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ARTICLE INFO ABSTRACT

Keywords: Machado-Joseph disease (MJD) or Spinocerebellar ataxia type 3 (SCA3) is a progressive neurodegenerative
Befiradol disorder that affects movement coordination leading to a premature death. Despite several efforts, no disease-
NLX-112

modifying treatment is yet available for this disease. Previous studies pinpointed the modulation of seroto-
nergic signaling, through pharmacological inhibition of the serotonin transporter SERT, as a promising thera-
peutic approach for MJD/SCA3. Here, we describe the 5-HT4 receptor as a novel therapeutic target in MJD,
using a C. elegans model of ATXN3 proteotoxicity. Chronic and acute administration of befiradol (also known as
NLX-112), a highly specific 5-HT; agonist, rescued motor function and suppressed mutant ATXN3 aggregation.
This action required the 5-HTj4 receptor orthologue in the nematode, SER-4. Tandospirone, a clinically tested 5-
HT; 4 receptor partial agonist, showed a limited impact on animals’ motor dysfunction on acute administration
and a broader receptor activation profile upon chronic treatment, its effect depending on 5-HT; 4 but also on the
5-HTe/SER-5 and 5-HT7/SER-7 receptors. Our results support high potency and specificity of befiradol for
activation of 5-HT;/SER-4 receptors and highlight the contribution of the auto- and hetero-receptor function to
the therapeutic outcome in this MJD model. Our study deepens the understanding of serotonergic signaling
modulation in the suppression of ATXN3 proteotoxicity and suggests that a potent and selective 5-HTj4 receptor
agonist such as befiradol could constitute a promising therapeutic agent for MJD.

5-HT; receptor agonist
Spinocerebellar ataxia type 3
Ataxin-3 aggregation
Serotonin

Therapy

1. Introduction syndrome, peripheral neuropathy, oculomotor abnormalities, extrapy-

ramidal signs and sleep perturbation (Mendonca et al., 2018). At the

Machado-Joseph disease (MJD) or Spinocerebellar ataxia type 3
(SCA3) is a dominantly inherited neurodegenerative disease caused by
an abnormal expansion of the cytosine-adenosine-guanine triplet (CAG)
that encodes the amino acid glutamine in the ataxin-3 protein (ATXN3).
Although the genetic alteration that causes MJD was described more
than 25 years ago (Kawaguchi et al., 1994), currently, there is no
treatment available for this severe and ultimately fatal disorder. MJD is
the most prevalent form of dominant cerebellar ataxia worldwide and its
clinical symptoms include progressive cerebellar ataxia, pyramidal

molecular level, the abnormal expansion of the CAG repeat in the ataxin-
3 gene translates into a polyglutamine tract of 61 to 87 glutamines that
renders ATXN3 prone to self-assembly, and thus to form aggregates, and
makes it toxic to neurons. The pathophysiology of MJD has been widely
studied in the last decades, pointing to the misfolding of mutant ATXN3
and the disruption of protein homeostasis as the hub of MJD patho-
genesis (reviewed in (Da Silva et al., 2019)).

In an attempt to counteract MJD progression, several studies were
carried out using targeted- or hypothesis-free strategies to find disease-
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modifying compounds capable of ameliorating core symptoms of the
disease (Da Silva et al., 2019; Neves-Carvalho et al., 2020). Some of the
compounds described in these studies are neuromodulators including
compounds that target the neuropeptide Y, and the adenosinergic,
dopaminergic or serotonergic systems (Costa et al., 2016; Duarte-Neves
et al., 2015; Goncalves et al., 2017; Teixeira-Castro et al., 2015). Pre-
viously, in an unbiased in vivo screening, we found that treatment with
citalopram, a selective serotonin reuptake inhibitor (SSRI) that targets
the serotonin transporter (SERT), suppressed mutant ATXN3 proteo-
toxicity in C. elegans and in two distinct transgenic mouse models of MJD
(Ashraf et al., 2019; Esteves et al., 2019; Teixeira-Castro et al., 2015).
Consistently with the pharmacological effect of citalopram, the molec-
ular ablation of the C. elegans SERT homologue, MOD-5, suppressed
mutant ATXN3 aggregation and motor impairments. Treatment efficacy
was dependent on SERT/MOD-5 but also on serotonin (5-HT) receptors,
their direct targeting, using pharmacological modulators, being suffi-
cient to significantly reduce the motor dysfunction of the nematode MJD
model (Teixeira-Castro et al., 2015).

Although citalopram and other SSRIs directly bind and inhibit SERT,
thereby increasing the 5-HT availability at the synapse, there is, at least
in the context of depression treatment, a delay in time to first response
(Schatzberg, 2002). This is likely due to the molecular dynamics of 5-
HTa receptors (5-HT1aRs). 5-HT1AR is one of the most abundant and
widely expressed 5-HT receptors in the brain (Albert et al., 1990; Garcia-
Garcia et al., 2014; Pompeiano et al., 1992). There are two distinct
populations of 5-HT;Rs: the presynaptic autoreceptors located on the
cell body and dendrites of 5-HT neurons of the dorsal raphe nuclei
(DRN); and the postsynaptic somatodendritic heteroreceptors expressed
at 5-HT projecting areas (Kia et al., 1996; Riad et al., 2000). 5-HT;a
autoreceptors negatively regulate the 5-HT system. Serotonin released
from the DRN activates 5-HT;, autoreceptors, which exert a feedback
inhibition on the firing of 5-HT neurons (Albert and Vahid-Ansari, 2019;
Invernizzi et al., 1988; Prinssen et al., 2002; Stahl, 1998). In addition to
their direct effect at the serotonin transporter, the chronic administra-
tion of SSRIs is accompanied by the downregulation of the 5-HTjp
autoreceptors and the subsequent suppression of the negative feedback
mechanism of the serotonergic system, increasing neuronal firing rate
(Kulikov et al., 2018; Stahl, 1998). Release of serotonin in target brain
regions, in contrast, activates 5-HT heteroreceptors, including the 5-
HTa heteroreceptor, which are associated to multiple regulatory func-
tions including neuronal plasticity and synaptogenesis (Albert and
Vahid-Ansari, 2019). Moreover, 5-HT1aR can play a role in motor fine
tuning and coordination, and it has been shown that several 5-HT1pR
agonists exhibited pronounced neuroprotective properties in models of
cell injury, by causing a reduction in glutamate release and through the
regulation of anti-apoptotic activities and the expression of protective
proteins (Berends et al., 2005; Druse et al., 2005; Miyazaki and Asa-
numa, 2016; Oosterink et al., 2003; Thampi et al., 2012).

Tandospirone, a partial 5-HT;sR agonist, has been used in the clinic
to treat anxiety and depression and was put forward as a candidate for
the treatment of other central nervous system disorders, including Par-
kinson, Alzheimer’s and schizophrenia (Huang et al., 2017). Further-
more, treatment with tandospirone reduced ataxia, pain, insomnia and
depressive symptoms in spinocerebellar ataxia (SCA) patients (Takei
et al., 2003; Takei et al., 2010; Takei et al., 2005), focusing attention on
the 5-HT;a receptor as a promising target for the treatment of SCAs,
including MJD.

Befiradol (NLX-112, F-13640) is a selective, full agonist that displays
high selectivity and maximum potency at 5-HTjaR (Colpaert et al.,
2002; Newman-Tancredi et al., 2017), binding preferentially to
subcortical regions of the brain in several species including non-human
primates (Vidal et al., 2018). Other animal studies showed therapeutic
efficacy in a range of models of movement disorders, including effica-
cious anti-dystonic activity in rat, namely by eliminating the catalepsy
induced by the neuroleptic drug, haloperidol, and the complete reversal
of L-DOPA-induced dyskinesia in parkinsonian rats (Iderberg et al.,
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2015). These effects appear to translate well to higher species, because
befiradol also elicits potent and efficacious anti-dyskinetic and anti-
parkinsonian-like properties in MPTP-treated marmosets and MPTP-
treated macaques (Depoortere et al., 2020; Fisher et al., 2020).
Furthermore, previous clinical trials of befiradol indicate that it is well-
tolerated and safe (EU_Clinical Trials, 2009; Paillard et al., 2020), sug-
gesting that it has potential for treating CNS disorders involving sero-
tonergic transmission.

Here, we take advantage of the C. elegans model of ATXN3-
proteotoxicity (ATXN3 mutant), to test the effect of befiradol in motor
dysfunction and aggregation, not only under chronic treatment but also
upon acute administration of the drug. In this animal model, a mutant
form of human ATXN3 with 130 glutamines, expressed in C. elegans
neurons, leads to protein aggregation and motor dysfunction pheno-
types, which, as in humans, is highly dependent on the size of the polyQ
expansion and progresses with aging (Teixeira-Castro et al., 2011a).
Despite its simplicity and relatively small number of neurons, the short
life cycle, the conservation of basic cellular mechanisms and the
phenotypic similarities with human MJD pathogenesis, conjugated with
the possibility of genetic manipulation, make C. elegans a potent plat-
form for drug testing and target validation in vivo. In addition to the
therapeutic effect of befiradol treatment, we show high selectivity of this
drug for the 5-HT AR orthologue SER-4 in C. elegans, in comparison with
tandospirone that shows limited effect under acute treatment and an
additional requirement for the presence of the 5-HT¢ and 5-HT; (SER-5
and SER-7, respectively) receptors activity at chronic administration.
The finding that befiradol is a potent and selective disease-modifying
compound for MJD may be relevant for future treatment of this and
other disorders of protein conformation.

2. Materials & methods
2.1. Nematode strains and general methods

Strains used in this work and abbreviations are listed in Supple-
mentary Table 1. All the strains were backcrossed to Bristol strain N2
(WT) five to twelve times. Standard methods were used for culturing and
observing C. elegans, unless otherwise noted (Brenner, 1974). Nema-
todes were grown on nematode growth medium (NGM) plates seeded
with Escherichia coli OP50 strain at 20 °C.

2.2. Drug assay

The drug assay was performed in a 96-well plate format, in liquid
culture (Voisine et al., 2007). Each well contained a final volume of 60
pl, comprising 20-25 animals for wild-type (WT, N3) and wild-type
ATXN3 (ATXN3 WT), or 40-45 animals for mutant ATXN3 (ATXN3
mutant or AT3q130) in egg stage in 15 pl, 25 pl of drug at the appro-
priate concentration and 20 pl of OP50 bacteria to a final optical density
at 595 nm (ODsg5) of 0-9 measured in the microplate reader (Tecan
Infinite 200 Microplate Reader).

To obtain an age synchronized population of eggs, four-day-old
gravid adults were treated with alkaline hypochlorite solution (0-5 M
NaOH, ~2-6% NacClO) for five minutes. The animals were then washed
in M9 buffer, resuspended in S-medium (S-Basal, 10 mM potassium
citrate pH 6, 10x trace metals solution, 3 mM CaCly, 3 mM MgSQOy4) to
the appropriate egg number and transferred into the 96-well plate. The
OP50 bacteria were grown overnight at 37 °C and 150 rpm in Luria
Broth (LB) media, pelleted by centrifugation, inactivated by three cycles
of freeze/thawing, frozen at —80 °C and then resuspended in S-medium
supplemented with 0-004 mg/ml cholesterol, 0-5x Pen-strep (Sigma)
and 0-5x nystatin (Sigma). Worms were grown with continuous shaking
at 180 rpm at 20 °C (Shel Lab) for four days.
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2.3. Compound preparation

Compounds used in this study were provided by Neurolixis or were
obtained from the commercial vendors indicated below and were used
without further purification. To define the optimal concentration of the
compounds, befiradol (a.k.a. NLX-112 or F13640; Neurolixis, CAS#
208110-64-9) and tandospirone (Aris Pharmaceuticals or Chemvon
Industries CAS# 112457-95-1) were serially diluted in a range between
50 mM and 0-00001 mM in 100% dimethyl sulphoxide (DMSO, Sigma).
Each concentration was then diluted in MiliQ purified water to obtain, in
the well, a final concentration ranged between 500 M and 0-01 nM in
1% DMSO. Further assays, with chronic or acute treatment protocols,
were performed using 10 pM concentration of befiradol or tandospirone.
Estrone (Sigma, CAS# 53-16-7) was diluted to a 25 pM concentration,
WAY-100635 maleate (Tocris Bioscience, CAS# 1092679-51-0) was
diluted to a 0-1 pM, 1 pM and 10 pM concentrations. 17-DMAG (Tocris
Bioscience, CAS# 467214-21-7) was diluted to 1 uM concentration in
water and CCI779 (LC Laboratories, CAS# 162635-04-3) was diluted to
1 uM concentration in 0-02% ethanol.

2.4. Food clearance assay

WT worms were subjected to a drug assay as described above, except
for the OP50 bacteria ODsgs5 adjusted to 0-7 (Voisine et al., 2007).
Worms were grown with continuous shaking at 180 rpm at 20 °C (Shel
Lab) for seven days. Befiradol and tandospirone stock concentrations
were prepared in 100% DMSO (Sigma) and tested at dilutions corre-
sponding to a maximum concentration of 1% DMSO to avoid solvent-
specific developmental defects and toxicity. Tested concentrations
ranged between 500 pM and 0-01 nM. The effect of compounds on
C. elegans physiology was monitored by the rate at which the OP50
suspension was consumed, as a read out for C. elegans growth, survival,
or fecundity. The ODsg5 was measured daily. OP50-only (S-medium, no
vehicle), DMSO 1% (vehicle) and DMSO 5% (toxic condition) controls
were used.

2.5. C. elegans assays

2.5.1. Motility assay and motor index determination

Four-day-old animals were transferred from the 96-well plates onto
an unseeded NGM plate (equilibrated at 20 °C). Plates were allowed to
dry for 45 min before starting the motility assays. Motility assays were
performed at 20 °C as previously described (Teixeira-Castro et al.,
2011a). Five animals were placed simultaneously in the center of a
freshly seeded 30 mm plate, equilibrated at 20 °C. Animals remaining
inside the 1 cm circle after one minute were scored as locomotion-
defective. Motor behavior assays were run in triplicates or quadrupli-
cates (n = 3 or 4), with a total of at least 150 animals tested per com-
pound concentration.

Motor index establishes a score, in which treated animals that
display the same motor behavior as mutant ATXN3 had a 0% index and
when animals improve motor coordination comparable with ATXN3 WT
expressing animals obtain an index of 100%. All results shown in the
figures are calculated using the following formula

Motor index (%) = LD mutant ATXN3,icle — LD mutant ATXN3yp,,
?/~ "LD mutant ATXN3ygiere — LD ATXN3 WTyeniare

LD- locomotion-defective.

2.5.2. Velocity assay

Wild-type (WT), wild-type ATXN3 (ATXN3 WT) and mutant ATXN3
(ATXN3 mutant or AT3q130) animals were grown in liquid culture in a
96-well plate format as described above. Four-day-old animals grown in
vehicle (1% DMSO) or treated chronically with 10 uM befiradol or 10
pM tandospirone were transferred to climatized NGM plates without
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OP50 and after 45 min velocity assays were performed. For the velocity
assay set up, the recording system comprised a stereo microscope (SZX7,
Olympus), a digital camera (SC30, Olympus) and an imaging software
(Olympus cellSens Software, RRID:SCR_016238) and 30 mm seeded
NGM plates with a cooper ring in the center (assay plate) were used to
avoid the escape of worms from the camera field. The assay was per-
formed at 20 °C. Ten to 15 animals were transferred to the middle of the
assay plate and movements were recorded immediately. A 0-8 X zoom
lens was used to maximize the recorded field. Animals were recorded
during 1 min at a rate of 15 frames per second. Recorded images were
analysed by ImageJ (ImageJ, RRID:SCR_003070) and wrMTrck (plugin
for ImageJ: www.phage.dk/plugins). The locomotion velocity was ob-
tained in pm per second and corrected for the size of the animal (Body
Length per second (BLPS) data in wrMTrck) (Nussbaum-Krammer et al.,
2015). Animals that were recorded for less than 25 s were discarded.

2.5.3. C. elegans assays for aggregation

For confocal dynamic imaging and quantification of ATXN3 aggre-
gation, mutant ATXN3 animals were grown in liquid culture in a 96-well
plate format, with 10 pM befiradol or 10 uM tandospirone, as described
above. For this assay, drugs were added at egg stage (chronic treatment)
or 2 h before the acquisition (acute treatment). Four-day-old animals
were transferred from the 96-well plates onto unseeded NGM plates
(equilibrated at 20 °C). After 45 min, live animals were immobilized
with 3 mM levamisole (Sigma) and mounted on a 3% agarose pad. All
images were captured using an Olympus LPS Confocal FV1000 micro-
scope (Confocal microscope, Olympus, FV1000, RRID:SCR_016840)
under a 60 % oil (NA = 1-35) objective. Z-series imaging was acquired for
all vehicle- and befiradol-treated and tandospirone-treated animals,
using a 515 nm laser excitation line for yellow fluorescent protein fusion
proteins. The pinhole was adjusted to 1-0 Airy unit of optical slice, and a
scan was acquired every ~0-5 pm along the z-axis. The quantification of
the aggregates was performed as previously described (Teixeira-Castro
et al.,, 2011a; Teixeira-Castro et al., 2011b). Three parameters were
extracted from analysis: area of aggregates/total area; number of ag-
gregates/total area and total area. Values shown are the mean
(normalized to vehicle treated control) of nine or more animals per
group, unless otherwise noted.

For filter trap assay and biochemical fractionation, worms were
grown in liquid culture in a 96-well plate format, treated chronically or
acutely with 10 pM befiradol, as described before. A total of 1500 eggs
were plated for WT, ATXN3 WT and mod-5A; AT3q130 strains and 2500
eggs were plated for mutant ATXN3 vehicle-treated and befiradol-
treated conditions. Four-day-old animals were collected and washed
three times with M9, to eliminate OP50 bacteria and progeny, and flash-
frozen in liquid nitrogen. For protein/aggregates extraction, a 50 pl of
non-denaturating protein buffer (50 mM HEPES, pH 7-4, 150mM NaCl,
1mM EDTA, 0-5% Triton X-100) or 150 pl of RIPA buffer (50 mM Tris,
pH 7-5, 150mM NacCl, 25mM EDTA, 0-2% Triton X-100), for filter trap
or biochemical fractionation respectively, freshly supplemented with
EDTA-free protease inhibitor cocktail (Roche) was added and worms
were disrupted by mechanic force using glass beads (Sigma) in a Fast-
Prep®-24 (MP Biomedicals) (six cycles of 6-5 ms for 45 s followed by 1
min on ice). After a centrifugation of 500 g during 1 min, the supernatant
was collected, and the total protein quantified by the Bradford assay
(Bio-Rad). For filter trap, a total of 100 ug of protein was treated with
SDS at a final concentration of 1% and loaded onto a cellulose acetate
membrane assembled in a slot blot apparatus (Bio-Rad). The membrane
was washed with 0-1% SDS and retained ATXN3 protein detected with
anti-ATXN3 mouse (1:1000) (Millipore Cat# MAB5360, RRID:
AB_2129339) and with horseradish peroxidase-coupled secondary an-
tibodies (Bio-Rad) and chemiluminescence (ECL Radiance, Azure Bio-
systems). For biochemical fractionation, protein concentration was
adjusted to 4 pg/pl and followed by a 22,000 g centrifugation for 30 min
at 4 °C. The pellet fractions were separated from supernatants (Triton X-
100-soluble fraction) and homogenized in 150 pl RIPA buffer
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supplemented with 2% SDS, followed by a second centrifugation step at
room temperature. The supernatants (SDS-soluble fraction) were
removed, and the remaining pellets were incubated for 16 h in 100%
formic acid at 37 °C allowing formic acid evaporation. Pellet was dis-
solved in 50 pl of Laemmli buffer (0-1 M Tris (pH = 6-8), 16% glycerol,
2% SDS, p-mercaptoethanol and bromophenol blue powder) (SDS-
insoluble fraction). For SDS—polyacrylamide gel electrophoresis 50 pg of
the Triton X-100 fraction, 40 pl of the SDS-soluble fraction and the
complete SDS-insoluble fraction were loaded in a 10% SDS gel. ATXN3
protein was detected with anti-ATXN3 mouse (1:1000) (Millipore Cat#
MAB5360, RRID: AB 2129339) and with horseradish peroxidase-
coupled secondary antibodies (Bio-Rad) and chemiluminescence (ECL
western-blotting detecting reagents, Bio-Rad or ECL Radiance, Azure
Biosystems). The capture of chemiluminescence signals was performed
in the Sapphire Biomolecular Imager (Azure Biosystems), and Western
blot quantifications were performed using AzureSpot Analysis Software
(Azure Biosystems), according to the manufacturer’s instructions.

2.5.4. C. elegans ratiometric calcium dynamic imaging

Ratiometric calcium imaging was performed as previously described
(Collins et al., 2016; Ravi et al., 2018b). Briefly, for ratiometric Ca**
dynamic imaging and quantification in the HSN neuron, nlp-3::GcAMP5
animals were grown in liquid culture in a 96-well plate format, with 10
uM befiradol as described above. Drugs were added at the egg stage
(chronic treatment) or 2 h before image acquisition (acute treatment).
Four-day-old animals were immobilized with 5 mM levamisole (Sigma)
and mounted on a 3% agarose pad. After 30 min, images were captured
using a Confocal Laser Scanning Microscope FV3000 (Olympus Confocal
Laser Scanning Microscope Fluoview FV3000, RRID:SCR_017015) with
the resonant scanner running at 8000 Hz and collected at 30 fps at 512
x 512 pixel resolution, 16-bit depth after 2x digital zoom, under a 60x
oil (NA = 1-35) objective. Time-series images were acquired for all
vehicle- and befiradol-treated animals at each 30 ms during 15 min,
using a 488 nm laser excitation line for GcAMP5, and 651 nm laser
excitation line for mCherry. Both proteins expressed, under the same
promoter (nlp-3), in the HSN neuron. Acquisition of each channel was
done simultaneously. The pinhole was adjusted to 1-15 Airy unit of
optical slice. The quantification of fluorescence intensity for both
channels was performed using Fiji ImageJ software (Fiji, RRID:
SCR_002285). After subtraction of background intensity, R and AR/R
values were calculated using the following formulas:

_ Fgeamps — Rt(lowestr)

R
AR/R =~

mCherry t(lowestR)

2.6. SDS-PAGE and Western blot

For determination of the steady-state protein levels of ATXNS3,
mutant ATXN3 animals were incubated in liquid culture with vehicle
(1% DMSO), 10 pM befiradol or 10 pM tandospirone in a 96-well plate
format as already mentioned. For chronic treatment, four-day-old ani-
mals were transferred from the liquid culture onto an unseeded NGM
plate (equilibrated at 20 °C). After 45 min, 25 individual young adult
animals were picked into a screwed Eppendorf tube, boiled for 15 min in
sodium dodecyl sulphate (SDS) sample buffer (to destroy all the aggre-
gates) and the resulting extracts resolved on a 10% SDS gel, as previ-
ously described (Gidalevitz et al., 2009; Teixeira-Castro et al., 2011a).
Immunoblots were probed with anti-ATXN3 mouse (1:1000) (Millipore
Cat# MAB5360, RRID: AB_2129339) and anti-tubulin mouse antibodies
(1:3000) (Sigma-Aldrich Cat# T5168, RRID: AB_477579); and detected
with horseradish peroxidase-coupled secondary antibodies (Bio-Rad)
and chemiluminescence (ECL Western-blotting detecting reagents, Bio-
Rad). To capture chemiluminescence signal were used Chemidoc XRS
Software (Bio-Rad) and Western blot quantifications were performed
using ImageLab Software (Bio-Rad, RRID: SCR_014210), according to
the manufacturer’s instructions. For acute treatment, four-day-old
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animals treated with befiradol or tandospirone during 2 h in adulthood,
were collected and washed three times with M9, and flash-frozen in
Liquid Nitrogen. After extraction with 50 pl of non-denaturating protein
buffer (50 mM HEPES, pH 7-4, 150mM NaCl, 1 mM EDTA, 0-5% Triton
X-100) freshly supplemented with EDTA-free protease inhibitor cocktail
(Roche), worms were disrupted by mechanic force using glass beads
(Sigma) in a FastPrep®-24 (MP Biomedicals) (six cycles of 6-5 ms for 45
s followed by 1 min on ice). After a centrifugation of 500 g during 1 min,
the supernatant was collected, and the total protein quantified by the
Bradford assay (Bio-Rad). 5 pg of total protein were transferred to an
Eppendorf screw tube, supplemented with Laemmli Buffer to final 1x
concentration and boiled for 15 min. The samples were resolved in a
10% SDS-gel, as previously described (Gidalevitz et al., 2009; Teixeira-
Castro et al., 2011a). After transfer, membrane was incubated with
AzureRed Fluorescent Total Protein Stain (Azure Biosystems) as manu-
facturer instructions. Immunoblots were probed with anti-ATXN3
mouse (1:1000) (Millipore Cat# MAB5360, RRID: AB 2129339) and
detected with horseradish peroxidase-coupled secondary antibodies
(Bio-Rad) and chemiluminescence (Radiance ECL, Azure Biosystems).
To capture chemiluminescence signal were used Sapphire Biomolecular
Imager (Azure Biosystems) and Western blot quantifications were per-
formed using AzureSpot Analysis Software (Azure Biosystems), accord-
ing to the manufacturer’s instructions.

2.7. Generation of C. elegans double mutant strains

Males of ser-5A (tm2654), ser-7A (DA2100), mod-1A (MT9668), dop-
1A (LX636) and dop-2A (LX702) were generated by mating with N2
(WT) males. To generate double mutant strains, thirteen males and three
hermaphrodites L4 stage of ATXN3 mutant (AT3q130) (MACO001/
AM685) animals were placed in NGM 30 mm seeded plate at 16 °C for
24 h. Hermaphrodites were singled out and male progeny were evalu-
ated three days later. 24 to 32 L4 stage animals, from plates with 50%
male progeny, were singled out and after 24 h worm lysis and single-
worm PCR was performed to evaluate animals’ genotype.

To generate double mutant strain lacking tph-1 gene into ATXN3
mutant background, CRISPR/Cas9 technology was used as previously
described (Paix et al., 2015). To generate tph-1A(mnh5) CRISPR RNAs
(crRNAs) were designed using the Custom Alt-R® CRISPR-Cas9 guide
RNA tool (Integrated DNA Technologies, Coralville, IA) and crRNAs
with high on-target efficiency and low off-target prediction scores were
chosen. To delete the complete gene sequence without altering regula-
tory regions, two crRNAs were designed, one to cut the 5’ region close to
ATG start codon (cattgctctcttcaatcata) and another for the 3’ region near
the stop codon triplet (ctacatcctgtagtttgagt). A single-stranded oligo-
deoxynucleotide (ssODN) comprising a fusion of the 5" and 3’ regions
flanking ATG and STOP codon triplet, respectively, (ctttggtttttaggtag-
cattgctctcttcaatcattttgagtttecgtgttttttattttttttatttgg) was used as a repair
template. crRNA and ssODN repair template for dpy-10 was co-injected
with tph-1 specific oligos and was used as a marker for efficiency of Cas9
activity. The injection mix, constituted by crRNAs, ssODNs and EnGen®
Cas9 NLS, S. pyogenes enzyme (New England BioLabs, Ipswich, MA),
was placed at 37 °C for 15 min, and young adult ATXN3 mutant
(AT3q130) animals were injected, as previously described (Mello et al.,
1991). Injected animals were placed at 25 °C and their progeny was
screened for the roller phenotype 72 h later. Non-roller animals were
singled out to avoid dpy-10 mutation and screened by PCR for the tph-1
deletion.

To lysate, each animal was placed in 10 pl of worm lysis buffer (50
mM KCl, 10 mM Tris-HCI (pH 8-3), 2-5 mM MgCl,, 0-45% Nonidet P-40,
0-45% Tween 20, 0-01% (w/v) gelatin) supplemented with 0-01 pl of 20
mg/ml Proteinase-K and heated at 65 °C during 1 h. After Proteinase-k
inactivation (95 °C, 15 min), 2 pl of worm lysate were used as template
for Polymerase Chain Reaction (PCR) [1x Supreme NZYTaq II Green
Master Mix, 200 nM primers (Supplementary table 2)]. PCR products
were analysed in 1-5% agarose gel. 24 to 32 adult worms from
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heterozygous plates were singled out and after genotype confirmation,
by single worm PCR, and YFP fluorescence screening to confirm ATXN3
mutant (AT3q130) homozygosity in progeny, the double mutant strains
and the ATXN3 mutant (AT3q130) post-crossing control were isolated.

For CRISPR/Cas9 tph-1A double mutant deletion was confirmed by
Sanger sequencing.

2.8. Reverse-transcriptase quantitative PCR

Worm pellets from four-day-old animals were obtained by bleaching
synchronization and washed four times with M9, resuspended in TRI-
zol™ (Invitrogen) and stored after flash freezing in liquid nitrogen. After
thawing, worms were disrupted by mechanic force using glass beads
(Sigma) in a FastPrep®-24 (MP Biomedicals) (six cycles of 4 ms for 30 s
followed by one minute on ice). Beads were removed from the homog-
enate and a phase separation was conducted using chloroform retrieving
the aqueous phase. RNA was extracted using RNeasy plus mini kit
(Qiagen) according to the manufacturer’s instructions. Samples were
treated with DNase I (Thermo Scientific), RNA concentration was
quantified by spectrophotometry, and RNA quality was tested through
electrophoresis. cDNA was synthesized from 1 pg purified RNA using the
iScript™ cDNA synthesis kit (Bio-Rad). The quantitative PCR was then
carried out using the 5x HOT FIREPol® EvaGreen® qPCR Mix Plus
(ROX) (Solis BioDyne) with 1 pl of cDNA. The used primers are listed in
supplementary table 3. PCR reaction was run in Applied Biosystems™
7500 Real-Time PCR System (Applied Biosystems) and raw data was
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extracted using 7500 software v2.3 (7500 Real-Time PCR Software,
RRID:SCR_014596). Statistical analysis was conducted using 24CT
values and plots was reported in Fold Change (242€T) (Livak and
Schmittgen, 2001).

2.12. Statistical analysis

All statistical analysis was performed using the IBM SPSS statistics 23
software (SPSS, RRID:SCR_002865) and GraphPad Prism 8-0-1 software.
Normal distribution of continuous variables was analysed according
with Shapiro-Wilk or Kolmogorov-Smirnov normality test, depending on
sample size, and histogram plot distribution. Levene’s test assessment
was performed to confirm homogeneity of variances between groups.
When both assumptions were verified, groups were compared using
independent sample t-test (Fig. 2b, ¢ and d — befiradol chronic), one-way
or two-way ANOVA followed by Dunnett (Fig. 1a — befiradol; Fig. 1b;
Fig. 1d; Fig. 2d — acute and tandospirone chronic; Fig. 2g; Fig. 2h;
Supplementary Fig. 2d), Tukey (Fig. 1b; Fig. 3; Supplementary Fig. 2a
and b; Supplementary Fig. 4c and 2e) or Sidak post-hoc tests (Fig. 1c;
Fig. 1d; Fig. 5b; Supplementary Fig. 4d; Supplementary Fig. 5). For
Biochemical fractionation one-sample t-test with Bonferroni correction
versus the value of 1 was applied (Fig. 2e and f).

When previous assumptions were not verified, a robust ANOVA
(using R batch for SPSS) with Brown-Forsythe (if sample size less than 6)
or Welch correction was reported and bootstrap with BCA were per-
formed. Bootstrap sampling was followed by one-way ANOVA with
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Fig. 2. Befiradol treatment decreases mutant ATXN3
aggregation. (a) Mutant ATXN3 expression pattern in
the animals’ head upon treatment, obtained by
confocal live imaging. Scale bar: 100 pm. (b) Number
of aggregates and (c) area of aggregates was
decreased upon acute and chronic treatments with
befiradol, respectively, with no changes in (d) total
area of the animal’s heads. Biochemical fractionation
assay of AT3q130 (ATXN3 mutant) animals upon (f)
chronic administration of the drug increases the
ATXN3 species soluble in SDS. (e) Upon acute
administration of befiradol no differences were found
in solubility of mutant ATXN3. Filter trap retardation
assay of AT3q130 (ATXN3 mutant) upon (g) acute or
(h) chronic administration of befiradol. For confocal
microscopy live imaging: (n = 11-37, £ SD — pool of
3 individual experiments), *P < 0-05 (Kruskal-Wallis
with Dunn post-hoc test or One-Way ANOVA with
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Sidak post-hoc test with bias correction (Fig. 1a — tandospirone; Fig. 4;
Fig. 5a and c; Supplementary Fig. 6). When normal distribution and
homogeneity of variances failed to be verified, Kruskal-Wallis with Dunn
post-hoc test was applied (Fig. 2b and c¢ - acute and tandospirone
chronic treatments; Supplementary Fig. 4a and b).

For samples with normal distribution but not displaying homoge-
neity of variances, Brown-Forsythe were reported and Dunnett3 post-

hoc test was applied (Supplementary Fig. 2c).

Toxicity assay results were compared using a non-linear regression
approach (Supplementary Fig. 1) tacking in account IC50, HillSlope and
Top and Bottom values.

Detailed statistics for all experiments can be consulted at supple-
mentary table 4.
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Fig. 3. Persistence of effect of befiradol treatment of ATXN3 mutant animals
upon drug removal. OFF-drug effect on motor behavior of AT3q130 (ATXN3
mutant) animals treated with befiradol for either 4 days or 2 h, showing that
improvements in motor performance persist at least at day 1 and day 2 post
drug treatment discontinuation. After 2 days (for chronic treatment protocol) or
3 days (for acute treatment protocol) of drug withdrawal, the beneficial effect
of befiradol on motor behavior declined and neurotoxicity returned. (n = 3, £+
SD), *P < 0-05, **P < 0-01, ns — non-significant (Two-Way ANOVA, Tukey post-
hoc test).

3. Results

3.1. Chronic and acute treatment with befiradol ameliorates mutant
ATXN3-mediated neuronal dysfunction

To evaluate the impact of the activation of the 5-HT;, receptor on
mutant ATXN3-mediated pathogenesis, we used a C. elegans model of
MJD proteotoxicity (ATXN3 mutant) in which the expanded form of
ATXN3 (AT3q130) is expressed in neuronal cells causing progressive
motor dysfunction and mutant ATXN3 aggregation (Teixeira-Castro
et al., 2011a). Safe concentrations of befiradol and tandospirone to be
used in subsequent assays were defined using wild-type C. elegans (WT,
Nj) in a toxicity assay (Voisine et al., 2007). In this assay, consumption
of food, assessed by the variation in the optical density of bacteria
throughout time, was used as a measure of normal development and
well-being of the animals. The majority of the befiradol and tandospir-
one concentrations tested were safe to the animals, with the exception of
treatment with 500 uM of befiradol that caused a deficit in body fitness
and a slight decrease in the food consumption rate (Supplementary
Fig. 1). To assess motor function in C. elegans, we performed a motility
assay where animals were placed in the centre of a plate, in the presence
of food, and allowed to explore freely the environment for 1 min. After
this time, the animals that did not cross 1 cm circumference were scored
as motor defective. The motor index for each condition was calculated
using the motor performance of wild-type ataxin-3 (ATXN3 WT, 100%)
and mutant ataxin-3 (ATXN3 mutant, 0%) animals as reference. Chronic
treatment of ATXN3 mutant (AT3q130) animals with befiradol or tan-
dospirone improved motor behavior of the animals with a dose response
profile and a large effect size of 0-616 and 0-605, respectively (Sup-
plementary table 4, »?p). Both drugs showed a positive impact on ani-
mals’ motor dysfunction in the range of concentrations of 100 nM to
100 pM, the maximum effect being obtained at 10 pM treatment
(Fig. 1a). No significant differences were found in treatment efficacy
between drugs. The concentration of 10 pM was used in subsequent
experiments for both compounds. To further assess the impact of drug
treatment on motor behavior of ATXN3 mutant animals, we evaluated
an intrinsic characteristic of movement, the velocity of the animals. To
do this, we filmed WT, ATXN3 WT and mutant ATXN3 animals in the
presence of food, after chronic drug administration (four days). Indeed,
ATXN3 mutant animals presented a decreased size-corrected speed
when compared with WT animals. After chronic treatment with befir-
adol or tandospirone, we observed a restoration of animals’ velocity
(Fig. 1b). Furthermore, motility of WT or ATXN3 WT animals was not
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changed by any of the drug treatments, suggesting that their action
specifically targets mutant ATXN3-mediated pathogenesis (Fig. 1c). To
test the potential of befiradol and tandospirone treatments to revert
motor impairment of adult ATXN3 mutant animals, we conducted a time
course assay in which adult worms already showing core motor deficits
were treated with each drug during the indicated time periods. Inter-
estingly, acute treatment with befiradol for 2 h was sufficient to restore
motor function of the animals to WT levels. In contrast, acute treatment
with tandospirone did not show a statistically significant effect on motor
behavior (Fig. 1d), suggesting a higher potency of befiradol for 5-
HT;aRs and/or a different mode-of-action of the two drugs.

3.2. Treatment with befiradol decreases aggregation of mutant ATXN3
protein

The impact of 5-HT; AR activation on mutant ATXN3 aggregation was
assessed using three different techniques: in vivo confocal imaging,
which allowed the quantification of the number and size of mutant
ATXNS3 foci (Teixeira-Castro et al., 2011a; Teixeira-Castro et al., 2011b);
a biochemical fractionation assay, which discriminated ATXN3 species
with distinct detergent solubilities (Koch et al., 2011); and a filter trap
assay, whereby aggregates were immobilized in a cellulose acetate 0-2
pm membrane, allowing the separation of the large SDS-resistant ag-
gregates from the soluble smaller species (Vilchez et al., 2012). Our
results showed a decrease in the number or area of ATXN3 aggregates
upon befiradol acute (Fig. 2a, b) and chronic (Fig. 2a, c) treatments,
respectively. These changes in aggregation occurred without alteration
in the ATXN3 protein steady-state levels (Supplementary Fig. 2a, b)
neither in animal size, upon drug treatments (Fig. 2d). Tandospirone,
however, showed limited impact on aggregation (Fig. 2a-c) in both
treatment modalities. Unlike acute treatment (Fig. 2e, g), there was an
increase in SDS-soluble ATXN3 species upon chronic treatment with
befiradol, as assessed by biochemical fractionation (Fig. 2f). No changes
were found in ATXN3 aggregation measured by filter trap (Fig. 2g, h and
Supplementary Fig. 3) upon befiradol supplementation; however,
blocking 5-HT re-uptake genetically (by SERT/MOD-5 ablation) signif-
icantly suppressed the levels of SDS-resistant mutant ATXN3 species,
being this a positive control of the technique (Supplementary Fig. 2c).
Drug efficacy was monitored in all aggregation assays by evaluating
motor performance of the same animals upon treatment (Supplementary
Fig. 2d). To evaluate the sustainability of drug effect after treatment
withdrawal, we treated animals chronically for four days or acutely for
2 h and maintained the animals off-drug during the indicated days. Both
treatment protocols maintained efficacy for at least 1 to 3 days post
interruption of the treatment, further supporting a disease-modifying
effect of befiradol (Fig. 3).

3.3. Befiradol acts via 5-HT14R orthologue SER-4 to mitigate motor
dysfunction in C. elegans

Although with different potencies, befiradol and tandospirone are
described in mammals to act as agonists of the 5-HT;sR (Bollinger et al.,
2010; Hamik et al., 1990; Llado-Pelfort et al., 2012). In C. elegans, SER-4
has been described as a putative orthologue of human 5-HTj4 receptors
(Olde and McCombie, 1997). To verify the conservation of specific
protein domains between species, we aligned human 5-HTj 4R (Uniprot
#P08908) with SER-4 (Uniprot #G5EGHO0) proteins using T-COFFEE
Multiple Sequence Alignment Server (Notredame et al., 2000). Indeed,
SER-4 presented a high degree of conservation of ligand binding sites
and a fully conserved G-coupled protein receptor (GPCR) binding motif
(DRY motif) and activation site (NPxxY motif) (Fig. 4a). The overall
percentage of aminoacid similarity (Stothard, 2000) between the
C. elegans receptor and the human 5-HTR; R is of 47-5%. The C. elegans
serotonergic system includes at least three other GPCR: SER-1, SER-5
and SER-7, presenting high homology to human 5-HT5R, 5-HTgR and 5-
HT7R (Hamdan et al., 1999; Harris et al., 2009; Hobson et al., 2003),
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Fig. 4. C. elegans SER-4 receptors are molecular targets of befiradol. (a) Alignment of Homo sapiens (human) 5-HT; R protein with the C. elegans orthologue SER-4
showing conserved regions of the receptor like ligand binding motif (green), GPCR binding DRY motif (red) and signal transduction NPXXY motif (blue). Phar-
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respectively; and one chloride channel gate receptor, MOD-1, exclusive
of the C. elegans genome (Ranganathan et al., 2000).

To investigate the molecular targets of befiradol and of tandospirone
in C. elegans and their role in the suppression of mutant ATXN3-
mediated toxicity, we generated double mutant strains with ablation
of the individual 5-HT receptors in the ATXN3 mutant background. The
ablation of ser-4 receptor reduced locomotion impairments of transgenic
ATXN3 mutant animals (Fig. 4b), as previously described (Teixeira-
Castro et al., 2015). This is consistent with its role as autoreceptor, loss
and/or desensitization of which would lead to a disinhibition of sero-
tonin production and release (Teixeira-Castro et al., 2015). No
compensatory effects in mRNA expression level of the other serotonergic
receptors were observed in ser-4 mutant strains (Supplementary Fig. 4).
By combining compound treatment with genetic tools, we found that
befiradol and tandospirone treatments did not further improve motor
performance of the animals, compatible with SER-4 receptors being
cellular targets of both drugs. In contrast, treatment of ser-44; ATXN3
mutant animals with estrone (a steroid hormone) was able to cause a
further reduction in their motility impairment, consistent with an in-
dependent mechanism-of-action for this compound (Fig. 4b). Ablation of
ser-1 and of mod-1 genes, however, did not have an impact on drug
action for any of the compounds and treatment modalities (Fig. 4c and
d). The role of SER-5/5-HTe and SER-7/5-HT; receptors in mutant
ATXN3-mediated proteotoxicity discriminated the mode-of-action of the
two compounds (Fig. 4e and f). Ablation of SER-5 and SER-7 precluded
tandospirone-mediated amelioration of motor performance of ATXN3
mutant animals, in contrast with befiradol that still maintained its
therapeutic action. The partial loss of efficacy of befiradol in the absence
of SER-5 and SER-7 is mirrored upon estrone treatment, as well as with
17-DMAG and CCI779 treatments, two drugs with well-defined molec-
ular targets (HSP90 and mTORC1 complex, respectively (Mellatyar
et al.,, 2018; Peralba et al., 2003)) (Supplementary Fig. 5), possibly
suggesting an intrinsic effect in the double mutants independent of drug
action. Despite of these observations, a partial contribution of SER-5 and
SER-7 receptors in befiradol action cannot be excluded. The potential
drug interaction with dopaminergic signaling pathways, mostly pro-
posed for tandospirone (Hamik et al., 1990), fails to impact on mutant
ATXN3-mediated proteotoxicity (Supplementary Fig. 6). Taken

together, these results support the idea that befiradol is mitigating motor
dysfunction and aggregation in the C. elegans model of ATXN3 proteo-
toxicity through selective targeting of the 5-HTj oR. This hypothesis was
further supported by the co-treatment of ATXN3 mutant animals with
befiradol and WAY-100635. WAY-100635 is a potent and selective 5-
HT A antagonist (Gozlan et al., 1995; Laporte et al., 1994; Mathis et al.,
1994), that upon acute administration occupies the ligand binding site
of 5-HT7AR without altering 5-HT release (Gurling et al., 1994). Upon
administration of befiradol alone and in combination with increasing
dosages of WAY 100635, we observed a dose-dependent loss of befiradol
effect on the amelioration of motor dysfunction of ATXN3 mutant ani-
mals, suggesting a direct competition for the 5-HT; R ligand binding site
(Fig. 5a).

3.4. Addressing 5HT14 auto- and heteroreceptor contribution to
befiradol’s therapeutic action

The role of 5HT;5 auto- and heteroreceptors on mutant ATXN3
proteotoxicity was examined using pharmacogenetic approaches
(Fig. 5b). Genetic ablation of the 5-HT1aR orthologue SER-4 led to a
suppression in proteotoxicity of mutant ATXN3-expressing animals
(Fig. 4b), possibly consistent with a net effect of abrogation of the
negative regulation of serotonin production mediated by autoreceptors
located at serotonergic neurons. Next, we asked whether the 5-HT5
heteroreceptors activity could also contribute to the effect of the drug.
We tested this hypothesis by ablating the tph-1 gene in ATXN3 mutant
background. TPH-1 is the orthologue of human tryptophan hydroxylase
1 (Sze et al., 2000), the enzyme responsible for the first step of 5-HT
biosynthesis, limiting the rate conversion of tryptophan into 5-HT. In
C. elegans, a null mutation on the tph-1 gene, the sole tryptophan hy-
droxylase enzyme, abolishes all 5-HT production (Sze et al., 2000),
therefore making the modulatory role of 5-HT; 5 autoreceptors on 5-HT
synthesis irrelevant, but still allowing activation of 5-HTjs hetero-
receptors and of their downstream signaling pathways by exogenous
agonists. Importantly for the mechanism of action of befiradol, upon
acute treatment with this drug there was an amelioration of motor
dysfunction of ATXN3 mutant animals, both in the presence or absence
of TPH-1. In contrast, upon chronic administration, befiradol showed a



J. Pereira-Sousa et al.

limited impact on the motor behavior of tph-14; ATXN3 mutant animals
(Fig. 5b). These results suggest that the beneficial effect of befiradol
chronic treatment is predominantly dependent on 5-HT; autoreceptor
function, likely by desensitization of these receptors in serotonergic
neurons and disinhibition of serotonin release, whereas acute treatment
may predominantly act through activation of the heteroreceptors in non-
serotonergic neurons even in the absence of endogenous serotonin,
culminating in the suppression of mutant ATXN3-associated phenotypes
(Fig. 6). This is consistent with the differential impact caused by chronic
or acute administration of befiradol on Ca>" dynamics of HSN neurons
(Fig. 5¢ and Supplementary Fig. 7). While acute treatment elicited a
decrease in HSN activity, chronic treatment failed to do so, suggesting a
desensitization of the receptor.

Untreated
L-Tryptophan

Tryptophan hydroxylasel

Acute befiradol treatment
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4. Discussion

In this study, we evaluated befiradol, a novel 5-HT;, receptor full
agonist, as a potential modulator of MJD pathogenesis, comparing its
effects with tandospirone, a 5-HT; R partial agonist, using a C. elegans
model of mutant ATXN3 proteotoxicity. Our results showed that befir-
adol treatment ameliorates core pathological features in this model,
including mutant ATXN3-mediated motor dysfunction and protein ag-
gregation in neurons upon chronic and acute administration. Hence, we
propose befiradol as a disease-modifying agent and the 5-HT4R as a
therapeutic target for MJD. Comparing its effect with tandospirone,
befiradol presents higher potency, notably at acute administration, and
high target specificity, its therapeutic effect being likely dependent on 5-
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Fig. 6. Hypothetical model of befiradol action in a C. elegans model of ATXN3 proteotoxicity. Schematic of serotonergic synapses showing that 5-HT is synthesized
and released into the synaptic cleft, where it activates postsynaptic 5-HT receptors, activating the regulatory signaling coupled with the different 5-HT hetero-
receptors. Serotonin also binds the 5-HT autoreceptor SER-4, eliciting the “stop 5-HT production” signal mediated by 5-HT autoreceptors in presynaptic neurons
(1). Acute treatment with befiradol rapidly targeted 5-HT;,/SER-4 receptors, activating protective cellular pathways against mutant ATXN3-mediated neuronal
dysfunction (2). In the absence of endogenous serotonin, through ablation of the tph-1 gene, acute treatment with befiradol still improved motor function, suggesting
a contribution of 5-HT; hetero-receptors signaling for the suppression of mutant ATXN3-associated phenotypes (3). ser-4 ablation also suppressed proteotoxicity,
consistent with a possible disinhibition of serotonin synthesis and release, likely increasing its availability, as described previously for chronic treatment with se-
lective serotonin re-uptake inhibitors (4). Chronic treatment with befiradol suppressed mutant ATXN3 pathogenesis through activation of 5-HT; /SER-4 receptors, an
effect which we hypothesize includes the disinhibition of serotonin release, likely by desensitization of the 5-HT;,/SER-4 auto-receptor at the pre-synapse (5). In the
absence of endogenous serotonin, through ablation of the tph-1 gene, chronic treatment with befiradol was insufficient to suppress ATXN3 proteotoxicity, further
supporting a possible role of the disinhibition of serotonin release upon chronic treatment with befiradol (6).
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HTa auto- and hetero-receptors (Fig. 6).

Pharmacologic and genetic modulation of serotonergic signaling was
previously shown to impact MJD pathogenesis, being able to suppress
mutant ATXN3 aggregation and to restore motor function in three
distinct MJD animal models exposed to chronic administration of cit-
alopram (Ashraf et al., 2019; Esteves et al., 2019; Teixeira-Castro et al.,
2015). Interestingly, this effect was dependent not only of SERT/MOD-5,
the citalopram molecular target, but also on the 5-HT;,/SER-4 and 5-
HT2/SER-1 receptors (Teixeira-Castro et al., 2015). Although the
mechanism of action of citalopram is not fully understood, there is ev-
idence that the therapeutic effects of SSRIs are modulated by 5-HT15R
function (Kulikov et al., 2018; Stahl, 1998). Specifically, citalopram
chronic treatment was shown to lead to 5-HT; auto-receptor desensi-
tization, increasing 5-HT availability (Invernizzi et al., 1994), and to
increase the functional sensitivity of post-synaptic 5-HTjs hetero-
receptors (Moulin-Sallanon et al., 2009). In addition, enhancement of
the signaling cascades downstream of 5-HTisR, upon chronic cit-
alopram treatment and direct targeting of 5-HT;aR, has a modulatory
effect on glutamatergic (Cervantes-Ramirez et al., 2019), dopaminergic
and noradrenergic signaling pathways, further supporting a broad and
overarching mode-of-action of the serotonergic system in the brain
(Kaneko et al., 2016). The adaptation of the serotonergic system, in
particular 5-HT1zR desensitization, needed for citalopram action, could
explain the delay in phenotypic amelioration seen in depression upon
treatment with this drug. Often, patients with major depression dis-
continue citalopram use due to anxiety symptoms in the first weeks of
treatment, this emotional imbalance being associated with 5-HTj5R
activation at the Dorsal Raphe Nucleus (DRN), as seen in a PET and
functional MRI study (Selvaraj et al., 2018). This close relationship be-
tween citalopram action and 5-HTj receptor signaling further sup-
ported the hypothesis that direct modulation of 5-HTjsRs could suppress
MJD pathogenesis. Indeed, previous studies in patients showed efficacy
of two 5-HT; sR agonists, buspirone and tandospirone, in amelioration of
cerebellar ataxia symptomatology (Ogawa, 2004; Takei et al., 2005).
Buspirone led to an improvement of clinical and self-assessment test
scores in patients with cerebellar cortical atrophy and olivopontocer-
ebellar atrophy (Lou et al., 1995), however this effect was shown to be
partial and not major (Trouillas et al., 1997). Tandospirone treatment
improved the ataxia rating scale (ARS) scores in MJD and SCA6 patients
(Takei et al., 2010). In the MJD cohort, patients showed improved gait,
posture, kinetic and total ARS during the 3 to 4 weeks of treatment
(Takei et al., 2004). However, the withdrawal of tandospirone reverted
symptom amelioration, showing a non-modulatory short-term effect of
tandospirone treatment in MJD pathogenesis (Takei et al., 2004).
Interestingly, buspirone and tandospirone were classified as partial ag-
onists of 5-HTj5 hetero-receptors (Huang et al., 2017; Yocca, 1990),
making it plausible that a potent and selective 5-HT1aR agonist (Col-
paert et al., 2002) might increase efficacy. Accordingly, this study shows
that although befiradol elicited the same effect size as tandospirone
upon chronic treatment, befiradol also suppressed MJD pathogenesis on
acute administration, contrary to tandospirone. This is consistent with
the description of tandospirone as a partial agonist of 5-HT;, hetero-
receptors and with the primary effect of acute treatment with befiradol
being predominantly mediated by the activation of 5-HTjp hetero-
receptors and independent of the serotonin synthesis downregulation
signal mediated by autoreceptors. In addition to a decreased agonism
effect (60%) compared to a selective 5-HT; agonist (Hamik et al.,
1990), tandospirone may also be a suboptimal therapeutic agent in view
of its interactions with multiple cellular targets, namely serotonin 5-
HT,, dopamine D, and alpha-adrenergic receptors, which our data
suggest are not essential for the therapeutic effects of 5-HT; pR-targeting
drugs in MJD.

The pattern of binding and activation by befiradol in the brain has
been extensively studied in rat, cat, macaque and, more recently, in
human using a variety of in vitro, ex vivo, PET imaging and fMRI tech-
niques (Bardin et al., 2005; Colom et al., 2020; Levigoureux et al., 2019;
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Llado-Pelfort et al., 2012; Vidal et al., 2019; Vidal et al., 2018). Since the
5-HT;aR is highly expressed in the DRN, the serotonergic core of the
brain, not surprisingly, befiradol binds to the 5-HT; autoreceptors of
DRN neurons (Levigoureux et al., 2019; Vidal et al., 2019; Vidal et al.,
2018) and decreases the neuronal firing rate (Llado-Pelfort et al., 2012)
through activation of the negative feedback loop of serotonin produc-
tion. The desensitization of these autoreceptors is probably accounting
for the effect of befiradol chronic treatment in mutant ATXN3-
expressing animals, by increasing serotonin availability (Fig. 6). How-
ever, befiradol not only activates 5-HT;4 autoreceptors but also heter-
oreceptors (Llado-Pelfort et al., 2012). Extensive PET/fRMI studies,
using several species, showed activity of befiradol for thalamus, cingu-
late cortex and hippocampus (Vidal et al., 2019; Vidal et al., 2018), the
receptor occupancy being correlated with changes in activation of these
regions, and in the occipital lobe, amygdala, sub-regions of the brain-
stem and right motor cortex (Vidal et al., 2018). A study with conscious
rats showed a more detailed pattern of befiradol binding-selectivity with
activation of the pontine nuclei and cerebellum, and an inhibition in the
brainstem, piriform cortex and striatum (Levigoureux et al., 2019).
Some of these areas have been described as atrophic or damaged in MJD,
like the thalamus (Paulson, 2012), and cerebellar-thalamocortical and
basal ganglia-thalamocortical pathways (Wang et al., 2020a), or related
with ataxic dysfunction and severity, including the cingulate cortex,
cerebellum (Hernandez-Castillo et al., 2017) and brainstem (Jafari et al.,
2011).

In C. elegans, serotonin is present in eight classes of neurons: NSM,
HSN, VCy4, 5, ADF, RIH and AIM (Chase and Koelle, 2007), the produc-
tion of serotonin occurring in NSM, HSN and ADF neurons (Horvitz
et al., 1982; Jafari et al., 2011). As in the vertebrate brain, these
serotonin-producing neurons project to and regulate non-serotonergic
cells that express serotonin receptors. The effect of befiradol proved to
be dependent on SER-4, the 5-HT;a orthologue (Olde and McCombie,
1997), which is expressed in neurons, like serotonergic neuron NSM
(Gurel et al., 2012), cholinergic (RIB and DVA), glutamatergic (DVC and
AIB) and GABAergic (RIS) interneurons (Gurel et al., 2012; Tsalik et al.,
2003), but also in a type II vulval muscle cell (vm2) (Gurel et al., 2012;
Ravi et al., 2018a), SER-4 expression being required for the effects of
endogenous serotonin in locomotion (Gurel et al., 2012).

Importantly, the suppression of ATXN3 aggregation caused by
pharmacological modulation of the serotonergic system by citalopram
(Ashraf et al., 2019; Teixeira-Castro et al., 2015) and befiradol treatment
(this work) are mimicked by genetic ablation of their respective cellular
targets. Their effect on protein folding and aggregation suggests that
protein homeostasis mechanism(s) may be a link between serotonergic
signaling and neurodegeneration associated with proteotoxicity. The
exact mechanism of proteostasis modulation by serotonin is unknown,
however some candidate pathways have been proposed. HSP90 inhibi-
tion improved balance and motor coordination of a MJD mice model
(Silva-Fernandes et al., 2014), and the abundance of Hsp90p was
directly correlated with ATXN3 high molecular weight species upon
citalopram treatment (Ashraf et al., 2019). Interestingly, serotonin was
shown to be indispensable for inter-tissue or non-cell autonomous
communication of the folding status of an organism (Berendzen et al.,
2016; Tatum et al., 2015; Zhang et al., 2018). In this process, the pro-
teotoxic stress caused by the expression of mutant polyQ proteins in
neuronal cells was communicated to distal tissues to improve organism
proteostasis via the activation of the unfolded protein response of
mitochondria (UPR™) (Berendzen et al., 2016). This communication
was found to occur via WNT signaling and to require serotonin release
from serotonergic neurons (Zhang et al., 2018), further supporting that
serotonin regulates protein homeostasis at an inter-cellular level. The
modulation of protein homeostasis upon serotonergic signaling activa-
tion could, therefore, have a positive impact not only on MJD patho-
genesis but also in other proteinopathies, such as Parkinson’s Disease
(PD) and Alzheimer’s Disease (AD) (Bayer, 2015; Ross and Poirier,
2004). Indeed, serotonergic signaling dysfunction was recently reported
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in PD (Fazio et al., 2020), ALS (reviewed in (Vermeiren et al., 2018)) and
AD (Pena-Bautista et al., 2020; Snowden et al., 2019). Interestingly, AD
patients present low SERT binding in the limbic regions of the brain (van
der Zande et al., 2020) and decreased expression of 5-HT;5 receptor
(Lanctot et al., 2007). It has been shown that serotonergic signaling
modulation by tandospirone (Sato et al., 2007), citalopram (Meyer et al.,
2019) or its enantiomer escitalopram impacts on AD pathogenesis
(Wang et al.,, 2016). Interestingly, escitalopram attenuated beta-
amyloid-induced tau hyperphosphorylation through 5-HT;a receptor-
mediated Akt/GSK-3f pathway (Wang et al., 2020b; Wang et al.,
2016), possibly underlying the beneficial effects seen in cognition of AD
and vascular dementia patients (Ramirez et al., 2014; Xie et al., 2019).
In PD, befiradol treatment reverted L-DOPA-induced dyskinesia
(Depoortere et al., 2020; Iderberg et al., 2015; McCreary et al., 2016), a
side-effect caused by prolonged administration of L-DOPA. 5-HT15R
agonism and befiradol treatment very efficaciously activated inhibitory
somatodendritic 5-HT; autoreceptors in the DRN. This decreases 5-HT
release and blocks the “false neurotransmitter” surge of DA release eli-
cited by L-DOPA administration from 5-HT neurons — an effect that
underlies the potent antidyskinetic action of befiradol. Befiradol also
activated cortical 5-HT; 5 heteroreceptors, which can be associated with
the beneficial properties seen in models of mood and cognition deficits
(Iderberg et al., 2015). Recently, it was found that befiradol can have
some anti-parkinsonism properties in MPTP-treated macaques (Fisher
etal., 2020), coherent with the findings that 5-HT; sR agonism, by 8-OH-
DPAT or buspirone, ameliorated haloperidol-induced catalepsy and
bradykinesia (Mohajjel Nayebi and Sheidaei, 2010; Ohno et al., 2008).
Therefore, serotonergic signaling stimulation seems to be also effective
for parkinsonism, L-DOPA-induced dyskinesia, cognitive impairment
and neurodegeneration of dopaminergic neurons (Ohno, 2011; Ohno
et al., 2015).

In conclusion, our results strengthen interest in the modulation of
serotonergic signaling as a promising therapeutic approach for MJD,
presenting befiradol as a potent and selective 5-HT; 4R agonist in vivo. In
the future, in-depth studies and translational analysis using MJD mouse
models will be required to further validate befiradol use as therapeutic
agent and to dissect the involvement of 5-HT 5 receptors signaling in the
suppression of MJD pathogenesis.
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