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Abstract
Mutations in superoxide dismutase-1 (SOD1) are a common known cause of amyotrophic

lateral sclerosis (ALS). The neurotoxicity of mutant SOD1s is most likely caused by mis-

folded molecular species, but disease pathogenesis is still not understood. Proposed mech-

anisms include impaired mitochondrial function, induction of endoplasmic reticulum stress,

reduction in the activities of the proteasome and autophagy, and the formation of neurotoxic

aggregates. Here we examined whether perturbations in these cellular pathways in turn

influence levels of misfolded SOD1 species, potentially amplifying neurotoxicity. For the

study we used fibroblasts, which express SOD1 at physiological levels under regulation of

the native promoter. The cells were derived from ALS patients expressing 9 different SOD1
mutants of widely variable molecular characteristics, as well as from patients carrying the

GGGGCC-repeat-expansion in C9orf72 and from non-disease controls. A specific ELISA

was used to quantify soluble, misfolded SOD1, and aggregated SOD1 was analysed by

western blotting. Misfolded SOD1 was detected in all lines. Levels were found to be much

lower in non-disease control and the non-SOD1 C9orf72 ALS lines. This enabled us to vali-

date patient fibroblasts for use in subsequent perturbation studies. Mitochondrial inhibition,

endoplasmic reticulum stress or autophagy inhibition did not affect soluble misfolded SOD1
and in most cases, detergent-resistant SOD1 aggregates were not detected. However, pro-

teasome inhibition led to uniformly large increases in misfolded SOD1 levels in all cell lines

and an increase in SOD1 aggregation in some. Thus the ubiquitin-proteasome pathway is a

principal determinant of misfolded SOD1 levels in cells derived both from patients and con-

trols and a decline in activity with aging could be one of the factors behind the mid-to late-life

onset of inherited ALS.
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Introduction
Amyotrophic lateral sclerosis (ALS) is characterized by adult-onset degeneration of upper and
lower motor neurons. The disease begins focally and then spreads contiguously, resulting in
progressive paralysis and death from respiratory failure [1]. Mutations in the gene encoding
the ubiquitously expressed free radical scavenging enzyme superoxide dismutase-1 (SOD1) are
known to cause ALS [2], and are found in 1–9% of patients [3]. Since 1993, 188 coding muta-
tions in SOD1 have been associated with ALS as a dominant trait (http://alsod.iop.kcl.ac.uk/),
but disease caused by the most prevalent SOD1mutation D90A is usually inherited as a reces-
sive trait [4]. While missense mutations are most frequent, some 20 SOD1mutations result in
insertions, deletions or substitutions resulting in C-terminal truncations or other disruptive
changes, precluding native folding of the mutant protein. Importantly, there are no apparent
clinical (e.g. age of onset, survival time) or post-mortem histological differences between
patients carrying missense mutations and disruptive mutations [5–7]. This suggests that a
common cytotoxic mechanism originates from misfolded SOD1 species. The concentrations of
the most structurally stable SOD1 mutants (e.g. A89V, D90A, and L117V) are, however, simi-
lar to wild-type SOD1 in humans [8, 9]. The major proportions of these, which are natively
folded and enzymatically active, are unlikely to contribute significantly to neurotoxicity. In
contrast, the most disrupted truncated mutants are present at 100-fold lower levels [7, 10].
These findings suggest that minute subfractions of misfolded, not total, mutant SOD1 are the
relevant pathogenic species for ALS.

The mechanisms by which misfolded SOD1 species cause the disease are poorly understood.
However, they have been suggested to involve perturbation of mitochondria [11–16], induction
of endoplasmic reticulum (ER)-stress [16–19], reduction of proteasome activity [20–22],
reduction of autophagy [23, 24], and aggregation [25–31]. Another unresolved feature of ALS
is why carriers of SOD1mutations are apparently healthy until late middle age, and then
undergo rapid neurological decline. Typically, a carrier of a SOD1 A4V or G93A mutation
presents with a sudden focal paresis and wasting that disseminates quickly throughout the
motor system, leading to death in one to two years [5, 32]. Perhaps an age-related decline in
proteostasis and energy metabolism, amplified by a vicious cycle of misfolded SOD1 accumula-
tion, leads to a rapid increase in misfolded SOD1 species in the tissue.

Studies of ALS pathogenesis involving mutant SOD1 are usually conducted in transgenic
animals or transfected cell models, both of which exhibit high levels of overexpression of the
mutant protein. Studies on patient material are typically conducted at end-stage. We have gen-
erated dermal fibroblast lines from ALS patients carrying mutations in SOD1 and other ALS-
linked genes and from non-disease controls. These cells, in which mutant SOD1 is expressed
under the native promoter, offer opportunities for exploration which are poorly accessible in
most other model systems. We have previously developed methods that enable minute
amounts of misfolded SOD1 species to be determined specifically [33, 34]. We have used these
methods here to gain information on the effects of various ALS-related pathways on the levels
of misfolded SOD1 in patient-specific fibroblasts.

Materials and Methods

Human materials
Blood samples and skin biopsies were collected from patients and non-disease controls with
approval of the Swedish Ethical Review Board for Medical Research and adhering to the princi-
ples of the Declaration of Helsinki (WMA, 1964), following written informed consent (Table A
in S1 File).
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SOD1 and C9orf72 genotyping
Genomic DNAwas extracted from whole blood (buffy coat) using the Nucleon BAAC2 kit (GE
Healthcare, Piscataway, NJ, USA) according to the manufacturer's protocol. Amplification of all
5 exons and the corresponding 30–50 bp of flanking intronic regions of the SOD1 gene was per-
formed using the AmpliTaqGold Kit (Applied Biosystems, Foster City, CA, USA) as described by
the manufacturer. Sequencing reactions were performed using BigDye Terminator v3.1 Cycle
Sequencing Kit (Applied Biosystems, Foster City, CA, USA) as recommended and analysed using a
3730xl DNA analyzer with the SeqScape Software v2.5 (Applied Biosystems, Foster City, CA, USA).
The presence of the GGGGCC-hexanucleotide repeat expansion in C9orf72was screened for by
repeat-primed polymerase chain reaction (RP-PCR) and fragment length-analysis [35]. Fragment
length analysis was performed on a 3730xl DNA analyzer and Peak Scanner Software v1.0 (Applied
Biosystems, Foster City, CA, USA). The presence of an expansion was confirmed by Southern blot
[35]. All individuals tested negative for mutations in a panel of other ALS-linked genes (details
available upon request) and no double mutation carriers were included in the study cohort.

Cell culture
Following screening of blood to identify SOD1 and C9orf72mutation carriers, a 3 mm punch
skin biopsy (upper arm) was obtained from 9 ALS patients with SOD1mutations (A4V, H46R,
E78_R79insSI, N86S, D90A, G93A, L117V, D125Tfs�24, and G127X), 1 ALS and 1 FTD
patient with massive intronic GGGGCC repeat-expansions in C9orf72, and 4 non-disease con-
trol individuals. The ALS patients were diagnosed according to the EFNS criteria [36]. The
G127X biopsy was obtained from an asymptomatic 31 year old carrier of the mutation belong-
ing to a family where 7 other members have developed ALS [5]. All patients were heterozygous
for their corresponding mutations except the D90A SOD1 patient (homozygous). The control
subjects were relatives of ALS patients. All healthy control subjects tested negative (wt/wt) for a
panel of ALS-associated genes including SOD1, C9orf72, TBK1 and UBQLN2. The study cohort
is summarized in Table A in S1 File.

Adult human dermal fibroblast cell lines were established using standard procedures and
were maintained in RPMI 1640 medium (Gibco, Life Technologies, Carlsbad, CA, USA), with
25 mMHEPES (Gibco, Life Technologies, Carlsbad, CA, USA), and 2 mM L-glutamine
(Gibco, Life Technologies, Carlsbad, CA, USA), 0.1 g/ml penicillin (Meda, Sweden) supple-
mented with 10% (v/v) foetal bovine serum (Gibco, Life Technologies, Carlsbad, CA, USA)
and incubated at 37°C and 5% (v/v) CO2.

Cell treatments
Fibroblasts were plated at a density of around 8000 cells/cm2 in 60 mm dishes. After reaching
60–70% confluency, the media were replaced with plain culture media (controls) or media con-
taining the proteasome inhibitor bortezomib (0.5, 5 ng/ml; PS-341, Millennium Pharmaceuticals,
USA), 10 mM of the autophagy inhibitor 3-methyladenine (3-MA) (Sigma-Aldrich, St. Louis,
MO, USA), 0.5 μg/ml of the glycosylation inhibitor and ER stress inducer tunicamycin (Sigma-
Aldrich, St. Louis, MO, USA), and 5 μM of the mitochondrial complex 1 inhibitor rotenone
(Sigma-Aldrich, St. Louis, MO, USA). All inhibitor treatments were made in triplicates, with
appropriate triplicates of vehicle only controls and the cells were cultured for 24 h before harvest.

Cell fractionation
Cells were washed with pre-warmed phosphate-buffered saline (PBS; 137 mMNaCl, 2.7 mM
KCl, 4.3 mMNa2HPO4, and 1.4 mM KH2PO4, pH 7.0) containing 40 mM iodoacetamide
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(IAM, Thermo Scientific, Rockford, IL, USA), which prevents artificial formation of the
C57-C146 disulphide bond in SOD1 by blocking reduced cysteine residues via alkylation [33,
34]. The cells were detached with 0.025% (w/v) trypsin (Gibco, Life Technologies, Carlsbad,
CA, USA) and were then washed with PBS containing 40 mM IAM supplemented with 0.5%
(v/v) foetal bovine serum to inhibit trypsin and were pelleted at 500 x g for 5 min. The cell pel-
let was resuspended in PBS containing 40 mM IAM and centrifuged at 500 g for 5 min. The
supernatant was removed and the pellet was snap frozen on dry ice and thereafter kept in a
-80°C freezer. For analysis, the cell pellet was rapidly thawed in a 25°C water bath to reduce the
effects of cold denaturation. It was then lysed in 500 μl ice-cold PBS containing the Complete
EDTA-free protease inhibitor cocktail (Roche Diagnostics, Mannheim, Germany), 40 mM
IAM and 0.5% (v/v) NP-40 using a Sonifier Cell Disrupter (Branson, Danbury, CT, USA). The
lysate was centrifuged at 20,000 g for 30 min at 4°C and the supernatant was collected as the
soluble fraction and directly analysed with the misELISA (see below). The resulting pellet was
resuspended in ice-cold lysis buffer containing 0.5% (v/v) NP-40 as described above and re-
centrifuged twice to remove any contaminating soluble protein. The resulting pellets were used
for determination of detergent-insoluble SOD1 aggregates.

ELISAs for misfolded and total SOD1
The ELISA for misfolded SOD1 (misELISA) was carried out as previously detailed [33, 34]. A
rabbit antibody raised against a peptide corresponding to amino acids (aa) 24–39 in the human
SOD1 sequence was used as primary antibody. This antibody reacts only with disordered
SOD1 species and lacks affinity for the natively folded protein [37–39]. A goat anti-human
SOD1 antibody was used as secondary antibody. It was raised against SOD1 that had been
denatured by incubation with guanidinium chloride and EDTA, and reacts preferentially with
the disordered protein [33]. For calibration of the misELISA, a fresh spinal cord from a trans-
genic mouse expressing G127X mutant human SOD1 was homogenized in 25 volumes 10 mM
K phosphate, pH 7.0 in 0.15 M NaCl, containing the Complete anti-proteolytic cocktail (Roche
Diagnostics, Mannheim, Germany) and 40 mM IAM. After centrifugation at 20,000 g, the
supernatant was divided into multiple aliquots that were stored at -80°C. In the misELISA
assay, one unit is defined as the amount of “misfolded” SOD1 present in 1 g wet weight of that
particular spinal cord.

For ELISA of native/total SOD1, rabbit and goat anti-native human SOD1 antibodies were
used [40] following partial purification on Protein A- and Protein G-Sepharose (GE Healthcare
Biosciences, Piscataway, NJ, USA), respectively. The rabbit antibody was used as a primary
antibody and the goat antibody as a secondary antibody. The ELISA was standardized with a
human hemolysate, with the SOD1 content calibrated against pure human SOD1, the concen-
tration of which was determined by quantitative amino acid analysis [40]. The ELISA is able to
quantify native SOD1 accurately, but may also respond to some degree to misfolded SOD1 spe-
cies [33].

Western blot
The protein concentration of lysates was determined using the BCA Protein Assay Kit
(Thermo Scientific, Rockford, IL, USA). Western blots were carried out in Any kD Criterion
TGX precast gels (BioRad Laboratories, Hercules, CA, USA) as previously described [7]. The
primary antibodies used were; rabbit anti-human SOD1 (0.8 μg/ml, raised against a peptide
corresponding to aa 57–72 in the human SOD1) [41], anti-LC3B rabbit (1:1000; Sigma-
Aldrich, St. Louis, MO, USA), anti-GRP78 rabbit (1:5000; Novus Biologicals, Littleton, CO,
USA), anti-β-actin mouse (1:100 000; Milipore, Bedford, MA, USA). The secondary antibodies
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were horseradish peroxidase (HRP)-conjugated polyclonal anti-mouse or anti-rabbit IgG
(Dako, Glostrup, Denmark). The immunoreaction signal was visualized using an ECL Select
reagent (GE Healthcare Biosciences, Piscataway, NJ, USA) recorded on a ChemiDoc apparatus
(BioRad Laboratories, Hercules, CA, USA) and analysed using Quantity One software (BioRad
Laboratories, Hercules, CA, USA).

Statistical analyses
Statistical analyses were performed with the Prism 6.0 software (GraphPad, San Diego, CA,
USA). For comparison of multiple groups, the one-way ANOVA was used following correction
for multiple testing using Tukey’s post-hoc analyses. F-test was used to test for equal variance
between treatment groups. For p-values� 0.05 the Welch test was used. For p-values> 0.05
the two-tailed unpaired t-test was used. For comparison of two groups, the Mann-Whitney U
test was used. The significance level was set to 0.05. All values are given as mean ± SD.

Results

Design of experiments
We used fibroblasts derived from patients carrying different SOD1mutations and encoding
SOD1 variants with widely variable structural characteristics (Table A in S1 File). This
approach offered several advantages. Since SOD1 is expressed under the control of the endoge-
nous promoter, treatment responses should better reflect the in vivo situation. This also ensures
a native, balanced synthesis rate, which when analysed by western blotting resulted in levels of
mutant SOD1s ranging from those similar to wild-type SOD1 to non-detectable (Fig 1A). The
lysates from fibroblasts expressing the missense mutants D90A, G93A and N86S [9, 42]
showed SOD1/β-actin ratios comparable to controls, whereas the ratios were somewhat
reduced in lysates from fibroblasts expressing L117V, A4V, E78_R79insSI and H46R (Fig 1B).
The disordered, truncated mutants D125Tfs�24 and G127X are rapidly degraded and only
SOD1 derived from the wild-type allele was visible. Addition of the proteasome inhibitor borte-
zomib resulted in low but detectable amounts of the G127X mutant form of SOD1 (Fig 1A).

We focused primarily on the levels of unfolded/disordered/unstructured/misfolded (in the
following we will use the term misfolded) SOD1, since these are the species that are likely to
provoke the onset of ALS. We utilized an ELISA, which we have developed and detects mis-
folded SOD1 species specifically (misELISA) but does not detect holoSOD1, or SOD1 that
lacks Cu and/or the C57-C146 disulphide bond, as long as the polypeptide is natively folded
[33, 34]. Fibroblast extracts were incubated for 1 h at 23°C with the capture antibody in the
misELISAs. The physiological 37°C would have been preferable, but at that temperature some
folded SOD1 species have been found to unfold continuously in diluted extracts [34]. Thus, the
levels of misfolded SOD1 at physiological temperature are not mirrored and results are not
directly comparable between cell lines expressing different SOD1 variants. For a certain fibro-
blast line, however, the effects of perturbations on the levels of misfolded SOD1 can be deter-
mined. The misELISA is very sensitive: note for instance the high readings yielded by the
G127X mutant (Figs 2 and 3) which was undetectable by western blot (Fig 1A).

Effect of protein degradation pathways on misfolded SOD1 clearance
Degradation by the proteasome is the primary cellular route of misfolded protein elimination
[43]. Autophagy plays a fundamental role in the degradation of protein aggregates and also
contributes to the elimination of soluble misfolded proteins [43]. Therefore, we determined the
effects of inhibition of both systems on misfolded SOD1 levels.
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Bortezomib acts primarily as a reversible inhibitor on the chymotrypsin-like site of the 20S
proteasome core β5 subunit, but also inhibits the caspase-like site at high concentrations [44].
We first identified a treatment regimen that did not have a significant effect on cell viability,
detected using an assay that reports on plasma membrane integrity (Figure A in S1 File).
Although we cannot exclude activation of earlier stages of cell death before loss of plasma
membrane integrity, under these conditions (5 ng/ml for 24 h) the chymotrypsin-like, caspase-
like and trypsin-like activities of the proteasome were inhibited by 96%, 85% and 45%, respec-
tively (Figure B in S1 File). Proteasome inhibition resulted in a marked increase in misfolded

Fig 1. SOD1 protein in lysates of fibroblast cultures. (A) Fibroblast lysates were analysed by western blotting using the anti-SOD1 (57–72 aa) antibody. β-
actin was used as a loading control. The band of the truncated G127Xmutant was not visible except in the presence of the proteasome inhibitor bortezomib
(arrow). The homozygous D90A mutant displays increased mobility. (B) The expression of SOD1 in the fibroblast lines were compared as SOD1/β-actin
ratios. The mean of the 2 control lines was taken as 1. Three replicate sets of fibroblast cultures were analyzed. The data are expressed as means ± SD. (*)
p < 0.05 compared to the results for the controls (Mann-Whitney U test).

doi:10.1371/journal.pone.0150133.g001
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SOD1 in all lines tested (Fig 2A and 2B). We also analysed total SOD1 levels in bortezomib-
treated cultures. The SOD1/total protein ratios were increased in all, by an average of 28% (Fig
2C). However, expressing the results as misSOD1/total SOD1 ratios did not change the conclu-
sion that proteasome inhibition markedly increased the levels of misfolded SOD1 in the fibro-
blast cultures (Fig 2B).

We investigated the effects of blocking autophagy using the commonly used inhibitor
3-methyladenine (3-MA) [45]. 3-MA is, however, not a specific inhibitor for autophagy and
may affect other cellular processes [46]. Under the current condition -10 mM 3-MA for 24 h- a
moderate inhibition was achieved. The levels of microtubule-associated protein light chain 3-II
(LC3-II) and the ratio of LC3-II/LC3-I were reduced to 78% and 91%, respectively of controls
(Figure C in S1 File). No significant increases in the levels of misfolded SOD1 were detected in
any of the lines and in some cases, moderate reductions were recorded (Fig 2D and 2E). Minor
increases were seen in total SOD1/total protein ratios in the 3-MA-treated fibroblast cultures
(Fig 2F).

Fig 2. Effect of reduction in the activities of the proteasome and autophagy on the levels of misfolded and total SOD1 in fibroblast lines.Misfolded
and total SOD1 in lysates of fibroblasts were analysed with the 24–39 misELISA and ELISA for total SOD1, respectively. Fibroblast cell lines were cultured in
triplicate for 24 h in the absence (blue) or the presence (red) of the proteasome inhibitor bortezomib (A-C; 5 ng/ml), the autophagy inhibitor 3-MA (D-F; 10
mM). Data is expressed as the mean ± SD (n = 3), *p< 0.05, **p< 0.01, ***p< 0.001, ****p< 0.0001 compared to respective non-treated control (Welch test
and two-tailed unpaired t-test).

doi:10.1371/journal.pone.0150133.g002
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Endoplasmic reticulum stress
ER stress has been observed in post-mortem spinal cord tissue of humans with sporadic ALS
[47], transgenic mouse models overexpressing mutant human SOD1 [17–19], cell lines overex-
pressing mutant SOD1s [17] and A4V iPSCs-derived motor neurons [16]. We sought to inves-
tigate the role of ER stress on misfolded SOD1 levels in fibroblasts by exposing them to
tunicamycin, an inhibitor of protein glycosylation. Despite strong induction of ER stress mea-
sured by the ER chaperone glucose-regulated protein 78 (GRP78) (Figure C in S1 File), no
great differences were found in the levels of misSOD1 in any of the cell lines tested (Fig 3A and
3B). ER stress increased the total SOD1/total protein ratios by an average of 3% (Fig 3C).

Inhibition of mitochondria
Several lines of evidence gathered from studies performed on transgenic mouse and cellular
models overexpressing mutant human SOD1 have shown that mutant SOD1s can interfere
with mitochondria and this has been suggested to be a primary pathogenic mechanism in ALS

Fig 3. Effect of induction of ER stress and perturbation of mitochondria on the levels of misfolded and total SOD1 in fibroblast lines.Misfolded and
total SOD1 in lysates of fibroblasts were analysed with the 24–39 misELISA and ELISA for total SOD1, respectively. Fibroblast cell lines were cultured in
triplicate for 24 h in the absence (blue) and presence (red) of the ER-stress inducer tunicamycin (A-C; 0.5 μg/ml) and the mitochondrial inhibitor rotenone
(D-F; 5 μM). Data is expressed as the mean ± SD (n = 3), *p< 0.05, **p< 0.01, ***p< 0.001 compared to respective non-treated control (Welch test and two-
tailed unpaired t-test).

doi:10.1371/journal.pone.0150133.g003
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[11–14, 16]. Perturbations of mitochondria have also been observed in fibroblasts from a
patient carrying a SOD1 mutation [15] and in A4V iPSCs-derived motor neurons [16]. To
investigate the effect of mitochondrial inhibition on the level of misfolded SOD1 we used rote-
none to inhibit Complex I of the mitochondrial respiratory chain. As shown in Fig 3D and 3E,
rotenone treatment caused a moderate reduction in the levels of misfolded SOD1, but no
increases. The SOD1/total proteins ratios were increased in all rotenone-treated fibroblast cul-
tures by an average of 7% (Fig 3F).

Detergent-insoluble aggregates
Accumulation of detergent-insoluble, aggregated forms of mutant SOD1 have been found in
motor neurons of ALS patients [25, 28], transgenic mouse models overexpressing mutant
human SOD1 [26] as well as cells overexpressing human mutant SOD1s [27, 29, 30] and
iPSCs-derived motor neurons [16, 31].

We determined the amount of detergent-insoluble aggregates present following all interven-
tions used in study (Fig 4). Despite a high sensitivity of the assay, no aggregates were found in
the majority of lines (Table 1). The only untreated cultures that showed detectable aggregates
were the cells that expressed H46R, G127X and D125Tfs�24 mutant SOD1s. Moreover, protea-
some inhibition was the only intervention that was found to increase aggregate levels. Aggre-
gated species were then also observed in the A4V and G93A lines and there was a remarkable
increase in the D125Tfs�24 line (Fig 4, Table 1).

In the case of aggregates detected in fibroblasts bearing A4V, H46R and G93A mutations,
we were unable to distinguish between the mutant protein and wild-type SOD1. However, we
could confirm aggregation of the truncated G127X and D125Tfs�24 mutants by western blot-
ting using an anti-SOD1 antibody raised against a peptide in the C-terminal end (amino acids
144–153), which is lacking in these mutants. Using this antibody, which only would detect
wild-type SOD1, no aggregates were detectable (Figure D in S1 File).

Fibroblasts from patients carrying C9orf72 expansions
Using antibodies specific for misfolded SOD1 species, we have previously shown that
SOD1-immunoreactive inclusions can occur in motor neurons and glia in patients with

Fig 4. Inhibition of proteasome causes accumulation of detergent-insoluble SOD1 aggregates. Fibroblast cell lines were cultured in the absence (-)
and presence (+) of bortezomib (5 ng/ml) for 24 h. Detergent insoluble fractions were analysed by western blotting using the anti-SOD1 (57–72 aa) antibody.
No insoluble aggregates were seen in the control and D90A lines. Proteasome inhibition increased the amount of aggregates in G93A, A4V, H46R, G127X
and D125Tfs*24 lines.

doi:10.1371/journal.pone.0150133.g004

Misfolded SOD1 in ALS Fibroblasts

PLOS ONE | DOI:10.1371/journal.pone.0150133 February 26, 2016 9 / 15



sporadic as well as familial ALS without SOD1mutations [37, 38]. Therefore, we analysed mis-
SOD1 in fibroblasts from patients carrying the GGGGCC-repeat-expansion in C9orf72. The
misSOD1 levels, as well as the changes induced by the various treatments, did not differ
between the non-disease control cultures and the fibroblast cultures derived from patients car-
rying C9orf72 expansions (Figs 2 and 3).

Discussion
Cellular models of ALS have been used widely to investigate disease-related pathological abnor-
malities. These have been mostly based on overexpression of mutant human SOD1s in various
cell types [27, 29, 30]. In this study we have performed the first comprehensive analysis of mis-
folded, aggregated and total SOD1 in a variety of fibroblast cell lines obtained from ALS
patients carrying mutations in SOD1, as well as from patients carrying the GGGGCC-repeat-
expansion in C9orf72 and from non-disease controls. The major advantage of patient-derived
fibroblasts is that they express SOD1s under the control of the endogenous promoter ensuring
an appropriately regulated and physiological level of SOD1 expression. We took advantage of
these cells to gain insight into the effects interfering with various ALS-related pathways on the
levels of misfolded SOD1 as analysed by misELISA.

We found elevated levels of misfolded SOD1 in fibroblast lines that expressed mutant SOD1
compared to the non-disease controls. ER stress has been shown to be enhanced in patient-
derived motor neurons carrying a SOD1 A4V mutation [16]. However, following a 24 h treat-
ment with tunicamycin, ER stress did not result in any significant changes in misfolded SOD1
levels in fibroblasts despite a robust increase in GRP78 levels. We cannot exclude that sustained
ER stress might lead to an increase in misfolded SOD1, or that mitotically active fibroblasts
show a different response to terminally differentiated motor neurons. Inhibition of mitochon-
dria and autophagy in some cases lead to reduced levels of misfolded SOD1, however, we did
not observe a consistent pattern to this and it might be explained by a differential response of

Table 1. Detergent-resistant SOD1 aggregates in fibroblast cultures.

Proteasome
inhibition

Autophagy inhibition ER-stress induction Inhibition of
mitochondria

Bortezomib 3-MA Tunicamycin Rotenone

- + - + - + - +

A4V <0.03 0.39 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03

H46R <0.03 0.09 0.15 0.14 <0.03 <0.03 0.09 0.23

N86S <0.03 <0.03 n. t. n. t. <0.03 <0.03 n. t. n. t.

D90A <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03

G93A <0.03 0.04 <0.03 <0.03 n. t. n. t. n. t. n. t.

L117V <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03

G127X 0.20 0.75 0.08 0.06 <0.03 <0.03 <0.03 <0.03

E78_R79insSI <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03

D125Tfs*24 0.22 25.26 0.49 0.24 0.73 0.41 0.35 0.30

C9orf72exp <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03

C9orf72exp <0.03 <0.03 n. t. n. t. <0.03 <0.03 n. t. n. t.

Control <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03

The detergent-resistant aggregates were quantified from western blots. Amounts are presented as % of total amounts of SOD1 in the cultures as

measured by ELISA. The detection limit for SOD1 aggregates in the cultures was approximately 0.03% of total SOD1, n. t. = not tested.

doi:10.1371/journal.pone.0150133.t001
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cell lines to the treatments and perhaps reduced protein and SOD1 synthesis. The only pertur-
bation that consistently and uniformly increased the levels of misfolded SOD1 was proteasome
inhibition. Clearly these increases can not be explained only by increased levels of total mutant
SOD1s: misfolded D90A SOD1 rose 3-fold, but no significant change in total mutant protein
was observed in fibroblasts from the homozygous D90A patient. It is also notable that,
although the levels were low, we observed increases in misfolded SOD1 in the non-disease con-
trol fibroblast cultures (average of 2.1 fold). In this context it is of interest to note that inclu-
sions containing misfolded SOD1 also have been found in motor neurons from ALS patients
lacking SOD1mutations [37, 38, 48]. Several previous studies have reported that proteasome
inhibition can increase total levels of overexpressed mutant SOD1s, but amounts of misfolded
SOD1 species have not been specifically analysed [29, 49]. Autophagy inhibition has also been
reported to increase levels of total mutant SOD1 in overexpressing cells [29].

Inclusions containing aggregated SOD1 are a hallmark of ALS, both in patients at end stage
and in transgenic animal models overexpressing mutant SOD1 [26, 28]. Therefore, we investi-
gated the appearance of detergent-resistant aggregates in fibroblasts. In most cases none were
found. The only lines that were found to contain aggregates were those expressing the trun-
cated SOD1 variants D125Tfs�24 and G127X, and the missense variant H46R. Proteasome
inhibition increased the levels of soluble misfolded and detergent-resistant aggregates of SOD1
in these, and caused the appearance of SOD1 aggregates in the A4V, H46R and G93A cell lines.
The levels were generally very low; below 1% of the total SOD1 present in the lysates. This is
different from findings in overexpressed cell culture systems where 10-fold larger proportions
are typically found as aggregated species [30]. SOD1 is able to form several different strains of
aggregate in vivo and in vitro [39]. It is not yet known whether or not SOD1 aggregates formed
in cell culture bear any relation to those that arise and propagate in vivo, however, our results
show that patient-derived fibroblasts could be a useful model with which to study the aggrega-
tion process.

The D125Tfs�24 mutant form of SOD1 stands out as remarkable among the mutants stud-
ied here. This mutation leads to a frameshift and the inclusion of a 23 aa long neopeptide fol-
lowed by a stop codon (Table A in S1 File) [50]. Under basal conditions, the levels of misfolded
SOD1 detected by the misELISA are low and comparable with those of fibroblast cultures with-
out SOD1mutations, yet specific aggregates of the mutant protein were detected (Fig 4). Fol-
lowing proteasome inhibition the relative increase in misfolded SOD1 levels were found to be
the greatest among the mutants tested, and copious amounts of mutant SOD1 aggregates were
formed. Apparently, this mutant is efficiently targeted for proteasome degradation, which per-
haps compensates for its huge aggregation propensity since this SOD1mutation is associated
with a very slowly progressing disease phenotype (D. Lange, unpublished data).

We show that patient-derived fibroblasts, with physiological levels of SOD1 expression,
recapitulate some of the aspects of mutant SOD1 that are known to be important for patho-
physiology of ALS, namely increased levels of misfolded SOD1 and presence of detergent insol-
uble aggregates. Despite the fact that these cells are mitotically active and may not accurately
mimic the cellular environment of aged, post-mitotic motor neurons, these properties make
them a useful model to study ALS-related cellular pathway disturbances.

In conclusion, we have found, somewhat surprisingly, that several of the disturbances asso-
ciated with SOD1-provoked motor neuron disease including mitochondrial dysfunction and
ER stress do not increase SOD1 misfolding or aggregation per se. Nor does autophagy inhibi-
tion, however, we hesitate to rule out a role in aggregate degradation since the degree of inhibi-
tion achieved was moderate. The ubiquitin-proteasome system has been found to be inhibited
in mutant SOD1-expressing ALS-model mice [21, 22]. Together with autophagy, the activity of
the ubiquitin-proteasome pathway has also been found to decline with aging [51]. Thus,
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proteasome impairment with age could be one of the key factors behind the age-related
increase in the incidence of ALS and maybe in forming an amplifying vicious circle that leads
to misfolded SOD1 accumulation.

Supporting Information
S1 File. Supporting Materials and Methods, Figures, and Table.Measurement of in vitro cell
cytotoxicity in the fibroblast lines following proteasome inhibition. (Figure A). Inhibition of
chymotrypsin-like (A), caspase-like (B) and trypsin-like (C) proteasome activities in the fibro-
blast lines following 0.5 and 5 ng/ml bortezomib treatment. (Figure B). Determination of the
efficacy of 3-MA and tunicamycin treatments. Western blots showing the relative amounts of
(A) LC3-I and LC3-II and (B) GRP78. (Figure C). Detection of full length SOD1 in detergent-
resistant aggregates in fibroblasts. (Figure D). Study cohort. (Table A).
(DOCX)
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