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Background: Amyotrophic lateral sclerosis (ALS) is a disease caused by motor neuron degeneration. Recently, a
novel SIGMAR1 gene variant (p.E102Q) was discovered in some familial ALS patients.
Methods: We address mechanisms underlying neurodegeneration caused by the mutation using Neuro2A cells
overexpressing σ1R

E102Q, a protein of a SIGMAR1 gene variant (p.E102Q) and evaluate potential amelioration
by ATP production via methyl pyruvate (MP) treatment.
Results: σ1RE102Q overexpression promoted dissociation of the protein from the endoplasmic reticulum (ER)
membrane and cytoplasmic aggregation, which in turn impairedmitochondrial ATP production and proteasome
activity. Under ER stress conditions, overexpression of wild-typeσ1R suppressed ER stress-inducedmitochondri-
al injury,whereasσ1RE102Q overexpression aggravatedmitochondrial damage and induced autophagic cell death.
Moreover, σ1RE102Q-overexpressing cells showed aberrant extra-nuclear localization of the TAR DNA-binding
protein (TDP-43), a condition exacerbated by ER stress. Treatment of cells with the mitochondrial Ca2+ trans-

porter inhibitor Ru360 mimicked the effects of σ1RE102Q overexpression, indicating that aberrant σ1R-mediated
mitochondrial Ca2+ transport likely underlies TDP-43 extra-nuclear localization, segregation in inclusion bodies,
and ubiquitination. Finally, enhanced ATP production promoted by methyl pyruvate (MP) treatment rescued
proteasome impairment and TDP-43 extra-nuclear localization caused by σ1RE102Q overexpression.
Conclusions:Our observations suggest that neurodegeneration seen in some forms of ALS are due in part to aber-
rant mitochondrial ATP production and proteasome activity as well as TDP-43mislocalization resulting from the
SIGMAR1 mutation.
General significance: ATP supplementation by MP represents a potential therapeutic strategy to treat ALS caused
by SIGMAR1mutation.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Amyotrophic lateral sclerosis (ALS, OMIM #105400) is a disease
caused by motor neuron degeneration. ALS patients exhibit diverse pa-
thologies such as endoplasmic reticulum (ER) stress and mitochondrial
dysfunction [1,2]. Five to ten percent of ALS patients have familial ALS, a
form of the disease caused by genetic mutations, while the sporadic
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form of the disease occurs in 90–95% of patients [3]. Familial ALS-
associated gene variants identified since 1993 include superoxide
dismutase 1 (SOD1), vesicle-associated membrane protein-associated
protein B and C (VAPB, ALS8), TAR DNA-binding protein (TARDBP), FUS
RNA-binding protein (FUS) and chromosome 9 open reading frame 72
(C9ORF72) [4,5]. Several reports also document the significance ofmito-
chondrial dysfunction, pathogenic protein aggregation and defects in
the ubiquitin–proteasome system (UPS) in ALS pathogenesis [6–8].
Notably, a significant population of patients with ALS (~95%) or
frontotemporal lobar degeneration (FTLD, OMIM #600274) (~45%)
has TDP-43 positive inclusions in the central nervous system [9,10].
FTLD is a leading cause of dementia with or without motor neuron de-
generation. ALS and FTLD are part of the same pathological spectrum
[4,10]. For example, C9ORF72 dysfunction is associated with these
diseases: specifically, a hexanucleotide repeat expansion in C9ORF72 is
associated with familial ALS, sporadic ALS and familial FTLD [5].

Luty et al. reported mutations in the 3′ untranslated region (UTR) of
Sigma receptor 1 (SIGMAR1), which encodes the sigma-1 receptor (σ1R),
in Australian and Polish FTLD cohorts [11]. These variants (c.672*51GNT,
c.672*26CNT and c.672*47GNA) were associated with dysregulated
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SIGMAR1 transcription. Meanwhile, Belzil et al. reported a different
SIGMAR1 variant (c.672*43GNT) in Caucasian ALS patients who showed
cognitive deficits [12]. In addition, a missense SIGMAR1 mutation
(c.304GNC), which results in substitution of glutamine for glutamic
acid at amino acid residue 102 (p.E102Q), was reported in familial ALS
patients [13]. Al-Saif et al. reported that overexpression of σ1RE102Q in
NSC34 cells, a motor neuron-like cell line, enhanced vulnerability to
ER stress and reduced cell viability [13]. Prause et al. also reported ab-
normal distribution of endogenous σ1R in fibroblasts of ALS8 patients
(OMIM #608627) [14]. Although these observations suggest that muta-
tion ormislocalization ofσ1R functions in ALS and FTLD pathologies, it is
not known whether perturbations of σ1R protein compromise motor
neuron survival, and if so, what the underlying mechanism is.

σ1Rwas discovered in 1976 and subsequently defined as a nonopioid
receptor subtype [15,16]. Recently, Hayashi and Su reported that σ1R
preferentially localizes to the mitochondria-associated ER membrane
(MAM) and functions in Ca2+ transport from the ER to mitochondria
via interaction with the inositol 1,4,5-trisphosphate receptor (IP3R)
[17]. They also showed that σ1R knockdown enhances ER stress-
induced cell death [17]. Similarly, we have reported that σ1R knock-
down in neuroblastoma Neuro2A cells impairs Ca2+ transport
through the IP3R [18]. Conversely, we found that σ1R overexpression
enhanced mitochondrial Ca2+ uptake and ATP production, which
improved cell survival under ER stress conditions [18]. Others have
evaluated σ1R function in vivo and reported that σ1R knockout
(KO) mice display motor neuron deficiency [19].

Here, we asked whether the σ1RE102Q mutation induces mitochon-
drial dysfunction and, if so, how that activity might induce neuronal
cell death. We report for the first time that σ1RE102Q overexpression in
Neuro2A cells mediates σ1RE102Q dissociation from IP3R, which in turn
impairs mitochondrial Ca2+ transport, ATP production and proteasome
activity. More importantly, ATP depletion promoted by σ1RE102Q caused
extra-nuclear localization of TDP-43 and enhanced its ubiquitination
only under ER stress conditions. Finally, we discovered that pathogenic
activities caused by σ1RE102Q could be rescued by ATP supplementation
through treatment withmethyl pyruvate (MP), a substrate in themito-
chondrial tricarboxylic acid (TCA) cycle.

2. Materials and methods

2.1. Materials

Reagents and antibodies were obtained from the following sources:
anti-σ1 receptor antibody— a kind gift of Dr. TeruoHayashi, National In-
stitute onDrug Abuse at theNational Institutes of Health, Bethesda,MD;
anti-IP3R3 — BD Biosciences, San Diego, CA; anti-LC3 antibody — MBL,
Nagoya, Japan; anti-TDP-43 antibody — Sigma, St. Louis, MO; anti-
ATF6— Thermo Scientific, Runcorn, UK; anti-phospho-IRE1—Millipore,
Billerica, MA; anti-total-IRE1 — Cell Signaling Technology, Beverly, MA;
anti-GRP75 — Cell Signaling Technology, Beverly, MA; anti-mitofusin 2
— Sigma, St. Louis, MO; anti-mitofusin 1 — Abcam, Cambridge, UK;
anti-voltage-dependent anion channel (VDAC) — Cell Signaling Tech-
nology, Beverly, MA; anti-phospho- and total-PERK — Cell Signaling
Technology, Beverly, MA; anti-GM130 — BD Biosciences, San Diego,
CA; anti-19S proteasome antibody — Abcam, Cambridge, UK; anti-
DsRed antibody — Clontech, Mountain View, CA; anti-SERCA — Sigma,
St. Louis, MO; anti-cytochrome c — BD Biosciences, San Diego, CA; and
anti-β-tubulin antibody — Sigma, St. Louis, MO. Methyl pyruvate (MP)
and 3-methyladenine (3-MA) were purchased from Sigma-Aldrich (St.
Louis, MO). Other reagents were of the highest quality available
(Wako Pure Chemicals, Osaka, Japan).

2.2. Cell culture and transfection

Neuro2A cells derived from a mouse neuroblastoma C1300 tumor
were obtained from the Human Science Research Resources Bank
(IFO50081) (Osaka, Japan). Cells were grown in Dulbecco's minimal es-
sential medium (DMEM) supplemented with 10% heat-inactivated fetal
bovine serum (FBS) and penicillin/streptomycin (100 units/100 μg/ml)
in a 5% CO2 incubator at 37 °C. Cells were transfected with expression
vectors using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) [20], and
analysis was performed 48 h later, as described [18,21].

2.3. Construction of expression vectors encoding mutant forms of σ1R

Total RNAs were prepared from mouse brain hippocampus using a
TRIzol LS reagent (Invitrogen, Carlsbad, CA) according to the
manufacturer's protocol. mRNA was reverse-transcribed into single-
stranded cDNA using an oligo(dT) primer (Promega, Madison, WI)
andMoloneymurine leukemia virus-reverse transcriptase (Invitrogen).
σ1R DNA sequences amplified by PCR using specific 5′- and 3′-primers
were described previously [18]. DNA sequencing was provided by the
Fasmac DNA Sequence Service (FASMAC Co., Ltd., Kanagawa, Japan).
To construct expression vectors, PCR-amplified products were digested
with XhoI and BamHI and ligated to purified XhoI- and BamHI-digested
pmCherry-N1 or pEGFP-N1 vector (Clontech,Mountain View, CA) in the
sense orientation. σ1R sequences were mutated using a KOD mutagen-
esis kit (Toyobo, Osaka, Japan) and the following primers; F: 5′-GCAGCA
CATACTGGGACAGCGAGGCG-3′ R: 5′-CGCCTCGCTGTCCCAGTATGTGCT
GC-3′.

2.4. Immunocytochemistry

Cultured Neuro2A cells were plated on collagen-coated glass slides
at a density of 1–2 × 106 cells per 12mmdiameter coverslip. After incu-
bation for 96 h, non-transfected or transfected cultured cells were
washed 3 times in phosphate-buffered saline (PBS; pH 7.4) and fixed
with 4% formaldehyde. For mitochondrial staining, Neuro2A cells were
stained for 20 min with 0.02 μM MitoTracker Red CMXRos (Molecular
Probes, Eugene, OR), an indicator of mitochondrial membrane potential
[22], before fixation with 4% formaldehyde. After permeabilization with
0.1% Triton X-100 in PBS, fixed cells were incubated with 1% bovine
serum albumin in PBS for 30 min. For immunocytochemistry, Neuro2A
cells were incubated for 24 h at 4 °C with anti-cytochrome c antibody
(1:500), anti-LC3 antibody (1:500), anti-19S proteasome antibody
(1:1000), anti-GM130 antibody (1:500), anti-SERCA antibody (1:500)
or anti-TDP-43 antibody (1:500) in PBS containing 1% BSA. After wash-
ing, cells were incubated for 24 h with a species-specific Alexa 594 or
488 secondary antibody in PBS containing 1% BSA. For nuclear staining,
sections were incubated with DAPI (Vector Laboratories, Burlingame,
CA). Immunofluorescent images were obtained with a confocal laser
scanning microscope (TCS SP, Leica Microsystems, Wetzlar, Germany).
Quantitation of TDP-43 distribution was performed using 5 dishes for
each condition.

2.5. Immunoprecipitation and Western blot analysis

Immunoprecipitation and Western blotting were performed using
previously described methods [18,23]. Immunoprecipitation analysis
of σ1R and IP3R3 was undertaken using lysates of Neuro2A cells with
or without transfection with σ1R-mCherry or σ1RE102Q-mCherry. After
immunoprecipitationwith an anti-IP3R3 antibody, immunoprecipitants
were separated on SDS-PAGE and subjected to Western blot analysis
using ananti-DsRed antibody. In immunoblotting analyses to determine
protein levels, cultured Neuro2a cells were washedwith PBS at 4 °C and
stored at−80 °C until analyses were performed [23]. For assays, frozen
Neuro2A cells were homogenized using methods previously described
[18]. An equal amount of protein for each sample was loaded onto
7.5–15% SDS-polyacrylamide gels and transferred onto polyvinylidene
difluoride membranes (Millipore Corporation, Billerica, MA). Mem-
branes were blocked for 1 h in 5% non-fat driedmilk in Tris-buffered sa-
line plus 0.1% Tween-20 (TBS-T) and incubatedwith primary antibodies
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overnight at 4 °C.Membraneswere thenwashed in TBS-T, incubated for
1 hwith secondary antibodies, andwashed in TBS-T, and blots were de-
veloped using the ECL immunoblotting detection system (Amersham
Biosciences, Buckinghamshire, UK). The light-emitting signal was cap-
tured by a Luminescent Image Analyzer (LAS-4000 mini, Fuji Film,
Tokyo, Japan) attached to a CCD camera. The densitometry of Western
blot signals was performed using Image Gauge Ver3.0 (Science Lab,
Fuji Film, Tokyo, Japan). Relative intensities of Western blot signals
were expressed as a percentage of control cell band values.

2.6. Mitochondrial Ca2+ measurement using ratiometric-pericam-mt

Neuro2A cells were cultured on 0.01% poly-L-lysine (Sigma, St. Louis,
MO)-coated glass-bottom dishes and maintained in growth medium.
Transfections were performed with Ratiometric pericam targeted
to the mitochondrial matrix (Ratiometric-pericam-mt/pcDNA3), a
kind gift of Dr. Atsushi Miyawaki of the RIKEN Brain Science Institute
(Wako City, Japan), as described in [18,24]. Briefly, 1 μg/1 μl of
Ratiometric-pericam-mt/pcDNA3 was added to 199 μl Opti-MEM
(Invitrogen, Carlsbad, CA), and 1 μl Lipofectamine 2000 (Invitrogen,
Carlsbad, CA) was added to 9 μl Opti-MEM. Both solutions were in-
cubated separately at room temperature for 5 min, mixed and then
incubated at room temperature for an additional 15–20 min. Mean-
while, serum-containingmediumwas removed from cells and replaced
with 1 ml of Opti-MEM for 30 min. Opti-MEM was then removed and
replaced with 800 μl of fresh Opti-MEM to which 200 μl of the
Ratiometric-pericam-mt/pcDNA3 solution had been added. Cells were
then incubated at 37 °C in a 5% CO2 atmosphere for 4 h to initiate trans-
fection. Then, 500 μl DMEM supplemented with 5% FBS was added to
each well to maintain cell viability. 96 h later, cells were perfused
with normal Tyrode's solution at 37 °C. When Ca2+ fluorescence levels
reached a steady state, 10 μM ATP was applied for 10 s through a small
perfusion pipe. Dual-excitation imaging with Ratiometric-pericam-mt
required two filters (EX:482/35, DM:506, EM:536/40 and EX:414/46,
DM:510, EM:527/20). Changes in ATP-induced Ca2+ release from the
SR tomitochondria were determined using aMetafluor Imaging system
(Molecular Devices, Sunnyvale, CA).

2.7. Measurement of ATP content

ATP measurement was performed using an ATP assay kit (Toyo Ink,
Tokyo, Japan), according to the manufacturer's protocol. Briefly, frozen
Neuro2a cells were homogenized in homogenate buffer (0.25M sucrose
and 10mMHEPES–NaOH, pH 7.4), and lysateswere cleared by centrifu-
gation at 1000 g for 10 min at 4 °C. The supernatant was collected, and
supernatant proteinswere solubilized in extraction buffer. After 30min,
luciferin bufferwas added to each sample and oxyluciferinwas detected
using a luminometer (Gene Light 55, Microtec, Funabashi, Japan).

2.8. Measurement of proteasome activity

Proteasome activity was measured according to Thomas et al. with
some modifications [25]. Briefly, cells were lysed in PBS containing
0.1% Triton X-100 and 0.5 mMDTT. Lysates were diluted in assay buffer
(25 mM HEPES, pH 7.5, 0.5 mM EDTA, 0.05% NP-40 and 0.001% SDS)
containing 200 μM Suc-LLVY-AMC (EMD-Calbiochem, La Jolla, CA).
After a 1-hour incubation at 37 °C, fluorescence of free AMC was mea-
sured using excitation and emission wavelengths of 355 and 460 nm,
respectively.

2.9. TUNEL staining

DNA fragmentation and apoptotic bodies were detected by TUNEL
staining using an in situ apoptosis detection kit (Takara Bio Inc., Shiga,
Japan), as described in [18].
2.10. Statistical analysis

Values are represented as means ± standard error of the mean
(S.E.M.). Results were evaluated for differences using one-way
ANOVA, followed by multiple comparisons using Dunnett's test.
P b 0.05 was considered statistically significant.

3. Results

3.1. A missense mutation promotes aberrant intracellular distribution of
σ1R protein

To compare intracellular distribution of wild-type σ1R with that of
σ1RE102Q, we investigated localization of mCherry-tagged σ1R (σ1R-
mCherry) or σ1RE102Q (σ1RE102Q-mCherry) after overexpression of
each in Neuro2A cells. At 48 h after transfection, both proteins showed
similar cytoplasmic distribution, whereas by 96 h, σ1RE102Q became
aggregated in the cytoplasm, while σ1R remained evenly distributed
in the cytoplasm (Fig. 1A). We next asked which organelles contained
aggregated σ1RE102Q at the 96 h time point. Wild-type σ1R co-
localized primarily with the ER marker SERCA (Fig. 1B) and in part
with the Golgi marker GM130 (Fig. 1C). Aggregated σ1RE102Q, however,
did not co-localize with SERCA and GM130. Native σ1R localizes to the
mitochondria-associated ER membrane (MAM); thus, σ1R-mCherry
co-localized with the mitochondrial protein cytochrome c, while
σ1RE102Q-mCherry did not co-localize with cytochrome c (Fig. 1D). We
also investigated whether σ1RE102Q-mCherry localized to proteasomes
or autophagosomes, both of which function in protein degradation.
Large σ1RE102Q-mCherry aggregates co-localized partly with the protea-
some (Fig. 1E), but notwith the autophagosomebased on analysis of the
marker LC3 (Fig. 1F); by contrast, σ1R-mCherry was not associatedwith
either proteasomes or autophagosomes (Fig. 1E). These results suggest
that σ1RE102Q gradually dissociates from ER membranes, undergoes
aggregation, and is then transported to cytoplasmic proteasomes.

3.2. σ1R
E102Q expression decreases IP3R-mediated mitochondrial Ca2+

mobilization and ATP production and impairs proteasome activity

We next investigated σ1R function in the MAM. The σ1R/IP3R com-
plex is critical for ER–mitochondrial Ca2+ transport, as reported by
Hayashi and Su [17]. To assaymitochondrial Ca2+ transport in Neuro2A
cells expressing non-tagged σ1R or σ1RE102Q, we conducted mitochon-
drial Ca2+ imaging using a Ratiometric-pericam-mt Ca2+ probe,
which localizes to mitochondria and is an indicator of mitochondrial
Ca2+ mobilization [24]. To evaluate IP3R-mediated mitochondrial
Ca2+ influx, we stimulated cells with ATP, which acts on a Gq-coupled
receptor. Compared with non-transfected cells, σ1R-transfected cells
showed significantly increased ATP-induced mitochondrial Ca2+ trans-
port, whereas σ1RE102Q-transfected cells showed decreased transport
relative to non-transfected control cells (P b 0.01 vs. control) (Fig. 2A–
C).

IP3R-mediated Ca2+ transport into mitochondria promotes oxida-
tive phosphorylation, mitochondrial respiratory chain activity and sub-
sequent ATP production by activating the TCA cycle [26]. Indeed, IP3R-
mediated Ca2+ transport into mitochondria promotes ATP production
in Neuro2A cells [18]. Thus, we asked whether σ1RE102Q impairs mito-
chondrial ATP production. Consistent with our previous observation
[18], σ1R overexpression significantly enhanced ATP production,
whereas ATP production decreased in σ1RE102Q-overexpressing cells
relative to non-transfected control cells (Fig. 2D). ER stress induced by
48 h of tunicamycin treatment caused markedly reduced ATP produc-
tion. σ1R overexpression significantly inhibited tunicamycin-induced
ATP reduction, whereas σ1RE102Q overexpression failed to rescue it
(Fig. 2D). We also confirmed that impaired mitochondrial Ca2+ trans-
port caused by treatment with Ru360, an inhibitor of themitochondrial
Ca2+ uniporter (MCU),markedly reduced ATP levels in both control and
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ER stress conditions, similar toσ1RE102Q overexpression (Fig. 2D). Treat-
ment of σ1RE102Q-overexpressing cells with Ru360 did not elicit further
ATP reduction. More importantly, ATP supplementation through treat-
ment with methyl pyruvate (MP), a substrate in the mitochondrial
TCA cycle, significantly rescued ATP reduction brought on by σ1RE102Q

overexpression, with or without tunicamycin treatment (Fig. 2D).
Both ubiquitination and proteasomal degradation are ATP-

dependent activities, and prolonged ER stress impairs the UPS [27,28].
Moreover, Neuro2A cells stably expressing a mutant and misfolded
form of SOD1 show decreased proteasome activity [29]. Thus, we eval-
uated proteasome activity 96 h after σ1RE102Q transfection (Fig. 2E). As
expected, σ1RE102Q overexpression decreased proteasome activity and
exacerbated impaired proteasome activity brought on by tunicamycin
treatment. Consistent with observations shown in Fig. 2D, Ru360 treat-
ment markedly decreased proteasome activity either with or without
ER stress (Fig. 2E). Furthermore, aberrant proteasome activity induced
by σ1RE102Q overexpression, either alone or with tunicamycin treat-
ment, was ameliorated by MP treatment, as expected.

3.3. Overexpressed σ1R
E102Q, but not σ1R, gradually dissociates from IP3R3

to form cytoplasmic aggregates

Impaired mitochondrial Ca2+ transport and ATP production may be
due to the loss of σ1RE102Q/IP3R binding capacity. Thus, we investigated
association of σ1R or σ1RE102Qwith the IP3R3, the predominant IP3R iso-
form expressed in Neuro2A cells. Immunoprecipitation with an IP3R3
antibody was carried out in lysates collected at 48 or 96 h after
transfection, followed by detection of 55 kDa σ1R-mCherry or
σ1RE102Q-mCherry. Consistent with our previous report [18], both
σ1R-mCherry and σ1RE102Q-mCherry were associated with the
IP3R3 at 48 h after transfection (Fig. 3A), but the association of
σ1RE102Q with IP3R3 significantly decreased by 96 h, a decrease not
seen with the wild-type protein (Fig. 3B, C). These results suggest that,
unlike thewild-type protein,σ1RE102Qmutant protein slowly dissociates
from the IP3R3.

3.4. σ1R
E102Q enhances autophagic cell death under ER stress conditions

Al-Saif et al. reported that amousemotor neuron-like cell line is less
resistant to apoptosis induced by ER stress following σ1RE102Q transfec-
tion [13]. Based on these observations, we hypothesized that σ1RE102Q

causes autophagic cell death. To test this, we examined expression of
LC3-II, a marker of autophagy, in cells transfected with mutant and
wild-type forms of σ1R with or without tunicamycin treatment. Signifi-
cantly, we observed that the ratio of LC3-II to total (LC3-I plus LC3-II)
LC3 markedly increased in σ1RE102Q-transfected and tunicamycin-
treated cells at 48 h after tunicamycin treatment. The LC3-II/total LC3
ratio slightly but significantly increased after σ1RE102Q overexpression
under basal conditions without ER stress (Fig. 4A, B). Treatment with
MP (5 μM) for the last 48 h significantly inhibited the σ1RE102Q

overexpression-related increase in the LC3-II/total LC3 ratio (Fig. 4B)
and tended to suppress tunicamycin- and σ1RE102Q overexpression-
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induced autophagy (Fig. 4B). σ1R overexpression blocked tunicamycin-
induced LC3-II induction (Fig. 4A, B).We next confirmed LC3 accumula-
tion by immunocytochemistry and assessed mitochondrial membrane
potential using MitoTracker Red CMXRos (MitoTracker) staining. LC3
immunoreactivity appeared in a diffuse pattern in non-transfected
and wild-type σ1R-transfected cells (Fig. 4C). In contrast, accumulation
of LC3-positive particles indicative of autophagosomes slightly in-
creased in both σ1RE102Q-transfected and tunicamycin-treated cells.
σ1RE102Q-transfected cells that were also treated with tunicamycin
showed markedly enhanced LC3 accumulation (Fig. 4C). Conversely,
mitochondrial membrane potential as assessed by MitoTracker slightly
decreased following σ1RE102Q transfection or tunicamycin treatment
and markedly decreased after 48 h in σ1RE102Q transfected and
tunicamycin treated cells (Fig. 4C). As expected, overexpression of
wild-typeσ1R inhibited tunicamycin-induced LC3 accumulation and re-
stored mitochondrial membrane potential, as assessed by MitoTracker
fluorescence (Fig. 4C).

Since interactions between autophagic and apoptotic processes have
been documented [30], we confirmed differing effects of σ1R and
σ1RE102Q overexpression on apoptotic cell death using TUNEL staining.
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Tunicamycin treatment of non-transfected cells for 48 h significantly in-
duced apoptosis, as indicated by the increased number of TUNEL-
positive cells compared to untreated cells (P b 0.01 vs. control)
(Fig. 4D). σ1RE102Q overexpression also induced apoptosis of normal
cells with or without tunicamycin treatment. σ1R overexpression par-
tially but significantly inhibited tunicamycin-induced apoptosis by
48 h tunicamycin treatment (P b 0.01 vs. tunicamycin) (Fig. 4D). Con-
versely, σ1RE102Q overexpression significantly enhanced tunicamycin-
induced apoptosis (P b 0.05 vs. tunicamycin) (Fig. 4D). Treatment
with MP (5 μM) for the last 48 h significantly inhibited σ1RE102Q

overexpression-induced apoptosis without tunicamycin (Fig. 4D).
Treatment of tunicamycin-treated cells with 3-methyladenine (3-
MA), an inhibitor of autophagy, significantly inhibited tunicamycin-
induced apoptosis (P b 0.01 vs. tunicamycin) (Fig. 4D). In addition,
σ1RE102Q overexpression-induced apoptosis was also inhibited by 3-
MA treatment (P b 0.05 vs. σ1RE102Q transfected cells) (Fig. 4D). These
data suggest that σ1RE102Q overexpression induces autophagy and
enhances ER stress-induced apoptosis.

3.5. σ1R
E102Q overexpression promotes degradation of mitochondrial

proteins without effects on ER–mitochondrial junctional proteins

Sincemitochondrialmembrane potentialwasmarkedly reduced fol-
lowing ER stress in σ1RE102Q-overexpressing cells, we hypothesized that
ATP reduction caused by dissociation of σ1R from theMAM triggers mi-
tochondrial degradation. To assess this, we evaluated expression levels
of proteins localizing at the MAM and mitochondria. Following
σ1RE102Q overexpression, we observed slightly reduced levels of
mitochondria-associated proteins such as VDAC and mitofusin 1 (Mfn
1) (Fig. 5A–C), reductions that were enhanced following ER stress
(Fig. 5A–C). However, levels of proteins that mediate ER–mitochondria
linkage such as GRP75 and mitofusin 2 (Mfn 2) were unchanged
(Fig. 5A). Since both GRP75 and Mfn2 localize to the ER membrane
[31,32], mitochondrial degradation may precede degradation of other
cellular organelles such as the ER when σ1RE102Q is overexpressed.
Levels of endogenousσ1Rwere downregulated byσ1RE102Q overexpres-
sion and treatment with tunicamycin alone, as well as a combination of
the two (Fig. 5A, D).

Sinceσ1RE102Q dissociation from the ER and its aggregationmay pro-
mote ER stress, we assessed signals of ER stress, including PERK and
IRE1 phosphorylation and induction of ATF6 protein. Indeed, 48 h of
tunicamycin treatment significantly increased PERK phosphorylation
in non-transfected cells, although IRE1 phosphorylation and ATF6 pro-
tein levels remained unchanged (Fig. 5A). However, σ1RE102Q overex-
pression had no effect on PERK and IRE1 phosphorylation or ATF6
protein levels (Fig. 5A). Total PERK and IRE1 expression also remained
unchanged among groups (Fig. 5A), suggesting that slow dissociation
of σ1RE102Q proteins from ER membranes and their accumulation in
the cytoplasm does not trigger ER stress. Also, impairment of protea-
some activity by σ1RE102Q overexpression might be insufficient to
induce ER stress.

To confirm that reduced ATP production triggers mitochondrial
damage, we asked whether σ1RE102Q-induced ATP depletion preceded
mitochondrial degradation. At 72 h afterσ1RE102Q transfection, ATP con-
tent significantly decreased (Fig. 5F), while expression levels of each
protein were unchanged compared to non-transfected cells (Fig. 5E),
suggesting that mitochondrial dysfunction precedes degradation of mi-
tochondrial proteins such as VDAC and Mfn 1.

3.6.σ1R
E102Q enhances extra-nuclear localization of an ALS-associated DNA

binding protein

The trans-activating response (TAR) element DNA binding protein
(TDP-43), a predominantly nuclear 414 amino acid protein, exhibits
an N-terminal nuclear localization signal and a nuclear export signal
in its middle region. Dominant mutations in TARDBP seen in patients
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with familial ALS promote cytoplasmic accumulation and aggregation of
mutant protein in spinal cord motor neurons [10]. In ALS, TDP-43
protein also exhibits enhanced ubiquitination, phosphorylation and
fragmentation [10]. Since nuclear transport and proteasome degrada-
tion areATP-dependent [27,33–35],we hypothesized that nuclear local-
ization and degradation of ubiquitinated TDP-43 could be impaired
following σ1RE102Q overexpression. To test this hypothesis, we evaluat-
ed TDP-43 localization and ubiquitination in the presence or absence of
ER stress. σ1RE102Q overexpression for 96 h impaired TDP-43 nuclear
localization, an effect not seen following σ1R overexpression (Fig. 6A,
D). Moreover, overexpressed σ1RE102Q aggregated in the cyto-
plasm. Interestingly, tunicamycin treatment for the last half of
the 96-hour incubation enhanced cytoplasmic TDP-43 localization
in σ1RE102Q-overexpressing cells and promoted formation of aggre-
gated inclusion bodies in both the nucleus and cytoplasm (Fig. 6A, D).
Conversely, σ1R overexpression prevented tunicamycin-induced cyto-
plasmic mislocalization and TDP-43 aggregation (Fig. 6A, D). However,
TDP-43 immunoreactive protein did not show aggregated patterns
seen with σ1RE102Q-mCherry immunoreactive proteins (Fig. 6A),
suggesting that σ1RE102Q does not co-aggregate with TDP-43. To con-
firm that proteasome impairment accounts for TDP-43 cytoplasmic
mislocalization, we treated cells with the potent proteasome inhibi-
tor MG132. MG132 treatment triggered the cytoplasmic TDP-43
mislocalization, an effect enhanced in the presence of tunicamycin
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or σ1RE102Q transfection (Fig. 6B, D). To confirm that both impaired
mitochondrial Ca2+ transport and ATP reduction account for TDP-
43 cytoplasmic mislocalization, we treated cells with mitochondrial
Ca2+ transport inhibitor Ru360. As expected, Ru360 treatment trig-
gered cytoplasmic TDP-43 mislocalization, and in fact aggravated it
in the presence of tunicamycin (Fig. 6C, D).
To further evaluate extra-nuclear TDP-43 localization, we count-
ed cells showing either nuclear or extra-nuclear TDP-43 localization.
Without tunicamycin treatment, σ1RE102Q overexpression or Ru360
treatment triggered extra-nuclear TDP-43 localization, and both
conditions enhanced tunicamycin-induced extra-nuclear localiza-
tion (Fig. 6D). On the other hand, σ1R overexpression significantly
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inhibited tunicamycin-induced extra-nuclear TDP-43 localization
(Fig. 6D).

3.7. ATP supplementation rescues σ1R
E102Q-induced anomalous TDP-43

distribution following ER stress

We next asked whether ATP supplementation by MP treatment
would inhibit aberrant cytoplasmic localization of TDP-43. To do
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We also investigated mitochondrial morphology 48 h after transfec-
tion using themitochondrialmarker cytochrome c, whose localization is
independent of mitochondrial membrane potential. Mitochondrial size
decreased by 48 h after tunicamycin treatment, suggestive of mito-
chondrial degradation (Fig. 7A). Mitochondrial size also decreased
relative to non-transfected cells in basal conditions seen following
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σ1RE102Q overexpression (Fig. 7A). Interestingly, σ1R overexpression
inhibited tunicamycin-induced mitochondrial degradation, but σ1RE102Q

overexpression promoted mitochondrial degradation under ER stress
conditions (Fig. 7A). These results suggest that σ1RE102Q aggregation
contributes to mitochondrial dysfunction and ATP depletion, leading to
abnormal TDP-43 distribution under ER stress conditions.
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3.8. siRNA-mediated σ1R knockdown aggravates tunicamycin-induced
TDP-43 ubiquitination

The extra-nuclear localized TDP-43 did not merge with σ1RE102Q

aggregates (Fig. 6A). Therefore, we confirm whether σ1RE102Q binds to
TDP-43 using immunoprecipitation combined with σ1R siRNA treat-
ment. Endogenousσ1R levelswere significantly reduced by siRNA treat-
ment (Fig. 8A), and immunoprecipitation using a mCherry antibody
following expression of σ1RE102Q-mCherry did not pull down TDP-43
(Fig. 8B). Thus, neither endogenous σ1R nor expressed σ1RE102Q formed
a complex with TDP-43, a finding consistent with their subcellular dis-
tribution. Furthermore, to confirm whether σ1R knockdown by siRNA
alters tunicamycin-induced TDP-43 ubiquitination, we probedWestern
blots of immunoprecipitates with a TDP-43 antibody.We did not detect
ubiquitinated TDP-43 in the absence of tunicamycin-dependent ER
stress. When endogenous σ1R was knocked down by σ1R siRNA,
tunicamycin-induced TDP-43 ubiquitination increased, as evidenced
by the appearance of multiple higher molecular weight species on
SDS-PAGE. σ1RE102Q expression further enhanced ubiquitination of
TDP-43 (see bands marked by the asterisk in Fig. 8C). Immunocyto-
chemical analysis also confirmed increased TDP-43 ubiquitination
(Fig. 8D). Interestingly, σ1R knockdown itself induced mild extra-
nuclear TDP-43 localization without altering its ubiquitination. These
data suggest that σ1RE102Q overexpression causes ATP depletion and
proteasomal impairment, which in turn impairs ATP-dependent TDP-
43 transport and its proteasomal degradation. These aberrations lead
to extra-nuclear localization of TDP-43 and aggravate that activity
under ER stress conditions.

4. Discussion

This study reports four major findings (Fig. 9): 1) overexpressed
σ1RE102Q mutants aggregate in the cytoplasm and partly co-localize
with the proteasome; 2) σ1RE102Q mutants gradually dissociate from
the IP3R3 and impair mitochondrial Ca2+ uptake, resulting in compro-
mised ATP synthesis and proteasome activity, especially under ER stress
conditions; 3) decreased ATP production and proteasome activity trig-
ger aberrant localization of TDP-43 and likely promote autophagic cell
death; and 4) ATP supplementation by MP rescues σ1RE102Q-induced
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proteasome dysfunction and TDP-43mislocalization. Therefore, we pro-
pose thatMP treatment could be an attractive candidate for ALS therapy
in patients harboring the σ1RE102Q mutation.

Although ATP supplementation rescues the σ1RE102Q-induced pro-
teasome dysfunction, its causative mechanism remains unclear. The re-
duced proteasome activity promoted by σ1RE102Q overexpression may
be caused not only by decreased ATP levels but also by formation of
σ1RE102Q aggregates, which are likely degradation-resistant. Dissocia-
tion of σ1RE102Q from the IP3R3 and its cytosolic aggregation coordinate-
ly trigger mitochondrial ATP depletion and proteasomal impairment.
Both events precede σ1RE102Q-induced autophagy and degradation of
mitochondrial proteins. However, further studies are required to define
mechanisms underlying dissociation of σ1RE102Q from ER. The glutamic
acid at position 102 of humanσ1R is highly conserved in vertebrates and
located in the second transmembrane domain [13]. In distribution stud-
ies conducted in mouse motor neuron-like cells (NSC34), the authors
who characterized this mutation showed that it causes mutant protein
to segregate in lower density fractions relative to wild-type protein fol-
lowing sucrose gradient fractionation and to form detergent-resistant
complexes of 50 kDa. In our experiments, σ1RE102Q aggregation was
only observed at 96 h post-transfection (Fig. 1A) but not at 48 h when
σ1RE102Q is still bound to the IP3R3. Taken together with the previous
observations, our results suggest that dissociation of σ1RE102Q mutant
from the ER triggers its cytoplasmic localization and disturbs the
proteasomal function to clear accumulated TDP-43 from the cytoplasm.
In contrast, ER stress induced by tunicamycin decreased endogenous
σ1R expression (Fig. 5). Similar σ1R downregulation is observed in
motor neurons of ALS patients and SOD1 transgenic mice [14], an effect
likely due to abnormal aggregation of mutant protein and which
accounts for ER stress. Interestingly, we recently discovered a novel C-
terminally deleted form of σ1R expressed in mouse brain consisting of
amino acids 1 to 106 and lacking chaperone regions [18]. In contrast
to σ1RE102Q mutant proteins, when overexpressed in Neuro2A cells a
subset of those proteins aggregates in nuclei and promotes apoptosis
[18]. Also, abnormal nuclear σ1R accumulation in neurons is reported
in several neurodegenerative diseases [36]. As a functioning chaperone
protein, σ1R might be aggregation-prone, an activity facilitated by
mutation, expression of a transcriptional variant, or pathogenic
stress.
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We also found that expression of σ1RE102Q promoted mitochondrial
damage, especially under conditions of tunicamycin-induced ER stress.
σ1R normally stabilizes the IP3R3 in the ER membrane, enhancing
Ca2+ transport from ER into mitochondria, activating the tricarboxylic
acid (TCA) cycle, and increasingATP production to promote cell survival
[17,18]. Indeed, σ1R overexpression in Neuro2A cells promotes
mitochondrial elongation and IP3R-dependent ATP production
[17]. Conversely, treatment with Ru360, a selective inhibitor of the
mitochondrial calcium uniporter (MCU), inhibited ATP production
enhanced by σ1R [18,37]. The MCU plays an important role in
IP3R-mediated Ca2+ transport to the mitochondrial matrix [38,39].
The lack of mitochondrial Ca2+ transport by IP3R depletion inhibits
pyruvate dehydrogenase and increases the AMP/ATP ratio, thereby
aggravating autophagy via AMP kinase [40]. Activated AMP kinase
phosphorylates the autophagy-initiating kinase ULK1, which is a
homologue of yeast ATG1, at S317 and S777 and induces autophagy
in HEK293 cells [41]. Taken together, impaired ATP production in
those cells likely promotes mitochondrial degradation and aggra-
vates ER stress-induced neuronal cell death.

SOD1 mutations are prevalent in ALS and promote mitochondrial
dysfunction [5]. ALS patients also show proteasome dysfunction [42].
Dominant mutations in TARDBP are also reported in familial ALS [10].
Recently, Ayala et al. (2011) reported that treatment of cells with the
ER stress inducer thapsigargin promotes accumulation/aggregation of
phosphorylated cytoplasmic TDP-43 [43]. We found that, under ER
stress conditions, autophagosome formation, as assessed by LC3-II pro-
duction, significantly increased in cells expressingσ1RE102Q protein, and
TDP-43 ubiquitination was also enhanced in either σ1R knockdown or
σ1RE102Q-overexpressing cells. Moreover, Tashiro et al. (2012) reported
that mice with motor neuron-specific KO of the proteasome subunit
Rpt3 show locomotor dysfunction, which is associated with TDP-43
mislocalization and accumulation in motor neurons [44]. On the other
hand, mice harboring motor neuron-specific deletion of autophagy re-
lated 7 (Atg7) gene, did not show these abnormalities [44]. Those au-
thors conclude that impairment of the proteasome rather than
autophagic function underlies ALS development caused by TDP-43
proteinopathy. Indeed, ATP supplementation with MP tended to inhibit
autophagy and significantly prevented TDP-43mislocalization. Interest-
ingly, abnormal cytoplasmic localization of TDP-43 is associated with
mitochondrial dysfunction under various conditions. For example, over-
expression of TDP-43 or its C-terminal fragment promotesmitochondri-
al damage in neuronal NSC34 cells [45], and mitochondrial complex I
activity is impaired by TDP-43 overexpression in the same cells [46].
SOD1 misfolding is observed after overexpression of TDP-43 in SH-
SY5Y neuroblastoma cells [47]. Moreover, transgenic mice with
brain-specific human TDP-43 expression show increased levels of
mitochondrial fission protein such as Fis1 and decreased levels of
the mitochondrial fusion protein mitofusin 1 in the brain [48]. Like-
wise, TDP-43 overexpression reduces mitochondrial length and
neurite density in cultured motor neurons [49]. In addition, when
overexpressed in Neuro2A cells, the protein encoded by TARDBP
mutation seen in ALS patients is more stable than is the wild-type
protein and inhibits autophagosome-dependent degradation of en-
dogenous proteins [50]. Taken together, cytoplasmic mislocalization
of TDP-43 is particularly relevant to σ1RE102Q-induced mitochondri-
al damage. However, further extensive studies are required to define
molecular mechanisms underlying mitochondrial damage induced
by cytoplasmic TDP-43.

Although previous reports suggest that p.G93A mutant SOD1
transgenic mice show cytoplasmic TDP-43 protein mislocalization
[51], overexpression of another ALS-related protein, Ataxin-2, also in-
duces TDP-43 protein mislocalization in HeLa cells [52]. These results
are consistent with our observations of the ALS-related σ1R mutation.
However, Tan et al. [53] reported that familial ALS patients exhibiting
p.A4T or p.D101Y mutations in SOD1 did not show TDP-43 protein
mislocalization. Thus further studies are required to define temporal
and regional changes in neuronal TDP-43 distribution in ALS patients.
Regardingσ1R activity in other neurodegenerative disorders, Hyrskyluoto
et al. (2013) reported that σ1R levels decrease in neuronal PC6.3 cells
expressing an N-terminal huntingtin fragment with 120Q repeats [54].
They also showed that treatment with the σ1R agonist PRE-084 restored
σ1R protein levels and promoted cell survival in mutated huntingtin-
expressing cells through activation of the NF-κB pathway [54]. In this
context, future studies should addressMP-induced cell survival signaling.

ATP is critical for sequestration of cytoplasmic material in
autophagosomes and in maintaining proton pump (vacuolar-type
ATPase or V-ATPase) activity at the lysosomal membrane to produce
acidification required for autophagic flux [55]. ATP is also essential for
proteasomal degradation of ubiquitinated substrates [56]. Thus
σ1RE102Q-induced ATP reduction likely causes proteasome dysfunction.
In addition, nuclear protein import and export require the importin–
Ran system [57]. ATP depletion inhibits importin β nuclear export [33,
34]. TDP-43 undergoes nuclear translocation via importin α/β proteins
[58]. The present study strongly suggests that ATP supplementation an-
tagonizes TDP-43mislocalization andmitochondrial damage.We found
that cellular ATP levels were upregulated by MP treatment and TDP-43
localization was normalized. MP is a cell-permeable form of pyruvate
that acts as an alternative energy source to replace glucose and activate
the TCA cycle [59]. Currently, the only approved treatment for ALS is the
drug riluzole, which provides only modest benefits in terms of survival
time without improving muscle strength or function [60,61]. Manccuso
et al. report that the σ1R agonist PRE-084 improves motor neuron func-
tion and survival in mouse ALS models harboring human SOD1 muta-
tions [62]. On the other hand, Luty et al. suggested that treatment of
culture cells with the σ1R antagonists AC915 and haloperidol, but not
the agonist opipramol, decreases TDP-43 cytoplasmic levels [11]. Most
recently, Prause et al. reported that PRE-084 rescues VAPB mutant ag-
gregation in NSC34 cells [14]. Thus, the potential of therapeutics
targetingσ1R in ALS remains a possibility. Our study suggests amore at-
tractive strategy using ATP supplementation as ALS therapy. Further
study is required to define whether this approach could enhance the
survival and quality of life of ALS patients.

Finally, several 3′ UTR variants and a missense mutation in
SIGMAR1 gene are reported in ALS and FTLD patients [11–13]. Inter-
estingly, some 3′ UTR variants (c.672*51GNT and c.672*43GNT) but
not the c.672*26CNT substitution co-segregate with hexanucleotide
repeat expansions in C9ORF72, and those two variants are likely not
responsible for the onset of ALS or FTLD [12,63]. Still, in humans
SIGMAR1 is located on chromosome 9p13.3 in close proximity to
the C9ORF72 locus at 9p21.2. The chromosome area 9p, which includes
these regions, is reportedly an important locus for both ALS and FTLD
[64–66]. However, the relationship between 3′ UTR SIGMAR1 variants
and hexanucleotide repeat expansions in C9ORF72 remains unclear.
Further studies are required to evaluate whether mutations in the for-
mer can cause ALS or FTLD. In contrast, amissensemutation in SIGMAR1
completely segregated with the onset of ALS in the pedigree [13],
strongly suggesting that it plays a significant role in the pathogenesis.

5. Conclusions

ATP depletion and proteasomal impairment promoted by σ1RE102Q

overexpression caused extra-nuclear localization of TDP-43 and
enhanced its ubiquitination only under ER stress conditions. We also
discovered that pathogenic activities caused by σ1RE102Q could be res-
cued by ATP supplementation through treatment with MP, a substrate
in the mitochondrial TCA cycle. This observation suggests a potential
therapeutic strategy for σ1RE102Q-induced abnormal TDP-43 accumula-
tion in ALS. The therapeutic potential of sodium pyruvate to treat mito-
chondrial diseases has been suggested [67] and is being assessed in
clinical trials for patients with mitochondrial disease, including mito-
chondrial DNA depletion syndrome [68]. However, further preclinical
studies are needed to compare pharmacodynamic and pharmacokinetic
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properties of methyl pyruvate and sodium pyruvate prior to testing in
human therapy.
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