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Amyotrophic lateral sclerosis (ALS) is adevastatingand rapidlyprogressiveneurodegenerative
disease caused by the deterioration of motor neurons. The first symptoms of ALS always begin
at a focal but variable site and consistently spread to neighboring regions, suggesting that
neurodegeneration in ALS is an orderly and propagating process. Like other neurodegenera-
tive diseases, misfolding of a specific protein is central to ALS. SOD1, the majorconstituent of
the protein deposits in some familial and sporadic forms of ALS, propagates its misfolded
conformation like prions, providing a plausible molecular basis for the focalityand spreading
of muscle weakness in ALS. Because protein misfolding is a common cause of diverse neu-
rodegenerative diseases, strategies aimed at boosting a cell’s ability to cope with misfolded
proteins could lead to therapeutics to combat these devastating age-related proteinopathies.

In the 1890s, Jean-Martin Charcot first de-
scribed amyotrophic lateral sclerosis (ALS)

with remarkable detail and completeness (Char-
cot 1890). His characterization of the disease is
still valid today—progressive degeneration of
upper and lower motor neurons resulting in ad-
vancing muscle weakness, spasticity, atrophy,
and paralysis. ALS begins in adult life, similar
to other neurodegenerative diseases like Alz-
heimer’s (AD), Parkinson’s (PD), and Hunting-
ton’s (HD). However, unlike AD, PD, and HD,
which have a clinical course of decades, the pro-
gression of ALS is fast and furious: 50% of pa-
tients die within 1.5 years of disease onset, al-
though some individuals occasionally survive
for more than 10 years (Kiernan et al. 2011).
PrP prion diseases such as Creutzfeldt–Jakob
disease (CJD) are similarly aggressive and rapid,
leading to death within 1 year by respiratory fail-

ure. Like most other neurodegenerative diseases,
there are no treatments to prevent or halt the
progression of ALS, and these types of diseases
are becoming more prevalent in an aging society.

ALS is characterized by muscle weakness,
which always begins at a focal point, but the
body region involved is highly variable between
individuals. From the site of onset, the symp-
toms spread contiguously to adjacent regions.
This unique feature of ALS was initially re-
ported by Gowers (1892) and more recently
modeled by Ravits and La Spada (2009). The
spreading of the disease suggests that neurode-
generation may follow an orderly and propa-
gating process. In recent years, the molecular
mechanism that explains the key clinical fea-
tures of ALS has been shown to be similar to
the molecular basis of prion diseases (Figs. 1
and 2).

Editor: Stanley B. Prusiner

Additional Perspectives on Prion Biology available at www.cshperspectives.org

Copyright # 2017 Cold Spring Harbor Laboratory Press; all rights reserved; doi: 10.1101/cshperspect.a024141

Cite this article as Cold Spring Harb Perspect Biol 2017;9:a024141

1

mailto:aberto@mrc-lmb.cam.ac.uk
mailto:aberto@mrc-lmb.cam.ac.uk
mailto:aberto@mrc-lmb.cam.ac.uk
mailto:aberto@mrc-lmb.cam.ac.uk
http://www.cshperspectives.org
http://www.cshperspectives.org
http://www.cshperspectives.org


18
90

18
92

19
93

19
94

20
08

20
11

20
14

20
13

20
16

M
ut

at
io

ns
 in

S
O

D
1 

ca
us

e 
fA

LS
(R

os
en

 e
t a

l.
19

93
)

S
pr

ea
di

ng
 o

f
pa

th
ol

og
y 

A
LS

(G
ow

er
s 

18
92

)

D
om

in
an

t, 
ga

in
-o

f-
fu

nc
tio

n 
m

ut
at

io
ns

in
 S

O
D

1 
ca

us
e 

A
LS

(G
ur

ne
y 

et
 a

l. 
19

94
)

T
ra

ns
m

is
si

on
 o

f
S

O
D

1 
ag

gr
eg

at
es

in
 m

ic
e

(A
ye

rs
 e

t a
l. 

20
14

)

S
ee

di
ng

 o
f a

gg
re

ga
tio

n:
 A

sm
al

l a
m

ou
nt

 o
f m

is
fo

ld
ed

S
O

D
1 

se
ed

s 
ag

gr
eg

at
io

n 
of

 th
e

so
lu

bl
e 

pr
ot

ei
n 

in
 v

itr
o

(C
ha

tto
pa

dh
ya

y 
et

 a
l. 

20
08

)

S
O

D
1 

is
 a

 p
rio

n:
 S

O
D

1
ag

gr
eg

at
es

 r
ep

lic
at

e 
in

 c
el

l
cu

ltu
re

 li
ke

 a
 v

iru
s 

de
vo

id
 o

f
nu

cl
ei

c 
ac

id
(M

ün
ch

 e
t a

l. 
20

11
)

S
O

D
1 

ag
gr

eg
at

es
pe

ne
tr

at
e 

in
si

de
 c

el
ls

 b
y

m
ac

ro
pi

no
cy

to
si

s
(M

ün
ch

 e
t a

l. 
20

11
)

E
xi

st
en

ce
of

 S
O

D
1

st
ra

in
s

(B
id

he
nd

i
et

 a
l. 

20
16

)

D
es

cr
ip

tio
n 

of
am

yo
tr

op
hi

c
la

te
ra

l s
cl

er
os

is
(C

ha
rc

ot
 1

89
0)

Fi
gu

re
1.

A
m

yo
tr

o
p

h
ic

la
te

ra
l

sc
le

ro
si

s
(A

L
S)

as
a

p
ri

o
n

d
is

ea
se

:
F

ro
m

th
e

cl
in

ic
al

d
es

cr
ip

ti
o

n
o

f
A

L
S

(c
ya

n
)

to
th

e
m

o
le

cu
la

r
b

as
is

(d
ar

k
b

lu
e)

an
d

to
w

ar
d

a
m

o
le

cu
la

r
m

ec
h

an
is

m
(p

u
rp

le
).

fA
L

S,
fa

m
il

ia
l

A
L

S.

C. Sibilla and A. Bertolotti

2 Cite this article as Cold Spring Harb Perspect Biol 2017;9:a024141



The etiology of ALS is unknown; however,
similar to most other neurodegenerative dis-
eases, ALS is primarily a sporadic disease, with
about 10% of ALS cases attributable to inherit-
ed mutations. An increasing number of causa-
tive genes, including SOD1, TDP-43, FUS/TLS,
C9ORF72, and others, have been identified
(Bettencourt and Houlden 2015). The clinical
manifestations of sporadic and familial ALS
(fALS) are the same, suggesting a common
mechanism. Therefore, studying rare forms of
the disease may reveal mechanisms relevant to
forms that are more common. The SOD1 gene
encodes the Cu/Zn superoxide dismutase 1
(SOD1), a free-radical scavenging enzyme.
SOD1 was the first ALS gene to be identified
(Rosen et al. 1993) and is dominantly inherited
(mostly missense mutations). Mutations in
SOD1 account for �20% of familial forms of
ALS. It is well established that SOD1 mutations
lead to a toxic gain of function of SOD1 protein
(Gurney et al. 1994) and that loss of SOD1 ac-
tivity is not associated with disease pathogene-
sis. Indeed, mice lacking SOD1 do not develop
motor neuron diseases (Reaume et al. 1996). In
contrast, expression of mutant SOD1 in trans-
genic mice recapitulates the characteristics of
the human disease faithfully—progressive dep-

osition of SOD1 and motor neuron loss leading
to paralysis and death (Gurney et al. 1994; Wang
et al. 2009).

PROTEIN MISFOLDING: THE MOLECULAR
BASIS OF ALS

Like prion diseases, AD, PD, HD, and ALS are
diseases caused by the deposition of one or two
misfolded proteins. The disease-causing pro-
teins are b-amyloid and tau in AD, a-synuclein
in PD, huntingtin in HD, and PrP in transmis-
sible prion encephalopathies. TDP-43 may be
the major constituent of deposits in most
sporadic ALS cases (Neumann et al. 2006). In
SOD1 fALS, the major constituent of protein
deposits is mutant SOD1 (Valentine et al.
2005). Interestingly, in some other fALS and
sporadic cases, in which no mutations in
SOD1 are present, wild-type SOD1 has been
found in inclusions (Rotunno and Bosco 2013).

SOD1 is an abundant and ubiquitously ex-
pressed 153-residue protein, existing as a homo-
dimer of 32 kDa. Each monomer is highly struc-
tured, consisting mostly of an eight-stranded b-
barrel in a Greek-key fold and two large loops,
one of which is the metal binding loop that
binds one copper and one zinc ion (Valentine

Soluble 

Aggregate
clearance

SeedingSelf-
propagation

Transmission and
spreading

Uptake
(macropinocytosis)

Aggregate
clearance

Figure 2. The vicious cycle: prion propagation of aggregates. Aggregates made of SOD1 (Münch et al. 2011) or
tau (Holmes et al. 2013; Sanders et al. 2014) can enter cells by macropinocytosis and access the cytosol. Once in
the cytosol, protein quality control systems normally clear aggregates, but prions escape protein quality control
systems to corrupt the conformation of the normally soluble proteins. Once this has occurred, aggregates
propagate and are transmitted and spread from cell to cell.
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et al. 2005). The monomers of SOD1 contain an
intramolecular disulfide bridge, which increases
protein stability. The native SOD1 protein has
exceptional thermodynamic and kinetic stabil-
ities, with reported melting temperatures in the
range 85˚C–100˚C, and is enzymatically stable
in 8 M urea, 3.2 M guanidine HCl, and 1% so-
dium dodecyl sulfate (SDS) (Valentine et al.
2005). Even more remarkably, SOD1 enzymatic
activity was reported to survive more than 3000
years after mummification, as an active SOD1
fragment has been recovered from an Egyptian
mummy (Weser et al. 1989). Despite the ex-
traordinarily intrinsic stability of the native
SOD1 enzyme, mutations in SOD1 can desta-
bilize the protein and induce misfolding and
subsequent aggregation (Nordlund and Olive-
berg 2008). Similarly, aberrant oxidation or
posttranslational modification can have aggre-
gation-prone effects on wild-type SOD1 in vitro
(Rotunno and Bosco 2013).

To date, 183 mutations have been identified
in SOD1, most of which are missense and dom-
inantly inherited mutations, affecting nearly ev-
ery amino acid of the protein. SOD1 mutations
can have diverse effects on the properties of the
protein, such as altering stability, metal binding,
and enzymatic activity. Interestingly, many mu-
tations seem to have no measurable effect on the
protein (Valentine et al. 2005). Despite this, the
diverse mutations can promote aggregation of
the protein. How this occurs has been a mystery
for a long time. Initially, it was assumed that
different mutations cause aggregation by spe-
cific mechanisms (Shaw and Valentine 2007).
However, we found that diverse ALS-causing
mutations share a common defect: They have
an increased propensity to expose hydrophobic
surfaces that are normally buried in the interior
of the native state (Münch and Bertolotti 2010).
Importantly, many SOD1 mutants that are na-
tively folded like the wild-type form do not con-
stitutively expose hydrophobic surfaces but have
a propensity to do so when destabilized (Münch
and Bertolotti 2010). These results reconciled
the seemingly diverse effects of ALS-causing
mutations into a unifying mechanism.

Mutant SOD1 is expressed throughout the
life of individuals, although the disease mani-

fests in mid-adult life (Kiernan et al. 2011).
Even in transgenic mice overexpressing an
ALS-causing SOD1 mutant, aggregation is an
age-dependent process (Johnston et al. 2000;
Wang et al. 2009). In cells, overexpression of
diverse ALS-causing SOD1 mutants does not
lead to their aggregation and formation of de-
posits that are characteristic of the disease
(Johnston et al. 2000; Münch et al. 2011). Al-
though the ALS-causing SOD1 mutations ren-
der the protein prone to misfold, it is soluble in
cell culture and in young mice. This may also be
the case for many years in individuals with
SOD1 mutations before the misfolded proteins
accumulate in aged cells, perhaps as a conse-
quence of defects in protein quality control
mechanisms.

The key features of ALS—namely, the focal-
ity of muscle weakness onset with subsequent
spreading of the symptoms in an orderly man-
ner to neighboring body regions, the variability
of site and age of onset, and the central role of
protein misfolding—have suggested the follow-
ing model: The site of disease onset may corre-
spond to an initial site of protein misfolding.
Following initial onset of misfolding, the mis-
folded protein may spread as a pathogenic agent
from the site of onset to adjacent sites. This led
us to investigate whether SOD1 shared some
properties of prions.

PRION-LIKE PROPAGATION OF SOD1

A prion is a protein that exists in different con-
formations, one of which is self-propagating
and transmissible (Prusiner 1998). A prion
propagates by an autocatalytic process in which
it imposes its abnormal conformation on a nor-
mally folded counterpart, requiring no other
proteins, factors, or genetic material.

In the test tube, addition of preformed
SOD1 aggregates can accelerate or seed aggrega-
tion of the soluble protein (Chattopadhyay et al.
2008), indicating that like prions, misfolded
SOD1 has the ability to corrupt the folding of
the soluble protein. Similar properties have
been reported for the diverse misfolded pro-
teins associated with neurodegenerative disease
(Eisenberg and Jucker 2012). Indeed, misfolded
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proteins can act as seeds in an aggregation reac-
tion that converts native proteins into misfolded
pathological forms in a nucleated polymeriza-
tion reaction that results in the formation of
fibrils (Eisenberg and Jucker 2012). However, a
cell is not a test tube. SOD1 is an intracellular
cytosolic protein. For the seeding and spreading
of aggregates to occur between cells, as is the case
for prions, penetration of aggregates inside the
cell is required. To test for such a possibility, we
prepared aggregates with recombinant, highly
purified protein and asked: Can such aggregates
enter neuronal cells? It turned out to be the case:
SOD1 aggregates can penetrate cells and induce
aggregation of the otherwise soluble cellular
protein. Remarkably, once induced, aggregation
persists and is transmissible from cell to cell
(Münch and Bertolotti 2011, 2012; Münch
et al. 2011). This revealed that SOD1 behaves
like a prion: It has the ability to replicate its
aberrant conformation indefinitely, like a virus,
but it is only composed of a protein (Fig. 2).
This work shows that the protein-only mode
of transmission of information, the hallmark
of prions, is not restricted to PrP in mammals
but is broader than previously recognized.

PRION-LIKE PROPERTIES OF SOD1

Uptake of SOD1 Aggregates

To study the fate of exogenous aggregates in
cells, SOD1 aggregates made of highly purified
and recombinant protein were labeled with
fluorescent dyes (Münch et al. 2011) and di-
rectly added to the culture media of neuronal
cells. Rapidly after their inoculation, aggregates
had penetrated in virtually all of the cells. In-
deed, flow cytometry and confocal microscopy
analyses detected the fluorescently labeled pro-
tein aggregates in nearly 100% of the cells.

Recent follow-up studies corroborated these
findings: Aggregates recovered from condi-
tioned media of NSC-34 cells transiently trans-
fected with a plasmid encoding wild-type or
mutant green fluorescent protein (GFP)-SOD1
and applied to naı̈ve cells can penetrate inside
cells (Grad et al. 2014). Furthermore, two stud-
ies show that recombinant SOD1 can be taken

up by cells detected by flow cytometry and vi-
sualized by confocal microscopy (Grad et al.
2014; Zeineddine et al. 2015), as previously
seen (Münch et al. 2011).

The finding that aggregates can penetrate
inside cells efficiently came as a surprise. Be-
cause this process was efficient, it created an
opportunity to study the underlying mecha-
nisms. The uptake of SOD1 occurs via an active
process because depletion of ATP prevents ag-
gregate uptake (Münch et al. 2011). We did not
obtain any evidence that aggregates could di-
rectly penetrate through the plasma membrane
(unpublished results). Interfering with actin
polymerization using cytochalasin A or D dra-
matically reduced aggregate uptake, showing
that aggregates enter cells by an endocytic route
(Münch et al. 2011). Confirming this result,
endocytic vesicles labeled with lipophilic FM
4-64FX dye contained fluorescent aggregates
(Münch et al. 2011). Endocytosis occurs via dif-
ferent mechanisms in mammalian cells. The
pathway responsible for SOD1 aggregate up-
take was elucidated using a combination of
approaches. Key components of the diverse en-
docytosis pathways were inhibited using phar-
macological inhibitors, dominant negative mu-
tants, or genetically modified cells, and SOD1
aggregate uptake was monitored by flow cytom-
etry. The comprehensive analysis of the different
endocytic pathways revealed that extracellular
mutant SOD1 aggregate uptake was not medi-
ated by clathrin, dynamin, caveolin, or flotillin.
However, inhibitors of macropinocytosis pre-
vented the uptake of SOD1 aggregates, showing
that SOD1 aggregates use macropinocytosis to
enter cells (Münch et al. 2011). These findings
were confirmed in two recent studies reporting
that uptake of SOD1-GFP into NSC-34 cells was
prevented by macropinocytosis inhibitors, but
not by inhibitors of the other major endocytic
routes, as measured by flow cytometry (Grad
et al. 2014; Zeineddine et al. 2015).

Seeding of Aggregation of the Soluble and
Cellular Protein by Preformed Aggregates

SOD1 aggregates enter cells using macropino-
cytosis, but they do not stay in macropino-
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somes. In fact, aggregates rapidly escape micro-
pinosomes to access the cytosol, where they be-
come ubiquitinated (Münch et al. 2011) just
like the deposits in ALS. In the cytosol, SOD1
aggregates corrupt the otherwise soluble cellu-
lar protein. Importantly, the intermolecular
transmission of misfolding has also been re-
ported between SOD1 mutant and wild type
(Grad et al. 2011). In stable cells expressing mu-
tant SOD1 fused to GFP, the protein appears
diffuse throughout the cytosol and nucleus,
indicating that it is soluble. Adding extracellular
recombinant mutants provokes the coalescence
of the otherwise soluble mutant SOD1-GFP
into puncta in the cytosol and are excluded
from the nucleus, showing that exogenous re-
combinant mutant SOD1 aggregates can seed
aggregation of endogenous overexpressed
SOD1 (Fig. 2) (Münch et al. 2011).

Similar observations of aggregate uptake
and seeding have been reported with diverse
proteins associated with neurodegenerative
diseases (Jucker and Walker 2011). Brain ho-
mogenates containing Ab- or tau-induced
aggregation of the then-soluble mouse peptide
or protein, respectively (Kane et al. 2000; Meyer-
Luehmann et al. 2006; Clavaguera et al. 2009).
When inoculated into cells, aggregates made
of polyglutamine peptides, tau, or a-synuclein
also seeded aggregation of the otherwise soluble
intracellular proteins (Danzer et al. 2007, 2009;
Desplats et al. 2009; Frost et al. 2009; Ren et al.
2009).

Aggregation Induced by Prions Is Persistent
and Self-Propagating

The defining property of prions is their ability
to replicate their aberrant conformation indef-
initely (Prusiner 1998). The prion conversion
must be a rare event because organisms have
evolved efficient and sophisticated protein qual-
ity-control mechanisms that normally combat
protein aggregation (Schneider and Bertolotti
2015). Once a misfolded protein is produced,
as a result of a biosynthetic error or insult, cells
will normally react rapidly by either refolding
or degrading the potentially harmful protein
(Schneider and Bertolotti 2015). A prion must

somehow escape the surveillance of the quality-
control system and persist for a sufficient period
of time to corrupt the normal folding of its
cellular counterpart. Once past this initial seed-
ing event, aggregates need to continue to be
amplified exponentially for a prion to propa-
gate (Fig. 2).

Thus, what defines a prion is not only its
ability to corrupt the conformation of the solu-
ble conformer of a protein, but also its ability to
evade the protein quality-control system (Figs. 2
and 3). Misfolded proteins are produced all the
time in cells, but neurodegenerative diseases ap-
pear later in life. Most of the time, cells efficient-
ly handle misfolded proteins to avoid disease,
but in some rare cases, a protein of abnormal
conformation persists and propagates its ab-
normal shape. This is the case with prions: a
protein-only infectious agent (Prusiner 1998).
Like prions, when aggregation of mutant SOD1
has been induced with recombinant aggregates,
it persists and propagates (Münch et al. 2011). If
self-propagation defines a prion, then SOD1 is a
prion (Münch and Bertolotti 2011).

Cell-to-Cell Transfer

Just like prions, SOD1 aggregates can transfer
from cell to cell (Münch et al. 2011). We found
that SOD1 cell-to-cell transfer of aggregates dra-
matically decreases when increasing the volume
of cell culture media, showing that transfer of
aggregates depends on the release of aggregates
into the extracellular space rather than cell-
to-cell contact (Münch and Bertolotti 2011).
Aggregates can transfer from conditioned me-
dia obtained from the culture of cells contain-
ing labeled aggregates (Münch and Bertolotti
2011). Similarly, SOD1 particles could be trans-
ferred to new NSC-34 cells via conditioned me-
dia (Grad et al. 2014). In the later study, aggre-
gates were proposed to be released from NSC-34
cells by two routes: via exosomes or as a naked
species (Grad et al. 2014). The finding that
transfer of aggregates can be reduced by anti-
SOD1 antibodies (Grad et al. 2014) argues
that a predominant fraction of the transferring
species are accessible to antibody binding. Sim-
ilar cell-to-cell transfer may occur in humans
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and explain the focality and spreading of neuro-
degeneration in ALS. Interestingly, transmis-
sion of aggregates has been suggested in humans
for a-synuclein, in which aggregates have been
observed in grafted neurons (Li et al. 2008).

In Vivo Transmission of SOD1 Aggregates

A recent study has investigated if SOD1 mutant
aggregates can be transmitted from mouse to
mouse to induce ALS (Ayers et al. 2014). This
study used G85R–yellow fluorescent protein
(YFP) mice, which in the heterozygous state
are asymptomatic, but in the homozygous state,
develop an ALS phenotype associated with the
accumulation of fluorescent inclusions in the
spinal cord. These heterozygous mice were in-

traspinally injected with spinal-cord homoge-
nates from heterozygous G93A terminally sick,
paralyzed mutant mice (Ayers et al. 2014). The
injected mice developed motor neuron disease
with widespread YFP inclusions in the spinal
cord, brainstem, and thalamus. To further assess
transmissibility, spinal-cord homogenates from
the paralyzed recipient G85R–YFP mice were
used as inoculum to inject into the spinal cords
of P0 G85R–YFP mice. Although the first pas-
sage induced an ALS phenotype in only a subset
of animals, the second passage produced an ALS
phenotype in all of the recipient G85R–YFP
mice (Ayers et al. 2014). This finding indicates
that the SOD1 prion has been amplified be-
tween the passages, which is a hallmark proper-
ty of prions.

Seeding timeline

Aβ Kane et al.

Aβ Meyer-Luehmann et al.

α-synuclein Danzer et al.

Tau Clavaguera et al.

PolyQ Ren et al.

Tau Frost et al.

Tau Clavaguera et al.
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Figure 3. Experimental induction of aggregation. Seeding of aggregation has been induced experimentally in
mouse and cell culture models. Seeds can be removed by the quality control mechanisms of the cellular host
(aggregate clearance) or persist and corrupt the folding of the host protein. Prions not only have the ability to
seed aggregation of their soluble counterpart but also are amplified in a host. The ability to replicate an abnormal
conformer of a protein in a host defines prions. On the right is shown a timeline of the discoveries of the seeding
and prion properties of misfolded proteins.
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TO BE, OR NOT TO BE, A PRION

A prion is a misfolded protein that induces a
self-propagating conformational change in the
soluble counterpart. There is abundant evi-
dence from many laboratories indicating that
aggregation of proteins associated with neuro-
degenerative diseases can be induced experi-
mentally (Jucker and Walker 2011). But are
they all prions?

To assess whether the induced aggregates are
prions, it is important to examine the ability of
induced aggregates to persist and propagate in a
host (Fig. 3).

Seeds transduced into cells or in animals can
have several fates. Most frequently, quality con-
trol mechanisms in the host cells efficiently re-
move the seeds: The misfolded proteins will
either be refolded or degraded (Fig. 3). If a
seed persists long enough, it may interact with
the host protein, corrupting its folding and re-
sulting in aggregate growth. Aggregates may
continue to grow upon recruitment of soluble
monomers. However, large aggregates may not
be transmissible. It is only if the induced aggre-
gates replicate and are amplified in a host that
they are prions. Therefore, it is important to
assess whether induced aggregates are amplified
in a host or not.

Seeding experiments in cells or mice do not
distinguish whether seeds grow into a bigger
aggregate in a host or if they are amplified.
Amplification of prions can be assessed in
cell-culture models by examining if the induced
aggregates persist in the vast majority of cells
long after the seeds have been removed (longer
than a month and for more than several pas-
sages). In mice, self-propagation of prions can
be assessed by serial transmission experiments
similar to those used to evaluate the presence of
a viral agent. If a prion or a virus replicates in a
host, it produces many more infectious units
than the initial inoculum.

Most proteins associated with neurode-
generative diseases can seed aggregation of their
soluble counterparts (Jucker and Walker 2011).
Are they all prions? SOD1 aggregates are self-
propagating (Münch et al. 2011). In that sense,
SOD1 is a prion (Münch and Bertolotti 2011;

Prusiner 2012). Indeed, like a virus, SOD1 ag-
gregates penetrate and are amplified in cells
(Münch et al. 2011). In a similar cell-culture
model that revealed the prion properties of
SOD1, a-synuclein (Bousset et al. 2013) and
tau (Yanamandra et al. 2013) aggregates were
also found to self-propagate their misfolded
conformation like prions (Fig. 3). Like SOD1
aggregates, tau aggregates enter cells by macro-
pinocytosis (Holmes et al. 2013), suggesting that
different aggregates may use the same mecha-
nisms to infect cells.

In mice, persistence and amplification of
the induced aggregates can be assessed by serial
transmission of aggregates. Tau (Clavaguera
et al. 2013), SOD1 (Ayers et al. 2014), Ab (Watts
et al. 2014), and a-synuclein (Prusiner et al.
2015) aggregates can be serially transmitted, in-
dicating that these proteins can adopt prion
properties (Fig. 3). Another important feature
of prions is the existence of strains. Different
SOD1 strains have recently been reported fur-
ther supporting the notion that misfolded
SOD1 is a prion (Bidhendi et al. 2016).

TOWARD RATIONAL THERAPEUTICS

Prion diseases were thought to be unique for a
long time because of the infectious nature of
prions, but this view has changed dramatically
in recent years, with a large body of evidence
indicating that most misfolded proteins associ-
ated with neurodegenerative diseases share at
least some of the defining properties of prions
(Prusiner 2012). The idea of a common mech-
anism at the origin of diverse diseases is attrac-
tive because it could lead to a common therapy.

The deposition of misfolded proteins is
a defining feature of many age-dependent hu-
man diseases, including the increasingly preva-
lent neurodegenerative diseases. Cells normally
strive to ensure that proteins are correctly folded
and have mechanisms to combat misfolded pro-
teins. However, cellular defense systems seem
to gradually fail with age, leading to the accu-
mulation of misfolded proteins, which has dev-
astating consequences for individual cells and
the entire organism (Morimoto and Cuervo
2014; Vilchez et al. 2014). In principle, improv-
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ing a cell’s ability to deal with misfolded pro-
teins should represent a generic approach to
reducing the pathology in diverse protein-mis-
folding diseases.

Our laboratory has recently validated this
idea by identifying an approach that rescues
cells from protein-misfolding insults (Tsaytler
et al. 2011). When applied in mice, the same
approach prevented two distinct neurodegener-
ative diseases: SOD1-ALS and CMT1B (Das
et al. 2015). Our ability to prevent neurode-
generative diseases in mice emanates from the
knowledge of the mechanisms that cells use to
combat misfolded proteins.

A first line of defense against a variety of
insults consists of attenuating protein synthe-
sis by phosphorylating thea-subunit of eukary-
otic translation initiation factor 2 (eIF2a) (Ron
and Harding 2007). Whereas this response is
vital for cell survival, it is also vital that eIF2a
phosphorylation is only transient because a
persistent inhibition of protein synthesis would
be lethal. To ensure the reversibility of eIF2a

phosphorylation, mammals have evolved two
selective eIF2a phosphatases, composed of a
catalytic subunit PP1c bound to one of two reg-
ulatory subunits: the stress-induced PPP1R15A
(R15A) (Novoa et al. 2001) or the constitutive
PPP1R15B (R15B) (Fig. 4) (Jousse et al. 2003).
We found that a small molecule, Guanabenz,
selectively binds and inhibits R15A, thereby
prolonging eIF2a phosphorylation and trans-
lation attenuation that follows stress (Tsaytler
et al. 2011). Importantly, because Guanabenz
selectively binds and inhibits R15A but
not R15B, translation attenuation is only
transiently prolonged and thus not lethal. The
folding capacity of cells depends on the avail-
ability of chaperones, and it is inversely corre-
lated with rates of protein synthesis (Fig. 4)
(Schneider and Bertolotti 2015). By decreasing
the rates of protein synthesis, Guanabenz in-
creases the availability of chaperones, thereby
correcting folding defects and rescuing cells
from protein-misfolding stress (Tsaytler et al.
2011). Although this approach is potent in res-

P eIF2α

ATF4

CHOP

PPP1R15A

PP1c

PPP1R
15

A

Sephin1
Guanabenz

PP1c

PPP1R
15

B

Translation attenuation Translation recovery

Stress

eIF2α

Figure 4. Guanabenz and Sephin1 are selective PPP1R15A inhibitors. Guanabenz and Sephin1 safely fine-tune
protein synthesis by selectively binding and inhibiting the regulatory subunit of the stress-induced eIF2a
phosphatase composed of PPP1R15A and PP1c (Tsaytler et al. 2011; Das et al. 2015). Guanabenz and Sephin1
spare the constitutive eIF2a phosphatase PPP1R15B-PP1c, thereby avoiding persistent eIF2a phosphorylation,
which would be lethal. Sephin1 is orally available and safely prevents two unrelated neurodegenerative diseases,
Charcot–Marie–Tooth 1B (CMT-1B) and SOD1-ALS, in mice (Das et al. 2015).
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cuing cells from the deleterious accumulation
of misfolded proteins, Guanabenz could not be
used as a selective R15A inhibitor in vivo be-
cause it has another, undesirable activity: It is a
potent a-adrenergic agonist (Holmes et al.
1983), which has side effects such as drowsiness,
and even coma, at high doses in humans (Hall
1985).

Therefore, we aimed to engineer out the ad-
renergic activity of Guanabenz and identified
Sephin1, a selective inhibitor of R15A suitable
for in vivo studies (Das et al. 2015). Sephin1 is
orally available, crosses the blood–brain barrier,
and reaches concentrations in the brain that
are predicted to be sufficient to inhibit R15A
based on in vitro studies (Das et al. 2015). Se-
phin1 was designed in the hope that it would be
useful to prevent protein-misfolding diseases.
Indeed, it almost completely prevents SOD1-
ALS in mice as well as an unrelated protein-
misfolding disease, Charcot–Marie–Tooth 1B
(CMT-1B) (Das et al. 2015). Sephin1 prevents
weight loss, motor dysfunction, motor neuron
loss, and aggregation of SOD1 (Das et al. 2015).
Sephin1 also prevents the motor, morphologi-
cal, and molecular defects of CMT-1B mice
(Das et al. 2015). This is achieved without side
effects, because of the selectivity of the inhibitor
for R15A and because knocking out the R15A
gene is not deleterious in mice (Kojima et al.
2003). This is important because neurodegen-
erative diseases are slowly progressive in most
cases, and, therefore, there is a double challenge
when searching for a therapeutic strategy: Effi-
cacy needs to be achieved without side effects.

The idea that R15A could be a therapeutic
target is supported by genetic experiments from
different groups. Deletion of one allele of PERK,
one of the kinases that phosphorylates eIF2a,
accelerates disease progression in an ALS-SOD1
mouse model, in contrast to nontransgenic
mice lacking one allele of PERK, which are
healthy (Wang et al. 2011). Importantly, genetic
inactivation of R15A has the opposite effect and
ameliorates the disease (Wang et al. 2014). It is
important to note that R15A inhibition protects
mice from ALS caused by the SOD1G93A mutant
(Das et al. 2015), whereas mice lacking R15A
are protected from ALS caused by a different

SOD1 mutant, SODG85R (Wang et al. 2014).
Thus, R15A appears to be a valid therapeutic
target in different mouse models of SOD1-
ALS. In the future, it will be important to de-
termine how many diseases can be prevented by
inhibiting R15A.

CONCLUDING REMARKS

The recently discovered prion, or prion-like,
properties of proteins at the origin of various
neurodegenerative diseases presents a com-
mon feature among diseases that were initially
thought to be distinct. At the molecular and
mechanistic levels, it is now clear that important
insights into the etiology of these diverse neu-
rodegenerative diseases have been uncovered by
studying rare forms of these disorders. SOD1-
ALS represents only a fraction of ALS cases, but
because many neurodegenerative diseases are
caused by abnormal protein folding, the study
of one protein-misfolding disorder sheds light
on the molecular basis of such other diseases.
Because protein misfolding is central to neuro-
degenerative disease, strategies aimed at correct-
ing protein-folding defects are likely to be useful
in preventing or halting these diseases. Our lab-
oratory has recently provided the proof-of-
principle that boosting natural cellular-defense
mechanisms against misfolded proteins can
lead to effective and safe approaches to prevent-
ing neurodegeneration.
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