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Abstract

Background There is a lack of effective therapeutic strategies for amyotrophic lateral sclerosis (ALS); therefore, drug
repurposing might provide a rapid approach to meet the urgent need for treatment.

Methods To identify therapeutic targets associated with ALS, we conducted Mendelian randomization (MR) analysis
and colocalization analysis using cis-eQTL of druggable gene and ALS GWAS data collections to determine annotated
druggable gene targets that exhibited significant associations with ALS. By subsequent repurposing drug discovery
coupled with inclusion criteria selection, we identified several drug candidates corresponding to their druggable
gene targets that have been genetically validated. The pharmacological assays were then conducted to further assess
the efficacy of genetics-supported repurposed drugs for potential ALS therapy in various cellular models.

Results Through MR analysis, we identified potential ALS druggable genes in the blood, including TBKT [OR 1.30,
95%CI (1.19, 1.42)], TNFSF12 [OR 1.36, 95%CI (1.19, 1.56)], GPX3 [OR 1.28, 95%Cl (1.15, 1.43)], TNFSF13 [OR 0.45, 95%Cl
(0.32,0.64)], and CD68 [OR 0.38, 95%Cl (0.24, 0.58)]. Additionally, we identified potential ALS druggable genes

in the brain, including RESP18 [OR 1.11, 95%Cl (1.07, 1.16)], GPX3 [OR 0.57, 95%Cl (0.48, 0.68)], GDF9 [OR 0.77, 95%Cl
(0.67,0.88)], and PTPRN [OR 0.17, 95%Cl (0.08, 0.34)]. Among them, TBK1, TNFSF12, RESP18, and GPX3 were confirmed
in further colocalization analysis. We identified five drugs with repurposing opportunities targeting TBKT, TNFSF12,
and GPX3, namely fostamatinib (R788), amlexanox (AMX), BIIB-023, RG-7212, and glutathione as potential repurposing
drugs. R788 and AMX were prioritized due to their genetic supports, safety profiles, and cost-effectiveness evalua-
tion. Further pharmacological analysis revealed that R788 and AMX mitigated neuroinflammation in ALS cell models
characterized by overly active cGAS/STING signaling that was induced by MSA-2 or ALS-related toxic proteins (TDP-43
and SOD1), through the inhibition of TBK1 phosphorylation.
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Conclusions Our MR analyses provided genetic evidence supporting TBKT, TNFSF12, RESP18, and GPX3 as drug-
gable genes for ALS treatment. Among the drug candidates targeting the above genes with repurposing oppor-
tunities, FDA-approved drug-R788 and AMX served as effective TBK1 inhibitors. The subsequent pharmacological
studies validated the potential of R788 and AMX for treating specific ALS subtypes through the inhibition of TBK1

phosphorylation.
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Background

Amyotrophic lateral sclerosis (ALS) is a fatal motor neu-
ron disease characterized by progressive degeneration of
nerve cells in the spinal cord and brain, leading to disabil-
ity and eventual death of patients from respiratory fail-
ure. The prevalence of ALS is about 5 in 100,000, while
patients usually die within 2 to 5 years of onset [1]. Due
to a lack of understanding in its pathogenesis, formidable
challenges have been historically posed on therapeutic
approaches. Currently, riluzole, edaravone, AMX0035,
and tofersen have been approved by FDA for treating
ALS by reducing glutamate release, acting as an antioxi-
dant, mitigating mitochondrial dysfunction, as well as
down-regulating superoxide dismutase 1 (SOD1) protein
level, respectively. However, most of them were demon-
strated to slightly slow down ALS progression by a cou-
ple of months [2, 3]. Therefore, it is a priority to develop
more efficient chemical compounds for urgent need to
treat this devastating disease.

Accurately identifying drug candidates for particu-
lar disease subtypes and verifying their impacts on dis-
ease progression are prerequisites in drug development.
However, due to the small sample size of the trial cohort,
genetic complexity and heterogeneity, and insufficient
drug efficacy or safety data, most clinical trials for newly
developed drugs have to be terminated with unsatisfac-
tory results [4]. Meanwhile, several studies have reported
that the genetically supported drug-repurposing strat-
egies could double the success rates in clinical devel-
opment [5], and numerous large-scale genome-wide
association studies (GWASs) have identified many sin-
gle-nucleotide polymorphisms (SNPs) associated with
ALS risk, offering possibilities for shortening the inno-
vation period of ALS drug. According to Mendel’s law of
independent segregation, genetic variants are randomly
allocated to individuals during gamete formation and fer-
tilization. Mendelian randomization (MR) applies these
genetic variants (instrumental variables, IVs) to study
causality with less confounding or unbias than that in
traditional epidemiological methods. Therefore, MR has
been considered an ingenious method to harness high
power and fidelity of randomization in human biomedi-
cal research [6, 7]. The druggable genes, as described by
Finan et al. [8], refers to the selection of genes that have

the potential to serve as targets for pharmacological
intervention. In drug-target MR analysis, cis-expression
quantitative trait loci (cis-eQTL) located in the genomic
region of the drug-target gene are often considered prox-
ies, which have been intensively utilized to analyze the
regulatory relationship between nucleotide variants and
gene expression fluctuations [9, 10]. Such MR analyses
have been applied to multiple diseases, such as Parkin-
son’s disease (PD) [11] and Alzheimer’s disease (AD) [12].

ALS GWAS have revealed numerous genes that exhibit
statistical associations with the disease [13]. Among
them, TNFSF12, also called TWEAK, has been researched
in tumors, autoimmune disease, and inflammatory dis-
eases [14—18]. Studies have shown that TNFSF12 plays a
crucial role as an apoptosis inducer in the pathogenesis
of muscle atrophy and is associated with neuroinflam-
mation in multiple sclerosis [19, 20]. GPX3 is abundantly
present in neurons, the brain, and other tissues [21]. It is
a well-known glutathione peroxidase, performing anti-
oxidant functions associated with well-recognized ALS
gene like SODI [22, 23]. TBKI gene encoding TANK-
binding kinase-1 (TBK1) has been shown to closely inter-
play with ALS development. Multiple loss-of-function
mutations on TBKI gene have been identified across spo-
radic and familial instances of ALS, as well as in cases of
ALS/frontotemporal dementia (ALS-FTD/FTD) [24]. On
the other hand, within ALS subtypes linked to gain-of-
function mutations of SOD1 or TARDBP (encoding TAR
DNA-binding protein, TDP-43), it has been observed
that mitochondrial damage caused by mutated proteins
could potentially stimulate the release of mitochondrial
DNA, thereby activating the cyclic GMP-AMP synthase
(cGAS)/stimulator of interferon genes (STING) pathway
to potently initiate or aggravate neuroinflammation [25,
26]. Nowadays, extensive cellular and animal studies have
demonstrated the protective effects of chemical inhibi-
tors targeting upper stream factors like STING and cGAS
in ALS models, while breakthroughs in clinical applica-
tion remain to be achieved [25, 27].

In the current study, we obtained eQTL data for the
druggable genome and conducted MR with the outcome
of ALS GWAS to identify potential druggable genes asso-
ciated with ALS. Through further colocalization analysis,
we obtained the target genes with the stronger genetic
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association, including TBK1, TNFSFI12, RESPIS8, and
GPX3. Subsequently, we delved into ALS-repurposed
drugs related to druggable genes through a series of cri-
teria and identified R788 and AMX. Moreover, we con-
ducted further research into druggable gene targets and
the pharmacological effects of their targeted drugs in the
context of ALS cell models. Lastly, AMX and R788 were
verified to hold the therapeutic potential in attenuating
ALS progression via dampened neuroinflammation.

Methods

All DNA positions are based on the human reference
genome build hgl9 (GRCh37). Data processing was com-
pleted using R software version 4.1.1. The main R pack-
age involved in this study included “TwoSampleMR’,
“dplyr’, “ieugwasr’, “org.Hs.eg.db “ “Homo. sapiens’, and
“coloc”. This MR study was in accordance with the guide-
lines of Strengthening the Reporting of Observational
Studies in Epidemiology using Mendelian Randomiza-
tion (STROBE-MR) [28, 29]. The checklist is elaborated
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in detail in Additional file 1: Table S1. Flowchart of our
study is shown in Fig. 1A-D.

Potential druggable genes list

The set of genes comprising the druggable genome was
obtained from a recent review [8], which estimated
4479 of the 20,300 protein-coding genes. A total of 4463
unique gene symbols were identified as druggable genes,
and 16 pseudogenes were absent.

eQTLs data

In primary MR analysis, we searched and downloaded
cis-eQTL data for blood and brain tissue from eQTL-
Gen (www.eqtlgen.org) and PsychENCODE (http://resou
rce.psychencode.org). eQTLGen provides cis-eQTL data
consisting of 31,684 blood and peripheral blood mononu-
clear cell samples, and most individuals were of European
ancestry. We downloaded the full statistically significant
cis-eQTLs results (FDR < 0.05) updated in 2019, in which
each cis-eQTL had been validated in at least two cohorts
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Fig. 1 Graphical abstract of genetic instrument variants selection, Mendelian randomization, identification of repurposing drugs discovery,

and pharmacological analysis. A Obtaining cis-eQTL data for druggable genes by overlapping discovery cis-eQTL data and confirmatory cis-eQTL
data with potentially druggable genes. The SNP data obtained through filtering for cis-eQTL data for blood and brain tissue from eQTLGen

and PsychENCODE, with located within + 100 kb of the TSS and meeting the FDR < 0.05 criteria, is considered as “Discovery cis-eQTL data”. The
different sets of SNPs based on various additional selection criteria and multiple eQTL datasets are considered as “Confirmatory cis-eQTL data’B
Workflow showing the MR study and repurposing drugs discovery. Identifying druggable genes with strong genetic associations through the MR
and colocalization analysis, further exploring treatment drugs associated with these druggable genes that meet the inclusion criteria. C R788

and AMX inhibit MSA-2-induced cGAS-STING signaling activation. D R788 and AMX inhibit ALS-related toxic protein mediated cGAS/STING
signaling. MR Mendelian randomization, cis-eQTL cis-expression quantitative trait loci, ALS amyotrophic lateral sclerosis
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[30]. Meanwhile, we obtained the allele frequencies from
eQTLGen which were calculated using reported allele
counts from all cohorts.

For brain tissue, we obtained the full significant cis-
eQTLs from PsychENCODE, which performed multi-
ple testing by limiting FDR values to less than 0.05 and
requiring genes to have an expression>0.1 FPKM in at
least ten samples [31]. The cis-eQTL data of brain tissue
was performed by genotype and gene expression data
from 1387 individuals, including 679 healthy controls,
497 schizophrenia, 172 bipolar disorder, 31 autism spec-
trum disorder, and eight affective disorder patients.

In order to investigate potential horizontal pleiotropy
and eliminate confounding factors, we utilized PhenoS-
canner [32] (http://www.phenoscanner. medschl.cam.
ac.uk/) to search for all eligible SNPs, excluding con-
founders related to ALS (such as obesity, BMI, and diabe-
tes) [33—-35] and SNPs associated with ALS. In addition,
to investigate whether the IVs corresponding to causal
genes identified via the blood and brain MR and colocali-
zation have an impact on the expression of other genes,
we utilized data from the GTEx project (https://www.
gtexportal.org/home/datasets).

We defined the eQTL data from both blood and brain
tissues mentioned above as “Discovery eQTL data” To
enhance the reliability of our MR results, we further vali-
dated them using different databases from the GTEx ver-
sion 8 dataset and NYGC ALS Consortium [36], referred
to as “Confirmatory eQTL data” More details are pro-
vided in the Additional file 2 and all the details of the
eQTL data are presented in Additional file 1: Table S2.

ALS GWAS data

The outcome GWAS was performed in 29,612 patients
with ALS and 122,656 controls; we used the summary
results conducted in European ancestry populations
(27,205 cases, 110,881 controls) [13]. Full data descrip-
tions are available in the original publications [13].

Mendelian randomization

The cis-eQTLs of druggable genes were used as IVs to
identify new drug targets in the MR analysis. Firstly, we
obtained the gene symbol for all genes and filtered out
pseudogenes. Secondly, we matched the transcription
start site (TSS) location for each gene symbol and only
included the SNPs within the + 100 kb from TSS and the
FDR <0.05 [30]. In order to enhance result confidence, we
established various SNP selection criteria and selected
multiple eQTL datasets, the details can be found in the
Additional file 2. Thirdly, we overlap the remaining cis-
eQTLs in blood or brain tissue and the druggable gene
symbols list. SNPs were then clumped at r*<0.001 using
European samples from the 1000 Genomes Project in

Page 4 of 16

each cis-QTL as the IVs for MR. Lastly, we performed
MR analyses using the package “TwoSampleMR”
(https://mrcieu.github.io/TwoSampleMR/) via R version
4.1.1. We used inverse-variance weighted (IVW) MR for
IVs that contain more than one variant and Wald ratio
for only one IV. When there are more than two variants
included in the gene I'Vs, we conducted a sensitivity anal-
ysis using the MR-Egger and weighted median methods.
We identified significant MR results using an FDR value
threshold of FDR<0.05. In addition, the Steiger test was
used to verify the orientation.

Colocalization

Colocalization analysis was performed between each sig-
nificant blood and brain gene’s eQTL and ALS outcome
using the “coloc” package (https://github.com/clagiamba/
moloc). We used default priors: P,=10"% P,=107%
P,,=10"". P, P, and P,, are the prior probabilities that
a SNP in the tested region is significantly associated with
the expression of the tested gene, the tested ALS out-
come, or both, respectively. It calculates the posterior
probabilities of five optional assumptions: HO, not associ-
ated with any trait; H1, related to trait 1 but not to trait 2;
H2, related to trait 2 but not to trait 1; H3, two independ-
ent correlations signals, which do not correlate with each
other; H4, the common correlation signal of two traits.
Because the H4 modeling assumption indicates that both
traits are driven by the same causal variant, we prefer that
the H4 assumption holds. A PP4>0.75 threshold was set
to filter comparisons with high support for an association
with both traits [37].

Repurposing drug discovery and inclusion criteria

For the potential druggable genes that exhibited signifi-
cant colocalization with ALS GWAS signals in MR analy-
sis, we conducted a gene-drug search using the ChEMBL
(www.ebi.ac.uk), DrugBank Online (go.drugbank.com)
databases, and previous publications to identify potential
repurposing drugs that could act on druggable gene tar-
gets from MR and colocalization analysis. The obtained
candidates then went through three inclusion criteria
filtration: Level I: Drugs with specific actions; Level II:
Drugs with safety and efficacy; and Level III: Drugs with
ethical approval and proven therapeutic effectiveness.
Among them, drugs passed all three levels of selection
were prioritized for drug repurposing tests.

Phenome-wide MR

To predict drug safety and risk for on-target adverse
effects, phenome-wide MR analysis was conducted to
systematically infer the causal effects of the expression of
prior druggable genes on 783 non-ALS disease traits in
the European ancestry population from the UK Biobank
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[38]. Summary statistics of disease-associated SNPs were
downloaded from the SAIGE GWAS (https://www.leela
bsg.org/resources).

Reagents and antibodies

Products from the following vendors were used as
reagents: MSA-2 (MedChemExpress, catalog no.
HY-136927); phorbol-12-myristate-13-acetate (PMA)
(Beyotime, catalog no. S1819); fostamatinib (Med-
ChemExpress, catalog no. HY-13038A); and amlexanox
(MedChemExpress, catalog no. HY-B0713). In addi-
tion, antibodies from the following manufacturers were
used: TBK1 (Beyotime, catalog no. AF8103); p-TBK1
(Cell Signaling Technology, catalog no. 5483 T); p-p65
(Cell Signaling Technology, catalog no. 3303 T); p-IRF3
(Cell Signaling Technology, catalog no. 29047S); TDP-
43 (HUABIO, catalog no. ET1703-74); SOD1 (HUABIO,
catalog no. ET1702-36); B-actin (Cell Signaling Technol-
ogy, catalog no. 3700S); STING (Proteintech, catalog no.
19851-1-AP); cGAS (HUABIO, catalog no. HA500023);
p-SYK (Cell Signaling Technology, catalog no. 2710S);
Flag (Beyotime, catalog no. AF2852); IKK epsilon (Zen-
bio, catalog no. R382375); IRF3 (HUABIO, catalog no.
ET1612-14); and NF-kB p65 (HUABIO, catalog no.
ET1603-12).

Cell culture and treatments

The growth medium for mouse neuronal cell line NSC-
34 cells was composed of Dulbecco’s modified Eagle’s
medium (DMEM) (Gibco, catalog no. 11965092) supple-
mented with 10% fetal bovine serum (FBS) (Gibco, cata-
log no. 10270-106) and 1% penicillin—streptomycin (PS)
(Gibco, catalog no. 15140-122). For cultivating THP-1
cells, we used RPMI-1640 medium containing 10% FBS,
1% PS, and 0.05 mM (B-mercaptoethanol.

THP-1 cells underwent initial treatment with 100 ng/
mL PMA for 48 h, facilitating their transformation into
adherent macrophages. Subsequently, these cells were
pre-treated with either 10-20 pM R788 or 100-200 uM
AMX for 4 h, prior to stimulation with 20 uM MSA-2 for
1 h, which elicited p-TBK1 expression. After that, pro-
tein expression levels were evaluated employing West-
ern blotting. However, the drug treatment method was
slightly modified for cells undergoing RT-qPCR experi-
ments. Cells were initially pre-treated with either R788 or
AMX for 1 h, followed by a 6-h induction with MSA-2.

Establishment of stable cell lines through lentiviral
transduction

Third-generation lentiviral constructs, encompassing
pLVX-TRE3G-teton-puro (vector), human TDP-43%7T,
and its mutant TDP43¥3K as well as human SOD1WT
and its mutant SOD19%A, were utilized for lentivirus

Page 5 of 16

production, following established procedures. HEK293T
cells underwent transient transfection with the target
plasmid, pAX plasmid, and pMD plasmid, employing PEI
diluted in serum-free DMEM medium to generate len-
tiviral particles. After a 48-h incubation, the cell culture
supernatant was harvested and centrifuged at 4000 rpm,
at 4 °C, for 4 min. NSC-34 cells were exposed to lentivi-
ral particles bearing either GFP as a control or the target
plasmid in the presence of polybrene (1000 Xx). Post 48-h
infection, transduced cells were subjected to antibiotic
selection using puromycin, facilitating the creation of sta-
ble cell lines featuring doxycycline-inducible 3 X FLAG-
tagged TDP-43 or 1 X FLAG-tagged SOD1.

Plasmid constructs and transfection

Site-directed mutagenesis was conducted to obtain
pLenti-TRE-gene-CBH-Tet-On@3G-Flag-TARDBP
Q331K using the Q5 Site-Directed Mutagenesis Kit (New
England Biolabs, catalog no. E0554) and specifically
designed primers (Additional file 1: Table S3). The suc-
cessful introduction of point mutations was confirmed
via Sanger sequencing.

By the manufacturer’s guidelines for transfection rea-
gents, target plasmids were introduced into NSC-34 cells
using Lipofectamine 3000 (Life Technologies) for 48 h.
Cells were subsequently collected for Western blotting
and RT-qPCR analyses.

Cytotoxicity test: CCK-8 assay

By the manufacturer’s instructions, cell toxicity was eval-
uated using the Cell Counting Kit-8 (Cellcook Biotech,
catalog no. CT01A). THP-1 cells were initially seeded in
a 96-well plate and subjected to 100 ng/mL PMA treat-
ment for 48 h, facilitating their transformation into
adherent macrophages. Next, cells were treated with
either 50-200 uM AMX or 1.25-20 pM R788 for 5 h,
employing DMSO as a negative control. Subsequently,
10 pL of CCK-8 solution was added to each well, with a
1-h incubation period at 37 °C. Ultimately, a microplate
reader (Thermo Fisher Scientific) was utilized to measure
cell absorbance at 450 nm.

Western blotting

Total protein extracts designated for Western blotting
analysis were obtained from cell homogenates using
RIPA Lysis and Extraction Buffer (Thermo Scientific,
catalog no. 89900), supplemented with freshly added
protease and phosphatase inhibitor single-use cocktails
(Thermo Scientific, catalog no. 1861280). Equal con-
centrations of each protein sample were subjected to
8-12% sodium dodecyl sulfate—polyacrylamide gel elec-
trophoresis (SDS-PAGE). The separated proteins were
then transferred onto polyvinylidene difluoride (PVDF)
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membranes and blocked for 20 min using a protein-free
rapid-blocking buffer (Shanghai Little Jumping Frog Bio-
technology, catalog no. BD307L). The membranes were
incubated overnight at 4 °C with primary antibodies and
subsequently washed five times with Tris-buffered saline
containing 0.1% Tween 20 detergent (TBST). Following
this, membranes were incubated for 1 h with horseradish
peroxidase-conjugated secondary antibodies (Beyotime,
catalog no. A0216), (Beyotime, catalog no. A0208). After
an additional five 10-min washes with TBST, protein
bands were detected using the ChemiDoc Touch Imaging
System (BioRad).

Quantitative real-time PCR

In accordance with the manufacturer’s instructions,
total RNA from cells was isolated using TRIzol Reagent
(Ambion, catalog no. 15596026), and the extracted RNA
was reverse-transcribed into cDNA using the HiScript
I All-in-one RT SuperMix for qPCR (Vazyme, catalog
no. R333). Following the manufacturer’s protocol, quan-
titative real-time PCR was performed on a QuantStudio
7 Real-Time PCR System (Thermo Fisher Scientific) with
ChamQ SYBR qPCR Master Mix (Vazyme, catalog no.
R311). GAPDH served as an internal control, and the 2~
AACt method was employed to analyze relative changes in
gene expression. All primer sequences used in this study
can be found in Additional file 1: Table S3.

Quantification and statistical analysis

All experiments were executed with at least three techni-
cal replicates, and the data are generally expressed as the
mean + SEM. For statistical evaluation, either Student’s
t-test (2 groups) or one-way or two-way ANOVA was
employed, followed by subsequent analysis using Graph-
Pad Prism 9. Significance thresholds are indicated as:
*p <0.05; **p <0.01; ***p <0.001; and ns (not significant).

Results

Genetic instrument variants selection

After overlapping the significant cis-eQTL and the list
of druggable gene symbols, we obtained 2347 blood-
derived and 1679 brain-derived druggable genes
(Fig. 1A). According to the selection criterion of instru-
ment variants, in discovery analysis, a total of 1601 SNPs
for 1125 blood-druggable genes and 693 SNPs for 648
brain-druggable genes were used as IVs for further MR
analysis (Additional file 1: Table S4-5). To enhance result
confidence from the discovery analysis, the different sets
of SNPs as IVs based on the various additional selection
criteria and multiple eQTL datasets were shown in the
Additional file 3.
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MR analysis between gene expression and ALS outcomes
Using a significance threshold of SNPs located
within £ 100 kb of the TSS and meeting the FDR<0.05,
we found eight unique potential druggable targets
(TNFSF13, CD68, TNFSFI12, TBK1, RESP18, GDF9,
PTPRN, and GPX3) in the blood and brain (Fig. 1B “Men-
delian randomization” section). Particularly in the blood,
MR analysis results showed that TNFSFI13 and CD68
were associated with reduced ALS risk (TNFSF13: OR
0.45, 95% CI 0.32-0.64; CD68: OR 0.38, 95% CI 0.24—
0.58), while TNFSF12, TBK1, and GPX3 were associated
with increased ALS risk (TNFSFI2: OR 1.36, 95% CI
1.19-1.56; TBK1: OR 1.30, 95% CI 1.19-1.42; GPX3: OR
1.28, 95% CI 1.15-1.43) (Additional file 1: Table S4).

In the brain, RESPI8 expression was associated with
a higher risk of ALS (OR 1.30; 95% CI 1.19-1.42), while
GDF9, PTPRN, and GPX3 were associated with lower
risks of ALS (GDF9: OR 0.77, 95% CI 0.67-0.88; PTRRN:
OR 0.17, 95% CI 0.08-0.34; GPX3: OR 0.57, 95% CI 0.48—
0.68) (Additional file 1: Table S5).

Most importantly, we validated the above results using
different SNP selection parameters and additional blood,
brain, and spinal databases, confirming the roles of
TBK1, TNFSF12, RESP18, and GPX3 in ALS (Additional
file 1: Table S4-6, Additional file 3). We summarized the
list of the potentially druggable genes (Additional file 1:
Table S7) and drew figures based on the MR of these
genes (Fig. 2).

The PhenoScanner’s results revealed that 15 blood
SNPs (rs4075482, rs11030014, rs115799091, rs11642612,
1rs12961563, rs1475974, rs17771137, rs34587452, rs3772704,
rs4705849, rs57311037, rs6060266, rs6494672, rs6544039,
and rs9487064) and 11 brain SNPs (rs112366001, rs1131017,
rs116678101, rs236650, rs6457788, rs677, rs74400203,
1rs7557796, rs79113395, rs823114, and rs942650) were cor-
related with confounding factors. After excluding these
SNPs and reapplying MR analysis, the list of potential ALS
druggable genes remained unchanged.

By analyzing in GTEx whether the IVs corresponding
to causal genes have an impact on the expression of other
genes, we did not observe any effects of TBKI’s IV on
other genes. However, IV associated with the TNFSFI2
was found to influence the expression of multiple genes,
including ATP1B2, CHRNBI1, EIF4A1, FGF11, POLR2A,
SAT2, SENP3, TNFSF13, and ZBTB4. Additionally, the
IV of GPX3 was discovered to affect the expression of
TNIP1, while IV related to RESP18 was able to influence
the expression of AC053503.12, AC053503.4, GLBIL,
PTPRN, and ZFAND2B.

Additionally, the MR analysis results show that gene
IVs containing more than 2 SNPs exist only in the blood
(data from eQTLGen), and we conducted sensitiv-
ity analysis on these genes. Sensitivity analysis results
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Fig.2 MR and colocalization results of potentially druggable genes. The forest plot displays the results of potential druggable genes under different
MR parameters. The bar charts illustrate the colocalization results for each potential druggable gene. Results are color-coded according to tissue

(blue=blood, red =brain tissue). FDR false discovery rate, OR odds ratio

indicate that all genes with more than 2 SNPs passed the
tests in MR-Egger and weighted median methods, except
for STK32C, PXDN, PAM, CD93, and SIRPBI (P<0.05)
(Additional file 1: Table S8).

Colocalization result

We performed colocalization analysis of significant genes
obtained from the MR analysis and ALS GWAS signals
(Fig. 1B “Colocalization” section) and then found a list
of genes which was colocalized with the GWAS variants
with high support (PP, >0.75). There is determined colo-
calization for two significant genes in the blood (TBKI
and TNFSF12) and two in the brain (RESP18 and GPX3)
(Fig. 2). The results of colocalization analysis for all eight
potential druggable genes are summarized in Additional
file 1: Table S9-10.

Discovery of repurposed drugs

To further identify potential repurposing opportuni-
ties to informed trials of ALS patients, we searched
ChEMBL, DrugBank Online, and previous publication
[39]. As a result, we obtained five drugs acting on three
ALS-related gene targets, including TBKI1, TNFSF12,
and GPX3, respectively (Table 1). Based on our inclu-
sion criteria, the candidate drugs were categorized into
three strata: glutathione is a tripeptide that participates

in various physiological and pathological conditions
[40]. While glutathione may antagonize the neuro-oxi-
dative stress response caused by GPX3 deficiency [41],
we excluded this chemical from the primary selection
(Level I) due to its broad spectrum of action. BIIB023
and RG7212 are both anti-TNFSF12 antibodies to
potentially regulate inflammatory processes in neurons
and tumor tissues [42, 43], with ongoing clinical inves-
tigations (ClinicalTrials.gov identifier NCT01407406
for BIIB023 and NCT01383733 for RG7212). Due to the
uncertain safety and efficacy, these two biologics failed
to pass the Level II selection. AMX is an FDA-approved
TBK1 inhibitor [39], while R788 is a FDA-approved
SYK inhibitor showing high affinity with TBK1 [44].
They were considered to meet the ethical recognition
and effectiveness, which made them pass the Level III
selection (Fig. 1B "Repurposing Drugs discovery” and
"inclusion criteria" sections).

Identification of AMX and R788 as promising inhibitors
targeting TBK1

It has been published that AMX binds to the hinge region
of TBK1 to play a crucial role in mediating the enzymatic
activities of TBK1 and IKKe (Additional file 4: Fig S1A,
S1B) [45, 46]. We employed a cellular thermal shift assay
(CETSA) to investigate the impact of these two chemicals
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Table 1 Three druggable gene targets of ALS and five existing drugs identified for drugs repurposing application. Tier 1 contains
the objectives of the approved drug and clinical drug, tier 2 contains incorporated proteins closely related to drug targets or with
associated drug-like compounds, and tier 3 contains incorporated extracellular proteins and members of key drug-target families [8].

All information on medications is from ChEMBL and DrugBank Online

Gene  Target Tier of Tissue Drugname Target ChREMBL Actiontype Max clinical Indication
druggable ID phase
genes
TBK1 TANK-binding Tier 1 Blood Fostamatinib  CHEMBL2103830 Inhibitor Approved Immune thrombo-
kinase 1 cytopenic
purpura
Amlexanox  NA Inhibitor Approved Aphthous ulcers
TNFSF12  Tumor necrosis  Tier 1 Blood BIIB-023 CHEMBL2109598  Antibody 2 Lupus nephritis;
factor (ligand) rheumatoid
superfamily, arthritis
member 12 RG-7212 CHEMBL2109600  Antibody Neoplasms
GPX3 Glutathione Tier 1 Blood and brain  Glutathione  CHEMBL1543 Cofactor 3 Cystic fibrosis;
peroxidase 3 reperfusion injury;
(plasma) pancreatic neo-

plasms; Parkinson
disease; breast
neoplasms; pain;
peripheral nervous
system diseases;
Persian Gulf Syn-
drome

on TBK1 thermal stability. The result showed that in
comparison to the vehicle control, the influence of AMX
on the thermal stability of TBK1 in NSC-34 cell lysates
exhibited moderate differences within the temperature
range of 37-60 °C (Additional file 4: Fig S1C).

Known as a SYK inhibitor, R788 and its active com-
pound R406 have been confirmed to interact with a range
of protein kinase targets, including TBK1 by multiple
pharmacological analyses [47]. Online databases includ-
ing Lincs (https://lincs.hms.harvard.edu), DrugBank, and
BindingDB (https://www.bindingdb.org/rwd/bind/index.
jsp) demonstrated R406 possess a strong affinity to TBK1
(Kd= ~22 nM), which was comparable to SYK binding
affinity (Kd= ~19 nM) (Fig. 3A). The published co-crys-
tal structure revealed that R406 was embedded within
the SYK kinase domain and occupied the ATP-binding
pocket. It formed two hydrogen bonds with hinge resi-
due Ala451 and aromatic CH-O interactions with the
Glu449 backbone carbonyl group (Fig. 3B) [48]. Notably,
all above drug-interacting residues shared similarities in
the key amino acids presented in the ATP pockets and
ATP-binding regions of TBK1.

R788 undergoes rapid conversion to R406 in vivo [47],
while its metabolic process in cellular experiments is
unknown. Therefore, we conducted separate molecu-
lar docking simulations to investigate the interactions
between TBK1 and each chemical. Our data showed
both chemicals well fit into TBK1 kinase domain, where

the free energies were—9.4 kcal/mol and—8.9 kcal/
mol, respectively (Fig. 3C-D). Notably, R406 formed
hydrophobic interactions with six amino acid residues
of TBKI, five of which (Ser93, Leul5, Gly139, Asn140,
Aspl157) were found to be located within the annotated
ATP-binding site or ATP-pocket (Fig. 3E). On the other
hand, the predicted R788-TBK1 interactions shows
hydrogen bonds (with Ser93, Thr96, Leul5, Gly18, Ala21,
Aspl157, Thrl56, Lys137), hydrophobic interactions
(with Lys137, Asp157), halogen bond (with Thr156), and
salt bridge (with Lys38). Among them, six amino acids
(Ser93, Leul5, Gly18, Ala21, Lys38, Asp157) were located
in the same motif (Fig. 3E). These findings indicated the
high interacting affinities between TBK1 and R788 or
R406, albeit no obvious thermal stability change of TBK1
upon R788 administration was seen in the CETSA assay
(Additional file 4: Fig S1D).

R788 and AMX inhibited MSA-2-induced cGAS/STING
activation

MSA-2 is known as a non-nucleotide STING agonist
binding to STING [49]. It stimulates cGAS/STING
pathway via the TBK1/IRF3 axis as well as the IKKe/
NF-xB axis (depicted in Fig. 4A) [49]. CCK-8 results
presented slightly increased cytotoxicity in a concen-
tration-dependent manner upon the administration
of R788 (1.25-20 uM) or AMX (50-200 uM) (Fig. 4B—
C). We then applied the safety concentrations in the
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Target Ligand Affinity Data References
1C50: 0.85uM
Serinelthreonine-protein Assay Description: Inhibition of human TBK1
kinase TBK1 " expressed using myelin basic protein as https://www.bindingdb.org
(Homo sapiens) (AMX) | substrate in presence of [gamma-33P]-ATP by
radiometric kinase assay.
L 1C50: 5.13uM
Lr;h'bg?é T!i:::ele:ur;zf\:?r Assay Description: Inhibition of human
i IKKepsilon expressed using myelin basic https://www.bindingdb.org
(,ﬁomo sapiens) (AMX) | protein as substrate in presence of [gamma-
P! 33P]-ATP by radiometric kinase assay.
Tyrosine-protein kinase .. Kd: 19nM
SYK 1 Assay Description: Binding constant for SYK . —
{Homo saplens) Wy vy e (R406) Kinase domain https://www.bindingdb.org
Serine/threonine-protein Kd: 22/23nM R406-SYK (PDB: 3FQS)
kinase TBK1 /- (R406) | Assay Description: Binding constant for TBK1 | DOI: 10.1002/prp2.175
(Homo sapiens) LS A A kinase domain https://www.bindingdb.org
Tyrosine-protein kinase Lck Kd: 30nM
(Homo sapiens) [~ (R406) | Assay Description: Binding constant for LCK https://www.bindingdb.org
L kinase domain
Vappa.5 kinase subot . Kd: dan
PP: "/~ (R406) | Assay Description: Binding constant for IKKe | DOI: 10.1002/prp2.175
epsilon e kinase domain
(Homo sapiens)
Tyrosine-protein kinase Wi 30nM
o/ (RA0B) | o= R htps:/www.bindingdb.org
(Homo sapiens) XL Assay Description: Inhibition of SYK
Tyrosine-protein kinase Kd: 12nM
sy | HAAAEELL (R788) | Assay Description: Binding constant for SYK )
(Homo sapiens) kinase domain hitps://go.drugbank.com
Tyrosine-protein kinase . fsssg: 107:sl\zri tion: Inhibition of human
SYK o (R788) ly Desorp fon: ; " i | hitps//www.bindingdb.org ) .
" - recombinant SYK after 10 mins by scintillation R406-TBK1 interaction
(Homo sapiens) counting analysis
(free energy -9.4kcal/mol)
SYKKD(P347-0635) VYESPYADPEEIRPKEVYLDRKLLTLEDKELGSGNFGTVKKGYYQMKKVVKTVAVKILKNEANDPALKDE 70
TBKI KDP1-P310) === === - = = MQSTSNHLWLLSDI------~ GQGATANVFRG- -RHKKTGDLFATKVF-NNISFLRPVDV 51
NN NN
SYKKD(P347-p635) LLAEANVMQQLDNPYIVRMIGICEAES - - WML MERAETCHT NCYLQQNRH- - -VKDKNITELVHQVSM 134
TBK1 KD(P1-P310) QMREFEVLKKLNHKNIVKLFAIEEETTTRHKVLIMEFCPCGSLYTVLEEPSNAYGLPESEFLIVLRDVVG 121 1 :I::m‘““
‘A N RA0B - SYK bindingses
GHKYL ARRNVLLVT- - - -QHYAKTSOF GLSKALRADENYYKAQTHGKW-PVKWYAPECT - 108 . Koo ToK1 badngsies
TBK1 KD(P1-P310) GMNHLRENGIVHRDIKPGNIMRVIGEDGQSVYKLTDFGAARELEDDEQFVSLYGTEEYLHPDMYERAVLR 191  * R406-TBK1 binding stes

R788-TBK1 interaction
(free energy -8.9kcal/mol)

Fig. 3 TBK1 was identified as the binding target of FDA-approved drugs. A A summary of the published TBK1 binding affinity measurements

of AMX, R406, and R788. B The global (left) and local (right) schematics illustrate the interaction between R406 and SYK by co-crystal structure
(PDB: 3FQS) [48]. € Molecular docking model showing the global (left) and local (right) interactions between R406 and TBK1 (PDB: 4IM0) (predicted
free energy:—9.4 kcal/mol) (hydrogen bonds were depicted by solid blue line). D Molecular docking model showing the global (left) and local
(right) interactions between R788 and TBK1 (PDB: 4IM0) (predicted free energy:—8.9 kcal/mol) (hydrogen bonds were depicted by solid blue line,
hydrophobic interactions were depicted by black dash lines, halogen bonds were depicted by solid green lines, and salt bridges were depicted

by yellow dash lines). E The amino acid sequence comparison between SYK and TBK1 kinase domains

following assays accordingly. THP-1 cells were pre-
treated with R788 or AMX for 4 h before stimulation
with MSA-2 (Fig. 1C), and Western blotting revealed
that R788 significantly inhibited the levels of phospho-
rylated TBK1 (p-TBK1) and IRF3 (p-IRF3), with no
effect on p65 phosphorylation (p-p65), indicating the
specific inhibition on TBK1 within TBK1/IRF3 signal-
ing pathway. In contrast, AMX reduced the levels of
both p-p65 and p-IRF3 while further enhancing TBK1
phosphorylation (Fig. 4D-F). This finding was in line
with previously published data showing the dual speci-
ficity of AMX targeting both TBK1 and IKKe, leading
to negative feedback on TBK1 phosphorylation at the
Ser172 [50]. Additionally, our WB results showed that
the total protein expression levels of p65, IRF3, and
IKKe remained unchanged (Fig. S2A). By quantify-
ing the expression of downstream pro-inflammatory
genes, we found that induction of IFNB, TNFA, and
IL-6 could be effectively inhibited by R788 (Fig. 4G-I).
Moreover, AMX also effectively reduced the levels of

IFNB and IL-6 (Fig. 4], L), but failed to inhibit TNFA
expression, probably due to the very marginal response
of this cytokine gene in MSA-2 stimulated THP-1 cells
(Fig. 4K, Additional file 4: Fig S2B) [51].

R788 and AMX inhibited cGAS/STING signaling mediated
by ALS-related toxic proteins

Recent research has unveiled ¢cGAS/STING-dependent
neuroinflammation in SOD1 and TDP43-related ALS
pathogenesis triggered by the mtDNA release [52]. We
then conducted a transient transfection assay in NSC-
34 cells, using control plasmids (GFP) as well as wild-
type (TDP43 WT, SOD1 WT) and mutant (TDP43
Q331K, SOD1 G93A) plasmids (Fig. 1D). We observed
that the plasmid transfection per se triggered the TBK1
phosphorylation due to basal ¢cGAS/STING response
to the plasmid DNA occurring in the cytosol. In addi-
tion, a further increase of p-TBK1 was also observed in
the group transfected with SOD1 and TDP43-related
plasmids, which confirmed the induction of p-TBK1 by
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Fig. 4 The cGAS-STING pathway activation induced by MSA-2 is suppressed by R788 and AMX. A The schematics of signaling interactions
between R788/AMX and the cGAS-STING pathway. B-C CCK-8 assay showed the cytotoxicities of R788 and AMX with increased dosages. D
Western blotting analysis of p-p65, p-IRF3, and p-TBK1 from THP-1 cells subjected to MSA-2 stimulation and treated with R788 (10-20 uM) or AMX
(100-200 pM). The qualification of p-TBK1 (E) and p-p65 (F) when normalized with B-actin. G-L RT-gPCR showed the relative levels (normalized
with GAPDH) of IFNB, TNFA, and IL6 from THP-1 cells treated with R788 (10 uM) or AMX (200 uM)
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Fig. 5 R788 and AMX suppressed cGAS/STING-dependent pro-inflammatory signaling induced by TDP-43/SOD1. A Western blotting
analyzed the levels of transiently transfected ALS toxic proteins and p-TBK1 in NSC-34 cells. BWB analysis of p-TBK1, p-p65, and p-IRF3

in doxycycline-inducible TDP43/Q331K NSC-34 cells. C-H RT-gPCR showed the relative levels (normalized with GAPDH) of IFNB, TNFA, and IL6
from NSC-34 cells treated with R788 (10 uM) or AMX (200 uM)

ALS-toxic proteins (Fig. 5A). Furthermore, we applied result showed that the p-TBK1 and p-IRF3 were signifi-
a doxycycline-inducible system to express TDP43 and cantly inhibited by R788 in this system (Fig. 5B). We also
Q331K mutant plasmids within NSC-34 cells. The observed decreased p-p65 and p-IRF3 in AMX-treated
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groups, where p-TBK1 was intact (Fig. 5B). Further-
more, the total protein expression levels of p65, IRF3, and
IKKe remained unchanged (Additional file 4: Fig S2C).
This finding was consistent with the reported dual-spec-
ificity in inhibiting both TBK1 and IKKe (Fig. 4D) [46].
Moreover, RT-qPCR data demonstrated that R788 and
AMX inhibited the expression of the most downstream
cGAS/STING effectors we tested in NSC-34 cells overly
expressing TDP-43 WT/Q331K or SOD1 WT/G93A
(Fig. 5C-F, H). Obvious inhibition of TNFA expression
upon AMX was only seen in TDP43 Q331K mutant, per-
haps due to the insignificant gene expression differences
in other transfectants (Fig. 5G). As for the cellular model
of another major ALS-related gene, qPCR results showed
that R788 inhibited the expression of IFNB, TNFA, and
IL-6 in NSC-34 cells overexpressing C9orf72 GA50/PA50
[53], while AMX only inhibited the expression of IFNB
(Additional file 4: Fig S2D-2F) [54—57]. To this end, our
findings suggested potential protective effects of R788
and AMX against certain ALS-related neuroinflamma-
tion subtypes.

Phenome-wide MR analysis of ALS prior druggable genes
Because most drugs function through blood circulation,
we assessed whether the TBK1-targeted drugs in the
blood have beneficial or deleterious effects on other indi-
cations. A broader MR screening of 783 non-ALS dis-
eases or traits in the UK Biobank (SAIGE v.0.29) showed
no significant association was identified (FDR<0.05)
using the Wald ratio method, indicating these drugs
are safe or with few side effects. The summary results
are presented in Additional file 4: Fig S3 and Additional
file 1: Table S11.

Discussion

Currently, there is no established therapeutic approach
for ALS that is proven to possess high efficacy across
major patient populations. By integrating large-scale
GWAS data with the druggable genome, we investigated
more than 4000 potential gene targets to yield TNFSF13,
CD68, TNFSF12, TBK1, RESP18, GDF9, PTPRN, and
GPX3 target loci via systematic MR. TBKI, TNFSFI12,
RESPI18, and GPX3 were then validated in the colocali-
zation analysis. Further repurposing drug discovery and
pharmacological verification analyses were applied to
identify TBKI as a promising repurposing drug target
for ALS treatment. Although we regard TBKI as one of
the most promising targets for the treatment of ALS, it is
essential to emphasize the significant value of TNFSF12,
RESP18, and GPX3 in ALS drug research as well. Future
studies should also focus on the interactions between
these genes and others to gain a deeper understanding of
their roles in the disease mechanism.
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Among the abovementioned genes, TBKI encodes a
multimeric kinase regulating various biological processes
[58] and serves as a known FDA-approved drug target
in treating rheumatoid arthritis and multiple sclerosis
[59]. Recently, several studies with large human genetic
samples have suggested the multi-faceted roles of TBKI
mutations in the pathogenesis of ALS [60—62]. In genetic
results, TBKI haploinsufficiency has been found to dis-
rupt motor neuron autophagy, enhance mutated SOD1
protein accumulation, and promote ALS-like phenotypes
in transgenic mouse models [63]. Meanwhile, researchers
have also highlighted the bi-directional roles of TBK1 in
the context of the SOD1** ALS mouse model. Gerbino
et al. indicated that diminished TBK1 function by point
mutation, as well as in SOD1%%*4/TBK1 ¢KO (conditional
TBK1 deletion in motor neurons) mice, promoted disease
progression during the early stages but impeded it in later
stages [26]. Similar research revealed that SOD1%4/
TBK1* mice carrying TBK1 heterozygous deletion dis-
played clinical symptoms earlier; however, decelerated
disease progression and elevated survival rate [64]. TBK1
acts as an adaptor protein downstream of STING, leading
to an augmentation of neuroinflammation via IRF3/IFNB
axis [25]. The canonical cGAS/STING signaling is acti-
vated upon the presence of foreign DNA in the cytosol,
such as that derived from invading bacteria or viruses or
leaked self-DNA from the nucleus or mitochondria under
pathological conditions [65]. In certain pathological con-
ditions, the excessive TBK1 abundance might be associ-
ated with over-activated signaling. Clark et al. observed
increased TBK1 protein level paralleled with elevated
phosphorylation, which was partially due to intermolec-
ular autophosphorylation [66]. The other study has also
reported that overexpression of TBK1 in zebrafish could
induce IRF3 phosphorylation [67]. Our MR analysis iden-
tified increased TBK1 expression in ALS patients, which
may possess over-activated signal transductions. It has
been demonstrated that in SOD1/TDP43-associated ALS
mice models, the accumulation of toxic SOD1 or TDP43
proteins mislocated in mitochondria was found to trig-
ger the release of mtDNA and RNA:DNA hybrids into
the cytosol [52]. These two ALS-related toxic genes and
their gain-of-function mutants were found to efficiently
stimulate the cGAS/STING pathway through both the
TBK1/IRF3 and the IKKe/NF-kB axes leading to the sub-
sequent activated expression of inflammatory cytokines.
Particularly, in a Prp-TDP-43"8" ALS mouse model, the
disease was mitigated through genetic deletion or phar-
macological inhibition of STING [25]. Therefore, target-
ing the pro-inflammatory effects of STING activation
using specific inhibitors represents a promising thera-
peutic approach to impede the progression of ALS. A
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rising number of inhibitors targeting the cGAS/STING
pathway have been reported [68].

Compared to innovating novel drugs, repurposing
approved drugs for new indications has been demon-
strated as a low time—cost and less investment strategy
with an improved success rate [69]. For example, met-
formin has been proven to enhance prognosis in patients
with non-diabetic heart failure [70, 71]. In addition, the
kinase drug repurposing and novel target discovery have
also been widely investigated. For example, imatinib, an
FDA-approved ABL kinase inhibitor for chronic myeloid
leukemia (CML), was later discovered to effectively treat
advanced gastrointestinal stromal tumors by inhibiting
KIT kinase [72, 73]. The aurora kinase inhibitor toza-
sertib has also been successfully used to treat CML-
bearing ABL1 kinase mutant (T315I) [74]. Based on
Mendelian randomization analysis and previous reports,
our drug repurposing analysis on FDA-approved drugs
identified the dual-specificity inhibitor AMX known to
block TBK1 and IKKe enzymatic activities [75], which
is utilized in several ongoing clinic trials [76, 77]. Our
in vitro data suggested that AMX efficiently inhibited
the IRF3/p65 phosphorylation induced by either cGAS/
STING agonist MSA-2 or overexpression of ALS toxic
proteins. These effects resulted in the attenuation of
downstream pro-inflammatory gene expression (Fig. 4D,
J-L).

Furthermore, polypharmacological effects are com-
monly observed in kinase inhibitor developments due
to structural and functional conservation across ATP
binding sites, which may have advantageous or detri-
mental consequences for their clinical applications [78].
Klaeger et al. showed that the FDA-approved MET/
VEGER inhibitor, cabozantinib, effectively inhibited the
tyrosine kinase fusion product FLT3-ITD to potentially
cure acute myeloid leukemia [78, 79]. As a known SYK
inhibitor, R788 has been widely used in autoimmune dis-
eases such as rheumatoid arthritis lymphoma [80] and
immune thrombocytopenic purpura [81]. In the current
study, we found a significant binding affinity of its active
form R406 to TBK1 in serval independent online data-
bases (Kd= ~22 nM) (Lincs, DrugBank, and BindingDB)
[47]. The molecular docking results suggested that both
R788 and R406 were predicted to be located within the
ATP-binding site or ATP-pocket of TBK1, with mostly
overlapped interactions shown in the published R406/
SYK co-crystal structure (Fig. 3B—D). Our in vitro results
showed that R788 effectively inhibited the rise in TBK1/
IRF3 phosphorylation levels induced by either cGAS/
STING agonist MSA-2 or overexpression of ALS toxic
proteins, resulting in the dampened pro-inflammatory
gene expression (Fig. 4D, G-I). To this end, the repurpos-
ing potential of R788 on TBK1 has been demonstrated
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feasible by both bio-informative and pharmacological
validations. Collectively, the results from in vitro findings
and interaction analysis suggested that AMX and R788
might be utilized to suppress cGAS/STING-mediated
neuroinflammation, thereby potentially treating ALS
subtypes particularly related to overexpressed SODI,
TDP43, and their derivatives, respectively. Overall, by
applying druggable genome-wide MR and pharmacologi-
cal verification in vitro, we affirmed the promising appli-
cation of AMX and R788 for repurposing uses in ALS.
Because AMX and R788 have been approved for market-
ing by the FDA, their efficacy, safety, and adverse effects
have been confirmed, while the expected benefit of con-
ducting clinical trials is high.

In addition, we also identified that targets on TNFSF12
and GPX3 had potential protective roles in ALS. As we
have discovered that TNFSFI12 overexpression have a
potential risk for ALS, MR and colocalization results
strongly suggested that this gene could be a promising
drug target for ALS. Studies have shown that TNFSF12
and its associated factor, fibroblast growth factor-induc-
ible type 14 (Fnl4), is an emerging apoptosis inducer
to play an important role in the pathogenesis of muscle
atrophy [19], which has also been validated in mouse
models and clinical cohorts [82—84]. We searched both
ChEMBL and DrugBank Online for drugs that are cur-
rently in clinical trials to inhibit TNFSFI2 expression
and ultimately identified two drugs: BIIB-023 (ChEMBL
ID: CHEMBL2109598) and RG7212 (ChEMBL ID:
CHEMBL2109600). BIIB023, a humanized anti-TNFSF12
monoclonal IgG1 antibody, is currently in clinical trials
for rheumatoid arthritis and has a favorable safety and
tolerability profile [42]. RG7212, a fully humanized IgG1x
monoclonal antibody that attenuates the binding of Fn14
to TNESF12, has been shown to inhibit tumor growth in
multiple in vivo models, including renal, breast, and pan-
creatic cancers [85, 86]. We speculated that RG7212 and
BIIB-023 might improve muscle atrophy in ALS patients
through the TNFSF12 pathway, ultimately delaying dis-
ease progression. However, due to the uncertain safety
and efficacy of RG7212 and BIIB-023, we have not prior-
itized them as top drug repurposing and have not con-
ducted pharmacological research on them.

GPX3 gene was found as the unique gene altered in
both ALS blood and brain samples. GPX3 is abundantly
present in neurons, the brain, blood plasma, and other
tissues. It has been reported to reduce oxidative stress
by detoxifying hydrogen and soluble lipid peroxides
catalyzed by reduced glutathione [21]. A recent study
suggested that GPX3 genetic alteration may play an
important role in the pathogenesis of ALS through reac-
tive oxygen species (ROS) [23]. Interestingly, the brain
eQTL results suggested that GPX3 expression reduced
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the risk of developing ALS, which was contrary to the
results in the blood, suggesting that GPX3 transcriptional
and translational regulations might not be coupled in dif-
ferent tissues. We searched both ChEMBL and DrugBank
Online with GPX3 as a target and identified glutathione
in documented clinical trial profiles. Glutathione binds
to other drugs to make them more soluble for excre-
tion, and it also serves as a cofactor for certain enzymes
involved in protein disulfide bond rearrangement and
reducing peroxide production [87]. Due to the molecular
characteristics and mechanism of action of glutathione, it
is better suited as a supplement rather than a unique ALS
treatment.

The strengths and innovations of our study include the
following. Firstly, our study employed druggable genome
MR to investigate potential drug targets and identify
repurposed drugs for ALS treatment. Secondly, we
meticulously selected multiple tissue datasets with the
largest sample size and rigorously conducted verifications
using various instrumental variable selection criteria,
thereby enhancing the credibility of our findings. Fur-
thermore, our study also validated partial findings from
previous research, such as TBKI [13], a druggable tar-
get identified in our study; however, it was not reported
as a prioritized drug target for ALS in other studies [23,
88-90]. Additionally, we have made novel discoveries by
identifying new druggable genes in blood samples, brain
tissue, and spinal cord (e.g., TNFSF12, TNFSF13, and
RESP18), which offer promising avenues for future inves-
tigation of ALS drugs.

Our study also has some limitations. Firstly, the results
of the MR method may have weak instrument bias, i.e.,
the degree of phenotypic variation explained by a single
genetic instrument is relatively limited, and the sample
size needs to be expanded to obtain sufficient precision.
Secondly, genetic associations for variants identified
through genome-wide association studies tend to be over-
estimated in the original discovery data set, also known as
“winner’s curse bias” [91]. Thirdly, we set a more stringent
7* value to sufficiently remove the linkage disequilibrium
to improve the accuracy of the study, which resulted in
only 1 SNP for all our positive results. Thus, our results
may suffer from a lack of statistical power but also possess
a small intrinsic bias. Furthermore, our data are derived
from European populations, which may lead to non-
applicability between races. Additionally, our MR analysis
was limited to selected known druggable genome eQTLs
and ALS GWAS, potentially excluding other potential
druggable genes from the analysis. Moreover, our analy-
sis of IVs was based on the set selection criteria, which
could introduce selection bias and result in false positive
or false negative deviations in this study. It is worth not-
ing that although our research relies on bulk tissue gene
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expression data, drug treatments may exert their effects
specifically on certain cell types or tissues. Therefore, it
is crucial to further investigate and address the heteroge-
neity of tissues and specific cell types. Lastly, it is crucial
to underscore that despite the evidence provided by MR
and pharmacological validation in cells, successful drug
application cannot be guaranteed due to potential dispari-
ties in gene expression data between diseased and healthy
states. Real-world applications may give rise to unex-
pected adverse effects or limited clinical benefits.

Conclusions

Using the druggable genome-wide MR approach, we
obtained four potential drug targets for ALS. Repurpos-
ing drug discovery found five drugs with repurposing
opportunities acting on TBKI, TNFSFI12, and GPX3,
respectively. After inclusion criteria filtration, we pri-
oritized two FDA-approved TBKI1 inhibiting chemicals
that act as repurposing drugs for treating certain ALS
subtypes and validated their efficacies by in vitro phar-
macological analyses. Our research provides new insights
into genetic-based drug development for ALS treatment,
which will offer potential for successful clinical trials.

Abbreviations

ALS Amyotrophic lateral sclerosis
AMX Amlexanox
CETSA Cellular thermal shift assay

cGAS Cyclic GMP-AMP synthase
cis-eQTL  Cis-Expression quantitative trait loci
IFN Type | interferon

VW Inverse-variance weighted
MR Mendelian randomization

PD Parkinson’s disease

PP3 Posterior probability for H3
p-TBK1 Phosphorylated TBK1

R788 Fostamatinib

SOD1 Superoxide dismutase 1
STING Stimulator of interferon genes
TBK1 TANK-binding kinase-1
TDP-43 TAR DNA-binding protein

TSS Transcription start site

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/512916-024-03314-1.

Additional file 1: Table S1-S11. Table S1. Strengthening the Reporting
of Observational Studies in Epidemiology using Mendelian Randomiza-
tion (STROBE-MR) checklist. Table S2. The details of eQTL used in the
study. Table S3. Primers used in gPCR experiments. Table S4. Mendelian
Randomization Analysis Results for Blood Gene Expression and ALS
Outcomes of SNPs under different criteria. Table S5. Mendelian Rand-
omization Analysis Results for Brain Gene Expression and ALS Outcomes
of SNPs under different criteria. Table S6. Mendelian Randomization
Analysis Results for Spinal cord Gene Expression and ALS Outcomes of
SNPs under different criteria. Table S7. Druggable genes associated with
ALS. Table S8. Sensitivity analyses by MR-Egger and weighted median
methods. Table S9. The results of colocalization analysis. Table $10. Wald
ratio approach supporting the expression of druggable genes significantly



https://doi.org/10.1186/s12916-024-03314-1
https://doi.org/10.1186/s12916-024-03314-1

Duan et al. BMC Medicine (2024) 22:96

associated with ALS risk. Table S11.The phenome-wide MR results of
blood TBK1 in IVW or Wald ratio method.

Additional file 2. Supplementary methods of confirmatory eQTLs data
and cellular thermal shift assay.

Additional file 3. Supplementary result of confirmatory MR analysis.

Additional file 4: Fig. S1-S3. Fig. S1. The molecular docking results of
AMX with TBK1. And the cellular thermal shift assay results for TBK1 and
AMX/R788. Fig. S2. Results for total protein expression levels of p65,

IRF3 and IKKe. And the RT-gPCR results for IFNB, TNFA, and IL-6 related to
C9orf72. Fig. $3. Results of the phenome-wide MR association analysis on
TBK1 expression for clinical outcomes in the UK Biobank.

Acknowledgements
The authors would like to thank the ALS patients in the included studies and
all the researchers of them.

Authors’ contributions

QQD and HW: conception, methodology, analysis, and writing of the manuscript.
WMS and XJG: methodology and analysis. XFS, JZ, and RYL methodology. MD,
QQD, ZJ, KFY, and WCC: validation. BC and GBL: discussed the final edition. YW
and YPC: conception, supervision, wrote, revised, and discussed the final edition.
All authors read and approved the final version of the manuscript.

Funding

This study was supported by the National Key Research and Development
Program of China (Grant no. 2022YFC2703101 to Y.PC), the National Natural
Science Fund of China (Grant no. 82371422 and Grant no. 81971188 to Y.PC),
the Science and Technology Bureau Fund of Sichuan Province (Grant no.
2021YFS0051 to YW and Grant no. 2023YFS0269 to Y.PC), the National Natural
Science Fund of Sichuan (Grant no. 2022NSFSC0749 to B.C), and the 1-3:5 pro-
ject for disciplines of excellence Clinical Research Fund, West China Hospital,
Sichuan University (Grant no. 2023HXFH032 to Y.PC)).

Availability of data and materials
All data is obtained from open access and the specific paths are provided in
this article.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
All authors approved the final manuscript and the submission to this journal.

Competing interests
The authors declare that there is no conflict of interest.

Author details

1Department of Neurology, West China Hospital, Sichuan University, Chengdu,
Sichuan, China. ?Institute of Brain Science and Brain-Inspired Technology,
West China Hospital, Sichuan University, Sichuan, Chengdu, 610041, China.
*Rare Disease Center, West China Hospital, Sichuan University, Sichuan,
Chengdu 610041, China. *Department of Pathophysiology, West China Col-
lege of Basic Medical Sciences and Forensic Medicine, Sichuan University,
Sichuan, Chengdu 610041, China. >Mental Health Center, West China Hospital,
Sichuan University, Sichuan, Chengdu 610041, China. °TCM Regulating
Metabolic Diseases Key Laboratory of Sichuan Province, Hospital of Chengdu
University of Traditional Chinese Medicine, Chengdu University of Traditional
Chinese Medicine, Chengdu 610072, China. ’Key Laboratory of Drug Targeting
and Drug Delivery System of Ministry of Education, West China School of Phar-
macy, Sichuan University, Chengdu 610041, China.

Received: 22 June 2023 Accepted: 23 February 2024
Published online: 05 March 2024

Page 14 of 16

References

1.

2.

20.

Oskarsson B, Gendron TF, Staff NP. Amyotrophic lateral sclerosis: an
update for 2018. Mayo Clin Proc. 2018;93(11):1617-28.

Mead RJ, Shan N, Reiser HJ, Marshall F, Shaw PJ. Amyotrophic lateral
sclerosis: a neurodegenerative disorder poised for successful therapeutic
translation. Nat Rev Drug Discov. 2023;22(3):185-212.

Miller TM, Cudkowicz ME, Genge A, Shaw PJ, Sobue G, Bucelli RC, Chio A,
Van Damme P, Ludolph AC, Glass JD, et al. Trial of antisense oligonucleo-
tide tofersen for SOD1 ALS. N Engl J Med. 2022;387(12):1099-110.

Bates SE, Berry DA, Balasubramaniam S, Bailey S, LoRusso PM, Rubin EH.
Advancing clinical trials to streamline drug development. Clin Cancer Res.
2015;21(20):4527-35.

Nelson MR, Tipney H, Painter JL, Shen J, Nicoletti P, Shen Y, Floratos A,
Sham PC, Li MJ, Wang J, et al. The support of human genetic evidence for
approved drug indications. Nat Genet. 2015;47(8):856-60.

Smith GD, Ebrahim S.”Mendelian randomization”: can genetic epide-
miology contribute to understanding environmental determinants of
disease? Int J Epidemiol. 2003;32(1):1-22.

Ference BA, Holmes MV, Smith GD. Using Mendelian randomization to
improve the design of randomized trials. Cold Spring Harb Perspect Med.
2021;11(7):a040980.

Finan C, Gaulton A, Kruger FA, Lumbers RT, Shah T, Engmann J, Galver L,
Kelley R, Karlsson A, Santos R, et al. The druggable genome and support
for target identification and validation in drug development. Sci Trans|
Med. 2017;9(383):eaag1166.

Mizuno A, Okada Y. Biological characterization of expression quantitative
trait loci (eQTLs) showing tissue-specific opposite directional effects. Eur J
Hum Genet. 2019;27(11):1745-56.

. Fu J,Wolfs MG, Deelen P, Westra HJ, Fehrmann RS, Te Meerman GJ, Buur-

man WA, Rensen SS, Groen HJ, Weersma RK, et al. Unraveling the regula-
tory mechanisms underlying tissue-dependent genetic variation of gene
expression. PLoS Genet. 2012;8(1):1002431.

. Storm CS, Kia DA, Almramhi MM, Bandres-Ciga S, Finan C, Hingorani AD,

Wood NW. Finding genetically-supported drug targets for Parkinson’s
disease using Mendelian randomization of the druggable genome. Nat
Commun. 2021;12(1):7342.

. SUWM, Gu XJ, Dou M, Duan QQ, Jiang Z, Yin KF, Cai WC, Cao B, Wang Y,

Chen YP. Systematic druggable genome-wide Mendelian randomisation
identifies therapeutic targets for Alzheimer’s disease. J Neurol Neurosurg
Psychiatry. 2023;94(11):954-61.

. van Rheenen W, van der Spek RAA, Bakker MK, van Vugt J, Hop PJ, Zwam-

born RAJ, de Klein N, Westra HJ, Bakker OB, Deelen P, et al. Common and
rare variant association analyses in amyotrophic lateral sclerosis identify
15 risk loci with distinct genetic architectures and neuron-specific biol-

ogy. Nat Genet. 2021;53(12):1636-48.

. Dwyer BJ, Jarman EJ, Gogoi-Tiwari J, Ferreira-Gonzalez S, Boulter L, Guest

RV, Kendall TJ, Kurian D, Kilpatrick AM, Robson AJ, et al. TWEAK/Fn14 sig-
nalling promotes cholangiocarcinoma niche formation and progression.
J Hepatol. 2021;74(4):860-72.

. Gupta RK, Gracias DT, Figueroa DS, Miki H, Miller J, Fung K, Ay F, Burkly L,

Croft M. TWEAK functions with TNF and IL-17 on keratinocytes and is a
potential target for psoriasis therapy. Sci Immunol. 2021;6(65):eabi8823.

. Adjuto-Saccone M, Soubeyran P, Garcia J, Audebert S, Camoin L, Rubis M,

Roques J, Binétruy B, lovanna JL, Tournaire R. TNF-a induces endothelial-
mesenchymal transition promoting stromal development of pancreatic
adenocarcinoma. Cell Death Dis. 2021;12(7):649.

. Ratajczak W, Atkinson SD, Kelly C. The TWEAK/Fn14/CD163 axis-implica-

tions for metabolic disease. Rev Endocr Metab Disord. 2022;23(3):449-62.

. Cordido A, Nufez-Gonzalez L, Martinez-Moreno JM, Lamas-Gonzalez

O, Rodriguez-Osorio L, Perez-Gomez MV, Martin-Sanchez D, Outeda P,
Chiaravalli M, Watnick T, et al. TWEAK signaling pathway blockade slows
cyst growth and disease progression in autosomal dominant polycystic
kidney disease. J Am Soc Nephrol. 2021;32(8):1913-32.

. Pascoe AL, Johnston AJ, Murphy RM. Controversies in TWEAK-Fn14

signaling in skeletal muscle atrophy and regeneration. Cell Mol Life Sci.
2020;77(17):3369-81.

Maarouf A, Stephan D, Ranjeva MP, Ranjeva JP, Pelletier J, Audoin B,
Khrestchatisky M, Desplat-Jégo S. High levels of serum soluble TWEAK
are associated with neuroinflammation during multiple sclerosis. J Transl
Med. 2019;17(1):51.



Duan et al. BMC Medicine

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

(2024) 22:96

Gong Y, Yang J, Cai J, Liu Q, Zhang JM, Zhang Z. Effect of Gpx3 gene
silencing by siRNA on apoptosis and autophagy in chicken cardiomyo-
cytes. J Cell Physiol. 2019;234(6):7828-38.

Tanaka H, Shimazawa M, Takata M, Kaneko H, Tsuruma K, lkeda T, Warita
H, Aoki M, Yamada M, Takahashi H, et al. [TIH4 and Gpx3 are potential bio-
markers for amyotrophic lateral sclerosis. J Neurol. 2013;260(7):1782-97.
Restuadi R, Steyn FJ, Kabashi E, Ngo ST, Cheng FF, Nabais MF, Thompson
MJ, Qi T, Wu'Y, Henders AK, et al. Functional characterisation of the amyo-
trophic lateral sclerosis risk locus GPX3/TNIP1. Genome Med. 2022;14(1):7.
McCauley ME, Baloh RH. Inflammation in ALS/FTD pathogenesis. Acta
Neuropathol. 2019;137(5):715-30.

Yu CH, Davidson S, Harapas CR, Hilton JB, Mlodzianoski MJ, Laohamon-
thonkul P, Louis C, Low RRJ, Moecking J, De Nardo D, et al. TDP-43 triggers
mitochondrial DNA release via mPTP to activate cGAS/STING in ALS. Cell.
2020;183(3):636-649.6618.

GerbinoV, Kaunga E, Ye J, Canzio D, O'Keeffe S, Rudnick ND, Guarnieri P,
Lutz CM, Maniatis T. The loss of TBK1 kinase activity in motor neurons or
in all cell types differentially impacts ALS disease progression in SOD1
mice. Neuron. 2020;106(5):789-805.e785.

Zhou W, Whiteley AT, de Oliveira Mann CC, Morehouse BR, Nowak RP,
Fischer ES, Gray NS, Mekalanos JJ, Kranzusch PJ. Structure of the human
cGAS-DNA complex reveals enhanced control of immune surveillance.
Cell. 2018;174(2):300-311.€311.

Skrivankova VW, Richmond RC, Woolf BAR, Yarmolinsky J, Davies NM,
Swanson SA, VanderWeele TJ, Higgins JPT, Timpson NJ, Dimou N, et al.
Strengthening the reporting of observational studies in epidemiology
using Mendelian randomization: the STROBE-MR statement. JAMA.
2021,326(16):1614-21.

Skrivankova VW, Richmond RC, Woolf BAR, Davies NM, Swanson SA,
VanderWeele TJ, Timpson NJ, Higgins JPT, Dimou N, Langenberg C, et al.
Strengthening the reporting of observational studies in epidemiology
using mendelian randomisation (STROBE-MR): explanation and elabora-
tion. BMJ. 2021;375:n2233.

Vosa U, Claringbould A, Westra HJ, Bonder MJ, Deelen P, Zeng B, Kirsten H,
Saha A, Kreuzhuber R, Yazar S, et al. Large-scale cis- and trans-eQTL analy-
ses identify thousands of genetic loci and polygenic scores that regulate
blood gene expression. Nat Genet. 2021;53(9):1300-10.

Wang D, Liu S, Warrell J, Won H, Shi X, Navarro FCP, Clarke D, Gu M, Emani
P, Yang YT, et al. Comprehensive functional genomic resource and inte-
grative model for the human brain. Science. 2018;362(6420):eaat8464.
Staley JR, Blackshaw J, Kamat MA, Ellis S, Surendran P, Sun BB, Paul DS,
Freitag D, Burgess S, Danesh J, et al. PhenoScanner: a database of human
genotype-phenotype associations. Bioinformatics. 2016;32(20):3207-9.
Kioumourtzoglou MA, Rotem RS, Seals RM, Gredal O, Hansen J, Weisskopf
MG. Diabetes mellitus, obesity, and diagnosis of amyotrophic lateral
sclerosis: a population-based study. JAMA Neurol. 2015;72(8):905-11.
Nakken O, Meyer HE, Stigum H, Holmey T. High BMI is associated with
low ALS risk: a population-based study. Neurology. 2019,93(5):e424-32.
Vasta R, D'Ovidio F, Logroscino G, Chio A. The links between diabetes mel-
litus and amyotrophic lateral sclerosis. Neurol Sci. 2021;42(4):1377-87.
Humphrey J, Venkatesh S, Hasan R, Herb JT, de Paiva LK, Ktigtkali F,
Byrska-Bishop M, Evani US, Narzisi G, Fagegaltier D, et al. Integrative
transcriptomic analysis of the amyotrophic lateral sclerosis spinal cord
implicates glial activation and suggests new risk genes. Nat Neurosci.
2023;26(1):150-62.

ZuberV, Grinberg NF, Gill D, Manipur |, Slob EAW, Patel A, Wallace C,
Burgess S. Combining evidence from Mendelian randomization and
colocalization: review and comparison of approaches. Am J Hum Genet.
2022;109(5):767-82.

Zhou W, Nielsen JB, Fritsche LG, Dey R, Gabrielsen ME, Wolford BN,
LeFaive J, VandeHaar P, Gagliano SA, Gifford A, et al. Efficiently controlling
for case-control imbalance and sample relatedness in large-scale genetic
association studies. Nat Genet. 2018;50(9):1335-41.

Moller M, Wasel J, Schmetzer J, Weill U, Meissner M, Schiffmann S, Weigert
A, Moser CV, Niederberger E. The specific IKKe/TBK1 inhibitor amlexanox
suppresses human melanoma by the inhibition of autophagy, NF-kB and
MAP kinase pathways. Int J Mol Sci. 2020;21(13):4721.

Kim K. Glutathione in the nervous system as a potential therapeutic tar-
get to control the development and progression of amyotrophic lateral
sclerosis. Antioxidants (Basel). 2021;10(7):1011.

Aoyama K. Glutathione in the brain. Int J Mol Sci. 2021;22(9):5010.

42.

43.

44,
45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Page 150f 16

Galluppi GR, Wisniacki N, Stebbins C. Population pharmacokinetic and
pharmacodynamic analysis of BIIB023, an anti-TNF-like weak inducer

of apoptosis (anti-TWEAK) monoclonal antibody. Br J Clin Pharmacol.
2016;82(1):118-28.

Yin X, Luistro L, Zhong H, Smith M, Nevins T, Schostack K, Hilton H, Lin TA,
Truitt T, Biondi D, et al. RG7212 anti-TWEAK mAb inhibits tumor growth
through inhibition of tumor cell proliferation and survival signaling and
by enhancing the host antitumor immune response. Clin Cancer Res.
2013;19(20):5686-98.

Markham A. Fostamatinib: first global approval. Drugs. 2018;78(9):959-63.
Zhou Z, Qi J, Lim CW, Kim JW, Kim B. Dual TBK1/IKKe inhibitor amlexanox
mitigates palmitic acid-induced hepatotoxicity and lipoapoptosis in vitro.
Toxicology. 2020;444:152579.

Beyett TS, Gan X, Reilly SM, Chang L, Gomez AV, Saltiel AR, Showalter HD,
Tesmer JJG. Carboxylic acid derivatives of amlexanox display enhanced
potency toward TBK1 and IKKe and reveal mechanisms for selective
inhibition. Mol Pharmacol. 2018;94(4):1210-9.

Rolf MG, Curwen JO, Veldman-Jones M, Eberlein C, Wang J, Harmer A,
Hellawell CJ, Braddock M. In vitro pharmacological profiling of R406
identifies molecular targets underlying the clinical effects of fostamatinib.
Pharmacol Res Perspect. 2015;3(5):e00175.

Villasefor AG, Kondru R, Ho H, Wang S, Papp E, Shaw D, Barnett JW,
Browner MF, Kuglstatter A. Structural insights for design of potent spleen
tyrosine kinase inhibitors from crystallographic analysis of three inhibitor
complexes. Chem Biol Drug Des. 2009;73(4):466-70.

Pan BS, Perera SA, Piesvaux JA, Presland JP, Schroeder GK, Cumming

N, Trotter BW, Altman MD, Buevich AV, Cash B, et al. An orally avail-

able non-nucleotide STING agonist with antitumor activity. Science.
2020;369(6506):eaba6c098.

Clark K, Takeuchi O, Akira S, Cohen P. The TRAF-associated protein TANK
facilitates cross-talk within the lkappaB kinase family during Toll-like
receptor signaling. Proc Natl Acad SciU S A. 2011;108(41):17093-8.

Chen X, Meng F, Xu'Y, Li T, Chen X, Wang H. Chemically programmed
STING-activating nano-liposomal vesicles improve anticancer immunity.
Nat Commun. 2023;14(1):4584.

Tan HY, Yong YK, Xue YC, Liu H, Furihata T, Shankar EM, Ng CS. cGAS

and DDX41STING mediated intrinsic immunity spreads intercel-

lularly to promote neuroinflammation in SOD1 ALS model. iScience.
2022,;25(6):104404.

Shao W, Todd TW, Wu Y, Jones CY, Tong J, Jansen-West K, Daughrity LM,
Park J, Koike Y, Kurti A, et al. Two FTD-ALS genes converge on the endo-
somal pathway to induce TDP-43 pathology and degeneration. Science.
2022;378(6615):94-9.

Kovalevich J, Yen W, Ozdemir A, Langford D. Cocaine induces

nuclear export and degradation of neuronal retinoid X receptor-y

via a TNF-a/JNK- mediated mechanism. J Neuroimmune Pharmacol.
2015;10(1):55-73.

Park JE, Kang E, Han JS. HM-chromanone attenuates TNF-a-mediated
inflammation and insulin resistance by controlling JNK activation and
NF-kB pathway in 3T3-L1 adipocytes. Eur J Pharmacol. 2022;921:174884.
Johnson DE, O'Keefe RA, Grandis JR. Targeting the IL-6/JAK/STAT3 signal-
ling axis in cancer. Nat Rev Clin Oncol. 2018;15(4):234-48.

Wang Y, van Boxel-Dezaire AH, Cheon H, Yang J, Stark GR. STAT3 activation
in response to IL-6 is prolonged by the binding of IL-6 receptor to EGF
receptor. Proc Natl Acad Sci U S A. 2013;110(42):16975-80.

Ahmad L, Zhang SY, Casanova JL, Sancho-Shimizu V. Human TBK1: a
gatekeeper of neuroinflammation. Trends Mol Med. 2016;22(6):511-27.
Hasan M, Yan N. Therapeutic potential of targeting TBK1 in autoimmune
diseases and interferonopathies. Pharmacol Res. 2016;111:336-42.

van der Zee J, Gijselinck I, Van Mossevelde S, Perrone F, Dillen L, Heeman
B, BaumerV, Engelborghs S, De Bleecker J, Baets J, et al. TBKT muta-

tion spectrum in an extended European patient cohort with fronto-
temporal dementia and amyotrophic lateral sclerosis. Hum Mutat.
2017,38(3):297-309.

Borghero G, Pugliatti M, Marrosu F, Marrosu MG, Murru MR, Floris G,
Cannas A, Occhineri P, Cau TB, Loi D, et al. TBK1 is associated with ALS and
ALS-FTD in Sardinian patients. Neurobiol Aging. 2016;43(180):2181-185.
Oakes JA, Davies MC, Collins MO. TBK1: a new player in ALS linking
autophagy and neuroinflammation. Mol Brain. 2017;10(1):5.



Duan et al. BMC Medicine

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

(2024) 22:96

Chua JP, De Calbiac H, Kabashi E, Barmada SJ. Autophagy and ALS:
mechanistic insights and therapeutic implications. Autophagy.
2022;18(2):254-82.

Brenner D, Sieverding K, Bruno C, Liningschror P, Buck E, Mungwa S,
Fischer L, Brockmann SJ, Ulmer J, Bliederhduser C, et al. Heterozygous
Tbk1 loss has opposing effects in early and late stages of ALS in mice. J
Exp Med. 2019;216(2):267-78.

Barbalat R, Ewald SE, Mouchess ML, Barton GM. Nucleic acid recognition
by the innate immune system. Annu Rev Immunol. 2011;29:185-214.
Clark K, Plater L, Peggie M, Cohen P. Use of the pharmacological inhibi-
tor BX795 to study the regulation and physiological roles of TBK1 and
IkappaB kinase epsilon: a distinct upstream kinase mediates Ser-172
phosphorylation and activation. J Biol Chem. 2009;284(21):14136-46.

Hu YW, Zhang J, Wu XM, Cao L, Nie P, Chang MX. TANK-binding kinase 1
(TBK1) isoforms negatively regulate type | interferon induction by inhibit-
ing TBK1-IRF3 interaction and IRF3 phosphorylation. Front Immunol.
2018,9:84.

Skopelja-Gardner S, An J, Elkon KB. Role of the cGAS-STING path-

way in systemic and organ-specific diseases. Nat Rev Nephrol.
2022;18(9):558-72.

Roessler HI, Knoers N, van Haelst MM, van Haaften G. Drug repurposing
for rare diseases. Trends Pharmacol Sci. 2021;42(4):255-67.

Schubert M, Hansen S, Leefmann J, Guan K. Repurposing antidiabetic
drugs for cardiovascular disease. Front Physiol. 2020;11:568632.

Rena G, Lang CC. Repurposing metformin for cardiovascular disease.
Circulation. 2018;137(5):422-4.

Kim J, Yoo M, Kang J, Tan AC. K-Map: connecting kinases with therapeu-
tics for drug repurposing and development. Hum Genomics. 2013;7(1):20.
Demetri GD, von Mehren M, Blanke CD, Van den Abbeele AD, Eisenberg
B, Roberts PJ, Heinrich MC, Tuveson DA, Singer S, Janicek M, et al. Efficacy
and safety of imatinib mesylate in advanced gastrointestinal stromal
tumors. N Engl J Med. 2002;347(7):472-80.

Karaman MW, Herrgard S, Treiber DK, Gallant P, Atteridge CE, Campbell
BT, Chan KW, Ciceri P, Davis MI, Edeen PT, et al. A quantitative analysis of
kinase inhibitor selectivity. Nat Biotechnol. 2008;26(1):127-32.

Mucke HAM. Drug repurposing patent applications April-June 2018.
Assay Drug Dev Technol. 2018;16(7):420-6.

Dosanjh A, Won CY. Amlexanox: a novel therapeutic for atopic, metabolic,
and inflammatory disease. Yale J Biol Med. 2020;93(5):759-63.

Zhao P, Sun X, Liao Z, Yu H, Li D, Shen Z, Glass CK, Witztum JL, Saltiel AR.
The TBK1/IKKe inhibitor amlexanox improves dyslipidemia and prevents
atherosclerosis. JCI Insight. 2022;7(17):e155552.

Klaeger S, Heinzimeir S, Wilhelm M, Polzer H, Vick B, Koenig PA, Reinecke
M, Ruprecht B, Petzoldt S, Meng C, et al. The target landscape of clinical
kinase drugs. Science. 2017,358(6367).eaan4368.

Knapp S. New opportunities for kinase drug repurposing and target
discovery. Br J Cancer. 2018;118(7):936-7.

Tang S, Yu Q, Ding C. Investigational spleen tyrosine kinase (SYK) inhibi-
tors for the treatment of autoimmune diseases. Expert Opin Investig
Drugs. 2022;31(3):291-303.

Podolanczuk A, Lazarus AH, Crow AR, Grossbard E, Bussel JB. Of mice and
men: an open-label pilot study for treatment of immune thrombocyto-
penic purpura by an inhibitor of Syk. Blood. 2009;113(14):3154-60.
Johnston AJ, Murphy KT, Jenkinson L, Laine D, Emmrich K, Faou P,
Weston R, Jayatilleke KM, Schloegel J, Talbo G, et al. Targeting of

Fn14 prevents cancer-induced cachexia and prolongs survival. Cell.
2015;162(6):1365-78.

Pasiakos SM, Berryman CE, Carbone JW, Murphy NE, Carrigan CT, Bam-
man MM, Ferrando AA, Young AJ, Margolis LM. Muscle Fn14 gene expres-
sion is associated with fat-free mass retention during energy deficit at
high altitude. Physiol Rep. 2018;6(14):¢13801.

Bathgate KE, Bagley JR, Jo E, Talmadge RJ, Tobias IS, Brown LE, Coburn
JW, Arevalo JA, Segal NL, Galpin AJ. Muscle health and performance in
monozygotic twins with 30 years of discordant exercise habits. Eur J Appl
Physiol. 2018;118(10):2097-110.

Croft M, Benedict CA, Ware CF. Clinical targeting of the TNF and TNFR
superfamilies. Nat Rev Drug Discov. 2013;12(2):147-68.

Lassen UN, Meulendijks D, Siu LL, Karanikas V, Mau-Sorensen M, Schellens
JH, Jonker DJ, Hansen AR, Simcox ME, Schostack KJ, et al. A phase | mono-
therapy study of RG7212, a first-in-class monoclonal antibody targeting

87.

88.

89.

90.

Page 16 of 16

TWEAK signaling in patients with advanced cancers. Clin Cancer Res.
2015;21(2):258-66.

Wang L, Ahn'YJ, Asmis R. Sexual dimorphism in glutathione metabolism
and glutathione-dependent responses. Redox Biol. 2020;31:101410.

Park S, Kim D, Song J, Joo JWJ. An integrative transcriptome-wide analysis
of amyotrophic lateral sclerosis for the identification of potential genetic
markers and drug candidates. Int J Mol Sci. 2021;22(6):3216.

PanS, Liu X, LiuT, Zhao Z, Dai Y, Wang YY, Jia P, Liu F. Causal inference of
genetic variants and genes in amyotrophic lateral sclerosis. Front Genet.
2022;13:917142.

Xiao L, Yuan Z, Jin S, Wang T, Huang S, Zeng P. Multiple-tissue integrative
transcriptome-wide association studies discovered new genes associated
with amyotrophic lateral sclerosis. Front Genet. 2020;11:587243.

91. Huang QQ, Ritchie SC, Brozynska M, Inouye M. Power, false discovery rate
and Winner's Curse in eQTL studies. Nucleic Acids Res. 2018;46(22):e133.
Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	TBK1, a prioritized drug repurposing target for amyotrophic lateral sclerosis: evidence from druggable genome Mendelian randomization and pharmacological verification in vitro
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Potential druggable genes list
	eQTLs data
	ALS GWAS data
	Mendelian randomization
	Colocalization
	Repurposing drug discovery and inclusion criteria
	Phenome-wide MR
	Reagents and antibodies
	Cell culture and treatments
	Establishment of stable cell lines through lentiviral transduction
	Plasmid constructs and transfection
	Cytotoxicity test: CCK-8 assay
	Western blotting
	Quantitative real-time PCR
	Quantification and statistical analysis

	Results
	Genetic instrument variants selection
	MR analysis between gene expression and ALS outcomes
	Colocalization result
	Discovery of repurposed drugs
	Identification of AMX and R788 as promising inhibitors targeting TBK1
	R788 and AMX inhibited MSA-2-induced cGASSTING activation
	R788 and AMX inhibited cGASSTING signaling mediated by ALS-related toxic proteins
	Phenome-wide MR analysis of ALS prior druggable genes

	Discussion
	Conclusions
	Acknowledgements
	References


