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Amyotrophic lateral sclerosis (ALS) is a fatal motor neuron disease presenting as
sporadic (sALS) or familial (fALS) forms. Even if the list of the genes underlining ALS
greatly expanded, defects in superoxide dismutase 1 (SOD1), encoding the copper/zinc
SOD1, still remain a major cause of fALS and are likely involved also in apparently
sporadic presentations. The pathogenesis of ALS is still unknown, but several lines of
evidence indicate that the mitochondrial accumulation of mutant SOD1 is an important
mechanism of mitochondrial dysfunction, leading to motor neuron pathology and death.
The intramitochondrial localization of mutant SOD1 is debated. Mutant SOD1 might
accumulate inside the intermembrane space (IMS), overriding the physiological retention
regulated by the copper chaperone for superoxide dismutase (CCS). On the other
hand, misfolded SOD1 might deposit onto the outer mitochondrial membrane (OMM),
clumping the transport across mitochondrial membranes and engaging mitochondrial-
dependent cell apoptosis. The elucidation of the mechanisms ruling SOD1 localization
and misplacing might shed light on peculiar ALS features such as cell selectivity and
late onset. More importantly, these studies might disclose novel targets for therapeutic
intervention in familial ALS as well as non-genetic forms. Finally, pharmacological or
genetic manipulation aimed to prevent or counteract the intracellular shifting of mutant
SOD1 could be effective for other neurodegenerative disorders featuring the toxic
accumulation of misfolded proteins.

Keywords: superoxide dismutase 1, motor neuron disorder, mitochondria, mitochondrial intermembrane space,
outer mitochondrial membrane, protein misfolding

Introduction

Amyotrophic lateral sclerosis (ALS) is a lethal neurological disease caused by the selective
degeneration of upper and lower motor neurons, resulting in progressive muscle denervation
and paralysis (Bucchia et al., 2015). Recent studies also feature non-cell autonomous mechanisms
involving contiguous and functionally related cells such as astrocytes, oligodendrocytes, microglia
as well as the extracellular environment (Rizzo et al., 2014). No effective therapy is available for
ALS and understanding the disease pathogenesis could help in developing effective treatments
(Bucchia et al., 2015).

The majority of ALS cases are sporadic (sALS) while familial (fALS) forms account for 10% of
all ALS presentations (Renton et al., 2014). Nevertheless, sALS and fALS share similar phenotypic
features, being clinically indistinguishable, with fALS patients only displaying, sometimes,
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earlier onset respect to sporadic probands. To date, the genetic
defect underlining ALS is identified in approximately two thirds
of fALS cases, while nine of ten sporadic forms lack a molecular
diagnosis (Renton et al., 2014). The application of massive
parallel sequencing techniques to undiagnosed cases is expected
to improve the diagnostic yield and the identification of novel
genes in fALS. It is more difficult to predict if sporadic forms
result from undisclosed (rare) molecular defects or are the
consequence of additional factors such as environment and
ageing. Indeed, the existence of multifactorial causes underlining
sALS is a rapidly emerging hypothesis (Robberecht and Philips,
2013). More than 30 genes have been found mutated in ALS
patients but few of them are epidemiologically relevant and
currently considered for genetic testing (Renton et al., 2014).
They include: SOD1, encoding for the copper/zinc superoxide
dismutase 1, TAR DNA binding protein (TARDBP), fused RNA
binding protein (FUS) and C9orf72, containing a pathological
hexanucleotide repeat expansion which constitutes the most
frequent molecular cause of sALS/fALS, towering over all other
defects so far described (Renton et al., 2014).

Despite considerable efforts, the pathogenesis of ALS is still
obscure. Multiple intracellular pathways have been proposed as
relevant: the regulation of RNA transcription and editing, protein
modification, folding and clearance, axonal transport, organelles
maintenance, cell death mechanisms (Robberecht and Philips,
2013; Bucchia et al., 2015; Cozzolino et al., 2015).

The co-existence of multiple abnormalities and the plethora
of results, sometimes contradictory, used to support or
refuse pathogenetic hypothesis give rise to an apparently
‘‘chaotic’’ scenario, reflecting our limited comprehension of
how the identified molecular defects result in motor neuron
pathology and clinical onset. This confusing background
is not surprising since many of the genes involved in
ALS encode for proteins displaying multiple functions. The
intracellular localization of the mutated proteins might also
influence general protein expression and turnover in a cell-
specific manner. In this regard, ALS has been considered a
polygenic and multifactorial disorder, where derangement of
multiple pathways might produce similar phenotypes sharing
clinical, instrumental, and prognostic features (Robberecht and
Philips, 2013). Since fALS and sALS also share common
defects and similar alterations have been found in ALS
animal models and patients’ tissues, the existence of conserved
mechanisms underlining motor neuron pathology has been
proposed.

SOD1 mutations have been the first molecular defects
described in fALS forms with dominant inheritance (Rosen
et al., 1993) and most of the research studies addressing ALS
pathogenesis and the development of therapeutic strategies
have been performed using SOD1 transgenic models (Gurney
et al., 1994). Recent discoveries in ALS genetics acknowledge
the role of proteins involved in RNA metabolism and
cytoskeletal organization, often enriched in central nervous
tissues. Conversely, the expression of SOD1 is ubiquitous
and not restricted to nor increased in spinal cord and
motor neurons. Further, SOD1 levels are not developmental-
regulated. SOD1 enzyme shows a single, well-defined catalytic

function, dealing with the detoxification of the superoxide
specie inside cells. In the hunt for the ALS culprit, the
loss of SOD1 enzymatic activity has been rapidly ruled
out, since mutations preserving or abolishing SOD1 activity
were found to cause ALS (Cozzolino et al., 2015). These
elements alone indicate that the involvement of SOD1 in an
adult onset motor neuron neurodegenerative disorder is not
obvious.

The seminal observation of the co-localization of SOD1 with
vacuolated mitochondria in a mouse model expressing human
mutant SOD1 (Jaarsma et al., 2001) advanced the hypothesis
that SOD1 mutations might be toxic for mitochondria. These
studies have been replicated and expanded in several experiments
performed in tissues and cells obtained from ALS animal models
and patients (Palomo and Manfredi, 2015). Mitochondrial
impairment has been observed in major neurodegenerative
disorders (Schon and Przedborski, 2011). Although motor
neurons are highly reliant on oxidative phosphorylation, the
relevance of mitochondria in ALS pathogenesis has been under
evaluated for many years. However, signs of mitochondrial
dysfunction have been observed in multiple ALS patients
(Cozzolino et al., 2015) and tissues, including muscle (Corti
et al., 2009). In a review of a large series of muscle biopsies, we
found that respiratory chain impairment is a common feature of
ALS muscles, sometimes preceding the motor neuron pathology
(Crugnola et al., 2010), consistent with experimental models (Luo
et al., 2013).

Differently from Parkinson’s disease (PD), where several
genes involved in familial forms encode for mitochondrial
proteins (De Rosa et al., 2015), the mitochondrial localization
of products encoded by ALS-related genes is not exclusive.
We previously described an out-of frame mutation in the
gene encoding for a mitochondrial subunit of cytochrome
c oxidase (COX) in a patient with severe muscle COX
deficiency and a clinical phenotype resembling ALS (Comi
et al., 1998). Similarly, primary mitochondrial disorders might
present as motor neuron phenotypes (Ronchi et al., 2012).
Recently, a missense mutation in CHCHD10, encoding for
an intermembrane space (IMS) protein likely involved in
mitochondrial cristae remodelling, was found to segregate
with disease in a large French family displaying ALS with
frontotemporal dementia (Bannwarth et al., 2014). Although
additional CHCHD10 mutations were detected in patients with
motor neuron disorders (Cozzolino et al., 2015), mitochondrial
dysfunction has been only occasionally documented (Ronchi
et al., 2015).

Physiologically, a small proportion of SOD1 protein is
located in the mitochondrial IMS of yeast (Sturtz et al.,
2001) and mammals (Okado-Matsumoto and Fridovich, 2001;
Figure 1A). A protective antioxidant role for mitochondrial
SOD1 has been hypothesized (Okado-Matsumoto and Fridovich,
2001) although without conclusive evidences. Conversely,
whether SOD1 mutants accumulate inside mitochondria and
the consequence of such accumulation have been largely
investigated. Although aberrant SOD1 was observed within
mitochondrial matrix (Vijayvergiya et al., 2005), two main
submitochondrial localizations for mutant SOD1 are generally
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FIGURE 1 | SOD1 function and structure. (A) Electron transport chain
locatedin the inner mitochondrial membrane (IMM). (1) and (2) represent the
main sources of superoxide anion (O2

−), a reactive oxygen specie converted
to H2O2 in a dismutase reaction catalyzed by SOD (Cu/Zn; SOD1) and SOD
(Mn; SOD2) in the intermembrane mitochondrial space (IMS) and matrix,
respectively. C I: complex I NADH dehydrogenase. C II: complex II succinate
dehydrogenase. C III: complex III ubiquinol cytochrome C oxidoreductase.
C IV: complex IV cytochrome C oxidase. C V: complex V ATP synthase.
(B) Scheme representing the determinants of tertiary structure of human
SOD1, including β sheets (green arrows), α helix (yellow cilinder) and loops. β

sheets: β1: 2–8◦ aa -β2: 15–22◦ aa -β3: 29–36◦ aa -β4: 41–48◦ aa -β5:
83–89◦ aa -β6: 95–101◦ aa -β7: 116–120◦ aa -β8: 143–151◦ aa. α helix:
134–137◦ aa. The yellow dots represent residues involved in Cu2+

coordination (His46, His48, His63, His120). The orange dots represent
residues involved in Zn2+ coordination (His63, His71, His80, Asp83). The
purple dots represent residues involved in disulfide bridge formation (Cys57,
Cys146).

acknowledged: the IMS and the outer mitochondrial membrane
(OMM). In this review, we focus on the pathogenetic role
of mutant SOD1 elicited by its misplacing in mitochondria,
depicting the pathways ruling its targeting towards IMS or
OMM. We will also comment on how these events relate
to ALS pathogenesis, including cell selectivity and age of
onset.

Mitochondrial Localization of Non-Mutated
SOD1

Human SOD1 maps to chromosomal location 21q22.11 and
encodes for a 17 kDa protein (Figure 1B). The encoded
product, SOD1, is an enzyme which catalyses the removal
of superoxide according the reaction O2

− + 2H+ → H2O2
(superoxide dismutation). Human genome encodes for two
additional superoxide dismutases: SOD2, located inside
mitochondrial matrix and the extracellular SOD3. There
is no apparent evolutionary relationship between SOD1
and its isoenzymes. SOD1 is generally acknowledged as a

cytosolic enzyme (Vehviläinen et al., 2014), but it is now
accepted that a minor fraction (less than 5%) of total SOD1
can be found in the IMS, in lower (Sturtz et al., 2001)
and higher eukaryotes (Okado-Matsumoto and Fridovich,
2001).

Mitochondrial respiratory chain, assembled inside the inner
mitochondrial membrane (IMM), produces high amounts of
reactive oxygen species (ROS) as a bypass product of the
electron transfer reactions occurring in respiratory chain
complexes (mainly complex I and complex III; Murphy, 2009).
The release of superoxide anion on both sides of the inner
membrane requires dedicated detoxification enzymes inside
mitochondrial matrix (SOD2) and IMS (SOD1). Reactions
catalysed by SOD enzymes result in the production of
H2O2, another dangerous ROS able to react with Cytochrome
C (Fe3+) producing the highly reactive species Oxoferryl-
CytC CytC (Fe4+; Vehviläinen et al., 2014). Therefore H2O2
must be carefully neutralized and cells express catalase,
glutathione peroxidase and peroxiredoxins to process H2O2
(Palomo and Manfredi, 2015). It has been proposed that,
under mitochondrial stress, exceeding SOD1 activity might
paradoxically boost the production of toxic ROS inside
IMS by increasing H2O2 production and consequently the
deleterious cytochrome-c mediated peroxidation (Goldsteins
et al., 2008).

To work properly, SOD1 requires post-translational
modifications including the formation of intramolecular
disulfide bonds to achieve a correct folding, the binding of zinc
and copper metal ions, and the exposition of a hydrophobic
region required for the organization of SOD1 monomers in
dimers. These post-translational changes not only are necessary
for SOD1 function but also influence its subcellular localization
(Figure 2). Despite the lack of a mitochondrial localization
signal, after cytosolic translation, a small amount of SOD1
might enter mitochondria in an unfolded state, taking advantage
of the OMM translocator TOM (Kawamata and Manfredi,
2008; Figure 3A). The copper chaperone for superoxide
dismutase (CCS) promotes the establishment of disulfide
bonds and catalyses the insertion of copper metal into SOD1
apoenzyme (Culotta et al., 1997). After reaching its mature form,
SOD1 also remains inside IMS, with coordinated metals and
disulfide bonds now preventing the leakage back to the cytosol
(Kawamata and Manfredi, 2008). CCS greatly contributes to
SOD1 entrapment inside IMS through the establishment of a
disulfide bond between cysteines C57 and C146 and favoring the
copper insertion into the apoenzyme (Kawamata and Manfredi,
2008).

CCS has been also postulated to act as a redox sensor
for the subcellular distribution of SOD1. High cytosolic
oxygen concentration maintains CCS in the cytosol where
it folds and helps apoenzyme SOD1 to achieve a mature
form. Low oxygen concentrations (hypoxia) promote the
translocation of CCS across the mitochondrial membrane. Inside
IMS, CCS induces the oxidative (disulfide bonds) folding of
SOD1 apoezyme and inserts the copper. The rationale for
this mechanism is that the expected boost of mitochondrial
respiratory chain activity, induced by hypoxia, will increase
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FIGURE 2 | Transport of SOD1 across mitochondrial intermembrane
space (IMS). SOD1 (unfolded) apo-protein enters IMS through the
transporter of outer membrane (TOM). Inside IMS unfolded SOD1
undergoes maturation steps: (1) disulfide bonds promoting a proper
folding, (2) the insertion of metal ions Zn and Cu, (3) dimerization.
Disulfide bonds formation and prosthetic group insertion are mediated by

copper chaperone for superoxide dismutase (CCS). Disulfide bonds
prevent SOD1 leakage from mitochondria through TOM. High O2 levels
might also induce CCS and SOD1 protein folding in cytoplasm. SOD1,
superoxide dismutase 1; CCS, copper chaperone for superoxide
dismutase; TOM, translocase of outer membrane; OMM, outer
mitochondrial membrane; IMS, intermembrane space.

the concentration of superoxide anion inside mitochondria: the
enhanced translocation of CCS, promoting SOD1 maturation,
might be part of a compensatory antioxidant strategy (Kawamata
and Manfredi, 2008). Therefore the intracellular distribution
(and activation) of SOD1 is intimately related to the intracellular
location of its chaperone CCS. CCS also lacks a canonical
mitochondrial localization signal and relies for its mitochondrial
import on the so-called disulfide relay system (DRS), classically
used by small cysteine-rich IMS proteins (Mesecke et al.,
2005). This mechanism, identified in yeast 10 years ago
(Mesecke et al., 2005), is quite conserved across evolution
(Fischer and Riemer, 2013). The IMS proteins MIA40 and
ERV1 are key players of this folding trap mechanism. When
a substrate of the DRS, like apo-CCS, enters the IMS, it
undergoes a MIA40-mediated oxidation involving the shifting
of disulfide bonds between specific cysteine pairs (disulfide
relay). This oxidation-mediated folding retains the DRS substrate
inside IMS (Herrmann and Riemer, 2010). MIA40, now
reduced, is re-oxidized by ERV1/ALR, a FAD-dependent
sulfhydryl oxidase that transfers electrons to cytochrome C
(Herrmann and Riemer, 2010). Therefore, respiratory chain
is connected with the DRS, influencing the import of several
mitochondrial proteins, including assembly factors involved in
the assembly of respiratory chain and the maturation of inner
membrane.

Several authors have demonstrated that CCS is a substrate
of DRS, differently from SOD1 (Groß et al., 2011; Klöppel
et al., 2011). However, a recent observation proposed that
MIA40 is dispensable for oxidation-dependent import
of CCS into mitochondria: CCS might directly promote
its own oxidation, as well as the oxidation of SOD1 and
other, still uncharacterised, substrates (Suzuki et al., 2013).
These findings reinforce the link between SOD1 and its
chaperone CCS in terms of activity and subcellular distribution.
Interestingly, an alternative pathway for SOD1 mitochondrial
translocation has been depicted in yeast, acknowledging the
role of mitochondrial inner membrane organizing system
(MINOS; Varabyova et al., 2013). The MINOS machinery
is a recently identified protein complex involved in the
organization of the IMM (Varabyova et al., 2013). Notably,
CHCHD10 may be part of this complex, given its apparent
function and structural similarities with other members of
the MINOS system. Although the underlining mechanism is
still unclear, the mitochondrial import of SOD1 is reduced
in yeast mutants lacking MINOS core components. MIA40
is also fundamental for this alternative import pathway
with a different role respect to that of oxidation scaffold
described in the DRS (Varabyova et al., 2013). The dysfunction
of DRS pathway and MINOS machinery result in clinical
phenotypes with mitochondrial impairment as observed
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FIGURE 3 | Accumulation of mutant SOD1 inside IMS and
deposition onto OMM. (A) Mutant SOD1 enters IMS through TOM.
Inside IMS mutant SOD1 can precipitate in insoluble form (1) or
undergo folding via Mia40 resulting in the establishment of funtional
homodimers and heterodimers (2). Mia40 transfers electrons to
Cytochrome C (CytC) via Erv1 (3). TOM, translocase of outer
membrane; OMM, outer mitochondrial membrane; IMS,
intermembrane space; IMM, inner mitochondrial membrane; CIV,
complex IV cytochrome C oxidase; MutSOD1, mutant SOD1.
(B) Misfolded SOD1 localization upon mitochondria can be regulated

in different tissue cells. Cytosol composition may differ according cell
types. High cytosolic levels of soluble MIF (macrophage migration
inhibitory factor) are able to prevent SOD1 mislocalization where its
absence favor SOD1 deposition onto OMM. Misfolded SOD1
interactions with OMM proteins, such as Bcl-2 and VDAC, activate
pro-apoptotic mitochondrial pathway leading to cell death. This
interaction can be prevented by MIF. TOM, translocase of outer
membrane; OMM, outer mitochondrial membrane; IMS,
intermembrane space; IMM, inner mitochondrial membrane; CIV,
complex IV cytochrome C oxidase; MutSOD1, mutant SOD1.
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in patients harbouring mutations in core components
(Di Fonzo et al., 2009) or substrates (Bannwarth et al., 2014) of
these mechanisms.

Accumulation of Mutant SOD1 in the
Mitochondrial Intermembrane Space (IMS)

More than 150 SOD1 mutations have been associated with
ALS, the large part being point mutations leading to amino
acid substitutions (Synofzik et al., 2012). SOD1 mutations are
dominantly inherited although recessive inheritance has been
also described, especially for those variants that show low
penetrance.

Accumulation, misfolding, aggregation, and precipitation of
proteins seem to be common hallmark of neurodegenerative
disorders (Taylor et al., 2002). SOD1 mutants so far analysed
show different properties on the basis of the residues affected. As
an example, several SOD1 mutants display no catalytic activity
while dismutase activity is totally preserved in G93A, likely
the most investigated of the ALS mutations. The conservation
of catalytic activity seems also to reflect the conservation of
a proper folding, assayed, before the advent of conformation
specific antibodies (Rotunno and Bosco, 2013), by resistance to
proteinase K digestion.

Different mutations might also show different propensities to
accumulate or to aggregate in high molecular weight complexes.
Presence of aggregates of mutated proteins in motor neurons
is increasingly considered as a hallmark of ALS. Furthermore,
a relationship between insoluble mutant SOD1 aggregates
and expression of signs/symptoms has been demonstrated in
many different rodent models (Johnston et al., 2000; Wang
et al., 2002, 2003) in line with human findings (Kato, 2008).
Despite considerable study, the mechanism that confers to
SOD1 aggregates cell toxicity is still undefined. It has been
hypothesized that mutant SOD1 soluble species are responsible
for the disease onset (Zetterström et al., 2007; Karch et al.,
2009) being, indeed, more toxic than insoluble aggregated
SOD1 forms (Zetterström et al., 2007; Brotherton et al., 2012;
Weichert et al., 2014). The intriguing problem of SOD1
aggregation is further complicated by the fact that experimental
studies have been largely performed in lines of transgenic
animals (or motor neuronal cells) with strong, although
heterogeneous, overexpression of mutant proteins required to
display pathological phenotype. The lack of physiological SOD1
expression and the underestimated expression of wild type
alleles (normally present in almost all ALS patients) challenge
the results obtained in these studies. The replication of these
experiments in a patient-specific context might overcome these
limitations.

Other manifestations of SOD1 mutations are protein
misfolding and intracellular mislocalization. Soluble misfolded
mutant SOD1 was found augmented in the mitochondria of
the ALS spinal cord rodents (Zetterström et al., 2007), and
the specific conformation of these forms could enhance their
mitochondrial entrance. Antibodies that selectively recognize
misfolded/non-native SOD1 have pointed out the link between
misfolded SOD1 and mitochondria in the spinal cord of ALS

rodents expressing human mutant SOD1 (Vande Velde et al.,
2008; Brotherton et al., 2012). SOD1 misfolding seems to be
related to different post translational mechanisms, involving
disulfide bridge formation (Karch et al., 2009; Kawamata and
Manfredi, 2010), incorrect C6 and C111 bond (Niwa et al.,
2007) and loss of metal ion binding (Banci et al., 2008). These
abnormal functions lead to altered SOD1 dimerization and to
a biochemically instable tertiary structure (Banci et al., 2008,
2012). Several SOD1mutants show instability in vitro (Rodriguez
et al., 2002, 2005; Lindberg et al., 2005) or are found in a
partially unfolded oligomerized status in mitochondria (Deng
et al., 2006; Ferri et al., 2006). Remarkably, Synofzik et al. (2012)
described a family showing slowly progressive ALS phenotype
due to the L117V SOD1 mutation, which is similar to wild type
SOD1 respect to stability and dismutase activity. These data
are in line with previous findings reporting that even minor
quantities of misfolded SOD1 are sufficient to prompt ALS
(Jonsson et al., 2006). Indeed, overexpressed wild type SOD1
is capable to achieve an unstable (misfolded) state, causing
motor neuron disease phenotype in rodents (Graffmo et al.,
2013).

ALS-linked SOD1 mutations might also affect mitochondrial
localization, facilitating the crossing of the OMM. Indeed,
demetalated or unfolded SOD1 enzymes due to inefficient
cytosolic maturation caused by ALS mutations might increase
the fraction of intramitochondrial SOD1 (Field et al., 2003).
Similarly, increased mitochondrial accumulation of SOD1 (both
wild type and mutant) was observed in vitro after experimental
copper depletion (Arciello et al., 2011).

The accumulation of SOD1 in mitochondria of motor
neurons has been proposed as a possible explanation for the
selective motor neuron degeneration occurring in ALS (Bruijn
et al., 2004). Indeed, several groups have reported that mutant
SOD1 co-localizes with mitochondria by immunocytochemical
and biochemical studies. Although not exclusive, brain, spinal
cord and motor neurons seem to be particularly exposed
to mutant SOD1 accumulation and sensitive to the resulting
mitochondrial dysfunction (Jaarsma et al., 2001; Higgins et al.,
2002; Mattiazzi et al., 2002; Sasaki et al., 2004; Ahtoniemi et al.,
2008). Notably in most of the experiments, the accumulation of
SOD1 inside mitochondria paralleled the disease progression.

Forcing the expression of constructs containing wild type
and mutant SOD1 in different cellular compartments of
a mouse neuroblastoma cell line resulted in increased cell
death and mitochondrial dysfunction only when mutant
species were targeted to mitochondria (Takeuchi et al.,
2002). Specifically, the accumulation of SOD1 in IMS
seems toxic. In cultured motor neuronal cells, obligate
SOD1 expression in IMS leads to mitochondrial toxicity and
cell death, giving results not dissimilar to those collected
expressing untargeted SOD1 mutants (Cozzolino et al.,
2009; Magrané et al., 2009). Although the mitochondrial
environment induced abnormal oligomerization of wild type
SOD1, mutant SOD1 tends to form insoluble aggregates
inside mitochondria, leading to alterations in mitochondrial
morphology, function and engagement of apoptosis. The
removal of the cysteines involved in disulphide bond by genetic
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manipulation counteracted these changes (Cozzolino et al.,
2009).

A mouse line expressing G93A SOD1 mutant targeted
to IMS displayed neurological deficits although less evident
compared to classical G93Amousemodel (lackingmitochondrial
targeting but presenting a stronger expression of the transgene;
Igoudjil et al., 2011). Interestingly, the selective targeting of wild
type SOD1 in IMS of the knockout SOD1 mouse prevented
the development of motor neuropathy and preserved axonal
maintenance. The rescue effect was associated with reduced
oxidative stress inside mitochondrial compartment (Fischer
et al., 2011).

The groups of Jeffrey Elliot and Giovanni Manfredi authored
several articles about the aberrant accumulation of mutant
SOD1 inside mitochondrial IMS. First, Elliot’s team observed
that G93A mice developed accelerated neurological deficits
when crossed with lines overexpressing CCS in CNS tissues.
The double transgenic also displayed a striking reduction
of age at onset and lifespan. Protein studies revealed a
significantly increased of mitochondrial SOD1 content.
Consistently, the dual transgenic mice expressing wild type
SOD1 did not show any abnormalities with the exception
of a modest increase of mitochondrial SOD1 import. Mouse
overexpressing CCS displayed a normal phenotype, rejecting
the hypothesis that an overloaded DRS was at the basis of
the observed mitochondrial dysfunction. Notably the genetic
ablation of CCS did not prevent motor neuron phenotype and
mitochondrial accumulation of mutant SOD, supporting the
existence of alternative pathways for mitochondrial import
of SOD1 (Son et al., 2007). The impressive phenotypic effect
of CCS overexpression in presence of G93A SOD1 does not
seem related to SOD1 misfolding or aggregation. The G93A
substitution makes SOD1 a less adequate substrate for CCS,
preserving the physical interaction with the chaperone but
impairing proper oxidative folding and metallation (Proescher
et al., 2008). Notably, the levels of COX activity and assembly
as well as protein levels of COX-subunits were selectively
reduced in spinal cord from transgenic mice, even at a
pre-symptomatic stage (Son et al., 2008) likely reflecting a
disturbance in COX maturation. This finding demonstrates
that the abnormal mitochondrial translocation of mutant
SOD1 might affect respiratory chain, hindering mitochondria
from inside. However, the same authors demonstrated that
the functional and biochemical defects caused by CCS
overexpression depend upon the redox state of the SOD1
mutant: while G37R paralleled the findings of G93A mutation,
other substitutions (G86R and L126Z) did not (Son et al.,
2009). These results had been partially anticipated by in vitro
studies of Ferri et al. (2006) who had observed a shifting of the
redox potential of several SOD1 mutants inside mitochondria.
Interestingly, the manipulation of redox state of mitochondrial
environment by overexpression of antioxidant enzymes
glutaredoxin 1 and 2 improved SOD1 solubility and reduced
mitochondrial anomalous localization (Cozzolino et al.,
2008; Ferri et al., 2010). In particular, increased activity of
glutaredoxin 2 inside mitochondrial matrix prevented the IMS
aggregation of insoluble mutant SOD1 (Ferri et al., 2010).

The functional rescue of mitochondria is likely mediated by
a general antioxidant pro-survival effect of glutaredoxin 2
not requiring a direct interaction with mutant SOD1: indeed,
glutaredoxin 2 and SOD1 show a different intramitochondrial
segregation.

Kawamata and Manfredi (2008) used mammalian cells to
confirm that SOD1 subcellular distribution is driven by CCS
in vitro. They also highlighted the importance of cysteine
residues in the CCS-mediated oxidation of mutant and wild
type SOD1. Finally, they found that toxic properties of mutant
SOD1, including propensity to aggregate and misfolding,
could override CCS-dependentmitochondrial recruitment. Once
inside IMS, mutant SOD1 can preserve its soluble form and
build up homo and heterodimers with wild type SOD1 or
aggregate with other mutant proteins and precipitate in insoluble
form. According to SOD1 mutation, one way will prevail on
the other; nevertheless, these aspects are not predictive of
clinical phenotype (Vehviläinen et al., 2014). The untargeted
overexpression of CCS in motor neuron-like cells improved the
solubility of cytosolic mutant SOD1 and increased the formation
of insoluble aggregates of G93A SOD1 targeted to mitochondrial
compartment (Cozzolino et al., 2009). The mitochondrial import
of mutant SOD1 was enhanced by exposing NSC34 cells to
inflammatory cytokines, supporting the existence of not-cell
autonomous factors able to influence SOD1 localization (Ferri
et al., 2008). Therefore, mutant SOD1 may escape physiological
control of mitochondrial localization, performed by CCS,
and remain inside mitochondria exerting toxic effects. CCS
translocation into mitochondria might help to entrap mutant or
wild type SOD1 enzymes inside IMS, without any influence on
their transport across the OMM.

Deposition of Mutant SOD1 Onto the
Cytoplasmic Layer of Outer Mitochondrial
Membrane (OMM)

The results so far presented demonstrate that both wild
type and mutant SOD1 can be recovered by mitochondrial
fractions of ALS animal and cell models. It is likely that the
final submitochondrial location of SOD1 is the IMS and that
different pathways (dependent or not on CCS) might influence
this subcellular repartition. Moreover, it is conceivable that
mutant SOD1 can aggregate into the IMS, as in the cytosol,
contributing to mitochondrial dysfunction. Interestingly, mutant
SOD1 aggregation was also observed in the mitochondrial matrix
of two transgenic mice lines and the recovered SOD1 resulted less
active and folded respect to cytosolic counterpart (Vijayvergiya
et al., 2005). However, mitochondrial matrix has not been further
investigated as a target for mutant SOD1 toxicity in other ALS
models.

While both mutant and wild type enzymes have been
observed inside mitochondria, the OMM has been proposed to
be a more selective target for mutant SOD1 only, explaining
crucial aspects of ALS pathology such as cell selectivity and
symptoms onset. Two research groups have mainly contributed
to this topic. Pasinelli et al. (2004) used immunoprecipitation
studies to demonstrate that SOD1 associates with the OMM
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protein Bcl-2 in the mitochondrial fractions obtained from
cells expressing wild type and mutant SOD1. These findings
were also confirmed in vivo. Wild type and mutant SOD
interacted with different domains of Bcl-2 protein. Indeed,
the authors showed that mutant SOD1 alters the physiological
SOD1/Bcl-2 binding and primes the formation of high molecular
weight complexes containing SOD1 and Bcl-2. Interestingly,
experiments performed on G93A mice and autoptic samples
from a patient harbouring the A4V SOD1 mutation showed
that Bcl-2 is selectively sequestered by mutant SOD1 in
mitochondria isolated from spinal cord, but not liver (Pasinelli
et al., 2004). In a back-to-back paper, Don Cleveland’s team
supported these findings. Mutant SOD1 was preferentially
recovered in the mitochondrial fraction purified by gradient
centrifugation of spinal cord mitochondria from symptomatic
animal models expressing mutant (G93A) but not wild type
SOD1 (Liu et al., 2004). Mutant SOD1 was absent in
mitochondrial preparations obtained from other tissues. The
effect of CCS on mitochondrial distribution was ruled out
by genetic ablation of this gene. The preferential association
of mutant SOD1 with spinal cord mitochondria was also
confirmed in autoptic samples, taking advantage of a selective
antibody developed to recognize the epitope created by a SOD1
truncating mutation. In a second series of experiments, the
authors isolated floating mitochondria, excluding the chance
of co-precipitation or co-sedimentation of interfering SOD1
located inside cytosol or other organelles (Vande Velde et al.,
2008). Again, they observed that SOD1 selectively tightly
associate with mitochondria from spinal cord (not the brain)
in transgenic mice in an age-dependent manner. Using alkali-
based extraction protocol they investigate the nature of this
association. Exploiting an antibody developed to decorate only
the misfolded fraction of SOD1, they conclusively observe
that the mutant SOD1 associated with mitochondria is in its
misfolded state, while the remaining folded protein contribute
to cytosolic or mitochondrial (IMS) SOD1 content. They
proposed the voltage-dependent anion channel (VDAC) channel
(mitochondrial porin) as the candidate docking protein for
misfolded SOD1 deposition onto OMM. VDAC was found to
co-precipitate only with misfolded SOD1. Symmetrically, mutant
SOD1 deposited on VDAC only when inserted in the cytosolic
face of a membrane reconstructed in vitro (Israelson et al.,
2010).

The experiments discussed so far supports the selective
targeting of spinal cord mitochondria and the existence of an
interaction between SOD1 and OMM proteins (Figure 3B).
However, the specific target of SOD1 onto OMM (Bcl-2 vs.
VDAC1) and the SOD1 specie involved in this interaction
(mutant only or wild type and mutant) differed according
the two groups of investigators and were object of further
studies.

Bcl-2 is an integral OMM protein, while VDAC1 is a
mitochondrial voltage-dependent ion channel: both are involved
in the intrinsic apoptotic process. Bcl-2 regulates the release of
cytochrome c by the mitochondrial channel VDAC (Shimizu
et al., 1999) and inhibits proapoptotic Bax signaling. Bcl-2 has
been proposed as a direct mediator of mitochondrial toxicity

of mutant SOD1 since it is required to induce cytochrome c
release and change in mitochondrial morphology upon exposure
to mutant, but not wild type, SOD1. Notably, this effect
was only observed if Bcl-2 was tethered to OMM (Pedrini
et al., 2010). The authors demonstrated in vitro and in vivo
that mutant SOD1 alters Bcl-2 conformation, exposing its
BH3 (death) domain, without which the toxic effect was
ineffective.

VDAC1 acts as a gate for ions, metabolites, nucleotides,
in two different dynamic conformation states. While open it
allows anions, ATP and succinate flow from mitochondria
to cytoplasm; when VDAC1 is closed it acts as a small
cations channel. The impairment in VDAC1 function has been
also linked with mitochondrial dysfunction since the drop of
ATP/ADP ratio and membrane potential drives the increase of
ROS production, hence contributing to extend the amount of
misfolded SOD1 (Vande Velde et al., 2008; Israelson et al., 2010).
Mass spectrometry analysis revealed more widespread changes
in mitochondrial protein composition and significantly reduced
mitochondrial import (Li et al., 2010).

We must observe that mitochondria from different tissues
have different protein repertoires. This is true for OMM (Mootha
et al., 2003; Bailey et al., 2007), which is also exposed to different
cytoplasm compositions (Boillée et al., 2006; Vande Velde et al.,
2008; Israelson et al., 2015). Tissue type, epigenetics regulation,
gene transcription, oxygen concentration and ROS production
may contribute to the specification of proteins recruited onto
OMM (Israelson et al., 2010). Even considering these aspects, it is
difficult to think at VDAC as a selective target for mitochondrial
deposition of mutant SOD1 in spinal cord motor neurons, since
it is widely expressed. Moreover, protein trafficking across OMM
is partially rescued by other members of the VDAC family
including VDAC2 and VDAC3. The hypothesis of a direct
interaction between mutant SOD1 and VDAC has been recently
challenged (Tan et al., 2013). According these observations,
collected in vitro and in vivo, VDAC dysfunction is the result
of a toxic association between mutant SOD1 and Bcl-2. Both
SOD1 and VDAC compete for Bcl-2, which acts as a bridge
between the two proteins. The conformational change in Bcl-2,
induced by mutant SOD1 binding, exposes the toxic BH3
domain and favors the association of modified Bcl-2 with VDAC,
resulting in a pathological alteration of OMM polarity and
permeability, due to VDAC closure. This stream of mismatch
associations seems to be a key event in disease initiation and
progression. Interestingly, the administration of small peptides
designed to target SOD1 and blocking its interaction with
Bcl-2 might counteract these pathological alterations (Tan et al.,
2013).

Collectively, the consequence of mutant SOD1 deposition
onto OMM are: (i) conformational change of Bcl-2 preventing its
anti-apoptotic association with Bax; (ii) impairment of VDAC1
function engaged by direct (SOD1-mediated) or indirect (Bcl-
2 mediated) abnormal interactions with mutant SOD1, leading
to changes in mitochondrial potential, morphology, protein
composition and transport across membranes.

The specificity of mutant SOD1 in OMM targeting seems to
be dictated by factors contained in the cytosol of the considered
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cell rather than its mitochondria. From these considerations, two
hypotheses raised: it may exist a factor in spinal motor neurons
that favors mislocalization, or, alternatively, there is a factor in
the cytosol of other cells preventing it (Israelson et al., 2015). In
a very recent publication, Cleveland investigated different heat
labile factors that can block SOD1 mitochondria accumulation,
selecting MIF as the most promising candidate. MIF (22q11.23)
encodes for a small (12.5 kDa) protein, displaying multimeric
and monomeric forms, with various functions: folding ATP-
indipendent chaperone, thiol-oxidoreductase, and secreted
cytokine.

MIF interacts with mutant SOD1 by preventing its binding
with OMM proteins and the accumulation of misfolded SOD1.
Other chaperones (Hsp70, Hsc70, aB-crystallin, cyclophilin-
A, glutathione peroxidase) had no effect in blocking SOD1
misplacing onto mitochondria outer membrane (Israelson et al.,
2015). The inhibitory activity of MIF is preserved even in mutant
lacking thiol-oxydoreductase activity. This is an important
consideration since misfolding and mislocalization are supposed
to be driven by the lack of C57-C146 bond (Vehviläinen et al.,
2014) and by mitochondrial binding induced by C111 (Ferri
et al., 2006), respectively.

At onset, SOD1 G93A mice showed reduced MIF levels
in motor neurons as an effect of rapid protein clearance
(given the demonstration of conserved MIF transcription and
active translation): the restoration of MIF to normal levels
enhanced motor neurons survival. Since reducing misfolded
SOD1 aggregates does not halt disease progression, in vivo
toxicity seems to be driven by solublemisfolded SOD1, which can
be reduced by the increase of MIF in a dose-dependent manner
(Israelson et al., 2015).

The results presented about the toxic deposition of misfolded
SOD1 onto OMM and those coming from the identification
of MIF as the soluble factor responsible for the selective
neutralization of misfolded SOD1 are intriguing. In particular,
the misfolded accumulation of mutant SOD1 seems to be
conserved in both active and inactive mutants, the latter
presenting greater amount of misfolded proteins. This finding
nicely fits with a general observation about the more aggressive
phenotype (earlier onset, faster progression) associated with
inactivating mutations (Sato et al., 2005). At the same time,
even small amount of mutant misfolded proteins might
produce a clinical phenotype in human while high levels
of expressions of mutant constructs (different according the
mutations considered) are required to show a neurologic deficit
in mice.

More importantly, these studies provide novel clues about the
selectivity of spinal cord involvement and disease progression.
These results were confirmed and refined in independent
experiments, although the same authors disclosed misfolded
SOD1 in mitochondrial fractions isolated from patients’
lymphoblasts, challenging the cell type selectivity (Pickles et al.,
2013). The identification of MIF as a candidate for ALS
therapy is an intriguing discovery but this story is at its dawn.
More confirmations are required to address unresolved issues
including investigations on the degradative or secretive pathways
acting in motor neurons to deprive intracellular MIF levels.

Conclusion

Several groups demonstrated positive correlation between
mutant SOD1 and ALS and the main pathogenetic hypothesis
is a toxic gain of function. What is the toxic function gained
and why it selectively strikes spinal motor neurons is still
unexplained, but certainly not unexplored. One of the most
investigated pathogenetic hypothesis underlining SOD1-related
ALS focuses on mitochondrial toxicity of mutant SOD1. Fifteen
years after the first observation on the co-localization of mutant
SOD1 with vacuolated mitochondria in G93A mice spinal cord,
the issue of SOD1 localization generated contradictory results
but also promising answers. The mitochondrial localization of
wild type and mutant SOD1 is a result definitively acquired
and the hypothesis that the mutant function associated with
ALS mutations involves the aberrant processing of superoxide
anions is considered unlikely. Two major models have been
advanced for mutant SOD1 accumulation inside mitochondria:
increased content of mutant molecule, escaping physiological
regulation inside IMS and selective deposition of misfolded
protein onto OMM. These two routes are not mutually exclusive
and studies supporting one model have also acknowledged the
other as possible. The issue of submitochondrial localization
hidden more relevant questions: which are the factors involved
in SOD1 targeting towards mitochondria? Is the toxicity of
mutant protein linked with aggregates (cytosolic or IMS), or
soluble forms (SOD1 neutralized by MIF inside cytosol)? Are
the mitochondria central for downstream ALS pathogenetic
events or mitochondrial dysfunction adds to other intracellular
mechanisms leading to motor neuron loss? Despite its key role
in metabolism, mitochondria are involved in other fundamental
cellular pathways, including calcium handling. Neuroblastoma
cells expressing SOD1mutants show higher levels of intracellular
calcium compared to controls and are more vulnerable to further
increase of calcium concentration (Goos et al., 2007; Jaiswal et al.,
2009). These findings are supported by similar observations in
G93A transgenic mice (Jaiswal and Keller, 2009). The reduction
in calcium uptake does not seem the consequence of disturbed
mitochondrial membrane potential. Conversely, it could be
related to a differential expression of transporters and regulatory
proteins involved in calcium handling, an hypothesis proposed to
explain the selective vulnerability of spinal cordmotor neurons to
calcium (Fuchs et al., 2013).

Novel in vivo and in vitro experiments are required to
investigate whether these mechanisms are directly influenced
by altered IMS composition, primed by mutant SOD1
accumulation, or by impaired mitochondrial transport resulting
from aberrant deposition of mutant SOD1 onto OMM.

In parallel, translational studies are mandatory to challenge
the therapeutic potential of the targets observed to influence
SOD1 misplacing.

Acknowledgments

JPND (Joint Programme Neurodegenerative Disease)
Research grant ‘‘DAMNDPATHS’’ (2014) and ARISLA grant
‘‘smallRNALS’’ (2014) to SC are gratefully acknowledged.

Frontiers in Cellular Neuroscience | www.frontiersin.org 9 August 2015 | Volume 9 | Article 336

http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Cellular_Neuroscience/archive


Tafuri et al. SOD1 mitochondrial misplacing in ALS

References

Ahtoniemi, T., Jaronen, M., Keksa-Goldsteine, V., Goldsteins, G., and Koistinaho,
J. P. (2008). Mutant SOD1 from spinal cord of G93A rats is destabilized and
binds to inner mitochondrial membrane. Neurobiol. Dis. 32, 479–485. doi: 10.
1016/j.nbd.2008.08.010

Arciello, M., Capo, C. R., D’Annibale, S., Cozzolino, M., Ferri, A., Carrì, M. T.,
et al. (2011). Copper depletion increases the mitochondrial-associated SOD1 in
neuronal cells. Biometals 24, 269–278. doi: 10.1007/s10534-010-9392-3

Bailey, A. O., Miller, T. M., Dong, M. Q., Vande Velde, C., Cleveland,
D. W., and Yates, J. R. (2007). RCADiA: simple automation platform for
comparative multidimensional protein identification technology. Anal. Chem.
79, 6410–6418. doi: 10.1021/ac070585g

Banci, L., Bertini, I., Boca, M., Girotto, S., Martinelli, M., Valentine, J. S.,
et al. (2008). SOD1 and amyotrophic lateral sclerosis: mutations and
oligomerization. PLoS One 3:e1677. doi: 10.1371/journal.pone.0001677

Banci, L., Bertini, I., Cantini, F., Kozyreva, T., Massagni, C., Palumaa, P.,
et al. (2012). Human superoxide dismutase 1 (hSOD1) maturation through
interaction with human copper chaperone for SOD1 (hCCS). Proc. Natl. Acad.
Sci. U S A 109, 13555–13560. doi: 10.1073/pnas.1207493109

Bannwarth, S., Ait-El-Mkadem, S., Chaussenot, A., Genin, E. C., Lacas-Gervais, S.,
Fragaki, K., et al. (2014). A mitochondrial origin for frontotemporal dementia
and amyotrophic lateral sclerosis through CHCHD10 involvement. Brain 137,
2329–2345. doi: 10.1093/brain/awu138

Boillée, S., Vande Velde, C., and Cleveland, D. W. (2006). ALS: a disease of motor
neurons and their nonneuronal neighbors. Neuron 52, 39–59. doi: 10.1016/j.
neuron.2006.09.018

Brotherton, T. E., Li, Y., Cooper, D., Gearing, M., Julien, J.-P., Rothstein, J. D.,
et al. (2012). Localization of a toxic form of superoxide dismutase 1 protein to
pathologically affected tissues in familial ALS. Proc. Natl. Acad. Sci. U S A 109,
5505–5510. doi: 10.1073/pnas.1115009109

Bruijn, L. I., Miller, T. M., and Cleveland, D. W. (2004). Unraveling the
mechanisms involved in motor neuron degeneration in Als. Annu.
Rev. Neurosci. 27, 723–749. doi: 10.1146/annurev.neuro.27.070203.
144244

Bucchia, M., Ramirez, A., Parente, V., Simone, C., Nizzardo, M., Magri, F., et al.
(2015). Therapeutic development in amyotrophic lateral sclerosis. Clin. Ther.
37, 668–680. doi: 10.1016/j.clinthera.2014.12.020

Comi, G. P., Bordoni, A., Salani, S., Franceschina, L., Sciacco, M., Prelle, A.,
et al. (1998). Cytochrome c oxidase subunit I microdeletion in a patient
with motor neuron disease. Ann. Neurol. 43, 110–116. doi: 10.1002/ana.
410430119

Corti, S., Donadoni, C., Ronchi, D., Bordoni, A., Fortunato, F., Santoro, D., et al.
(2009). Amyotrophic lateral sclerosis linked to a novel SOD1 mutation with
muscle mitochondrial dysfunction. J. Neurol. Sci. 276, 170–174. doi: 10.1016/j.
jns.2008.09.030

Cozzolino, M., Amori, I., Pesaresi, M. G., Ferri, A., Nencini, M., and Carrì, M. T.
(2008). Cysteine 111 affects aggregation and cytotoxicity of mutant Cu,Zn-
superoxide dismutase associated with familial amyotrophic lateral sclerosis. J.
Biol. Chem. 283, 866–874. doi: 10.1074/jbc.m705657200

Cozzolino, M., Pesaresi, M. G., Amori, I., Crosio, C., Ferri, A., Nencini, M., et al.
(2009). Oligomerization of mutant SOD1 in mitochondria of motoneuronal
cells drives mitochondrial damage and cell toxicity. Antioxid. Redox Signal. 11,
1547–1558. doi: 10.1089/ars.2009.2545

Cozzolino, M., Rossi, S., Mirra, A., and Carrì, M. T. (2015). Mitochondrial
dynamism and the pathogenesis of amyotrophic lateral sclerosis. Front. Cell.
Neurosci. 9:31. doi: 10.3389/fncel.2015.00031

Crugnola, V., Lamperti, C., Lucchini, V., Ronchi, D., Peverelli, L., Prelle, A.,
et al. (2010). Mitochondrial respiratory chain dysfunction in muscle from
patients with amyotrophic lateral sclerosis. Arch. Neurol. 67, 849–854. doi: 10.
1001/archneurol.2010.128

Culotta, V. C., Klomp, L. W. J., Strain, J., Casareno, R. L. B., Krems, B., and Gitlin,
J. D. (1997). The copper chaperone for superoxide dismutase. J. Biol. Chem.
272, 23469–23472. doi: 10.1074/jbc.272.38.23469

Deng, H.-X., Shi, Y., Furukawa, Y., Zhai, H., Fu, R., Liu, E., et al. (2006).
Conversion to the amyotrophic lateral sclerosis phenotype is associated with
intermolecular linked insoluble aggregates of SOD1 in mitochondria. Proc.
Natl. Acad. Sci. U S A 103, 7142–7147. doi: 10.1073/pnas.0602046103

De Rosa, P., Marini, E. S., Gelmetti, V., and Valente, E. M. (2015). Candidate genes
for parkinson disease: lessons from pathogenesis. Clin. Chim. Acta pii: S0009-
8981(15)00277-6. doi: 10.1016/j.cca.2015.04.042 [Epub ahead of print].

Di Fonzo, A., Ronchi, D., Lodi, T., Fassone, E., Tigano, M., Lamperti, C., et al.
(2009). The mitochondrial disulfide relay system protein GFER is mutated
in autosomal-recessive myopathy with cataract and combined respiratory-
chain deficiency. Am. J. Hum. Genet. 84, 594–604. doi: 10.3410/f.1159634.
621028

Ferri, A., Cozzolino, M., Crosio, C., Nencini, M., Casciati, A., Gralla, E. B., et al.
(2006). Familial ALS-superoxide dismutases associate with mitochondria and
shift their redox potentials. Proc. Natl. Acad. Sci. U S A 103, 13860–13865.
doi: 10.1073/pnas.0605814103

Ferri, A., Fiorenzo, P., Nencini, M., Cozzolino, M., Pesaresi, M. G., Valle,
C., et al. (2010). Glutaredoxin 2 prevents aggregation of mutant SOD1 in
mitochondria and abolishes its toxicity. Hum. Mol. Genet. 19, 4529–4542.
doi: 10.1093/hmg/ddq383

Ferri, A., Nencini, M., Cozzolino, M., Carrara, P., Moreno, S., and Carrì,
M. T. (2008). Inflammatory cytokines increase mitochondrial damage in
motoneuronal cells expressing mutant SOD1. Neurobiol. Dis. 32, 454–460.
doi: 10.1016/j.nbd.2008.08.004

Field, L. S., Furukawa, Y., O’Halloran, T. V., and Culotta, V. C. (2003).
Factors controlling the uptake of yeast copper/zinc superoxide dismutase into
mitochondria. J. Biol. Chem. 278, 28052–28059. doi: 10.1074/jbc.m304296200

Fischer, L. R., Igoudjil, A., Magrané, J., Li, Y., Hansen, J. M., Manfredi, G., et al.
(2011). SOD1 targeted to the mitochondrial intermembrane space prevents
motor neuropathy in the Sod1 knockout mouse. Brain 134, 196–209. doi: 10.
1093/brain/awq314

Fischer, M., and Riemer, J. (2013). The mitochondrial disulfide relay system: roles
in oxidative protein folding and beyond. Int. J. Cell Biol. 742923. doi: 10.
1155/2013/742923

Fuchs, A., Kutterer, S., Mühling, T., Duda, J., Schütz, B., Liss, B., et al. (2013).
Selective mitochondrial Ca2+ uptake deficit in disease endstage vulnerable
motoneurons of the SOD1G93A mouse model of amyotrophic lateral sclerosis.
J. Physiol. 591(Pt 10), 2723–2745. doi: 10.1113/jphysiol.2012.247981

Goldsteins, G., Keksa-Goldsteine, V., Ahtoniemi, T., Jaronen, M., Arens, E.,
Åkerman, K., et al. (2008). Deleterious role of superoxide dismutase in the
mitochondrial intermembrane space. J. Biol. Chem. 283, 8446–8452. doi: 10.
1074/jbc.M706111200

Goos, M., Zech, W.-D., Jaiswal, M. K., Balakrishnan, S., Ebert, S., Mitchell, T.,
et al. (2007). Expression of a Cu,Zn superoxide dismutase typical for familial
amyotrophic lateral sclerosis increases the vulnerability of neuroblastoma cells
to infectious injury. BMC Infect. Dis. 7:131. doi: 10.1186/1471-2334-7-131

Graffmo, K. S., Forsberg, K., Bergh, J., Birve, A., Zetterström, P., Andersen, P. M.,
et al. (2013). Expression of wild-type human superoxide dismutase-1 in mice
causes amyotrophic lateral sclerosis. Hum. Mol. Genet. 22, 51–60. doi: 10.
1093/hmg/dds399

Gurney, M. E., Pu, H., Chiu, A. Y., Dal Canto, M. C., Polchow, C. Y., Alexander,
D. D., et al. (1994). Motor neuron degeneration in mice that express a
human Cu,Zn superoxide dismutase mutation. Science 264, 1772–1775. doi: 10.
1126/science.8209258

Groß, D. P., Burgard, C. A., Reddehase, S., Leitch, J. M., Culotta, V. C., and Hell,
K. (2011). Mitochondrial Ccs1 contains a structural disulfide bond crucial for
the import of this unconventional substrate by the disulfide relay system.Mol.
Biol. Cell 22, 3758–3767. doi: 10.1091/mbc.e11-04-0296

Herrmann, J. M., and Riemer, J. (2010). Oxidation and reduction of cysteines in
the intermembrane space of mitochondria: multiple facets of redox control.
Antioxid. Redox Signal. 13, 1323–1326. doi: 10.1089/ars.2010.3270

Higgins, C. M. J., Jung, C., Ding, H., and Xu, Z. (2002). Mutant Cu, Zn superoxide
dismutase that causes motoneuron degeneration is present in mitochondria in
the CNS. J. Neurosci. 22:RC215.

Igoudjil, A., Magrané, J., Fischer, L. R., Kim, H. J., Hervias, I., Dumont, M., et al.
(2011). In vivo pathogenic role of mutant SOD1 localized in the mitochondrial
intermembrane space. J. Neurosci. 31, 15826–15837. doi: 10.1523/jneurosci.
1965-11.2011

Israelson, A., Arbel, N., Da Cruz, S., Ilieva, H., Yamanaka, K., Shoshan-Barmatz,
V., et al. (2010). Misfoldedmutant SOD1 directly inhibits VDAC1 conductance
in a mouse model of inherited ALS.Neuron 67, 575–587. doi: 10.1016/j.neuron.
2010.07.019

Frontiers in Cellular Neuroscience | www.frontiersin.org 10 August 2015 | Volume 9 | Article 336

http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Cellular_Neuroscience/archive


Tafuri et al. SOD1 mitochondrial misplacing in ALS

Israelson, A., Ditsworth, D., Sun, S., Song, S., Liang, J., Hruska-Plochan, M.,
et al. (2015). Macrophage migration inhibitory factor as a chaperone inhibiting
accumulation of misfolded SOD1. Neuron 86, 218–232. doi: 10.1016/j.neuron.
2015.02.034

Jaarsma, D., Rognoni, F., van Duijn, W., Verspaget, H. W., Haasdijk, E. D., and
Holstege, J. C. (2001). CuZn superoxide dismutase (SOD1) accumulates in
vacuolated mitochondria in transgenic mice expressing amyotrophic lateral
sclerosis-linked SOD1 mutations. Acta Neuropathol. 102, 293–305. doi: 10.
1007/s004010100399

Jaiswal, M. K., and Keller, B. U. (2009). Cu/Zn superoxide dismutase typical
for familial amyotrophic lateral sclerosis increases the vulnerability of
mitochondria and perturbs Ca2+ homeostasis in SOD1G93A mice. Mol.
Pharmacol. 75, 478–489. doi: 10.1124/mol.108.050831

Jaiswal, M. K., Zech, W.-D., Goos, M., Leutbecher, C., Ferri, A., Zippelius, A.,
et al. (2009). Impairment of mitochondrial calcium handling in a mtSOD1 cell
culture model of motoneuron disease. BMCNeurosci. 10:64. doi: 10.1186/1471-
2202-10-64

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

Jonsson, P. A., Graffmo, K. S., Brännström, T., Nilsson, P., Andersen, P. M., and
Marklund, S. L. (2006). Motor neuron disease in mice expressing the wild type-
like D90A mutant superoxide dismutase-1. J. Neuropathol. Exp. Neurol. 65,
1126–1136. doi: 10.1097/01.jnen.0000248545.36046.3c

Karch, C. M., Prudencio, M.,Winkler, D. D., Hart, P. J., and Borchelt, D. R. (2009).
Role of mutant SOD1 disulfide oxidation and aggregation in the pathogenesis
of familial ALS. Proc. Natl. Acad. Sci. U S A 106, 7774–7779. doi: 10.1073/pnas.
0902505106

Kato, S. (2008). Amyotrophic lateral sclerosis models and human neuropathology:
similarities and differences. Acta Neuropathol. 115, 97–114. doi: 10.
1007/s00401-007-0308-4

Kawamata, H., and Manfredi, G. (2008). Different regulation of wild-type and
mutant Cu,Zn superoxide dismutase localization in mammalian mitochondria.
Hum. Mol. Genet. 17, 3303–3317. doi: 10.1093/hmg/ddn226

Kawamata, H., andManfredi, G. (2010). Import, maturation and function of SOD1
and its copper chaperone CCS in the mitochondrial intermembrane space.
Antioxid. Redox Signal. 13, 1375–1384. doi: 10.1089/ars.2010.3212

Klöppel, C., Suzuki, Y., Kojer, K., Petrungaro, C., Longen, S., Fiedler, S., et al.
(2011). Mia40-dependent oxidation of cysteines in domain I of Ccs1 controls
its distribution between mitochondria and the cytosol. Mol. Biol. Cell 22,
3749–3757. doi: 10.1091/mbc.e11-04-0293

Li, Q., Vande Velde, C., Israelson, A., Xie, J., Bailey, A. O., Dong, M. Q.,
et al. (2010). ALS-linked mutant superoxide dismutase 1 (SOD1) alters
mitochondrial protein composition and decreases protein import. Proc. Natl.
Acad. Sci. U S A 107, 21146–21151. doi: 10.1073/pnas.1014862107

Lindberg, M. J., Byström, R., Boknäs, N., Andersen, P. M., and Oliveberg,
M. (2005). Systematically perturbed folding patterns of amyotrophic lateral
sclerosis (ALS)-associated SOD1 mutants. Proc. Natl. Acad. Sci. U S A 102,
9754–9759. doi: 10.1073/pnas.0501957102

Liu, J., Lillo, C., Jonsson, P. A., Vande Velde, C., Ward, C. M., Miller, T. M.,
et al. (2004). Toxicity of familial ALS-linked SOD1 mutants from selective
recruitment to spinal mitochondria. Neuron 8, 5–17. doi: 10.3410/f.1022214.
251768

Luo, G., Yi, J., Ma, C., Xiao, Y., Yi, F., Yu, T., et al. (2013). Defective mitochondrial
dynamics is an early event in skeletal muscle of an amyotrophic lateral sclerosis
mouse model. PLoS One 8:e82112. doi: 10.1371/journal.pone.0082112

Magrané, J., Hervias, I., Henning, M. S., Damiano, M., Kawamata, H., and
Manfredi, G. (2009). Mutant SOD1 in neuronal mitochondria causes toxicity
and mitochondrial dynamics abnormalities. Hum. Mol. Genet. 18, 4552–4564.
doi: 10.1093/hmg/ddp421

Mattiazzi, M., D’Aurelio, M., Gajewski, C. D., Martushova, K., Kiaei, M., Beal,
M. F., et al. (2002). Mutated human SOD1 causes dysfunction of oxidative
phosphorylation in mitochondria of transgenic mice. J. Biol. Chem. 277,
29626–29633. doi: 10.1074/jbc.m203065200

Mesecke, N., Terziyska, N., Kozany, C., Baumann, F., Neupert, W., Hell, K., et al.
(2005). A disulfide relay system in the intermembrane space of mitochondria
that mediates protein import. Cell 121, 1059–1069. doi: 10.1016/j.cell.2005.
04.011

Mootha, V. K., Bunkenborg, J., Olsen, J. V., Hjerrild, M., Wisniewski, J. R., Stahl,
E., et al. (2003). Integrated analysis of protein composition, tissue diversity and
gene regulation in mouse mitochondria. Cell 115, 629–640. doi: 10.1016/s0092-
8674(03)00926-7

Murphy, M. P. (2009). How mitochondria produce reactive oxygen species.
Biochem. J. 417, 1–13. doi: 10.1042/bj20081386

Niwa, J., Yamada, S., Ishigaki, S., Sone, J., Takahashi, M., Katsuno, M., et al.
(2007). Disulfide bond mediates aggregation, toxicity and ubiquitylation of
familial amyotrophic lateral sclerosis-linked mutant SOD1. J. Biol. Chem. 282,
28087–28095. doi: 10.1074/jbc.m704465200

Okado-Matsumoto, A., and Fridovich, I. (2001). Subcellular distribution of
superoxide dismutases (SOD) in rat liver Cu,Zn-SOD in mitochondria. J. Biol.
Chem. 276, 38388–38393. doi: 10.1074/jbc.m105395200

Palomo, G. M., and Manfredi, G. (2015). Exploring new pathways of
neurodegeneration in ALS: the role of mitochondria quality control. Brain Res.
1607, 36–46. doi: 10.1016/j.brainres.2014.09.065

Pickles, S., Destroismaisons, L., Peyrard, S. L., Cadot, S., Rouleau, G. A., Brown,
R. H. Jr., et al. (2013). Mitochondrial damage revealed by immunoselection
for ALS-linked misfolded SOD1. Hum. Mol. Genet. 22, 3947–3959. doi: 10.
1093/hmg/ddt249

Pasinelli, P., Belford, M. E., Lennon, N., Bacskai, B. J., Hyman, B. T., Trotti, D.,
et al. (2004). Amyotrophic lateral sclerosis-associated SOD1 mutant proteins
bind and aggregate with Bcl-2 in spinal cord mitochondria. Neuron 43, 19–30.
doi: 10.1016/j.neuron.2004.06.021

Pedrini, S., Sau, D., Guareschi, S., Bogush, M., Brown, R. H., Naniche, N.,
et al. (2010). ALS-linked mutant SOD1 damages mitochondria by promoting
conformational changes in Bcl-2. Hum. Mol. Genet. 19, 2974–2986. doi: 10.
1093/hmg/ddq202

Proescher, J. B., Son, M., Elliott, J. L., and Culotta, V. C. (2008). Biological
effects of CCS in the absence of SOD1 enzyme activation: implications for
disease in a mouse model for ALS. Hum. Mol. Genet. 17, 1728–1737. doi: 10.
1093/hmg/ddn063

Renton, A. E., Chiò, A., and Traynor, B. J. (2014). State of play in amyotrophic
lateral sclerosis genetics. Nat. Neurosci. 17, 17–23. doi: 10.1038/nn.3584

Rizzo, F., Riboldi, G., Salani, S., Nizzardo, M., Simone, C., Corti, S.,
et al. (2014). Cellular therapy to target neuroinflammation in amyotrophic
lateral sclerosis. Cell. Mol. Life Sci. 71, 999–1015. doi: 10.1007/s00018-013-
1480-4

Robberecht, W., and Philips, T. (2013). The changing scene of amyotrophic lateral
sclerosis. Nat. Rev. Neurosci. 14, 248–264. doi: 10.1038/nrn3430

Rodriguez, J. A., Shaw, B. F., Durazo, A., Sohn, S. H., Doucette, P. A., Nersissian,
A. M., et al. (2005). Destabilization of apoprotein is insufficient to explain
Cu,Zn-superoxide dismutase-linked ALS pathogenesis. Proc. Natl. Acad. Sci.
U S A 102, 10516–10521. doi: 10.1073/pnas.0502515102

Rodriguez, J. A., Valentine, J. S., Eggers, D. K., Roe, J. A., Tiwari, A., Brown,
R. H., et al. (2002). Familial amyotrophic lateral sclerosis-associated mutations
decrease the thermal stability of distinctly metallated species of human
copper/Zinc superoxide dismutase. J. Biol. Chem. 277, 15932–15937. doi: 10.
1074/jbc.m112088200

Ronchi, D., Garone, C., Bordoni, A., Gutierrez Rios, P., Calvo, S. E., Ripolone, M.,
et al. (2012). Next-generation sequencing reveals DGUOK mutations in adult
patients with mitochondrial DNA multiple deletions. Brain 135, 3404–3415.
doi: 10.1093/brain/aws258

Ronchi, D., Riboldi, G., Del Bo, R., Ticozzi, N., Scarlato, M., Galimberti, D., et al.
(2015). CHCHD10 mutations in italian patients with sporadic amyotrophic
lateral sclerosis. Brain 138:e372. doi: 10.1093/brain/awu384

Rosen, D. R., Siddique, T., Patterson, D., Figlewicz, D. A., Sapp, P., Hentati, A.,
et al. (1993). Mutations in Cu/Zn superoxide dismutase gene are associated
with familial amyotrophic lateral sclerosis. Nature 362, 59–62. doi: 10.
1038/364362c0

Rotunno, M. S., and Bosco, D. A. (2013). An emerging role for misfolded wild-
type SOD1 insporadic ALS pathogenesis. Front. Cell. Neurosci. 7:253. doi: 10.
3389/fncel.2013.00253

Sasaki, S., Warita, H., Murakami, T., Abe, K., and Iwata, M. (2004). Ultrastructural
study of mitochondria in the spinal cord of transgenic mice with a G93A
mutant SOD1 gene. Acta Neuropathol. 107, 461–474. doi: 10.1007/s00401-004-
0837-z

Sato, T., Nakanishi, T., Yamamoto, Y., Andersen, P. M., Ogawa, Y., Fukada,
K., et al. (2005). Rapid disease progression correlates with instability of

Frontiers in Cellular Neuroscience | www.frontiersin.org 11 August 2015 | Volume 9 | Article 336

http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Cellular_Neuroscience/archive


Tafuri et al. SOD1 mitochondrial misplacing in ALS

mutant SOD1 in familial ALS. Neurology 65, 1954–1957. doi: 10.1212/01.wnl.
0000188760.53922.05

Schon, E. A., and Przedborski, S. (2011). Mitochondria: the next
(neurode)generation. Neuron 70, 1033–1053. doi: 10.1016/j.neuron.2011.
06.003

Shimizu, S., Narita, M., and Tsujimoto, Y. (1999). Bcl-2 family proteins regulate
the release of apoptogenic cytochrome c by the mitochondrial channel VDAC.
Nature 399, 483–487. doi: 10.1038/20959

Son, M., Fu, Q., Puttaparthi, K., Matthews, C. M., and Elliott, J. L. (2009). Redox
susceptibility of SOD1 mutants is associated with the differential response to
CCS over-expression in vivo. Neurobiol. Dis. 34, 155–162. doi: 10.1016/j.nbd.
2009.01.005

Son, M., Leary, S. C., Romain, N., Pierrel, F., Winge, D. R., Haller, R. G., et al.
(2008). Isolated cytochrome. J. Biol. Chem.Oxidase Deficiency in G93A SOD1
Mice Overexpressing CCS Protein. J. Biol. Chem. 283, 12267–12275. doi: 10.
1074/jbc.M708523200

Son, M., Puttaparthi, K., Kawamata, H., Rajendran, B., Boyer, P. J., Manfredi, G.,
et al. (2007). Overexpression of CCS in G93A-SOD1 mice leads to accelerated
neurological deficits with severe mitochondrial pathology. Proc. Natl. Acad. Sci.
U S A 104, 6072–6077. doi: 10.1073/pnas.0610923104

Sturtz, L. A., Diekert, K., Jensen, L. T., Lill, R., and Culotta, V. C. (2001). A
fraction of yeast Cu,Zn-superoxide dismutase and its metallochaperone, CCS,
localize to the intermembrane space of mitochondria. A physiological role for
SOD1 in guarding against mitochondrial oxidative damage. J. Biol. Chem. 276,
38084–38089. doi: 10.1074/jbc.M105296200

Suzuki, Y., Ali, M., Fischer, M., and Riemer, J. (2013). Human copper chaperone
for superoxide dismutase 1 mediates its own oxidation-dependent import into
mitochondria. Nat. Commun. 4:2430. doi: 10.1038/ncomms3430

Synofzik, M., Ronchi, D., Keskin, I., Basak, A. N., Wilhelm, C., Gobbi, C.,
et al. (2012). Mutant superoxide dismutase-1 indistinguishable from wild-type
causes ALS. Hum. Mol. Genet. 21, 3568–3574. doi: 10.1093/hmg/dds188

Takeuchi, H., Kobayashi, Y., Ishigaki, S., Doyu, M., and Sobue, G. (2002).
Mitochondrial localization of mutant superoxide dismutase 1 triggers caspase-
dependent cell death in a cellular model of familial amyotrophic lateral
sclerosis. J. Biol. Chem. 277, 50966–50972. doi: 10.1074/jbc.m209356200

Tan, W., Naniche, N., Bogush, A., Pedrini, S., Trotti, D., and Pasinelli, P. (2013).
Small peptides against the mutant SOD1/Bcl-2 toxic mitochondrial complex
restore mitochondrial function and cell viability in mutant SOD1-Mediated
ALS. J. Neurosci. 33, 11588–11598. doi: 10.1523/JNEUROSCI.5385-12.2013

Taylor, J. P., Hardy, J., and Fischbeck, K. H. (2002). Toxic proteins in
neurodegenerative disease. Science 14, 1991–1995. doi: 10.1126/science.
1067122

Vande Velde, C., Miller, T. M., Cashman, N. R., and Cleveland, D. W.
(2008). Selective association of misfolded ALS-linked mutant SOD1 with the
cytoplasmic face of mitochondria. Proc. Natl. Acad. Sci. U S A 105, 4022–4027.
doi: 10.1073/pnas.0712209105

Varabyova, A., Topf, U., Kwiatkowska, P., Wrobel, L., Kaus-Drobek, M., and
Chacinska, A. (2013). Mia40 and MINOS act in parallel with Ccs1 in the
biogenesis of mitochondrial Sod1. FEBS J. 280, 4943–4959. doi: 10.1111/febs.
12409

Vehviläinen, P., Koistinaho, J., and Gundars, G. (2014). Mechanisms of mutant
SOD1 induced mitochondrial toxicity in amyotrophic lateral sclerosis. Front.
Cell. Neurosci. 8:126. doi: 10.3389/fncel.2014.00126

Vijayvergiya, C., Beal, M. F., Buck, J., and Manfredi, G. (2005). Mutant superoxide
dismutase 1 forms aggregates in the brainmitochondrial matrix of amyotrophic
lateral sclerosis mice. J. Neurosci. 25, 2463–2470. doi: 10.1523/jneurosci.4385-
04.2005

Wang, J., Slunt, H., Gonzales, V., Fromholt, D., Coonfield, M., Copeland, N. G.,
et al. (2003). Copper-binding-site-null SOD1 causes ALS in transgenic mice:
aggregates of non-native SOD1 delineate a common feature. Hum. Mol. Genet.
12, 2753–2764. doi: 10.1093/hmg/ddg312

Wang, J., Xu, G., and Borchelt, D. R. (2002). High molecular weight
complexes of mutant superoxide dismutase 1: age-dependent and tissue-
specific accumulation. Neurobiol. Dis. 9, 139–148. doi: 10.1006/nbdi.2001.0471

Weichert, A., Besemer, A. S., Liebl, M., Hellmann, N., Koziollek-Drechsler, I.,
Ip, P., et al. (2014). Wild-type Cu/Zn superoxide dismutase stabilizes mutant
variants by heterodimerization.Neurobiol. Dis. 62, 479–488. doi: 10.1016/j.nbd.
2013.10.027

Zetterström, P., Stewart, H. G., Bergemalm, D., Jonsson, P. A., Graffmo, K. S.,
Andersen, P. M., et al. (2007). Soluble misfolded subfractions of mutant
superoxide dismutase-1s are enriched in spinal cords throughout life in murine
ALS models. Proc. Natl. Acad. Sci. U S A 104, 14157–14162. doi: 10.1073/pnas.
0700477104

Conflict of Interest Statement: 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.

Copyright © 2015 Tafuri, Ronchi, Magri, Comi and Corti. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution and reproduction in other forums is permitted, provided
the original author(s) or licensor 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 Cellular Neuroscience | www.frontiersin.org 12 August 2015 | Volume 9 | Article 336

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Cellular_Neuroscience/archive

	SOD1 misplacing and mitochondrial dysfunction in amyotrophic lateral sclerosis pathogenesis
	Introduction
	Mitochondrial Localization of Non-Mutated SOD1
	Accumulation of Mutant SOD1 in the Mitochondrial Intermembrane Space (IMS)
	Deposition of Mutant SOD1 Onto the Cytoplasmic Layer of Outer Mitochondrial Membrane (OMM)
	Conclusion
	Acknowledgments
	References


