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Abstract

Aggregation of misfolded protein and resultant intracellular inclusion body formation are common 

hallmarks of mutant superoxide dismutase (mSOD1)-linked familial amyotrophic lateral sclerosis 

(FALS) and have been associated with the selective neuronal death. Protein disulfide isomerase 
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(PDI) represents a family of enzymatic chaperones that can fold nascent and aberrant proteins in 

the endoplasmic reticulum (ER) lumen. Recently, our group found that S-nitrosylated PDI could 

contribute to protein misfolding and subsequent neuronal cell death. However, the exact role of 

PDI in the pathogenesis of ALS remains unclear. In this study, we propose that PDI attenuates 

aggregation of mutant/misfolded SOD1 and resultant neurotoxicity associated with ER stress. ER 

stress resulting in PDI dysfunction therefore provides a mechanistic link between deficits in 

molecular chaperones, accumulation of misfolded proteins, and neuronal death in 

neurodegenerative diseases. In contrast, S-nitrosylation of PDI inhibits its activity, increases 

mSOD1 aggregation, and increases neuronal cell death. Specifically, our data show that S-

nitrosylation abrogates PDI-mediated attenuation of neuronal cell death triggered by thapsigargin. 

Biotin switch assays demonstrate S-nitrosylated PDI both in the spinal cords of SOD1 (G93A) 

mice and human patients with sporadic ALS. Therefore, denitrosylation of PDI may have 

therapeutic implications. Taken together, our results suggest a novel strategy involving PDI as a 

therapy to prevent mSOD1 aggregation and neuronal degeneration. Moreover, the data 

demonstrate that inactivation of PDI by S-nitrosylation occurs in both mSOD1-linked and sporadic 

forms of ALS in humans as well as mice.
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Introduction

Amyotrophic lateral sclerosis (ALS), the most common adult-onset motor neuron disease, is 

a fatal neurodegenerative condition characterized pathologically by progressive loss of upper 

and lower motor neurons from the brainstem motor nuclei, anterior horn of the spinal cord, 

and cerebral cortex [1–4]. Oxidative injury, misfolded protein aggregates, altered axonal 

transport, impaired energy and calcium metabolism, excess glutamate activity, and 

malfunctioning mitochondria have all been implicated in motor neuron death in ALS; 

nonetheless, the pathogenic mechanism of and satisfactory treatment options for ALS 

remain unclear [1–4]. Familial ALS (FALS), which accounts for 5–10 % of ALS cases, has 

provided a number of potentially useful experimental models of the pathogenic mechanism 

of this disease. Recently, TDP-43 was described in SALS and in FALS with SOD-1 (Cu/Zn 

superoxide dismutase) mutations, potentially linking two pathologically distinct pathways of 

motor neuron degeneration. The neuropathology of ALS is characterized by the abnormal 

accumulation of insoluble proteins in the cytoplasm of degenerating motor neurons. A 

number of studies have confirmed these neuronal cytoplasmic inclusions (NCIs) to be a 

highly sensitive and specific marker for ALS [5]. A recent study showed the TAR DNA 

binding protein, TDP-43 to be a major component of NCIs in SALS, as well as in the most 

common pathological subtype of frontotemporal dementia [6]. The most common genes 

currently known to be associated with FALS include SOD1, TDP-43 [7], FUS [8], and the 

more recently discovered C9ORF72 [9] and UBQLN2 [10]. Among these, mutations in 

SOD1 have been linked to motor neuron death in up to 20 % of patients with FALS. 

Although the mechanism of motor neuron death associated with SOD1 mutation is still 

unclear, it may be related to a toxic function of the SOD1 mutant protein. SOD1 is an 
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intracellular homodimeric metalloprotein that forms a stable intrasubunit disulfide bond. 

Wild-type SOD1 is normally cytoplasmic, with smaller amounts found in the nucleus, 

mitochondrial outer membrane, intermembrane space, and matrix. Although SOD1 is not 

traditionally associated with the ER, morphological ER abnormalities and SOD1 aggregates 

that colocalize with ER markers have been reported in patients with ALS and in transgenic 

mouse models. Mutations in SOD1 are known to be involved in motor neuron death in some 

forms of FALS [4, 11, 12]. Biochemical evidence suggests that the disulfide-reduced 

monomer of mutant superoxide dismutase (mSOD1) forms inclusion bodies, and aggregates 

of misfolded mSOD1 are commonly associated with motor neuron cell death. The most 

prevalent change observed is destabilization of the SOD1 protein, resulting in high levels of 

protein aggregation. The instability of mutant (m) SOD1 protein has been attributed to loss 

of metal ions and reduction of the intramolecular disulfide bond [13]. Misfolded protein 

aggregation and resultant intracellular inclusion body formation are common hallmarks of 

the selective neuronal cell death in mSOD1 FALS and sporadic ALS (SALS); in fact, similar 

phenomena are observed in almost all neurodegenerative diseases [14].

Recent reports have suggested that protein misfolding and interrelated endoplasmic 

reticulum (ER) stress play a critical role in the pathogenesis of many neurodegenerative 

diseases, including Alzheimer’s disease, Parkinson’s disease, ALS, Huntington’s disease, 

and prion diseases [15–21]. In mSOD1 mouse models and human ALS patients, SOD1 

misfolding in ER lumen can activate signal transduction pathways known collectively as the 

unfolded protein response (UPR) [22, 23]. The UPR attenuates ER stress by inhibiting 

protein translation, increasing production of chaperone proteins, and enhancing protein 

degradation. One important family of UPR-induced chaperones is protein disulfide 

isomerase (PDI), which may protect against misfolded protein aggregation and is known to 

be increased in human brain during neurodegenerative conditions in an apparently 

compensatory manner [24].

Wild-type SOD1 forms a highly conserved intramolecular disulfide bond. A thiol–disulfide 

group in SOD1 plays a regulatory role in determining its folding/misfolding pathways [25–

27]. The enzymatic activity of SOD1 catalyzes the removal of superoxide anion radicals at 

the bound copper ion, and the formation of an intramolecular disulfide bond is required for 

the stabilization of mature SOD1 [28]. However, mutant SOD1 can form monomers or 

insoluble high-molecular-weight multimers within the ER [29]. PDI catalyzes thiol–disulfide 

exchange, and can thus facilitate disulfide bond formation and inducing correct protein 

folding [30–33]. Considering its chaperone function that decreases ER stress as well as its 

disulfide isomerase function that refolds proteins, PDI is thought to represent an important 

regulator of protein aggregation in neurodegenerative diseases [24, 34–37]. Atkin and 

colleagues [22] showed that pharmacological inhibition of PDI enzymatic activity increased 

the presence of mSOD1 inclusions. Recently, PDI overexpression was reported to decrease 

mSOD1A4Vaggregation and toxicity in NSC-34 cells, but the exact mechanism by which 

PDI might affect ALS pathogenesis remains unclear [33].

Overproduction of reactive nitrogen species (RNS), mainly nitric oxide (NO), induces 

cytotoxicity and is considered a mediator of neuronal death in various neurodegenerative 

diseases. Among the various roles of NO, S-nitrosylation, defined as the covalent addition of 

Jeon et al. Page 3

Mol Neurobiol. Author manuscript; available in PMC 2018 May 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



NO to a critical cysteine thiol/sulfhydryl to form an S-nitrosothiol derivative (R-SNO), has 

been shown to modulate the function of many proteins [38, 39]. A number of proteins 

related to neurodegenerative conditions have been shown to be aberrantly S-nitrosylated 

[40–46]. For example, S-nitrosylation of PDI decreases both its chaperone function and its 

disulfide isomerase activity and has been shown to increase protein misfolding and neuronal 

cell death in models of both Alzheimer’s disease and Parkinson’s disease [37]. More 

recently, S-nitrosylated (SNO)–PDI has been implicated in mSOD1 aggregation. In cultured 

cell lines, blocking NO generation with the NO synthase (NOS) inhibitor N-nitro-L-arginine 

(NNA) significantly attenuated the formation of S-nitrosylated PDI and mSOD1 aggregates 

[47]. Importantly, in the present study, we detected an increase in the levels of SNO–PDI in 

spinal cord tissues obtained from human patients with sporadic ALS. Additionally, in cell 

culture models, we found that overexpression of PDI attenuated not only SOD1 aggregation 

but also neurotoxicity associated with ER stress in an NO-dependent fashion. Since S-

nitrosylation of PDI inhibits its activity, our findings are consistent with the notion that 

denitrosylation of PDI might provide therapeutic benefit in ALS.

Materials and Methods

Cell Culture and ER Stress

HEK293A cells and NSC-34 cells (CELLutions Biosystems) stably expressing SOD1WT or 

SOD1G93A were grown in Dulbecco’s modified Eagle’s medium (DMEM, Hyclone, Salt 

Lake City, UT, USA) containing 10 % heat-inactivated fetal bovine serum (Hyclone), 2 % 

penicillin/streptomycin, and 2 mM glutamine in a humidified incubator at 37 °C under 5 % 

CO2. Primary rat cerebrocortical cultures were prepared as described [48, 49], exposed to 

NMDA (50 μM plus 5 μM glycine for 20 min) in Earle’s balanced salt solution and then 

rinsed and placed in the original conditioned medium. Neurons were subsequently assessed 

for survival. All animal experimental procedures were performed with institutional approval 

and in accordance with the Guidelines of the National Institutes of Health (NIH). In neurons 

transfected with SOD1and PDI, SOD1 protein aggregation was examined by Western blot 

and filter trap assay. NSC-34 cells and mSOD1 (G93A) cells were transfected with PDI and 

exposed to thapsigargin (a Ca2+-ATPase inhibitor causing ER stress) or S-nitrocysteine 

(SNOC, an NO donor) to induce cell death. For these experiments, cell death was quantified 

by PI staining.

Constructs and Transfection

Wild-type (WT) or mutant (G93A) human Cu/Zn SOD1 cDNA (Dr. Lawrence J. Hayward, 

University of Massachusetts) was cloned into the XhoI and EcoRI site of pcDNA3.1/myc-

His A (Invitrogen), the HindIII and EcoRI sites of pcDNA3.1/V5-His A (Invitrogen) or 

pEGFP-N1 (CLONTECH Laboratories). For stable transfection, NSC-34 cells (1×106 

cells/60-mm dish, Falcon) were transfected using Superfect (Qiagen, Valencia, CA), sorted, 

and then selected with geneticin (G418 sulfate, Gibco, Grand Island, NY). In brief, 24 h 

after transfection, cells were selected in a medium that contained geneticin (400 μg/ml). This 

selection was continued for 14 days after which the cells were maintained as a population, 

and 14 days later single or pooled colonies were used for experiments after determining 

human SOD1 expression by Western blot and immunocytochemical staining. Cells 
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expressing human SOD1 were cultured in medium containing geneticin (200 μg/ml). 

Transient transfection was also used for experiments by transfecting HEK293A or NSC-34 

cells with vectors using Superfect. Cells were cultured for 3 days prior to the experiment. 

Wild-type human (GeneCopoeia) and mutant PDI (C36S, C39S, C383S, and C386S) were 

constructed in myc-tagged PDI; myc-tag was inserted between amino acids E497 and D498 

(upstream of the KDEL sequence) in the backbone of pCR3.1 vector.

Western Blot Analysis and Filter Trap Assay—Western blots were performed as 

previously described [50]. Cell lysates were prepared, subjected to sodium dodecyl sulfate 

polyacrylamide gel electrophoresis, and blotted with primary antibodies. The filter trap 

assay was performed using a Hybri-Dot manifold (Bio-Rad) and cellulose acetate membrane 

filter with pore size of 0.2 μm. The cell lysates were prepared as for Western blot analysis. 

The same amount of protein from each experimental condition was diluted to 100 μl in PBS 

with 2 % SDS and applied onto the membrane. Soluble proteins were removed by vacuum 

suction, whereas the SDS-resistant aggregates remained “trapped” on the filter. Wells were 

washed three times with 2 % SDS/PBS and suction was maintained for 20 min to allow 

complete and tight trapping of SDS-insoluble material. Membranes were subsequently 

blocked with 5 % skim milk and immunoblot was performed.

Immunoprecipitation Analysis—Cell pellets were suspended in a lysis buffer 

containing protease inhibitors, and lysates were centrifuged at 13,000 rpm for 10 min. Equal 

amounts of protein were precipitated with SOD1 and PDI. The complexes formed were 

immunoprecipitated using protein A-sepharose. The sepharose beads were boiled in SDS-

PAGE sample buffer, and the samples were resolved by SDS-PAGE and transferred to a 

nitrocellulose membrane. Western blot analysis was performed using anti-PDI or anti-SOD1 

antibody.

Quantitative Real-Time (qRT-)PCR—Total RNA was extracted from a motor neuron 

cell line by TRIzol reagent (MRC, Cincinnati, OH, USA). RNA (50 ng) were used as a 

template for qRT-PCR amplification, using SYBR green real-time PCR master mix (Toyobo, 

Osaka, Japan). Primers were standardized in the linear range of the cycle before the onset of 

the plateau. GAPDH was used as an internal control. Two-step PCR thermal cycling for 

DNA amplification and real-time data acquisition were performed with an ABI 7500 real-

time PCR system.

Cell Death/Cell Viability Assays—In some experiments, PI (Invitrogen) was used to 

evaluate cell death. PI binds to DNA and RNA and, in nonfixed cells, can only penetrate the 

membrane of dead cells. As an additional measure of cell viability, we used Cell Counting 

Kit-8 (CCK-8). CCK-8 allows facile assessment of cell viability using WST-8 [2-(2-

methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2, 4-disulfophenyl)-2H-tetrazolium, 

monosodium salt], which produces a water-soluble formazan dye upon bioreduction in the 

presence of an electron carrier, 1-Methoxy PMS. NSC-34 cells were plated on 96-well plates 

at 2×104 cells/well and incubated for 2 h in a humidified incubator at 37 °C under 5 % CO2. 

Then, the 96-well plates were measured at 450 nm using an ELISA plate reader. To obtain 
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an index of apoptotic cell death, neuronal nuclei were labeled with Hoechst 33342 dye, as 

described below.

Biotin Switch Assay for Detecting S-Nitrosylated Proteins—Cell lysates and brain 

tissue extracts were prepared in HENC or HENT buffers (250 mM Hepes pH 7.5, 1 mM 

EDTA, 0.1 mM neocuproine, 0.4 % CHAPS, or 1 % Triton X-100). A range of protein 

concentrations was tested in these assays, but typically, 1 mg of cell lysate and up to 2 mg of 

tissue extract were used. Blocking buffer [2.5 % SDS, 20 mM methyl methane thiosulfonate 

(MMTS) in HEN buffer] was mixed with the samples and incubated for 30 min at 50 °C to 

block free thiol groups. After removing excess MMTS by acetone precipitation, nitrosothiols 

were then reduced to thiols with 1 mM ascorbate. Ascorbate was omitted as a control. The 

newly formed thiols were then linked with the sulfhydryl-specific biotinylating reagent N-

[6-(biotinamido)hexyl]-3′-(2′-pyridyldithio) propionamide (Biotin-HPDP). We then pulled 

down the biotinylated proteins with Streptavidin-agarose beads and performed Western blot 

analysis to detect the amount of protein remaining in the samples [29]. The input for these 

blots was typically 2 μg of cell lysate or 100 μg of tissue extract loaded in each lane.

Immunocytochemistry and Immunofluorescence Studies—NSC-34 cells were 

transfected with SOD1 and/or PDI (1 μg each) using Lipofectamine 2000 reagent in Opti-

MEM. The cells were placed in fresh medium (DMEM) containing fetal calf serum 

approximately 5 h after transfection, exposed to 100 μM SNOC or control solution, and then 

incubated for another 19 h. Cells were fixed with 4 % paraformaldehyde (PFA) for 10 min at 

room temperature and then washed three times in PBS, permeabilized with 0.5 % Triton 

X-100 for 5 min, and washed three times. Nonspecific antibody binding was minimized by 

incubation in blocking solution (10 % goat serum in PBS) for 1 h at 37 °C. Cells were 

incubated with antibodies to NeuN (Millipore) for 12 h at 4 °C. After washing, the cells 

were incubated with anti-mouse antibody conjugated with Alexa 594 for 1 h at 37 °C and 

then incubated in Hoechst 33342 dye to fluorescently stain nuclei and allow assessment of 

nuclear morphology to determine apoptosis. Rat cortical neuronal cells were transfected 

with SOD1 and PDI according to the manufacturer’s protocol. Cells were washed with 

phosphate buffered saline (PBS) 72 h post-transfection and fixed with 4 % PFA in PBS for 

10 min. Cells were exposed to Hoechst due prior to mounting in fluorescent mounting 

medium. Apoptotic nuclei were defined as condensed or fragmented (as evidenced by 

multiple, condensed Hoechst-positive bodies in one cell), and counted as the percentage of 

apoptotic to total cells for at least 100 cells expressing both transfected constructs per 

treatment in three independent experiments. Cells expressing only one transfected plasmid 

or undergoing cell division were excluded from the analysis.

Animals—Transgenic TgN (SOD1-G93A) 1GUR mice, which express a transgenic human 

mSOD1 (G93A) allele containing the Gly 93 to Ala (G93A) substitution, were obtained 

from Jackson Laboratory (Bar Harbor, ME, USA). SOD1 (G93A) transgenic mice were bred 

with B6SJLF1/J hybrid females. The human mSOD1 (G93A) transgene was confirmed by 

PCR assay on samples obtained from tail tissue of transgenic offspring. All mice were 

housed under a 12-h light/dark cycle. The animal studies were carried out in accordance 

with the institutional guidelines and approval.
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Human Subjects—Supplementary Table 1 lists all human subjects used in the current 

study and includes subject age, postmortem interval, and gender. Human samples were 

analyzed with Institutional permission under California and NIH guidelines. Informed 

consent was obtained according to procedures approved by UCSD and Burnham Institute 

Review Boards.

Statistical Analysis—Data are presented as mean + SEM or SD. Statistical evaluation 

was performed by analysis of variance (ANOVA) followed by a post hoc Schéffe test for 

multiple comparisons. Each experiment was performed in triplicate and three or more 

separate times.

Results

PDI Decreases SOD1 Monomers as well as Multimers

To assess cellular defenses against mSOD1 misfolding and aggregation via PDI expression, 

we transfected HEK293A cells with SOD1 and PDI, and changes in SOD1 protein were 

examined by Western blotting under nonreducing conditions (Fig. 1a, b). Overexpression of 

PDI resulted in decreased G93A mSOD1 protein, with reductions observed in both 

monomers (Fig. 1a) and multimers (Fig. 1c). Interestingly, the PDI-induced decrease in 

SOD1 was accentuated in wild-type and mSOD1 monomers over multimers (Fig. 1b). In 

order to confirm this finding, the experiment was repeated under reducing conditions. When 

SOD1 multimers were converted to monomers by reducing the disulfide bond between 

SOD1 molecules, we more clearly observed a PDI-induced decrease in total SOD1 (Fig. 2a, 

b). It should be noted that mSOD1 is prone to aggregation, and a large amount of mSOD1 

protein is insoluble even with detergent treatment. Thus, we next examined whether PDI had 

an effect on the detergent-insoluble fraction of SOD1 in the same manner. Indeed, we 

observed that PDI decreased the mSOD1 protein in this fraction as well (Supplementary Fig. 

1). For these expirements, we verified a similar degree of transfection efficiency using a 

green fluorescent protein (GFP) reporter plasmid. The number of GFP-positive cells was 

determined using flow cytometry. Co-transfected NSC-34 cells with pcDNA empty vector, 

wild-type SOD1 or mSOD1, wild-type PDI or mutant PDI, displayed similar amounts of 

GFP. We thus confirmed that the transfection efficiency was consistent among all 

experimental groups (Supplementary Fig. 2a). As a further control, to check the stability of 

SOD1 protein, we performed cycloheximide (CHX)-based protein-chase experiments in the 

absence or presence of wild-type PDI in wild-type SOD1-transfected NSC-34 cells, 

followed by Western analysis. When CHX (10 μg/ml) was chased for the indicated period of 

time, the stability of SOD1 protein was not affected by PDI overexpression(Supplementary 

Fig. 2b). Thus, it seems likely that PDI overexpression does not modulate SOD1 protein 

stability. We next examined the possibility that PDI overexpression appears to be the 

reduction of total SOD1 level due to the changes in the transcription level. SOD1 messenger 

RNA (mRNA) level in the absence or presence of wild-type PDI or mutant PDI in wild-type 

SOD1–transfected NSC-34 cells were determined by quantitative real-time polymerase 

chain reaction (qRT-PCR). We found that wild-type PDI or mutant PDI overexpression did 

not decreased SOD1 levels. These results suggest that SOD1 mRNA level is not regulated by 

PDI overexpression (Supplementary Fig. 2c).
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Effect of Mutant PDI on Decreasing SOD1

Among the various functions of PDI, chaperone and isomerase functions are well known. 

PDI has two thioredoxin-like domains containing four cysteine residues as a Cys-Gly-His-

Cys sequence in the N- and C-terminal motifs. These domains are thought to represent the 

active site for isomerase function, and the four cysteine residues are key sites for thiol–

disulfide exchange with substrate proteins, thus facilitating disulfide bond formation [51]. In 

order to clarify whether the PDI-induced decrease in SOD1 levels is mediated by its 

isomerase function, we mutated these four cysteine residues to serine (C36S, C39S, C383S, 

and C386S) and then performed immunoblotting to monitor SOD1 protein levels. Although 

wild-type was somewhat more effective, expression of mutant PDI also decreased total 

SOD1 (Fig. 2a) and SOD1 monomers (Fig. 2b). The PDI-induced decrease in SOD1 was 

more evident for SOD1 monomers.

Since PDI overexpression has been reported to increase protein secretion from cells [52], 

this suggested the possibility that PDI enhances SOD1 secretion, resulting in an intracellular 

decrease in SOD1 [53]. To exclude this possibility, we collected media from NSC-34 cells 

expressing SOD1 and/or PDI and measured the secreted levels of SOD1. We found that the 

levels of SOD1 in the media (observed as multimers) were not significantly different in the 

presence or absence of PDI expression (Fig. 2c).

PDI But Not SNO–PDI Decreases mSOD1 Aggregation

Protein oligomers or aggregates are thought to play a role in the pathogenicity of many 

neurodegenerative diseases, and protein aggregation in the form of inclusion bodies is a 

hallmark of neurodegenerative disorders including ALS. SOD1 has a strong propensity to 

aggregate when it is mutated and can cause FALS. Thus, we wanted to examine whether PDI 

specifically decreases mSOD1 aggregation. For this purpose, we used a filter trap assay. We 

found that mSOD1 was trapped on a cellulose acetate membrane filter (and hence 

aggregated to the point that it could not pass through the filter) to a far greater degree than 

wild-type SOD1, as previously seen for mutant huntingtin protein [54]. β-Actin served as a 

control to show that total cell protein remained the same. Interestingly, overexpression of 

either wild-type or mutant PDI decreased the quantity of trapped mSOD1 (Fig. 3a). This 

finding is consistent with prior reports showing the protein chaperone function of PDI can be 

independent of these active cysteine residues, whereas the isomerase activity of the enzyme 

is linked to the integrity of the cysteine amino acid residues (which were mutated here). 

These results suggest that PDI attenuates aggregation of SOD1-G93A via its chaperone 

activity but not isomerase activity since cysteine-mutant PDI blocked aggregation to the 

same degree as wild-type PDI [55].

Overproduction of RNS is a common feature in neurodegenerative disorders, with NO often 

generated via activation of neuronal NOS due to Ca2+ influx mediated by stimulation of N-

methyl-D-aspartate (NMDA)-type glutamate receptors. NO can modulate protein function 

and tertiary structure by S-nitrosylation, a reaction transferring an NO group to a critical 

cysteine thiol [38, 39]. In fact, prior work has shown that PDI can be S-nitrosylated, 

resulting in inhibition of its enzymatic chaperone as well as its isomerase activity [37]. For 

example, S-nitrosylation of PDI leads to increased aggregation of proteins such as synphilin 
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1 and abrogates PDI-mediated attenuation of ER stress [37]. One possible explanation for 

this finding in light of the foregoing experiments with cysteine mutants is that S-

nitrosylation may cause a conformational change that inhibits chaperons activity, whereas 

mutations in the critical cysteine residues to prevent nitrosylation does not induce this 

conformation change. Both nitrosylation and mutation, however, would abrogate the 

interaction of substrate with these critical cysteine residues, hence blocking isomerase 

activity. Hence, we wanted to examine here if S-nitrosylation of PDI would inhibit its ability 

to decrease SOD1 aggregation by disrupting PDI chaperone activity. To assess this 

possibility, we added the physiological NO donor S-nitrosocysteine (SNOC) to PDI prior to 

its addition to the filter trap assay. Under these conditions, SNOC significantly attenuated 

the ability of PDI to decrease the amount of filter-trapped mSOD1 (Fig. 3b).

PDI Colocalizes in Part with SOD1

PDI and SOD1 are known to be located in the ER and cytosol, respectively. In order to begin 

to decipher the mechanism whereby PDI decreases SOD1 aggregation, we transfected 

NSC-34 cells with GFP-labeled SOD1 and myc-tagged PDI constructs. Wild-type SOD1 

stained diffusely throughout the cell, consistent with its previously reported distribution in 

the cytosol, while mSOD1 appeared to be excluded from nucleus (Fig. 4a, b). The anti-

SOD1 antibody co-precipitated PDI, and the anti-PDI antibody co-precipitated SOD1 in 

NSC-34 cells transfected with wild-type SOD1 or m SOD1. Western blot analysis revealed 

that the SODI antibody co-precipitated PDI (Fig. 4c, upper panel), indicating a physical 

interaction between SOD1 and PDI in NSC-34 cells transfected with wild-type SOD1 or m 

SOD1 under our conditions. The reverse experiment was also performed to confirm the 

interaction observed binding between PDI and SOD1 in this system. Cell lysates from 

NSC-34 transfectants were immunoprecipitated using the PDI antibody (Fig. 4c, lower 

panel). In both cases, a band was observed (Fig. 4c, lower panel), consistent with the 

presence of a PDI-SOD1 association in NSC-34 cells transfected with wild-type SOD1 or m 

SOD1. We next investigated whether mSOD1 (G93A) would differentially increase cell 

death in HEK293A cells vs. NSC-34 cells. We found significantly greater cell death in 

mSOD1-transfected motor neuronal cell lines than in mSOD1-transfected HEK294A cell 

lines (Supplementary Figs. 3 and 4). Moreover, transfection with mSOD1 led to significantly 

increased cell death compared to transfection with wild-type SOD1 in NSC-34 cells 

(Supplementary Fig. 4). In contrast, transfection of HEK293A cells with wild-type SOD1 or 

mSOD1 did not induce cell death (Supplementary Fig. 3). These findings indicate that 

mSOD1 renders motor neurons more susceptible to death than other cell types.

Effect of PDI on Thapsigargin- and SNOC-Induced Cell Death

Thapsigargin increases calcium accumulation and cell apoptosis in NSC-34 cells [56]. 

Thapsigargin acts by inhibiting Ca2+-ATPase in the ER, thus blocking sequestration of 

calcium into the ER and causing an increase in the intracellular concentration of calcium. 

Thapsigargin also causes accumulation of unfolded or misfolded proteins, upregulation of 

GRP78, and activation of caspase-3-mediated apoptosis. Here, we found that 10 μM 

thapsigargin greatly increased cell death in NSC-34 cells after they were transfected with 

mSOD1 (G93A) (Fig. 5a). In contrast, transfection with PDI decreased thapsigargin-induced 

cell death as well as mSOD1 aggregation.
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To determine whether the NO-donor SNOC also triggers cell death in NSC-34 cells in an 

SOD1-dependent manner, we exposed cells to SNOC after transfection with either wild-type 

or mSOD1. The results showed that cells transfected with mSOD1 were more susceptible to 

cell death when exposed to SNOC, and this occurred in a dose-dependent manner with 200 

μM SNOC but not 100 μM leading to neuronal death (Supplementary Fig. 5). In contrast, 

even 200 μM SNOC did not induce death in cells transfected with wild-type SOD1.

Additionally in NSC-34 cells, SNOC abrogated the protective effect of PDI in the face of 

thapsigargin insult in the presence of mSOD1 (G93A) (Fig. 5b). Under similar conditions, 

we found that primary cerebrocortical neurons displayed similar results with regard to 

protection by PDI and reversal of this protective effect after exposure to SNOC (Fig. 6). 

These results are consistent with the notion that PDI could reduce mSOD1 aggregation and 

ER stress, and that NO donors could inhibit this effect of PDI.

SNOC-Induced S-Nitrosylation of PDI

Under our conditions, we found that 100 μM SNOC by itself did not have an effect on cell 

viability. However, 100 μM SNOC induced S-nitrosylation of PDI in SOD1 (G93A) mutant-

transfected neurons, and the degree of this S-nitrosylation was substantially greater after 

exposure to SNOC than to 10 μM thapsigargin by biotin switch assay (Fig. 7a, d). This result 

is consistent with the notion that exposure to 100 μM SNOC abolished the protective effect 

of PDI on thapsigargin-induced cell death via increased S-nitrosylation of PDI. We next 

investigated whether aberrant S-nitrosylation of PDI occurs in animal models and in human 

cases of ALS (Fig. 7b–d). Our group had previously shown that PDI can be S-nitrosylated 

during ER stress, which is involved in the pathogenesis of several neurodegenerative 

diseases [37]. We found increased levels of SNO–PDI in spinal cord samples from SOD1 

(G93A) mice and in human patients with sporadic ALS. Of note, 90–95% of sporadic ALS 

cases manifest a TDP-43 proteinopathy. Immunoblotting of input samples showed that total 

PDI was also increased in patients with ALS and transgenic SOD1 (G93A) mice, confirming 

previous observations. Importantly, however, the ratio of SNO–PDI to total PDI was 

increased in both the ALS mouse model and human cases of ALS. In fact, we found 

similarly increased ratios in our cell-based models, which led to cell death linked to the 

formation of SNO–PDI [37], suggesting that pathophysiologically relevant levels of SNO–

PDI were present in the mouse and human ALS spinal cord.

Discussion

PDI is a major component of ER stress pathway and catalyzes the formation and dissolution 

of disulfide bonds, thereby facilitating correct disulfide bond formation [25–28, 57]. In 

addition, PDI acts as a molecular chaperone, assisting in the folding of polypeptides [25–28, 

57]. In the present study, we determined that PDI attenuates aggregation of mSOD1 

misfolded proteins as well as motor neuron cell death associated with ER stress. Recently, 

PDI has been implicated in the pathophysiology of ALS and appears to be particularly 

correlated with SOD1 misfolding [58–60]. Recent studies have also shown that inhibition of 

PDI activity can increase aggregation of mSOD1 in neuronal cells, whereas overexpression 

of PDI decreases mSOD1 aggregation and mSOD1-induced neuronal cell death [25–28]. 

Jeon et al. Page 10

Mol Neurobiol. Author manuscript; available in PMC 2018 May 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Taken together, these findings suggest that ER stress may contribute to the pathophysiology 

of ALS and that increased PDI activity may reduce mSOD1 aggregation and promote 

neuronal survival. Moreover, increased levels of S-nitrosylated PDI have also been reported 

in human ALS, suggesting that SNO–PDI may contribute to the pathogenesis of ALS [20, 

37, 43–46, 61]. However, it has remained uncertain whether SNO–PDI is involved in protein 

aggregation and motor neuron injury in sporadic ALS in the absence of SOD1 mutation.

The major finding of the present study concerns the effect of PDI on mSOD1 aggregation in 

ALS. We show that PDI may serve an important role in decreasing mSOD1 aggregation and 

SOD1-mediated neurodegeneration. Furthermore, S-nitro-sylation of PDI correlates with a 

diminished beneficial effect, consistent with the known ability of S-nitrosylation to inhibit 

PDI activity [37]. Since we also show that SNO–PDI is present in sporadic cases of human 

ALS, S-nitrosylation may play a pathogenic role in the disease. As mentioned above, 90–

95 % of sporadic ALS cases display abnormal aggregates of TDP-43. A recent report 

showed that PDI colocalized with TDP-43 and SOD1 in neuronal cytoplasmic inclusions in 

patients with sporadic ALS. This report went on to suggest that NO inhibited PDI and led to 

the accumulation of unfolded proteins in ALS [62], as we had previously reported in other 

neurodegenerative conditions [37]. Our new results with PDI transfection suggest that PDI 

attenuates the formation of SOD1 aggregates in HEK293A cells and in NSC-34 motor 

neuron cells. Collectively, these findings point to the potential importance of SOD1–PDI 

interactions in preventing mSOD1 aggregation, and hence, upregulation of PDI may have 

therapeutic implications. Since recent reports suggest that SNO–PDI disrupts normal protein 

folding in various neurodegenerative diseases [37], it is likely that formation of SNO–PDI 

may also contribute to the pathogenesis of ALS.

Our study also shows that SNO–PDI may be a pathological hallmark and possible biomarker 

for ALS because of the presence of an increased ratio of SNO–PDI to total PDI in the 

central nervous system of ALS patients. Furthermore, our work is consistent with the notion 

that increased SNO–PDI leads to incorrect disulfide cross-linking of the immature, 

misfolded mSOD1 proteins, which may contribute to their aggregation. Hence, PDI may 

have potential as a novel therapeutic agent in ALS, either by further upregulating the levels 

of total PDI or by denitrosylating existing PDI in order to defend against protein misfolding 

and motor neuron apoptotic cell death.

Nevertheless, several issues remain for further study. While PDI may exert a protective 

action in mSOD1 models of ALS, as yet the mechanistic relationship between PDI and 

mSOD1 in alleviating ER stress remains unclear. Interestingly, overexpression of either 

wild-type or mutant PDI decreased the quantity of aggregated (filter-trapped) mSOD1 (Fig. 

3). These findings suggest that NO-induced aggregation of SOD1 (G93A) is dependent on 

PDI chaperone activity but not isomerase activity since the nonnitrosylatable mutant PDI 

blocked aggregation to approximately the same degree as wild-type PDI [54].

In summary, we used a novel strategy to explore a potential therapeutic role for PDI in 

suppressing mSOD1-induced neuronal degeneration in models of ALS. Our findings suggest 

that the presence of increased PDI, as found in motor neurons of SOD1 (G93A) transgenic 

mice and patients with ALS, may represent a cellular defense against misfolding of mSOD1 
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and possibly other proteins, and their subsequent aggregation. Moreover, our results 

demonstrate that S-nitrosylation, and thus presumed inhibition, of PDI is a feature of both 

mSOD1-linked and sporadic forms of ALS.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
PDI decreases SOD1 monomers as well as multimers. a Lysates from HEK293A cells 

transfected with SOD1 and PDI were examined by Western blotting under nonreducing 

conditions. b, c PDI decreased the relative level of mSOD1 (G93A) protein (shown on Y-

axis), and the decrease was observed for both monomers (b) and multimers (c). However, 

the PDI-induced decrease in SOD1 levels was accentuated for SOD1 monomers of both the 

wild-type and mutant (SOD1: WT wild-type, G93A G93A mutant, Moc mock-transfected). 

Values are mean + SEM, n =4; *P <0.01, **P <0.001
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Fig. 2. 
Overexpression of PDI decreases SOD1 monomers as well as multimers. a, b HEK293A 

cells were transfected with SOD1 and wild-type (WT) PDI or mutant (MT) PDI, and the 

change in SOD1 protein was examined by immunoblotting under nonreducing (a) and 

reducing (b) conditions. In mutant PDI, the four cysteine residues were mutated to serine 

(C36S, C39S, C383S, and C386S). Expression of PDI decreased total SOD1 protein. c 
Media of NSC-34 cells expressing SOD1 and/or PDI was monitored for secreted SOD1. 

SOD1 in the media was seen in the multimer form and was not significantly different in 

regardless of the presence of PDI. Values are mean + SEM, n =4; *P <0.01, **P <0.001
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Fig. 3. 
Filter trap assay. a Overexpression of PDI or mutant PDI decreased the quantity of mSOD1 

accumulating on the filter. b SNOC significantly attenuated the ability of PDI to decrease 

filter-trapped SOD1. Quantification from n =4 experiments shown below sample filter sets. 

Values are mean + SEM; *P <0.01
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Fig. 4. 
Co-localization of overexpressed wild-type SOD1, SOD1 (G93A) mutant, and PDI in 

NSC-34 cells. Cells receiving the PDI construct were stained immunocytochemically 48 h 

after transfection. Images of wild-type SOD1 (green), SOD1 (G93A) mutant (green), and 

PDI (red) and merge were monitored under confocal microscopy. Wild-type SOD1 stained 

diffusely inside of cells, consistent with its previously reported cytosolic distribution (a), 

while mSOD1 did not stain the nucleus, indicating its nuclear-sparing pattern of distribution 

(b). Wild-type and m SOD1 coprecipitate with PDI and induce PDI expression in NSC-34 

cells. The anti-SOD1 antibody coprecipitated PDI, and the anti-PDI antibody coprecipitated 

SOD1 in NSC-34 cells transfected with wild-type SOD1 or m SOD1. SOD1 thus interacts 

with PDI in NSC-34 cells transfected with wild-type SOD1 or m SOD1 (c)
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Fig. 5. 
Influence of overexpression of PDI on thapsigargin-induced cell death of mSOD1 (G93A)-

transfected NSC-34 cells. a Transfection with PDI reduced cell death in the presence of 

thapsigargin in mSOD1 (G93A)-transfected NSC-34 cells. In contrast, SNOC prevented the 

beneficial effect of PDI. b Cell viability monitored by CCK-8 assay kit. Treatments: G93A 

or G, mSOD1 (G93A). T thapsigargin, S SNOC, P PDI. Values are mean + SEM, n =4 for 

each group; *P <0.01, **P < 0.001
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Fig. 6. 
NO donor prevents PDI-mediated protection of primary neuronal cells from thapsigargin 

insult after transfection with mSOD1 (G93A). mSOD1 (G93A) (green), NeuN (red), and 

merged images were monitored under confocal microscopy. Hoechst stain shows nuclei 

(blue). Expression of PDI significantly decreased apoptotic cell death in rat primary cortical 

neurons induced by thapsigargin, whereas SNOC significantly prevented this beneficial 

effect of PDI. Treatments: G93A or G, mSOD1 (G93A). T thapsigargin, S SNOC, P PDI. 

Values are mean + SEM, n =4. *P <0.01, **P < 0.001
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Fig 7. 
S-Nitrosylation of PDI (forming SNO–PDI) in vitro and in vivo. Biotin switch shows SNO–

PDI and standard immunoblot, total PDI. a Levels of total PDI and SNO–PDI increased in 

mSOD1 (G93A)-transfected NSC-34 cells in the presence of thapsigargin or SNOC. b, c 
SNO–PDI was found in the spinal cords of SOD1 (G93A) mice and human patients with 

sporadic ALS but not in normal controls by biotin switch assay. Immunoblotting of input 

samples showed that total PDI was also increased in transgenic mSOD1 (G93A) mice (b) 

and ALS patients (c). d Increased ratio of SNO–PDI (by biotin switch) to total PDI (by 

immunoblot) in the in vitro conditions shown in (a), in mSOD1 (G93A) mice, and in 

sporadic ALS patient spinal cord. Values are mean + SEM, n =4, n =2 (normal control). *P 
<0.01, **P <0.001
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