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Abstract

Pathogenic changes to TAR DNA-binding protein 43 (TDP-43) leading to alteration of its homeostasis are a common feature
shared by several progressive neurodegenerative diseases for which there is no effective therapy. Here, we developed Dros-
ophila lines expressing either wild type TDP-43 (WT) or that carrying an Amyotrophic Lateral Sclerosis /Frontotemporal
Lobar Degeneration-associating G384C mutation that recapitulate several aspects of the TDP-43 pathology. To identify
potential therapeutics for TDP-43-related diseases, we implemented a drug repurposing strategy that involved three consecu-
tive steps. Firstly, we evaluated the improvement of eclosion rate, followed by the assessment of locomotive functions at
early and late developmental stages. Through this approach, we successfully identified fingolimod, as a promising candidate
for modulating TDP-43 toxicity. Fingolimod exhibited several beneficial effects in both WT and mutant models of TDP-43
pathology, including post-transcriptional reduction of TDP-43 levels, rescue of pupal lethality, and improvement of locomotor
dysfunctions. These findings provide compelling evidence for the therapeutic potential of fingolimod in addressing TDP-43
pathology, thereby strengthening the rationale for further investigation and consideration of clinical trials. Furthermore,
our study demonstrates the utility of our Drosophila-based screening pipeline in identifying novel therapeutics for TDP-
43-related diseases. These findings encourage further scale-up screening endeavors using this platform to discover additional
compounds with therapeutic potential for TDP-43 pathology.

Keywords Drosophila Melanogaster - Drug Repurposing - TDP-43 - Amyotrophic Lateral Sclerosis - Frontotemporal
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Introduction

TAR DNA-binding protein 43 (TDP-43) is a 43 kDa highly
conserved heterogeneous nuclear ribonuclear protein
(hnRNP) composed of 414 amino acids and is encoded by
the TARDBP gene located on chromosome 1 (1p36.22) [1].
TDP-43 primarily resides in the nucleus where it performs
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most of its physiological functions related to RNA process-
ing, yet it can be transferred to the cytoplasm. The TDP-43
nucleo-cytoplasmic shuttling is a finely controlled process
that requires both the nuclear localization sequence (NLS)
and nuclear export signal (NES) of the TDP-43, and it
occurs in a transcription-dependent manner [2-8].
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Pathological changes to TDP-43 including mislocaliza-
tion, misfolding, aberrant liquid—liquid phase separation,
oligomerization, and post-translational modifications even-
tually lead to the formation of hyperphosphorylated and
ubiquitylated cytoplasmic TDP-43 aggregates in combina-
tion with the loss of nuclear TDP-43 function [9-17]. These
characteristic TDP-43-related pathological features are usu-
ally referred to as TDP-43 proteinopathy.

Intensive works have been carried out over the past sev-
eral years to understand the consequences of the pathologi-
cal TDP-43 changes. Numerous in vivo and in vitro studies
demonstrated that a loss of TDP-43 nuclear RNA processing
function globally undermines the transcriptome by either
impairing pre-mRNA splicing or altering the regulation of
both cryptic exons and retrotransposon activation [8, 18-23].
On the other hand, trapping TDP-43 into pathological cyto-
plasmic aggregates produces dramatic effects on RNA gran-
ule trafficking, and compartmentalized translation in neurons
and mitochondria [24-27].

TDP-43 pathology is a progressive process that culminates
in the formation of pathogenic TDP-43 deposits visible in the
brain and spinal cord of patients that present across a spectrum
of neurodegenerative diseases such as Amyotrophic Lateral
Sclerosis (ALS), Frontotemporal Dementia (FTD), Alzhei-
mer’s disease (AD), Parkinson's disease (PD), Huntington dis-
ease (HD) and Limbic-predominant age-associated TDP-43
encephalopathy (LATE) [28-38].

Although TDP-43 mislocalization and aggregation have
been observed in several central nervous system (CNS) dis-
orders, it is important to note that disease-causing muta-
tions of TDP-43 are specific to amyotrophic lateral sclerosis
(ALS) and frontotemporal degeneration (FTD). Particularly,
A382T and G348C TARDBP are the most common mis-
sense mutations in familial ALS, both located in the glycine-
rich domain which plays a critical role in TDP-43 aggrega-
tion [39]. In fact, either A382T or G348C TDP-43 show an
increased propensity toward aggregation along with greater
resistance to protein degradation. Therefore, these acquired
abnormal properties extend the TDP-43 half-live and eventu-
ally accelerate the disease onset [40, 41].

Although a very small subsets of sporadic and familial ALS
patients are associated with TDP-43 mutations, TDP-43 pro-
teinopathy can be present in up to 97% of ALS patients [10, 11,
42] confirming that the alteration of TDP-43 homeostasis due
to its genetic variations represents only a small portion of the
disease mechanism underlying TDP-43 pathology.

Since TDP-43 proteinopathy was identified in ALS/FTD,
various therapeutic approaches have been designed in cell and
animal models including invertebrates and that literature have
been recently reviewed [43, 44]. Notably, promoting the clear-
ance of TDP-43 aggregates once already formed is the major
therapeutic approach currently being tested in patients. The
approach of repurposing existing FDA-approved drugs has

proven to be an effective strategy in expediting the timeline
for therapy development. Despite this, it is important to note
that no TDP-43-directed therapies have yet demonstrated suc-
cess in slowing down disease progression or reversing these
neurodegenerative conditions in humans.

The invertebrate model Drosophila melanogaster has
proven to be an excellent platform to underpin the pathologi-
cal mechanisms underlying the TDP-43 pathology given the
evolutionary conservation of TDP-43 [9, 45, 46]. Primarily,
Drosophila has been employed to perform genetic modifier
screening which has significantly broadened our understand-
ing of TDP-43 pathology and facilitated the identification of
novel genomic regulators [47-53]. Moreover, many studies
have been also carried out to rapidly test the efficacy of novel
small molecule therapeutics or to accelerate drug repurpos-
ing [54-59].

In this study, we generated novel Drosophila models
of TDP-43 pathology by either conditional or constitutive
expression of human TDP-43 wild type (WT) or TDP-43
G348C in different types of neurons. Subsequently, we
employed these transgenic lines to perform a drug repur-
posing screening of twelve FDA-approved drugs that are
recognized for their neuroprotective effects and currently
under clinical trial and/or pre-clinical investigation for neu-
rodegenerative diseases.

Methods

Plasmid Construction and Establishment
of Transgenic Flies

The full coding sequence of human TDP-43 (Uniplot ID:
Q13148) wild type (WT) and its mutant (G348C) were
synthesized by Genescript and were inserted into pUC57
vector (Addgene). To construct the plasmid pUAST-TDP-
43(WT) and pUAST-TDP-43(G348C), the full coding
sequence of human TDP-43 was amplified by PCR with
pUC57-TDP43(WT) and pUC57-TDP43(G348C), respec-
tively. In the PCR, primers carrying EcoRI (5’-TCTGG-
gaattcCTAGATATCGGATCCCCAC-3’) and Xhol sites
(5’-TAGAACctcgagTTACGCCAAGCTTGCAT-3") were
used. The PCR products were digested with EcoRI and
Xhol and inserted between the EcoRI and Xhol sites of the
plasmid pUAST [60]. The constructed plasmids were veri-
fied by nucleotide sequencing. The obtained plasmids were
then injected into embryos to obtain stable transformant
lines carrying human TDP-43 wild type or G348C mutant
(hereafter referred to as TDP-43 WT and TDP-43 G348C,
respectively). P-element mediated germline transforma-
tion by injecting pUAST-TDP-43WT or pUAST-TDP-43
G348C into embryos was carried out as described earlier
[61]. F1 transformants were selected on the basis of white
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eye color rescue as described in [62]. A total of 10 and 12
independent lines were selected for TDP-43 WT and G348C,
respectively, and the viability of each was assessed by driv-
ing transgene expression with the motor neuron-specific
D42-GALA driver.

Fly Stocks and Husbandry

Flies were reared on a standard food containing 10%
glucose, 5% corn flour, 4% dry yeast, 3% rice bran and
0.65% agar in a 25 °C temperature-controlled condi-
tion. Fly lines carrying w/*]; P{w[+mC]=GAL4 elav.L}
CG16779[3]} (RRID:BDSC_8750) (elav-GAL4),
w[*[;P{w[+mW.hs]=GawB}D42 (RRID:BDSC_8816)
(D42-GALA4), y[1] w[*]; P{w[+mC]=elav-Switch.O}
GSG301 (RRID:BDSC_43642) (elavGS-GAL4), y[1]
sc[*] v[1] sev[21]; P{y[+1t7.7] v{+1t].8] = VALIUM22-
EGFP.shRNA.4}attP40 (RRID:BDSC_41550) (UAS-
EGFP), w[l1118]; P{w[+mC]=UAS-lacZ.B}Bg4-1-2
(RRID:BDSC_1776) (UAS-LacZ) were obtained from
Bloomington Drosophila Stock Center. To minimize the
effects of genetic background, the flies used in this study
were backcrossed 6 times to w strain.

Drug Treatment

Drug screening method was performed as previously described
in [57] and a few modifications were applied. To express TDP-
43 in motor neurons, virgin females carrying D42-GAL4 were
crossed with males carrying either UAS-TDP-43 WT or UAS-
TDP-43 G348C. Twenty F1 embryos of each genotype were
collected and transferred to vials containing either drugs or
vehicle controls. A total of five replicates were performed for
each condition. Subsequently, locomotive ability, survival rate,
and visualization of neuromuscular junctions (NMJ) were
assessed using the following procedures.

The drug concentration was selected using prior research
to demonstrate that TDP-43 therapeutics have the maximum
beneficial effect within a range of 1 to 25 pM [57]. To study
the effects of fingolimod on adult flies we further employed the
GeneSwitch (GS) inducible transgene expression system. In
this approach, a fusion protein of GAL4 and the progesterone
receptor (PR) is expressed only in neurons via the pan-neu-
ronal elav promoter [63]. Upon an addition of the PR ligand
mifepristone (RU-486), the fusion protein is translocated to
the nucleus and GAL4 can bind to UAS elements to activate
the transgene expression. To achieve this, virgin females car-
rying elavGS-GALA4 were crossed at 25 °C with males carrying
either UAS-TDP-43 WT or UAS-TDP-43 G348C, to express
the transgenes in all neuronal subtypes. The progenies at adult
stage were then transferred to vials containing 80 pg/mL (1X)
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or 40 pg/mL (0.5X) of RU-486 or a combination of RU-486
and drugs respectively. The details of vehicles and drug con-
centration are shown in Table S4. The equivalent volume of
each vehicle was used as control. Drug.

Pupal Lethality Assay

The parental crossing was conducted using instant food
(Formula 4-24, Carolina Biological Supply Company)
under controlled conditions of 25 °C temperature and 65%
humidity. Subsequently, twenty embryos were transferred
into vials containing various concentrations of either drugs
or vehicles, as appropriate for the experiment. To ensure
robustness and reliability, five replicates were performed in
parallel for each condition. The eclosion rate, representing
the number of adult flies that emerged per embryos analyzed,
was used as the measurement for evaluating the effects of
the treatments.

Larval Locomotive Assay

The parental crossing and drug administration were carried
out as above described. Locomotive abilities of wandering
third instar larvae were measured by crawling assay as previ-
ously described in [64]. Briefly, each larva was gently trans-
ferred onto a 15-cm petri dish containing 2% agarose. The
videos were recorded when larvae started moving and fin-
ished at a 30-s recording. The crawling paths were analyzed
by using ImageJ software with plugged-in wrMTrck (NIH).
Larvae were collected from three independent parental
crosses, and a total of 30 larvae were included in the assay.

Adult Locomotive Assay

The locomotion abilities of adult flies were evaluated using
a negative geotaxis assay. The parental crossing and devel-
opment of progeny were conducted on standard food. For
the GeneSwitch (GS) inducible transgene expression sys-
tem, adult progenies were transferred into vials containing
either RU-486 or a combination of fingolimod and RU-486,
depending on the experimental condition. Two concentra-
tions of RU-486, 80 ug/mL (1X) or 40 pg/mL (0.5X), were
used to induce transgene expression in combination with
fingolimod or vehicle. Fingolimod was provided at different
concentrations: 0.5, 1, 5, and 10 uM. Climbing assay was
conducted at various time points, including 5, 10, 15, and
20 days post-eclosion, specifically on flies expressing the
transgenes in motor neurons using the D42-GAL4 driver.
Only two doses of fingolimod were tested in this assay, and
no RU-486 was used. For flies expressing the inducible
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transgene expression system, climbing assay was performed
solely 5 days post-eclosion. On the day of experiment, adult
male flies from each group were collected and placed into
a glass cylinder at a density of 10 flies per vial. They were
given 15 min to recover from CO, exposure. The vial con-
taining flies was tapped on the bench at 30-s intervals for a
total of 5 times, and the entire process was recorded. The
climbing index for each group was calculated by summing
the number of flies in each score category, multiplying it
by the corresponding score, and then dividing by the total
number of flies in the group. Offspring from three independ-
ent parental crosses were collected for the climbing assay
of transgenes driven by elavGS-GAL4, with a total of 100
adult flies approximately used for each condition. However,
due to a significant reduction in survival of flies expressing
the transgene in motor neurons with D42-GAL4, the number
of flies tested at 15- and 20-days post eclosion was less or
equal to 70.

Visualization of NMJ Morphology

The morphology of the neuromuscular junction (NMJ) was
inspected in twenty larvae for each experimental condition.
Larvae were collected from at least two independent paren-
tal crosses, and the NMJ morphology was studied by adapt-
ing a previously described protocol [65]. Briefly, the third
instar larvae were dissected in an ice-cold HL.3 medium, and
their body walls were fixed in 4% paraformaldehyde/PBS at
25 °C for 30 min. The fixed body walls were then blocked
with 2% normal goat serum/0.1% Triton X-100 in PBS at
25 °C for 30 min before being stained with fluorescein iso-
thiocyanate (FITC)-conjugated goat anti-horseradish per-
oxidase (HRP) IgG (1:1000, ThermoFischer). After that,
the samples were probed with mouse monoclonal anti-Discs
large (Dlg) (1:300, DHSB) at 4 °C for 16 h. After extensive
washing with 0.1% Triton-X-100 in PBS, the samples were
further incubated with the fluorescence-conjugated second-
ary antibody Alexa-594 anti-mouse IgG (1:400) at 25 °C for
2 h. The samples were mounted with Vectashield (Vector
Laboratories) and inspected under a confocal laser-scanning
microscope (OLYMPUS FluoView FV10i). Images were
analyzed with the program MetaMoph Imaging System 7.7
(Molecular Devices Inc.).

Larval Brain Visualization

Whole larval brain visualization was performed as pre-
viously described [66]. Briefly, ten larvae per genotype
were dissected in an ice-cold PBS medium and fixed in
4% paraformaldehyde/PBS at 25 °C for 30 min. The fixed

brains were then blocked with 2% normal goat serum/0.1%
Triton X-100 in PBS at 25 °C for 30 min before being
incubated with the high-affinity F-actin probe (Phalloi-
din) conjugated to FITC (1:1000, ThemoFischer). Sam-
ples were further incubated with anti-TDP-43 rabbit IgG
1:1000 (Cell Signaling Technology, UAS) at 4 °C for 16 h.
After extensive washing with 0.1% Triton-X-100 in PBS,
the samples were further incubated with the fluorescence-
conjugated secondary antibody Alexa-594 anti-rabbit IgG
(1:400) at 25 °C for 2 h. DAPI was then used to stain
nuclei of the samples before being mounted with Vectash-
ield (Vector Laboratories) and inspected under a confocal
laser-scanning microscope (OLYMPUS FluoView FV10i).
Images were analyzed with the program MetaMoph Imag-
ing System 7.7 (Molecular Devices Inc.).

Protein Extraction, Fractionation,
and Western Blotting

For the protein extraction, crude extracted were obtained
from 20 adult heads as follow. A 100 ul lysis buffer (30 mM
Hepes—KOH pH 7.6, 20 mM KCI, 10 mM MgCl2, 0.2 mM
EDTA pH 8.0, 1% NP-40 4 M urea 1X protease inhibitor)
was added to 20 heads. Homogenization was performed on
ice using TT-13 K Mini Handheld Homogenizer (Hercu-
van) followed by a 20 min incubation at 4C. Total proteins
were recovered with a Centrifuge 14,000 X g 15 min 4C. The
supernatant, which contained the recovered total proteins,
was carefully collected for further analysis.

For the TDP-43 solubility test, we adapted a previ-
ously described protocol [67]. In brief, 35 adult fly heads
were dissected and homogenized in 250 ul of RIPA buffer.
The RIPA buffer consisted of 50 mM Tris—HCI (pH 8),
150 mM NaCl, 2 mM EDTA, 1% Nonidet-P40 (v/v), 0.1%
SDS, 1% Na-deoxycholate, and a cocktail of protease
inhibitors (Roche cOmplete™). The homogenized samples
were incubated under agitation at 4 °C for 1 h and then
centrifuged at 1000 g for 10 min at 4 °C. At this point, a
50 pl aliquot was taken as the input sample. The remain-
ing supernatant was further centrifuged at 100,000 x g for
30 min at 4 °C to collect the soluble fraction. The pel-
let obtained was re-extracted using 150 pl of urea buffer,
which contained 8 M urea, 50 mM Tris—HCI (pH 8), 1%
CHAPS, and a cocktail of protease inhibitors (Roche
cOmplete™). The re-extracted sample was spun down
to remove any precipitate, and the resulting supernatant
containing the urea-soluble proteins was collected as the
insoluble fraction. To analyze the protein samples, a 10%
SDS-PAGE was performed. The input, RIPA fraction, and
urea fraction were loaded onto the gel in equal proportions
(1:1:1 ratio) for comparison.
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For the study of TDP-43 cellular compartmentalization,
a nuclear-cytoplasmic extraction protocol was adapted from
[68]. In brief, 50 adult fly heads were homogenized in 200
pL of CytoEB1X buffer (or CytoEB2X buffer for subsequent
steps), which consisted of 30 mM Hepes—KOH (pH 7.6),
20 mM KCl, 10 mM MgClI2, 0.2 mM EDTA (pH 8.0), and
20% Glycerol. To ensure complete cytoplasmic extraction,
three washing steps were performed using 150 pL of WASH-
100, WASH-150, and WASH-250 buffers, respectively. Each
wash buffer was prepared by supplementing CytoEB 1X
with 100 mM, 150 mM, or 250 mM Sucrose, respectively.
After the washing steps, the pellet was re-suspended in 200
pL of RIPA buffer. The sample was vortexed and incubated
at 4 °C for 30 min, followed by centrifugation at 14,000 g
for 15 min. The resulting supernatant was collected as the
nuclear fraction for further analysis.

For immunoblotting, protein extracts were run on 10%
SDS-polyacrylamide gels and blotted to polyvinylidene
difluoride (PVDF) membranes (Bio-Rad). Membranes
were blocked with TBS 0.05% Tween-20 containing 5%
BSA at 25 °C for 1 h and further incubated 16 h in 5%
BSA blocking solution containing primary antibodies
including polyclonal rabbit anti-TDP-43 IgG (1:1000,
CST #89,789), monoclonal mouse anti-Actin IgG (1:1000,
DSHB #JLLA20), monoclonal mouse anti-Lamin C (1:1000,
DSHB #L.C28.26) and monoclonal mouse anti-f-tubulin
(1:100, DSHB, #E7). Next, membranes were incubated with
appropriate secondary antibodies including goat anti-rab-
bit (1:3000, Biorad) anti-mouse (1:3000, Biorad) antibod-
ies conjugated to horseradish peroxidase (HRP) for 2 h, at
25 °C. The Western blot signal was detected with Clarity
Max ECL western blotting substrates (Biorad), and images
were taken and analyzed with C-DiGit Blot Scanner (LI-
COR). The intensity of each immunoreactive band was
analyzed by Image J.

Semi-quantitative PCR

Total RNA was isolated from thirty adult heads with spin col-
umn QIAGEN and 500 ng were retrotranscribed with Rever-
tAid First Strand cDNA Synthesis Kit and Oligo(dT)18 Primer
(ThermoFisher) according to the manufacture instruction.
Quantitative real-time PCR was performed with SensiFAST™
Probe Lo-ROX Kit and analyzed by 7500 Real-Time PCR Sys-
tems (Applied Biosystems™). Both TDP-43 and TBPH tran-
scripts were normalized on Cyp! and ACT5 reference gene,
and folds were calculated versus untreated control. (four bio-
logical replicates; real-time reactions performed in triplicate
for each biological replicate).

List of primers used: TDP43-FR: 5’-ATGGGTGGTGGG
ATGAACTTT-3’, TDP43-RV: 5’-CAGTGGGCCTGACTG
GTTCT-3’, CypI-FR: 5-TCGGCAGCGGCATTTCAG
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AT-3’, CypIl-RV: 5>-TGCACGCTGACGAAGCTAGG-3’,
ACT5-FR:5’-CAACTGGGACGATATGGAGAAG-3’,
ACTS5-RV:5’-GTCTCGAACATGATCTGGGTC- 3.

Statistical Analyses

Data analyses were performed blind to the experimental
conditions and all results are represented as mean + SEM
or mean + SD. Multiple comparisons were performed by
Kruskal-Wallis one-way ANOVA following post hoc Dun-
net’s test. P <0.05 was considered a significant difference.
GraphPad Prism 9.5.1 was used to perform all analyses.

Results

Development of Novel Drosophila Models of TDP-43
Pathology

The sequences of TDP-43 WT and the ALS/FTD-associating
mutant form G348C (Fig. 1A) were obtained by PCR
with pUCS57-TDP43 WT and pUC57-TDP43 G348C,
respectively, and further cloned into pUAST vectors for
microinjections into Drosophila embryos. Insertion was
designed downstream of the five tandemly arrayed opti-
mized GAL4 binding sites followed by the hsp70 TATA
box and upstream of the SV40 small T intron and poly-
adenylation site (Fig. 1B). The obtained plasmids were
verified by sequencing and then injected into embryos
to obtain stable transformant lines carrying TDP-43 WT
or TDP-43 G348C. Results of Drosophila embryonic
microinjection are summarized in Table S1. A total of
ten and twelve Drosophila lines carrying TDP-43 WT and
TDP-43 G348C were further tested, respectively. Pupal
lethality of motor neuron-driven transgene expression was
chosen as an initial readout for further drug screening
(Tables S2 and S3). The TDP-43 WT transgenic line (line
number 7) and G348C transgenic line (line number 12)
carrying the P-element inserted in the same third chromo-
some whose transgene expression caused pupal lethal-
ity were selected for further studies (Tables S2 and S3).
Both moderately toxic TDP-43 WT and TDP-43 G348C
lines, specifically line number 1 (referred to as TDP-43
WT moderate) and line number 1 (referred to as TDP-
43 G348C moderate), were chosen for further analysis
in this study. These lines were selected because they do
not result in lethality when expressed in motor neurons,
allowing for long-term drug treatment and the assessment
of drug effectiveness.

The newly established transgenic fly lines exhibited charac-
teristic features of TDP-43 proteinopathy (Fig. 1C-H). When
the transgenes were expressed in motor neurons, locomotion
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defects, NMJ alterations, and predominant cytoplasmic locali-
zation of both wild-type and mutant TDP-43 were observed
(Figs. 1C and G, S1A-C). Similarly, the expression of the
transgenes using a pan-neuronal driver led to the cytoplasmic
localization of both TDP-43 WT and G348C in the ventral
cord of larval brains (Figs. 1H and S1D). Despite TDP-43
G348C being expressed at higher levels than TDP-43 WT
(Fig. 1D-E), both proteins were predominantly enriched in
the RIPA fractions (Fig. 1F). Importantly, the pupal lethal-
ity observed in these lines did not show any macroscopic
alteration in body morphology, as the flies removed from the
pupal pharate displayed all the typical attributes of insects
(Fig. S1E).
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Five FDA-approved Drugs Improved Pupal
Lethality of TDP-43 Expressing Flies

We further developed a pilot drug screening platform utiliz-
ing the newly generated transgenic lines to assess the effi-
cacy of FDA-approved drugs in addressing TDP-43 pathol-
ogy. In this phase, we randomly selected ten drugs known to
have potential neuroprotective effects in various neurologi-
cal conditions, as confirmed by either pre-clinical or clini-
cal evidence. Additionally, we included both riluzole and
edaravone, as they are the two drugs currently prescribed
for ALS patients. This important undertaking sets the stage
for further investigations and the possibility of identifying

@ Springer



1336

L. Lo Piccolo et al.

«Fig.1 The newly established transgenic fly lines show common fea-
tures of TDP-43 proteinopathy. A Schematic representation of major
domains of TDP-43. The mutation used in this study (G348C) is also
marked. The annotation of domains and motifs was retrieved from
UniProt (https://www.uniprot.org) and listed as N-terminal (N-term)
to C-terminal (C-term) orientation: nuclear localization signal (NLS),
RNA-binding domain 1 (RRM1) and 2 (RRM2), nuclear export sig-
nal (NES), glycine-rich domain also known as disorder domain. B The
simplified map of transgenic constructs cloned into pUAST vectors
and used to microinject Drosophila embryos. The TDP-43 sequences,
whether wild-type or carrying the G348C mutation, were cloned using
the EcoRI-Xbal orientation. Transgenes were allocated downstream
the five tandemly arrayed optimized GAL4 binding sites followed by
the hsp70 TATA box. The SV40 small T intron and polyadenylation
site is present downstream the transgene. Additionally, the P-element
ends (P3' and P5') along with the white gene, which serves as mark-
ers indicating successful integration into the Drosophila genome, were
also included in the construct. C Locomotive functions of wandering
third instar larvae carrying w18 UAS-LacZ/+; D42-GAL4/+ (CTRL,
n= 24), w8, +; D42-GAL4/UAS-TDP-43 WT (TDP-43 WT, n= 20)
and w''’%; +; D42-GAL4/UAS-TDP-43 G348C (TDP-43 G348C, n=
21) were tested by crawling assay. Distance (cm) covered in 30 sec was
measured and plotted. (¥***) P<0.0001. (Median [cm/30 sec]: CTRL=
4.16 + 0.70; TDP-43 WT= 2.13 + 0.94; TDP-43 G348C =2.62 +
0.68) D-E TDP-43 levels were assessed by performing western blot-
ting on crude extracts obtained from the whole bodies of third instar
larvae carrying w!/’®; +; D42-GAL4/UAS-TDP-43 WT (TDP-43 WT)
and w'''; +; D42-GAL4/UAS-TDP-43 G348C (TDP-43 G348C). The
relative abundance of the main TDP-43 band (43 kDa) was determined
by quantifying the signal intensity using actin as an internal control.
Statistical analysis was conducted on three independent extractions,
and the results of two of these extractions are presented in the figure.
F The solubility of TDP-43 was assessed by performing immunoblot-
ting on RIPA and UREA fractions, obtained as described in the Mate-
rials and Methods section. G The distribution of TDP-43 in different
cellular compartment was determined using nuclear and cytoplasmic
protein fractionations. The effectiveness of the fractionation was con-
firmed by measuring the relative distribution of cytoplasmic p-tubulin
and nuclear Lamin C in the fractions. H TDP-43 immunohistochemis-
try was conducted using dissected brains of third instar larvae carrying
w!!8: UAS-LacZ/+; elav-GAL4/+ (CTRL), w'!'8; +; elav-GAL4/UAS-
TDP-43 WT (TDP-43 WT) and w'''8; +; elav-GAL4/UAS-TDP-43
G348C (TDP-43 G348C). Dotted circles highlight the nuclei. Nuclei
are stained with DAPI (blue); actin filaments are stained with fluores-
cein isothiocyanate (FITC)-conjugated Phalloidin (Pha). Anti-rabbit
Alexa-Fluor 594 antibody was stained against anti-rabbit TDP-43
antibody (red). Scale bars: 100 pm (longer white line); 10 pm (shorter
white line). A lower magnification showing the whole larval brain is
shown in Fig. S1

promising candidates for the treatment of TDP-43-related
conditions. Basic information of the drugs used in this study
are summarized in Table S4. Therefore, we designed a time-
saving and sustainable experimental workflow composed of
three consecutive steps in which an improvement of eclosion
rate, and locomotive functions at larval and adult stages,
respectively were used to identify novel potential TDP-43
therapeutics (Fig. 2).

As an initial step in the drug screening process, we focused
on assessing the potential of the screened drugs to rescue the
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Fig.2 Workflow of drug repurposing

pupal lethality associated with the expression of either wild-type
TDP-43 or the TDP-43 G348C mutant specifically in motor neu-
rons. The drugs were administered to the progeny at the embry-
onic stage and subsequently replenished every four days until
the pupal stage. This continuous drug administration regimen
ensured sustained exposure to the drugs throughout the develop-
mental period. (Fig. 3A). A low dose of fingolimod (1 uM, Fng-
L) and a high dose of pioglitazone (10 uM, Pgl-H) were the only
drugs demonstrated significant improvement in the eclosion rate
for both TDP-43 WT and TDP-43 G348C (Fig. 3B, C). (TDP-43
WT untreated vs Fng-L treated mean: 0.09+0.03 vs 0.40+0.10;
TDP-43 G348C untreated vs Fng-L treated mean: 0.10+0.04
vs 0.18+0.08; TDP-43 WT untreated vs Pgl-H treated mean:
0.07+0.07 vs 0.29+0.06; TDP-43 G348C untreated vs Pgl-H
treated mean: 0.02+0.02 vs 0.32+0.15)

Moreover, a low dose of ceftriaxone (5 uM, Cft-L) or dex-
pramipexole (1 uM, Dxp-L) had a significative effect on TDP-
43 WT flies (TDP-43 WT Cft-L treated mean: 0.38+0.29;
TDP-43 WT Dxp-L treated mean: 0.35 +0.24) with a trend to
improve pupal lethality in TDP-43 G348C flies. Similarly, a
low dose of edaravone (1 uM, Edr-L) significantly increased
the eclosion rate of TDP-43 G348C expressing flies (TDP-43
G348C Edr-L treated mean: 0.20 +0.16) with a positive trend
in TDP-43 WT expressing flies.

Based on these findings, we selected five positive
candidates which are ceftriaxone, dexpramipexole, edar-
avone, fingolimod, and pioglitazone for examining the
further readouts.
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Fig.3 Rescue of pupal lethality serves as a quick screening of drug
repurposing for TDP-43 proteinopathy in Drosophila transgenic
lines. A Embryos were collected and transferred to vials contain-
ing either the respective drugs or vehicle controls. The eclosion rate
was then assayed to determine the number of flies that successfully
emerged from the pupal stage B-C The eclosion rate was calculated
as a ratio between the number of adult flies that successfully emerged
from each vial and divided it by the initial number of embryos in that
specific vial. A total of 20 larvae carrying B w'!’8; +; D42-GAL4/
UAS-TDP-43 WT (TDP-43 WT) or C w!'!'8; +. D42-GAL4/UAS-
TDP-43 G348C (TDP-43 G348C) was allocated in a vial with dif-
ferent treatments (5 replicates per each treatment). Treatments are

Administration of Fingolimod At the Early
Developmental Stage Ameliorated
Locomotion of Larvae Expressing TDP-43

We proceeded with the drug screening by evaluating the
effects of five selected drugs on the locomotor functions of
larvae expressing TDP-43 in motor neurons. The drugs were
administered to the embryos as described earlier, and the
crawling ability of third instar larvae was assessed (Fig. 4A).

grouped according to the solvent used: distilled sterile water (H,O),
(0.02-0.1%) ethanol (EtOH), (0.02-0.1%) dimethyl sulfoxide (DMSO).
Drugs were tested in either at low (L, 1uM) or high (H, 10uM) dose
and are listed in alphabetical order. Ceftriaxone (Cft), Carbamazepine
(Crb), Dexpramipexole (Dxp), Edaravone (Edr), Fingolimod (Fng),
Gabapentin (Gbp), Methylcobalamin (Mth), Olesoxime (Ols), Piogl-
itazone (Pgl), Riluzole (Rlz), Rapamyicin (Rpm), Tricostatin A (Trc).
Yellow and orange boxplots represent the low and high doses of the
selected drug used in the screening, respectively, while the white box-
plots indicate the vehicle control. The median is shown as a horizon-
tal line within each boxplot. The whiskers represent the 10th and 90th
percentiles of the data. *P<0.05, **P<0.001

Among the tested drugs, only fingolimod at a low dose
(Fng-L) showed a significant improvement in locomotor def-
icits for both TDP-43 WT and TDP-43 G348C expressing
larvae. The mean crawling scores for TDP-43 WT untreated
vs Fng-L treated larvae were 2.23 +0.94 and 3.26 +0.99,
respectively. For TDP-43 G348C untreated vs Fng-L treated
larvae, the mean crawling scores were 2.72 +0.68 and
3.79 +0.44, respectively (Fig. 4B, C).
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Fig.4 Crawling assay of Drosophila larvae expressing TDP-43 in
motor neurons. A Schematic diagram of experimental procedures
(crawling assay). B-C Locomotive functions of wandering third instar
larvae carrying B w!/’8; +; D42-GAL4/UAS-TDP-43 WT (TDP-43
WT, n= 30) and C w'!'8; +; D42-GAL4/UAS-TDP-43 G348C (TDP-
43 G348C, n= 30) treated with different drugs or untreated (UNT)
were tested by crawling assay. Distance (cm) covered in 30 sec was

Additionally, a low dose of edaravone (Edr-L) and a high
dose of pioglitazone (Pgl-H) were found to increase crawling
length in TDP-43 WT larvae (TDP-43 WT Edr-L treated mean:
3.27+0.77; TDP-43 WT Pgl-H treated mean: 3.29 +0.67).
Furthermore, a low dose of ceftriaxone (Cft-L) exhibited a
positive effect on the locomotion of TDP-43 G348C larvae
(TDP-43 G348C Cft-L treated mean: 3.91 +0.52). Notably,
there was also a trend towards improvement in locomotor func-
tion observed when administering Edr-L to TDP-43 G348C
larvae and Cft-L to TDP-43 WT larvae.

Considering the substantial improvement in locomo-
tor dysfunction observed in both TDP-43 WT and G348C
expressing larvae, fingolimod emerged as the best candidate
for subsequent experiments.

Administration of Fingolimod At the Early
Developmental Stages Lacks Significant NMJ
Morphology Improvement

According to previous reports, ectopically constitutive
expression of human TDP-43 in motor neurons leads to
a reduction in axonal branch length and bouton numbers
[69], a feature that is also recapitulated by the transgenic
lines in this study (Fig. S1). Therefore, we next examined
whether fingolimod was capable to improve such deficits
(Fig. 5A).
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measured and plotted. *P<0.05, **P<0.001. Yellow and orange box-
plots represent the low and high doses of the selected drug used in the
screening, respectively, while the white boxplots indicate the vehicle
control. The median is shown as a horizontal line within each box-
plot. The whiskers represent the 10th and 90th percentiles of the data

A positive trend to increase the number of boutons of
the NMJ4’s main branch was found upon administration of
a low dose of fingolimod to larvae expressing TDP-43 WT
(TDP-43 WT untreated vs Fng-L treated mean: 9.6 +2.6 vs
11.7+2.4 n. boutons) (Fig. 5B and C). However, a similar
effect was barely seen on larvae expressing TDP-43 G348C
(11.2+2.7 vs 12.4+ 3.0 n. boutons) (Fig. 5D, E).

Fingolimod Post-transcriptionally Reduces
the Level of TDP-43 WT to Improve
Locomotive Functions in Adult Flies

To investigate the effects of fingolimod on adult flies, we
utilized the GeneSwitch (GS) inducible transgene expression
system. This approach was chosen because the expression of
TDP-43 transgenes driven by D42-GAL4 in motor neurons
resulted in pupal lethality, as indicated in Tables S2 and S3 of
our supplementary materials. Additionally, we observed sim-
ilar outcomes when using plain elav-Gal4-driven expression
in all subtypes of neurons (data are not shown). Therefore, we
conducted crosses between UAS-TDP-43 flies (both WT and
G348C) and elav-GS flies, and the resulting offspring were
subjected to a 5-day treatment with RU-486 (see method sec-
tion). During this experiment, two different concentrations
of RU-486, and the fingolimod dose—response assessment
was performed by comparing the climbing scores of the flies
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(Fig. 6A). The protein levels of both transgenes were verified
to be higher, corresponding to an increase in the concentra-
tion of RU-486 employed (Fig. S2).

Significantly, the locomotive functions of flies expressing
TDP-43 WT were restored by treatment with 0.5 and 1 uM
concentrations of fingolimod when a half-dose of RU-486
was used for induction (TDP-43 WT untreated vs 0.5-Fng or
1-Fng treated, respectively: mean 2.23 +0.17 vs 2.96 +0.21
orvs 3.17 +0.18 climbing score). However, the lowest con-
centration of fingolimod demonstrated ineffectiveness in res-
cuing locomotive functions when flies were induced with a
full dose of RU-486. Notably, only the treatment with 1 uM
fingolimod exhibited a statistically significant amelioration
of climbing performance. (TDP-43 WT untreated vs 1-Fng
treated: mean 2.49+0.27 vs 3.06 +£0.21 climbing score)
(Fig. 6B, C). In contrast, flies expressing TDP-43 G348C
exhibited an improvement in climbing scores when treated
with 1 and 5 uM concentrations of fingolimod during induc-
tion with a half-dose (0.5X) of RU-486 (TDP-43 G348C
untreated vs 1-Fng or 5-Fng treated, respectively: mean

Fig.6 Fingolimod improves locomotive functions in adult flies and »
post-transcriptionally reduces the level of TDP-43. A Schematic dia-
gram of experimental procedures. Locomotive function was exam-
ined in adult flies expressing TDP-43 WT or TDP-43 G348C upon
eclosion. Conditional expression of transgene was achieved by five
consecutive days administration of mifepristone (RU-486) in flies
carrying w8, 4, elavGS-GAL4/UAS-TDP-43 WT (TDP-43 WT)
and w8, +; elavGS-GAL4/UAS-TDP-43 G348C (TDP-43 G348C).
Treatment with fingolimod was initiated upon fly eclosion and con-
tinued for 5 consecutive days. Fingolimod was administered at four
different concentrations: 0.5 pM, 1 uM, 5 uM, and 10 pM. The climb-
ing scores of the treated flies were compared to those of the untreated
flies (0 uM). B-E The climbing abilities of five-day-old flies express-
ing TDP-43 WT or G348C, treated with 0.5X (B and D) or 1X (C and
E) fingolimod, were assessed using a negative geotaxis assay. Sta-
tistical analysis was conducted on five independent replicates, Total
flies assayed n = 95-110, *P<0.05. F-1 After five consecutive days
of inducing TDP-43 expression and treating with fingolimod, crude
extracts were obtained from fly heads. TDP-43 immunoblots were
performed to assess the levels of TDP-43 WT (F and H) or G348C
(G and 1), and Actin was used as a reference to quantify the relative
abundance of the major TDP-43 band (43 kDa). Statistical analy-
sis was performed on three independent Western blot experiments.
*P<0.05; ***P<0.001; ns = not significant

Fig.5 Inspection of the NMJ A

morphology upon fingolimod fingolimod NMJ4

administration. A Schematic administration visualization
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. . r n r n
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However, no benefit of fingolimod treatment was observed
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of RU-486 (Fig. 6D, E). Based on these observations, we
discovered that the beneficial effect of fingolimod was more
pronounced when we induced lower levels of TDP-43. These
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findings suggested a plausible link between the mechanism
by which fingolimod rescues TDP-43 toxicity and the level
of TDP-43 itself, indicating that the efficacy of fingolimod
may be more limited in the presence of high TDP-43 levels.

To begin investigating the mechanism of how fingolimod
exerts beneficial effects on TDP-43 pathology, post-climbing
assay, total proteins were extracted from both fingolimod-
treated and untreated flies. Immunoblotting analysis was
performed to assess the levels of TDP-43. The results dem-
onstrated a reduction in the TDP-43 protein level in flies
expressing TDP-43 WT or G348C corresponding to the
observed improvement in climbing scores. Specifically, a
statistically significant reduction in TDP-43 WT levels was
observed in flies treated with 1 uM fingolimod. Furthermore,
a trend towards decreased TDP-43 levels was observed in
flies treated with 0.5 and 1 pM fingolimod when a half dose
(0.5X) of RU-486 was used for transgene induction. In con-
trast, a significant reduction in TDP-43 G348C levels was
found only when flies were treated with 1 uM fingolimod,
and transgene expression was induced using a half dose of
RU-486. However, an intriguing trend towards decreased
TDP-43 G348C levels was also observed in flies treated with
5 uM fingolimod, when a half dose of RU-486 was used for
induction. (Fig. 6F-I; uncropped western blots are provided
in Fig. S5).

To understand whether such a decline in TDP-43 amount
was due to modulation of the elav-GS system at the tran-
scriptional level, we further measured the level of TDP-
43 mRNA by semi-quantitative PCR. No difference was
observed in the comparison with untreated controls sug-
gesting that fingolimod is capable to regulate the TDP-43
post-transcriptionally (Fig. S3A-D).

To evaluate the long-term impact of fingolimod on loco-
motive function, we used two moderately toxic TDP-43 lines
that do not cause lethality when expressed constitutively in
motor neurons (refer to Tables S1, S2, and S3). We measured
the climbing score of flies that were raised with or with-
out fingolimod (Fig. S4A). Without fingolimod treatment,
both TDP-43 WT moderate and TDP-43 G348C moderate
expressing flies exhibited a rapid decline in locomotive abili-
ties. Interestingly, fingolimod treatment had slightly differ-
ent effects on these lines: while TDP-43 WT moderate flies
treated with 1 uM fingolimod maintained a higher climb-
ing score for up to fifteen days post-eclosion, a significant
beneficial effect of fingolimod was only observed in aged
TDP-43 G348C moderate flies (Fig. S4B, C).

The underlying reasons for this apparent differential effect
may require further investigation to be fully elucidated.
However, it is worth noting that the amino acid substitution
in G348C, which makes the protein more resistant to protein
degradation as discussed earlier, could potentially play a role
in this differential response.

Taken together, these data indicate that fingolimod is likely
beneficial against TDP-43 pathology, at least in part, due to its
ability to post-transcriptionally reduce TDP-43 levels.

Discussion

The objective of this study was to establish a Drosophila-
based drug screening pipeline for the identification of US-
FDA-approved drugs that could be repurposed for the treat-
ment of TDP-43 pathology. A comprehensive screening was
conducted using a three-step assay to evaluate pupal lethality
rescue, as well as improvements in larval and adult locomo-
tive function. For this pilot test, we randomly selected ten
drugs currently undergoing clinical trials for their potential
neuroprotective effects in different neurological conditions,
along with two FDA-approved drugs for ALS patients. The
primary goal was to gain initial insights and gather prelimi-
nary data to inform future investigations and refine the drug
screening approach. The screening platform utilized in the
study identified ceftriaxone, dexpramipexole, and pioglita-
zone as compounds that improved the eclosion rate in flies
expressing human TDP-43 WT. Additionally, edaravone
and pioglitazone were found to improve the eclosion rate
in flies expressing the ALS/FTD-associated G348C mutant.
However, fingolimod stood out as a particularly promising
drug candidate since it demonstrated positive effects on all
tested phenotypes in both TDP-43 WT and mutant flies,
despite the reduction in beneficial effects at higher doses.
Subsequently, in vitro assays supported the potential of fin-
golimod by showing its ability to reduce TDP-43 levels post-
transcriptionally. These findings validate the effectiveness
of this platform in identifying novel therapeutics that target
TDP-43 pathology.

However, it is important to acknowledge a few limitations
of this workflow that should be considered for future screen-
ing endeavors. One such limitation is the initial screening
method, which focused on evaluating improvements in eclo-
sion rate. This approach excludes the use of transgenic TDP-
43 flies, such as those available at the Bloomington stock
center, so far that exhibit vital phenotypes. Overcoming this
limitation could involve transitioning to a life span readout
assay as an alternative screening method. However, to imple-
ment this approach may significantly increase both the time
and cost required for the screening process.

Another limitation of this platform is its reliance on
two-dose testing, which may not fully capture the dose-
dependent effects of the drugs, potentially missing out on
optimal therapeutic concentrations. To address this limi-
tation, an iterative testing approach can be considered.
This involves retesting promising drugs identified in the
initial screening using additional doses in subsequent
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experiments. As we have done with fingolimod based on
promising results, this iterative process allows for a more
refined assessment of dose—response relationships and
increases the likelihood of identifying promising drugs.

We also acknowledge the limitations related to certain
drugs that exert their neuroprotective function through specific
receptors, which may not be conserved in Drosophila. In fact,
drugs that rely on specific receptors not present in Drosophila
may not be suitable for this screening platform. However, it is
worth noting that all the drugs tested in this study either have
conserved receptors or are known to exhibit neuroprotective
effects through receptor-independent mechanisms. Therefore,
the lack of significant results observed for some of the drugs
tested in this study cannot solely be attributed to the absence
of a specific receptor in Drosophila.

Fingolimod (also known as FT'Y720) was approved as the
first oral drug for the treatment of multiple sclerosis by the
US-FDA in 2010. Previous studies have demonstrated the
protective effects of fingolimod in SOD1-ALS mice, where
it modulated microglial activation and innate immunity [70].
Additionally, fingolimod has shown safety and tolerability
in phase 2 clinical trials for ALS (ClinicalTrials.gov Identi-
fier: NCT01786174) [71]. The well-established mechanism
of action for fingolimod involves its binding to S1P recep-
tors expressed on various cells, including neurons, astrocytes,
microglia, and endothelial cells of blood vessels [72, 73]. How-
ever, an intriguing aspect of our study is the use of Drosophila
melanogaster, which lacks the sphingosine-1-phosphate (S1P)
receptor, allowing us to explore the receptor-independent func-
tions of fingolimod. To the best of our knowledge, our study
is the first to reveal a positive functional interaction between
fingolimod and TDP-43 independent of S1P receptor.

Among the receptor-independent effects described thus far,
there is growing evidence suggesting a role for fingolimod in
epigenetic modulations [74-76]. Specifically, the phosphoryl-
ated form of fingolimod, generated by the activities of evo-
lutionary conserved sphingosine kinases SK1 and SK2 [77],
has been shown to act as a specific inhibitor of class | HDACs,
including HDAC1 [75, 78, 79]. Intriguingly, recent findings
have revealed a connection between HDAC1 and TDP-43,
whereby HDAC1 becomes sequestered within cytoplasmic
aggregates formed by TDP-43, resulting in the loss of its
nuclear functions related to DNA repair and cell cycle regula-
tion [59]. Consequently, genetic, and pharmacological manipu-
lations targeting HDAC1 have demonstrated their potential to
improve TDP-43-induced cell death both in vitro and in vivo
[80]. Furthermore, HDAC1 inhibition has been recently shown
to promote the degradation of TDP-43 [81].

Based on the emerging evidence suggesting a link
between fingolimod and HDACI, along with the previously
reported genetic and physical interactions between HDAC1
and TDP-43, it is plausible to attribute the ability of fingoli-
mod to reduce the level of TDP-43 to its inhibitory effect on
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HDACT activity. The evolutionary conservation of HDCA 1
across mammals and Drosophila, with a similarity of 87%
and an identity of 77% as retrieved from the Drosophila
Integrative Ortholog Prediction Tool (DIOPT), strongly
supports the possibility of functional conservation or simi-
larity between the two species. As a result, the observed
extension of survival and improvement in motor functions
may be attributed at least in part to a potential regulatory
role of fingolimod on TDP-43 via HDACI1. This hypoth-
esis will require further studies to be validated, particularly
those employing human cell data or patient-derived cells to
translate these novel findings to TDP-43 pathology in ALS
patients. Currently, fingolimod is undergoing clinical trials
for ALS, but the precise mechanism of its beneficial effects
on the disease remains unknown. Therefore, the discovery
of fingolimod's receptor-independent benefits for TDP-43
pathology, as demonstrated in this study, encourages fur-
ther investigation in this direction. Drosophila could play
a critical role in these pioneering efforts, advancing our
understanding of fingolimod's mechanisms and its potential
application for TDP-43-related disorders.

The regulatory effect observed for fingolimod on TDP-43
is likely to be similar for both TDP-43 WT and G348C vari-
ants, as evidenced by the similar trend of decreased TDP-43
protein levels following fingolimod administration. How-
ever, due to the higher expression level of TDP-43 G348C in
these fly lines compared to TDP-43 WT, the rescue of loco-
motive functions in the mutant flies is only achieved when
a half dose of the RU-486 inducer is provided. The higher
expression of TDP-43 G348C compared to TDP-43 WT
may be attributed to multiple factors. One possible reason
is the random insertion of the transgenes in the fly's genome,
which by chance may result in the G348C variant being in
a more active chromatin locus. Additionally, the biochemi-
cal properties of the G348C mutant form of TDP-43 may
contribute to its higher expression. The substitution of gly-
cine with cysteine at position 348 is known to increase the
propensity of TDP-43 to aggregate, making it more prone to
form protein clumps. This aggregation can render TDP-43
more resistant to proteasomal degradation, thereby extend-
ing its half-life and ultimately resulting in higher levels of
the G348C variant compared to the WT form [40].

The idea that fingolimod could regulate TDP43 levels in
both TDP-43 WT and G348C flies appears to be valid, despite
a few observed differences. Specifically, when fingolimod
treatment was provided at the embryo stage in flies expressing
moderately toxic TDP-43 WT or G348C in motor neurons,
there were differences in the time required for treatment to
improve climbing ability. The treatment needed at least 10 days
for TDP-43 WT flies and 15 days for G348C flies. Addition-
ally, while the efficacy of the treatment diminished after
15 days in TDP-43 WT flies, it seemed to remain beneficial in
TDP-43 G348C flies until 20 days post-treatment. In addition
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to the biochemical properties that make G348C more resistant
to degradation, as mentioned earlier, to interpret these find-
ings, it is important to consider the limitations related to the
longevity of untreated flies. Flies expressing TDP-43 WT or
G348C in motor neurons have poor survival beyond 20 days,
and the number of flies that survive until that time point is very
limited. Moreover, the climbing score of untreated TDP-43
G348C flies experienced a sudden drop at the 20-day point
of analysis, making statistical comparison between untreated
and treated flies challenging and prone to misinterpretation.

The discrepancy between the observed improvement in
locomotion and the lack of improvement in the morphology
of neuromuscular junctions (NMIJs) in these experimental
conditions raised an intriguing question. There could be sev-
eral plausible explanations for this discrepancy including
time frame and mechanistic differences. For instance, the
fingolimod-induced improvement in locomotion may occur
rapidly, while changes in NMJ morphology may require a
longer time to manifest. It is possible that the drug's effects
on locomotion are independent of NMJ morphology and
involve other mechanisms or pathways. Further investiga-
tions may be necessary to clarify the underlying mechanisms
responsible for the fingolimod-induced locomotor improve-
ments independent of NMJ morphology changes.

Taken together, this study identified fingolimod as a novel
promising therapeutic for TDP-43 pathology, thus encourag-
ing further clinical investigations to repurpose its use on a
wide spectrum of neurodegenerative diseases.
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