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PERSPECTIVE

Novel small molecule TRVA242
targets neuromuscular junction in
amyotrophic lateral sclerosis

Research over the past decade has enabled a deeper understand-
ing of the pathophysiology of amyotrophic lateral sclerosis (ALS).
While 10% of all ALS cases have been reported to be familial with
a clear Mendelian inheritance, clinically, sporadic and familial
forms of ALS cannot be distinguished (Robberecht and Philips,
2013). Presently there are only two Food and Drug Administration
approved treatment options for ALS - riluzole and radicava (also
known as edavarone). Riluzole is mostly known to delay the onset
of ventilator dependence and extends the life span by 2—-3 months;
edavarone on the other hand has been reported slow disease pro-
gression at all stages in ALS (Jaiswal, 2019). However, given the
multifaceted nature of ALS, there is an urgent need to identify more
molecules with a strong therapeutic potential.

The four major genes that have emerged bearing the most
number of mutations are chromosome 9 open reading frame 72
(C90OREF72), transactive response binding DNA element (TARDBP),
superoxide dismutase 1 (SOD1) and fused in sarcoma (FUS). In-
terestingly, the same genes have been implicated in frontotemporal
dementia-another neurodegenerative disease with cognitive and
behavioural impairments. Often ALS and frontotemporal demen-
tia are considered as opposite ends of the spectrum of disorder.
Nonetheless, it is amply clear that no single genetic causality can
be attributed for ALS; ALS rather results from defects in multiple
cellular processes arising from mutation in these genes e.g., exci-
totoxicity, RNA processing defects, mitochondrial dysfunction,
accumulation of protein aggregates, axonal transport defects, oxi-
dative stress, etc. (Robberecht and Philips, 2013). Infact, edvarone
has been reported to act by scavenging peroxyl radicals, inhibiting
motorneuron death and reducing oxidative stress (Ito et al., 2008).
However, where and how the motor neuron (MN) deficits arise
and what factors aggravate them is still debatable. Whether motor
dysfunction starts in a die-forward (anterograde) mechanism in-
volving degeneration of MNs in the cortex (possibly resulting from
excitotoxic mechanisms) followed by distal neuromuscular junc-
tion (NM]J) defects or a die-back (retrograde) path starting distally
at the neuromuscular junction or nerve terminal and progressing
towards the cell body is still debatable (Moloney et al., 2014). None-
theless both these hypotheses have highlighted the importance of
the NMJ and it has emerged as a key player in the pathophysiology
of ALS.

The NM]J is envisioned as a tripartite synapse comprising the
presynaptic MN, the postsynaptic muscle cell and surrounding glial
cells; their perfect, co-ordinated dynamics assure efficient trans-
mission of action potentials from the MNs to the muscle cells. De-
fects in any of the three components can lead to NM]J disassembly
and there is mounting evidence of early NMJ dysfunction in ALS.
The most accepted notion of ALS pathology is that early deficits
arise at the NMJ and precede neuronal degeneration, MN loss and
manifestation of clinical symptoms. The progress of this pathology
has been most extensively studied in a murine model of ALS - the
humanized SOD1 G93A transgenic mouse. These animals show
denervation at the NMJ, followed by MN axonal deficits and loss
of MN cell bodies before progressive paralysis and death (Fischer
et al., 2004). Additionally, the fast-fatigable MN subtype displays
enhanced vulnerability to synaptic deficits compared to other sub-
types suggesting an even more selective defect that arises at the
NMJ before MN degeneration (Pun et al., 2006). Murine models of
FUS also point to an early time-point of NM]J dysfunction wherein
conditional expression of the human mutation in FUS (FUS P525L)
leads to a significant decrease in synaptic vesicle numbers and axo-
nal retraction in fast-fatigable MN (Sharma et al., 2016). Similarly,
in C9ORF72 BAC transgenic mice, RNA foci and di-peptide repeat
expansions precede MN degeneration (Ciura et al., 2013). These

studies provide crucial insights to the fundamental understanding
of ALS pathophysiology, and reaffirm the importance of targeting
early dysfunction at the NM]J as a potential therapeutic approach.

Despite significant advances in our knowledge of ALS patho-
physiology, another question that still remains open is whether
mutations in ALS related genes lead to gain- or loss-of-function
mechanisms? As human pathology can only be studied at end
stages, much of our understanding on this has come from studies
involving small animal models. These models have enabled us to
appreciate the variety of phenotypes associated with specific genet-
ic mutations and discern to a certain degree whether a particular
genetic mutation leads to a gain- or loss-of-function or what we see
as a manifested clinical symptom can arise from both. For exam-
ple, embryonic motor behaviour which manifests as early as 12-15
hours in the form of spontaneous coiling has been found to be
increased or decreased in zebrafish overexpressing mutant human
forms of SOD1 or TARDBP respectively (Benedetti et al., 2016;
Bose et al., 2019b). Similar overexpression of mutant human forms
of TARDBP result in a compromised fidelity of synaptic neuro-
transmission at the NM]J, whereas overexpression of mutant human
forms of SOD1 or zebrafish carrying a mutation in the SOD1 gene
leads to an increased synaptic neurotransmission at the NMJ in 48
hours post-fertilization (hpf) zebrafish embryos. Upon complete
removal of tardbp and tardbpl a drastic decrease in synaptic trans-
mission at the NMJ is observed (Bose et al., 2019a). Nonetheless,
at 48 hours hpf, both overexpression of mutant human forms of
TARDBP or complete removal of tardbp and tardbpl leads to de-
fects in locomotor activity suggesting that zebrafish models of ALS
serve as strong hypothesis-generating platforms especially for early
deficits at the NMJ.

Information from rodent animal models are still considered the
benchmark for preclinical validation of disease mechanisms. None-
theless, small animal models are gaining an increasing popularity
owing to their ease of genetic manipulation and amenability to
small molecule library screening. However, very few studies adopt
a strategy that effectively encompass multiple ALS deficits spanning
multiple models thereby limiting the success of a treatment strategy
in a sporadic population. The study by Patten et al. (2017) has ad-
opted such an approach to test the neuroleptic efficacy of pimozide
in multiple animal and genetic models of ALS. Pimozide is a drug
that was originally approved by the US Food and Drug Adminis-
tration for schizophrenia and is a D2 dopamine receptor antagonist
but is known to have other targets as well. Pimozide was found to
rescue locomotor deficits in multiple animal models of ALS possi-
bly by antagonizing T-type calcium channels, independently of the
genotype, suggesting it could be effective in sporadic ALS. A small
randomized clinical trial with sporadic ALS patients confirmed the
stabilization of motility and target engagement at the NMJ.

Using a similar strategy, a second study was done utilizing the
NM]J as a biomarker to assess the potential of a pimozide deriva-
tive-TRVA242 (Boseet al., 2019b). From a high throughput screen-
ing in C. elegans of 3756 novel small molecules derived from or
structurally related to pimozide, 11 hits were confirmed in a TDP-
43 gain-of-function zebrafish model and TRVA242 was identified as
the most potent compound in improving locomotor activity. There-
after, TRVA242 was subject to exhaustive analysis in multiple C.
elegans, zebrafish and a mouse model of ALS (Figure 1). TRVA242
was found to rescue spontaneous coiling deficits in zebrafish over-
expressing mutant human TARDBP or SOD1 by increasing and
decreasing (respectively) the coiling frequency to WT levels. It was
also found to recover locomotor deficits and spinal MN outgrowth
deficits in these zebrafish models at 48 hpf. In a zebrafish loss-of-
function model, in which both orthologues of TARDBP (tardbp
and tardbpl) had been deleted (tardbp’/’tardbpl‘ ), TRVA242 recov-
ered deficits in small distance movement at 48hpf in double mutant
embryos. Additionally, a COORF72 zebrafish model of ALS charac-
terized by reduced locomotor activity (at 5 days post-fertilization)
and aberrant motorneuron outgrowth, also showed improvement
upon chronic treatment with TRVA242.

To enable a deeper understanding of the engagement of
TRVA242 at the NMJ, electrophysiological recordings were ob-
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tained from fast twitch muscle cells from both TARDBP or SOD1
overexpressing zebrafish animals at 48 hpf. TARDBP overexpress-
ing animals displayed a reduced cholinergic neurotransmission at
the NMJ and TRVA242 treatment significantly restored the deficits.
Interestingly, SOD1 overexpressing animals displayed significantly
increased neurotransmission at the NM]J. Previous studies suggest
a form of hyperexcitability in SOD1 overexpressing models and
riluzole-mediated inhibition of the persistent pacemaker sodium
current enhanced motor unit functioning by reducing interneuron
and motorneuron hyperexcitability (Benedetti et al., 2016). None-
theless, we found, TRVA242 significantly recovered both synaptic
abnormalities, suggesting two hypotheses of target engagement
at the NMJ. Either TRVA242 engages a target that is common to
both SODI1 and TDP-43 mediated pathology in zebrafish models
of ALS or acts at multiple cellular targets in individual pathogenic
pathways associated with either TDP-43 or SOD1. A similar NMJ
stabilizing effect of TRVA242 with improved efficacy compared to
Pimozide in the SOD1 mouse model suggests that the actions of
TRVA242 are conserved across species and that TRVA242 could
also target multiple distinct mechanisms of dysfunction in ALS
spanning multiple animal models.

Since TRVA242 is structurally related to pimozide, it could
present a class of compounds targeting a wide range of cellular sub-
strates. Such compounds have an increased propensity of success in
a more sporadic population presenting a range of genetic mutations
and varied forms of the disease. Albeit, before going to the clinic
further exhaustive studies involving pharmacokinetic, pharmaco-
dynamics, behavioral outcomes and other evaluations of TRVA242
are needed. Nonetheless, TRVA242 presents as a strong therapeutic
consideration for NM] tailored therapies in ALS.
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Figure 1 Schematic showing the multi
animal model inclusion for screening
and identification of small molecules
(TRVA242).

Small molecule libraries (3756 com-
pounds) were first screened in a Caenor-
habditis elegans (C. elegans) TDP-
43 model through a high throughput
screening assay and positive hits were
tested on zebrafish models of ALS. In-
dividual C. elegans TDP-43 worms were
put in 96 multiwell plates containing
test compounds and incubated for 6
hours (C. elegans) or 24-well plate and
incubated overnight (zebrafish). Eleven
compounds were identified that im-
proved motor behavior (motility) phe-
notypes in mutant TDP-43 (mTDP43)
C. elegans. These positive hits were then
tested on mTDP-43 zebrafish at various
concentrations (1-20 pM). Eleven active
small molecules were identified in our
zebrafish model, and the most potent
compound was found to be TRVA242,
which was active at 5 uM. For details
see Bose et al. (2019b). ALS: Amyo-
trophic lateral sclerosis; GOF: gain-of-
function; TDP-43: transactive response
DNA-binding protein 43 kDa.

Copyright license agreement: The Copyright License Agreement has been
signed by the author before publication.

Plagiarism check: Checked twice by iThenticate.

Peer review: Externally peer reviewed.

Open access statement: This is an open access journal, and articles are dis-
tributed under the terms of the Creative Commons Attribution-NonCommer-
cial-ShareAlike 4.0 License, which allows others to remix, tweak, and build
upon the work non-commercially, as long as appropriate credit is given and
the new creations are licensed under the identical terms.

References

Benedetti L, Ghilardi A, Rottoli E, De Maglie M, Prosperi L, Perego C, Baruscotti
M, Bucchi A, Del Giacco L, Francolini M (2016) INaP selective inhibition re-
verts precocious inter- and motorneurons hyperexcitability in the Sod1-G93R
zebrafish ALS model. Sci Rep 6:24515.

Bose P, Armstrong GAB, Drapeau P (2019a) Neuromuscular junction abnormal-
ities in a zebrafish loss-of-function model of TDP-43. ] Neurophysiol 121:285-
297.

Bose P, Tremblay E, Maois C, Narasimhan V, Armstrong GAB, Liao M, Parker
JA, Robitaille R, Wen XY, Barden C, Drapeau P (2019b) The novel small mol-
ecule TRVA242 stabilizes neuromuscular junction defects in multiple animal
models of amyotrophic lateral sclerosis. Neurotherapeutics doi: 10.1007/
s13311-019-00765-w.

Ciura S, Lattante S, Le Ber I, Latouche M, Tostivint H, Brice A, Kabashi E (2013)
Loss of function of C9orf72 causes motor deficits in a zebrafish model of amy-
otrophic lateral sclerosis. Ann Neurol 74:180-187.

Fischer LR, Culver DG, Tennant P, Davis AA, Wang M, Castellano-Sanchez A,
Khan J, Polak MA, Glass JD (2004) Amyotrophic lateral sclerosis is a distal
axonopathy: evidence in mice and man. Exp Neurol 185:232-240.

Ito H, Wate R, Zhang J, Ohnishi S, Kaneko S, Ito H, Nakano S, Kusaka H (2008)
Treatment with edaravone, initiated at symptom onset, slows motor decline
and decreases SOD1 deposition in ALS mice. Exp Neurol 213:448-455.

Jaiswal MK (2019) Riluzole and edaravone: A tale of two amyotrophic lateral
sclerosis drugs. Med Res Rev 39:733-748.

Moloney EB, de Winter F, Verhaagen J (2014) ALS as a distal axonopathy: molec-
ular mechanisms affecting neuromuscular junction stability in the presymp-
tomatic stages of the disease. Front Neurosci 8:252.

Patten SA, Aggad D, Martinez ], Tremblay E, Petrillo J, Armstrong GA, La Fon-
taine A, Maios C, Liao M, Ciura S, Wen XY, Rafuse V, Ichida ], Zinman L, Ju-
lien JP, Kabashi E, Robitaille R, Korngut L, Parker JA, Drapeau P (2017) Neu-
roleptics as therapeutic compounds stabilizing neuromuscular transmission in
amyotrophic lateral sclerosis. JCI Insight doi: 10.1172/jci.insight.97152.

Pun S, Santos AF, Saxena S, Xu L, Caroni P (2006) Selective vulnerability and
pruning of phasic motoneuron axons in motoneuron disease alleviated by
CNTE. Nat Neurosci 9:408-419.

Robberecht W, Philips T (2013) The changing scene of amyotrophic lateral scle-
rosis. Nat Rev Neurosci 14:248-264.

Sharma A, Lyashchenko AK, Lu L, Nasrabady SE, Elmaleh M, Mendelsohn M,
Nemes A, Tapia JC, Mentis GZ, Shneider NA (2016) ALS-associated mutant
FUS induces selective motor neuron degeneration through toxic gain of func-
tion. Nat Commun 7:10465.

C-Editors: Zhao M, Li JY; T-Editor: Jia Y



