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Abstract
Amyotrophic lateral sclerosis (ALS) is a fatal disease of motor neurons that mainly affects the motor cortex, brainstem, and 
spinal cord. Under disease conditions, microglia could possess two distinct profiles, M1 (toxic) and M2 (protective), with 
the M2 profile observed at disease onset. SOD1 (superoxide dismutase 1) gene mutations account for up to 20% of familial 
ALS cases. Comparative gene expression differences in M2-protective (early) stage SOD1G93A microglia and age-matched 
SOD1G93A motor neurons are poorly understood. We evaluated the differential gene expression profiles in SOD1G93A micro-
glia and SOD1G93A motor neurons utilizing publicly available transcriptomics data and bioinformatics analyses, constructed 
biomolecular networks around them, and identified gene clusters as potential drug targets. Following a drug repositioning 
strategy, 5 small compounds (belinostat, auranofin, BRD-K78930611, AZD-8055, and COT-10b) were repositioned as 
potential ALS therapeutic candidates that mimic the protective state of microglia and reverse the toxic state of motor neurons. 
We anticipate that this study will provide new insights into the ALS pathophysiology linking the M2 state of microglia and 
drug repositioning.

Keywords  SOD1 mutation · Amyotrophic lateral sclerosis · Transcriptomic · Drug repositioning · Repositioned 
therapeutics

Introduction

Amyotrophic lateral sclerosis (ALS) is a lethal disease of the 
motor neurons controlling voluntary muscle functions. The 
motor cortex, brainstem, and spinal cord are the areas most 

affected by this disease (Kaur et al. 2016). Familial ALS 
cases account for 5–10% of all ALS cases, and up to 20% of 
familial cases involve SOD1 (superoxide dismutase 1) gene 
mutations (Rosen et al. 1993; Sreedharan and Brown 2013). 
Under normal conditions, SOD1 catalyzes the inactivation 
of superoxide radicals into hydrogen peroxide and oxygen, 
providing a crucial antioxidant defense mechanism against 
superoxide radicals. Mutations of the SOD1 gene lead to 
neuronal hyperexcitability (Kubat Öktem et al. 2016), mito-
chondrial mutations and dysfunction, cytoskeletal abnor-
malities, differential gene expression, and aberrant protein 
interactions (Liu et al. 2004). G93A is the most studied 
SOD1mutation in the literature (Prudencio et al. 2009), and 
transgenic models of this mutation have been essential for 
understanding the pathophysiology of the SOD1 mutation.

Although microglia also contribute to ALS and motor 
neuron degeneration, the mechanisms that may influence  
disease progression remain controversial. Studies demon-
strate that microglia, which are thought to be the resident 
immune cells of the brain, play a dual role in ALS. The 
two different profiles, M1 (toxic) and M2 (protective), are 
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observed at different stages of the disease and lead to the 
production of distinct effector molecules (Geloso et  al. 
2017). In the M1 phenotype, pro-inflammatory cytokines 
are secreted leading to neuronal network dysfunction, 
whereas the M2 phenotype is activated by anti-inflammatory 
cytokines that restore hemostasis (Du et al. 2017). The M1 
phenotype is activated at the disease end-stage, whereas the 
M2 phenotype is activated at the disease onset (Liao et al. 
2012). According to the defined disease stages of the trans-
genic SOD1 models of ALS, an age of 70–130 days after 
birth is considered the onset of the disease, where the initial 
signs of motor deficiency are observed. The end-stage of the 
disease originates after 150 days of postnatal age and is asso-
ciated with full paralysis of the lower limbs (Lee et al. 2013).

Little is apprehended on comparative gene expression alter-
ations of microglia and motor neurons, although transciptomic 
analysis of these cell types was studied distinctly (Henriques 
et al. 2015; Noristani et al. 2015). On the other hand, the com-
parative evaluation of mRNA expression profiles from the two 
cell types, accepted as having protective and toxic behaviors in 
ALS, respectively, may pave the way for development of more 
effective treatment strategies by virtue of drug repositioning.

We used publicly available transcriptome data and bio-
informatic analyses to compare gene expression profiles in 
mice SOD1G93A motor neuron and microglia samples with 
SOD1WT samples in this study. We also present our findings 
in the context of drug repositioning and propose novel thera-
peutics to be developed for the treatment of ALS.

Materials and Methods

SOD1G93A Mice Microglia and Motor Neuron Data

Data from mice microglia and motor neurons were used 
for the study. The Gene Expression Omnibus database 
(NCBI-GEO) provides the transcriptome datasets (Table 1) 
online (Barrett et al. 2005). GSE96047, representing the 

gene expression profiles in mice microglia, included three 
control samples with SOD1WT, three mice microglia spinal 
cord samples with SOD1G93A at 90 days of age (Noristani 
et al. 2015). Gene expression profiles in mice spinal cord 
motor neuron were provided by GSE60856, consisted of 
seven control samples with SOD1WT and seven samples 
with SOD1G93A at 15 weeks of age (Henriques et al. 2015) 
Although the GSE60856 dataset also consisted of SOD1G93A 
mice treated with GCSF at week 15, only the samples with 
SOD1G93A mice at week 15 (untreated with GCSF) were 
used to allow appropriate comparison with the microglia 
data.

Differential Gene Expression (DEG) Analysis

A previously constructed statistical analysis procedure 
(Öktem et al. 2019) was adopted in the present study to deter-
mine differentially expressed genes (DEGs). Raw data from 
the Affymetrix datasets were read into the statistical software 
R (version 4.1.0) via the Affy package (Gautier et al. 2004) 
and normalized via the justRMA package (Bolstad et al. 
2003) in the Bioconductor platform (version Rx64 3.0.2) 
(Gentleman et al. 2004) using Robust Multi-Array Average 
(RMA). The Linear Models for Microarray Data (LIMMA) 
package (Smyth et al. 2005) was used to compare the normal-
ized mRNA expression levels and to determine DEGs. The 
Benjamini-Hochberg correction was applied to control the 
false discovery rate. To determine the statistical significance 
of DEGs, a fold-change cut-off ≤ 0.5 (for downregulation) 
or ≥ 2 (for upregulation) and an adjusted p value cut-off of 
< 0.05 were applied.

Functional Enrichment Analysis

Pathway and functional enrichment analyses were per-
formed using Metascape (Zhou et al. 2019) to reveal func-
tional annotations (i.e., biological processes and molecular 
pathways) significantly associated with DEGs. The KEGG 

Table 1   GEO transcriptome 
datasets

SOD1 superoxide dismutase 1 gene

GEO reference series Organism Sample subsets Array Reference

GSE60856 Mus musculus 7 wild-type mice 
motor neurons at 
week 15 (control)

7 SOD1G93A mice 
motor neuron at 
week 15

Affymetrix 
Mice Genome 
430 2.0 Array

(Henriques et al. 2015)

GSE96047 Mus musculus 3 wild-type mice 
microglia at day 
90 (control)

3 SOD1G93A mice 
microglia at day 
90

Affymetrix 
Mice Genome 
430 2.0 Array

(Noristani et al. 2015)
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Pathway (Kanehisa et al. 2008), Gene Ontology (GO) Bio-
logical Processes (Ashburner et  al. 2000; Carbon et  al. 
2021), and Reactome (Fabregat et al. 2016) databases were 
employed as annotation resources.

Construction of Protein–Protein Interaction (PPI) 
Network Around DEGs

DEGs for both datasets were used as queries for the PPI 
construction. Because we were interested in the ALS  
protective biomarkers of microglia, DEGs were selected  
on the basis of differences, so microglia-specific and motor  
neuron–specific DEGs (the number of DEGs in each group  
is given in Table 2) were used for the dataset-specific PPI  
constructions. Human orthologs of the DEGS were retrieved 
from Ensembl:Biomart (Smedley et al. 2015). The PPI data 
were retrieved from BioGrid (version 4.4.202) (Oughtred et al. 
2019), and the networks were visualized using Cytoscape 
(version 3.7.2) (Shannon et al. 2003). Topological analysis 
of the networks was carried out using “Network Analyzer” 
tool integrated in Cytoscape. The “Cytohubba” plug-in was 
used to identify topological features of the network, including 
local (i.e., degree) and global (i.e., betweenness connectivity) 
metrics (Chin et al. 2014). The MCODE plug-in was used 
to elucidate the modules of the PPI networks (Bader and 
Hogue 2003).

Signature‑Based Drug Repositioning Using PPI 
Network Module Elements

After the construction of PPI networks, modules of these 
networks were determined. The modules that have at least 
three nodes were selected for further analyses. The elements 
of each module were used as queries for signature-based 
drug repositioning analysis. Drug repositioning analysis was 
evaluated using the L1000CDS2 tool (Duan et al. 2016). 
Analyses were repeated considering two scenarios to obtain 
drugs that could potentially reverse the ALS M1 toxic or 
mimic ALS M2 protective gene expression states. The first 
scenario included reversing upregulated/downregulated gene 
expressions for motor neurons and mimicking upregulated/
downregulated gene expressions for microglia. The second 

scenario was constructed via mimicking the upregulated 
microglia/downregulated motor neuron gene expressions 
and reversing the downregulated microglia/upregulating 
motor neuron gene expressions. These two scenarios aimed 
to reposition drugs that potentially mimic the microglia 
state to evaluate the protective features of the microglia 
gene expression and reverse the motor neuron gene expres-
sions to avoid ALS state. Databases like DrugBank (Wishart 
et al. 2018) and the Comparative Toxicogenomics Database 
(CTD) (Davis et al. 2019) and PubChem (Kim et al. 2019) 
were employed to further evaluate the resultant drugs.

Identification of Anticipated Target Genes 
for the Repositioned Drugs

We used the Search Tool for Interactions of Chemicals 
(STITCH, stitch.embl.de), a protein-drug interaction data-
base with 430,000 compounds and 9.6 million proteins, to 
search protein-drug interaction networks (Szklarczyk et al. 
2016). This database allowed us to find the repositioned 
molecules along with their matching target genes.

Results

Differential Gene Expression Profiles 
by the SOD1G93A Mutation

Gene expression changes by the SOD1G93A mutation were 
analyzed and compared with those by SOD1WT in control 
samples. Volcano plots were generated for each dataset and 
DEGs with a fold change ≤ 0.5 (for downregulation) or ≥ 
2 (for upregulation) and an adjusted p value < 0.05 were 
identified (Fig. 1a and c). Downregulated and upregulated 
genes were equally distributed in both cases. We also identi-
fied 1574 microglia-specific and 865 motor neuron–specific 
DEGs (Table 2, Supplementary Tables 1 and 2).

The microglia-specific DEGs were mainly enriched in 
immune-related processes (p<.0.05), such as leukocyte 
migration, T cell activation, regulation of cytokines, anti-
gen processing, response to interferon-gamma, and L13a-
mediated translational silencing of ceruloplasmin expression 

Table 2   Number of 
differentially expressed genes 
(DEGs)

DEGs differentially expressed genes

# of total DEGs # of upregulated 
genes

# of down-
regulated 
genes

SOD1G93A motor neuron 991 112 373
SOD1G93A microglia 1700 243 141
Only SOD1G93A motor neuron 865 88 333
Only SOD1G93A microglia 1574 231 131
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(Fig. 1b). However, motor neuron–specific enrichments 
occurred primarily in neuronal pathways (p<0.05), includ-
ing regulation of ion transport synapse assembly, regulation 
of postsynaptic membrane potential, dopaminergic synapses, 
and modulation of chemical synaptic transmission (Fig. 1d).

PPI Networks and Their Modules as Potential Drug 
Targets

The construction of an ALS -specific PPI network based 
on transcriptome data specific to both motor neurons and 
microglia was analyzed. Both PPI networks showed scale-
free topology. The motor neuron–specific PPI network con-
sisted of 2094 nodes and 2831 edges around them, whereas 
the microglia-specific network included 3421 nodes and 
6594 interactions between them. The microglia-specific PPI 
network displayed a more dense structure than the motor 
neuron specific network. The Cytohubba analysis using local 
and global metrics (degree and betweenness centrality) elu-
cidated hub proteins. BRCA1, MYC, EP300, FBL, NPM1, 
RPL10, RPL19, LMNA, FBXO6, and HRAS were found as 
hubs for the microglia-specific PPI network, whereas BAG3, 
FBXW7, FKBP5, HNRNPA1, NR3C1, PTEN, RPS6, UBC, 

RPL21, and YWHAQ were hubs of the motor neuron–specific 
PPI network. Because their expression may affect all other 
linked proteins, these hub proteins represented key central 
nodes that may serve as prospective therapeutic targets 
(Figs. 2 and 3, Supplementary Tables 3 and 4).

After the construction of specific PPI networks, modules 
were obtained through the MCODE plug-in of Cytoscape 
to detect clusters within networks. The node score cut-off 
was set to 0.2 to access densely interconnected modules, 
and the fluff feature was adjusted to 0.0 to prevent the join-
ing of peripheral nodes that have only one interaction. The 
microglia-specific PPI network and motor neuron–specific 
PPI network analysis revealed 20 and 12 modules with a 
varied number of nodes and interactions, respectively (Sup-
plementary Table 3). The elements of each module for 
both networks were charted in Figs. 4 and 5. According to 
the results, the microglia-specific network included more 
crowded module structures with respect to the motor neu-
ron–specific PPI network. The elements of every module 
were screened whether they are DEGs or not. If they were 
detected to be also DEGs for each dataset, they were selected 
for further drug repositioning analysis. The chosen module 
elements are shared in Supplementary Table 4.

Fig. 1   Expression profiles of microglia SOD1G93A and SOD1WT 
transcriptome data shown in volcano plot a and pathway enrichment 
results of the DEGs represented by heatmap, the significance of the 
pathways illustrated by darker colors b. The expression profiling of 

motor-neuron SOD1G93A and SOD1WT is represented in the volcano 
plot c; pathway enrichment results of these DEGs are shown in a 
heatmap d 
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Repositioned Drug Candidates for the Treatment 
of ALS

The repositioned drugs have the potential to mimic the pro-
tective features of microglia or reverse the ALS situation. 
We introduce all repositioned small molecules based on the 
mentioned scenarios in the supplementary material (Sup-
plementary Tables 5, 6, 7, and 8).

The signature-based drug repositioning using elements of 
significant modules revealed repositioned drug candidates. 
The above-mentioned two pairs of drug repositioning analy-
ses reported 151 prospective drugs; however, we needed to 
narrow this colossal list to comprehend the case better. In 
order to do that, we intersected repositioned drug lists of 
reversing the scenario and mimicking the scenario (Tables 3 
and 4).

Drug repositioning revealed 5 small molecules including 
belinostat, auranofin, BRD-K78930611, AZD-8055, and 

COT-10b (Fig. 6). Table 3 and Table 4 summarize repurposed 
drugs with their indications, mechanisms of actions, and nov-
elty regarding ALS. Forty percent of these 95 drugs were anti-
neoplastic agents, 40% of them revealed unknown functions, 
whereas the rest were chrysotherapeutic agent.

 Anticipated Target Genes for the Repositioned 
Drugs

Examination of potential drug-associated mechanisms using 
The Search Tool for Interactions of Chemicals (STITCH) 
revealed anticipated target genes (Fig. 7). Of the five reposi-
tioned drugs, namely, belinostat, auranofin, AZD-8055, BRD-
K78930611 and COT-10b, the last two, BRD-K7890611 and 
COT -10b, could not be found in any study in the literature. 
The associated literature search provided information on the 
anticipated target genes of each molecule and how their modu-
lation will affect disease progression in ALS (Tables 5, 6, 7).
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Fig. 2   The microglia- and motor neuron–specific PPI networks demonstrated DEG-based interactions. The hubs of each network were calculated 
according to degree metrics. The colors of the hubs represent the significance of hubs sliding through the dark to light colors
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Fig. 3   The microglia- and motor neuron–specific PPI networks demonstrated DEG-based interactions. The hubs of each network were calculated 
according to betweenness centrality metrics. The colors of the hubs represent the significance of hubs sliding through the dark to light colors

Fig. 4   The significant clusters of the microglia-specific PPI network which were used as a query for drug repositioning
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Discussion

Microglia are immunocompetent cells that may utilize 
either neurotoxic (M1) or neuroprotective (M2) responses 
regarding their physiological environment (Appel et al. 
2011; Henkel et  al. 2006; Liao et  al. 2012). In this  
study, we aimed to evaluate the discrepancies between 
M2 type neuroprotective microglia with motor neurons 
of SOD1G93A mice in order to find out potential target 
pathways and therapeutic molecules for ALS. Therefore, 
under this objective, we investigated transcriptome data 
that unraveled ALS-specific signatures then which were 
used for the construction of biological networks and repo-
sitioned drug candidates. We built a transcriptome-based 

PPI network and proposed hub genes. The signature-based 
drug repositioning based on the transcriptome data was 
performed.

Our detailed DEG analysis revealed GRN (2.2 fold), IGF1 
(12. 6 fold), TREM2 (2.4 fold), SPP1 (16.8 fold), MMP12 
(4.9 fold) to be significantly upregulated as M2-protective 
mode gene signatures of microglia in accordance with the 
literature (Chiu et al. 2013; Geloso et al. 2017; Noristani 
et al. 2015). Microglia encodes GRN (Granulin) as a survival  
factor (Rosen et al. 2011; Ryan et al. 2009) and shows a 
neuroprotective effect in ALS zebrafish models (Laird et al. 
2010). Given to ALS animals, IGF1 (insulin-like growth fac-
tor 1) coded by IGF1, promotes AKT prosurvival signaling 
in motor neurons and enhances lifespan (Chiu et al. 2013). 

Fig. 5   The significant clusters 
of the motor neuron–specific 
PPI network which were used as 
a query for drug repositioning

Table 3   Repositioned drug 
candidates with the mimic effect 
of up- and downregulated genes 
in microglia and the reverse 
effect of up- and downregulated 
genes in motor neurons

NA not available

DRUG​ PubChem ID Indication Mechanism of action Drug 
usage in 
ALS

Belinostat 6918638 Antineoplastic agent histone deacetylase inhibitors NA
Auranofin 24199313 chrysotherapeutic agent Unknown exact mechanism NA

Table 4   Repositioned drug candidates with mimic effect of upregulated genes in microglia/downregulated genes in motor neurons and reverse 
effect of downregulated genes in microglia/upregulated genes in motor neurons

NA not available

Drug PubChem ID Indication Mechanism of action Drug 
usage in 
ALS

BRD-K78930611 135486338 NA NA NA
AZD-8055 25262965 antineoplastic agent mTOR inhibitor NA
COT-10b 73707373 NA NA NA
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Fig. 6   Repositioned drugs 
related to the specific PPI net-
work hubs

Fig. 7   Anticipated target genes of repositioned drugs based on Search Tool for Interactions of Chemicals. A Auranofin; B belinostat; C AZD-
8055
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Table 5   Anticipated targets of auranofin with its ALS association

Target symbol Target name Target association with ALS

UBC Ubiquitin C Genes encoding ubiquitin-related enzymes show altered expression in 
motor neurons from ALS patients (Dangoumau et al. 2021)

STAT3 Signal transducer and activator of transcription 3 A substantial increase in STAT3 is a symptom of degenerative diseases, 
and inhibition of STAT3 promotes motor neuron differentiation 
(Natarajan et al. 2014)

TRAF3 TNF receptor associated factor 3 Tax-mediated NF-B activation requires TRAF3 (Fochi et al. 2019). 
Alterations in NFKB signaling have been directly linked to a number of 
genetic and environmental risk factors for ALS (reviewed in (Källstig 
et al. 2021))

ALOX5 Arachidonate 5-lipoxygenase The development of ALS is associated with oxidation products of 
arachidonic acid LOX sub-pathway (Trostchansky et al. 2018)

AKT1 AKT serine/threonine kinase 1 Dysfunction of the Akt signaling pathway controls the alteration in iron 
metabolism caused by the hmSOD1 gene mutation (Halon-Golabek et al. 
2018)

SRC SRC proto-oncogene, non-receptor tyrosine kinase Src/c-Abl inhibitors improved in vitro survival of motor neurons generated 
from ALS iPSCs, making this pathway a prospective ALS therapeutic 
target (Imamura et al. 2017)

XIAP X-linked inhibitor of apoptosis XIAP was upregulated in neuro2a cells expressing mutant SOD1, reducing 
caspase-3 activity and cell death (Ishigaki et al. 2002)

TMEM173 Transmembrane protein 173 The mRNA level of TMEM173 in the SOD1G93A mice was markedly 
increased from the presymptomatic stage and peaked after disease onset 
(Xu et al. 2022)

FOXO3 Forkhead box O3 Activation of the DAF-16/FOXO3a pathway protects against motor neuron 
diseases (Mojsilovic-Petrovic et al. 2009)

TBK1 TANK-binding kinase 1 TBK1 mutations underlie ALS (Ahmad et al. 1016)
NFE2L2 Nuclear factor, erythroid 2 like 2 Modifications in two key proteins, NFE2L2 and KEAP1, involved in 

cellular defense against oxidative stress may influence the development 
of SALS (Bergström et al. 2014)

TANK TRAF family member associated NFKB activator The noncanonical NFKB response is controlled by TBK1, which activates 
the NFKB regulator TANK. Alterations in NFKB signaling have been 
directly linked to a number of genetic and environmental risk factors for 
ALS (reviewed in (Källstig et al. 2021))

CASP9 Caspase 9 Spinal motor neurons from human ALS patients showed stimulated 
caspase 9 (Inoue et al. 2003)

JAK2 Janus kinase 2 Activation of the JAK /STAT3 pathway was observed in reactive astrocytes 
from ALS patients (Shibata et al. 2009)

JAK3 Janus kinase 3 JAK3 therapy improved survival in FALS mice, indicating that certain 
JAK3 inhibitors may be helpful in the treatment of human ALS (Trieu 
et al. 2000)

CASP3 Caspase 3 Caspase-3 activation is a key component of cell death by mutant SOD1 
present in motor neurons (Pasinelli et al. 2000)

EGFR Epidermal growth factor receptor EGFR mRNA is upregulated in the ALS patients (Romano and 
Bucci 2020)

IRF3 Interferon regulatory factor 3 IRF3 activation suggests that innate immunity of some form may play a 
role in the pathophysiology of ALS (Sakaguchi et al. 2011)

JAK1 Janus kinase 1 Activation of the JAK /STAT3 pathway was observed in reactive astrocytes 
from ALS patients (Shibata et al. 2009)

TXNRD1 Thioredoxin reductase 1 Thioredoxin reductase 1 haplotypes influence the development of FALS, 
suggesting that TXNRD1 may function as an important FALS gene 
(Mitchell et al. 2009)

TRAF2 TNF receptor associated factor 2 Absence of TNF-alpha receptor type 2 preserves motor neurons in a 
cellular model of ALS and mutant SOD1 mice (Tortarolo et al. 2015)

EP300 E1A-binding protein p300 EP300 is a pathway element for autophagy-targeted treatments for ALS 
(Amin et al. 2020)
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TREM2 (triggering receptor expressed on myeloid cell 2) 
deficient microglia depleted their phagocytic ability for the 
clearance of TDP-43 inclusions in ALS mice models, propos-
ing a defensive role of TREM2 in TDP-43 induced ALS (Xie 
et al. 2022). SPP1 gene coding for secreted phosphoprotein 
1 functions as an ischemic injury potential neuroprotective 
agent (Meller et al. 2005) with its anti-inflammatory and 
anti-apoptotic characteristics (Iczkiewicz et al. 2005; Knott 
et al. 2000; Maetzler et al. 2007; Rollo and Denhart 1996). 
MMP (Matrix metalloproteinase) inhibition has been found 
to enhance longevity in ALS mice (Lorenzl et al. 2006) and 
MMP12 was found to prevent pro-inflammation and encour-
age stimulating anti-inflammatory signaling (Mouton et al. 
2018).

Functional enrichment results of case-specific DEGs 
revealed that microglia samples enriched mostly in immune 
system–associated pathways (Fig.  1b), whereas motor 
neuron–specific enrichments demonstrated nervous sys-
tem–related biological processes (Fig. 1d). Microglia are 
essential innate immune cells of the brain, so immune sys-
tem–associated pathways were expected to be enriched 
in microglia samples. Also, L13a-mediated translational 
silencing of ceruloplasmin expression was enriched in 
microglia samples. The upregulation of this protein is asso-
ciated with neurodegenerative diseases (Virit et al. 2008; 
Wolf et al. 2006), implying a neuroprotective pathway for 
microglia samples. Synapse transmission and ion transport 
mechanisms such as regulation of postsynaptic membrane 
potential, modulation of chemical synaptic transmission, and 
regulation of ion transport and Ca+2 were affected mostly 

in motor neurons which is consistent with the persistent 
inward current theory of ALS. According to this theory, 
the disproportion of the functional ion channels leads to the 
spontaneous contractions of the muscles in ALS and could 
be one of the major reasons for this disease (Bostock et al. 
1995; ElBasiouny et al. 2010; Öktem et al. 2019). Analysis 
of protein-protein interactions revealed important nodes that 
were then used for drug repositioning analysis to predict 
novel drugs for ALS.

The term “drug repositioning” refers to the discovery 
of new therapeutic applications for medications that have 
already been approved by the US Food and Drug Admin-
istration for another use. Drug repositioning is more attain-
able and affordable than innovative drug development due 
to the shorter research and testing periods and lower costs, 
allowing patients to receive new medications sooner (Roder 
and Thomson 2015). Edaravone and riluzole are the FDA-
approved ALS treatments although the exact action mecha-
nism of these drugs is unclear. This situation motivated us 
to reposition potential drugs for this disease. Related to the 
hubs for specific PPI networks, our drug repositioning analy-
sis revealed five molecules including belinostat, auranofin, 
BRD-K78930611, AZD-8055, and COT-10b (Figure  6, 
Tables 3, and 4). Among them, belinostat is a histone deacety-
lase (HDAC) inhibitor and received expedited approval from 
the FDA for the treatment of relapsed or refractory peripheral 
T cell lymphoma (PTCL) in 2014 (Lee et al. 2015). Altera-
tions in histone acetylation, either target specific or general, 
are linked to ALS (Bennett et al. 2019). Also, transgenic ALS 
mice expressing human mutations in the SOD1 gene revealed  

Table 5   (continued)

Target symbol Target name Target association with ALS

TXNRD3 Thioredoxin reductase 3 Altered levels of TXNRD3 and some specific proteins of the oxidative 
stress pathway were detected in the brain after administration of 
branched-chain amino acids, suggesting a possible relationship

between branched-chain amino acids and ALS (Piscopo et al. 2011)
TXN Thioredoxin Thioredoxin is one of several pathogenic signaling pathways associated 

with ALS, and recent evidence points to its important role in 
neurodegeneration (reviewed in (Jagaraj et al. 2021))

CTSB Cathepsin B Increased expression of cathepsin B was observed in ALS degenerating 
neurons (Kikuchi et al. 2003)

HTR7 5-Hydroxytryptamine receptor 7 The therapeutic potential of 5-HT7R signaling pathway for the treatment 
of neurodegenerative diseases is reviewed in (Quintero‑Villegas and 
Valdés‑Ferrer 2022)

BIRC2 Baculoviral IAP repeat containing 2 BIRC2 is a critical promising target for anti-apoptotic defense after 
peripheral nerve injury (Wang et al. 2012)

Arachidonic Ac Arachidonic Acid The development of ALS is associated with oxidation products of 
arachidonic acid pathway (Trostchansky et al. 2018)

KEAP1 Kelch-like ECH associated protein 1 The KEAP1-NRF2 antioxidant system is disrupted in ALS (Bono et al. 
2021)

SIRT1 Sirtuin 1 The HSF1/HSP70i chaperone system is positively regulated by SIRT1, 
which may partially attenuate SOD1-related ALS symptoms in mice 
(Watanabe et al. 2014)
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elevated levels of muscle HDAC 4 and its regulator micro-
RNA-206 (Bruneteau et al. 2013). In addition to their prom-
ise for treating neurodegenerative illnesses, HDAC inhibitors 
have been shown to have significant neuroprotective features. 
For instance, HDAC inhibitors have a positive effect in allevi-
ating neurodegenerative disorders by enhancing cell survival 
and reducing neuronal death through various mechanisms 
(Shukla and Tekwani 2020). Among them, 4-phenylbutryrate  
treatment corresponded to higher survival rates, reduced 
clinical disability in ALS (Ryu et al. 2005). Also, injection 
of valproic acid into SOD1G86R mutant mice dramatically 
reduced motor neuron death and maintained normal levels of 
histone acetylation (Rouaux et al. 2007). Lastly, application 
of trichostatin A improved muscle atrophy and neuromuscular 

junction denervation in SOD1G93A transgenic ALS mice (Yoo 
and Ko 2011). Auranofin is a gold compound approved for 
the treatment of rheumatoid arthritis in 1985 and has recently 
been studied as a possible treatment for a variety of human 
disorders, including cancer (Onodera et al. 2019) and neuro-
logical diseases (Madeira et al. 2013). Low micromolar quan-
tities of auranofin (0.2–5 mol/L) have been demonstrated to 
reach the CNS, demonstrating that sufficient auranofin could 
pass the blood-brain barrier (Madeira et al. 2014). Consider-
ing particularly ALS, Oberstadt et al. reported that 25 mM 
auranofin drastically reduced TDP-43 interaction (Oberstadt 
et al. 2018). These studies indicate that this drug could be 
beneficial in neurodegenerative illnesses including Alzhei-
mer’s disease, Parkinson’s disease, and ALS. The other drug, 

Table 6   Anticipated targets of belinostat with its ALS association

TP53 Tumor protein p53 TP53 is overexpressed in ALS patients. (Eve et al. 2007)
INCENP Inner centromere protein INCENP, a member of the chromosomal passenger complex, plays a crucial role 

in mitosis. (Honda et al. 2003)
MDM2 MDM2 proto-oncogene Increased MDM2 transcript levels in ALS motor neuron progenitors were asso-

ciated with binding to p53 and controlling its transcriptional activity/ stability 
through an autoregulatory feedback mechanism.(von Grabowiecki et al. 2016)

HDAC3 Histone deacetylase 3 The importance of preclinical models of histone deacetylases and their inhibi-
tors is discussed in (Klingl et al. 2020)

RAD51 RAD51 recombinase RAD51 plays a role in DNA damage response. Decreased levels of RAD51 in 
the nucleus lead to slower repair of double-strand breaks, which may be asso-
ciated with neurodegeneration in ALS (Konopka and Atkin 2022)

AURKB Aurora kinase B Dysregulated axonal transport of mitochondria has been linked to neurogenera-
tion. AURKB is one of the three targets that should be activated for enhanced 
mitochondrial transport (Shlevkov et al. 2019)

HDAC1 Histone deacetylase 1 The importance of preclinical models of histone deacetylases and their inhibi-
tors is discussed in (Klingl et al. 2020)

SIN3A SIN3 transcription regulator family member A SIN3A is associated with both HDAC1 and HDAC2 and regulates transcription 
(Klingl et al. 2021)

HDAC2 Histone deacetylase 2 The importance of preclinical models of histone deacetylases and their inhibi-
tors is discussed in (Klingl et al. 2020)

MTOR Mechanistic target of rapamycin Mutant SOD1 in human-derived astrocytes resulted in enhanced activation of 
the MTOR pathway (Granatiero et al. 2021a)

FOXO1 Forkhead box O1 FoxO proteins are discovered as potential therapeutic targets for neurological 
diseases, including ALS (reviewed in (Maiese 2015))

CDCA8 Cell division cycle associated 8 A component of a chromosomal passenger complex called CDCA8 is necessary 
for the bipolar mitotic spindle's stability.(Gassmann et al. 2004)

UGT1A1 UDP glucuronosyltransferase family 1 member A1 Riluzole is metabolically degraded in vivo by glucuronidation in ALS patients 
(Van Kan et al. 2008)

BIRC5 Baculoviral IAP repeat containing 5 Expression of BIRC5 was found to be decreased in mutant SOD1 motor neurons 
(Kirby et al. 2011)

HDAC6 Histone deacetylase 6 The importance of preclinical models of histone deacetylases and their inhibi-
tors is discussed in (Klingl et al. 2020)

RAD52 RAD52 homolog, DNA repair protein Impaired DNA repair may be a key factor in the development of neurodegenera-
tive diseases such as ALS (reviewed in (Coppedè and Migliore, 2010))

UGT1A6 UDP glucuronosyltransferase family 1 member A6 Riluzole is metabolically degraded in vivo by glucuronidation in ALS patients 
(Van Kan et al. 2008)

NCOR1 Nuclear receptor corepressor 1 NCOR1 and HDAC3 together repress transcription (Killoy et al. 2022)
CDKN1A Cyclin dependent kinase inhibitor 1A Dysregulation of CDKN1A is reported in the muscles of ALS mice (Manzano 

et al. 2013)
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AZD-8055, is a novel ATP-competitive inhibitor of mTOR 
kinase activity and causes considerable growth suppression 
in xenografts covering a wide spectrum of human tumor  
types (Chresta et al. 2010). BRD-K78930611 and COT-10b  
could not be found in the literature for any study. The Search 
Tool for Interactions of Chemicals (STITCH, stitch.embl.
de) revealed the anticipated target genes for our repositioned 
drugs. We found information about the anticipated target genes  
of each molecule and how their regulation affects disease pro-
gression in the corresponding literature search on ALS.

The corresponding literature search on the anticipated 
target genes of the repositioned drugs revealed that almost 
all of these genes are associated with ALS and neurode-
generative disease mechanisms. Due to the lack of experi-
mental validation, the drug repositioning approach utilized 
in this research is labeled as level 0 in the drug reposi-
tioning evidence level (DREL) classification (Oprea and 
Overington 2015; Vogrinc and Kunej 2017). According to 
this five-level classification, level 0 refers to predictions 
without in vitro or in vivo evaluations, while level 4 refers 
to well-documented clinical outcomes at doses within 
safety limits for the repositioned molecule. Studies with a 
DREL-0 score, on the other hand, should not be overlooked 

as they often provide unique bioinformatic methods for 
drug repositioning as well as new anticipated compounds 
for additional experimental validation. There are studies 
in the literature that use DREL-0 to predict various dis-
eases (Craddock et al. 2015; Grover et al. 2015; Xu and 
Wang 2016; Zhang et al. 2015). In addition, in breast and 
prostate cancer, several success stories have been published 
using a similar approach, validating the efficacy of newly 
manufactured drugs with an in vitro cell assay (Turanli 
et al. 2019, 2019). It was also found that multiomics-based 
in silico predictions showed strong correlation with in vitro 
experiments (Turanli et al. 2018). Provided that additional 
in vitro and in vivo experiments are performed to determine 
the protective effects of the repositioned compounds on 
motor neurons, this research has the potential to improve 
the efficacy of existing treatments through the discovery  
of new therapeutics associated with ALS.

All in all, systems biology–oriented transcriptome analy-
sis of SOD1 G93A mutation have revealed disease signatures 
regarding protective and neurotoxic aspects and integrative 
analysis of biological networks aided us to repurpose potential 
drug candidates for the construction of innovative and precise 
treatment modalities for ALS.

Table 7   Anticipated Targets of AZD-8055 with its ALS association

FKBP1A FK506 binding protein 1A FK506 binding protein 1A was downregulated in spinal cord motor 
neurons from ALS patients (Jiang et al. 2005)

MLST8 MTOR associated protein, LST8 homolog Mutant SOD1 in human-derived astrocytes resulted in enhanced 
activation of the MTOR pathway, which promotes cell proliferation 
(Granatiero et al. 2021a)

RICTOR RPTOR independent companion of MTOR complex 2 Mutant SOD1 in human-derived astrocytes resulted in enhanced 
activation of the MTOR pathway (Granatiero et al. 2021a)

EIF4EBP1 eukaryotic translation initiation factor 4E binding protein 1 ALS SOD1G93A astrocytes showed constant MTOR activation that 
strongly stimulated two crucial MTOR effectors, including EIF-
4EBP1 (Granatiero et al. 2021b)

BCL2L11 BCL2 like 11 Increased cytosolic distribution of Bcl-2 was associated with reports 
of neuronal death ALS (reviewed in (Akhtar et al. 2004))

RPTOR regulatory associated protein of MTOR complex 1 Part of the mTOR complex encoded by RPTOR is lost when TDP-43 
loses its function, which increases autophagy (Sullivan et al. 2017)

RHEB Ras homolog enriched in brain Research on the therapeutic potential of AAV1-RHEB (S16H) trans-
duction by studying its neuroprotective effects and processes in the 
adult brain hippocampus is reviewed in (Moon et al. 2020)

MTOR mechanistic target of rapamycin Mutant SOD1 in human-derived astrocytes resulted in enhanced 
activation of the MTOR pathway (Granatiero et al. 2021a)

MCL1 Apoptosis Regulator, BCL2 Family Member The expression patterns of several members of the BCL-2 family that 
regulate apoptosis were shown to be altered in SOD1 transgenic 
mutant mice and ALS patients (Hetz et al. 2007)

MAPKAP1 Mitogen-Activated Protein Kinase Associated Protein 1 MAPK member inhibitors have undergone testing as potential ALS 
treatments (reviewed in (Sahaan and Zhang 2021))

RPS6KB1 Ribosomal Protein S6 Kinase B1 Decreased mTOR activity and downregulation of RPS6KB1/p70S6, 
a direct target of mTOR, were detected in the mouse VCPR155H 
model ALS (Ching and Weihl 2013)

AKT1 AKT serine/threonine kinase 1 Dysfunction of the Akt signalling pathway controls the alteration in 
iron metabolism caused by the hmSOD1 gene mutation (Halon-
Golabek et al. 2018)
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Conclusion

In this study, integrative transcriptome-based SOD1G93A muta-
tion analyses revealed that microglia and motor neuron sam-
ples demonstrated different transcriptional profilings. Empha-
sizing the protective effects of microglia cells on ALS onset, 
we mimic the expression profiles of those cells and tried to 
reverse the expression profiles of the motor-neuron samples. 
As a result, we repurposed five drugs, belinostat, auranofin, 
BRD-K78930611, AZD-8055, and COT-10b. The presented 
transcriptome-based data integration provided prioritization 
and repurposing of the candidate drugs that might be potential 
candidate therapeutics for ALS.
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