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Prion-like activity of Cu/Zn superoxide dismutase
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Neurodegenerative diseases belong to a larger group
of protein misfolding disorders, known as proteinopathies.
There is increasing experimental evidence implicating prion-
like mechanisms in many common neurodegenerative
disorders, including Alzheimer disease, Parkinson disease,
the tauopathies, and amyotrophic lateral sclerosis (ALS), all
of which feature the aberrant misfolding and aggregation of
specific proteins. The prion paradigm provides a mechanism
by which a mutant or wild-type protein can dominate
pathogenesis through the initiation of self-propagating
protein misfolding. ALS, a lethal disease characterized by
progressive degeneration of motor neurons is understood as a
classical proteinopathy; the disease is typified by the formation
of inclusions consisting of aggregated protein within and
around motor neurons that can contribute to neurotoxicity.
It is well established that misfolded/oxidized SOD1 protein is
highly toxic to motor neurons and plays a prominent role in
the pathology of ALS. Recent work has identified propagated
protein misfolding properties in both mutant and wild-
type SOD1, which may provide the molecular basis for the
clinically observed contiguous spread of the disease through
the neuroaxis. In this review we examine the current state
of knowledge regarding the prion-like properties of SOD1
and comment on its proposed mechanisms of intercellular
transmission.

Introduction

Amyotrophic lateral sclerosis (ALS) is a fatal neuromuscu-
lar condition characterized by degeneration of the upper and
lower motor neurons causing progressive muscle paralysis and
spasticity that affects mobility, speech, swallowing, and respira-
tion."* Half of affected individuals die within 3 years and less
than 20% survive for more than 5 years.? The etiology of ALS
is unknown; however, similar to other neurodegenerative dis-
eases such as Alzheimer disease and Creutzfeldt-Jakob disease,
90-95% of cases are sporadic in which some predisposing gene
mutations have been identified, such as those encoding ataxin-2
repeat expansions.” The remainder of cases are familial,” which
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are predominantly associated with Mendelian-inherited muta-
tions in genes encoding Cu/Zn superoxide dismutase (SOD1),
TAR-DNA binding protein 43 (TDP-43), fused in sarcoma/
translocated in liposarcoma (FUS/TLS), and COORF72, but
have been associated with other genes as well.* Based on its
pathobiology, ALS is considered a protein misfolding disorder,
and as such is classified as a proteinopathy similar to other neu-
rodegenerative diseases, including Alzheimer disease, Parkinson
disease, other tauopathies, and the prion diseases. ALS patients
typically feature abnormal accumulations of proteinaceous inclu-
sions in motor neurons and neural accessory cells.

Mutations in SODI, a ubiquitously-expressed gene encoding
a free-radical scavenging enzyme, were the first genetic causes
of ALS to be identified”® and are implicated in ~20% of all
familial ALS (FALS) cases; over 150 different disease-causing
SODI mutations have been identified to date.!""® Despite the
intrinsic stability of the native SODI enzyme, the majority of
these mutations induce misfolding and subsequent aggregation.
Aggregate formation occurs through a mechanism by which
the highly-stable native SODI1 homodimer is disrupted,
thereby producing a misfolded monomeric intermediate that
can be incorporated into higher-order oligomeric strucutres.'*'¢
However, genetic mutation is not the only way to destabilize,
misfold, and aggregate SODI. Aberrant oxidation or post-
translational modification of wild-type (wt) SODI1 has been
observed to mimic the aggregation-prone effects of mutant SOD1
in vitro™”'® in a protein concentration-dependent manner.”
SODI-containing neural inclusions are typically detected in
motor neurons from familial ALS patients,” and in transgenic®
and tissue culture models* of the disease. There is increasing
evidence that all types of ALS, including non-SODI-linked
familial and sporadic cases are associated with SOD1 misfolding,
oxidation, and aggregation.”* Inclusions containing aggregated
SODI have been detected in spinal cord tissues from both FALS
and sporadic ALS (SALS) patients**~® in addition to biochemical,
genetic and immunological evidence of misfolded SODI1 in
cases of SOD1-excluded SALS.??' Misfolded SODI is therefore
a prime candidate as a common molecular determinant for all
forms of ALS and may play a key role in disease pathogenesis.

Native SODI scavenges cytotoxic superoxide radicals from
the cytosol, converting them into less toxic hydrogen peroxide
and oxygen.* Mutations in SODLI often inhibit enzymatic func-
tion; however loss of superoxide dismutase function is not the
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cause of disease as SOD1 knockout mice do not develop an ALS-
like motor neuron disease despite the build-up of superoxide
radicals.?® Instead, misfolding of SODI conferred by mutation,
oxidation or other cell stresses is generally thought to acquire

a toxic gain of function,?3¢

although the precise nature of this
toxicity and its specificity for motor neurons remains to be elu-
cidated. Moreover, in its misfolded pathological form SODI can
react non-specifically with a variety of substrates, causing it to
become a net producer of reactive oxygen and nitrogen species,”
as opposed to a free-radical scavenger, which can subsequently
lead to intracellular damage of cellular protein, lipid, and nucleic
acid.?®% Toxicity of misfolded SOD1 has also been attributed
to diverse deleterious effects including: cytoskeletal disruption,
caspase activation, microglial activation, and proteasomal and
autophagy pathway disruption.**-4?

A significant clinical feature of ALS is its contiguous spread
through the neuroaxis; pathology starts at a focal point of onset
and spreads in a spatiotemporal fashion through adjacent neu-
roanatomical regions.”** Given the similarities in disease pro-
gression and anatomical spread between other neurodegenerative
proteinopathies, including the classical prion diseases, a likely
mechanism to account for this observation that has gained trac-
tion in recent years is the region to region prion-like spread of
propagated protein misfolding. Indeed, the model of prion-like
spread of misfolding fits the clinical pattern of ALS pathology
and has previously been implicated in other relatively common
neurodegenerative proteinopathies of aging, such as Parkinson

4 The mechanism also accounts

disease® and Alzheimer disease.
for how a mutant or even wild-type protein can dominate patho-
genesis of a phenotypically diverse disease such as ALS, akin to
when the normal cellular isoform of the prion protein (PrP<) con-
verts to its pathological isoform PrP* in prion disease. In this
review, we will summarize the evidence for prion-like propaga-
tion of misfolded SOD1, the molecular mechanism by which this
process can occur, and consider the pathways by which misfolded
SODI1 transmits from cell-to-cell.

Evidence for the Molecular Conversion of SOD1

The requisite characteristic of prion-like activity on a molecular
level is, at its core, defined by the ‘protein-only’ hypothesis that
stipulates misfolded protein alone is necessary and sufficient to
catalyze misfolding of native protein, without the requirement for
any co-factors.”” Although not yet as experimentally scrutinized as
the prion protein, a considerable body of experimental evidence
has accumulated in the literature indicating that misfolded
SODLI has the ability to transfer conformational information
from one molecule to another, meeting some of the requirements
of prion-like activity at the molecular level. SODI, a small
soluble ubiquitously-expressed 153-residue protein, exists as a
dimer in its functional form. The native holo-enzyme contains
an intramolecular disulfide bond within each monomer, which
contributes to its high conformational stability and resistance
to proteolytic digestion.” Despite this, SODI is highly prone
to destabilization when mutated or aberrantly oxidized; over
150 pathological mutations have been identified within SODI
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affecting nearly every amino acid. In its mutated or modified
state SODL has a high propensity to misfold and form oligomers
and aggregates. Indeed, under denaturing conditions wild-type
and mutant forms of SODI1 can spontaneously form aggregates
and fibrils in vitro,” where the relative propensity for aggregation
is dependent upon the variant of SOD1.%° Indications of in vivo
SODIL fibril formation have been observed in transgenic mice
expressing mutant SODI°>%; however, the formation of highly-
structured amyloid fibrils does not appear to be a consistent
feature of SODI in human disease.”

Intramolecular conversion of native wtSODI to a pathological
form has been previously observed in a series of in vivo studies.
Exacerbation of motor neuron disease in mutant SOD1 mouse
models was observed upon co-expression of human wtSODI,
suggesting accelerated disease progression through molecular

association with mutant SOD1,54%

possibly through stabiliza-
tion of mutant species through interaction with wtSODI® or
through the formation of non-native disulfide interactions that
induce insoluble aggregate formation.” Coaggregation of mutant
and wild-type SODI has also been detected in post-mortem tis-
sue from familial ALS patients,”® making intermolecular con-
version in humans plausible and pathologically relevant. Direct
evidence of intermolecular conversion of wtSODI to a misfolded
isoform has been observed in human cell lines.** Co-expression
of misfolded human SOD1 mutants can confer a misfolded con-
formation on endogenous wtSODI] that is revealed by conforma-
tion-specific antibodies whose epitopes are only accessible when
the protein is misfolded; induced misfolding by mutant SOD1
results in enhanced protease sensitivity, an indicator of global
loosening of the polypeptide backbone. Conformational conver-
sion of wtSODI1 by a mutant conformer can also occur in a cell-
free system, thus eliminating any unidentified tangential protein,
lipid or nucleic acid factors from the process.” Interestingly, the
intermolecular conversion of wtSODI to a misfolded form appears
dependent upon the exposure of a single amino-acid residue, a
tryptophan (W) at position 32, indicating a physical point of
contact between the converting and the converted species that is
separate from the dimer interface region. W32 is the only trypto-
phan in the wild-type human protein sequence and has previously
been identified as a site of oxidative modification and a potentiator
of aggregation.®® SODI constructs featuring ALS-causing muta-
tions, but with an additional W32S substitution failed to induce
wtSOD1 misfolding in human cell lines” indicating that sequence
or structural requirements are required for efficient conversion to
take place, a characteristic reminiscent of the “species barrier” in
prion diseases such as Chronic Wasting Disease, a transmissible
spongiform encephalopathy that is thus far restricted to certain
species of deer and elk.”’ Indeed, tryptophan is substituted for
a serine at position-32 in mouse SODI1, which appears inert in
the conversion process of human SODI1. Further evidence of the
“species barrier” is seen in vivo as wild-type human SOD1 does
not accelerate motor neuron disease in mice expressing murine
SODI1 with the G86R mutation.®* Furthermore, murine SOD1
is not incorporated into aggregates of human mutant SOD1.55763
It is clear from this that SODI1 belongs to a distinct collection of
proteins with intermolecular characteristics reminiscent of PrP.
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Self-Propagation of SOD1 Misfolding

A key aspect to the prion mechanism of misfolded SODL is the
ability of the protein to impart its misfold onto wild-type protein,
which in turn can provide new template for additional rounds of
misfolding. Induced misfolding of SOD1 was shown to persist
even in the absence of the misfolded “seed” in cell culture,” 4
suggesting that newly misfolded polypeptide can act as template
for subsequent cycles of SOD1 misfolding—an observation remi-
niscent of the definitive property of pathological prion protein.
Two mechanisms have been proposed to account for this conver-
sion process: nucleation- or seeded-polymerization, in which the
misfolded monomeric species is intrinsically less stable as a mono-
mer but becomes more stable than its native counterpart when
recruited to a multimeric aggregate; and template-directed mis-
folding, in which the misfolded pathological conformer is more
stable than the native form but is kinetically inaccessible with-
out catalysis by interaction with the misfolded form.® Evidence
for both mechanisms has been observed and likely suggests that
propagated SODI1 misfolding of both mutant and wtSOD1 span
a continuum between the two models of prion-like propagation
(summarized in Fig. 1). The work by Grad et al. suggests that
the intracellular conversion of wtSODI] to a misfolded conformer
likely occurs in a template-directed fashion. Structural loosening
of endogenous wtSOD1 is induced by contact with overexpressed
wild-type misfolded template, but results in limited generation of
non-native disulfide interactions and remains soluble, thus it is
unlikely to be recruited to aggregates in human cell lines® dem-
onstrating that soluble misfolded conformers of SOD1 can induce
propagated protein misfolding in addition to insoluble aggregate
seeds. Given the intrinsic stability of homodimeric native SODI1,
and that co-expression of wtSODI can actually stabilize mutant
misfolded SOD1,°*“ it is possible that nascent wtSODI polypep-
tide that has yet to be correctly folded likely represents the most
thermodynamically favorable substrate for template-directed
misfolding, although this remains to be experimentally verified.

Seeded polymerization, also called fibrillar aggregation, is a
phenomenon inherent to several proteinopathies, including the
prion diseases,’® Alzheimer disease,**”® and Parkinson disease.”!
Similar characteristics have been observed for SOD1 both in
vitro and in cell culture, however the propensity to aggregate
is dependent upon mutation or other structural modification,*
and directly related to the relevant number of hydrophobic resi-
dues exposed due to the resulting conformational changes.”?
Aggregation propensity and structural stability of SOD1 mutants
also plays a pivotal role in disease progression and patient
survival.”? Crystal structures from recombinant metal-deficient
mutant SOD1 proteins reveal higher-order assemblies of aligned
B-sheets forming amyloid-like filaments and water-filled nano-
tubes.”* Recombinant apo-SODI1 without disulphide bonds,
ALS mutant SODI protein or insoluble SOD1-containing aggre-
gates isolated from transgenic mouse models of ALS expressing
mutant SODLI all have been shown to possess spontaneous fibril-
lization and seeding activity in vitro under various non-physi-
952 Exogenously-applied aggregated mutant
human SODI can induce subsequent aggregation of soluble

ological conditions.
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transgenically-expressed mutant SOD1 in mouse neuroblas-
toma cells.®* Similarly, exogenous fibrils of recombinant human
mutant SODI1 can be taken up by mouse neuroblastoma cells
expressing the same human SOD1 mutant and trigger intracellu-
lar aggregation.”” Combined, these investigations clearly demon-
strate behavior consistent with self-propagating misfolding and
aggregation analogous to that which underlies the generation of
pathological prions.

Intercellular Transmission of SOD1 Misfolding

It is clear that the intercellular spread of misfolding is a preva-
lent feature of neurodegenerative disease, with the distribution of
misfolded protein seeds playing the critical role of expanding the
pathology beyond the site of original involvement. A misfolded
protein that cannot escape the local environment in which it was
formed has no way to effectively transmit the misfold to other
regions, therefore the misfolded protein must be transported
in a way that allows it to spread from cell to cell and region to
region. Indeed, intercellular spread of propagated protein mis-
folding and aggregation of pathogenic PrP% is a hallmark of the
prion disases. As described above, release and uptake of protein
aggregates or proto-fibrils is one possible mechanism for intercel-
lular spread in ALS, and likely occurs when dying neurons release
their contents to the extracellular milieu. Exogenous mutant and
wtSODI aggregates have been shown to efficeintly penetrate the
cell membrane of neuron-like cells in a macropinocytosis-depen-
dent mechanism,®7¢
soluble SODI1 into insoluble aggregates. Aggregates of misfolded
SODI likely represent a conformationally robust and thermody-
namically stable form”” that can better surive the relative hostili-

and become self-perpetuating in recruiting

ties of the extracellular evnironment than smaller soluble forms.
Direct exposure of misfolded SODL to the extracellular space is
an important characteristic as it allows for access of potential ther-
apeutic molecules to recognize and bind directly to pathological
protein, therby blocking its contact with native SODI substrate
or targeting it for subsequent destruction. Indeed, intercellular
propagated misfolding of SODI can be abrogated in the presence
of misfolding-specific SOD1 anitbody.”® Although intercellular
seeded polymerization via large SODI aggregates and fibrils is
an observable phenomenon, there is a question as to the patho-
logical relevance of such a process in regards to ALS. In other
neurodegenerative diseases, there is growing evidence pointing
to soluble misfolded protein as the toxic species as opposed to
large protein aggregates, inclusions or fibrils, which appear for
the most part to be pathologically inert.”® In Alzheimer disease,
it is smaller oliogomeric forms of amyloid-f that impair synapic

function,”®8°

plasticity, and memory.® Likewise, in Parkinson
disease there is growing evidence that pre-fibrillar oligomers of
8285 a5 opposed

to the hallmark Lewy bodies, which may simply serve as benign

a-synuclein are responsible for disease progression

reservoirs of aggregated protein. It is highly suggestive that a sim-
ilar paradigm exists for SOD1 misfolding in ALS, which could
explain why misfolded SODLI is detectable in sporadic cases,
but not typically associated with large protein inclusions usually
observed in mutant SOD1-linked familial ALS.?*3%7¢ Therefore,
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Figure 1. Intermolecular conversion and intercellular transmission of misfolded SOD1. Intermolecular conversion of wild-type SOD1 likely occurs via
two possible mechanisms. Nascently-translated SOD1 that is presumably still partially unfolded are substrates for template-directed conversion by
pathological forms of SOD1. Conversion of nascent SOD1 to a misfolded isoform provides template for further rounds of native SOD1 conversion.
Additionally, homodimeric wild-type SOD1 (or soluble forms of misfolded SOD1) can be misfolded and incorporated into pre-existing insoluble
aggregates of misfolded SOD1 to form larger complexes. Intercellular transmission of misfolded SOD1 isoforms also occurs via two possible mechanisms.
Soluble forms of misfolded SOD1 (likely monomers and small oligomers) are packaged via the endocytic pathway into multivesicular bodies (MVBs);
MVBs fuse with the plasma membrane thus releasing vesicles, such as exosomes, to the extracellular environment. Furthermore, exosomes, with
misfolded SOD1 presented on the outer surface, are subsequently taken up by neighboring cells. This process likely occurs between living cells in early
stages of ALS. Conversely, SOD1 aggregate release likely occurs during neuronal cell death as plasma membrane integrity diminishes. Uptake of SOD1

aggregates occurs via macropinocytosis; however it remains unknown if this process is non-specific or is regulated by cell-surface receptors.

another mechanism is likely necessary for efficient cell-to-cell
transport of soluble misfolded SODI species through the extra-
cellular milieu.

in ALS or other
neurodegenerative diseases, pathology can spread from cell to cell

Before neuronal cell death ensues

and region to region,** suggesting a cellular mechanism that may
be more relevant to early stages of the disease. A highly plausible
means by which this could occur is through small 30-80
nm-wide membrane-bounded vesicles, called exosomes, which
normally contain and transport various proteins and nucleic
acids between cells. Exosomes are formed within intracellular
vesicles, or endosomes, by membrane invagination, resulting
in the formation of multivesicular bodies (MVBs). MVBs are
normally involved in the trafficking of proteins to the lysosomes
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for degradation. Alternatively, MVBs can fuse with the plasma
membrane, leading to the release of its intraluminal vesicles into
the extracellular environment; these are defined as exosomes.*
The exosome secretion pathway is associated with numerous
pathogen-associated proteins, often resulting in viral spread.®>-%
In addition, exosomes have been increasingly implicated in the
spread of pathogenic proteins involved in neurodegenerative
diseases, such as Alzheimer disease,*® Parkinson disease,**° and
992 The evidence supporting an analogous
mechanism involved in pathogenic SODI transmission is ever-

the prion diseases.

increasing. SOD1 itself is a well-known exosome resident protein
from multiple cell types and species.”” In SODI-related ALS,
the secretory pathway is thought to be compromised resulting
in the secretion of mutant SOD1.#* Subsequent studies have
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identified exosomes as the secretion mechanism for both wild-
type and mutant SODI1 in a motor neuron-like cell model,’
potentially mediated by chromogranins, components of secretory
vesicles that could serve as a secretory chaperone.”” Further
evidence suggests that mutant SOD1 oligomers accumulate in
the endoplasmic reticulum-Golgi compartments of the endocytic
pathway prior to their subsequent secretion.”® More recent work
has established that both mutant and wild-type misfolded SOD1
can be secreted from neuron-like cells via exosomes”; these
exosomes can then be subsequently taken up by fresh cells where
the misfolded SODL1 cargo provides a template for subsequent
induction of protein misfolding (Fig. 1).”° The observation
that wild-type SODI1 is capable of facilitating propagated
SODI misfolding further implicates the protein as a common
pathological target for ALS regardless of mutation within SODI
itsel>!°° and may provide the means by which the disease
contiguously spreads in cases where SODI1 is not mutated.”
Interestingly, misfolded SODLI is immunologically detectable on
’¢ providing
accessibility to potential therapeutic molecules similar to non-

the outer leaflet of extracellular vesicle membranes,

vesicle associated aggregates of SOD1, although the reason for this
is still unknown. Furthermore, the participation of the exosomal
secretory pathway in intercellular transmission of misfolded
SODI allows not only for the direct extracellular targeting of
misfolded SODI that can effectively disrupt the physical contact
between the converting species and its substrate, but also for the
targeting of cellular processes that are involved in the packaging
of misfolded SOD1 inside the cell, and its subsequent secretion
via extracellular vesicles.

The evidence supporting an exosome-mediated mechanism
facilitating intercellular transmission of propagated SODI mis-
folding continues to build; however, the link between this mech-
anism and ALS pathology is more tenuous. To address this, more
physiologically-relevant models have been utilized in order to
relate exosome-mediated misfolded SOD1 transmission back to
those cell-types directly affected by ALS, namely motor neurons
and their accessory cells. Secreted mutant SOD1 is observed to
have deleterious effects as demonstrated by induced microgliosis
and increased motor neuron death in co-cultures.”” More recently,
mouse astrocyte-derived exosomes were observed to efficiently
transfer mutant SODI to spinal neurons and subsequently cause
selective motor neuron death,” a further exemplar of the non-
cell autonomous nature of ALS and evidence that transmitted
misfolded SODL1 can be pathogenic. Similarly, astrocytes derived
from familial and sporadic ALS patients were toxic to motor
neurons derived from mouse embryonic stem cells.'” Interestingly,
suppression of SOD1 expression in both FALS and SALS-derived
astrocytes attenuates motor neuron toxicity, highly suggestive of
SOD1-mediated neurotoxicity. However, the results of the study
conflict with a prion-like mode of action as the affected motor
neurons were derived from wild-type non-transgenic mice; mouse
SODI has been shown to be resistant to propagated protein mis-
folding when induced by misfolded human SOD1.” Therefore
the observations by Haidet-Phillips et al. imply an additional
SODl-associated factor may be responsible for neurotoxicity in
their cultured neuronal cell system; however, there remains to
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be explained the self-propagating region to region spread of neu-
rotoxicity that perpetuates once an initial pathological event has
occurred. Needless to say, future work is needed to solidify the
connection between propagated SOD1 misfolding, neurotoxicity
and the contiguous spread of pathology within the neuroaxis of
ALS patients.

Perspectives: Is ALS a Prion Disease?

The intercellular transmission of self-perpetuating protein
misfolding now appears to be a prevalent mechanism in neurode-
generative diseases of aging, and one that explains the relatively
rare frequency of ALS within the population and the progres-
sive nature of its disease biology. The contiguous spatiotemporal
spread of pathology and the demonstrated intercellular passage
of misfolded SODLI argue that the event precipitating disease is
endogenous spontaneous misfolding arising from a rare confor-
mational change of a susceptible protein. However, can ALS, or
any of the other non-prion protein neurodegenerative diseases
mentioned in this review, be truly considered an authentic prion
disease? One would argue that despite fulfilling certain required
characteristics of pathological prion proteins, such as evidence
of protein recruitment and misfolding conversion, intercellular
transmission, and tissue migration, SOD1 and other analogous
“prion-like” proteins involved in neurodegenerative proteinopa-
thies do not share other key traits synonymous with the classical
prion diseases, namely transmission between organisms’’ and
the evidence of strains that vary in their infectivity and toxic-
ity.!? Furthermore, there is little evidence in the literature thus
far that firmly cements the “protein-only” hypothesis in any of
the other non-classical prion diseases under physiological condi-
tions; the lone exception may be for SOD1 as template-directed
misfolding was observed in a completely cell-free environment
using purified recombinant protein®’; however, the reaction was
dependent upon a buffer composition that only mimicked the
reducing and metal cation-buffering capacity of the cytosol,
which may not replicate the intracellular milieu exactly.

When it comes to infectivity, no other propagated misfolded
protein comes close to the robustness of PrP* in prion disease.
To date, there is no published experimental evidence demon-
strating that any neurodegenerative proteinopathy, other than
the classical prion diseases, can spread from individual to indi-
vidual in humans or experimental model systems via natural
infection pathways such as oral or intravenous inoculation. In
fact, a recent study firmly states that person-to-person transmis-
sibility in Alzheimer and Parkinson diseases is highly unlikely
to occur.'”® However, one cannot ignore the more demonstrative
observations of facilitated trans-organism disease transmission
when intraperitoneal inoculation of misfolded amyloid-B-
enriched brain extract from Alzheimer patients into transgenic
mice induces amyloidosis in the brain, a region significantly dis-
tal to the site of injection.® It therefore seems that the point of
entry of other “prion-like” agents is crucial for disease propa-
gation, indicating a relatively weak robustness of transmission
compared with PrP%, the prototypical highly-infectious prion.
Sensitivity to the extracellular environment may explain the lack
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of evidence thus far for organism-to-organism spread of ALS, at
least via misfolded SODI. Unlike PrP%, which is a highly-sta-
ble and protease-resistant isoform compared with normal PrP¢
and represents the epitome of a transmissible pathological pro-
tein-only agent, many pathological species of misfolded SOD1
become increasingly protease-sensitive and unstable.*®* This
would make a misfolded SOD1-mediated “infectious particle”
less likely to stand up to the environmental rigours of person-to-
person transmission, although the presence of native wild-type
SODI1 has been shown to increase the stability of mutant mis-
folded SOD1.% Other factors that may confound interorganism
“infection” of SOD1 misfolding include misfolding dynamics, i.e.
it simply takes too long for suitable levels of misfolded template to
replicate to levels that facilitate infection, and host attributes that
may simply be incompatible for misfolded SODI transmission
between individuals. However, SOD1 does appear to meet the
intramolecular, intermolecular, and intercellular requirements
associated with prions. Taken together, the literature would sug-
gest that the pathological agents of neurodegenerative proteinop-
athies could all be considered “prions” with transmissibility and
toxicity characteristics falling within a wide spectrum, with PrP%
representing the one end (highly transmissible, highly toxic) and
proteins associated with more relatively common neurodegenera-
tive diseases, such as SOD1, amyloid-f or a-synuclein, on the
other end representing less robust infectious agents, but with the
ability to induce protein misfolding and perpetuate it from cell

There is no doubt further in vivo characterization of misfolded
SODI transmissibility is required to determine the risks, if any,
for interorganism infection, and how much of a role misfolded
SODI propagation plays in disease progression and pathology.
ALS itself features other misfolded/aggregated proteins associ-
ated with pathology, such as TDP-43, FUS, and COORF72, that
may also play a role in disease spread and transmission. Recently,
TDP-43, a nuclear-expressed RNA-binding protein found in
large cytosolic inclusions in the brains of patients with ALS and
frontotemporal dementia, was also found to induce seed-depen-
dent aggregation in living cells.'®'” This recent data extends the
prion paradigm of ALS to new levels and compounds the diffi-
culty of elucidating the precise molecular mechanisms governing
the pathogenesis and spread of the disease.
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