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SOD1 mutations account for ∼20% of familial amyotrophic lateral sclerosis (ALS) cases
in which the hallmark pathological feature is insoluble SOD1 aggregates within motor
neurons. Here, we investigated the degradation and synthesis of mutant SOD1 to
determine whether the aggregation of mutant SOD1A4V affects these processes. We
confirm that, in general, the degradation of mutant SOD1A4V occurs at a significantly
faster rate than wild-type SOD1. We also report that the turnover and synthesis
of mutant SOD1A4V is impaired in the presence of insoluble SOD1A4V aggregates.
However, the timing of aggregation of SOD1A4V did not coincide with UPS dysfunction.
Together, these results reveal the impact of SOD1 aggregation on protein degradation
pathways, highlighting the importance of the UPS in preventing neurodegenerative
disorders such as ALS.

Keywords: ALS, SOD1, UPR – unfolded protein response, UPS – ubiquitin proteasome system, proteome
homeostasis

INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease characterised by the
progressive loss of motor neurons in the brain and spinal cord. Although most cases of ALS are
sporadic with no known cause (sporadic ALS; sALS), approximately 10% of cases have a known
family history of the disease (familial ALS; fALS). Dominant missense mutations in the gene
encoding superoxide dismutase 1 (SOD1) were the first discovered to cause ALS, and account
for approximately 20% of all fALS cases and up to 50% in China. However, there are now a
plethora of genes associated with ALS. Strikingly, a large proportion of these genes including
VCP, SQSTM1, UBQLN2, OPTN, TBK1, CCNF, DNAJC7 and CYLD, are associated with protein
degradation pathways, one of the three main functional pathways proposed to perturb proteome
homeostasis (Yerbury et al., 2020).

Consistent with a collapse in proteome homeostasis, the pathology of ALS is characterised by
the deposition of ubiquitinated protein inclusions within motor neurons (Leigh et al., 1991). The
composition of these inclusions is heterogeneous, and the primary constituent varies depending
on the disease subtype (sALS or fALS), and the underlying gene mutation. While SOD1 fALS
cases show exclusive deposition of SOD1, inclusions also contain proteins associated with
quality control machinery and other unrelated aggregation-prone or supersaturated proteins
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(Ciryam et al., 2013, 2015). These supersaturated proteins are
over-represented in biochemical pathways known to be disrupted
in ALS, including protein production, protein trafficking and
protein degradation (Ciryam et al., 2013, 2017). It is still
widely debated whether protein aggregation is a cause or
consequence of disease, but numerous studies have implicated
a correlation between aggregate load and neurotoxicity in ALS
(Leigh et al., 1991; Matsumoto et al., 2005; Ticozzi et al., 2010;
Brettschneider et al., 2014). Misfolded and aggregated SOD1
elicit many toxic properties; impaired axonal transport (Bosco
et al., 2010), activation of endoplasmic reticulum (ER) stress
(Nishitoh et al., 2008), and self-propagation in a prion-like
fashion (Strong et al., 2005; Munch et al., 2011; Grad et al., 2014;
Zeineddine et al., 2015). Moreover, our work in NSC-34 cells
identified a correlation between aggregation propensity and rate
of disease progression (McAlary et al., 2013), suggesting protein
aggregation is linked with cell death.

Previous studies have shown that mutant SOD1 proteins are
turned over more rapidly than wild-type SOD1 (Borchelt et al.,
1994; Hoffman et al., 1996; Johnston et al., 2000; Miyazaki et al.,
2004), and SOD1 proteins are degraded by both the ubiquitin
proteasome system (UPS) and autophagy pathway (Kabuta et al.,
2006). However, very little research has been undertaken to assess
the impact of SOD1 aggregation on SOD1 protein turnover.
A previous study examined the rate of SOD1 turnover in mouse
spinal cord and found no difference regardless of the amount of
aggregation and level of disease progression (Farr et al., 2011).
Although, the rate of turnover in individual cells containing
inclusions of aggregates remains to be examined. In this study,
we confirm that the turnover of mutant SOD1 in NSC-34 cells is
considerably faster than that of wild-type SOD1. We also show
that SOD1 turnover and synthesis is impaired in cells containing
insoluble SOD1A4V aggregates and that UPS dysfunction most
likely occurs prior to the aggregation of ALS-associated proteins.

MATERIALS AND METHODS

Plasmid Constructs
SOD1-Dendra2 constructs were generated by cloning human
SOD1WT and SOD1A4V into the pDendra2-N vector (Clontech,
United States). pEGFP-N1 containing human SOD1A4V was
generated as described previously (Turner et al., 2005). The
mcherryCL1 construct was obtained by cloning the CL1 sequence
(ACKNWFSSLSHFVIHL) into pmCherry-C1.

Cell Culture and Transfection
Neuroblastoma × spinal cord hybrid NSC-34 cells (Cashman
et al., 1992) were cultured in Dulbecco’s Modified Eagle’s
Medium/Ham’s Nutrient Mixture F12 (DMEM/F12)
supplemented with 10% fetal bovine serum (FBS, Gibco,
Australia). Cells were maintained at 37◦C in a humidified
incubator with 5% atmospheric CO2. Cells were plated onto
8-well µslides (Ibidi, Germany) 24 h prior to transfection
and transfected with 200 ng of plasmid DNA (per well) using
Lipofectamine 3000 (Invitrogen) or TransIT-X2 transfection
reagent (Mirus Bio, United States) according to manufacturer’s

instructions. For co-transfections, the amount of DNA was
divided equally between constructs. Immediately prior to
imaging, the media on transfected NSC-34 cells was removed
and replaced with a FluoroBrite DMEM medium (Gibco)
containing 5% FBS.

Live Cell Imaging
Time-lapse imaging of transfected NSC-34 cells was performed
24 h post-transfection using a Leica DMi8 Thunder fluorescence
microscope equipped with an enclosed environmental control
chamber, which was maintained at 37◦C with 5% CO2. For
NSC-34 cells expressing SOD1-Dendra2, SOD1-Dendra2-GFP
was irreversibly converted to SOD1-Dendra2-RFP by exposure
to DAPI LED for 30–60 s at 40% power, using the 20 × objective.
Following photoconversion, 3 × 3 tile scans were acquired in each
well every 15 min for up to 68 h using continuous adaptive focus
control and the 20 × objective in the bright field, GFP (30 ms
exposure, 40% power) and Texas Red/RFP (45 ms exposure, 40%
power) channels.

For NSC-34 cells co-expressing SOD1A4V-GFP and
mcherryCL1, 3 × 3 images were acquired every 20 min for up
to 70 h using the 20 × objective and continuous adaptive focus
control in the bright field, GFP (35 ms exposure, 40% power) and
Texas Red/RFP (45 ms exposure, 40% power) channels.

Quantification and Tracking of Cu/Zn
Superoxide Dismutase-Dendra2
Fluorescence
A CellProfiler pipeline was developed to quantify the SOD1-
Dendra2-GFP and SOD1-Dendra2-RFP fluorescence in
photoconverted cells from images produced from the DMi8
Thunder microscope. Firstly, RFP images were rescaled to
stretch each image and use the full intensity range. Primary
objects (Dendra2-RFP expressing cells) were identified
based on size (20–60 pixel units) using an adaptive Otsu
(three classes) thresholding method. The RFP fluorescence
intensity of identified cells was then measured and exported
to a spreadsheet. To compare the degradation of SOD1WT-
Dendra2 and SOD1A4V-Dendra2 over time, the Dendra2-RFP
fluorescence intensity of cells within each image was summed at
each time point and normalised to time zero.

To track individual cells expressing soluble and insoluble
SOD1A4V-Dendra2, a separate CellProfiler pipeline was
generated where RFP images were smoothed using a Gaussian
filter before Dendra2-RFP expressing cells were identified based
on size (10–60 pixel units) using a minimum cross entropy
thresholding strategy. Individual cells were then tracked using
the follow neighbours tracking method. Images of tracked cells,
along with the GFP and RFP overlay images, were exported and
saved so that cells could be visually inspected for the presence of
insoluble SOD1A4V inclusions. The GFP and RFP fluorescence
intensity of identified cells was also measured and exported to
a spreadsheet. In order to assess the degradation and synthesis
of SOD1A4V-Dendra2 in each cell, the Dendra2 fluorescence
at each time point was normalised to time zero. Dendra2-GFP
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fluorescence was subsequently normalised against Dendra2-RFP
fluorescence to assess synthesis rates.

Tracking Cells Co-expressing Cu/Zn
Superoxide DismutaseA4V-GFP and
mcherryCL1

Images of NSC-34 cells co-transfected with SOD1A4V-GFP
and mcherryCL1 were analysed using a Cell Profiler pipeline
that rescaled RFP images to identify primary objects (RFP
cells) based on size (10–60 pixel units) and adaptive Otsu
thresholding. The GFP intensity of RFP cells was then measured
and filtered to identify co-transfected cells. Co-transfected cells
were tracked using the follow neighbours method and images
were exported as described above to identify cells containing
insoluble SOD1A4V inclusions. The RFP and GFP intensities of
co-transfected cells were measured and exported to a spreadsheet
for analysis. Fluorescence intensity at each time point was
normalised to time zero.

Statistics
All statistical analysis was performed using GraphPad Prism
software version 9.00 for Windows unless stated.

RESULTS

The Half-Life of Cu/Zn Superoxide
Dismutase Is Diminished by Amyotrophic
Lateral Sclerosis-Associated Mutations
Numerous studies have shown that the turnover of mutant
SOD1 occurs at a much faster rate than that of wild-type SOD1
(Borchelt et al., 1994; Hoffman et al., 1996; Johnston et al.,
2000; Miyazaki et al., 2004). Here, we monitored the real-
time degradation of SOD1 in NSC-34 cells by tagging SOD1
variants with the photoconvertible fluorescent protein Dendra2.
Denda2-GFP signal was irreversibly converted to Dendra2-RFP
by exposure to 405 nm light (Figure 1A), creating a pool of
protein that would remain unchanged unless it was degraded. The
photoconverted RFP signal that degraded over time was used as a
measure of protein turnover. Consistent with previous reports,
we found that the turnover of mutant SOD1A4V-Dendra2 was
faster in NSC-34 cells than SOD1WT-Dendra2 (Figure 1B), with
SOD1A4V-Dendra2 exhibiting a significantly shorter half-life
(∼7 h) compared to SOD1WT-Dendra2 (∼17 h) (Figure 1C).

The Degradation and Synthesis of Cu/Zn
Superoxide DismutaseA4V Is Slowed in
Cells Containing Insoluble Aggregates
We have previously shown that cells that contain inclusions have
a smaller pool of free ubiquitin and an accumulation of a UPS
reporter containing a CL1 degron peptide, suggesting that the
UPS is overwhelmed (Farrawell et al., 2018, 2020). To investigate
whether the aggregation of SOD1 impacts the rate of SOD1
degradation and SOD1 synthesis, we followed cells containing
either predominately soluble or insoluble photoconverted

FIGURE 1 | The half-life of SOD1 is diminished by ALS-associated mutations.
(A) Dendra2-GFP signal in NSC-34 cells was irreversibly converted to
Dendra2-RFP by exposure to 405 nm light. Scale bars: 100 µm. (B) The
degradation of the SOD1-Dendra2-RFP signal in NSC-34 cells was measured
over 68 h. Data shown are mean ± SD (n = 17) with the solid lines
representing non-linear regression curves. (C) The half-life of
SOD1WT-Dendra2 and SOD1A4V-Dendra2 was calculated from the
degradation of the SOD1-Dendra2-RFP signal in NSC-34 cells. Data represent
mean ± SEM of cells acquired from n = 17 images and statistical significance
between groups was determined using an unpaired Student’s t-test
(***p < 0.001). Data is representative of at least two independent experiments.

SOD1A4V-Dendra2 and measured the degradation of SOD1-
Dendra2-RFP signal (Figure 2A) and synthesis of SOD1-
Dendra2-GFP signal (Figure 2B) in individual cells over
time. We found that the turnover of SOD1A4V-Dendra2-RFP
was slower in cells containing insoluble SOD1A4V inclusions
in comparison to cells containing only soluble SOD1A4V

(Figure 2A). The half-life of SOD1A4V was significantly greater
in cells containing SOD1A4V aggregates (∼7 h) compared to cells
expressing soluble SOD1A4V (∼4 h) (Figure 2C). Interestingly,
the synthesis of SOD1A4V-Dendra2-GFP in cells containing
insoluble aggregates was slower than cells expressing soluble
SOD1A4V (Figure 2B), and although the difference was not
significant, the rate of synthesis was decreased in cells containing
insoluble SOD1A4V inclusions (0.4 units/h) compared to cells
expressing soluble SOD1A4V (0.6 units/h) (Figure 2D).

The Ubiquitin Proteasome System Slows
Prior to Cu/Zn Superoxide DismutaseA4V

Aggregation
Our previous work in NSC-34 cells showed that cells containing
insoluble SOD1A4V aggregates have impaired UPS function
(Farrawell et al., 2018). Considering that the degradation of
SOD1A4V-Dendra2-RFP was slowed in cells containing insoluble
SOD1A4V aggregates, we wondered whether the time at which
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FIGURE 2 | The degradation and synthesis of SOD1 are slowed in cells containing insoluble aggregates. (A) The degradation of SOD1-Dendra2-RFP signal and (B)
synthesis of SOD1-Dendra2-GFP signal was tracked in NSC-34 cells expressing soluble or insoluble SOD1A4V over 30 h. Data shown are representative of
non-linear and linear regression curves (solid lines) and individual cell traces (n = 18 soluble SOD1A4V, n = 12 insoluble SOD1A4V) from one replicate. (C) The half-life
and (D) synthesis rate of SOD1 were determined from the Dendra2 signal in NSC-34 cells expressing soluble and insoluble SOD1A4V-Dendra2. Data represent
mean ± SEM (n = 4 replicates, 59 single cell measurements, taken from data set in Figure 1). Statistical significance between groups was determined with an
unpaired Student’s t-test (**p < 0.01). Scale bars: 10 µm.

the aggregation of SOD1A4V occurs would correlate with changes
in UPS function. To investigate this, we co-transfected NSC-
34 cells with SOD1A4V-GFP and the fluorescent proteasome
reporter mcherryCL1 (Figure 3A) and monitored changes in GFP
and mcherry fluorescence in individual cells over time, paying
particular attention to when insoluble SOD1A4V inclusions
developed. Overall, there was a trend for both SOD1A4V-GFP
and mcherryCL1 fluorescence to increase over time in cells
containing either soluble SOD1A4V (Figure 3B) or insoluble
SOD1A4V (Figure 3C). However, we found no distinct pattern
of mcherryCL1 fluorescence in relation to SOD1A4V-GFP
aggregation (Figure 3C), suggesting that the UPS dysfunction
that was observed with SOD1A4V-GFP expression happens prior
to SOD1A4V aggregation.

DISCUSSION

In line with previous studies, our results show that the turnover
of mutant SOD1 occurs at a considerably faster rate than wild-
type SOD1. Furthermore, we demonstrate that the aggregation of
mutant SOD1A4V impairs the turnover and synthesis of mutant
SOD1 protein. These results conflict with previous reports that
found no differences in SOD1 half-life (Farr et al., 2011), or
levels of proteasome activity (Cheroni et al., 2005), regardless
of the presence of aggregates in spinal cord tissue from G93A
mice. However, given that motor neurons make up only 1–2% of
neurons in the spinal cord (Chung et al., 1984), this discrepancy

may stem from the analysis of the whole spinal cord, as opposed
to focusing specifically on the motor neuron population.

It has been hypothesised that the accumulation of insoluble
protein aggregates can overwhelm the UPS, activating
mechanisms that lead to alterations in protein degradation and
protein synthesis (Verhoef et al., 2002; Varanda et al., 2020). Our
previous work has shown that the aggregation of ALS-associated
proteins, including SOD1, leads to UPS dysfunction in NSC-34
cells (Farrawell et al., 2018, 2020). In addition, blocking the UPS
with proteasome inhibitor has been shown to increase the level
and prolong the half-life of mutant SOD1 proteins (Hoffman
et al., 1996; Johnston et al., 2000). Taken together, these data
are consistent with there being an intimate link between
protein aggregation and UPS dysfunction. This prompted us to
examine the temporal sequence of protein aggregation and the
accumulation of the UPS reporter mCherryCL1. However, there
was no apparent consistent correlation between UPS dysfunction
and the time at which aggregation occurs, consistent with the
idea that both degradation and synthesis slows in cells on the way
to forming inclusions. It is likely then that protein aggregation
and alterations to the rate of protein synthesis is a consequence
of the level of misfolded SOD1 reaching a threshold that triggers
a proteostasis collapse. Given the cell to cell variety we observed,
the level of misfolded SOD1 that triggers proteostasis collapse
may be cell-specific.

We show for the first time that the aggregation of SOD1
leads to the slowing of its synthesis. One possible explanation
for the slowing of protein synthesis upon the aggregation of

Frontiers in Molecular Neuroscience | www.frontiersin.org 4 November 2021 | Volume 14 | Article 771911

https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles


fnmol-14-771911 October 28, 2021 Time: 16:27 # 5

Farrawell and Yerbury SOD1 Aggregates Alter Protein Turnover

FIGURE 3 | The UPS slows prior to SOD1A4V aggregation. (A) Under normal conditions, mcherryCL1 is rapidly degraded by the proteasome, but if the UPS is
overwhelmed or impaired, we see an accumulation of mcherryCL1 which can be measured by an increase in fluorescence intensity. The fluorescence intensity of
SOD1A4V-GFP and mcherryCL1 was followed in NSC-34 cells expressing (B) soluble SOD1A4V-GFP and (C) insoluble SOD1A4V-GFP. Data represent individual cell
traces with arrows indicating the time point at which insoluble SOD1A4V–GFP aggregates first appear.

SOD1 is the activation of the Unfolded Protein Response (UPR).
The UPR is a well-known response to protein misfolding and
ER stress in ALS (Kikuchi et al., 2006; Saxena et al., 2009;
Prell et al., 2012). Indeed, early stress-related responses have
been detected in vulnerable motor neurons from fALS mice,
followed by changes in the gene expression profile of UPR and
UPS-related genes, which occur before the earliest denervation

event in asymptomatic animals (Saxena et al., 2009). Our
previous work also shows that supersaturated proteins are down-
regulated in ALS (Yerbury et al., 2019), likely due to UPR
induced changes.

The UPR uses three distinct pathways to sense disruptions
to ER proteostasis and to trigger subsequent cellular responses
(Walter and Ron, 2011). These stress responses depend on three
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master regulator proteins that all span the ER membrane enabling
them to detect misfolded proteins [inositol-requiring enzyme-
1 alpha (IRE1α), activating transcription factor 6 (ATF6), and
PKR-like endoplasmic reticulum kinase (PERK)]. IRE1α and
ATF6 both predominantly exert their effects via transcriptional
reprogramming, while PERK exerts its effects on cellular
translation through the phosphorylation of eukaryotic translation
initiation factor 2α. Together these responses have the potential
to target thousands of transcripts (Reich et al., 2020), slowing
their overall synthesis rates. While SOD1 does not localize to
the ER, the cytosolic misfolding and aggregation result in the
dysfunction of the UPS which has been shown to trigger the UPR
through the subsequent build-up of misfolded proteins in the ER
due to restricted access to the proteasome.

Low levels of free ubiquitin, such as those we have observed
in cells with SOD1 aggregates, result in a situation known
as ubiquitin stress that may cause increased disassembly of
ubiquitin conjugates (Flick and Kaiser, 2012). It is possible
that the low level of free ubiquitin caused by the increase in
misfolded and aggregated SOD1 provides a feedback loop that
slows SOD1 degradation via the actions of deubiquitylating
enzymes stripping ubiquitin in order to replenish the free
ubiquitin pool. In addition, our previous results suggest that
the proteins that are most supersaturated are likely to misfold
under stressful conditions (Ciryam et al., 2017; Farrawell et al.,
2018) further adding to the ubiquitin demand and overwhelming
the system. Taken together, these data suggest that the slowing
of protein synthesis and protein degradation are unlikely to be
specific to SOD1 alone.

In conclusion, our data demonstrate that the aberrant
accumulation of SOD1 aggregates in cells impairs the turnover
of SOD1 protein, and highlight the importance of the protein

degradation pathways, namely the UPS, in the progression of
neurodegenerative diseases such as ALS. We believe that our
data is consistent with a collapse in proteostasis from increased
levels of misfolded SOD1 leading to aggregation, a slowing of
protein degradation, and a slowing of protein synthesis. This
is somewhat of a paradox given the apparent efficient turnover
of mutant SOD1 found here and elsewhere. In future work, it
will be important to understand the relationship between the
apparent rapid and efficient degradation of mutant SOD1 and its
accumulation in ALS.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

AUTHOR CONTRIBUTIONS

JY conceived and supervised the study and provided new tools
and reagents. JY and NF designed the experiments, analysed data,
wrote the manuscript, and made the manuscript revisions. NF
performed experiments. Both authors contributed to the article
and approved the submitted version.

FUNDING

JY was supported by an investigator grant from the NHMRC
(Grant 1194872), and Motor Neuron Disease Research Institute
of Australia (Betty Laidlaw Prize).

REFERENCES
Borchelt, D. R., Lee, M. K., Slunt, H. S., Guarnieri, M., Xu, Z. S., Wong, P. C., et al.

(1994). Superoxide dismutase 1 with mutations linked to familial amyotrophic
lateral sclerosis possesses significant activity. Proc. Natl. Acad. Sci. U.S.A. 91,
8292–8296. doi: 10.1073/pnas.91.17.8292

Bosco, D. A., Morfini, G., Karabacak, N. M., Song, Y., Gros-Louis, F., Pasinelli,
P., et al. (2010). Wild-type and mutant SOD1 share an aberrant conformation
and a common pathogenic pathway in ALS. Nat. Neurosci. 13, 1396–1403.
doi: 10.1038/nn.2660

Brettschneider, J., Arai, K., Del Tredici, K., Toledo, J. B., Robinson, J. L., Lee,
E. B., et al. (2014). TDP-43 pathology and neuronal loss in amyotrophic lateral
sclerosis spinal cord. Acta Neuropathol. 128, 423–437. doi: 10.1007/s00401-
014-1299-6

Cashman, N. R., Durham, H. D., Blusztajn, J. K., Oda, K., Tabira, T., Shaw,
I. T., et al. (1992). Neuroblastoma x spinal cord (NSC) hybrid cell lines
resemble developing motor neurons. Dev. Dyn. 194, 209–221. doi: 10.1002/
aja.1001940306

Cheroni, C., Peviani, M., Cascio, P., Debiasi, S., Monti, C., and Bendotti, C. (2005).
Accumulation of human SOD1 and ubiquitinated deposits in the spinal cord
of SOD1G93A mice during motor neuron disease progression correlates with a
decrease of proteasome. Neurobiol. Dis. 18, 509–522. doi: 10.1016/j.nbd.2004.
12.007

Chung, K., Kevetter, G. A., Willis, W. D., and Coggeshall, R. E. (1984). An estimate
of the ratio of propriospinal to long tract neurons in the sacral spinal cord of
the rat. Neurosci. Lett. 44, 173–177. doi: 10.1016/0304-3940(84)90077-6

Ciryam, P., Kundra, R., Morimoto, R. I., Dobson, C. M., and Vendruscolo, M.
(2015). Supersaturation is a major driving force for protein aggregation in
neurodegenerative diseases. Trends Pharmacol. Sci. 36, 72–77. doi: 10.1016/j.
tips.2014.12.004

Ciryam, P., Lambert-Smith, I. A., Bean, D. M., Freer, R., Cid, F., Tartaglia,
G. G., et al. (2017). Spinal motor neuron protein supersaturation patterns are
associated with inclusion body formation in ALS. Proc. Natl. Acad. Sci. U.S.A.
114, E3935–E3943. doi: 10.1073/pnas.1613854114

Ciryam, P., Tartaglia, G. G., Morimoto, R. I., Dobson, C. M., and Vendruscolo, M.
(2013). Widespread aggregation and neurodegenerative diseases are associated
with supersaturated proteins. Cell Rep. 5, 781–790. doi: 10.1016/j.celrep.2013.
09.043

Farr, G. W., Ying, Z., Fenton, W. A., and Horwich, A. L. (2011). Hydrogen-
deuterium exchange in vivo to measure turnover of an ALS-associated mutant
SOD1 protein in spinal cord of mice. Protein Sci. 20, 1692–1696. doi:
10.1002/pro.700

Farrawell, N. E., Lambert-Smith, I., Mitchell, K., McKenna, J., McAlary, L., Ciryam,
P., et al. (2018). SOD1 A4V aggregation alters ubiquitin homeostasis in a cell
model of ALS. J. Cell Sci. 131:jcs209122. doi: 10.1242/jcs.209122

Farrawell, N. E., McAlary, L., Lum, J. S., Chisholm, C. G., Warraich, S. T.,
Blair, I. P., et al. (2020). Ubiquitin homeostasis is disrupted in TDP-43
and FUS cell models of ALS. iScience 23:101700. doi: 10.1016/j.isci.2020.1
01700

Flick, K., and Kaiser, P. (2012). Protein degradation and the stress response.
Semin. Cell Dev. Biol. 23, 515–522. doi: 10.1016/j.semcdb.2012.
01.019

Frontiers in Molecular Neuroscience | www.frontiersin.org 6 November 2021 | Volume 14 | Article 771911

https://doi.org/10.1073/pnas.91.17.8292
https://doi.org/10.1038/nn.2660
https://doi.org/10.1007/s00401-014-1299-6
https://doi.org/10.1007/s00401-014-1299-6
https://doi.org/10.1002/aja.1001940306
https://doi.org/10.1002/aja.1001940306
https://doi.org/10.1016/j.nbd.2004.12.007
https://doi.org/10.1016/j.nbd.2004.12.007
https://doi.org/10.1016/0304-3940(84)90077-6
https://doi.org/10.1016/j.tips.2014.12.004
https://doi.org/10.1016/j.tips.2014.12.004
https://doi.org/10.1073/pnas.1613854114
https://doi.org/10.1016/j.celrep.2013.09.043
https://doi.org/10.1016/j.celrep.2013.09.043
https://doi.org/10.1002/pro.700
https://doi.org/10.1002/pro.700
https://doi.org/10.1242/jcs.209122
https://doi.org/10.1016/j.isci.2020.101700
https://doi.org/10.1016/j.isci.2020.101700
https://doi.org/10.1016/j.semcdb.2012.01.019
https://doi.org/10.1016/j.semcdb.2012.01.019
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles


fnmol-14-771911 October 28, 2021 Time: 16:27 # 7

Farrawell and Yerbury SOD1 Aggregates Alter Protein Turnover

Grad, L. I., Yerbury, J. J., Turner, B. J., Guest, W. C., Pokrishevsky, E.,
O’Neill, M. A., et al. (2014). Intercellular propagated misfolding of wild-type
Cu/Zn superoxide dismutase occurs via exosome-dependent and -independent
mechanisms. Proc. Natl. Acad. Sci. U.S.A. 111, 3620–3625. doi: 10.1073/pnas.
1312245111

Hoffman, E. K., Wilcox, H. M., Scott, R. W., and Siman, R. (1996). Proteasome
inhibition enhances the stability of mouse Cu/Zn superoxide dismutase with
mutations linked to familial amyotrophic lateral sclerosis. J. Neurol. Sci. 139,
15–20. doi: 10.1016/0022-510X(96)00031-7

Johnston, J. A., Dalton, M. J., Gurney, M. E., and Kopito, R. R. (2000). Formation
of high molecular weight complexes of mutant Cu, Zn-superoxide dismutase in
a mouse model for familial amyotrophic lateral sclerosis. Proc. Natl. Acad. Sci.
U.S.A. 97, 12571–12576. doi: 10.1073/pnas.220417997

Kabuta, T., Suzuki, Y., and Wada, K. (2006). Degradation of amyotrophic
lateral sclerosis-linked mutant Cu,Zn-superoxide dismutase proteins by
macroautophagy and the proteasome. J. Biol. Chem. 281, 30524–30533. doi:
10.1074/jbc.M603337200

Kikuchi, H., Almer, G., Yamashita, S., Guégan, C., Nagai, M., Xu, Z., et al.
(2006). Spinal cord endoplasmic reticulum stress associated with a microsomal
accumulation of mutant superoxide dismutase-1 in an ALS model. Proc. Natl.
Acad. Sci. U.S.A. 103, 6025–6030. doi: 10.1073/pnas.0509227103

Leigh, P. N., Whitwell, H., Garofalo, O., Buller, J., Swash, M., Martin, J. E., et al.
(1991). Ubiquitin-immunoreactive intraneuronal inclusions in amyotrophic
lateral sclerosis. Morphology, distribution, and specificity. Brain 114(Pt 2),
775–788. doi: 10.1093/brain/114.2.775

Matsumoto, G., Stojanovic, A., Holmberg, C. I., Kim, S., and Morimoto, R. I.
(2005). Structural properties and neuronal toxicity of amyotrophic lateral
sclerosis-associated Cu/Zn superoxide dismutase 1 aggregates. J. Cell Biol. 171,
75–85. doi: 10.1083/jcb.200504050

McAlary, L., Yerbury, J. J., and Aquilina, J. A. (2013). Glutathionylation potentiates
benign superoxide dismutase 1 variants to the toxic forms associated with
amyotrophic lateral sclerosis. Sci. Rep. 3:3275. doi: 10.1038/srep03275

Miyazaki, K., Fujita, T., Ozaki, T., Kato, C., Kurose, Y., Sakamoto, M., et al.
(2004). NEDL1, a novel ubiquitin-protein isopeptide ligase for dishevelled-
1, targets mutant superoxide dismutase-1. J. Biol. Chem. 279, 11327–11335.
doi: 10.1074/jbc.M312389200

Munch, C., O’Brien, J., and Bertolotti, A. (2011). Prion-like propagation of mutant
superoxide dismutase-1 misfolding in neuronal cells. Proc. Natl. Acad. Sci.
U.S.A. 108, 3548–3553. doi: 10.1073/pnas.1017275108

Nishitoh, H., Kadowaki, H., Nagai, A., Maruyama, T., Yokota, T., Fukutomi, H.,
et al. (2008). ALS-linked mutant SOD1 induces ER stress- and ASK1-dependent
motor neuron death by targeting Derlin-1. Genes Dev. 22, 1451–1464. doi:
10.1101/gad.1640108

Prell, T., Lautenschläger, J., Witte, O. W., Carri, M. T., and Grosskreutz, J. (2012).
The unfolded protein response in models of human mutant G93A amyotrophic
lateral sclerosis. Eur. J. Neurosci. 35, 652–660. doi: 10.1111/j.1460-9568.2012.
08008.x

Reich, S., Nguyen, C. D. L., Has, C., Steltgens, S., Soni, H., Coman, C., et al.
(2020). A multi-omics analysis reveals the unfolded protein response regulon
and stress-induced resistance to folate-based antimetabolites. Nat. Commun.
11:2936. doi: 10.1038/s41467-020-16747-y

Saxena, S., Cabuy, E., and Caroni, P. (2009). A role for motoneuron subtype-
selective ER stress in disease manifestations of FALS mice. Nat. Neurosci. 12,
627–636. doi: 10.1038/nn.2297

Strong, M. J., Kesavapany, S., and Pant, H. C. (2005). The pathobiology of
amyotrophic lateral sclerosis: a proteinopathy? J. Neuropathol. Exp. Neurol. 64,
649–664. doi: 10.1097/01.jnen.0000173889.71434.ea

Ticozzi, N., Ratti, A., and Silani, V. (2010). Protein aggregation and defective RNA
metabolism as mechanisms for motor neuron damage. CNS Neurol. Disord.
Drug Targets 9, 285–296. doi: 10.2174/187152710791292585

Turner, B. J., Atkin, J. D., Farg, M. A., Zang, D. W., Rembach, A., Lopes,
E. C., et al. (2005). Impaired extracellular secretion of mutant superoxide
dismutase 1 associates with neurotoxicity in familial amyotrophic lateral
sclerosis. J. Neurosci. 25, 108–117. doi: 10.1523/JNEUROSCI.4253-04.2005

Varanda, A. S., Santos, M., Soares, A. R., Vitorino, R., Oliveira, P., Oliveira, C.,
et al. (2020). Human cells adapt to translational errors by modulating protein
synthesis rate and protein turnover. RNA Biol. 17, 135–149. doi: 10.1080/
15476286.2019.1670039

Verhoef, L. G., Lindsten, K., Masucci, M. G., and Dantuma, N. P. (2002). Aggregate
formation inhibits proteasomal degradation of polyglutamine proteins. Hum.
Mol. Genet. 11, 2689–2700. doi: 10.1093/hmg/11.22.2689

Walter, P., and Ron, D. (2011). The unfolded protein response: from stress
pathway to homeostatic regulation. Science 334, 1081–1086. doi: 10.1126/
science.1209038

Yerbury, J. J., Farrawell, N. E., and McAlary, L. (2020). Proteome homeostasis
dysfunction: a unifying principle in ALS pathogenesis. Trends Neurosci. 43,
274–284. doi: 10.1016/j.tins.2020.03.002

Yerbury, J. J., Ooi, L., Blair, I. P., Ciryam, P., Dobson, C. M., and Vendruscolo, M.
(2019). The metastability of the proteome of spinal motor neurons underlies
their selective vulnerability in ALS. Neurosci. Lett. 704, 89–94. doi: 10.1016/j.
neulet.2019.04.001

Zeineddine, R., Pundavela, J. F., Corcoran, L., Stewart, E. M., Do-Ha, D., Bax, M.,
et al. (2015). SOD1 protein aggregates stimulate macropinocytosis in neurons
to facilitate their propagation. Mol. Neurodegener. 10:57. doi: 10.1186/s13024-
015-0053-4

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Farrawell and Yerbury. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Molecular Neuroscience | www.frontiersin.org 7 November 2021 | Volume 14 | Article 771911

https://doi.org/10.1073/pnas.1312245111
https://doi.org/10.1073/pnas.1312245111
https://doi.org/10.1016/0022-510X(96)00031-7
https://doi.org/10.1073/pnas.220417997
https://doi.org/10.1074/jbc.M603337200
https://doi.org/10.1074/jbc.M603337200
https://doi.org/10.1073/pnas.0509227103
https://doi.org/10.1093/brain/114.2.775
https://doi.org/10.1083/jcb.200504050
https://doi.org/10.1038/srep03275
https://doi.org/10.1074/jbc.M312389200
https://doi.org/10.1073/pnas.1017275108
https://doi.org/10.1101/gad.1640108
https://doi.org/10.1101/gad.1640108
https://doi.org/10.1111/j.1460-9568.2012.08008.x
https://doi.org/10.1111/j.1460-9568.2012.08008.x
https://doi.org/10.1038/s41467-020-16747-y
https://doi.org/10.1038/nn.2297
https://doi.org/10.1097/01.jnen.0000173889.71434.ea
https://doi.org/10.2174/187152710791292585
https://doi.org/10.1523/JNEUROSCI.4253-04.2005
https://doi.org/10.1080/15476286.2019.1670039
https://doi.org/10.1080/15476286.2019.1670039
https://doi.org/10.1093/hmg/11.22.2689
https://doi.org/10.1126/science.1209038
https://doi.org/10.1126/science.1209038
https://doi.org/10.1016/j.tins.2020.03.002
https://doi.org/10.1016/j.neulet.2019.04.001
https://doi.org/10.1016/j.neulet.2019.04.001
https://doi.org/10.1186/s13024-015-0053-4
https://doi.org/10.1186/s13024-015-0053-4
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles

	Mutant Cu/Zn Superoxide Dismutase (A4V) Turnover Is Altered in Cells Containing Inclusions
	Introduction
	Materials and Methods
	Plasmid Constructs
	Cell Culture and Transfection
	Live Cell Imaging
	Quantification and Tracking of Cu/Zn Superoxide Dismutase-Dendra2 Fluorescence
	Tracking Cells Co-expressing Cu/Zn Superoxide DismutaseA4V-GFP and mcherryCL1
	Statistics

	Results
	The Half-Life of Cu/Zn Superoxide Dismutase Is Diminished by Amyotrophic Lateral Sclerosis-Associated Mutations
	The Degradation and Synthesis of Cu/Zn Superoxide DismutaseA4V Is Slowed in Cells Containing Insoluble Aggregates
	The Ubiquitin Proteasome System Slows Prior to Cu/Zn Superoxide DismutaseA4V Aggregation

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	References


