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Abstract

Amyotrophic lateral sclerosis (ALS) is a progressive motor neuron disease that culminates in paralysis and death. Here, we
present our analyses of publicly available multiOMIC data sets generated using motor neurons from ALS patients and
control cohorts. Functional annotation of differentially expressed genes in induced pluripotent stem cell (iPSC)-derived
motor neurons generated from patients with mutations in C9ORF72 (C9-ALS) suggests elevated expression of genes that
pertain to extracellular matrix (ECM) and cell adhesion, inflammation and TGFp targets. On the other end of the continuum,
we detected diminished expression of genes repressed by quiescence-promoting E2F4/DREAM complex. Proteins whose
abundance was significantly altered in C9-ALS neurons faithfully recapitulated the transcriptional aberrations. Importantly,
patterns of gene expression in spinal motor neurons dissected from C9-ALS or sporadic ALS patients were highly
concordant with each other and with the C9-ALS iPSC neurons. In contrast, motor neurons from patients with mutations in
SOD1 exhibited dramatically different signatures. Elevated expression of gene sets such as ECM and cell adhesion genes
occurs in C9 and sporadic ALS but not SOD1-ALS. These analyses indicate that despite the similarities in outward
manifestations, transcriptional and proteomic signatures in ALS motor neurons can vary significantly depending on the

identity of the causal mutations.

Introduction

Amyotrophic lateral sclerosis (ALS) is a progressive neurodegen-
erative disease that affects both the upper and lower motor
neurons leading to paralysis and death due to respiratory
failure (1,2). The etiology of ALS is incredibly complex and
multifactorial, which result in aberrations in a variety of

pathways. Pathways affected in ALS include mRNA process-
ing and trafficking, protein homeostasis, nucleocytoplasmic
transport, endoplasmic reticulum stress and mitochondrial
function (1,2). Consistent with the myriad biological processes
implicated in ALS,>20 genes are associated with the ALS
and the ALS-frontotemporal dementia (ALS-FTD) continuum
(1,2). Hexanucleotide repeat expansions in C9ORF72 are one
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Figure 1. Analysis of differential gene expression in iPSC-derived motor neurons generated from patients with C9-ALS. (A) Volcano plot showing log values of the
fold change in the expression of protein-coding genes in C9-ALS motor neurons plotted against negative log value of the adjusted P-values determined by DESeq2.
Horizontal dashed line indicates the cutoff for significance (Padj =0.1). Up- and downregulated genes are represented by green and magenta circles, respectively.
(B) Heatmap showing hierarchical clustering of the correlations of gene expression. A total of 860 DEGs are separated into 8 clusters as indicated. (C) Fold change
of gene expression for each cluster in C9-ALS motor neurons. Values shown are mean + standard error of the mean of the relative change of all genes within the same
cluster. Asterisks indicate gene clusters that are significantly up- or downregulated (P < 0.0001, Wilcoxon signed-rank test against a hypothetical mean of 0 for clusters

1,4 and 5 and one-sample t-test against a hypothetical mean of 0 for cluster 2).

of the most commonly occurring mutations in both the
familial (fALS) and sporadic (sALS) forms of the disease (3-8).
A seminal advance in delineating the relationship between
patient-specific mutations and cellular alterations in motor
neurons was generation of induced pluripotent stem cell (iPSC)-
derived motor neurons from ALS patients (9,10). This technology
has enabled detailed analyses of cell biological, genetic,
transcriptional, epigenetic and proteomic changes in ALS and
provided unprecedented insights into genetic disturbances that
correlate with disease phenotypes (10,11). Indeed, comparative
analyses using iPSC-derived motor neurons probing the
overlap between fALS and sALS continue to uncover both
common and distinct biological mechanisms driving disease
pathology (10-15).

These studies have revealed that the underlying perturba-
tions in ALS are functions of the causal molecular lesions. For
instance, while defective RNA processing has been implicated
in ALS-FTD caused by mutations in CO9ORF72, TARDBP and FUS
(1,16), ALS patients with dominant mutations in SOD1 do not
exhibit similar defects in RNA processing (2,16-18). These types
of distinctions underscore the notion that ALS is actually a spec-
trum of diseases that exhibit varying extents of genotypic and
phenotypic overlap. A natural extension of this understanding
is that development of effective therapeutic options for ALS is
predicated upon appropriate stratification of patients on the
basis of genetic and cell biological features. Here, we asked
whether cases of ALS caused by different mutations might be
stratified on the basis of alterations in transcriptional landscape.
We reasoned that identification of links between the causal
mutations and transcriptional and proteomic features of the
disease could enable development of therapeutic strategies that
are most appropriate to mitigate pathology. Our bioinformatic
analyses revealed distinct clusters of differentially expressed
genes (DEGs) in cases of ALS caused by mutations in C9ORF72
versus SOD1. Our findings pave the way for future studies that

develop therapeutic options that selectively target individual-
specific perturbations.

Results

DEGs in iPSC-derived motor neurons generated from
C9-ALS patients

We obtained transcriptomic data from NeuroLINCS (http://
neurolincs.org)—a part of the National Institutes of Health-
Library of Integrated Network-Base Cellular Signatures (NIH-
LINCS) program that serves as a repository of multiOMIC
data sets generated from iPSC-derived motor neurons iso-
lated from ALS patients with COORF72 mutations (C9-ALS)
(11), spinomuscular atrophy (SMA) patients and unaffected
controls. Analysis of protein-coding mRNAs using DESeq?2 [False
Discovery Rate (FDR)<0.1] (19,20) revealed 860 DEGs in C9-
ALS motor neurons, with 560 genes that were significantly
upregulated and 300 genes that were significantly repressed
(Fig. 1A and Supplementary Material, Table S1A). To glean
insights into regulatory networks that sculpt this signature, we
applied unsupervised hierarchical clustering to the coefficients
of pairwise correlations of gene expression. This approach
generated a matrix comprised of eight separate clusters (Fig. 1B
and Supplementary Material, Table S1B). Assessment of the
overall differential expression associated with these clusters
showed that cluster 1 was significantly repressed in C9-ALS
motor neurons, whereas clusters 2, 4 and 5 were significantly
upregulated (Fig. 1C).

Next, we used gene set enrichment analysis (GSEA) (21,22)
to classify the C9-ALS DEGs into functional categories. We
ranked DEGs on the basis of differential expression in C9-ALS
and compared the ranked list with the curated (GSEA: C2) and
gene ontology (GSEA: C5) gene sets available at MSigDB (FDR
q <0.1). Whereas many gene sets belonged to cancer-related
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Figure 2. Functional annotation of DEGs in C9-ALS motor neurons. (A) Pathway enrichment analysis of DEGs in C9-ALS motor neurons. DEGs were ranked and subjected
to unbiased GSEA. Gene sets with FDR q < 0.1 are shown as nodes. Node color represents NES from GSEA. Node size represents number of genes. Gene sets that belong
to cluster 1 and cluster 5 in Figure 1B are labeled in magenta and green, respectively. Cluster attribution was by Fisher’s exact test followed by Benjamini-Hochberg test
using all the individual P-values (FDR < 0.05). (B) Heatmap showing hierarchical clustering of the Pearson correlations of the indicated modules.

pathways, others could not be grouped on the basis of ontology
and were thus classified under the ‘other’ gene set (Fig. 2A and
Supplementary Material, Table S2). A larger number of gene
sets exhibited normalized enrichment score (NES)>O0 (Fig. 2A
and Supplementary Material, Table S2), which reflected the
overrepresentation of upregulated DEGs in the C9-ALS motor
neurons (Fig. 1A and Supplementary Material, Table S1A). Two
of the largest modules with NES >0 were composed of gene
sets pertinent to extracellular matrix (ECM) and cell adhesion
and inflammation and immunity (Fig. 2A and Supplementary
Material, Table S2). Other upregulated modules included
metalloproteases and positive regulators of angiogenesis and
wound healing. Various stress response pathways (oxidative,
hypoxic, UV/IR and nutrient) were concomitantly potentiated in

C9-ALS (Fig. 2A and Supplementary Material, Table S2). Potential
involvement of Rb1l and TP53 in C9-ALS neurons, which was
evident by elevated expression of their transcriptional targets,
is consistent with roles of these proteins in neuronal cell
death (23-25). Indeed, modules related to senescence and cell
death were also activated in C9-ALS motor neurons (Fig.2A
and Supplementary Material, Table S2). Modules with NES <0
were composed of the DREAM/E2F targets, neurodevelopment,
DNA repair, pattern specification, microtubule-based transport
and general transcription (Fig. 2A and Supplementary Table 2).
Comparison with clusters of coregulated DEGs (Fig. 1B) showed
that most modules were composed of DEGs that belonged to
either cluster 1 or 5 (Fig. 2A—labeled in magenta and green,
respectively). Gene sets mapped to cluster 1 were downregulated
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Figure 3. Concordance between transcriptomic and proteomic alterations in C9-ALS motor neurons. (A) Volcano plot showing log values of the fold change in
DEPs in C9-ALS motor neurons plotted against negative log value of the adjusted P-values. Horizontal dashed line indicates the cutoff for significance (Padj =0.1).
Proteins with increased and decreased abundance are represented by green and magenta circles, respectively. (B) Scatter plots showing relative changes in mRNA and
protein abundance in C9-ALS motor neurons. Parameters of the linear fit are shown. (C) Functional annotation of upregulated proteins in C9-ALS motor neurons. All
differentially abundant proteins were subjected to GSEA. Only sets with FDR q < 0.05 are shown as nodes. Node color represents NES from GSEA. Node size represents
number of proteins that make up that set. (D) Heatmap showing hierarchical clustering of the correlations between the ontological categories. Differentially expressed
proteins were assigned to indicated ontological categories using DAVID (Benjamini FDR < 0.05). Pairwise correlation between the various ontological categories was

subjected to hierarchical clustering.

(NES < 0), whereas modules gene sets mapped to cluster 5 were
upregulated (NES > 0). The fact that modules could be mapped to
clusters of correlated genes suggests the involvement of higher-
order regulatory pathways that coordinate the appearance of
functional modules.

Analyses of genes that overlap between modules using
hierarchical clustering revealed distinct clades (Fig.2B). The
largest of these clades comprised modules related to stress
response, ECM and cell adhesion, inflammation and immune
response, TGFp and SMAD2/3 targets, Rbl and TP53 targets,
etc. (Fig. 2B). Smaller clades were composed of sets related
to actin cytoskeleton, angiogenesis and metallopeptidases,
DNA repair and DREAM/E2F target genes, microtubule-based
movement, transcription factors, neuronal development and
pattern specification (Fig. 2B).

Proteomic alterations in C9-ALS motor neurons mirror
transcriptomic disturbances

We used the NeuroLINCS proteomics data set to assess whether
the aforementioned alterations in mRNA in C9-ALS led to cor-

responding changes in protein abundance. We found that C9-
ALS motor neurons exhibit 427 differentially enriched proteins
(DEPs) consisted of 195 proteins with increased abundance and
232 proteins with lower abundance (Fig. 3A and Supplementary
Material, Table S3A). Although a scatter plot of global changes
in mRNA versus corresponding protein was a poor fit to a lin-
ear correlation, mRNA-protein pairs whose levels were signifi-
cantly altered in C9-ALS exhibited a strong linear relationship
(Fig. 3B). These data demonstrate high correlation between sig-
nificantly altered mRNA and protein species in C9-ALS motor
neurons. GSEA using gene names corresponding to the dif-
ferentially abundant proteins allowed us to identify enriched
sets that also appeared in the transcriptome including ECM,
cell adhesion and angiogenesis and TGFp/SMAD targets (Fig. 3C
and Supplementary Material Table S3B). Although gene sets
related to inflammation and immunity were observed in high
density in the transcriptomic data (Fig. 2A), this module was not
identified in the DEPs (Fig. 3C). This finding could reflect the
simple fact that cytokines are released from cells, thus making
them ‘invisible’ to proteomic analyses. On the other hand, DEPs
in C9-ALS motor neurons showed an enrichment for proteins
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involved in ribosome processing and mRNA translation (Fig. 3C),
which was not reflected in the transcriptome. These data could
indicate subthreshold increases at the mRNA levels that are
sufficient to elicit enduring elevation in protein levels. Alter-
natively, our analyses could suggest diminished degradation of
ribosomal proteins via autophagy (ribophagy) and the ubiquitin-
proteasome system (26-28). Another intriguing aspect of the
proteomic data was that despite the repression of several gene
sets at the transcriptomic level, we could not identify repressed
protein modules. In other words, proteins whose abundance was
decreased in C9-ALS could not be sorted into clear functional
categories. Thus, modules that were significantly repressed at
the transcriptomic level were not similarly diminished in the
proteome. This bias was not a consequence of protein abun-
dance since the overall numbers of proteins whose abundance
was increased versus decreased were very similar in the C9
motor neurons.

As an alternative to GSEA, we annotated the differentially
abundant proteins using DAVID (Benjamini FDR < 0.05) (29,30).
These data showed enrichment of the following ontological
modules: ECM, focal adhesion, ribosomal processing and mRNA
translation, actin cytoskeleton and protein/vesicular trafficking
pathways (Fig. 3D and Supplementary Material, Table S3C). Over-
all, these data demonstrate appreciable concordance between
the transcriptomic and proteomic data sets in C9-ALS motor
neurons, especially for proteins related to ECM, cell adhesion and
regulation of actin filaments. Retention of the ontological fea-
tures of the C9-ALS transcriptome at the proteomic level lends
credence to the notion that perturbations in gene expression
may sculpt the cell biological features of C9-ALS motor neurons.

C9-ALS-associated transcriptional signatures are highly
concordant in iPSC-derived and spinal motor neurons

We asked whether the transcriptional characteristics of iPSC-
derived motor neurons generated from C9-ALS patients were
also observed in spinal motor neurons dissected postmortem
from patients with the disease. The rationale for a direct com-
parison was 3-fold. First, a similar signature in an indepen-
dently generated data set would validate the conclusions gen-
erated using iPSC-derived motor neurons. Second, the appear-
ance of a similar signature in spinal motor neurons isolated
from C9-ALS patients would indicate that the transcriptional
alterations identified in iPSC neurons are not an idiosyncratic
feature of the process associated with the generation of iPSC-
derived motor neurons. Third, comparison of iPSC and spinal
motor neurons would allow us to assess whether the native
niche of the motor neurons permits the transcriptional signature
evident in iPSC-derived motor neurons. Keeping these factors in
mind, we examined the transcriptional signature in spinal motor
neurons microdissected postmortem from C9-ALS patients (15).
Although differential expression in this data set was assessed
using microarray rather than RNA-Seq (15), the overall transcrip-
tional signatures were highly concordant between spinal and
iPSC-derived motor neurons from C9-ALS patients (Fig. 4A and
Supplementary Material, Table S4A). As was the case in iPSC
neurons, gene sets that were significantly enriched in spinal
motor neurons included ECM/cell adhesion, inflammation and
immunity, stress response and angiogenesis (all with NES > 0)
(Fig. 4A and Supplementary Material, Table S4A). The spinal
motor neurons showed additional enrichment for gene sets
related to activation of cell death, which was not evident in iPSC-
derived motor neurons. Interestingly, gene sets that characterize
Alzheimer’s disease (AD) were also significantly enriched in
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C9-ALS spinal motor neurons with genes that were up- or down-
regulated in AD being similarly altered in C9-ALS (Fig. 4A and
Supplementary Material, Table S4A).

Some, although not all, patients with sALS exhibit features
reminiscent of those observed in C9-ALS (5-8,16,31). Thus, we
asked whether we might be able to detect similar transcriptomic
alterations in sALS motor neurons. To answer this question, we
examined an RNA-Seq data set generated from spinal motor
neurons laser-microdissected postmortem from 12 individuals
suffering from sALS and 9 unaffected controls (32). First, we
examined whether DEGs in the C9-ALS and sALS data sets
overlap using a simple contingency test. Briefly, we used the
Fisher’s exact test to determine the significance of co-occurrence
between two parameters of the data sets—(1) the number of
DEGs that occur in both data sets and (2) the number of DEGs that
are similarly up- or downregulated in both data sets. Odds ratio
of this contingency test tells us whether statistical significance
relates to co-occurrence or mutual exclusion (>1 or < 1, respec-
tively). DEGs in spinal motor neurons from C9-ALS and sALS not
only overlapped, the direction of differential expression was the
same (‘co-occurrence’) (Fig. 4B). Similarly, we observed signifi-
cant co-occurrence between DEGs in iPSC-derived motor neu-
rons from C9-ALS and spinal motor neurons from sALS (Fig. 4C).
These data are consistent with the previous descriptions that
have probed the extent of transcriptional overlap between C9-
ALS and sALS (33).

Even at the ontological level, DEGs in sALS were similar to
those in C9-ALS. GSEA performed on sALS DEGs showed enrich-
ment of several modules that were also observed in C9-ALS
(Fig4D and Supplementary Material, Table S4B). For instance,
modules with overall NES > 0 included inflammation and immu-
nity, ECM/cell adhesion and TGFB/SMAD targets. Other upregu-
lated modules related to cell migration/chemotaxis, endocytosis
and vesicle trafficking, etc. On the other end of the gene expres-
sion spectrum, modules related to RNA processing, ribosomal
biogenesis and protein translation and mitochondrial functions
were repressed in sALS (Fig. 4D and Supplementary Material,
Table S4B). Taken together, our meta-analyses point to signifi-
cant transcriptional overlap in C9-ALS and sALS, especially in the
case of upregulated genes that constitute functional modules
related to ECM, cell adhesion and inflammation.

SOD1 mutations induce transcriptional signatures that
are distinct from that observed in C9-ALS

Although hexanucleotide repeat expansion in C9ORF72 or SOD1
mutations represent the most common genetic lesions associ-
ated with ALS, these mutations fall on either end of a broad geno-
type-phenotype spectrum (2). As an example, defects in RNA
processing and nucleocytoplasmic transport are common occur-
rences in C9-ALS, but human or mouse motor neurons carrying
SOD1 mutations exhibit neither RNA processing defects nor
alterations in nucleocytoplasmic transport (2,16-18). Intrigued by
these differences, we asked whether the transcriptional signa-
ture in C9-ALS would appear in SOD1-ALS. To answer this ques-
tion, we examined RNA-Seq data obtained from iPSC-derived
human motor neurons bearing SOD1 mutations and control cells
in which the SOD1 mutations had been genetically corrected
(10,34). The results of GSEA using DEGs ranked on the basis
of differential expression in SOD14?7?¢ neurons (34) showed a
signature that was the opposite of what was found in C9- or
SALS (Fig. 5A and Supplementary Material, Table S5). In SOD14%272¢
neurons, modules related to ECM/cell adhesion, TGFB/SMAD tar-
gets, actin-based processes and MAPK signaling were composed
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sets that are common between sALS and C9-ALS are labeled in magenta.

of downregulated gene sets. ECM and cell adhesion genes that
were repressed in SOD14%72C-ALS were upregulated in either
C9-ALS or sALS and vice versa (Fig. 5B). In addition, modules
pertinent to DREAM/E2F targets and microtubule-based trans-
port—significantly repressed in C9-ALS patients (Fig. 2A)—were
significantly upregulated in SOD14%72€-ALS (Fig. 5A). In summary,
transcriptional signatures associated with C9- and sALS are not
only distinct from those in SOD14%72C-ALS, some of the modules
are diametrically opposite of those observed neurons bearing

SOD1 mutations. Concordantly, we found that DEGs in SOD14272€-
ALS did not exhibit statistically significant co-occurrence in the
C9-ALS or sALS data sets (Fig. 5C and D).

Next, we examined the transcriptional profile in iPSC-derived
motor neurons generated from ALS patients that carry the
SOD144V mutation (10). Although a larger number of DEGs were
upregulated in SOD1A%V-ALS (Fig. 6A, inset), upregulated DEGs
did not exhibit enrichment for gene sets (Fig. 6A). This was a
clear difference from C9-ALS where a larger number of gene sets
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had NES > 0. Furthermore, SOD144V-expressing motor neurons
did not exhibit an increase in the expression of genes that
constitute modules related to ECM/cell adhesion or TGFB/SMAD
targets (Fig. 6A and Supplementary Material, Table S6). The only
module that was upregulated in SOD1#4V-ALS motor neurons
were composed of gene sets related to cell cycle progression—
a feature these neurons shared with SOD14%2C-ALS motor
neurons (Fig. 5A). Indeed, we detected significant co-occurrence
of DEGs in the two SOD1 data sets (Fig. 6B).

DEGs in SOD1%4V-ALS and C9-ALS showed statistically
significant mutual exclusion (Fig. 6C), which underscores the
robust differences between the transcriptomes in SOD1A4V-
ALS and C9-ALS. Genes that were upregulated in C9-ALS were
repressed in SOD1A%V-ALS and vice versa (Fig.6C, inset). A

module consisted of gene sets that are repressed during aging
and in other neurodegenerative diseases was repressed in
SOD1#4V-ALS (Fig. 6A and Supplementary Material, Table S6).
This observation suggests that SOD144V-ALS shares ontological
features with other neurodegenerative diseases. Furthermore,
modules related to ribosomal biogenesis, RNA processing
and mitochondrial function [mitochondrial translation, Tri-
carboxylic Acid Cycle (TCA) and Oxidative Phosphorylation
(OXPHOS)] are similarly repressed in both SOD144V-ALS and
sALS (Figs 6A and 4D, respectively), which the observation
that DEGs in SOD144V-ALS and sALS exhibited significant co-
occurrence (Fig. 6D). Therefore, sALS motor neurons exhibit
transcriptional features that are observed in both C9-ALS and
SOD1-ALS.
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Discussion and inflammation. Similarities in gene expression signatures
in three independently generated data sets support the notion
that alterations in the aforementioned pathways are significant
to ALS pathology. Overlap in signatures between iPSC-derived
and spinal motor neurons also indicates that transcriptional

Independently generated data sets from C9-ALS and
sALS motor neurons exhibit similar gene expression
signatures

In this study, we undertook meta-analyses of transcriptomic
and proteomic data sets to reveal alterations that occur in
both C9-ALS and sALS. We detected increased expression of
genes that encode ECM and cell adhesion proteins. We also
identified elevated expression of other gene signatures such as
regulators of angiogenesis and genes related to stress response

alterations in patient-derived neurons are not idiosyncratic
features of the protocol used to generate those cells. Rather,
our analyses lend credence to the idea that transcriptional
signatures evident in iPSC-derived motor neurons mimic
those occurring in the native environment in the spinal
cord.
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Modules of coregulated genes in C9-ALS and sALS
motor neurons

Both C9-ALS and sALS data sets revealed differences in the
expression of a modest number of previously identified ALS-
related genes. For instance, iPSC-derived motor neurons showed
elevated abundance of the mRNA and protein of the ALS-linked,
PRPH (35-37) (Supplementary Material, Table S1A). This finding
was intriguing given that prior studies have demonstrated age-
dependent motor neuron degeneration and Tumor Necrosis
Factor (TNF)a-dependent neuronal death following overexpres-
sion of PRPH (38-40). Spinal motor neurons from C9-ALS and
iPSC-derived motor neurons from sALS exhibited decreased
expression of COORF92 and SIGMAR1 and VAPB, respectively
(Supplementary Materials, Tables S4A and S5). Diminished
expression of these genes, especially VAPB, has been previously
reported in sALS spinal cords (41).

iPSC-derived C9-ALS motor neurons exhibited diminished
expression of DNA damage repair genes, which is consistent
with the notion that ALS is associated with transcription-
related DNA damage (42-45). PARP1—an important player in
single-strand DNA repair via catalysis of poly (ADP-ribose) poly-
merization (46) and having potential roles in ALS (45,47-49)—
was downregulated at both transcriptomic and proteomic
levels in iPSC-derived motor neurons from C9-ALS patients
(Supplementary Materials, Tables S1 and S4A). PARP1 expression
was also significantly diminished in spinal motor neurons from
C9-ALS patients (Supplementary Material, Table S5). These data
point to a consistent downregulation of PARP1 in C9-ALS, which
could indicate defects in DNA repair in the diseased motor
neurons. iPSC-derived C9-ALS motor neurons also showed
repression of genes related to microtubule-based transport,
which could reflect defects in microtubule-dependent axonal
trafficking, a common cellular phenotype in ALS (50).

GSEA indicated significant enrichment for genes whose
expression is regulated by E2F4/DREAM complex or TGF/SMAD2/
SMADS3 signaling. Whereas most E2F4/DREAM targets belonged
to cluster 1, TGFB/SMAD2/SMAD3 targets were enriched in
cluster 5 (Supplementary Materials, Tables S1B and S2). Given the
functions of E2F4/DREAM in gene repression and maintenance
of quiescence (51-53), diminished transcription and protein
levels of E2F4/DREAM targets suggest elevated transcription
factor activity in sALS. In contrast, since SMAD2/SMAD3 are
transcriptional activators, increased expression of target genes
suggests enhanced TGFp-signaling in ALS motor neurons.
Interestingly, SMAD2/SMAD3 promote E2F4 association with
target promoters (54,55). Thus, crosstalk between these two
transcriptional modules is a possibility.

Signature of repressed mRNA processing in SALS

During ALS progression, RNA-binding proteins (RBPs) are
sequestered by RNA granules resulting in a loss of RBP
availability and an inexorable decline in neuronal function (16).
Our analyses suggest that the cell biological changes may be
‘imprinted’ on the transcriptomic data. Alternatively, defective
mRNA processing could arise from diminished expression of
RBPs. If so, a decline in expression of genes related to mRNA
processing could be an attempt to mitigate the aggregation of
RNA granules. Because mRNA processing and DNA repair genes
are under the control of common transcriptional regulators
such as E2F4/DREAM (56), repression of the entire module
to prevent the expression of RBPs bears the potential to
collaterally suppress the DNA damage response leading to
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genomic instability. If so, the pathological consequences of
module repression could be mitigated by targeting upstream
regulators such as the E2F4/DREAM complex.

Closing remarks

At the level of outward phenotypic manifestations, many cases
of ALS look alike. Given that different causal mutations often
result in robust phenotypic similarities, it would be tempting
to assume that targeting the cellular processes caused by any
one mutation would be beneficial in all cases of ALS. However,
our analyses suggest otherwise. While independently generated
C9-ALS data sets show remarkably concordant transcriptional
signatures, these signatures are conspicuously absent in cases of
SOD1-ALS. The transcriptional signature of sALS, which may be
caused by a plethora of unknown genetic lesions, lies between
the extremes of C9- and SOD1-ALS. Other studies have also
reported differences and similarities in the signatures in dif-
ferent types of ALS (5,6,16,31). Although additional studies will
be needed to uncover the significance of the similarities and
distinctions, it stands to reason that therapeutic approaches
designed to mitigate alterations in one form of the disease
could be ineffective or even worsen another form of the disease.
Overall, our analyses inform the notion that targeting patient-
specific alterations may be the best strategy when developing
effective therapeutic strategies.

Materials and Methods
Transcriptomic data sets

RNA-Seq data sets generated from iPSC-derived motor neurons
of C9-ALS and control patient cohorts were obtained from
NeuroLINCS (http://neurolincs.org/data/; data set ID: LDS-1398).
The cells were differentiated using the iMN long differentiation
protocol. These data were generated by total RNA-Seq carried
out in duplicate using RNA obtained from iPSC-derived motor
neurons from four ALS and three control individuals (ALS
samples—CS28iALS_iMNS, CS29iALS_iMNS, CS30iALS_iMNS,
CS52iALS_iMNS; control samples—CS00iCTR_iMNS, CS25iCTR_
iMNS, CS83iCTR_iMNS). Analyses of these patients and iPSC-
derived motor neurons have been described elsewhere (11). The
RNA-Seq protocol is available at the NeuroLINCS website.

Other RNA-Seq and microarray data sets were obtained
from Gene Expression Omnibus (GEO). GEO accession numbers
of the data sets were: laser-captured spinal motor neurons
from postmortem C9-ALS (15)—GSE56504; laser-captured spinal
motor neurons from postmortem sALS patient samples (32)—
GSE103225; iPSC-derived motor neurons carrying SOD14%2¢
mutations (34)—GSE95089; and iPSC-derived motor neurons
carrying SOD144V mutations (10)—GSE54409.

Proteomic data set

Proteomic data sets of iPSC-derived motor neurons from C9-
ALS and controls were obtained from NeuroLINCS (data set ID:
LDS-1424). These data were generated using the same samples
that were used for RNA-Seq analyses and were thus composed of
data from four ALS and three controls. Sum of the peptide counts
of each protein ID protein was used as the measure of protein
abundance. Protein IDs were mapped to their corresponding
genes using UniProt ID mapping (https://www.uniprot.org/
uploadlists/). A total of eight protein IDs (P12532, P32969, P62805,
P68431, P84243, Q71DI3, Q96JG8 and QI9H3K6) were mapped to
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multiple genes and were thus excluded from the analyses. Both
P42166 and P42167 mapped to the same gene and were also
excluded.

Analyses of differential gene expression and protein
abundance

Differential gene expression analysis was performed using
DESeq2 on the DEApp web-based application (https://yanli.
shinyapps.io/DEApp) (19,20). For the transcriptomic data sets
obtained from NeuroLINCS, we examined differential expression
of only the protein-coding RNAs. First, we added the RNA-Seq
from the technical replicates. The DEApp application removed
the low expression terms with Counts Per Million (CPM) value <1
in less than two samples. FDR < 0.1 was used as the cutoff for
identifying DEGs in the NeuroLINCS data set. In case of the
proteomic data, we used geometric means of the technical
replicates (57). DEPs were determined using LIMMA (58) with
FDR < 0.1 as the cutoff, which provides high confidence results
data sets with relatively few experimental replicates (59-61). For
LIMMA, we used the DEBrowser web-based application (62).

Hierarchical clustering of DEGs

For each C9-ALS patient, we determined the relative change in
expression of the 860 DEGs (relative expression = expression in C9/
average expression in controls). Next, we determined the Pearson’s
correlation between each pair of DEGs. The resulting gene-by-
gene matrix was composed of values ranging from —1 to 1. We
converted these coefficient values to a 0 to 1 range using the for-
mula: C_new = (Cfold + 1) /2. Subsequently, we raised the values
to the 6th power (equivalent to soft thresholding) to maximize
the differences between separable clusters. We put the resulting
adjacency matrix through an unsupervised hierarchical cluster-
ing algorithm (clusterMaker plugin of CytoScape) (63) to generate
a heatmap. The parameters we used for clustering were cluster-
ing distance = correlation and clustering method = average.

GSEA

We performed GSEA using the standalone javaGSEA desktop
application. Briefly, we first ranked a list of genes on the basis
of differential gene expression in ALS. Next, we compared the
ranked list either to a defined gene set or to an unbiased group
of previously curated gene sets. Curated gene sets GSEA: C2
and GSEA: C5 were obtained from the Molecular Signatures
Database (MSigDB). Data sets that met the FDR <0.1 thresholds
were considered significantly enriched.

Functional annotation of genes encoding differentially
expressed proteins

To determine the functional ontologies associated with the pro-
teins that are differentially expressed in C9-ALS motor neu-
ron, we perform functional annotation of the mapped genes
using DAVID (https://david.ncifcrf.gov/home.jsp) online applica-
tion. DAVID provided information regarding enrichment of an
ontological category over a background consisted of all human
genes. We used only the categories with Benjamini FDR < 0.05 for
analyses. We visualized the GSEA networks using the ‘Enrich-
ment map’ plugin from CytoScape (64), with edge values being
the similarity coefficients calculated by the plugin. Functional

modules were annotated manually. The layout used for each
module was, ‘Edge-weighted spring-embedded layout’ (65).

Statistical methods and data analyses

Graphs were generated using Prism (GraphPad). We determined
significance using Student’s t-tests. For data that were not nor-
mally distributed, we used Mann-Whitney test and Wilcoxon
signed-rank test to compare medians to a hypothetical value.
We compared odd ratios and used two-tailed Fisher’s exact test
to assess co-occurrence or mutual exclusivity. Corrections for
multiple hypotheses testing were applied whenever appropriate.

Supplementary Material

Supplementary Material is available at HMG online.
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