Supernatants were recovered by centrifugation at 12,000 ×g for 
15 min, followed by immunoprecipitation with ANTI-HA affinity 
agarose (SIGMA). HA-affinity agarose was washed three times with ice- 
cold buffer C without CI. An appropriate amount of immunoprecipitates 
was used for Western blotting with either anti-FLAG M2 or anti-HA 
antibody. 

2.10. Gel filtration chromatography 

Purified SQSTM1 proteins were loaded onto the gel filtration column 
(Superose6 10/300), and eluates were fractionated and collected. 
Elution was carried out at a flow rate of 0.3 ml/min with a fraction 
volume of 0.5 ml. Fractionated samples were analyzed by Western 
blotting using anti-human SQSTM1 antibody. 

2.11. Immunocytochemistry 

Transfected cells were fixed with 4% paraformaldehyde (PFA) in 
phosphate-buffered saline (PBS) (− ) for 20 min at RT, and per
meabilized with 0.1% (w/v) Triton-X100 and 5% normal goat serum 
(NGS) in PBS (− ). After blocking with 0.05% (w/v) Triton-X100 and 1% 
NGS in PBS (− ), the primary antibody diluted in PBS (− ) containing 
0.05% (w/v) Triton-X100 and 1% NGS was added and incubated for 2 h 
at RT. After washing with PBS (− ), the secondary antibody diluted in the 
same solution as the primary antibody was added and incubated for 2 h 
at RT. Cells were washed with PBS (− ) and mounted by VECTASHIELD 
Mounting Medium containing 4′,6-diamidino-2-phenylindole (DAPI) for 
nuclear staining. Confocal laser microscope (LSM700; ZEISS) was used 
to detect fluorescent signals. 

2.12. Imaging analysis 

For colocalization analysis, we performed Pearson’s correlation co
efficient analysis using the Coloc 2 plugin in Fiji (ImageJ). We defined 
SQSTM1-positive structures whose signal intensities ranged from 50 to 
255, and its area size was over 0.31 μm2 (8 pixels) as “SQSTM1-body”, 
and quantified the number and size of them using the Analyze Particles 
plugin in Fiji (ImageJ). SQSTM1 structures with >7.84 μm2 (200 pixels) 
of an area size were defined as background staining and were excluded 
from the analysis. The size of each SQSTM1-body in each cell was 
measured. We also counted and normalized the number of SQSTM1- 
body with the adjusted area of cell body (per 1000 μm2). We indepen
dently conducted the transfection experiments 5 times, and analyzed 
5–7 randomly-selected images/cells for each construct in each 
experiment. 

2.13. Analysis of the autophagic activity 

MEFs prepared from Sqstm1-KO mice were transfected with 
pCIneoFLAG-SQSTM1 constructs. After 24 h, MEFs were treated with 
Earle’s Balanced Salt Solution (EBSS) (SIGMA) lacking FBS for starva
tion. To monitor the autophagic flux, lysosomal degradation was 
inhibited by addition of 250 μM chloroquine (CQ) to the medium, and 
incubated for additional 6 h. Untransfected MEFs from wild-type and 
Sqstm1-KO mice were also treated in the same manner. Signal intensities 
of western blots were quantified by using CS Analyzer Version 3.0 
(ATTO). The autophagy flux was calculated from the differences be
tween the ratios of (LC3-II/LC3-I + LC3-II) with and without CQ. 
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2.14. Statistical analysis 

All statistical analyses were conducted using Prism 8 (GraphPad 
Software). Statistical significance was evaluated by one-way ANOVA 
with Dunnett’s multiple comparison post hoc test or with Tukey’s mul
tiple comparison post hoc test. We considered p-values <0.05 to be sta
tistically significant. 

3. Results 

3.1. Expression of ALS-linked SQSTM1 variants does not affect viability 
of PC12 cells 

Since most of SQSTM1 variations observed in patients with ALS/FTD 
were heterozygote [5–10,12], we first examined whether expression of 
ALS-linked SQSTM1 variants dominantly affected the cell viability. We 
measured the viabilities of PC12 cells expressing ALS-linked SQSTM1- 
PB1 variants (A53T and V90M) or SQSTM1-LIR variants (D337E and 
L341V). We also tested two artificial SQSTM1 mutants, K7A/D69A 
(indicated as PB1-2A) and D335A/D336A/D337A (indicated as LIR-3A) 
as positive controls for PB1 and LIR variants, respectively. PB1-2A 
mutant is defective not only in self-oligomerization but also in aggre
gate formation with other ubiquitinated proteins [19,32,33], while LIR- 
3A mutant loses the affinity to LC3 [18]. Levels of overexpressed 
SQSTM1 proteins were approximately 5-fold higher than that of 
endogenous one (Fig. S1). We also confirmed that expression level of 
each SQSTM1 variant was comparable to that of SQSTM1_WT (Fig. S1). 
Under these conditions, expression of neither SQSTM1_WT nor its var
iants showed observable effects on cell viabilities (Fig. S2A), indicating 
that ALS-linked SQSTM1 variations did not instantly exert deleterious 
effects to cells under normal cultural conditions. 

Since oxidative stress was implicated in the pathogenesis of ALS/FTD 
[1,2], we next assessed whether expression of ALS-linked SQSTM1 
variants induced cell death under oxidative stress conditions. We used 
menadione as an oxidative stress inducer. Treatment of pCIneo-vector- 
transfected PC12 cells with 10 μM menadione for 4 h reduced the cell 
viability by approximately 80% compared to those under normal growth 
conditions (Figs. S2A and S2B), confirming that experimental conditions 
used were appropriate to monitor either up- or down-regulation of cell 
viabilities. Expression of neither SQSTM1_WT nor its ALS-linked vari
ants (A53T, V90M, D337E and L341V) affected menadione-induced cell 
death (Fig. S2B). Notably, expression of PB1-2A and LIR-3A mutants also 
exhibited no observable effects (Fig. S2B). These results indicate that 
SQSTM1 variants have neither harmful nor beneficial effects on the 
menadione-induced oxidative stress signaling pathway. 

To further assess whether expression of ALS-linked SQSTM1 variants 
induced cell death under mitochondrial stress conditions, we used 
CCCP, a potent chemical inducer of mitochondrial uncoupling. Treat
ment of pCIneo-vector transfected PC12 cells with 750 μM CCCP for 10 h 
reduced the cell viability by approximately 70% compared to control 
cells under normal growth conditions (Figs. S2A and S2C). Under this 
experimental setting, expression of neither SQSTM1_WT nor its vari
ants/mutants (A53T, V90M, D337E, L341V, PB1-2A and LIR-3A) 
affected CCCP-induced cell death (Fig. S2C). These results indicate 
that not only ALS-linked variants (A53T, V90M, D337E and L341V) but 
also artificial SQSTM1 mutants (PB1-2A and LIR-3A) have no major 
impacts on mitochondria stress-induced cell death signaling. Taken 
together, ALS-linked SQSTM1 variants, at least tested in this study, may 
not possess dominant discernible cytotoxic activity against PC12 cells 
under normal as well as acutely-stressed conditions. 

3.2. Expression of SQSTM1 results in formation of cytoplasmic SQSTM1- 
body in Sqstm1-deficient mouse embryonic fibroblasts and PC12 cells 

It has previously been reported that the distribution, size and number 
of SQSTM1-body in cells are altered by the disease-associated and 

artificial mutations in SQSTM1 [18,28,34]. Thus, we investigated the 
subcellular distribution of SQSTM1 in PC12 cells. To exclude the pos
sibility that endogenous SQSTM1 affected the distribution of overex
pressed SQSTM1 variants/mutants, we also used Sqstm1-KO MEFs. 
SQSTM1-bodies are visible structures consisting of either membrane- 
free protein aggregates and/or membrane-confined autophagosome/ 
autolysosomes [28]. SQSTM1_WT was present as numerous round 
bodies throughout the cytoplasm of both Sqstm1-KO MEFs (Fig. 1A and 
B) and PC12 cells (Fig. S3). Consistently, some of these, but not all, 
SQSTM1_WT structures were colocalized with LC3, an autophagosome 
marker (Figs. 1B and S3), indicating that ectopically-expressed SQSTM1 
could form SQSTM1-body in either Sqstm1-KO MEFs or PC12 cells. 

3.3. ALS-linked variations in PB1 domain of SQSTM1 do not alter 
intracellular distribution of SQSTM1 in Sqstm1-deficient mouse embryonic 
fibroblasts and PC12 cells 

To investigate whether ALS-linked variations in the PB1 domain of 
SQSTM1 could alter the intracellular distribution of SQSTM1 itself, we 
tested PB1-2A mutant as a positive control. PB1-2A was diffusely 
distributed throughout the cytoplasm and was rarely localized to vesicle 
puncta (Figs. 1B and S3), consistent with previous findings showing that 
the PB1 domain of SQSTM1 was required not only for its autophagosome 
localization but also for SQSTM1-body formation [19,20,34]. We next 
examined two ALS-linked PB1 variants, A53T and V90M. We revealed 
that both variants were present as LC3-positive as well as -negative 
SQSTM1 structures in either Sqstm1-KO MEFs or PC12 cells, which were 
indistinguishable from SQSTM1_WT (Figs. 1B and S3). The results sug
gest that A53T and V90M variations do not disrupt the self- 
oligomerizing function of the PB1 domain [32,33]. 

To verify this, we prepared cell lysates from COS-7 cells co- 
expressing FLAG-tagged and HA-tagged SQSTM1, and conducted co- 
immunoprecipitation using HA-affinity beads. FLAG-SQSTM1_WT and 
HA-SQSTM1_WT were efficiently co-immunoprecipitated, indicating 
that SQSTM1_WT formed self-oligomer (Fig. S4A). Similarly, both V90M 
and A53T retained the self-oligomerization ability. Unexpectedly, PB1- 
2A mutant was less-efficiently but apparently self-oligomerized 
(Fig. S4A). To further confirm a higher structure of SQSTM1-PB1 vari
ants, we performed gel filtration analysis. Purified SQSTM1-WT, PB1- 
2A, A53T and V90M were fractionated by Superose6 10/300 column, 
and resulting fractions were analyzed by western blotting. Not only 
SQSTM1-WT but also its PB1 variants including PB1-2A mutant were 
eluted in fractions with an apparent molecular mass of over 975 kDa 
(Fig. S4B), which was consistent with the result from previous study 
[20], suggesting that not only SQSTM1-WT and ALS-linked PB1 variants 
(A53T and V90M) but also PB1-2A mutant can form a huge complex, 
possibly, through domains other than PB1. Taken together, these results 
raise the possibility that self-oligomerization is not the sole determinant 
at least of the intracellular distribution of SQSTM1. 

3.4. ALS-linked variations in LIR of SQSTM1 do not alter intracellular 
distribution of SQSTM1 in Sqstm1-deficient mouse embryonic fibroblasts 
and PC12 cells 

To examine whether ALS-linked variations in the LIR of SQSTM1 
could alter the intracellular distribution of SQSTM1, we observed 
Sqstm1-KO MEFs and PC12 cells expressing either LIR-3A or ALS-linked 
LIR variants; D337 and L341V. All the LIR variants including D337E, 
L341V and LIR-3A resembled SQSTM1_WT, in which they were localized 
to both LC3-positive and -negative SQSTM1 structures (Figs. 1B and S3). 
Although it has previously been demonstrated that L341V variant dis
turbs autophagic process [26], our results indicate that ALS-linked 
variations in the LIR do not have a major impact at least on the forma
tion of SQSTM1-bodies. 
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Fig. 1. Subcellular distribution of SQSTM1 mutants in Sqstm1 
deficient mouse embryonic fibroblast. Sqstm1 deficient mouse 
embryonic fibroblasts (Sqstm1-KO MEFs) were transfected with 
FLAG-tagged pCIneo_SQSTM1 constructs. (A) Representative 
images for the control experiment (Vector). (B) Representative 
images for SQSTM1_WT (WT), PB1-domain ALS-linked variants 
(A53T and V90M), PB1-domain artificial mutant (PB1-2A), LIR 
ALS-linked variants (D337E and L341V) and LIR artificial 
mutant (LIR-3A)-expressing cells. Images for SQSTM1 and LC3 
were obtained by staining with anti-SQSTM1 (p62-C) and anti- 
LC3 antibodies, respectively. Nuclei were counterstained with 
DAPI. High-resolution magnified images are shown on the right. 
Arrows and arrowheads indicate LC3-positive and -negative 
SQSTM1-bodies, respectively. Scale bars for merged and 
enlarged images indicate 20 μm and 10 μm, respectively. (C) 
Pearson’s correlation coefficient analysis of the colocalization 
between SQSTM1 and LC3. Values of Pearson’s R are expressed 
as mean ± S.E.M. (n = 5 biological replicates). Individual data 
points are also shown. Statistical significances were evaluated 
by one-way ANOVA with Tukey’s multiple comparison test. The 
results of comparisons between WT and other conditions are 
only shown (*p < 0.05, **p < 0.01).   
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3.5. ALS-linked SQSTM1 variations do not alter the size and in number of 
SQSTM1-bodies in Sqstm1-deficient mouse embryonic fibroblasts 

To verify whether ALS-linked SQSTM1 variations affected the size 
and number of SQSTM1-bodies, we quantified them in Sqstm1-KO MEFs 
expressing either SQSTM1-WT, ALS-linked variants (A53T, V90M, 
D337E and L341V) or artificial mutants (PB1-2A and LIR-3A). Both the 
average size and number of SQSTM1-bodies of ALS-linked variants were 
mostly comparable to those of SQSTM1_WT (Figs. S5A and S5B). It has 
previously been reported that loss of the LIR function causes less effi
cient formation of SQSTM1-bodies in cells [35]. However, LIR-3A mu
tation did not alter the size and number of SQSTM1-bodies (Figs. S5A 
and S5B). By contrast, PB1-2A mutation drastically reduced not only the 
size but also the number of SQSTM1-bodies (Figs. S5A and S5B), 
consistent with its diffused intracellular distribution (Figs. 1B and S3). 
Thus, at least ALS-linked SQSTM1 variations tested in this study do not 
have major impacts on the structural phenotypes of SQSTM1-bodies in 
cells. 

3.6. ALS-linked L341V variant exhibits impaired colocalization with LC3 
in Sqstm1-deficient mouse embryonic fibroblasts 

It has previously been reported that the ALS-linked L341V variation 
in the LIR reduces the affinity of SQSTM1 to LC3 in vitro [26]. To verify 
this, and at the same time, to evaluate the colocalization of the signals 
between SQSTM1 and LC3, we conducted Pearson’s correlation co
efficients analysis in Sqstm1-KO MEFs expressing either ALS-linked LIR 
variant or LIR-3A mutant. As expected, degrees of LC3 colocalization 
with both L341V variant and LIR-3A mutant were significantly 
decreased (Fig. 1C). However, another LIR variant, D337E, rather 
showed the higher level of colocalization, which was comparable to 
SQSTM1_WT (Fig. 1C). There were no observable effects of other ALS- 
linked variations on the colocalization between SQSTM1 and LC3 
(Fig. 1C). Thus, at least some, but not all, of the amino acid substitutions 
in the LIR may have a discernible effect on the association between 
SQSTM1 and LC3. 

3.7. Expression of ALS-linked SQSTM1 variants marginally affect the 
autophagic activity in Sqstm1-deficient mouse embryonic fibroblasts 

Since some SQSTM1 variations could alter the physical association 
between SQSTM1 and LC3, we finally investigated whether expression 
of ALS-linked SQSTM1 variants affected the autophagic activity in cells. 
MEFs derived from wild-type and Sqstm1-KO mice were subjected to 
autophagy flux analysis, in which changes of LC3-II in the presence or 
absence of lysosomal inhibitor CQ was used as an indicator (Fig. 2). 
While the levels of LC3-II were kept low under both unstarved (DMEM) 
and starved (EBSS) conditions, they were increased when the cells were 
treated with CQ (Fig. 2A). Quantification analysis revealed that the re
sponses to CQ were significant in Sqstm-1 KO MEFs and those expressing 
A53T or D337E variant (Fig. 2C). Interestingly, under starved condi
tions, the apparent level of the autophagy flux in Sqstm1-KO was 
significantly increased, and such increased flux was reverted to normal 
levels by ectopic expression of either D337E variant or LIR-3A mutant, 
but not by others (Fig. 2D). These results suggest that although some 
ALS-linked SQSTM1 variants are indeed implicated in the autophagic 
processes, most variations may have a weaker effect on autophagy. 
Incidentally, we speculate that the apparent increase in the autophagy 
flux in Sqstm1-KO MEFs may be due to the combinatorial effects of the 
decreased basal level of autophagy and the increased compensatory 
functions of other autophagic adaptor proteins such as optineurin and 
NDP52 [36]. 

4. Discussion 

In this study, to obtain some clues to understanding the pathogenesis 

of ALS/FTD that is linked to SQSTM1 mutations, we have focused on 
several SQSTM1 variations, which are originally identified in Japanese 
and Chinese sporadic ALS patients. We investigated the primary effects 
of ALS-linked SQSTM1 variant expression on cellular phenotypes 
including the viability under normal and stressed conditions, intracel
lular distribution of SQSTM1-bodies and the autophagic activities. 

Since most of SQSTM1 variations identified in patients with ALS/FTD 
were heterozygote [5–10,12], we first tested whether expression of ALS- 
linked SQSTM1 variants dominantly affected the cell viability. Contrary 
to our expectations, expression of these variants had no major impact on 
the viability in PC12 cells even under stressed conditions. Thus, 
expression of ALS-linked SQSTM1 variants, at least tested in this study, 
do not dominantly exert a deleterious effect on cell survival. Nonethe
less, at this stage, we cannot formally exclude the possibility that long- 
term expression of these variants in cells, which may much recapitulate 
pathological conditions in motor neurons, could reduce the viability, as 
we merely adopted experimental settings with short-term exposure to 
stress-inducing agents and observation in this study. 

Previously, it has been demonstrated that both the PB1 domain and 
the LIR of SQSTM1 have crucial roles on autophagy [18,19]. In addition, 
it has been reported that under pathological conditions, enlarged 
granular SQSTM1-positive structures, i.e., SQSTM1-bodies, frequently 
emerge in the brain of patients with ALS/FTD due to dysfunctional 
autophagy [2]. Thus, the autophagic degradation of SQSTM1 might be 
affected by expression of ALS-linked SQSTM1-PB1 and/or -LIR variants. 
In fact, 3 mutations; i.e., V90M, D337E and L341V, are predicted to be a 
“possibly damaging substitution” by using PolyPhen-2 prediction tool 
(http://genetics.bwh.harvard.edu/pph2/), while A53T is a “benign” 
one. To test this, we investigated the morphology of autophagosomes 
including SQSTM1-bodies in cells. Although expression of wild-type 
SQSTM1 as well as its pathogenic variants induced the formation of 
SQSTM1-bodies that were partially colocalized with LC3, there were no 
discernible differences in their intracellular distributions both in PC12 
cells and Sqstm1-KO MEFs. Furthermore, impacts of ectopic expression 
of ALS-linked SQSTM1 variants on the autophagic activities were mar
ginal or below detection levels. These results indicate that the process of 
autophagy may not be largely affected by expression of ALS-linked 
SQSTM1 variants. 

Nonetheless, our quantitative colocalization analysis of SQSTM1- 
bodies with LC3 in Sqstm1-KO MEFs expressing ALS-linked SQSTM1 
variants revealed that ALS-linked LIR variant L341V, but not others, 
exhibited a significantly decreased colocalization compared to wild- 
type, supporting the notion that L341V variation reduces the affinity 
to LC3 [26]. Artificial LIR-3A mutant also showed a decreased level of 
colocalization with LC3, consistent with the previous findings [34]. The 
LIR consists of an acidic cluster and hydrophobic residues (DDD and 
WxxL) [18,34], both of which are essential for the interaction to mul
tiple sites of LC3 [18,34]. Since two ALS-linked LIR variants; D337E and 
L341V, retain acidic as well as hydrophobic residues within the LIR, it is 
likely that they still preserve the different levels of binding affinity to 
LC3. In fact, L341V variant exhibited slightly-higher colocalization with 
LC3 than did LIR-3A, while another LIR variant, D337E, showed the 
normal level like wild-type SQSTM1 (Fig. 1C). Notably, it has recently 
been demonstrated that SQSTM1 can be incorporated into membrane
less liquid compartments, which are generated through liquid-liquid 
phase separation (LLPS) [37,38], by changing its binding partners in a 
context-dependent manner [15,16,39]. Thus, it is possible that the 
decreased levels of colocalization of SQSTM1 varinats with LC3 without 
changing the apparent number of SQSTM1-bodies (Fig. S5) may be 
explained by the increased number of LC3-negative LLPS-associated 
SQSTM1-bodies. 

One question that has yet to be answered include as to whether and/ 
or how ALS-linked SQSTM1 variations are linked to the pathogenesis of 
ALS/FTD. In this study, we sought to clarify the pathogenic effects of 
ectopic expression of ALS-linked SQSTM1 variants using the cell culture 
system. Despite the fact that the expression levels of SQSTM1 variants 
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are much higher than that of endogenous one, no clear abnormal phe
notypes that are linked to SQSTM1 variations have been detected thus 
far. It is usually appreciated that the transient expression of proteins in 
conjunction with short-term observation study may have limitations to 
properly detect chronic and long-term weaker effects of mutant proteins. 
Therefore, the use of longer-term studies with fully-developed neuronal 
cultures that are stably expressing SQSTM1 mutants will be required. 

Another fundamental issue that has yet to be addressed is as to 
whether the accumulation of SQSTM1-bodies in cells are actually asso
ciated with disease onset and/or progression. Like TAR DNA-binding 
protein 43 kDa (TDP-43) [40], SQSTM1 can accumulate in the brain 
and/or spinal cord of ALS/FTD patients irrespective of the presence or 
absence of mutations in the SQSTM1 gene [14], suggesting that 
SQSTM1accumulation may not be a causative but consequence of dis
eases. However, it has also been shown that loss of the SQSTM1 function 
results in exacerbation of disease phenotypes in a number of animal 
models for motor neuron diseases including ALS [21] and spinal and 
bulbar muscular atrophy (SBMA) [41]. Thus, it is reasonable to specu
late that malfunction of SQSTM1 may be associated with the accelera
tion of disease progression and/or aggravation of diseases. However, as 
there are no direct evidences to support these notions thus far, further 
detailed studies will be required. 

5. Conclusions 

This study reveals that ALS-linked SQSTM1 variants have marginal 
effects on cellular phenotypes at least under transiently-expressed con
ditions. However, among the ALS patient-derived SQSTM1 variations, 
L341V variation indeed causes a decreased colocalization of SQSTM1 
with LC3, despite of its limited effects on the autophagic activity in cells. 
Thus, it is still possible that long-term and persistent expression of such 
ALS-linked SQSTM1 variants could impair normal cellular functions, 
ultimately leading to neuronal death and neurodegeneration. 
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