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A B S T R A C T   

Brain inclusions mainly composed of misfolded and aggregated TAR DNA binding protein 43 (TDP-43), are 
characteristic hallmarks of amyotrophic lateral sclerosis (ALS). Irrespective of the role played by the inclusions, 
their reduction represents an important therapeutic pathway that is worth exploring. Their removal can either 
lead to the recovery of TDP-43 function by removing the self-templating conformers that sequester the protein in 
the inclusions, and/or eliminate any potential intrinsic toxicity of the aggregates. The search for curative ther-
apies has been hampered by the lack of ALS models for use in high-throughput screening. We adapted, optimised, 
and extensively characterised our previous ALS cellular model for such use. The model demonstrated efficient 
aggregation of endogenous TDP-43, and concomitant loss of its splicing regulation function. We provided a 
proof-of-principle for its eventual use in high-throughput screening using compounds of the tricyclic family and 
showed that recovery of TDP-43 function can be achieved by the enhanced removal of TDP-43 aggregates by 
these compounds. We observed that the degradation of the aggregates occurs independent of the autophagy 
pathway beyond autophagosome-lysosome fusion, but requires a functional proteasome pathway. The in vivo 
translational effect of the cellular model was tested with two of these compounds in a Drosophila model 
expressing a construct analogous to the cellular model, where thioridazine significantly improved the locomotive 
defect. Our findings have important implications as thioridazine cleared TDP-43 aggregates and recovered TDP- 
43 functionality. This study also highlights the importance of a two-stage, in vitro and in vivo model system to 
cross-check the search for small molecules that can clear TDP-43 aggregates in TDP-43 proteinopathies.   

1. Introduction 

Amyotrophic lateral sclerosis (ALS) is a disease that is characterised 
by progressive degeneration of the motor neurons in the primary motor 
cortex, brainstem and spinal cord. The initial foci of pathogenesis appear 
at the motor neuron terminals, with retrograde axonal degeneration 
ultimately reaching the motor neuron soma, leading to neuronal 
dysfunction. This results in muscle weakness, paralysis, and death 
within 2–5 years of the clinical onset (Silani et al., 2017). Several 
pathogenic mechanisms have been proposed to account for ALS, 
including glutamate-induced excitotoxicity (Van Damme et al., 2005) 

oxidative stress (Dadon-Nachum et al., 2011), and mitochondrial 
dysfunction (Cozzolino and Carrì, 2012). In the last decade, however, 
aberrant protein aggregation has been identified as the possible initial 
pathological mechanism underlying non-superoxide dismutase (SOD), 
ALS (Ratti and Buratti, 2016). The major component of neuronal and 
glial ubiquitinated inclusions was identified as the TAR DNA binding 
protein 43 (TDP-43), which belongs to the heterogeneous nuclear 
ribonucleoprotein (hnRNP) family (Neumann et al., 2006). TDP-43 is 
now known to link the sporadic and familial forms of ALS, and causative 
mutations in this protein have been identified in affected individuals 
(Sreedharan et al., 2008). Furthermore, 40% of the patients with 
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frontotemporal lobar degeneration with tau-negative, ubiquitin-positive 
inclusions (FTLD-U) (Ling et al., 2013; Mackenzie et al., 2010) show 
TDP-43 containing neuronal inclusions, as do approximately one-third 
of Alzheimer’s disease (AD) brains. TDP-43 protein deposition also oc-
curs in other disorders (Geser et al., 2009), resulting in the term TDP-43 
proteinopathies to delineate a spectrum of disorders characterised by 
the presence of misfolded and aggregated TDP-43 (Taylor et al., 2016). 

To date, the exact pathological significance of these aggregates re-
mains unknown. The possibilities range from the inherent toxicity of the 
aggregates to loss-of function-effects, owing to the sequestration of TDP- 
43 in the aggregates, resulting in a lack of its functional form. Both 
possibilities are not mutually exclusive (Lee et al., 2011). Regarding the 
loss-of-function effects, these occur due to the fact that TDP-43 is a 
nuclear RNA-binding protein that actively shuttles between the nucleus 
and cytoplasm (Ayala et al., 2008), areas in which it is involved in 
several aspects of RNA processing (Buratti and Baralle, 2012). In fact, 
disruption of the nuclear import pathway by knockdown of the importin 
subunit beta-1 leads to the cytoplasmic accumulation of TDP-43 (Nish-
imura et al., 2010). Moreover, in the cytoplasm, it has been implicated in 
the anterograde axonal transport of mRNAs (Alami et al., 2014). 
Therefore, mislocalization and/or changes in the functional TDP-43 
levels within the cell, such as those in ALS and FTLD-U, where TDP-43 
is typically lost from its normal location in the neuronal nuclei and 
aggregated in the cytoplasm (Neumann et al., 2006), will upset a myriad 
of fundamental RNA metabolic processes. 

Further support for the fact that the loss of TDP-43 function is 
involved in the neurodegeneration observed in ALS initially came from 
evidence derived from evolutionarily distant but functionally related 
species. Human TDP-43 has been demonstrated to be functionally 
interchangeable with its Drosophila ortholog, TBPH (Ayala et al., 2005). 
The knockout of TBPH in Drosophila results in a severe locomotion defect 
due to the atrophy of the neuromuscular junction (Feiguin et al., 2009). 
Among mammalian models, the importance of this protein was 
demonstrated in a mouse model, in which TDP-43 knockout resulted in 
early embryonic lethality (Kraemer et al., 2010; Sephton et al., 2010). 
Knockout of TDP-43 in mouse postnatal motor neurons demonstrated 
the link between the loss-of-function of TDP-43 and ALS as these mice 
showed an age dependent progressive motor neuronal dysfunction 
phenotype (Iguchi et al., 2013). In ALS patients, analysis of splicing 
changes regulated by TDP-43 also supports a loss-of-function role for 
TDP-43. For example, TDP-43 represses cryptic exons to maintain a 
normal transcriptome (Ling et al., 2015). This was found to be impaired 
in post-mortem brain tissues from an ALS-FTD cohort, suggesting that 
this splicing defect could potentially underlie TDP-43 proteinopathy 
(Ling et al., 2015). Additionally, analysis of the splicing changes in a 
series of alternatively spliced exons regulated by TDP-43 showed that 
these changes vary between human ALS and control spinal cords (Yang 
et al., 2014). Pertinent to this study, a splicing event that is dependent on 
TDP-43 levels is that of POLDIP3 exon 3. A reduction in the levels of 
TDP-43 via siRNA in vitro has been shown to promote the exclusion of 
the exon giving rise to the POLDIP3 variant-2 (Fiesel et al., 2012). The 
mRNA of POLDIP3 variant 2 was observed to be significantly increased 
in the thalamus, motor cortex and spinal cord of patients with ALS and 
controls (Shiga et al., 2012), indicating of a loss of TDP-43 in ALS. 

Regarding TDP-43 overexpression, the toxicity of excess TDP-43 has 
been demonstrated in cells (Winton et al., 2008; Zhang et al., 2013) and 
in vivo models (Wegorzewska and Baloh, 2011). These studies also 
highlighted the fact that insoluble TDP-43 inclusions contributed to 
neurodegeneration to a lesser degree than the actual overexpression of 
TDP-43. In fact, on using mutations that increase hydrophobicity and 
aggregation of TDP-43 in yeast, the aggregates strongly reduced the 
toxicity of the protein (Bolognesi et al., 2019). Even through it remains 
to be established whether the aggregation of TDP-43 is also protective in 
neurons, at least in the Drosophila eye, TDP-43 aggregates were not toxic 
but were protective in the presence of excess TDP-43 (Cragnaz et al., 
2014). Overexpression of TBPH in the eye results in necrosis and loss of 

function of the eye, this neurotoxicity could be abolished by co- 
expression of an aggregate inducer which incorporated TDP-43 into 
the insoluble aggregates and restored normal eye morphology and fly 
vision. 

Taken together, these data indicate that it is plausible that the 
contribution of TDP-43 to the pathogenesis of ALS is due to the pro-
gressive sequestration of TDP-43 with consequent loss of functionality, 
eventually reaching a critically low level of biologically active protein 
that is insufficient to fulfil its functions in RNA processing and transport. 
In fact, the normal physiological age-related drop in the expression of 
Drosophila TBPH coincides with the onset of locomotive defective 
phenotype in a Drosophila aggregation model (Cragnaz et al., 2015). This 
raises the question of whether it is possible to reverse the neurological 
phenotypes generated by the loss-of-function, of TDP-43 by the rein-
troduction of TDP-43. This issue was assessed using a Drosophila TBPH, 
null-allele model, where late expression of an inducible TBPH transgene 
resulted in the recovery of the normal phenotype, revealing an unex-
pected late-stage functional and structural neuronal plasticity (Romano 
et al., 2014). Subsequently, the reversibility of the phenotype was also 
confirmed by a study in mice in which the expression of human TDP-43 
ΔNLS resulted in the formation of TDP-43 aggregates in the brain and 
spinal cord, with the concomitant loss of nuclear mouse TDP-43 (Walker 
et al., 2015). The phenotype could be reversed by halting the expression 
of human TDP-43 ΔNLS, which in turn was associated with a reduction 
in TDP-43 aggregation. 

Notwithstanding the knowledge acquired about TDP-43 proteino-
pathies, no treatment is currently available for the human disease that 
significantly blocks disease progression. Protein aggregation aside, 
therapeutic approaches have been mainly aimed at targeting one or 
more of the cellular mechanisms involved in the disease. However, 
riluzole (Bensimon et al., 1994; Miller et al., 2012), a presynaptic 
glutamate release inhibitor, and edaravone an antioxidant (Rothstein, 
2017), which are the only prescribed treatment options for ALS patients, 
offer modest survival benefits. 

Irrespective of the role played by the aggregates, their reduction 
represents an important therapeutic pathway worth exploring as their 
removal might suppress the toxicity of the aggregates or eradicate the 
aggregates in the cytosol that act as a “sink” sequestering the soluble 
functional TDP-43 (Cascella et al., 2016). Indeed, removing the cause of 
the nuclear depletion would then allow TDP-43 to carry out its functions 
in the nucleus as well as in the cytoplasm. Consequently, strategies that 
reverse TDP-43 misfolding and restore the native form of the protein 
have become an emerging target for drug discovery in TDP-43 protei-
nopathies (De Conti et al., 2017). For example, studies have been un-
dertaken to identify small molecules that stimulate autophagy (Barmada 
et al., 2014), and for potentiated variants of the protein disaggregase 
Hsp104 (Torrente et al., 2016). A study was also conducted to identify 
compounds that reduce TDP-43 aggregation in PC12 cells over-
expressing human TDP-43 tagged with GFP that aggregate after oxida-
tive stress (Boyd et al., 2014). Another study screened 1200-FDA 
approved compound library in a Drosophila model that demonstrates 
lethality due to TDP-43 overexpression (Joardar et al., 2015). In general, 
the models and screens used to date rely on the overexpression of 
functional TDP-43 in order to create the aggregates. This is not optimal 
because of the intrinsic toxicity associated with the high levels of TDP- 
43, and even more pertinent, because of the many molecular activities 
regulated by TDP-43, including its self-regulation. A further disadvan-
tage of the screening performed to date, is that they have been mostly 
directed at specific pathways, thus restricting the scope of the 
screenings. 

In this study, we aimed to build on our previous work to develop and 
characterise a cellular model of endogenous TDP-43 sequestration by 
expressing a non-functional mutant TDP-43 that aggregates and se-
questers the endogenous protein (Budini et al., 2015). We demonstrate 
that our cellular model results in efficient aggregation of endogenous 
TDP-43 and concomitant loss of a known TDP-43 dependent alternative 
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splicing event regulated by endogenous TDP-43. We demonstrate a 
proof-of-principle with this model for its use in a high throughput 
phenotypic screening for the identification of small molecules that can 
activate any pathway that leads to the enhancement of TDP-43 aggre-
gate clearance. Finally, a validation of the cellular model is provided by 
recovering the TDP-43 functionality by enhancing aggregate clearance 
by treating the cells with five different tricyclic compounds. To extend 
the model to a multicellular organism we constructed a Drosophila 
transgenic strain using the same principles as that in the cellular model 
in order to test the translational potential of the cellular model, and 
validate new future therapeutic compounds in vivo. Using these models, 
we show that thioridazine clears the aggregates through an autophagy- 
independent mechanism and restore splicing functionality in the cells 
and locomotion functionality in the Drosophila ALS-like model. 

2. Materials and methods 

2.1. Expression plasmids 

The pcDNA5/FRT/TO-EGFP-TDPF4L-12XQ/N expression plasmid 
for use in the HEK293 Flp–In™ T-Rex™ system (Invitrogen R78007) 
was created by modifying the pCDNA5/FRT/TO-FLAG-TDPF4L expres-
sion plasmid (Budini et al., 2015). The FLAG tag was deleted and 
simultaneously an EcoRV enzyme restriction site was inserted by Quick 
Change mutagenesis strategy (Stratagene), according to the manufac-
turer’s instructions, using the following oligonucleotides: F4L/pcDNA5 
FLAGdel-EcoRVins Forward 5′-atccagcctccggactctagcgtttaaatttaaatcgt-
taagatatcctttctgaatatattcgggtaaccgaagatgaga-3′ and F4L/pcDNA5 FLAG 
del-EcoRVins reverse 5′-tctcatcttcggttacccgaatatattcagaaaggatatcttaacg 
atttaaatttaaacgctagagtccggaggctggat-3′. The EGFP tag was amplified 
from pEGFP-C2 plasmid using primers carrying an EcoRV target 
sequence (EcoRV EGFP forward 5′-ccggatatcatggtgagcaagggcga-3′ and 
EcoRV EGFP reverse 5′-ccggatatcgatctgagtccggccggactt-3′) and cloned 
into the EcoRV site to generate the pcDNA5/FRT/TO-EGFP-TDPF4L 
plasmid. Twelve repetitions of the Q/N -rich region of TDP-43 
(331–369) were inserted as previously described (Budini et al., 2015). 
All the cloning steps were followed by sequencing which confirmed all 
the inserted fragments were correct. 

The plasmid pcDNA5ATG/FRT/TO-EGFP-TDPF4L-12XQ/N used to 
transfect the SHSY-5Y T-Rex cell line, was created by modifying the 
pcDNA5/FRT/TO-EGFP-TDPF4L-12XQ/N expression plasmid by intro-
ducing an ATG codon Additionally, an AgeI site immediately upstream of 
the hygromycin resistance gene was added in order to bypass the need 
for Flip-In system. This was performed by Quick Change mutagenesis 
strategy (Stratagene) according to the manufacturer’s instructions using 
the following primers forward 5′-agtataggaacttccttggccaccggtttagctatg 
aaaaagcctgaactcaccgcg-3′ and reverse: 5′-cgcggtgagttcaggctttttcatagct 
aaaccggtggccaaggaagttcctatact-3′. Subsequently, a CMV promoter, 
amplified from a pcDNA3 plasmid using the following primers with AgeI 
site at the extremities F forward: 5′-tatataaccggtcgatgtacgggccagatatac- 
3’and reverse: 5′-tatataaccggtaatttcgataagccagtaagc-3′, was inserted 
into the AgeI restriction site to ensure hygromycin expression. 

2.2. Cell lines 

The HEK293 EGFP-TDPF4L-12XQ/N cell line was created by trans-
fecting the HEK293 Flp–In™ T-Rex™ cell line (Invitrogen R78007) 
with the pcDNA5/FRT/TO-EGFP-TDPF4L-12XQ/N expression plasmid 
according to the manufacturer’s instructions. Cells were cultured in 
Dulbecco’s modified eagle medium (DMEM) with GlutaMAX (Gibco) 
supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS) 
(Gibco) and antibiotic-antimycotic (Sigma A5955). Hygromycin B (100 
μg/mL; (Invitrogen 10687–010) was used to select the stably integrated 
transgene, and 15 μg/mL blasticidin S (Sigma 15205) was used to 
maintain selection of the tetracycline repressor (pcDNA6/TR) positive 
cells. For the induction of the transgene 1 μg/mL of anhydrotetracycline 

hydrochloride (Sigma 13803–65-1) was added to the culture media for 
24 h. 

The SHSY-5Y stable cell line expressing EGFP-TDPF4L-12XQ/N was 
created from SHSY-5Y cell line carrying the stably integrated T-Rex 
plasmid, which was a kind gift from Christopher Shaw lab (Scotter et al., 
2014). Transfection of 2.5 μg of the plasmid pcDNA5ATG/FRT/TO- 
EGFP-TDPF4L-12XQ/N was performed using Lipofectamine 2000 
(Invitrogen P/N 52887), according to the manufacturer’s instructions. 
Cells were cultured in DMEM with GlutaMAX (Gibco) supplemented 
with 10% (v/v) FBS (Gibco) and antibiotic-antimycotic (Sigma A5955). 
Monoclones containing the transgene of interest together with the 
tetracycline repressor gene were selected using 150 μg/mL of hygrom-
ycin B (Invitrogen 10687–010) and 5 μg/mL of blasticidin S (Sigma 
15205). To induce the transgenic protein 60 ng/mL of anhydrotetracy-
cline hydrochloride (Sigma 13803–65-1) was added to the culture 
media. 

2.3. Compound solutions 

All the compounds were purchased from Sigma-Aldrich: nortripty-
line hydrochloride (N7261), chlorpromazine hydrochloride (C8138), 
fluphenazine dihydrochloride (F4765), thioridazine hydrochloride 
(T9025), and clomipramine hydrochloride (C7291). 

Stock solutions were prepared in dimethyl sulfoxide (DMSO) at 10 
mM, and were serially diluted in DMEM with GlutaMAX (Gibco) sup-
plemented with 10% (v/v) FBS (Gibco) immediately before use. DMSO 
solutions were used in the control experiments and was prepared 
following the same procedure as with the compounds. Compounds used 
to feed the fly larvae were suspended in 1.2 mL of 100% ethanol, vor-
texed, and incubated at 48 ◦C for 3–5 min. The resultant compound was 
added to 120 mL of liquid fly food, at 40 ◦C fly food (final percentage of 
ethanol in the food was 1%). For the feeding of adult flies, the com-
pounds were suspended in 100% ethanol (7.5 mL), vortexed and incu-
bated at 48 ◦C for 3–5 min. The resultant compound was then added to 
142.5 mL of the food (the final percentage of ethanol in the food was 
5%). The mixture was subsequently aliquoted into individual tubes and 
allowed to solidify. 

2.4. Clearance assay 

A total of 100,000 HEK293 cells/well or 70,000 SHSY-5Y cells/well 
were seeded in a 6-wells plate and immediately induced using anhy-
drotetracycline hydrochloride for 24 h. In the control group an equiv-
alent amount of water was added to the medium instead of 
anhydrotetracycline hydrochloride. After 24 h, t = 0 cells (cells treated 
with anhydrotetracycline hydrochloride and uninduced cells) were 
harvested. Cells to be tested with test compounds were washed twice 
with 2 mL 1×phosphate buffered saline (PBS), and fresh culture medium 
without antibiotic-antimycotic was added together with the test com-
pound. An equivalent amount of DMSO was added to control cells. After 
48 h, in the case of the HEK293 cells and 72 h in the case of SHSY-5Y 
cells, the cells were washed with 2 mL of 1× PBS and harvested to 
extract the protein and RNA. 

2.5. Immunoblotting 

Proteins were extracted from cells by harvesting them in lysis buffer 
(15 mM HEPES pH 7.5, 250 mM NaCl, 0.5% (v/v) NP-40, 10% (v/v) 
glycerol and protease inhibitors [Roche Diagnostic 11836170001]), 
followed by sonication for 10 min at the highest potency. The total cell 
lysate (without centrifugation) was quantified by the Bradford assay 
using Biorad reagent (Biorad 500–0006). and 20–30 μg of protein 
extract was loaded and separated by 10 or 12,5% SDS-PAGE, followed 
by transfer to nitrocellulose membranes (Whatman NBA083C) and 
probed with the following primary antibodies: rabbit anti-GFP (1:1000, 
Santa Cruz sc-8334), rabbit anti-TDP-43 (1:1000, Proteintech 10782–2- 
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AP), rabbit anti-LC3B (1:1000, Sigma L7543), guinea pig anti-p62 
(1:1000, Progen GP62-C), mouse anti-Flag (1:1000, Sigma F1804), 
rabbit anti-TBPH (1:1500 home-made), mouse anti-tubulin (1:4000, 
Calbiochem CP06) and rabbit anti-GAPDH (1:1000, Santa Cruz sc- 
25778). The membranes were incubated with the following secondary 
antibodies: HRP-labelled anti-mouse (1:2000, Thermo Scientific 32430), 
HRP-labelled anti-guinea pig (1:10000, Jackson ImmunoResearch 
706–035-148) or HRP-labelled anti-rabbit (1:2000, Thermo Scientific 
32460). Protein detection was performed using ECL western blotting 
substrate (Thermo Scientific 32106). ImageJ software was used to 
quantify intensity of protein signals. Unpaired t-test analysis was used to 
compare the measurements between the 2 groups in different conditions 
as described in the manuscript. The intensity of the band of interest was 
normalised to that of tubulin or GAPDH. Values are derived from at least 
three independent experiments. The significance between the variables 
was shown based on the p-value obtained. 

2.6. Splicing assay 

Cells with and without drug treatment were harvested and RNA was 
extracted using EUROGOLD TriFast reagent (Euroclone EMR507100), 
according to the manufacturer’s instructions. After retrotranscription 
with M-MLV reverse transcriptase (Invitrogen M1701), total cDNA was 
analysed by polymerase chain reaction (PCR) using the primers: POL-
DIP3 forward (5′-gcttaatgccagaccgggagttgga-3′) and POLDIP3 reverse 
(5′-tcatcttcatccaggtcatataaatt-3′) or MADD exon 30 forward: 5′-gacct-
gaattgggtggcgagttccct-3′ and MADD exon 32 reverse (5′-cattggtgtcttg-
tacttgtggctc-3′). PCR was performed using DNA polymerase (Biolabs 
M0273L). All PCR products were analysed on 2% (w/v) agarose gels and 
stained with ethidium bromide (Sigma E1510). 

ImageJ software was used to quantify percentage of each isoform 
upon exposure of the cells to different treatments, as described 
throughout the manuscript. Unpaired t-test analysis was used to 
compare the measurements between the 2 groups. The significance be-
tween the variables was shown based on the p-value obtained. Values 
are presented as the mean of three independent experiments. 

2.7. RNA interference 

Depletion of endogenous TDP-43 from the HEK293 EGFP-TDPF4L- 
12XQ/N cell line was achieved by RNA interference using HiPerFect 
Transfection Reagent (Qiagen) and a specific siRNA targeting TDP-43 
mRNA (Sigma; target sequence 5′-gcaaagccaagaugagccu-3′) as previ-
ously described (De Conti et al., 2015). 

2.8. High Throughput live cell imaging TDP-43 Aggregate Clearance 
Assay 

HEK293-EGFP-TDPF4L-12XQ/N cells (3 million) were seeded in a 
T175 flask and left to grow for 72 h under selection and then induced 
using anhydrotetracycline hydrochloride for a further 24 h. After in-
duction, cells were washed twice with 1× PBS and seeded in fresh cul-
ture medium without antibiotic-antimycotic in poly D-lysine-coated 
black clear 384-well plates (Greiner Bio-One), using a Viaflo 384 liquid 
dispenser (Integra). Uninduced HEK293-EGFP-TDPF4L12XQ/N cells 
were used as controls on each plate. The seeding density was 900 cells/ 
well in 38 μL. Cells were allowed to adhere and grow for 24 h at 37 ◦C, 
and 5% CO2. Compound addition was performed using a Biomek FX 
liquid dispenser, and 10-point half-log dilutions with a top concentra-
tion of 10 μM were prepared in 384-well V-bottom plates (Greiner Bio- 
One). The compounds were diluted 1:25 into intermediate dilution 
plates containing 24 μL DMEM-10% FCS and then diluted 1:13.3 into the 
cell plates. The cells were returned to the incubator for 48 h. Regarding 
dye addition and imaging: Hoechst 33342 (16.2 mM stock solution in 
water; Thermo Fisher Scientific) was diluted 1:500 in DMEM-10%FCS 
medium. Using a Biomek FX liquid dispenser, 2 μL of the dye solution 

was added to the cell plates. Plates were placed in a Cytomat 6001 
carousel incubator (Thermo Scientific) for 1-7 h prior to batch imaging 
on an IN Cell 2000 Analyser high content imager (GE Healthcare) using 
a 10× objective. Exposure was set at 100 ms for 4′,6-diamidino-2-phe-
nylindole (DAPI), 700 ms for fluorescin isothiocyanate (FITC), and 700 
ms for Texas Red. Automated imaging was achieved using a KiNEDx 
robot arm and the Overlord software (PAA). Images were analysed using 
the INCell Developer Toolbox 1.9.2 software (GE Healthcare). Imaging 
readouts were as follows: total number of aggregates per well (green 
fluorescent tag; measure of aggregate clearance), total number of cells 
per well and average nuclear diameter (Hoechst staining; measure of cell 
viability). Data were normalised to DMSO-treated cells, and dose 
response curves were fitted using a four-parameter logistic equation 
with variable slope in Graphpad PRISM 5. 

2.9. Autophagy and proteasome inhibition 

After EGFP-TDPF4L-12XQ/N induction, anhydrotetracycline was 
washed out and 1 h before the addition of the test compound, protea-
somal or autophagy inhibitors were added to the culture medium. For 
the autophagy blockage, 30 mM of NH4Cl (Merck 101145) or 10 μM 
chloroquine (Sigma C6628) were used. For proteasome inhibition 7 nM 
bortezomib (Selleckem S1013) was used. After 48 h, the cells were 
collected and, proteins and RNA were extracted. 

2.10. Immunofluorescence 

Cells were fixed in 3.7% paraformaldehyde (PFA)/PBS 1× for 15 min 
at room temperature, permeabilized using 0.3% Triton/PBS 1× for 5 
min on ice, and blocked with 2% BSA/PBS 1× for 20 min at room 
temperature. Immunolabeling using specific antibodies was carried out 
at room temperature for 1 h in 2% BSA/PBS 1× using rabbit anti-TDP-43 
(1:200, Proteintech 10782–2-AP), and the secondary antibody Alexa 
594 anti-rabbit (1:500, Invitrogen 997874). For mounting, the slide was 
placed upside down on a cover slip with a small drop of the mounting 
medium containing DAPI (Vector Laboratories H1200) to stain the 
nuclei. The samples were imaged using a confocal laser-scanning mi-
croscope (LSM 510 META; Carl Zeiss, Inc.). Images were acquired using 
63× or 40× oil immersion objective and processed with ImageJ 
software. 

2.11. TDP-43 solubility assay 

A solubility assay using cell lines was performed as previously 
described (Budini et al., 2015) with minor modifications. Briefly cells 
were collected, in lysis buffer (15 mM Hepes pH 7.5, 250 mM NaCl, 0.5% 
(v/v) NP-40, 10% (v/v) Glycerol and protease inhibitors [Roche Diag-
nostic 11836170001]), and sonicated for 10 min at the highest potency. 
The protein content of the cell lysate was quantified by the Bradford 
assay using Biorad reagent (Biorad 500–0006). Protein (250 μg) from 
the cell lysate was ultracentrifuged at 33,000 rpm in a clean Beckman 
thick-wall centrifuge polycarbonate tube (rotor type 70.1Ti) for 1 h at 
25 ◦C. The supernatant was collected as the soluble fraction and the 
pellet, as the insoluble fraction was resuspended in urea buffer (7 M 
urea, 4% CHAPS, 30 mM Tris pH 8,5). To analyse each fraction, 10% of 
each fraction was loaded to an SDS-PAGE gel followed by western 
blotting. 

The solubility assay for the Drosophila models was performed as 
previously described (Cragnaz et al., 2014). 

2.12. Drosophila models 

TDPF4L-12XQ/N sequence (Budini et al., 2015) linked to a FLAG tag 
under the control of an upstream activating sequence (UAS) was cloned 
in a pUASTattb vector (Bischof et al., 2007) as well as the EGFP 
construct. The constructs were sequenced and subsequently used to 
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create transgenic flies using standard embryo injections (Best Gene Inc.). 
A specific insertion using strain 24486 was chosen for FLAG-TDPF4L- 
12XQ/N. All transgenic flies were subsequently balanced on the 
required chromosome. Drosophila stocks GMR-Gal4 and ELAV-Gal4 were 
obtained from the Bloomington Drosophila Stock Centre at Indiana 
University (http://flystocks.bio.indiana.edu/). EGFP files were created 
as previously described (Cragnaz et al., 2014). 

2.13. Larval movement 

Wandering third-instar larvae were selected, gently washed and 
transferred to a petri dish (0.7% agarose in distilled water). After a 
period of adaptation (30 s), the peristaltic waves within a 2-min period 
were counted. At least 20 larvae were assayed for each genotype. Un-
paired t-test analysis was used to compare the measurements between 
the two groups. 

2.14. Climbing assay 

Age-synchronized cohorts of flies were transferred without anaes-
thesia to a 50-mL glass cylinder and tapped to the bottom with cotton. 
After a period of adaptation of 30 s, the climbing ability of the flies was 
quantified as the number of flies that reached the top of the cylinder (10 
cm) in 15 s. Flies were assayed in batches of 20 (male:female ratio 1:1), 
and the test was repeated three times for each batch of animals. 

In the climbing assay after compound feeding, crosses were set 
directly in the tubes containing food with or without the compound. 
After 5 days, the males and females were discarded. One-day-old flies 
were collected over a period of 2 days and placed in tubes with the test 
compound or equivalent amount of ethanol in which the test compound 
was dissolved, in a male:female ratio of 1:1 ratio. The food was changed 
every second day and after 10 days the climbing ability of the flies was 
tested. 

At least 120 flies were tested under each condition. Statistical anal-
ysis was performed using an by unpaired t-test. 

2.15. Immunoblotting of fly head samples 

The total protein was extracted from the fly head. Whole flies were 
frozen in liquid nitrogen and then vortexed to separate their heads from 
the body. Drosophila heads were homogenised in lysis buffer (10 μL/ 
head) (10 mM Tris-HCl, pH 7,4, 150 mM NaCl, 5 mM EDTA, 5 mM 
EGTA, 10% (v/v) glycerol, 50 mM NaF, 5 mM DTT, 4 M urea, and 
protease inhibitors [Roche Diagnostic 11836170001]). After homoge-
nisation, samples were left on ice for 20 min followed by centrifugation 
at 2,000 rmp for 7 min at 4 ◦C. Supernatants were collected, used and/or 
stored at − 80 ◦C. 

Proteins were separated by 8% SDS-PAGE, transferred to nitrocel-
lulose membranes (Whatman NBA083C) and probed with the following 
primary antibodies: mouse anti-FLAG (1:1,000, Sigma F1804), mouse 
anti-GFP (1:1000, Roche 11814460001), rabbit anti-TBPH (1:1,500, 
homemade), mouse anti-SYX 8C3s (1:2500, Developmental Studies 
Hybridoma Bank, DSHB, Iowa City, IA, USA) and mouse anti-tubulin 
(1:4,000, Calbiochem CP06). The membranes were incubated with the 
following secondary antibodies: HRP-labelled anti-mouse (1:2000, 
Thermo Scientific 32430) or HRP-labelled anti-rabbit (1:2000, Thermo 
Scientific 32460). Finally, protein detection was assessed using a Femto 
Super Signal substrate (Thermo Scientific 34095). Protein bands were 
quantified using the NIH ImageJ software. The intensity of the band of 
interest was normalised to that of tubulin. 

3. Results 

3.1. Development of a TDP-43 aggregation cellular model for compound 
screening 

A construct, EGFP-TDPF4L-12XQ/N, was created, and Flp-In T-REx 
recombinant human embryonic kidney cells (HEK293) were used to 
generate a cell line that stably expresses a single copy of the transgene, 
under gene expression regulation by tetracycline. As shown in the dia-
gram in Fig. 1A, the construct was composed of EGFP-tagged TDP-43 
coding sequence with the mutations F147/149 L and F229/231 L, 
respectively in the RNA-recognition motifs RRM1 and RRM2, so that the 
protein was biologically inactive, at least as far as splicing was con-
cerned (D’Ambrogio et al., 2009). It was linked to 12 repetitions of an 
aggregation-prone region of TDP-43, rich in asparagine and glutamine 
residues (c.331–369), termed 12XQ/N, which we have previously 
shown to cause TDP-43 self-aggregation (Budini et al., 2012). 

As expected, immunofluorescence analyses showed, that prior to 
tetracycline induction of the transgene, endogenous TDP-43 is mainly a 
homogenously distributed nuclear protein (Fig. 1B III). Upon induction 
of the transgene, through the addition of tetracycline, the expression of 
EGFP-TDPF4L-12XQ/N triggered the formation of aggregates (Fig. 1B 
VI), which sequestered endogenous TDP-43 (Fig. 1B VII and VIII). 
Western blot analysis of the soluble and insoluble protein fraction from 
the EGFP-TDPF4L-12XQ/N cell line, with and without tetracycline in-
duction substantiates the immunofluorescence analyses, showing that 
the EGFP-TDPF4L-12XQ/N protein was present almost exclusively in the 
insoluble fraction (Fig. 1C lane 3 vs. lane 4), as well as a clear shift in the 
solubility of endogenous TDP-43, upon EGFP-TDPF4L-12XQ/N expres-
sion (Fig. 1C lane 2 vs. lane 4). 

A reduction in soluble TDP-43, due to its inclusion in the aggregates, 
should produce a concomitant loss of the endogenous TDP-43 cellular 
splicing function, we analysed the pattern of POLDIP3 exon 3 splicing. 
Inclusion of this exon has been shown to be dependent on TDP-43, as 
mentioned in the introduction (Fiesel et al., 2012; Shiga et al., 2012). 
Formation of EGFP-TDPF4L-12XQ/N aggregates and sequestration of 
endogenous TDP-43 (Fig. 1B) with the consequent reduction of soluble 
endogenous TDP-43 levels (Fig. 1C) generates a shift in the POLDIP3 
exon 3 splicing pattern (Fig. 1D lane 3 vs. lane 4) analogous to that 
observed when TDP-43 was silenced (Fig. 1D lane 1 vs. lane 2). 

Curiously, the splicing shifts due to the sequestration of TDP-43 in 
the aggregates and knockdown were identical, notwithstanding that a 
significant proportion of TDP-43 was still visible in the soluble fraction 
upon aggregate sequestration of the protein (Fig. 1 C lane 3). However, 
this is in line with a previous observation that the switch between the 
two isoforms occurs with a reduction and not a total absence of TDP-43 
levels (Fiesel et al., 2012). A further factor contributing to the switch 
between the TDP-43 dependent POLDIP3 exon 3 isoforms, notwith-
standing the amount of TDP-43 in the soluble fraction, could be that part 
of the soluble fraction may also be composed of misfolded or oligo-
merized TDP-43, which occur in initial steps of the aggregation process 
and are not yet insoluble (French et al., 2019; Jiang et al., 2017). 

3.2. EGFP-TDPF4L-12XQ/N expressing cell line can be a tool for 
screening of compounds for the capacity to clear the EGFP-TDPF4L- 
12XQ/N aggregates and restore TDP-43 functionality 

The characteristics of the cell line described above, including 
endogenous TDP-43 aggregation that results in a decrease in the soluble 
TDP-43 with a concomitant loss of TDP-43 splicing function, together 
with a fluorescent tag allowing for live imaging, provide a unique model 
for conducting a high-throughput phenotypic screening for compounds 
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that enhance EGFP-TDPF4L-12XQ/N TDP-43 aggregate clearance and 
restore TDP-43 functionality with regard to splicing. 

As a proof-of-principle, for such a study we analysed the effects of 
five FDA-approved tricyclic compounds. This class of compounds were 
chosen because it has been shown to be neuroprotective (Stavrovskaya 
et al., 2004), and to be able to cross the blood-brain-barrier (Pilkington 

et al., 2006). Furthermore, although there is contradictory evidence, 
tricyclic compounds seem to stimulate autophagy (Ashoor et al., 2013; 
Barmada et al., 2014; Rossi et al., 2009; Tsvetkov et al., 2010). 

The clearance assay performed here and in the subsequent analysis 
was carried out by inducing expression of EGFP-TDPF4L-12XQ/N in the 
cells by the addition of tetracycline for 24 h. At this time point, induced 

Fig. 1. EGFP-TDPF4L 12XQ/N expression causes aggregation and sequestration of endogenous TDP-43 which results in a loss of splicing of a TDP-43 dependent 
splicing target. (A) Schematic representation of the EGFP-TDPF4L-12XQ/N construct used for the creation of the aggregation cellular model. Mutations of the leucine 
residues in the RRM 1 and 2 domains at positions 147, 149, 229, 231 into phenylalanine are represented by L. Black square indicates the Q/N-rich region (region 
from amino acid 331 to 369) added as 12 repetitions at the end of the TDP-43 sequence. (B) Immunofluorescence of the HEK293 EGFP-TDPF4L-12XQ/N cell line. 
Upper panel shows the cells without induction of the transgene by anhydrotetracycline (− tet), and lower panel with induction of the transgene by addition of 
anhydrotetracycline (+tet). EGFP tagged transgene is shown in green. Anti-TDP-43 antibody localized the protein is shown in red. The cell nuclei are stained with the 
reagent DAPI (blue). (C) Western blot of soluble and insoluble fractions from EGFP-TDPF4L-12XQ/N stable cells induced or not induced with anhydrotetracycline. 
EGFP-TDPF4L-12XQ/N and endogenous TDP-43 (eTDP-43) proteins were detected with anti-TDP-43 antibodies and anti-GAPDH (D) RT-PCR results showing the 
alternative splicing pattern of POLDIP3 exon 3, upon TDP-43 knockdown, and upon induction of the transgene. Variant-1 indicates the exon 3 containing POLDIP3 
mature transcript, while Variant-2 indicates the exon 3-missing transcript. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 
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and un-induced cells were harvested as reference starting points for both 
protein and splicing analyses (t = 0). Subsequently, expression of the 
transgene was switched off by removal of tetracycline from the media 
and 10 μM of the test compound or compound equivalent amount of 
DMSO alone was added to the media for 48 h (t = 48). Upon suspension 
of tetracycline induction, the cells carry out a natural reduction of the 
aggregates by the physiological pathways of proteolysis and the cell 
division process. It follows that we can only measure the ability of a 
given compound to stimulate the clearance of the EGFP-TDPF4L-12XQ/ 
N aggregates formed by the transgene product, over and above the 
physiological clearance. 

As an initial experiment, we analysed EGFP-TDPF4L-12XQ/N pro-
tein levels by western blot analysis after the clearance assay described 
above. Since most of the EGFP-TDPF4L-12XQ/N protein was in the ag-
gregates (Fig. 1B) and insoluble (Fig. 1C), reduction in the protein levels 
would suggest clearance of aggregates. The analyses were performed on 
the total un-centrifuged cell lysates (Fig. 2A). As mentioned above, due 
to the methodology of the clearance assay, a natural clearance of the 
protein was observed (Fig. 2A compare at t = 0 with those at t = 48, 
lanes 2 and 3). However, a significant enhancement of the protein 
clearance by all the compounds tested was clearly visible (Fig. 2A, lane 4 
vs. lane 3, lane 6 vs. lane 5, lane 8 vs. lane 7, lane 10 vs. lane 9, lane 12 
vs. lane 11). 

As shown in Fig. 1B, C, and D, the aggregates entrap endogenous 
TDP-43, resulting in a reduction in the soluble TDP-43level and loss of 
splicing function. Therefore, we analysed the functional consequences of 
the increased clearance of EGFP-TDPF4L-12XQ/N, by the tricyclic 
compounds, by analysing the splicing pattern of POLDIP3 exon 3 with 
and without each compound. In all cases, addition of the compound 
generated a significant shift in the splicing pattern of POLDIP3 to that 
observed in the wild type condition, with inclusion of exon 3 in the 
mature transcript (Fig. 2A). 

To test the cell line in a phenotypic high throughput scenario and to 
confirm the data obtained above, as well as to quantify the clearance of 
the aggregates directly, the compounds were tested using a 10-point 
dose response curve in a high-content imaging assay with readouts 
measuring the total number of aggregates per well (green fluorescent 
tag) and total number of cells per well (Hoechst nuclei staining) using an 
InCell 2000 and Developer image analysis software. Aggregate counts 
and cell counts were normalised to the counts in DMSO-treated cells and 
expressed as percentages (Fig. 2B). All the compounds were observed to 
enhance the clearance of the aggregates, albeit with a variable EC50 
value or cell toxicity. At a dose of 10 μM, each compound resulted in a 
decrease in total number of aggregates per well with the residual 
amount of the aggregates <20% compared to the DMSO control. The 
exception was nortriptyline where approximately 50% of aggregates 
were cleared by 10 μM nortriptyline (EC50 of ~9.6 μM; table in Fig. 2C). 
The similarity of the results between live cell imaging of GFP-tagged 
TDP-43 aggregates, and the western blots following clearance of 
EGFP-TDPF4L-12XQ/N, corroborated our reasoning that as EGFP- 
TDPF4L-12XQ/N protein was in the aggregates and insoluble, reduc-
tion in the protein levels would suggest clearance of aggregates. 

Generation of dose response curve and EC50, reported in Fig. 2C, 
allows to rank the compounds tested and showed thioridazine to be the 
most potent compound at clearing TDP-43 aggregates with an EC50 of 
~3.3 μM, and nortriptyline the weakest with an EC50 of ~9.6 μM. Most 
compounds did not show any significant toxicity towards the cells at all 
the doses tested (total number of cells per well >80% of DMSO control) 
except for thioridazine which reduced the cell count by approximately 
50% when tested at 10 μM, but not at other doses. 

We further validated the experimental model with two compounds 
that were representative of the general trend observed: nortriptyline and 
thioridazine. They were chosen because of their differing potencies, the 
lowest and the highest, respectively, on aggregate clearance. Immuno-
fluorescence images obtained using 10 μM of each compound (Fig. S1A), 
clearly confirm visually, the readouts obtained from the InCell 2000 and 

Developer image analysis with regards to EGFP-TDPF4L-12XQ/N 
aggregate clearance (Fig. 2B). Furthermore, immunofluorescence 
showed restoration of the endogenous TDP-43 towards a more wildtype 
pattern after test compound addition (Fig. S1A). Quantification of sol-
uble TDP-43 from a solubility assay (see Methods) also demonstrated an 
increase in the soluble fraction of the endogenous TDP-43 (Fig. S1B). An 
additional splicing event under TDP-43 was also analysed: exon 31 of 
the MADD gene, encoding the MAPK-activating protein. This has pre-
viously been observed to undergo skipping upon knockdown of TDP-43. 
Furthermore, inclusion of a cryptic exon derived from the intronic 
sequence upstream of exon 31 has also been observed upon TDP-43 
aggregation (De Conti et al., 2015). Induction of the EGFP-TDPF4L- 
12XQ/N and consequent inclusion of the endogenous TDP-43 in the 
EGFP-TDPF4L-12XQ/N aggregates, as shown in in Fig. 1B, leads to a 
decrease in the soluble TDP-43 which results in a deregulated MADD 
exon 31 splicing pattern (Fig. S2A). As with POLDIP3 exon 3, addition of 
either nortriptyline or thioridazine generated a shift in the splicing 
pattern of MADD-pre-mRNA to that observed in the wild-type condition 
(Fig. S2A). 

To investigate if the TDP-43 aggregation cellular model described 
above, and the effects of the test compounds were cell line independent, 
we stably inserted the EGFP-TDPF4L-12XQ/N construct into a human 
neuronal cell line, SHSY-5Y that had an integrated T-Rex plasmid. As can 
be seen in Fig. S2B, the cell line behaved in an analogous manner to the 
HEK293-EGFP-TDPF4L-12XQ/N cell line. Upon induction of the trans-
gene by the addition of tetracycline, the expression of EGFP-TDPF4L- 
12XQ/N triggered the formation of aggregates. This was associated 
with a clear shift in POLDIP3 exon 3 exclusion (Fig. S2C). Treatment 
with either of the two compounds enhanced EGFP-TDPF4L-12XQ/N 
aggregate clearance (Fig. S2D) and a return towards the wild-type pro-
file of POLDIP3 exon 3 inclusion (Fig. S2E). 

3.3. Proteasome inhibitors but not autophagy inhibitors block the 
enhanced aggregate clearance observed with Nortriptyline and 
Thioridazine 

Autophagy and the ubiquitin–proteasome pathway are responsible 
for the degradation of most cellular proteins in eukaryotic cells 
(Nedelsky et al., 2008). To investigate the proteolytic pathway involved 
in aggregate clearance upon nortriptyline or thioridazine treatment, we 
initially examined whether the cells exhibited alterations in the auto-
phagic pathway. Due to the toxicity of thioridazine observed in the 10- 
point dose-response curve, thioridazine was in a dose of 5 μM. The levels 
of the autophagosome marker microtubule-associated protein 1 light 
chain (LC3) (Yoshii and Mizushima, 2017) were measured, and it was 
found that both the compounds increased the LC3II levels (Fig. 3A and 
B). This could be a consequence of either, increased autophagosome 
formation due to a higher autophagy activity, or reduced turnover of the 
autophagosomes as a result of the downstream inhibition of autophagy 
degradation (Klionsky et al., 2009). To establish the mechanism by 
which the compound treatments increased the conversion of LC3I to 
LC3II, we measured the levels of p62, a protein that serves as a link 
between LC3II and the ubiquitinated substrates that need to be 
degraded. This protein is incorporated into the completed autophago-
some and is degraded by autophagy; therefore, it accumulates when the 
autophagy flux is inhibited (Klionsky et al., 2008). As shown in Fig. 3A, 
p62 accumulates when the cells are treated with nortriptyline, sug-
gesting that the observed aggregate clearance is occurring via a pathway 
other than autophagy. In contrast, thioridazine treatment, on the other 
hand, did not result in increased p62 levels (Fig. 3B). 

To further investigate the pathway through which treatment with 
nortriptyline and thioridazine enhanced clearance, compound treatment 
was performed in the presence of autophagy or proteasome inhibitors. 
Western blot analysis of EGFP-TDPF4L-12XQ/N after autophagy inhi-
bition by the addition of ammonium chloride or chloroquine, clearly 
show that treatment of the cells with either compound is still able to 
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Fig. 2. Tricyclic compounds clear the EGFP-TDPF4L-12XQ/N aggregates and restore TDP-43 splicing function activity. (A) Upper panel: representative western blots 
using anti-EGFP, which were performed by using total uncentrifuged cell lysates to evaluate the EGFP-TDPF4L-12XQ/ clearance after the treatment with five 
different tricyclic compounds at a dose of 10 μM. Panel below western blot using anti tubulin. Graphs below shows relative levels of EGFP-TDPF4L-12XQ/N from 
three independent experiments normalised against tubulin. Lower panel: representative agarose gel following RT-PCR of POLDIP3 exon 3 splicing pattern from EGFP- 
TDPF4L-12XQ/N cells prior to and after treatment with the test compounds. Graph below shows quantification for POLDIP3 exon 3 inclusion from three independent 
experiments. * indicates p < 0.05 and ** indicates p < 0.01. Error bars indicate SEM. (B) The 10-point dose response curves for each compound constructed using a 
high content imaging assay with readouts reported for the total number of aggregates (green) and total number of cells (blue) normalised to the DMSO treated cells 
(expressed as percentage of DMSO treated cells). Images were taken using an InCell 2000 imager and analysed using Developer software (GE Healthcare) and 
Graphpad PRISM 5. (C) EC50 for each tested compound tested is indicated. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 
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enhance EGFP-TDPF4L-12XQ/N clearance (Fig. 3A and B). The fact that 
clearance of EGFP-TDPF4L-12XQ/N still occurred, notwithstanding in-
hibition of autophagy, was further confirmed by the analysis of the 
POLDIP3 mRNA isoforms, as recovery of POLDIP3 mRNA variant-1 was 
observed upon treatment with either compound (Fig. 3C and D). 
Conversely, when we analysed EGFP-TDPF4L-12XQ/N clearance upon 
nortriptyline or thioridazine treatment in the presence of the protea-
some inhibitor bortezomib, neither compound enhanced the clearance 
(Fig. 4A and B). Furthermore, both compounds, in the presence of 

bortezomib, failed to recover the POLDIP3 wild-type splicing pattern 
(Fig. 4C and D). These data point to the critical role of the proteasome 
and not of the autophagosome in the mechanism of enhancement of 
aggregate clearance by nortriptyline and thioridazine. 

Pan-neuronal expression of the FLAG-TDPF4L-12XQ/N construct in 
Drosophila melanogaster results in an adult locomotive defect. 

D. melanogaster transgenic flies expressing either 12 repetitions of the 
Q/N region or an N-terminal sequence of TDP-43 combined with the 12 
repetitions of the Q/N domain have been shown to develop a locomotive 

Fig. 3. Autophagy inhibition, does not block the clearance of EGFP-TDPF4L-12XQ/N and restoration of mRNA splicing upon treatment with nortriptyline or 
thioridazine. (A) Western blots for EGFP-TDPF4L-12XQ/N, LC3 I/LC3II, and p62 in cells treated with nortriptyline, and in presence of NH4Cl or chloroquine for 48 h 
Tubulin was used as the loading control (B) Western blots for EGFP-TDPF4L-12XQ/N, LC3 I/LC3II and p62 levels in cells treated with thioridazine, and in presence of 
NH4Cl or chloroquine for 48 h. Tubulin was used as the loading control. Graphs below each western blot show fold change in the case of EGFP-TDPF4L-12XQ/N or 
p63 and percentage of LC3II (C) and (D) show representative agarose gels after RT-PCR of POLDIP3 exon 3 splicing following treatment with nortriptyline and 
thioridazine, respectively, in the absence and presence of autophagy inhibition. Graphs show quantification of the inclusion of POLDIP3 exon 3. * indicates p < 0.05, 
** indicates p < 0.01 and *** indicates p < 0.001. Error bars indicate SEM. 
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phenotype. In the case of the former, in adulthood (Cragnaz et al., 2014), 
and in the case of the latter, in the larval stage (Langellotti et al., 2016). 

To study the effects of nortriptyline and thioridazine on TDP-43 
aggregation in vivo, we created a transgenic Drosophila model express-
ing a construct that was analogous to that used in the cellular model, 
described above, with a FLAG-tag instead of GFP. After embryo injection 
of a FLAG-TDPF4L-12XQ/N transgene under the control of the upstream 
activating sequence (UAS), five different fly lines were obtained and 
screened for transgene expression by crossing them with flies carrying 
the GMR-Gal4 driver (Fig. S3A). Transgenic lines 1 and 5, respectively, 
under and overexpressed the protein with respect to the other three lines 
(2, 3, and 4) that expressed the FLAG-TDPF4L-12XQ/N protein at 
comparable levels. Line 3 was arbitrarily chosen for the rest of the ex-
periments. To show that FLAG-TDPF4L-12XQ/N transgene expression 
induces the formation of insoluble aggregates capable of trapping 
endogenous TBPH in flies, we performed biochemical fractionation of 
proteins extracted from the adult heads of the flies expressing TBPH 
together with either EGFP or FLAG-TDPF4L-12XQ/N. As shown in Fig. 
S3B, the FLAG-TDPF4L-12XQ/N protein was present in the insoluble 
fraction. Moreover, its expression shifts the endogenous TBPH from the 
soluble to the insoluble fraction, demonstrating the capability of the 
FLAG-TDPF4L-12XQ/N aggregates to sequester endogenous TBPH, thus 
rendering it non-functional. 

Overexpression of TBPH in the Drosophila eye has been shown to 
result in the degeneration of the external surface of the Drosophila eye. 

The co-expression of a transgene with 12 repetitions of the Q/N linked to 
only GFP sequestered the excess TBPH and prevented eye degeneration 
(Cragnaz et al., 2014). We have also observed that the co-expression of 
GMR-Gal4 TBPH and our transgene, FLAG-TDPF4L-12XQ/N reverses 
the degenerative effect of TBPH overexpression (Fig. S3C). 

The effects of transgene expression in the neurons on the Drosophila 
phenotype, were assessed in flies expressing the construct selectively in 
neurons by crossing the FLAG-TDPF4L-12XQ/N flies with flies con-
taining the pan-neuronal elav-Gal4 driver. The flies with the transgene 
showed no locomotive phenotype in the larval stage (Fig. 5A). The 
assessment of the climbing ability of transgenic flies at different time 
points showed that from day 7, the flies expressing the FLAG-TDPF4L- 
12XQ/N exhibited a significant decrease in their climbing ability 
when compared to the control EGFP flies (77% vs. 87%). The severity of 
the locomotion defect increased with age with less than 10% of the 
transgenic flies completing the test by arriving at the top of the cylinder 
at day 14 compared to 85% of the control EGFP flies (Fig. 5B). In an 
attempt to establish a direct correlation between a biological marker, 
TDP-43 and the phenotype observed, we analysed the levels of syntaxin 
protein (SYX also known as Syx1a). Syntaxins are plasma membrane 
proteins that are implicated in the docking of synaptic vesicles in pre-
synaptic active zones (Wu et al., 1999). Alterations in this protein family 
have been associated with neurodegenerative diseases (Margiotta, 
2021). This presynaptic vesicular protein has been reported to be down 
regulated in neuromuscular junction and presynaptic boutons in the 

Fig. 4. Proteasome inhibition decreases clearance of EGFP-TDPF4L-12XQ/N aggregate clearance and restoration of mRNA splicing upon nortriptyline or thioridazine 
treatment. (A) Western blots from a clearance assay showing EGFP-TDPF4L-12XQ/N levels after cells were treated with Nortriptyline in presence of the inhibitor 
bortezomib. (B) Western blots from clearance assay showing EGFP-TDPF4L-12XQ/N levels after cells were treated with thioridazine in presence of the proteasome 
inhibitor bortezomib. Tubulin was used as the loading control in both cases. (C) and (D) Show representative agarose gels of RT-PCR of POLDIP3 exon 3 splicing 
following treatment with nortriptyline and thioridazine respectively, in presence of the proteasome inhibitor bortezomib. Graphs indicate the quantification of exon 3 
inclusion. ns indicates not significant p value (p ≥ 0.05), * indicates p < 0.05 and *** indicates p < 0.001. Error bars denote SEM. 
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larvae and in the adult heads of TBPH minus flies (Romano et al., 2014), 
that showed contrary to our model, larvae locomotive phenotypes. We 
tested two time points, at 3 and 10 days (Fig. S3D), in order to see if we 
could observe a difference associated with the onset of the locomotive 
phenotype, which as shown in Fig. 5B is not present at day 3 but 
significantly so at day 10. However, although we replicated previous 
results (Fig. S3D compare W118 control vs TBPH minus files) SYX in the 
FLAG-TDPF4L-12XQ/N vs EGFP flies showed a tendency to decrease, 

particular so in the time point where the locomotive defect was 
observed, but this decrease was not statistically significant (Fig. S3D). 

To examine whether the positive phenotypic and molecular effects 
observed in the cellular assays with nortriptyline and thioridazine could 
translate into a rescue of the motor phenotype observed in the Drosophila 
model, the flies were fed with either compound from the larval stage, 
and the climbing ability of flies was analysed on day 10. This time point 
was chosen as we evaluated it to be an optimal compromise between the 

Fig. 5. Adult locomotive defect produced by the pan-neuronal expression of the FLAG-TDPF4L-12XQ/N construct in Drosophila melanogaster is rescued by thio-
ridazine. 
(A) Quantification of the mean peristaltic waves of third instar larvae, expressing either EGFP (grey) or TDPF4L-12XQ/N (black) under the ELAV-Gal4 driver. More 
than 20 larvae from each genotype were counted. (B) Analysis of the climbing ability of ELAV-Gal4/UAS-FLAG-TDPF4L-12XQ/N expressing flies (black) compared to 
that of the ELAV-Gal4/UAS EGFP control flies (grey) at different time points. A total of 100 flies per genotype and time point were used. (C) Climbing ability at the 
time point of 10 days of the ELAV-Gal4/UAS-FLAG-TDPF4L-12XQ/N expressing flies and EGFP control flies that were treated not-treated with thioradazine. During 
the larval phase, 50 μM dose was used, while and adult 0.4 mM was used in the adult stage. A total of 100 flies per condition were tested. (D) Climbing ability at 10 
days of the ELAV-Gal4/UAS-FLAG-TDPF4L-12XQ/N expressing flies and EGFP control flies treated and non-treated with nortriptyline. During the larval stage 50 μM 
was used, and 0.4 mM was used in the adult stage. A total of 100 flies per condition were tested. ns indicates not significant p value (p ≥ 0.05), * indicates p < 0.05, 
** indicates p < 0.01 and *** indicates p < 0.001. Error bars denote SEM. 
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appearance of the locomotive defects and its severity. We first identified 
a higher range of non-toxic dose of thioridazine in the wild type larvae 
(50 μM) and adult files (0.4 mM). FLAG-TDPF4L-12XQ/N flies fed with 
the test compound at these concentrations, from larvae through to adult 
stage, showed a significant improvement in their climbing ability on day 
10 compared to non-treated flies (Fig. 5C). In the case of nortriptyline, 
the flies were fed with the same concentration as thioridazine, which 
was observed to be non-toxic. However, in this case, no statistically 
significant improvement was observed (Fig. 5D). It should be noted that 
in the cellular model nortriptyline was less efficient than thioridazine in 
aggregate clearance. 

4. Discussion 

In patients with ALS and FTLD-U, as well as in other TDP-43 pro-
teinopathies, the presence of cytoplasmic TDP-43 aggregates within the 
affected motor neurons is accompanied by nuclear depletion of this 
predominantly nuclear protein (Arai et al., 2006; Neumann et al., 2006). 
Agents that clear this protein aggregation represent a promising thera-
peutic options either by eliminating toxicity or loss-of-function effects 
caused by the aggregates or interfere with the formation of the self- 
templating conformers that catalyse the template-directed replication 
that occurs with prion-like proteins such as TDP-43 (De Conti et al., 
2017), or clear them directly (Furukawa et al., 2011; Nonaka et al., 
2013; Smethurst et al., 2016). In this study, we created models for 
identifying small molecules for this purpose and their analysis in high- 
throughput phenotypic compound screens. 

We created a cellular system expressing an inducible fluorescently 
tagged TDP-43 aggregate inducer. We demonstrated that aggregate 
clearance is enhanced upon treatment with tricyclic compounds. Our 
cellular system can show the effects of the tested compound either 
phenotypically, by measuring the disappearance of the aggregate’s 
fluorescence, or functionally, by measuring the recovery of the TDP-43 
splicing function. This makes the model an invaluable tool for the 
identification of compounds capable of inducing TDP-43 aggregate 
clearance, regardless of their mechanism of action. 

Interestingly, we observed that the clearance of TDP-43 aggregates 
upon nortriptyline or thioridazine treatment in our cellular model de-
pends on an active proteasome pathway and is independent of the later 
stages of autophagy, beyond the fusion step of the nascent autophago-
some with the lysosome where the inhibitors exert their mode of action. 
Previous studies have shown that these compounds are autophagy en-
hancers (Tsvetkov et al., 2010). On the other hand, in line with our 
results, there is evidence that tricyclic compounds accumulate in lyso-
somes and behave as autophagy inhibitors by increasing the pH of the 
lysosomes, thereby impairing the functioning of lysosomal hydrolases, 
likely resulting in the inhibition of cargo degradation (Ashoor et al., 
2013; Nadanaciva et al., 2011). Regarding the role of the proteasome, it 
is unlikely that it can directly degrade the aggregates, as proteasome 
degradation is normally regarded as requiring the complete unfolding of 
any substrate. However, in a study investigating the role of caspase- 
cleaved TDP-43 fragments observed in the brain inclusions of ALS pa-
tients, a cell model expressing TDP-43C-terminal fragments spanning 
TDP-43 amino acids 220 to 241 tagged with a GFP label was used and 
the physiological clearance of the aggregates was also observed to be 
suppressed by proteasome inhibition, but not by autophagy inhibition 
(Zhang et al., 2010). 

Consistent with the possibility of proteasome degradation of larger 
aggregates, a recent study showed that the proteasome can clear ag-
gregates through the mammalian proteasome shuttle factor UBQLN2, 
which acts with the HSP70-HSP110 dis-aggregase machinery system 
(Hjerpe et al., 2016), and solubilizes the aggregated proteins before 
accommodating them in the proteasome. In accordance with this new 
role of UBQLN2, mutations in the ubiquilin-2 gene have been identified 
in a fraction of familial ALS cases, in which an impairment of protein 
degradation has been observed (Deng et al., 2011). Additionally, it is 

interesting to note that in a study using TDP-43 ΔNLS mice, inclusions 
could be eliminated with a single-chain variable fragment monoclonal 
antibody via dual proteasomal and autophagy pathways (Tamaki et al., 
2018). 

Finally, we showed that the compounds that recovered TDP-43 
function in the cellular model also work in vivo. In fact, the FLAG- 
TDPF4L-12XQ/N Drosophila model, created on the same principle as 
the cell line, displays a locomotion defect in the adult fly. Feeding 
thioridazine either to the larva or the adult resulted in a significant 
improvement in their locomotion showing that the results of the in vitro 
cellular model can be translated to the in vivo Drosophila model. 

It follows that a high-throughput screening for novel small molecules 
that are capable of clearing aggregates and recovering TDP-43 func-
tionality in the cellular assay is indicated. In fact, it is likely that such an 
exercise will produce better in vivo effectors than thioridazine. 
Furthermore, the use of this cell line model in a high-throughput system 
will allow the identification of common pathways and key therapeutic 
targets that can then be manipulated to modulate the disease (Bureau 
et al., 2017). 

In conclusion, we have created a cellular model and established a 
proof-of-principle for conducting a high-throughput phenotypic 
screening for the discovery of novel compounds capable of clearing TDP- 
43 aggregates. We have also shown that therapeutic strategies aimed at 
re-establishing TDP-43 function may successfully revert the neurological 
defects associated with TDP-43 aggregation in an animal model. Our 
observations suggest that a viable therapeutic approach for the treat-
ment of human ALS pathology is to achieve aggregate clearance even in 
the advance stages of the disease. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.nbd.2021.105515. 
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F., Malorni, W., Martinet, W., Matsuoka, K., Mautner, J., Meijer, A.J., Meléndez, A., 
Michels, P., Miotto, G., Mistiaen, W.P., Mizushima, N., Mograbi, B., Monastyrska, I., 
Moore, M.N., Moreira, P.I., Moriyasu, Y., Motyl, T., Münz, C., Murphy, L.O., 
Naqvi, N.I., Neufeld, T.P., Nishino, I., Nixon, R.A., Noda, T., Nürnberg, B., 
Ogawa, M., Oleinick, N.L., Olsen, L.J., Ozpolat, B., Paglin, S., Palmer, G.E., 
Papassideri, I., Parkes, M., Perlmutter, D.H., Perry, G., Piacentini, M., Pinkas- 
Kramarski, R., Prescott, M., Proikas-Cezanne, T., Raben, N., Rami, A., Reggiori, F., 
Rohrer, B., Rubinsztein, D.C., Ryan, K.M., Sadoshima, J., Sakagami, H., Sakai, Y., 
Sandri, M., Sasakawa, C., Sass, M., Schneider, C., Seglen, P.O., Seleverstov, O., 
Settleman, J., Shacka, J.J., Shapiro, I.M., Sibirny, A., Silva-Zacarin, E.C.M., 
Simon, H.-U., Simone, C., Simonsen, A., Smith, M.A., Spanel-Borowski, K., 
Srinivas, V., Steeves, M., Stenmark, H., Stromhaug, P.E., Subauste, C.S., 
Sugimoto, S., Sulzer, D., Suzuki, T., Swanson, M.S., Tabas, I., Takeshita, F., Talbot, N. 
J., Tallóczy, Z., Tanaka, Keiji, Tanaka, Kozo, Tanida, I., Taylor, G.S., Taylor, J.P., 
Terman, A., Tettamanti, G., Thompson, C.B., Thumm, M., Tolkovsky, A.M., Tooze, S. 
A., Truant, R., Tumanovska, L.V., Uchiyama, Y., Ueno, T., Uzcátegui, N.L., van der 
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Nishimura, A.L., Župunski, V., Troakes, C., Kathe, C., Fratta, P., Howell, M., Gallo, J., 
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