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Abstract: Amyotrophic lateral sclerosis (ALS) caused by mutation of superoxide dismutase 1 (SOD1),
affects various cellular processes and results in the death of motor neurons with fatal defects.
Currently, several neurological disorders associated with DNA damage are known to directly induce
neurodegenerative diseases. In this research, we found that cytoplasmic restriction of SOD1G93A,
which inhibited the nucleic translocation of SOD1WT, was directly related to increasing DNA damage
in SOD1- mutated ALS disease. Our study showed that nucleic transport of DNA repair- processing
proteins, such as p53, APEX1, HDAC1, and ALS- linked FUS were interfered with under increased
endoplasmic reticulum (ER) stress in the presence of SOD1G93A. During aging, the unsuccessful
recognition and repair process of damaged DNA, due to the mislocalized DNA repair proteins might
be closely associated with the enhanced susceptibility of DNA damage in SOD1- mutated neurons.
In addition, the co-expression of protein disulphide isomerase (PDI) directly interacting with SOD1
protein in neurons enhances the nucleic transport of cytoplasmic- restricted SOD1G93A. Therefore,
our results showed that enhanced DNA damage by SOD1 mutation-induced ALS disease and further
suggested that PDI could be a strong candidate molecule to protect neuronal apoptosis by reducing
DNA damage in ALS disease.

Keywords: amyotrophic lateral sclerosis; superoxide dismutase 1; DNA damage; protein disulphide
isomerase; DNA repair

1. Introduction

Amyotrophic lateral sclerosis (ALS) is a well-known motor neurone disease, resulting in a decrease
in the number of upper and lower motor neurons. Unlike other neuronal diseases, such as Parkinson’s,
Alzheimer’s and Huntington disease, ALS is a relatively rare neurological disease, but it results in the
serious loss of vital within five years [1,2]. Nowadays, 1–2 per 100,000 people are diagnosed with ALS
with a confirmed diagnosis, usually at a relatively late stage [1,3]. Alongside the common symptoms
of the disease, such as rapid loss of muscle power, atrophy and paralysis, respiratory failure, due to
dysfunctional respiratory muscles eventually results in the death of the patient. Around 90% ALS
occurrence is due to unknown causes and sporadic (sALS), but the remaining 10% of ALS, familial
ALS (fALS), is due to genetic disorders, such as gene mutations [4,5]. Several mutations in various
genes, including superoxide dismutase 1 (SOD1), fused in sarcoma (FUS) TAR DNA-binding protein
43 kD (TDP-43), etc., are associated with initiation and progression of fALS [6].
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Since the first report of SOD1 mutation being related to ALS in 1993, over 150 mutations in SOD1
have been identified in ALS patients. Such SOD1 mutations are found in around 20% of fALS and
3% of sALS cases [7,8]. In the SOD1-mutated mouse model, degeneration of motor neurons is caused
by toxic gain-of-function, wherein the mutated SOD1 induces malfunctioning in motor neurons [9].
A study of 40 fALS cases has shown mutations in TDP-43 or FUS and dysfunctional RNA-binding
proteins, due to the mutations as being directly associated with ALS induction. In the case of TDP-43,
most mutations are enriched in the glycine-rich C-terminal domain, but mutations of FUS are often
observed at the nucleic localization signal sequence region. Such mutations influence the protein
structure or cellular localization of RNA-binding proteins [10]. The TDP-43 mutation is detected in 3%
fALS and 1% sALS cases, whereas, the identified FUS mutation is relatively high in fALS (5%), but rare
in sALS (<1%) [11]. In contrast to SOD1 mutation-induced ALS, the loss or reduced function of FUS or
TDP-43 causes ALS, due to neuronal death [6].

The nucleic localized TDP-43 and FUS in repairing damaged DNA show the numerous genetic
interactions between them. The physical interaction of both RNA binding proteins is required for
the expression of histone deacetylase (HDAC) 6 [12,13]. The mutated TDP-43 is also reported to
form a binding complex with normal FUS, thereby accelerating the ALS-pathogenic process [14]. In
addition, ectopic coexpression of WT FUS with mutated TDP-43 and WT TDP-43 with mutated FUS
can both enhance TDP-43 or FUS related ALS disease symptoms, compared with the phenotype of
overexpression of mutated FUS or TDP-43 [15]. Thus, single-mutated RNA binding protein, FUS or
TDP-43 increases ALS-pathogenicity by cooperating with another normal RNA binding protein. In the
genetic interaction analysis between TDP-43 and FUS associated with pathogenic progression of ALS,
TDP-43 functions as an upstream molecule for FUS [16].

Unlike nucleic localization of RNA binding proteins, TDP43 and FUS, ubiquitously expressed
SOD1 is present throughout neurons, including in the organelles, such as the nucleus, lysosome,
intermembrane space of the mitochondria, and the cytoplasm [17]. The evidence of genetic association
of SOD1 with RNA binding proteins have been recently reported. The mutation of FUS or TDP-43 limits
the splicing variety of SOD1 RNA [18]. Moreover, SOD1 mRNA level is controlled by the quantity
of TDP-43 protein; for example, the knocked-down TDP-43 increases SOD1 mRNA in a cultured cell
model [19]. In addition, mutual physical interactions, the mutated SOD1 which misfolds structure of
normal RNA-binding proteins, and the mutated RNA-binding proteins which misfold structure of
normal SOD1, have been reported related to motor neuron pathology in ALS [20,21].

Currently, DNA damage in ALS is controversial. In contrast to previous studies, DNA damage was
not investigated in the SOD1G93A fALS mouse model [22]. Nonetheless, other studies examined the
increased susceptibility to DNA damage in ALS. In this study, we showed that cytoplasmic localization
of mutated SOD1 inhibited the nucleic localization of WT SOD1, subsequently induced ER stress given
the increased expression of cytoplasmic SOD1 protein, and thus, resulted in eventual DNA damage.
Unlike TDP-43, one of the ALS-related DNA repair proteins, the restricted cytoplasmic localization of
FUS and APEX1 by SOD1 mutation is likely to accelerate DNA damage. However, overexpression of
PDI, which interacts directly with SOD1 protein rescues the cytoplasmic mislocalization of SOD1G93A.
Our findings identify that DNA damage is related to the mislocalization of mutated SOD1 and the
dysfunctional interactive correlation between mutated SOD1 and DNA repair proteins contribute to
DNA damage. PDI, acts as a strong rescue candidate molecule to translocate the mutated SOD1 protein
into the nucleus.

2. Materials and Methods

2.1. Embryo Genotyping

Genomic DNA was isolated from tissue dissected from fetal mouse, using the DNeasy Blood
and Tissue Kit (Qiagen, Hilden, Germany) and purified after overnight incubation of the tissue at
55 ◦C. A PCR mixture with 1 µL purified genomic DNA was used as the template, and two pairs of



Cells 2019, 8, 1502 3 of 20

primers were used to check the genotype of SOD1 transgenic (TG) mouse. The primer sequences are, as
follows: 5′-CATCAGCCCTAATCCATCTGA-3′ as forward and 5′-CGCGACTAACAATCAAACTG-3′

as reverse for hSOD1, and 5′-CTAGGCCACAGAATTGAAAGATCT-3′ as forward and
5′-GTAGGTGGAAATTCTAGCATCATCC-3′ as reverse for mSOD1.

2.2. Primary Culture of Neurons

The care guideline of experimental animals was approved by the Animal Care Committee of the
Seoul National University. Pregnant B6SJL-TG (SOD1)/B6SJL mice were humanely killed according
to the guidelines of the Institute Animal Care and Use Committee (IACUC, #001169, 2010). Primary
cultured neurons were prepared from 16-day-old fetal mice. A modified protocol was used for primary
neuron culture. We removed the skin from the dissected fetus head and isolated the fetal brain by
squeezing the head in Ca2+/Mg2+-free Hanks Balanced Salts (Gibco, Grand Island, NY, USA). After
removing the meninges, the brain tissue was incubated with 2 mL enzyme solution, including 20 U
Papain, 1 µM CaCl2, and 1 µM EDTA in 2 mL HBSS per one fetal brain tissue at 37 ◦C for 15 min. After
discarding the enzyme solution, 2 mL diluted trypsin inhibitor (Sigma, Saint Louis, MI, USA) with
neurobasal media (Gibco, Grand Island, NY, USA); two-fifths of the above solution was added and
incubated at 37 ◦C for 15 min. Then, the brain tissue was dissociated into single cells by triturating
10–15 times with 1000 and 200 P tip. The neuronal cell pellet was resuspended in neuronal growth
media: Neurobasal media (Gibco) and B27 (Gibco) after centrifuging at 1000 rpm for 5 min for cell
collection. After cell counting, 5 × 106 cells were seeded onto a coverslip coated with poly-d-lysine
(Sigma) in 6-well plates. One-half of the neuronal growth media was changed every 2–3 days to
maintain the primary cultured neurons.

2.3. NSC34 Cell Culture

NSC34 cells were cultured in DMEM media, including 10% FBS, 1% penicillin–streptomycin and
1% NEAA (Thermo-fisher, Wilmington, MA, USA). The cells were initially seeded at 10% confluency in
10 cm cell culture dishes and passaged every four days.

2.4. Plasmid Constructions

All human genes used in our experiments were purchased from Addgene. Full length SOD1WT
and SOD1G93A (missing a stop codon) were inserted into EcoRI and HindIII of pEGFP-N1 (Clontech,
Palo Alto, CA, USA) to generate GFP-tagged hSOD1WT and SOD1G93A. SOD1WT or SOD1G93A-RFP
was generated by replacing the GFP with RFP by cutting with BamHI and NotI. hTDP-43, hFUS,
hHDAC1, hOGG1, hPARP1, and hXRCC1 without a stop codon were cloned into pEGFP-N1 with XbaI
and SalI or HindIII. SOD1WT-RFP, including the internal ribosome entry site (IRES) sequence, was
inserted into the cloned hSOD1G93A-GFP with NheI and XhoI. mCherry tagged TDP-43, FUS, and
PDI were inserted into IRES-SOD1G93A-GFP by replacing SOD1WT-RFP using SacII and BamHI.

2.5. Transfection of Plasmids

All the manipulated plasmids were transfected in the primary cultured neurons and NSC34
cells by using the lipofectamin 2000 reagent (Invitrogen, Carlsbad, CA, USA). Five µg plasmids were
mixed with 50 µL of Opti-MEM I medium and 10 µL lipofectamine 2000 was mixed with 50 µL of
Opti-MEM I medium. After incubation for 5 min, we combined the plasmid and lipofectamine 2000.
The resulting mixture was further incubated for 20 min at room temperature and then transferred into
each well containing cells and medium. After incubation in a CO2 incubator at 37 ◦C for 12 h, fresh
medium was added. The FACS analysis was used to check the transfection efficiency (Figure S1). We
fixed both neurons and cells with 4% paraformaldehyde in PBS for 10 min and used both confocal
and multi-photon microscopy, MRC-1024 LaserSharp 2000 (Bio-Rad, Hercules, CA, USA) to check
protein fluorescence.
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2.6. Immunostaining

Immunostaining was performed using the following antibodies: hSOD1 (1:50, Cell Signaling,
Danvers, MA, USA); PDI (1:100, ENZO, Farmingdale, NY, USA); ATM (1:100, Abcam, Cambridge,
MA, USA); phosphorylated histone protein (pH2A.X) (1:250, Cell signaling, Danvers, MA, USA); and
Map2 (1:500, Thermo Scientific, Waltham, MA, USA). Primary cultured neurons were fixed with 4%
paraformaldehyde in PBS for 15 min. Blocking was performed using 10% bovine serum albumin
(BSA) in PBS-T (0.1% Triton X-100, Sigma, Saint Louis, MI, USA) for 2 h at room temperature. Each
primary antibody mixed in blocking solution was incubated with the sample for 2 h and rinsed with
PBS-T three times for 15 min. Then, 4’,6-diamidino-2-phenylindole (DAPI) (Sigma, St. Louis, MI, USA)
was used for nuclear staining and secondary antibody—Alexa Fluor™ 488 goat anti-rabbit or mouse
(1:1000) or Alexa Fluor™ 568 goat anti-mouse or rabbit (1:1000) (Thermo Scientific, Waltham, MA,
USA) was used to detect the primary antibody. Confocal and multi-photon microscopy, MRC-1024
LaserSharp 2000 (Bio-Rad, Hercules, CA, USA) was used to obtain the staining images.

2.7. Measurement of Intracellular Ca2+ Concentration

SOD1WT-RFP or SOD1G93A-RFP was transfected into the primary cultured neurons and incubated
overnight. The fluo-4 direct calcium assay kit (Invitrogen) was used to check the intracellular Ca2+

concentration in neurons, as per the following protocol: Two equal volumes of 500 µL 2 X fluo-4
direct™ calcium reagent loading solutions were added into the neuron culture medium, and the plates
were incubated at 37 ◦C for 60 min. Ca2+ images was obtained with Eclipse Ti-U (Nikon, Melville, NY,
USA).

2.8. Immunohistochemistry

Briefly, 4% paraformaldehyde diluted in PBS was perfused to fix the mouse spinal cord; the isolated
spinal cord was stored in 2% paraformaldehyde at 4 ◦C overnight. After that, the paraformaldehyde
solution was changed to 10% sucrose solution, and the tissues were stored at 4 ◦C for one day, changed
to 20% sucrose solution for another day, and finally changed to 30% sucrose solution for the next day.
The fixed spinal cord tissue was embedded in OCT compound (Cellpath, Newtown, Powys, UK) in
dry ice until completely frozen. The prepared sample was stored at −80 ◦C before sectioning with
a microtome. Tissues were sectioned to be 12-µm-thick with the cryostat microtome (Leica, Wetzlar,
Germany) and placed on the glass slide. We blocked the dried tissue samples with the blocking reagent
in TBS buffer (50 mM Tris-Cl, pH 7.5. 150 mM NaCl) that included 10% BSA and 0.3% Triton for 10
h. The tissues were then incubated with primary antibodies overnight at room temperature. The
following primary antibodies were used: p53 (1:250, Abcam, Cambridge, MA, USA); ATM (1:100,
Abcam); pH2A.X (1:250); NeuN (1:200, Abcam); TDP43 (1:100, Abcam); FUS (1:100, Novus, Centennial,
CO, USA); and ChAT (1:50, Invitrogen). Alexa Fluor™ 488 goat anti-rabbit or mouse (1:1000) and
Alexa Fluor™ 568 goat anti-mouse or rabbit (1:250) (Thermo Scientific), and DAP1 were used to detect
the primary antibodies and stain nuclei, respectively, for 2 h at room temperature. Confocal and
multi-photon microscopy, MRC-1024 LaserSharp 2000 (Bio-Rad, Hercules, CA, USA) was used to
examine the stained images. The p-H2Ax positive cells were measured in the ventral horn region in
the spinal cord of WT and SOD1G93A transgenic mice.

2.9. Western Blotting

Mouse spinal cord tissues was homogenized with lysis buffer (20 mM Tris, pH 8.0; 150 mM NaCl;
0.5% Nonidet P-40; 0.5% sodium deoxycholate) and the proteins were extracted after removing cell
debris. The total protein was quantified with a bicinchoninic acid protein assay kit (Pierce, Rockford,
IL, USA), and then, 30 µg of protein was subjected to SDS-PAGE. After electrophoresis, the separated
protein was transferred onto nitrocellulose membranes. After the membrane was blocked for 1 h in
Tris-buffered saline (TBS) containing 0.1% Tween and 10% nonfat dried skim milk, it was incubated
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with each primary antibody for 2 h at room temperature. The primary antibodies used in western
blotting analysis p53 (1:500, Abcam); pH2A.X (1:500, Cell signaling); and PUMA (1:200, Abcam). After
washing with TBS-T three times for 15 min, the membrane was incubated for 1 h with the appropriate
amount of horseradish peroxidase-conjugated secondary antibody. Anti-βII-tubulin antibody (1:4000)
(Santa Cruz, Santa Cruz, CA, USA) was used to detect tubulin protein as the protein loading control,
and the chemiluminescence system (GE Healthcare, Little Chalfont, Buckinghamshire, UK) was used
to obtain protein bands.

2.10. Yeast Two-Hybrid Assay

Yeast two-hybrid analysis was used to examine protein-protein interaction. The full length of
SOD1WT and SOD1G93A were cloned into pGBKT7, and the full length PDI was cloned into pGADT7
(Clontech, Palo Alto, CA, USA). Yeast Y2HGold strain was used for transformation of the manipulated
plasmids with lithium acetate method according to the manufacturer’s instructions (Clontech, Palo
Alto, CA, USA). The co-transformed yeast cells were selected by growth on defined media lacking
leucine and tryptophan. Each interaction between SOD1WT or SOD1G93A with PDI protein was
monitored by growth on the media with X-alpha-Gal (Takara Bio, Mountain View, CA, USA) but
without leucine, tryptophan, and histidine.

2.11. FACS Analysis

To statistically analyze DNA damage in neurons, we counted the number of pH2A.X positive
neurons after treating neurons with the hydrogen peroxide solution and thapsigargin (both, Sigma).
The neurons were isolated and fixed individually with 4% paraformaldehyde for 10 min. After staining
neurons with pH2A.X and the secondary antibody, we measured the number of positive neurons
with BD FACSCalibur™ (BD Biosciences, San Jose, CA, USA). To measure cell apoptosis, annexin
V-FITC (BD Biosciences) was used to stain the isolated neurons, without the fixation step, and BD
FACSCalibur™was used to count the number of apoptotic neurons. SOD1G93A-expressing NSC34
cells and SOD1G93A-GFP- and PDI-mCherry-co-expressing cells were sorted out with BD FACS Aria™
III (BD Biosciences). The sorted cells were amplified and treated with thapsigargin to check for cell
apoptosis. After isolating individual cells, Alexa fluor® 647 conjugated annexin V was used to label
the apoptotic cells without the fixation step, and BD FACSCalibur™was used for cell counting.

2.12. Statistical Analysis

The t-test was used for data analysis. All values are represented as the mean ± standard deviation
(SD) in multiple trials, and a p-value < 0.05 was considered to indicate statistical significance.

3. Results

3.1. Presence of SOD1G93A Inhibits Nucleic Localization of SOD1WT

As previously reported in the cell culture and animal model, mutated SOD1 is mainly located in
the cytoplasm, whereas, SOD1WT is present in the whole cellular area [9]. To confirm the locations
of both wild type and mutated SOD1 in cells, we tested the localization of the prepared GFP-tagged
SOD1WT and SOD1G93A in the primary cultured WT neurons. SOD1WT-GFP was detected in both
the nucleus and cytoplasm, but the localization of SOD1G93A-GFP was restricted only to the cytoplasm
(Figure 1a). Clearly, the restricted cytosolic localization of SOD1G93A commonly occurs. Based on
statistical analysis, 40% of SOD1WT-GFP was found to localize only in the cytoplasm in expression
tests with SOD1G93A genotype neurons. The mislocalization ratio was eight-times higher than that in
WT neurons (Figure 1b). However, over 85% of SOD1G93A-GFP was localized only in the cytoplasm
in primary cultured WT and SOD1G93A genotype neurons (Figure 1a,b). Unlike WT neuron, the
restricted localization of SOD1G93A in cytoplasm inhibited the nuclear transportation of SOD1WT.
With the specific antibody capable of recognizing the C-terminal domain of normal SOD1 protein,
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previous studies suggested that the mutated SOD1 misfolded the normal SOD1 [23]. Thus, the large
percentage of cytoplasmic localization of SOD1WT in the SOD1G93A genotype neurons indicate that the
misfolded SOD1WT by SOD1G93A could be associated with mislocalization of SOD1WT and eventually,
cytoplasmic location of SOD1G93A interfere with the nuclear transportation of SOD1WT (Figure 1a).
Moreover, most SOD1G93A proteins recognized by the hSOD1-specific antibody were localized in the
cytoplasm in SOD1G93A genotype neurons cultured from the SOD1G93A TG fetus (Figure S2a). In the
localization test with NSC34 cells, wherein hybrid cell line was fused with neuroblastoma N18TG2 and
motor neurons of the mouse spinal cord [24], the localization of SOD1WT-GFP was observed in the
whole area in NSC34 cells, while the localization of SOD1G93A-GFP was restricted to the cytoplasm
(Figure S2b). These results confirm that the restricted cytoplasmic localization of SOD1G93A, the
conformational changed SOD1, is a general phenomenon, but not a cell-type-specific result.
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Figure 1. SOD1G93A interfered with the nucleic localization of SOD1WT. (a) SOD1WT-GFP was
normally localized in the nuclei of WT primary cultured neurons (first layer panel), whereas,
SOD1G93A-GFP failed to enter the nuclei of same neurons (second layer panel). SOD1WT-GFP
failed to enter the nuclei of SOD1G93A genotype neurons (third layer panel), and most of the
SOD1G93A-GFP was localized in the cytoplasm of SOD1G93A genotype neurons (fourth layer panel).
(scale bar is 50µm). (b) Statistical analysis on the localization of SOD1WT and G93A-GFP in primary
cultured WT and SOD1G93A genotype neurons (three time trials). Dark gray: Localization of cytoplasm
and nuclei; weak gray: Nucleic localization only. (n = 150 for SOD1WT-GFP expressing WT neurons, 143
for SOD1G93A-GFP expressing WT neurons, 165 for SOD1WT-GFP expressing SOD1G93A background
neurons and 159 for SOD1G93A-GFP expressing SOD1G93A background neurons, error bars: Standard
deviation). (c) Plasmid constructed for expression of SOD1WT-RFP and SOD1G93A-GFP. IRES was
used for co-expression to connect the two genes, SOD1WT-RFP and SOD1G93A-GFP. (d) Three different
localization patterns of SOD1 WT-RFP (red) and SOD1G93A-GFP (green) co-expressed in primary
cultured neurons. SOD1G93A-GFP was localized in the cytoplasm, whereas, SOD1WT-RFP was
detected in the whole cell (upper). In a few cases, SOD1WT-RFP and SOD1G93A-GFP were colocalized
in the whole area, but in most cases, cytoplasmic colocalization of SOD1 WT-RFP and SOD1G93A-GFP
was detected (down). (scale bar is 10µm). (e) Statistical analysis on the localization of SOD1WT-RFP
and SOD1G93A-GFP in primary cultured neurons (results in triplicates); Left: WT neurons; Right:
SOD1G93A genotype neurons. (n = 157 for WT neurons and 175 for SOD1G93A background neurons,
error bars: Standard deviation).



Cells 2019, 8, 1502 7 of 20

It is well known that the toxic gain-of-function by one copy SOD1 mutation in which the protein
level is maintained equal between SOD1WT and mutated SOD1 in a single neuron, induces ALS [25].
However, artificially induced fALS animal disease model consists of the enriched SOD1G93A owing
to the overexpression of SOD1G93A, and thus, contains unequal protein concentrations of SOD1WT
and SOD1G93A. Therefore, previous results did not accurately reflect the actual disease initiation
and progression in the SOD1G93A-induced fALS. To address this limitation, we manipulated the
plasmid, wherein SOD1WT and SOD1G93A were connected with an IRES, thereby resulting in equal
expression of SOD1WT and SOD1G93A proteins by the single CAG promoter in a single neuron
(Figure 1c). Indeed, GFP- and RFP-tagged proteins were co-expressed in the transiently transfected
single neuron with the manipulated plasmid (Figure 1d). In the measurement of the RNA level of
GFP and RFP region of plasmid by the RT-qPCR, the expression level was almost the same (Figure
S3). The localization patterns of SOD1G93A-GFP and SOD1WT-RFP in WT neurons were divided
into three types: First, 10% neurons showed localization of SOD1WT and SOD1G93A in the whole
neuron; second, 23% neurons demonstrated cytoplasmic localization of SOD1G93A and the presence
of SOD1WT in whole neurons; third, 65% neurons, the largest fraction, displayed colocalization of
both SOD1G93A and SOD1WT in the cytoplasm alone (Figure 1d,e). In the SOD1G93A genotype
neurons, translocation of SOD1WT-RFP into nuclei was still more reduced, and thus, cytoplasmic
localization was increased (Figure 1e). In addition, 93% of SOD1G93A genotype neurons demonstrated
cytoplasmic localization of SOD1G93A-GFP in single gene expression plasmid, which decreased to
80% if co-expressed with SOD1WT-RFP (Figure 1b,e). Such reductions in the cytoplasmic localization
of SOD1G93A-GFP by co-expression of SOD1WT-RFP occurred in WT neurons as well (Figure 1b,e).
Thus, cytoplasmic segregation of SOD1WT under enhanced SOD1G93A protein levels become worse,
but somehow, increased SOD1WT reduced the cytoplasmic localization of SOD1G93A. Interestingly, in
the fourth case, only SOD1WT-RFP was restricted to the cytoplasm, whereas, SOD1G93A was present
in the whole neuron; this was not observed in either genotype of neurons (Figure 1e).

3.2. Presence of SOD1G93A Sequesters the Upregulated p53 Responding to DNA Damage in the Cytoplasm

Mutated SOD1 generates oxidative stress, forms aggregates, induces excitotoxicity and
inflammation, and results in motor neuron death in fALS [26]. In SOD1-mutated fALS animal
model and ALS patient’s CSF, the occurrence of the malfunction of the mutated SOD1 is a causative
source of DNA damage [27,28]. In DNA double-strand breaks, the ataxia telangiectasia mutated (ATM)
kinase recognizes DNA breakage, and the kinase activity of ATM then phosphorylates histone H2Ax, a
downstream signal molecule [29]. To evaluate DNA damage, we checked ATM and p-H2Ax in the
spinal cord dissected from SOD1G93A TG mice at 70 days of age. Both ATM and p-H2Ax showed high
expression in many neurons in the spinal cord of SOD1G93A TG mice, compared with the WT spinal
cord (Figure S4a and Figure 2a). Particularly, both ATM and p-H2Ax were strongly detected in the
nuclei of ChAT, motor neuronal marker positive cells in the spinal cord of SOD1G93A TG mice (Figure
S4b and Figure 2a), indicating that the SOD1 mutation significantly induced DNA damage in neurons.
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Figure 2. SOD1G93A enhanced DNA damage in the spinal cord. (a) Increased DNA damage in motor
neurons of SOD1G93A transgenic mouse. The p-H2Ax (red) was examined in motor neurons (green,
white arrow) of spinal cord dissected from WT (upper) and SOD1G93A transgenic mice (down) aged 70
days. The significantly enriched p-H2Ax (white square) was observed in motor neurons of the spinal
cord dissected from SOD1G93A transgenic mice aged 70 days. (scale bar is 100µm). (b) Increased
cytoplasmic p53 protein in SOD1G93A genotype neurons (upper panel, red) and motor neurons (down
panel, green). The upregulated p53 (white arrows, green) was detected in the cytoplasm of neurons
expressing SOD1G93A (upper panel, down) unlike WT neurons (upper panel, upper). P53 protein
(white arrows, red) increased in SOD1G93A genotype motor neurons (green) (down panel, lower),
but was not detected in normal motor neurons (down panel, upper). (scale bar is 100µm). (c) The
protein level increased in response to DNA damage. The enhanced p-H2aX, p53, and Puma proteins
were detected in spinal cord of SOD1G93A genotype mice on western blotting. (d) Densitometric
quantification from three independent western blot testes. (error bars: Standard deviation).

p53 phosphorylated by ATM is upregulated under various DNA damage stresses and occasionally
induces cell apoptosis [30–32]. The enhanced p53 protein was detected in both neurons and motor
neurons of the spinal cord isolated from SOD1G93A TG mice (Figure 2b). These findings demonstrated
that DNA damage enhanced by SOD1 mutation upregulates p53 protein level in both neurons and
motor neurons, and also confirms that the increase of p53 protein level is in response to DNA damage
stress in the human neuroblastoma cell line [33]. Interestingly, the upregulated p53 protein was
localized in the cytoplasm, failing to enter the nucleus in SOD1G93A genotype neurons (Figure 2b).
Thus, the sequestered p53 protein in the cytoplasm is in a similar situation as functional inactivation,
despite upregulation under DNA damage stress [34]. Next, we also examined DNA damage responsive
proteins. The protein levels of p-H2Ax, p53, and PUMA were all upregulated in the spinal cord isolated
from SOD1G93A TG mice (Figure 2c). Each protein level of p-H2Ax, p53 and puma in the spinal cord
of SOD1G93A genotype mice was approximately 3.8, 5.1 and 2.7 fold higher, respectively, compared to
the spinal cord of WT mice (Figure 2d). Therefore, we believe that the sequestered localization of both
normal and mutated SOD1 in the cytoplasm by SOD1 mutation is the main reason for upregulated
p53 protein, indicating that DNA damage and the localization of upregulated p53 is also restricted to
the cytoplasm.
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3.3. DNA Damage in SOD1G93A Genotype Neurons is Associated with Enhanced Endoplasmic Reticulum
(ER) Stress

ALS is generally an age-dependent neuronal degenerative disease, with symptoms clearly
appearing in those aged ≥ 50 years, despite carrying the mutated genes since their birth [6]. Thus,
no defective DNA was detected by ATM and p-H2Ax antibodies in the primary cultured SOD1G93A
genotype neurons (data not shown). Therefore, we needed to induce artificial stress conditions to
study the role of SOD1G93A in DNA damage. In NSC34 cells, SOD1 mutation generally reduces
the antioxidant activity of SOD1 in nuclei by decreasing the amount of SOD1 protein in the nucleus
and thus, is more susceptible to the high concentration of hydrogen peroxide [9]. However, under
oxidative stress generated 0.6 mM hydrogen peroxide treatment for three days, there was neither any
significant difference in the amount of damaged DNA between WT and SOD1G93A genotype primary
cultured neurons nor any difference in cell viability (Figures S5 and S6). This result demonstrates
that oxidative stress plays a less effective role in DNA damage and neuronal apoptosis of SOD1G93A
mutated neurons [33].

One of the major cytotoxic effects of SOD1 mutation is ER stress in the motor neurons of fALS [35],
and as a result, p53 is upregulated [36]. The cytosolic upregulation of p53 in the spinal cord of
SOD1G93A TG mice indicates that the ER stress elevates as the cytosolic SOD1 proteins accumulate
in the presence of SOD1G93A (Figure 2b,c). As reported previously, ER stress is directly associated
with the elevation of DNA damage, resulting in eventual cell death [37]. To explore the correlation
between ER stress and DNA damage in SOD1G93A genotype neurons, we examined DNA damage
after treatment of primary cultured neurons with thapsigargin, an ER stress inducer. After treating with
1 µM thapsigargin for 12 h, p-H2Ax protein significantly increased in the primary cultured WT and
G93A neurons (Figure 3a). p-H2Ax positive signal was detected in ~23% SOD1G93A genotype neurons,
but only in 11% WT neurons (Figure 3b). Additionally, severe breakdown of DNA strands with 1 µM
thapsigargin treatment for three days was examined in the SOD1G93A neuron, comparing with WT
(Figure S5). Neuronal death was more effectively induced in SOD1G93A genotype neurons than WT
after three-day treatments with different concentrations of thapsigargin (Figure S7). These results
elucidate that neuronal death and DNA damage in SOD1 mutation-linked ALS are more susceptible to
ER stress than oxidative stress, and SOD1G93A genotype neurons are more vulnerable to ER stress
than WT neurons.

The level of PDI, one of the strongest indicators for ER stress, is elevated in neurons expressing
SOD1G93A [38]. To fully understand the role of SOD1G93A related to ER stress induction, we incubated
WT neurons expressing SOD1WT-RFP or SOD1G93A-RFP with 1 µM thapsigargin for 12 h. Under
weak ER stress condition, significantly expressed PDI was detected in SOD1G93A-RFP expressing WT
neurons, while it was not observed at all in neurons expressing SOD1WT-RFP (Figure S8a). Besides
PDI expression, under weak ER stress condition, cytosolic Ca2+ levels were also increased in the
primary cultured WT neurons expressing SOD1G93A-RFP, compared with WT neurons expressing
SOD1WT-RFP (Figure S8b). Thus, the cytoplasmic accumulation of SOD1 protein by mutated SOD1
contributes to aggravate ER stress more seriously.

Under high ER stress condition with 5 µM thapsigargin, severe DNA damage was detected in
most WT neurons expressing SOD1G93A-GFP, but somehow the reduced DNA damage was examined
in WT neuron expressing SOD1WT-GFP (Figure 3c). This suggests that the nucleic import of SOD1
protein could eventually reduce the DNA damage by reducing ER stress. Thus, restricted cytoplasmic
localization of SOD1WT by the SOD1 mutation and being more susceptible to induced ER stress leads
to DNA damage via synergistic defects. Interestingly, thapsigargin treatment in the neurons prohibited
nucleic translocation of WT and mutated SOD1 proteins (Figure S9). It shows that enhancing ER stress
interferes more severely with the nucleic transport of SOD1 proteins and further accentuates and
accelerates ER stress. Thus, weakly induced ER stress in SOD1-mutated neurons could induce DNA
damage within a short time via accumulated ER stress; the synergistic defect and susceptibility to ER
stress result in neuronal death.
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Figure 3. Enhanced susceptibility of DNA damage in SOD1G93A genotype neurons under stress.
(a) Inducement of DNA damage at 1 µM thapsigargin for 12 h. The p-H2Ax significantly increased
in SOD1G93A genotype neurons (fourth column), compared with WT (third column). However, the
p-H2Ax was not detected in controls, WT (first column), and SOD1G93A genotype neurons (second
column), untreated with thapsigargin. (scale bar is 200µm). (b) FACS analysis to count cell number
for DNA damaged neurons after treatment with 1 µM thapsigargin for 12 h. (n = 10,000 neurons
for WT and SOD1G93A background neurons). (c) The nucleic localized SOD1 protein reduces DNA
damage. The p-H2Ax staining spots were decreased by the nucleic localization of SOD1WT-GFP
(upper), compared with SOD1G93A-GFP (lower). (scale bar is 20µm).

3.4. SOD1G93A Inhibits the Nucleic Localization of fALS-Related RNA-Binding Protein, FUS, and
FUS-Related DNA Repair Enzymes

The function of cytoplasmic segregated p53 protein in SOD1G93A genotype neurons restrained
the DNA repair process (Figure 2b) [39]. Generally, ER stress inhibits the DNA repair process and thus,
increases DNA strand breaks [40,41]. Two ALS inducible RNA-binding proteins, TDP43 and FUS,
participate in the DNA repair process [42]. TDP-43 is a critical factor required for DNA to repair the
nonhomologous end joining (NHEJ)-mediated DNA double-strand break (DSB) in nuclei [43]. Whereas
FUS is required for activation of the XRCC1/LigIII ligase to repair DNA nicks in motor neurons [44].
A recent study showed the association between SOD1 and mutated TDP-43 or FUS, wherein the
mutated TDP-43 or FUS generates the misfolded SOD1WT protein during fALS progression [20,21]. To
understand how SOD1 mutation-linked ER stress prohibits DNA repair, the normal RNA-binding
proteins, TDP43-GFP and FUS-GFP, were expressed in the primary cultured WT and SOD1G93A
genotype neurons, respectively. Unlike the successful nuclear localization of TDP-43-GFP in WT, the
translocation of FUS-GFP into the nucleus was slightly inhibited in SOD1G93A genotype neurons
(Figure S10). To further confirm the mislocalization of FUS in the presence of SOD1G93A, we
manipulated the plasmid co-expressing with an equal amount of SOD1G93A and TDP-43 or FUS.
SOD1G93A-GFP and TDP-43-mCherry or FUS-mCherry were linked together via the IRES sequence to
ensure equal expression of both proteins (Figure 4a). When the manipulated plasmid was transfected
into both primary cultured WT and SOD1G93A genotype neurons, different localization patterns were
observed. TDP-43-mCherry coexpressed with SOD1G93A-GFP was successfully transported into the
nucleus in both WT and SOD1G93A genotype neurons without being restricted to the cytoplasm.
However, nucleic translocation of FUS-mCherry co-expressed with SOD1G93A-GFP was partially
inhibited in both neurons, and the inhibition of nucleic translocation for FUS-mCherry was more
significant in SOD1G93A genotype than WT neurons (Figure 4b). Moreover, we further examined the
FUS protein from the dissected spinal cords of WT and SOD1G93A genotype mice. FUS proteins were
detected in the whole area, including the nucleus in SOD1G93A genotype neurons, different from that
in WT neurons, unlike the nucleic localization of all TDP-43 proteins (Figure 4c). Thus, the presence of
SOD1G93A only interfered with the nuclear translocation of FUS, suggesting that mutated SOD1 only
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affects the folding of FUS protein, but not TDP-43 [21]. The cytoplasmic restriction of FUS interfered
with DNA repair in SOD1G93A genotype neurons, resulting in the accumulation of damaged DNAs.Cells 2019, 8, x 11 of 20 
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Figure 4. SOD1G93A interfered the nucleic localization of FUS. (a) The manipulated plasmid construct
for co-expression of SOD1G93A with TDP-43 or FUS protein. (b) Mislocalization of FUS protein
in the presence of SOD1G93A. The nucleic localization of TDP-43-mCherry was not influenced
by co-expressing SOD1G93A-GFP in WT and SOD1G93A genotype cells (upper panel). Whereas
nucleic localization of FUS-mCherry was interfered with by co-expressing SOD1G93A-GFP in WT and
SOD1G93A genotype cells (lower panel). (scale bar is 50µm). (c) Mislocalized FUS protein in neurons
expressing SOD1G93A. FUS protein was normally localized in the nuclei of spinal cord neurons of
WT mice (upper). However, the mislocalized FUS proteins were detected in the cytoplasm of neurons
from the dissected spinal cords of SOD1G93A genotype mice, unlike nucleic localization of TDP-43
protein in the dissected spinal cord neurons of SOD1G93A genotype mice (lower). (d) Mislocalization
of HDAC1 and APEX1 in SOD1G93A-expressing neurons. GFP-HDAC1 (left panel) and GFP-APEX1
(right panel) were mislocalized in SOD1G93A genotype neurons (lower) unlike nucleic localization in
normal neurons (upper). (scale bar is 50µm).

The DNA repair process by FUS usually requests various components. It has been reported that
the histone deacetylase 1 (HDAC1), that FUS directly interacts with, is required for repair of DEBs in
the primary mouse cortical neurons [45]. Poly (ADP-ribose) polymerase (PARP) is also required to
collaborate with FUS to prevent ALS progression, and thus, the mislocalization of mutated FUS impairs
PARP-dependent DDR signaling [46]. We tested the dysfunctional effect of SOD1G93A on DNA repair
enzymes, including FUS-related DNA repair enzymes, such as 8-oxoguanine DNA glycosylase-1
(OGG1), apurinic/apyrimidinic endodeoxyribonuclease 1 (APEX1), HDAC1, PARP1, and X-ray repair
cross complementing 1 (XRCC1). The mislocalization of GFP-tagged HDAC1 and APEX1 was clearly
observed in many SOD1G93A genotype neurons, but not in WT neurons (Figure 4d). In contrast, the
localization of XRCC1, OGG1, and PARP1 in SOD1G93A genotype neurons was similar to that in WT
neurons, suggesting that the SOD1 mutation did not affect their localization (Figure S11). Our study
showed that cytoplasmic segregation of HDAC1 and APEX1 interfered the normal DNA repair process
in SOD1G93A-expressing neurons; thus, the mislocalization of certain DNA repair process-related
proteins and enzymes could directly enhance DNA damage in SOD1-mutation linked ALS.

3.5. Overexpressed PDI Enhances Nuclear Translocation of SOD1G93A

Protein disulphide isomerase (PDI) functions as a protective molecule in ALS, by refolding the
misfolded proteins within the ER. For example, overexpressed PDI increases antibody secretion by
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regenerating the disulfide bond [47,48]. Upregulated PDI reduces the aggregation of mutated SOD1
and cell apoptosis, as seen in the spinal cords of SOD1G93A TG mice and rats and in human ALS
postmortem tissue [49]. In our yeast two-hybrid test, PDI directly interacted with both SOD1WT
and G93A, suggesting that the misfolded structure of SOD1 could be corrected by the chaperone
function of PDI (Figure 5a). Accordingly, we anticipated that the chaperone function of PDI could
also help to translocate the mutated SOD1 protein after refolding, and hence, manipulated the
plasmid co-expressing with PDI and SOD1G93A, connected via IRES (Figure 5b). When PDI-mCherry
was co-expressed with SOD1G93A-GFP in both WT and SOD1G93A genotype neurons, nucleic
importation of SOD1G93A-GFP was clearly observed along with cytoplasmic overexpression of PDI
protein (Figure 5c). In statistical analysis, the nucleic localization of SOD1G93A-GFP was significantly
increased in neurons co-expressing with PDI-mCherry, about three times more than that in WT
neurons, which only expressed SOD1G93A-GFP (Figure 5d). Our experimental results confirm that
PDI overexpression enhances the translocation of mutated SOD1 and reduces ER stress by removing
the aggregated SOD1 protein from the cytoplasm [49].
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Figure 5. Translocation of SOD1G93A into nuclei by overexpressing PDI in primary cultured neurons.
(a) Interaction between SOD1G93A and PDI. SOD1WT and SOD1G93A interaction with PDI in the yeast
two-hybrid system. (b) Plasmid constructed for co-expressing SOD1G93A-GFP and PDI-mCherry. (c)
Nucleic localization of SOD1G93A with PDI. The co-expressed PDI-mCherry (red) enhanced the nucleic
localization of SOD1G93A-GFP (green) in primary cultured neurons (upper). Both SOD1G93A-GFP
and PDI-mCherry proteins were colocalized in the ER, whereas, only SOD1G93A-GFP was detected in
the nuclei (lower). (scale bar is 20µm). (d) Statistical analysis of nucleic localization of SOD1G93A-GFP
in primary cultured WT and SOD1G93A neurons (results in triplicates); Dark gray color: Only
SOD1G93A-GFP expression; weak gray color: Co-expression of SOD1G93A-GFP and PDI-mCherry. (n
= 116 for WT neurons and 157 for SOD1G93A background neurons, error bars: Standard deviation).



Cells 2019, 8, 1502 13 of 20

Next, we examined the effect of overexpressed PDI on reducing neuronal death in NSC34 cells.
First, we confirmed that the nucleic localization of cytoplasmic segregated SOD1G93A-GFP was
enhanced in NSC34 cells by co-expressing with PDI-mCherry (Figure S12a). SOD1G93A genotype
neurons are more susceptible to ER stress inducers and usually exhibit a high percentage of cell death
(Figure S7). To test the effect of PDI overexpression on rescuing neuronal death, two different NSC34
cell types were sorted out using FACS: One type is cells that only expressed SOD1G93A-GFP, and the
other type that co-expressed SOD1G93A-GFP and PDI-mCherry. In cellular apoptosis experiments
with Annexin V as a cell apoptosis marker, after treating with 1 µM thapsigargin for 12 h, around
18% cells expressing SOD1G93A-GFP progressed to apoptosis, whereas, only 8% cells co-expressing
SOD1G93A-GFP and PDI-mCherry, the reduced cell apoptosis was examined. Thus, co-expression of
PDI-mCherry in SOD1G93A-GFP-expressed neurons significantly reduced neuronal death (Figure
S12b), which indicates that PDI overexpression could rescue the transport of cytoplasm-localized
SOD1G93A into the nucleus, resulting in a reduction of ER stress and DNA damage, thereby reducing
ER-stress induced neuronal death.

4. Discussion

The connection of SOD1 mutation with DNA damage has been debatable, thus far. Some
researchers believe that SOD1 mutation is not associated with DNA damage, as it does not increase
DNA breaks in the spinal cord of SOD1G93A genotype TG mice [22]. Unlike in the primary cultured
neurons, ATM and its substrate p-H2Ax, both acting as DNA damage markers, were upregulated in
the neurons from the spinal cord of 70-day-old SOD1G93A TG mice, along with increased levels of p53
protein, which participates in the DNA repair process (Figure 2). Clearly, our results indicate that SOD1
mutation directly enhances DNA damage during aging. Interestingly, neuronal apoptosis assay using
primary cultured neurons showed no significant differences in defects between WT and SOD1G93A
genotype neurons, when treated with oxidative stress inducer, H2O2, different from treatment with ER
stress inducer, thapsigargin (Figures S6 and S7). This shows that DNA damage-linked neuronal death
in SOD1 mutated neurons was more susceptible to ER stress than oxidative stress, provided the DNA
damage progresses the same way in both SOD1G93A genotype and WT neurons (Figure S5). These
results suggest that DNA damage induced by SOD1 mutation is closely related to gain-of-function ER
toxicity, instead of loss of antioxidant function in SOD-mutations linked to ALS [9,50].

A previous study showed that ALS-linked mutated proteins interact with normal proteins, which
is also subsequently involved in ALS inducement, and their possible interaction leads to misfolding of
normal ALS-linked proteins. For example, mutated FUS in fALS and the pathogenic form of TDP-43 in
sALS, both can interact with SOD1WT and change its normal structure into the pathogenic form by
misfolding SOD1WT [21]. Then, the misfolded SOD1WT protein, acting as an initiator, propagates
itself and aggravates ALS progression [20]. Our results were consistent with this theory, that SOD1WT
function is influenced by the mutated SOD1. SOD1WT failed to translocate into the nuclei in the
presence of cytoplasmic sequestered SOD1G93A (Figure 1b). Generally, the dimeric formation of
normal SOD1 is essential to maintain antioxidant enzyme function [51]. However, in heterodimer
formation of SOD1, mutated SOD1 could be generated from mutated single copy gene in neurons and
in the heterodimer form, the structure of SOD1WT is gradually changed to the misfolded form when
interacting with the mutated SOD1 protein, similar to that seen in prion propagation (Figure 6). In
SOD1 mutant-mediated ALS progression, the heterodimer form of the normal and mutated SOD1,
which generates oligomers in neurons via the exposed cross-linked disulfide bonds, could be a more
serious cause in neuronal damages [52]. The failed nuclear translocation of SOD1WT is consistent with
other studies, reporting that the pathogenic process of ALS has very similar characteristics as prion
disease progression [53,54]. A normal prion protein PrPC could transit into the misfolded pathogenic
form PrPSc without gene mutation. The pathogenic PrPSc is self-propagating and transmissible when
interacting with normal PrPC [55,56]. Similarly, mutated SOD1 could also progress the conformational
change of normal SOD1 protein to the pathogenic form during dimer formation (Figure 6). In that case,
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the resulted dimer eventually aggregates to the cytoplasmically segregated SOD1 proteins, similar
to plaque formation in prion disease neurons [57]. The C-terminal segment of SOD1, believed to
play a role in nucleation and fibril growth, participates in aggregation and generates large SOD1
oligomers that fail to transport into the nucleic pore complex (NPC), thereby resulting in segregated
SOD1 proteins restricted to the cytoplasm [58].
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In our study, ALS linked RNA binding protein, normal FUS, was restricted to the cytoplasm in
the presence of SOD1G93A (Figure 4b). In contrast to a previous study wherein mutated FUS and
TDP-43 were shown to change the structure of SOD1WT [20], the observed cytosolic segregated FUS
indicated that the SOD1G93A could also misfold the normal FUS protein, but not TDP-43. Thus, ALS
linked mutation of SOD1 and FUS exhibited mutual interactions such that the mutated protein always
misfolded the normal protein simultaneously (Figure 4b). Similar to previous reports, SOD1G93A
inhibiting nucleic translocation of FUS suggested that the heterodimeric formation between different
protein types may lead to pathogenic conformational changes, crucial for the initiation and progression
of ALS disease.

In ALS, DNA damage is observed in the motor neurons, and as a result, various nucleic DNA
repair enzymes, such as PARP1, OGG1, and APEX1 are generally upregulated in the ALS mouse
model and patient samples [59–61]. Despite the enhanced expressions of DNA repair enzymes, DNA
damage still accumulated in neurons of the spinal cord of SOD1G93A TG mice (Figure 2a and Figure
S4), suggesting that the DNA repair process was not normally accomplished. Unlike other tested DNA
repair enzymes, the cytosolic segregation of APEX1 was observed in many SOD1G93A-expressing
neurons showing deficient DNA repair process. Thus, we believe that cytosolic mislocalization of
APEX1 is the main reason for accumulated DNA damage in neurons expressing SOD1G93A despite
upregulation of DNA repair enzymes (Figure 4d). Moreover, several mutations of the APEX1 gene
were also observed in ALS patients, suggesting that APEX1 dysfunction is directly associated with
ALS occurrence [62,63]. Clearly, restricted localization of APEX1 in the cytoplasm has the same effect
on ALS occurrence as loss of function by gene mutation. In addition, ALS-linked FUS was mislocalized
in the cytoplasm of neurons expressing SOD1G93A (Figure 4b,c). Previous reports show that PARP1
and HDAC1 are required for recruiting FUS protein into the damaged DNA, and DNA repair process
can only be accomplished by establishing a direct interaction between FUS and HDAC1 [45,64]. In
our study, the SOD1G93A-expressing neurons showed that HDAC1 localization was also segregated
instead of nucleic translocation, but nucleic localization of PARP1 was clearly observed (Figure 4d and
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Figure S10). Thus, we believe that cytoplasmic segregation of FUS in SOD1G93A genotype neurons is
closely related to the cytosolic mislocalization of HDAC1 (Figure 6).

In an environment of ER stress, the DNA repair process generally slows down as the level of
DNA repair enzymes decreases, and thus, DNA damage is enhanced [40]. Compared to WT neurons,
SOD1G93A-expressing neurons are more susceptible to the ER stress inducer, resulting in dramatic
cytosolic Ca2+ increase and PDI upregulation, owing to the cytosolic segregated SOD1G93A proteins
(Figure S7a,b). Our result shows that increasing ER stress restricts the nucleic transportation of SOD1
proteins, leading to accumulating SOD1 protein in the cytoplasm (Figure S8). Therefore, nucleic
localization for DNA repair-related proteins, such as APEX1, HDAC1, and FUS, is more severely
blocked by the enhanced ER stress (Figure 6). Therefore, enhanced ER stress increases inhibition of
nucleic translocation of DNA repair enzymes. Generally, the subcellular localization is very important
for proteins to maintain their original functions, and thus, the mislocalization of DNA repair proteins
retards their efficiency in the DNA repair process. Eventually, DNA damage in SOD1G93A genotype
neurons is accelerated via the reduced number of nuclear DNA repair enzymes.

In the motor neurons of SOD1G93A genotype spinal cord, nucleic localization of upregulated p53
was also inhibited, due to increased ER stress (Figure 2b). In response to DNA damage, p53 as the
master protein plays various roles in a variety of DNA-damage-response mechanisms, and directly
influences the activity of various DNA-repair systems. Nucleic translocation of p53 is required to
bind to DNA, upregulate the transcription of DNA repair protein genes, and significantly facilitate
DNA repair [39]. When localization of activated p53 protein responding to the DNA damage is
restricted to the cytoplasm or the p53 protein is degraded by E3 ubiquitin-ligase under ER stress, its
function in the DNA repair process is seriously affected [36,65]. In our experiment with the spinal cord
neurons of SOD1G93A TG mice, the cytoplasmic localization of p53 was significantly increased with
enhanced ER stress, but its upregulation in western blotting suggests that p53 degradation probably is
a cell-type-specific dependent process (Figure 2c). Thus, DNA damage increases in the spinal cord
neurons of the spinal cord of SOD1G93A TG mouse mice is due to p53 localization and DNA repair
enzymes both restricted to the cytoplasm is restricted localization of p53, as well as DNA repair
enzymes (Figure 2a and Figure S4).

Nucleic transport of SOD1 is directly associated with DNA damage under ER stress (Figure 3c).
PDI, which activates the nucleic translocation of SOD1G93A, is very important to decrease ER stress
and thus, reduce DNA damage in neurons expressing SOD1G93A (Figure 5c,d). Unfortunately, primary
cultured SOD1G93A genotype neurons are not the most suitable samples to study the protective
function of PDI on DNA damage, because it is impossible to artificially induce DNA damage and
overexpress PDI evenly in all neurons. In the glioblastoma multiform tumor model, PDI is directly
associated with DNA repair process by maintaining a specific level of DNA repair enzymes [66,67].
Thus, increasing PDI that activates the SOD1G93A protein transport into the nucleus could enhance the
nucleic translocation of DNA repair enzymes by reducing ER stress. Moreover, the nucleic translocation
of SOD1G93A by overexpressed PDI could also reduce cellular apoptosis under high ER stress (Figure
S11b). As previously reported, the interaction of mutant SOD1 with Derlin-1 leads to increased
apoptosis by activating ER stress-induced apoptosis signal-regulating kinase 1 (ASK1) [68]. Thus,
expression of PDI, which corrects the misfolded structure of SOD1G93A protein via direct interaction,
could break down the interaction of SOD1G93A with Derlin-1, inactivate ASK1, and reduce ER stress
(Figure 5a). In addition, PDI protein is also required to stabilize p53, which is involved in the protection
system to prevent cell apoptosis [69]. Thus, overexpressing PDI could stabilize p53 and enhance its
activity to reduce cellular apoptosis and DNA damage under high ER stress. However, further studies
are still required to provide more detailed information.

5. Conclusions

In studies, restricted localization of SOD1G93A in the cytoplasm resulted in DNA damage in
the spinal cord motor neurons during aging. With cell biological and biochemical approaches, we
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discovered that the cytosolic presence of SOD1G93A interfered with the nucleic transport of SOD1WT,
as well as DNA repair processing-related proteins, such as p53, FUS, HDAC1, and APEX1. These
cytosolic restrained and segregated proteins further enhanced ER stress and eventually induced DNA
damage. Thus, DNA damage in ALS-linked SOD1 mutation might be closely related to the dysfunction
of DNA repair process during aging. We have also shown that ectopic expression of PDI, one of the
chaperone proteins, translocated the SOD1G93A into the nucleus, rescued its cytosolic mislocalization,
and protected neuronal death under high ER stress, suggesting the possible connection between
SOD1G93A mislocalization and neuronal death in SOD1 mutation-linked ALS.
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under ER stress, Figure S8: Increase the ER stress markers in SOD1G93A genotype neurons with treatment of
1 µM thapsigargin, Figure S9: Inhibition of nucleic translocation of SOD1 protein under ER stress, Figure S10:
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