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Abnormal modifications to mutant superoxide dismutase 1 (SOD1)
are linked to familial amyotrophic lateral sclerosis (fALS). Misfold-
ing of wild-type SOD1 (SOD1"") is also observed in postmortem
tissue of a subset of sporadic ALS (sALS) cases, but cellular and
molecular mechanisms generating abnormal SOD1"T species are
unknown. We analyzed aberrant human SOD1"" species over the
lifetime of transgenic mice and found the accumulation of disulfide-
cross-linked high-molecular-weight SOD1"" aggregates during ag-
ing. Subcellular fractionation of spinal cord tissue and protein over-
expression in NSC-34 motoneuron-like cells revealed that endoplasmic
reticulum (ER) localization favors oxidation and disulfide-dependent
aggregation of SOD1"". We established a pharmacological paradigm
of chronic ER stress in vivo, which recapitulated SOD1"“"aggregation
in young transgenic mice. These species were soluble in nondenaturing
detergents and did not react with a SOD1 conformation-specific
antibody. Interestingly, SOD1"T aggregation under ER stress corre-
lated with astrocyte activation in the spinal cord of transgenic mice.
Finally, the disulfide—cross-linked SOD1"" species were also found
augmented in spinal cord tissue of sALS patients, correlating with
the presence of ER stress markers. Overall, this study suggests that
ER stress increases the susceptibility of SOD1"" to aggregate during
aging, operating as a possible risk factor for developing ALS.
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myotrophic lateral sclerosis (ALS) is characterized by se-
lective degeneration of motoneurons from cerebral cortex,
brainstem, and spinal cord leading to muscle weakness, atrophy,
paralysis, and premature death (1, 2). Most ALS cases are consid-
ered sporadic (SALS), while 10% are familial (fALS), involving
mutations in superoxide dismutase 1 (SOD1), transactive response
DNA binding protein 43 (TARDBP or TDP-43), fused in sarcoma/
translocated in sarcoma (FUS/TLS), and the hexanucleotide repeat
expansions in C9ORF72 as the most common alterations (1-3).
More than 150 mutations in SOD1 have been linked to ALS,
with varying degrees of aggressiveness and aggregation propen-
sity (4). SOD1 folding depends on complex posttranslational
modifications, including the insertion of zinc and copper ions and
intramolecular disulfide-bond formation, followed by homodimeri-
zation (4). Biochemical studies have shown that fALS-linked mu-
tations destabilize SOD1 polypeptide, preventing its posttranslational
processing with resultant accumulation of aggregation-prone species
(5). Mutant SOD1 toxicity may be the result of disturbed cellular
homeostasis at many levels, such as axonal transport, the cytoskele-
ton, mitochondrial function, and the secretory pathway, in addition to
cell-nonautonomous mechanisms marked by the abnormal activation
of microglia and astrocytes (6, 7).
Several studies have reported the presence of abnormal
SOD1™T species in postmortem SALS tissue using conformation-
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specific antibodies that recognize misfolded forms of the protein,
possibly corresponding to small and diffusible oligomeric species
that do not accumulate into high-molecular-weight (HMW) ag-
gregates (8-10). Misfolded SOD1™" can exhibit toxic properties by
impairing axonal transport, inhibiting endoplasmic reticulum (ER)-
associated degradation, and self-propagating its misfolding in a
prion-like fashion (9-12). At the molecular level, altered post-
translational maturation of SOD1™" can trigger its misfolding and
aggregation (9, 13, 14). Interestingly, coexpression of human
SOD1™" together with fALS-linked SOD1 mutants aggravates dis-
ease severity in ALS mouse models, and homozygous SOD1%VT
transgenic mice develop late-onset motor disease (15, 16). Despite
representing an attractive hypothesis of convergent disease mecha-
nisms of SALS and fALS, the overall relevance of SOD1%T to sALS
has been questioned because of low frequency or lack of staining
with conformation-specific antibodies in some studies (17, 18).
Altered proteostasis is a common pathogenic hallmark of both
SALS and many different forms of fALS (19). One of the main
nodes of the proteostasis network affected in ALS is the ER (20),
the major subcellular compartment involved in protein folding and
quality control mechanisms. ER stress triggers an adaptive reaction
known as the unfolded protein response (UPR) to restore
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proteostasis by attenuating protein translation and reprogram-
ming gene expression to up-regulate ER foldases, chaperones,
and the protein degradation machinery (21). However, high
levels of chronic ER stress result in apoptosis (22). In the context
of mutant SOD1, ER stress is proposed as a key factor de-
termining selective neuronal vulnerability (23). Strategies to at-
tenuate ER stress levels have been shown to delay experimental
ALS (24). SOD1 is predominantly cytosolic, and although it does
not have an ER-localization signal peptide, a small fraction of
the protein is released to the extracellular space through the
classical secretory pathway (25, 26). Here we investigated the
relationship between ER stress, SOD1"" misfolding, and aging.
Our results support a pathogenic role of ER stress in sALS by
inducing abnormal SOD1VT aggregation at the ER during aging.

Results

Disulfide-Cross-Linked SOD1"'" Aggregates Accumulate During Aging.
The buffering capacity of the proteostasis network decreases
during aging (27); we reasoned that this may increase the accu-
mulation of misfolded SOD1 species. We performed analysis of
SOD1WT aggregates with different approaches in young (4-mo),
middle-e%ged (8-mo), and old (16-mo) heterozygous human
SOD1W" transgenic mice (see schema in SI Appendix, Fig. S14).
As a positive control for the methods, we analyzed SOD19%#
transgenic mice (SI Appendix, Fig. S1 B-D). Using the filter-tﬂ%e
assay, we observed a progressive accumulation of HMW SOD1

aggregates, starting at 4 mo of age, with further increase in older
mice (Fig. 14). We also assessed the possible involvement of
disulfide bonds in human SOD1™" protein aggregation by treating

samples with the thiol-reducing agent DTT. Disulfide-independent
SODIWT aggregates were barely detectable in younger mice, with
strong accumulation at 16 mo of age only (Fig. 14).

We then monitored detergent-insoluble SOD1WT aggregates
by centrifugal sedimentation (SI Appendix, Fig. S1C), which orv{%
showed a significant increase in aged mice (Fig. 1B). Since SOD1
oxidation had been implicated in SALS and may contribute to its
misfolding (13, 28), we measured protein carbonylation in SOD1W*
transgenic mice. The identification of carbonylated SOD1WT could
be easily inferred by comparison of band pattern in transgenic mice
and nontransgenic littermates (Fig. 1C). Carbonylated SOD1%T
was significantly accumulated in older animals, whereas the overall
pattern of protein oxidation did not change across ages (Fig. 1C).

Next, we focused on detecting misfolded soluble SOD1%T
species using conformation-specific antibodies that were gener-
ated using the SOD1°%** antigen but recognize modified
SOD1W™T species (9, 29). The monoclonal antibody BSH10 was
employed since it yielded satisfactory immunoprecipitation of
SOD1 (SI Appendix, Fig. S1D). We consistently detected BSH10-
positive SOD1WT in transgenic mice at the three ages analyzed,
with variable amounts between animals (Fig. 1D). Contrary to
the trend observed for other species, BSH10-positive SODIVT
was reduced with aging (Fig. 1D). Overall, disulfide-dependent
SODIWT aggregates accumulate earlier in the aging process
relative to other SOD1W7 species (see summary in Fig. 1E).

Accumulation of HMW SOD1"" Aggregates in Microsomal Fractions
During Aging. To define the distribution of disulfide—cross-linked
SOD1™" species during aging, we performed subcellular fractionation
of spinal cord tissue of animals at different ages using differential
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Fig. 1. Misfolding and aggregation of SOD1"T during aging. The spinal cord of SOD1"'-Tg mice was analyzed at the indicated ages. (A) Filter-trap assay under
nonreducing (-DTT) and reducing (+DTT) conditions. B-Actin was employed as loading control. (B) Western blot analysis of nonionic detergent (Nonidet P-40)-insoluble
SOD1 aggregates isolated by centrifugal sedimentation. TDP-43 was used as loading control. (C) Western blot analysis of carbonylated (oxidized) proteins. SOD1 was
employed as loading control. The arrow indicates oxidized SOD1V". (D) Western blot analysis of SOD1 immunoprecipitation (IP) with B8H10 conformation-specific
antibody. SOD1 in the input was used as loading control. A 16-mo-old non-Tg littermate was used in A-C as control for background (lane labeled “C"). A symptomatic
SOD19%3A-Tg mouse was used in D as positive control (lane labeled C). Statistical analysis (A-D) was performed using one-way ANOVA with Tukey’s multiple com-
parison test. Mean + SE is shown; P values are as follows: n.s., not significant, P > 0.05; *P < 0.05; **P < 0.01; ****P < 0.0001. n = 4 or 5 per group. (E) Fold-change plot
for accumulation of the distinct abnormal SOD1"T species during aging. (F) Filter-trap assay of spinal cord subcellular fractions of SOD1"™-Tg mice at different ages.
SOD1 was employed as loading control. (G) NSC-34 cells were transiently transfected for overexpression of SOD1V-EGFP or ER-SOD1VT-EGFP and treated with
tunicamycin (Tm; 1 pg/mL). Filter-trap and Western blot analyses were performed under nonreducing and reducing conditions after 18 h of Tm treatment. Arrows
indicate reduced (SHSH) or oxidized (5S) SOD1"T monomer. (H) NSC-34 cells were transiently transfected for coexpression of SOD1"'-EGFP or ER-SOD1"V™-EGFP and
the indicated PDI family member. Filter-trap and Western blot analyses were performed 48 h after transfection.
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centrifugation. Filter-trap analysis of total extracts confirmed our
previous finding indicating that disulfide-dependent SOD1W"
aggregates accumulate progressively during the lifetime, while
disulfide-independent species are increased in aged animals (Fig. 1F).
Nucleus- and mitochondria-enriched fractions contained most of the
SOD1WT aggregates, with disulfide-dependent and -independent
aggregates increasing with aging (Fig. 1F). On the other hand,
microsomal (ER-enriched) fractions predominantly accumu-
lated disulfide—cross-linked SOD1™T aggregates in older mice,
with negligible levels of DTT-insensitive species VsFig. 1F). This
result indicates that disulfide-dependent SOD1™ " aggregation
is favored at the ER.

We investigated whether directing expression of human
SOD1™7 to the ER lumen influences protein aggregation. Thus, we
transiently expressed in NSC-34 cells a previously described
SODIWT fused to EGFP that is targeted to the ER lumen (ER-
SOD1WY) (SI Appendix, Fig. S24) (26). Remarkably, expres-
sion of ER-SODI™" led to a dramatic accumulation of HMW
aggregates that were sensitive to DTT treatment as detected using
filter-trap and Western blot analysis (Fig. 1G). The stimulation of
ER stress with tunicamycin (Tm) in vitro triggered a slight increase
in these species (Fig. 1G). Disulfide bonds at the ER are catalyzed
by a family of protein disulfide isomerase (PDI) (30). We tested
the effects of coexpressing major PDIs with ER-SOD1WT, The
overexpression of PDI or ERp72 significantly reduced the disulfide-
dependent HMW aggregates (Fig. 1H and SI Appendix, Fig. S2B),
indicating that altered redox folding drives SOD1"™" aggregation in

the ER. Taken together, these results suggest that ER localization
of SOD1WT favors protein aggregation in a specific manner.

ER Stress Leads to Disulfide-Dependent Aggregation of SOD1"". ER
stress is a salient feature of sALS, and has been proposed as a
major pathological reaction in various experimental models of
the disease (20). We first monitored expression levels of the ER
stress-inducible genes XbpIs, Bip, and Edem] in the spinal cord
of SOD1WT transgenic mice and littermate controls and observed
a significant increase in both groups at 16 mo of age (Fig. 24 and
SI Appendix, Fig. S34). The induction of Edem1 levels with aging
was even higher in SOD1WT transgenic mice, possibly reflecting
disturbed ER function (Fig. 24). We then investigated whether
ER stress could trigger SOD1VT misfolding and aggregation using
a pharmacological paradigm based on the injection of tunicamycin
leading to activation of the UPR in the nervous system (Fig. 2 B
and C and SI Appendix, Results and Fig. S3 B-F).

We compared the possible effects of chronic and acute ER
stress on SOD1WT aggregation. Filter-trap analysis revealed that
mice exposed to chronic ER stress presented accumulation of
disulfide—cross-linked SOD1WT aggregates in spinal cord tissue at
4 mo of age (Fig. 2D). This effect was not observed in animals
treated with an acute regimen of tunicamycin (Fig. 2D). Un-
expectedly, neither detergent-insoluble species nor BSH10-positive
SOD1WT showed significant changes under chronic or acute ER
stress (SI Appendix, Fig. S3 G and H). Chronic ER stress also fur-
ther increased the accumulation of disulfide-dependent SOD1W*
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Fig. 2. Disulfide-cross-linked SOD1"T aggregates in transgenic mice under ER stress and in sALS patients. (A) mRNA levels of the ER stress marker Edem1
were analyzed by quantitative PCR in the spinal cord of SOD1"T-Tg mice and non-Tg littermates at different ages (n = 3 to 6 per group). (B) Schematic view of
the protocol for induction of chronic and acute ER stress in vivo. In the chronic paradigm, mice were treated with a total of 16 low doses of tunicamycin (Tm).
In the acute protocol, mice received a single high-dose injection of Tm. (C) mRNA levels of the ER stress markers Xbp7s and Erp57 were analyzed by
quantitative PCR in the spinal cord of SOD1"-Tg mice submitted to Tm treatments. (D) Filter-trap assay of total spinal cord extracts of hSOD1"'-Tg mice
described in C under nonreducing (-DTT) and reducing (+DTT) conditions for detection of HMW SOD1 and polyubiquitinated aggregates. Duplicated
membranes were employed in this analysis. B-Actin was employed as loading control. Statistical analysis was performed using two-way ANOVA (A) or one-way
ANOVA (C and D) with Tukey’s multiple comparison test. Mean + SE is shown; P values are as follows: n.s., P> 0.05; *P < 0.05; **P < 0.01; ****P <0.0001.n=3
to 6 per group. Frozen postmortem spinal cord tissue of SALS patients and controls (S/ Appendix, Table S1) was processed for biochemical analysis. (E) Western blot
analysis of SOD1 and ER chaperone levels in lumbar spinal cord of sALS cases and controls. a-Tubulin was employed as loading control. CNX, calnexin. (F) Filter-trap
assay of total spinal cord extracts of sALS cases and controls under nonreducing (-DTT) and reducing (+DTT) conditions for detection of HMW SOD1 aggregates.
B-Actin was employed as loading control. (Left) Lumbar, (Middle) thoracic, and (Right) cervical spinal cord segments. Statistical analysis was performed using
Student’s t test. Mean =+ SE is shown; P values are as follows: n.s., P > 0.05; *P < 0.05; **P < 0.01. n = 6 or 7 per group.
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aggregates in animals at 16 mo of age (SI Appendix, Fig. S4). Fur-
thermore, the treatment of the NSC-34 cells with tunicamycin in-
duced aggregation of endogenous SOD1 (SI Appendix, Fig. S5),
reinforcing the significance of our findings in the transgenic
model. Thus, our pharmacological paradigm for chronic ER
stress in vivo was able to accelerate the appearance of a bio-
chemical fingerprint of SOD1%" aggregation that spontaneously
occurs during aging.

Increased Levels of Disulfide-Cross-Linked SOD1"" Aggregates in
sALS Tissue. We then addressed the possible association of disulfide—
cross-linked SOD1WT aggregates with sALS by investigating post-
mortem samples. We analyzed lumbar spinal cord tissue of six control
subjects and seven sALS patients, in addition to two control and
seven SALS samples of thoracic and two control and six SALS sam-
ples of cervical segments as available (see the clinical and histo-
pathological data of patients in S/ Appendix, Table S1). We confirmed
the occurrence of ER stress in human sALS tissue, reflected in sig-
nificant up-regulation of calnexin and ERp72, using Western blot
(Fig. 2E). Total SOD1 levels were not altered. We performed filter-
trap assay to assess the possible accumulation of SOD1%VT e%%%regated
species. Remarkably, disulfide-dependent HMW SODI1™" aggre-
gates were significantly augmented in the lumbar spinal cord of
patients (4 positive/7 total) compared with control (0 positive/6 total)
subjects (Fig. 2F). In addition, a trend to an increase of these
SOD1™T species was also observed in thoracic (5 positive/7 total) and
cervical (3 positive/6 total) segments of the spinal cord of SALS cases,
with no relevant accumulation found in the two control sam-
ples for each region gig. 2F). These results suggest that HMW
aggregates of SOD1WT are present in SALS spinal cord tissue
and correlate with the up-regulation of ER stress-responsive
chaperones.

Selective Activation of Astrocytes in SOD1"" Transgenic Mice Under
ER Stress. To explore the possible occurrence of pathological
changes induced by chronic ER stress in the context of human
SODIWT overexpression, we investigated lumbar spinal cord
alterations using histological methods. We performed immuno-
histochemical analysis with choline acetyltransferase (ChAT)
antibody to quantify motoneuron number. This analysis did not
reveal any evident neuronal loss in mice submitted to ER stress
(Fig. 34). We then evaluated glial responses by monitoring the
activation of microglia and astrocytes using immunofluores-
cence. Remarkably, we observed selective and marked activation
of astrocytes in the spinal cord ventral horn of SOD1™" trans-
genic mice under ER stress (Fig. 3B). Nontransgenic animals did
not show any activation of astrocytes under the same conditions
(Fig. 3B). In contrast, ER stress did not induce the differential
activation of microglia in any experimental group _SFig. 3C).
These results suggest a correlation between SOD1" " aggrega-
tion and abnormal astrocyte activation under ER stress.

Tryptophan-32 Oxidation Enhances SOD1"" Aggregation at the ER. To
gain insights about the molecular alterations that could con-
tribute to SOD1WVT aggregation durin%VER stress, we first mea-
sured protein carbonylation of SOD1V" since it can trigger its
misfolding and aggregation in vitro (9, 13). Nonetheless, both
chronic and acute ER stress caused an increment of carbony-
lated SOD1WVT (Fig. 44). Total levels of carbonylation did not
change with overexpression of human SOD1%" (Fig. 44).

Next, we focused on identifying specific SOD1™T posttranslational
modifications that could potentially impart aggregation-prone motifs
to the protein. We purified SOD1"" using immunoprecipitation of
subcellular fractions of spinal cord tissue under basal and chronic ER
stress conditions, followed by enzymatic digestion and mass spec-
trometry analysis. Screening for modifications in key residues pre-
viously known to be involved in SOD1WT misfolding and aggregation
(31) revealed higher levels of oxidized tryptophan 32 (W32) in
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Fig. 3. Histopathological alterations in SOD1"" transgenic mice exposed to ER
stress. SOD1"/"-Tg mice and non-Tg littermates were submitted to chronic tunica-
mycin or vehicle treatment and histopathological analysis was performed in lumbar
spinal cord. (A) Representative images of ChAT staining for visualization of mo-
toneurons in the spinal cord ventral horn. Graphs show quantification of moto-
neuron number in 200-um-spaced serial sections spanning from L2 to L5 lumbar
spinal cord. (B) Representative images of GFAP staining for detection of astrocytes.
Graphs show the relative mean of gray matter area covered by astrocytes as
quantified in four 800-um-spaced serial sections spanning from L2 to L5 lumbar
spinal cord. (C) Representative images of Iba1 staining for detection of microglia.
Graphs show the relative mean of gray matter area covered by microglia as
quantified in four 800-um-spaced serial sections spanning from L2 to L5 lumbar
spinal cord. (Scale bars, 200 pm.) Statistical analysis was performed using two-way
ANOVA with Tukey’s multiple comparison test. Mean =+ SE is shown; P values are as
follows: n.s., P> 0.05; ***P < 0.001; ****P < 0.0001. n = 6 to 11 per group.

SOD1WT purified from microsomal fractions (Fig. 4 B and C and
SI Appendix, Fig. S6). Upon ER stress, increased W32 oxidation
was also detected in cytosolic and mitochondrial pools of the
protein (Fig. 4 B and C).

To understand the impact of W32 oxidation on SOD1™T aggre-
gation, we performed site-directed mutagenesis to substitute W32 for
phenylalanine (W32F), an amino acid with aromatic properties but
resistant to oxidative modifications. Using overexpression of
SODI™" and ER-targeted SODI™" in NSC-34 cells, we de-
termined that W32F substitution significantly diminishes total
protein levels and the formation of HMW disulfide-dependent
SOD1W™T aggregates in the ER (Fig. 4D). These results suggest
that the ER environment significantly contributes to abnormal
posttranslational modification of SOD1WT and its aggregation.

Discussion

A pathogenic role of SOD1WT has been inferred from the de-
tection of misfolded forms of the protein in postmortem tissue of
SALS patients (12). The current evidence supporting SOD1V"
misfolding in SALS is mainly based on immunohistochemical
staining of paraffin-embedded formalin-fixed spinal cord tissue
of patients using conformation-specific antibodies (8-10). This
approach is inherently difficult since misfolded SOD1 reactive
toward conformation-specific antibodies is mainly constituted by
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Fig. 4. Posttranslational modification and aggregation of SOD1"" in the
ER. (A) Western blot analysis of carbonylated (oxidized) proteins in total
extracts of SOD1"'-Tg mice and non-Tg littermates submitted to tunica-
mycin treatments as indicated. The arrow points to oxidized SOD1"". Pon-
ceau S staining was employed as loading control. Statistical analysis was
performed using two-way ANOVA (Upper) or one-way ANOVA (Lower) with
Tukey’s multiple comparison test. Mean + SE is shown; P values are as fol-
lows: n.s., P > 0.05; *P < 0.05. n = 3 to 5 per group. (B and C) Mass spec-
trometry analysis of posttranslational modifications of SOD1"7 isolated from
spinal cord subcellular fractions of SOD1"-Tg mice submitted to chronic Tm
treatment. Seven animals were pooled in each sample. (B) Liquid chro-
matograms of a double-charged precursor ion with m/z = 353.20. Arrows
indicate the peptide with oxidized tryptophan 32 [VW(O)GSIK]. Chromato-
grams were aligned to facilitate visualization. (C) Quantification of the per-
centage of SOD1 containing oxidized W32. (D) NSC-34 cells were transiently
transfected for overexpression of SOD1VT-EGFP, SOD1"3*#_EGFP, ER-SOD1"T-
EGFP, or ER-SOD1V3?-EGFP. Filter-trap and Western blot analyses under non-
reducing (-DTT) and reducing (+DTT) conditions were performed 48 h after
transfection. Arrows indicate reduced (SHSH) or oxidized (5S) SOD 1T monomer.
The graph shows the ratio of SOD1%3%f to SOD1"" total protein levels. Statistical
analysis was performed using Student’s t test. Mean + SE is shown; P values are
as follows: n.s., P > 0.05; **P < 0.01. n = 3. (E) Schematic model for SOD1"T
aggregation in the ER. Dashed arrows indicate unidentified pathways.

soluble species (9, 32), yielding a diffuse staining pattern in sALS
tissue V(\?, 9). Some studies have challenged the participation of
SOD1WT in SALS pathogenesis based on the lack of staining with
conformationally sensitive antibodies (18, 32, 33). These reports
showed that antigen-retrieval treatments can enhance staining of
SOD1™T and mutant SOD1 with diverse conformation-specific
antibodies and detect protein inclusions in SOD1-positive fALS,
but not SALS, cases (18, 32, 33). However, the staining pattern of
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mutant SOD1 in patient samples may actually reflect the high
protein concentration in SOD1-positive inclusions and should not
be used as a main argument to rule out SOD1V" involvement in
SsALS. As an alternative approach, immunoprecipitation with
conformationally sensitive antibodies has been used to detect
misfolded SOD1%T in frozen sALS tissue, resulting in divergent
conclusions (10, 18). Although misfolded and oxidized SOD1%T
species have been shown to have adverse consequences to moto-
neurons (9, 10, 28), their detection in SALS is not ubiquitous and
may depend on the antibody employed and patient cohort (8-10,
17, 18). Moreover, there is scarce knowledge about the mecha-
nisms contributing to SOD1™T misfolding and aggregation in vivo.

To tackle this question, we employed transgenic mice over-
expressing human SOD1VT to investigate whether normal aging
and ER stress could contribute to SOD1WV" aggregation and the
appearance of disease features. Remarkably, we discovered that
disulfide—cross-linked SOD1™T aggregates accumulate in middle-
aged mice whereas other aberrant SOD1%T forms are detected only
late, in aged animals. Subcellular fractionation of spinal cord
showed that microsomes exclusively accumulate disulfide-dependent
SOD1W™T aggregates with aging. Moreover, the ER-targeted over-
expression of SOD1WT greatly favored protein aggregation through
disulfide cross-links, which is significantly inhibited by enforcing PDI
expression. Together, these data indicate that ER localization favors
SOD1™T aggregation due to altered redox folding. ER stress is an
early and transversal pathogenic mechanism in ALS that may ex-
plain the differential neuronal vulnerability (23). In this context, we
investigated the relationship between ER stress and SOD1WT
misfolding and aggregation in vivo. Here we identified the selective
accumulation of HMW disulfide—cross-linked SOD1%" aggregates
as the molecular signature of chronic ER stress in vivo. Thus, we
reason that normal aging and chronic ER stress possibly share mo-
lecular mechanisms causing SOD1WT aggregation in the ER (Fig.
4E). Similarly, we recently reported the presence of HMW disulfide—
cross-linked aggregates of mutant TDP-43 in transgenic mice (34).

The identification of SOD1™" aggregates in mice undergoing
ER stress may be of relevance for sALS, since we were able to
detect a significant increase in the levels of these SOD1WT
species in a subset of SALS patients (4 positive/7 total) accom-
panied by altered levels of ER chaperones. Moreover, disulfide—
cross-linked SOD1 aggregation is a salient feature of mutant
SOD1 ALS mouse models that sharply increases with disease
progression and severity (3/5—38). It remains to be determined if
the occurrence of SOD1WT misfolding triggered by ER stress
enhances its spreading through the nervous system. Although the
induction of ER stress in human SOD1%" transgenic mice was
not sufficient to trigger motoneuron loss in the time frame of the
study, it caused a selective activation of astrocytes in these ani-
mals. Since astrocyte activation is a relevant factor contributing
to ALS pathogenesis (1), our observations suggest that the in-
terplay between ER stress and SOD1V" aggregation may influ-
ence cell-nonautonomous pathogenic mechanisms.

The analysis of posttranslational modifications of SOD
identified microsomal SOD1™" containing oxidized W32, in-
dicating that the ER environment contributes to generation of
aggregation-prone forms of the protein. The pattern of
W32-oxidized SOD1WT distribution under ER stress reveals a
complex scenario where SOD1W" may leak from the ER into
mitochondria and cytosol, likely propagating protein aggregation
in the intracellular milieu. This hypothesis remains to be ex-
plored. However, ER permeabilization under ER stress has been
described to mediate the release of intraluminal components
into the cytosol (39). Our results suggest that SOD1 trafficking
through the ER is susceptible to W32 oxidation, facilitating
disulfide-dependent protein aggregation (Fig. 4F). Importantly,
W32 oxidation has also been associated with mutant SOD1
toxicity (40). Overall, this study uncovered an unexpected link
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between ER stress and SOD1W" aggregation with implications
for understanding sALS pathogenesis.

Materials and Methods

Human Samples. Frozen postmortem spinal cord tissue from sALS patients and
control subjects was obtained from the Alzheimer Disease Research Center at
Massachusetts General Hospital and the R.H.B. laboratory at the Department
of Neurology of University of Massachusetts Medical School under an ap-
proved institutional review board protocol (FWA 00004009). Written in-
formed consent was obtained from all donors before tissue collection. The
analysis of the human samples was also authorized by the Ethics Committee
of the Faculty of Medicine of the University of Chile.

Animals. The experimental procedures using animals were approved by the
Institutional Review Board for Animal Care of the Faculty of Medicine of the
University of Chile (protocol 0503). The human SOD1"'-Tg (transgenic) and
SOD1%93A.Tg mouse lines were purchased from The Jackson Laboratory and
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