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are associated with inclusion body formation in ALS
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Amyotrophic lateral sclerosis (ALS) is a heterogeneous degenera-
tive motor neuron disease linked to numerous genetic mutations
in apparently unrelated proteins. These proteins, including SOD1,
TDP-43, and FUS, are highly aggregation-prone and form a variety
of intracellular inclusion bodies that are characteristic of different
neuropathological subtypes of the disease. Contained within
these inclusions are a variety of proteins that do not share obvious
characteristics other than coaggregation. However, recent evi-
dence from other neurodegenerative disorders suggests that disease-
affected biochemical pathways can be characterized by the presence
of proteins that are supersaturated, with cellular concentrations
significantly greater than their solubilities. Here, we show that the
proteins that form inclusions of mutant SOD1, TDP-43, and FUS are
not merely a subset of the native interaction partners of these
three proteins, which are themselves supersaturated. To explain
the presence of coaggregating proteins in inclusions in the brain
and spinal cord, we observe that they have an average supersat-
uration even greater than the average supersaturation of the native
interaction partners in motor neurons, but not when scores are
generated from an average of other human tissues. These results
suggest that inclusion bodies in various forms of ALS result from a
set of proteins that are metastable in motor neurons, and thus
prone to aggregation upon a disease-related progressive collapse of
protein homeostasis in this specific setting.

protein aggregation | protein misfolding | protein homeostasis |
supersaturation | motor neuron disease

myotrophic lateral sclerosis (ALS) is a devastating neuro-

degenerative disorder in which the progressive and selective
loss of upper and lower motor neurons in the motor cortex and
spinal cord leads to impairment of muscle control and to muscle
atrophy. Death invariably follows, generally within 3-5 y of diagnosis
(1, 2). Neurodegeneration in ALS has been attributed to a multitude
of processes, including glutamate excitotoxicity, oxidative stress, dis-
ruption of neurofilaments and axonal transport, mitochondrial
dysfunction, endoplasmic reticulum stress, and, most recently,
dysfunctional RNA metabolism (2-4). Growing evidence also indi-
cates that protein aggregation is associated with all forms of ALS
(5, 6), leading to the proposal that protein misfolding could be a
common feature of the various forms of ALS (7, 8). In this respect,
ALS may share similarities to other neurodegenerative disorders, such
as Alzheimer’s, Parkinson’s, and Huntington’s diseases (8-10), which
are characterized by the formation of aberrant protein assemblies.

A distinctive feature of ALS is its remarkable heterogeneity at
the molecular level. Although most cases of ALS are sporadic
[sporadic ALS (sALS)] and of unclear cause, the 5-10% of cases
in which the disease is inherited [familial ALS (fALS)] can be
linked to specific genetic mutations. Mutations in one or more of
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at least a dozen genes give rise to distinct disease neuropatho-
logical subtypes, each of which is associated with the aggregation
of a variety of proteins into inclusions with histologically distinct
structures. These mutations include mutations in genes encoding
SOD1 (11), alsin (12), senataxin (13), FUS/TLS (14, 15), VAPB
(16), angiogenin (17), TDP-43 (18, 19), dynactin (20, 21), FIG4
(22), optineurin (23), VCP (24), sequestosome-1 (25), ubiquilin-2
(26), profilin-1 (27), matrin-3 (28), and CCNF (29), as well as
hexanucleotide expansions in COORF72 (30).

At the protein aggregate level, there are multiple forms of
inclusions that have been described for ALS, including Bunina
bodies; basophilic inclusions; spheroids; and ubiquitinated in-
clusions such as round bodies, skein-like inclusions, and hyaline
inclusions (7, 31). In addition to their morphology, the inclusions
in ALS can be categorized on the basis of the dominant protein
involved. For example, ubiquitinated inclusions found in motor
neurons in SALS and many fALS cases, including those cases
associated with mutations in genes encoding TDP-43 or
CI90ORF72, are largely TDP-43—positive. In some fALS cases, the
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major constituent of ubiquitinated inclusions depends on the
inherited genetic mutation, specifically FUS and SOD1 (32).
Indeed, we recently observed that the aggregation processes of
TDP-43, FUS, and SOD1 in cells are distinct, and that they re-
sult in inclusions with varied characteristics (33). In particular,
SOD1 aggregates, which are the most intensely studied inclu-
sions, have amorphous properties and interact transiently with a
variety of other cellular proteins, including molecular chaperones,
and they also bind stably with components of the ubiquitin—pro-
teasome system and correlate with cell death (34-38). Further-
more, all three inclusion subtypes, TDP-43, FUS, and SOD], are
formed by mechanisms distinct from the highly structured amyloid
aggregates of huntingtin (33).

Linking the initial events associated with the aggregation of
mutant proteins in ALS with the ultimate failure of motor neu-
rons has proved particularly challenging for a variety of reasons.
One problem is the experimental challenge of characterizing in
detail the array of secondary proteins associated with ALS in-
clusions. Although microdissection followed by mass spectrom-
etry has been successful in identifying many of the constituent
components of aggregates in other diseases (39, 40), the diversity
and complexity of the aggregation processes in ALS have made
this task difficult. Our current knowledge is largely due to more
targeted histological approaches that have yielded sets of pro-
teins that associate with ALS inclusions (e.g., ref. 32).

In the work reported here, we have sought to understand the
reason why certain proteins are at risk for coaggregating in the
inclusion bodies found in motor neurons, with the expectation
that understanding this process will help explain the origins of
the cellular dysfunctions associated with ALS and possible ways
to ameliorate such dysfunctions therapeutically. We reasoned
that two general mechanisms may be important for inclusion
formation: (i) Individual aggregating proteins can pull down
their normal interaction partners into deposits, and (i) poorly
soluble proteins can be recruited into the deposits. To discover
the extent to which these two processes can explain the forma-
tion of inclusions in ALS, we considered the functional and
biophysical characteristics of both the native interaction partners
of ALS-associated proteins and coaggregating proteins in ALS.
We considered in particular whether these two groups of pro-
teins are supersaturated, because proteins associated with either
the known set of dysfunctional cellular processes or the sets of
proteins found in insoluble inclusions in a range of neurode-
generative diseases are known to be supersaturated (41). A pro-
tein is considered to be supersaturated, and therefore subject to a
greater driving force toward aggregation (42), if its cellular con-
centration is high relative to its solubility (41). To examine if su-
persaturation could explain cell dysfunction in ALS, we assembled
a comprehensive database of proteins known to coaggregate
within various ALS inclusions and applied network and super-
saturation analyses to them.

Our results indicate that coaggregating proteins in ALS in-
clusions are not simply a subset of the native interaction partners
of the primary inclusion-forming proteins but that these coag-
gregators are significantly more supersaturated than the set of
native interactors when the particular gene expression pattern of
motor neurons is used to calculate the supersaturation scores.
Thus, we found that the combination of a spinal motor neuron
expression profile and a high supersaturation score can explain
many key features of the disease-specific protein inclusion fin-
gerprint. We have brought these results together by combining
calculations of the degree of supersaturation with a network
analysis of coaggregating proteins. This strategy has enabled the
construction of an ALS protein network that illustrates the
widespread disruption of proteome homeostasis in spinal motor
neurons that contributes to the molecular heterogeneity char-
acteristic of the ALS-associated aggregates and inclusions.
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Results

TDP-43, FUS, and SOD1 Are Supersaturated. Given that all cases of
ALS have either TDP-43—, FUS-, or SOD1-containing inclusions
present in motor neurons, we first wanted to know if these ag-
gregating proteins are supersaturated in the context of the pro-
teome. To this end, we used experimental data providing mRNA
and protein concentrations and the predicted aggregation pro-
pensities of each of the proteins using the Zyggregator method
(43), as previously described (41). These estimates are based on
wild-type sequences and wild-type expression levels averaged
over a wide range of tissues. We observed that the supersatu-
ration scores for TDP-43, FUS, and SOD1 are above the median
supersaturation line, which divides the proteome into proteins
whose supersaturation is relatively high and proteins whose su-
persaturation is low (Fig. 1). These results suggest that these
proteins are metastable in their wild-type forms, and are there-
fore prone to become further destabilized by mutations that in-
crease aggregation propensity. We also note that although the
aggregation propensity score of SOD1 itself is close to the me-
dian aggregation propensity (Z,,s) score of the proteome as a
whole, this protein is predicted to be highly supersaturated due
to its high abundance (Fig. 1).

Native Interactors of TDP-43, FUS, and SOD1 Are Supersaturated. A
recent unbiased search of Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways indicated that the biochemical
pathways associated with Alzheimer’s, Parkinson’s, and Hun-
tington’s diseases are highly enriched in supersaturated proteins
(41). We thus sought to determine if ALS pathways are similarly
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Fig. 1. Wild-type TDP-43, FUS, and SOD1 are supersaturated. Aggregation

propensity (Zyggregator; Z,45) and concentration estimates are shown based
on unfolded protein Z,4q scores and mRNA expression (A) and structurally
corrected (SQ) ZaggSc scores and protein abundance estimated from mass
spectrometry (B). Red points indicate TDP-43, FUS, or SOD1 as labeled; gray
points indicate the rest of the proteome. Contour lines are drawn based on
the density of distribution proteome values using a 2D kernel density esti-
mator. The black line indicates the median supersaturation score for the
proteome.
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Fig. 2. Native interactors of TDP-43, SOD1, and FUS are supersaturated.
Median supersaturation scores calculated for the unfolded (A, ¢,) and folded
(B, o5) states are shown for native interaction partners of TDP-43, SOD1, or
FUS (pink) and the total proteome (white). Supersaturation scores for the
unfolded (C) and folded (D) states of proteins were also calculated using an
independent set of mRNA expression levels derived from nondiseased motor
neurons (GSE20589) and protein abundance values derived from non-
diseased adult spinal cord. Fold A refers to the increase in supersaturation
score from the whole proteome. Box plots extend from the lower to upper
quartiles, with the internal lines referring to the median values. Whiskers
range from the lowest to highest value data points within 150% of the
interquartile ranges. Statistical significance was assessed by the one-sided
Wilcoxon/Mann-Whitney U test with Holm-Bonferroni-corrected P values
(****P < 0.0001).

at risk. However, in addressing this point, we realized that the
annotation of the ALS KEGG pathway (www.genome.jp/kegg/
pathway/hsa/hsa05014.html) is currently limited to SOD1-related
pathways and, as such, does not describe very well the 98% cases
of ALS not related to SOD1 mutations. To overcome this
problem, because KEGG pathways are partly dependent on
protein—protein interactions (44), we asked whether the network
of protein—protein interactions with wild-type TDP-43, FUS, and
SOD1 may be predisposed to dysfunction as a result of their
supersaturation levels. Using BioGRID, we identified the native
physical interaction networks of these three proteins, including
only direct physical interactions observed experimentally (45)
(details are provided in SI Materials and Methods).

We evaluated the supersaturation scores for both the unfolded
and native states of the proteins, defining the parameters o, and
o; as the unfolded and folded supersaturation scores, respectively
(41). Specifically, 6, values are based on mRNA expression
levels as estimates of the levels of newly synthesized proteins and
on predictions of aggregation propensity from the unfolded state
of such proteins, whereas oy values are based on spectral counts,
from label-free mass spectrometry, as an estimate of protein
abundance and on predictions of aggregation propensity that
account for the likelihood of a given aggregation-prone sequence
being buried within the native structure (41). Scores were
recentered from the scores plotted in Fig. 1 to a median super-
saturation score of 0 for the proteome.

We observed that when the list of native interactors of TDP-43,
FUS, and SOD1 is combined into one set, they have, on average,
an increased value of both the o, (on average, 3.5-fold the pro-
teome, P = 4.51077) and o (on average, 55-fold the proteome,
P = 1.5-107"%) scores (Fig. 2 A and B). The individual sets of
proteins that natively interact with SOD1 (6, on average, 3.6-fold
the proteome, P = 8.81073%, 64 on average, 84-fold the proteome,
P = 4.1.107"*), TDP-43 (o,: on average, 2.1-fold the proteome,
P=1.11075 6g on average, 25-fold the proteome, P = 4.0010_4),
and FUS (6,: on average, 13-fold the proteome, P = 8.9-107%; o¢:
on average, 51-fold the proteome, P = 3.8107°") are also, on
average, significantly supersaturated compared with the proteome
as a whole (Fig. S1 4 and B). Further, using mRNA expression
levels from multiple independent datasets of normal motor neu-
rons [Genetics Selection Evolution (GSE) 20589, GSE40438] and
multiple sets of protein abundance values from normal adult
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spinal cord, we also observed similarly elevated supersaturation
levels for native interactors of TDP-43, FUS, and SODI1 in tis-
sues related to ALS (Fig. 2 C and D and Figs. S1 C and D, S2B,
and S3B).

Coaggregating Proteins in ALS Inclusions Are Not Merely a Subset of
the Native Interactors of SOD1, TDP-43, or FUS. Given that super-
saturated proteins are prone to aggregation, the observation that
the native interactors of ALS-associated proteins have high su-
persaturation scores raises the possibility that coaggregating
proteins are a subset of the native interactors. We reasoned that
native interactors may coaggregate with ALS inclusion bodies
both because of their high supersaturation levels and by inter-
acting with the soluble conformation of the inclusion-forming
protein, thus increasing the likelihood of becoming trapped
during the aggregation process. To test whether or not such a
phenomenon could explain the coaggregation in ALS inclusions,
we sought to compare the native interaction network of SODI1,
TDP-43, and FUS with the proteins known to coaggregate with
these proteins.

Because the amorphous nature of the inclusions formed in
ALS has prevented their detailed biochemical characterization,
we assembled a database of coaggregating proteins by conduct-
ing a systematic search of the literature. We carried out text
mining using the terms “inclusion” + “amyotrophic” + either
(“immunoreactive” or “insoluble protein” or “basophilic” or
“localized” or “conglomerate” or “spheroids” or “aggregation”
or “aggregate” or “hyaline” or “ubiquitin”). Proteins were only
included if the published data clearly showed colocalization. This
strategy yielded a collection of proteins confirmed to be colo-
calized with inclusions in human postmortem tissue of patients
with ALS (Dataset S1).

We found that a minority of proteins that coaggregate with
inclusion bodies formed of TDP-43 (31%), SOD1 (15%), or FUS
(26%) are also native interaction partners of these proteins (Fig. 3).

A NATIVE B CO-AGG
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C NATIVE D FUS SOD1
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FUS Co-aggregators

Fig. 3. Proteins that coaggregate within inclusions are largely distinct from
the native interaction partners of TDP-43, SOD1, and FUS. Coaggregating
(CO-AGG) proteins identified in the literature (Dataset S1) are compared
with the BioGRID native physical interaction partners of TDP-43 (A), SOD1
(B), and FUS (C). (D) Overlap between the various coaggregating proteins
associated with TDP-43, SOD1, and FUS.
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Although this finding represents an enrichment of native interac-
tion partners relative to the proteome as a whole, most proteins
that coaggregate in ALS inclusions are not native interactors of the
primary aggregating proteins. To examine further the differences
between the native interactors (Dataset S2) and coaggregating
proteins (Dataset S3), we compared them in terms of Gene On-
tology (GO) biological processes (Dataset S4). Native interactors
are enriched in 148 biological processes, particularly those bi-
ological processes relating to transcription and translation, whereas
the coaggregators are enriched in just seven. The native interactors
and coaggregators have only one enriched GO biological process in
common, “regulation of mRNA stability.” It should be noted,
however, that this analysis was performed on the combined inter-
actor list and that SOD1 interactors do not contribute to the
“regulation of mRNA stability” enrichment that comes entirely
from TDP-43 and FUS interactors. Although limitations in exper-
imental technique may lead to an underestimation of the overlap
between coaggregators and native interactors, our results suggest
that the set of proteins that aggregate in ALS are significantly
different from the native interactors of the primary aggregating
proteins. This result implies that the coaggregating proteins do not
associate with TDP-43, SOD1, or FUS merely as a result of links
through functional pathways.

It is reasonable to conclude that a proportion of the coag-
gregating proteins are present in inclusions due to their normal
interactions with TDP-43, SOD1, or FUS. The results of our
analysis indicate that there are 18 proteins associated with both
the soluble and inclusion forms of TDP-43, SOD1, or FUS; four
of these proteins are molecular chaperones (CCS, PDIA, HSPAA4,
and HSPAS), four are associated with degradation pathways
(OPTN, RNF19A, SQSTM1, and UBQLN?2), and five are ge-
netically linked to ALS (TDP43, FUS, OPTN, SQSTM1, and
UBQLN?2). These findings suggest that the majority of native in-
teraction partners that also coaggregate with TDP-43, SOD1, and
FUS are either factors that contribute to protein homeostasis
(molecular chaperones and components of the degradation ma-
chinery) or proteins that are themselves intrinsically at risk for
aggregation (i.e., proteins in which fALS-associated mutations
cause destabilization). Similarly, of the coaggregators in common
between the three types of inclusions (Fig. 3D), PDIA is a mo-
lecular chaperone, whereas the rest (OPTN, SQSTM1, UBC,
and UBQLN?2) are associated with protein degradation. These
results are consistent with the protein degradation machinery
having a functional role in compartmentalization of proteins into
cellular inclusions, as occurs in IPOD and JUNQ inclusions (36,
46). The common coaggregators associated with degradation are
almost all native interactors with one or more of the primary
aggregating proteins. This observation supports the view that a
subset of those proteins that interact with both the soluble and
insoluble forms of TDP-43, SOD1, and FUS plays a role in the
quality control of these proteins. This observation does not,
however, explain all of the coaggregators that are common be-
tween inclusion bodies.

ALS Inclusions Are Composed of Supersaturated Proteins. Two ob-
servations prompted us to search for an alternative explanation
for the coaggregation phenomenon. First, as shown above, many
coaggregating proteins are not native interactors. Second, vari-
ous types of inclusion bodies share coaggregating proteins. We
thus hypothesized that these proteins share biophysical features
that predispose them to aggregation. Given that the proteins that
coaggregate within the deposits found in neurodegenerative
disorders such as Alzheimer’s and Parkinson’s diseases share
supersaturation as a common biophysical property (41), we next
tested if the ALS coaggregating proteins are also supersaturated.
The results of this analysis indicate that the proteins present in
ALS inclusions are characterized by elevated values of both the
6, (on average, 3.8-fold the proteome, P = 3.4-107%) and o (on
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Fig. 4. Proteins that coaggregate with ALS inclusions are supersaturated.
Proteins identified in the literature as colocalized to all ALS inclusions are
listed in Dataset S1. The median supersaturation scores calculated for the
unfolded (A, ¢,) and folded (B, of) states of proteins are shown for the
combined set of coaggregators associated with all types of inclusions (red)
and the total proteome (white). Supersaturation scores for the unfolded
(C) and folded (D) states of proteins were also calculated using an in-
dependent set of mRNA expression levels derived from nondiseased motor
neurons (GSE20589) and protein abundance values derived from nondiseased
adult spinal cord. Fold A refers to the increase in supersaturation score from
the whole proteome. Box plots extend from the lower to upper quartiles, with
the internal lines referring to the median values. Whiskers range from the
lowest to highest value data points within 150% of the interquartile ranges.
Statistical significance was assessed by the one-sided Wilcoxon/Mann-Whitney
U test with Holm-Bonferroni-corrected P values (****P < 0.0001).

average, 44-fold the proteome, P = 8.9-107"%) scores (Fig. 4 A
and B). To ensure that the data from specific inclusion types are
not masked within the combined dataset, we analyzed the three
main types of ubiquitinated inclusions separately (Fig. S4 A and
B). In this case, we separated the proteins into (i) inclusions
containing TDP-43 (sALS and fALS, “TDP-43—-ALS inclusions,”
purple box plot), (i) SOD1-positive inclusions (“SODI1-ALS
inclusions,” orange box plot), and (iii) FUS-positive inclusions
(“FUS-ALS inclusions,” including basophilic inclusions, green
box plot). The proteins found in SOD1-ALS inclusions (o,: 2.5-
fold, P = 3..107%; oy 21-fold, P = 3.5-107°), TDP-43-ALS in-
clusions (6,: 4.1-fold, P = 1.7-107; 6 30-fold, P = 3.3-1077), and
FUS-ALS inclusions (6,: 3.4-fold, P = 2.5:1073; 65 46-fold, P =
6.8-107°) are characterized by elevated supersaturation scores in
the folded and unfolded states (Fig. S4 4 and B). Using in-
dependent sets of mRNA expression levels derived from normal,
nondisease-associated motor neurons (GSE20589, GSE40438)
and protein abundance values derived from normal adult spinal
cord, we obtained similarly elevated supersaturation levels for
those proteins that coaggregate with ALS inclusions (47, 48)
(Fig. 4 C and D and Figs. S24, S34, and S4 C and D).

Our analysis is based on nondiseased tissue so as to determine
the features of the interactors and coaggregators before disease
processes altering the proteome, but we were curious as to
whether disease-related changes in expression altered the su-
persaturation signal. We recently showed that there is a wide-
spread transcriptional suppression of supersaturated proteins in
Alzheimer’s disease (49). If a similar process were to occur in
ALS, then we would predict that supersaturation scores in ALS
patient tissues would be lower than in unaffected control tissue.
Consistent with this idea, we find that both native interactors and
coaggregators are supersaturated in SOD1-ALS-affected tissues
(Fig. S5), but to a lesser extent than in healthy tissue (compare
with Figs. 2 and 4).

Given these results from human postmortem tissue, we next
tested if these findings could be confirmed in data from a mouse
model of ALS. Using a combined list of coaggregators from
three independent experimental studies (50-52) (Dataset S5), we
found that SOD1 coaggregators from mouse spinal cord are
characterized by increased values of both 6, (4.6-fold, P = 4.1.10™°)
and o (72-fold, P = 4.8-10™°) scores (Fig. S6. 4 and D). Intriguingly,
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we find that native interactors with SOD1 in the mouse also have
elevated supersaturation levels, but they are not as high as the
supersaturation levels for coaggregating proteins (6,,: 1.8-fold, P =
5.1-107% o 4.9-fold, P = 2.1-107) (Fig. S6 B and E).

Coaggregators Are More Supersaturated than Native Interactors in
Spinal Motor Neurons. Given that coaggregators are more super-
saturated than native SOD1 interactors in the mouse, (coaggre-
gators relative to natively interacting proteins: 6,: 2.5-fold, P =
1.5107% o¢ 15-fold, P = 5.5107°), we considered whether, in
humans, coaggregators could have higher supersaturation scores
than the supersaturation scores of the native interaction partners
of TDP-43, SOD1, and FUS, most of which are not found in in-
clusion bodies. Given the relatively small sample sizes of each
individual set of inclusion-forming proteins, we compared the
combined set of coaggregators for the three types of inclusions
with the combined set of native interaction partners (TDP-43 +
FUS + SOD1 interactors). In an analysis where 6, is calculated
from data averaged over numerous tissue types, we found that the
supersaturation scores of the coaggregators are not significantly
different from the supersaturation scores of the native interaction
partners (¢,: on average, 1.1-fold relative to native interaction
partners, P = 1.0; Fig. 54).

This finding prompted us to ask whether or not the set of
proteins found in inclusion bodies is related to the specific
proteome expressed in those tissues that are relevant to ALS
pathology. To perform this analysis, we recalculated the super-
saturation scores using mRNA expression levels from micro-
dissected motor neurons (GSE20589) (48). Consistent with the
fact that ALS inclusions are found predominantly in motor
neurons, we found that the spinal motor neuron supersaturation
scores of coaggregating proteins are significantly elevated relative
to the supersaturation scores of the native interaction partners
(o, on average, 1.8-fold relative to native interaction partners, P =
9.1-107%; Fig. 5B and Fig. S2C). We next asked whether the su-
persaturation signal would remain in ALS patient tissue. When
using mRNA expression levels from SOD1-ALS-affected spinal
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Fig. 5. Coaggregating proteins are significantly more supersaturated than
the native interaction partners of TDP-43, SOD1, and FUS in motor neurons.
(A) We found similar supersaturation scores for the combined set of coag-
gregating proteins (red) and for the combined set of native interaction
partners of TDP-43, SOD1, and FUS (pink) across a range of tissues for the
unfolded state of the proteins included. (B) By contrast, we found larger
supersaturation scores for coaggregating proteins than for native in-
teraction partners for proteins in the unfolded state in motor neurons.
(C) Supersaturation scores in the unfolded state (¢,) were also calculated
based on mRNA expression levels in SOD1-affected tissues (GSE20589). Fold
A refers to the increase in supersaturation score from the native interactors.
Box plots extend from the lower to upper quartiles, with the internal lines
referring to the median values. Whiskers range from the lowest to highest
value data points within 150% of the interquartile ranges. The statistical
significance was assessed by the one-sided Wilcoxon/Mann-Whitney U test
with Holm-Bonferroni-corrected P values (*P < 0.05, **P < 0.01).
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motor neurons, coaggregators were significantly more supersatu-
rated than native interactors (Fig. 5C). Therefore, we observe that
the supersaturation scores of coaggregating proteins are signifi-
cantly elevated relative to native interaction partners in the motor
neurons affected by ALS, but we do not find these differences
using supersaturation scores generated using averages of other
tissue types, possibly explaining their presence in motor neuron-
specific inclusions.

Definition of the ALS Network. The “ALS pathway” described in
the KEGG database (www.genome.jp/kegg/pathway/hsa/hsa05014.
html) does not currently include recent discoveries, including key
processes such as mRNA metabolism (53, 54). We therefore
generated an “ALS network” by creating a list of proteins found in
inclusions, data from supersaturation scores, connectivity network
analysis, and existing KEGG pathways (ALS, regulation of auto-
phagy, glutamatergic synapse, RNA transport, mRNA surveillance
pathway, transcription factors, ubiquitin-mediated proteolysis, and
protein processing in the endoplasmic reticulum; www.genome.jp/
kegg/pathway.html), and used this list to construct a new model for
functional disruption in ALS (Fig. 6). Our analysis revealed that
this ALS network incorporates pathways from the KEGG ALS
pathway but also includes other key processes previously iden-
tified as important in ALS pathology, such as mRNA metabolism
and transport, protein misfolding and aggregation, the ubiquitin—
proteasome system, autophagy, ER protein processing, and
vesicle transport (2).

Protein Supersaturation in the ALS Network Underlies the Protein
Homeostasis Collapse in ALS. We found that the supersaturated
proteins in the ALS network are not confined to a single pathway
and that many of the cellular functions represented in the ALS
network contain several supersaturated proteins (Fig. 6). These
results suggest that, rather than a single pathway being responsible
for pathology in ALS, the physicochemical properties of the
proteins in the ALS network govern their sequestration into in-
clusions in a widespread collapse in essentially all arms of the
protein homeostasis network.

Because the proteins in the ALS network perform cellular
functions that are vital for maintaining protein homeostasis, their
aggregation may contribute to the cellular dysfunction observed
in cellular and organismal models of ALS and in postmortem
tissue from patients with ALS, including endoplasmic reticulum
stress, oxidative stress, proteasome dysfunction, protein trans-
port defects, and mRNA missplicing. However, aggregation of a
protein homeostasis network component is not a requisite for its
dysfunction. The functional categories identified in the ALS
network described in this study can be applied to the genetic
mutations in familial forms of the disease involving RNA binding
(e.g., TDP-43, FUS, TAF15, MTR3), protein degradation (e.g.,
VCP, SOSTM1, OPTN, UBQLN2, TBK1, CCNF), cytoskeleton
(PFN1 and TUBA4A), protein transport (VAPB, OPTN, and
CI90RF72), and antioxidant activity (SOD1), several of which do
not appear in aggregates. For example, profilinl has so far not
been found in human inclusions (27). When overexpressed, the
mutant variant aggregates in cell culture (27), and structural
studies show that mutations cause protein instability leading to a
shorter half-life and loss of function (55). Our model predicts
that destabilization of profilinl might result in aggregate-
independent proteostasis distraction by (i) production of a
destabilized profilinl that requires increased interaction from
chaperones and degradation machinery and/or (i) disruption of
its function associated with cytoskeleton stability (56). Both of
these possibilities may result in the aggregation of supersaturated
proteins, such as TDP-43, but not do not require the aggregation
of profilinl. These observations are consistent with the concept
that dysfunction in any component of the protein homeostasis
network may be sufficient to cause widespread and cumulative
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protein aggregation and associated cellular decline (57). This
process may therefore eventually lead to the collapse of the
entire protein homeostasis system through the aggregation of
supersaturated proteins and the subsequent failure of multiple
essential cellular processes (42).

Discussion

Spinal Motor Neuron Vulnerability to ALS Is Linked to Protein
Supersaturation. The results that we have presented indicate
that (i) the network of native interactors of TDP-43, FUS, and
SODL1 are, on average, supersaturated under normal physiolog-
ical conditions; (i) when mutant TDP-43, FUS, and SOD1 form
inclusions, proteins in a largely distinct set coaggregate; and (iii)
these coaggregators are indistinguishable from the native inter-
actors in terms of supersaturation when averaged over numerous
human tissues. To bring together these observations and ratio-
nalize them, we have shown that the supersaturation levels of
coaggregators are significantly higher than the supersaturation
levels of native interactors in the motor neurons specifically af-
fected by ALS. These findings indicate that, under proteome
stress, coaggregating proteins are in a metastable state and so are
at a particularly high risk of misfolding, dysfunction, and aggre-
gation in motor neurons. Strikingly, even though the specific
proteins associated with TDP-43, FUS, and SOD1 in their native
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or aggregated state are largely structurally and functionally dis-
tinct, they share the unifying feature of being supersaturated.
This remarkable observation supports the view that it is the
general property of being metastable that defines the ensemble
of proteins that are either disrupted or deposited with inclusion
bodies in ALS and other conformational disorders (41). These
results on the importance of metastable proteins prone to ag-
gregation in relation to motor neuron vulnerability to neuro-
degeneration are consistent with the results recently reported for
Alzheimer’s disease (58), and thus point to a common explana-
tion of tissue-specific vulnerability in the two diseases.

The variations in the subsets of proteins associated with the
different inclusion types may reflect separate primary underlying
causes of proteome disruption that lead to inclusion formation in
both SOD1-ALS and other subtypes of ALS. Such disruptions,
however, appear to exhibit some motor neuron specificity, be-
cause supersaturation levels of coaggregating proteins are, on
average, higher than supersaturation levels of native interaction
partners in spinal motor neurons, but not across the human body
as a whole. These results suggest that the pathological nature of
the disease state in ALS involves the deposition of a set of
proteins on the basis of their propensity to aggregate rather than
their specific native-state binding in functional networks. Col-
lectively, these results are consistent with a specific collapse of
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protein homeostasis within motor neurons that links the patho-
logical processes of various defined subtypes of ALS. Moreover,
the formation of insoluble inclusion bodies appears to redefine
the interaction network of disease-causing proteins in ALS,
driving a coaggregation process in motor neurons governed, in
large part, by protein supersaturation.

A number of possibilities exist for the causes of motor neuron
selectivity in ALS. In contrast to other types of neurons [e.g.,
cerebellar, cortical, pyramidal (59, 60)], motor neurons have a
particularly high threshold for induction of the heat shock re-
sponse (61-63), and thus may not respond as effectively as other
neurons to an overload of the protein homeostasis system (64).
As a result, motor neurons may be particularly vulnerable to
dysregulation of protein homeostasis, a conclusion that provides
a possible explanation of the highly heterogeneous nature of
inclusions in ALS, where only a small set of proteins associated
with protein degradation (including OPTN, SQSTM1, UBC, and
UBQLN2) are present in all three categories of inclusions.

It remains to be determined what other factors, such as con-
centrations of protein homeostasis components, additionally
contribute to the vulnerability of motor neurons to ALS. The fact
that proteins central to protein degradation are found across
these inclusions types points to the impairment of protein deg-
radation as being an important aspect of the loss of protein
homeostasis in ALS. The sequestration of vital protein degra-
dation machinery into inclusions may also further exacerbate the
loss of protein homeostasis (65). There is evidence that the
subsets of motor neurons that are vulnerable to ALS have de-
creased expression of ubiquitin—-proteasome system genes com-
pared with resistant motor neurons (66). In addition to the
dysfunction of individual disease-causing proteins, therefore, a
cell-specific compromised protein homeostasis network may give
rise to a range of cellular manifestations characteristic of ALS.
Consistent with this idea, the genetic mutations associated with
ALS represent a variety of processes that are all central to
protein homeostasis (67). Mutations in a number of genes that
cause ALS, including SOD1, FUS, and TARDBP, markedly in-
crease the aggregation propensity of the corresponding proteins
(68-70), placing an increased burden on the protein homeostasis
system and amplifying the effects of its compromised function.
Our observations that proteins associated with ALS inclusions
have specific supersaturation patterns in motor neurons provide
evidence that dysfunctional protein homeostasis may be playing
an important role in ALS.

Widespread Aggregation and Supersaturation Link the Complex
Pathology of ALS to Other Neurodegenerative Diseases. A wide-
spread and catastrophic failure to maintain the proteome in its
soluble and functional state has been proposed to underlie the
diverse and complex pathophysiology of neurodegenerative dis-
eases (41). In light of this proposition, the sets of proteins found
to be associated with ALS inclusions may simply reflect the
specific gene expression patterns of subsets of neurons. SOD1,
for example, is very highly expressed in motor neurons (71).
Thus, although SOD1 is very stable once native (72), its high
expression level leaves it particularly prone to misfolding and
aggregation if protein homeostasis is disrupted specifically in
motor neurons. Indeed, SOD1 aggregation is specific to ALS and
results in large inclusions in cases of SOD1-mutant fALS (73),
but smaller inclusions and misfolded forms of SOD1 can be
observed in all forms of ALS (74). Disease-associated mutations
decrease the solubility of SODI1, resulting in higher supersatu-
ration levels than is the case for the wild-type protein. In addi-
tion, it is well established that misfolding of one protein can
disrupt protein homeostasis and lead to the aggregation of other
metastable proteins (75). Hence, the misfolding and aggregation
of SODL1 are likely to lead to the destabilization and recruitment
of other proteins into inclusions, either through direct interactions
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or indirectly through the disruption of the protein homeostasis
system and aggregation of other supersaturated proteins (57).

An important example of a finding that suggests such protein
homeostasis collapse in disease is the discovery that proteins
whose aggregation is associated with one disease may also be
found to aggregate in others. For example, TDP-43, which is
found in inclusions in most forms of ALS and is considered
characteristic of the disease (41), has also been found in inclu-
sions in frontotemporal dementia (53), Machado-Joseph dis-
ease (76), spinocerebellar ataxia (77), Huntington’s disease (78),
Alzheimer’s disease (79), inclusion body myositis (80), and
Parkinson’s disease (81). Given the presence of disease-specific
aggregation-prone proteins in these disorders, it is unlikely that
TDP-43 is part of the initial aggregation phenomenon in most
cases. Based on our findings, we may suggest that this protein is
probably part of a group of supersaturated proteins that aggregate
once protein homeostasis becomes compromised. This coincident
aggregation of proteins associated with different neurodegenera-
tive diseases may be particularly common in neurons having cer-
tain general features, such as an inefficient heat shock response
and long life spans, that predispose them to increased protein
aggregation (82). Compensatory mechanisms may exist once
protein homeostasis machinery is compromised; our results sug-
gest that in ALS patient tissue, coaggregators are less supersatu-
rated consistent with a transcriptional repression similar to the
transcriptional repression that we recently observed in Alzheimer’s
disease (49).

Although our findings are based on the currently available
data, we cannot rule out the possibility that our dataset may be
incomplete and that the differences observed are a result of this
incompleteness. Arguing against this possibility is the fact that
the number of proteins that have been experimentally de-
termined to be associated with inclusions in other neurodegen-
erative diseases is within range our ALS coaggregator list; for
example, only 26 proteins are enriched in plaques compared with
nonplaque tissue (39), only 72 proteins have been identified
through multiple peptides in tangles (83), and, similarly, only
40 proteins are enriched in Lewy bodies compared with control
material (40). Together these results suggest that regardless of
the primary protein, coaggregation occurs with a similar number
of other proteins. These results give us greater confidence that
we have captured a major proportion of coaggregators.

Emerging evidence of widespread cellular protein aggregation
in a range of disorders, including ALS, indicates that such be-
havior may not be limited to a small set of disease-associated
proteins, and that a much larger portion of the proteome is at
risk (41). Our results support the view that supersaturated proteins
are particularly prone to incorporation into inclusions or to pro-
cesses such as degradation (49). Thus, the various genetic modi-
fications to the different protein homeostasis pathways and
aggregation-prone proteins that give rise to different subtypes of
ALS appear to converge on a more general downstream phenom-
enon, namely, the collapse of protein homeostasis. This collapse
results in the progressive aggregation of numerous supersaturated
proteins and emphasizes yet further the common or generic nature
of this group of misfolding and aggregation diseases (8).

Conclusions

We have shown that ALS inclusions are formed by proteins that
tend to be supersaturated under normal physiological conditions.
These particular proteins are distinguished by their supersatu-
ration levels in motor neurons from the proteins that form the
functional network of normal interaction partners of the ALS-
associated proteins SOD1, TDP-43, and FUS. By drawing on
evidence from the supersaturation analysis of the proteins
forming various ALS inclusions and from the current knowledge
of biochemical pathways associated with ALS, we have defined an
ALS network that connects dysfunction across clinical subtypes.
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We thus propose that a combination of the susceptibility to ag-
gregation of supersaturated proteins and of the progressive failure
of protein homeostasis in disease drives largely unrelated proteins
to form the insoluble inclusions that underlie the cellular dysfunc-
tions characteristic of ALS. We anticipate that the description of this
ALS network and of its vulnerability to protein aggregation in motor
neurons will provide a means of understanding the molecular origins
of this devastating disease and may provide a target for more ef-
fective therapeutic intervention (9).

Materials and Methods

The methods of identification of coaggregating proteins and native protein
interactors are described in S/ Materials and Methods. The calculations of
supersaturation scores and fold changes are also described in SI Materials
and Methods. The multiple hypothesis correction and GO enrichment anal-
ysis are described in S/ Materials and Methodss.
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