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Survival motor neuron protein-independent
amelioration of spinal muscular atrophy by
pharmacological inhibition of c-Jun-NH>
terminal kinase
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Spinal muscular atrophy (SMA) is an autosomal recessive neurodegenerative disorder caused by mutation of the survival motor nenron 1 (SMNI)
gene. SMA is characterized by degeneration of the spinal cord motor neurons caused by chronic low levels of survival motor neuron (SMN) protein.
Prevention or slowing of neurodegeneration has been shown to ameliorate SMA disease severity. Significant progress has been made to develop SMN-
dependent treatments that increase SMN levels. However, there is an unmet need to develop alternative therapeutic methods that are SMN-inde-
pendent. The c-Jun-NH, terminal kinase (JNK) signalling pathway mediates motor neuron degeneration in SMA. Genetic inactivation of the neu-
ron-specific isoform, JNK3, ameliorates the disease phenotype in SMA mice without affecting SMN protein levels, indicating that JNK3 may
represent a promising SMN-independent target for pharmacological intervention. We report that pharmacological inhibition of JNK using novel
drug compounds based on three distinct chemical scaffolds, Anthrapyrazolone, Pyrimidinyl, and Pyridopyrimidine, prevents degeneration of
SMN-deficient 7z vitro cultured primary cerebellum neurons and the spinal cord motor neurons derived from SMA mice. Furthermore, 27 vivo treat-
ment with JNK inhibitors leads to a systemic improvement in the disease phenotype, promoting enhanced overall growth, including increased body
weight and extended postnatal growth, alongside improved gross motor functions such as righting reflexes and the ability to walk until the later stages
of survival. Notably, it also results in a significant and sustained increase in the lifespan of both male and female SMA mice. The sex-based analysis
reveals male- and female-specific improvements that depend on the type and efficacy of inhibitors targeting distinct JNK isoforms. Importantly,
treatment with JNK inhibitors did not affect SMN levels in the spinal cord or skeletal muscle, indicating that the observed rescue of the SMA pheno-
type occurs independently of SMN restoration. Collectively, these findings suggest that pharmacological inhibition of JNK may serve as a therapeutic
strategy to prevent neurodegeneration, either in combination with SMN-enhancing approaches for treating severe forms of SMA, or as a stand-alone,

SMN-independent intervention for moderate and mild SMA cases.
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SMN-independent rescue of spinal muscular atrophy (SMA)
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H childhood stages and stable course, characterized by atrophy of
IntrOdUCtlon skeletal muscle due to the degeneration of the spinal cord motor
Spinal muscular atrophy (SMA) is an autosomal recessive neuro- neurons caused by the low levels of SMN protein.2 Humans har-
muscular disorder caused by a homozygous mutation in the telo- bour two copies of the SMN gene, SMNI and SMN2. SMN2,
meric copy of the survival motor neuron 1 (SMNI) gene." SMA the centromeric copy of the gene, undergoes alternative splicing

is also a developmental disorder with onset during infant and early due to a single point mutation in coding exon 7, resulting in
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predominant production (90%) of a truncated isoform lacking exon
7 (SMNA?7).> The low levels (10%) of SMN protein produced by
SMN? are sufficient for development during embryogenesis, but
result in degeneration of the spinal cord motor neurons during
postnatal development leading to muscle atrophy, symmetric
limb paralysis, respiratory failure, and death in SMA paltients.4

SMA disease phenotype is modulated through both SMN-
dependent and SMN-independent mechanisms, indicating that
therapeutic strategies targeting either pathway could be effective
for treating SMA. Impressive progress has been made towards devel-
oping SMN-dependent methods for the treatment of SMA.
Currently, there are three SMN-dependent methods of treatment
for SMA that are approved by the Food and Drug Administration
(FDA) in the USA; (i) Nusinersen or Spinraza, a drug that utilizes
an antisense oligonucleotide (ASO)-based method to correct
SMN2 mRNA splicing by including exon 7, (ii) AVXS-101 or
Zolegensma (omasemnogene abeparvovec), a gene therapy-based
method using non-replicating self-complementary adeno-associated
viral vector carrying SMNI gene (scAAV9-SMNI) to restore
SMN protein levels, and (iii) Evrysdi or Risdiplam, a small, orally de-
liverable drug compound, which corrects SMNZ splicing and in-
creases inclusion of coding exon 7 to produce full-length normal
SMN protein.s’6 However, there are many challenges and gaps in
the knowledge of important aspects of current SMA treatments, in-
cluding side effects and post-treatment complications that are emer-
ging with the aging of patients. Furthermore, considerations include
time points of treatment such as pre- or post-symptomatic windows,
responders and non-responders, systemic rescue of organs, and suffi-
cient increase in SMN levels in a genetically heterogenous population
with a broad spectrum of SMA disease severity.”'® Recently ap-
proved SMA treatments have noticeably improved the health, life-
style and lifespan of SMA patients. However, current treatments
are subject to post-treatment follow up studies aimed to identify
milestones of achievement and complications and evaluate the possi-
bility of life-long rescue from the pathogenesis of SMA disease."**?
Nonetheless, available SMA treatments have provided an insight
into developing advanced strategies to achieve a full and systemic res-
cue of SMA disease. Pre-clinical studies with animal models and clin-
ical trials of human patients suggest that full systemic rescue or cure
of SMA disease may require the development of additional
SMN-dependent, and importantly SMN-independent methods
that could be used in combination with SMN-dependent methods.™
Currently identified SMN-dependent modifier genes include
SMN2 and zinc finger protein 1 (ZPR1)."™" Interestingly,
SMN-independent modifiers of SMA have also been identified
such as plastin 3 (PLS3),’*”' neurocalcin delta (NCALD),”
stathmin-1 (STMNI),”> Z + Agrin,** and senataxin (SETX).” We
identified the c-Jun NH rterminal kinase 3 (JNK3) gene as a potential
SMN-independent target for the development of a therapeutic strat-
egy. Genetic inhibition of neuron-specific isoform Jnk3 resulted in
systemic amelioration of disease phenotype and improved overall
growth, gross motor function, neuromuscular junctions (NMJs) in-
nervation and increased skeletal muscle fibre size and lifespan without
altering SMN protein levels in SMA mice.”

In this study, we investigated the therapeutic potential of
pharmacological inhibition of the JNK signalling pathway in pre-
venting neurodegeneration and in ameliorating neuromuscular
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disease severity using the SMAA7 mouse model.”” Activation of
the JNK signalling pathway was identified as a mediator of degen-
eration of SMN-deficient neurons.”**® The ZPR1 binds to SMN
and is required for the nuclear accumulation of SMN, has been
shown to be downregulated in SMA patients. ZPR1 deficiency con-
tributes to activation of the JNK pathway and neurodegeneration
in SMA.'***” An earlier study showed that JNK inhibition using
pan-JNK peptide inhibitor D-JNKI1 with broad specificity for all
JNK isoforms resulted in the amelioration of disease severity with
only a very small but statistically significant increase in the survival
of SMA mice.*® This finding supports the conceptual advance
made by Genabai e /> and calls for further investigation of
pharmacological JNK inhibition for the treatment of SMA.
Recent findings show that activation of the JNK pathway may be
connected with R-loop-mediated DNA damage and neurodegenera-
tion in SMA.”" Targeting of the JNK pathway has demonstrated
therapeutic potential for treating diverse diseases, including neurode-
generative disorders such as amyotrophic lateral sclerosis (ALS),
Huntington’s disease, Parkinson’s disease, and Alzheimer’s disease.>**3
Initial clinical trials had limited success due to off-target effects and cel-
lular toxicity of JNK inhibitor drug compounds. Despite these chal-
lenges the therapeutic potential of targeting JNK kinases remains
promising./‘["46 These problems identified a need for developing better
classes of chemical compounds with minimal off-target effects and
toxicity. Recent advances in chemistry have allowed for the synthesis
of novel classes of JNK inhibitor compounds with specificity for JNK
inhibition and minimum off-target effects. However, one of the crit-
ical aspects of pharmacological research investigation requires 2z vitro
testing of drug compounds in relevant primary cell types before pro-
ceeding for 7 vivo testing. In general, culturing of primary spinal cord
neurons for routine experiments from normal and disease mice has
been very challenging. To overcome this limitation, we have developed
method for culturing primary spinal cord neurons from postnatal nor-
mal and symptomatic SMA mice.'®*>*” We examined the effects of
JNK inhibitors with different chemical scaffolds on JNK inhibition
and neuroprotection 7z vitro using cultured primary spinal cord neu-
rons derived from SMA mice. We investigated the 7z vivo effects of our
top-three drug compounds with distinct chemical scaffolds, anthra-
pyrazolone (SP600125),** pyrimidinyl (AS601245),*” and pyridopyr-
imidine (SR12519),> with broad or targeted specificity for three
kinase isoforms, JNK1, JNK2, and JNK3, using a severe SMA mouse
model. We compared improvements in the sex-based disease pheno-
types of SMA mice treated with different drug compounds. The find-
ings of this study offer important insights into the feasibility of
developing an SMN-independent pharmacological approach for treat-
ing both severe and mild forms of SMA.

Materials and methods

The wild-type mice on FVB/N genetic background and severe
SMA mouse model with genotype (Smn_/+; SMNZ™*
SMNA7"*) (mouse line #4299)*” on FVB/N genetic background
were purchased from the Jackson Laboratory and maintained in the
our laboratory. All research animals (mice) were housed in a facility
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accredited by the Association for Assessment and Accreditation
of Laboratory Animal Care (AAALAC). Experiments with ani-
mals, including behavioural analysis and use of mouse tissues for
biochemical methods were approved by the Institutional
Animal Care and Use Committee and by the Institutional
Biosafety Committee of the Texas Tech University Health
Sciences Center El Paso (TTUHSC EP) and the University of
Missouri, Columbia. Animal studies were carried out at
TTUHSCEP. Animals were treated humanely, and euthanasia
was performed using methods approved by the American
Veterinary Medical Association. SMA carrier mice (Smn™"";
SMN2"*; SMNA7") were bred to generate mice with SMA
(Smn™'"; SMN2""*; SMNA7Y*). SMA mice littermates at
postnatal day 2 (PND2) were injected intraperitoneally (IP)
with a single dose of vehicle dimethyl sulfoxide (DMSO) or
JNK inhibitor, SP600125 (20 mg/kg) or AS6011245 (20 mg/
kg) or SR12519 (10 mg/kg) every other day. The international
union of pure and applied chemistry chemical names of the
JNK inhibitors are, SP600125—Anthra[1,9-cd]pyrazol-
6(2H)-one AS601245—1,3-
benzothiazol-2-yl(2-((2-(3-pyridinyl)ethyl)amino)-4-pyrimidinyl)
SR12519—1-isopropyl-3-((1r,4r)-4-
((8-isopropyl-6-methyl-7-oxo0-7,8-dihydropyrido[2,3-d]pyrimidi-
n-2-yl)amino)cyclohexyl)urea. All pups that died in different
groups at PND1 and PND2 were excluded from the analysis.
In vivo testing of three inhibitors was performed by three differ-

(1,9-pyrazoloanthrone),

acetonitrile, and

ent individuals at different times with no overlap. Littermates
for injections of vehicle or drug compounds were selected ran-
domly by one person and data was collect by another person.
Analysis of phenotypes, including whole body weight,
time-to-right (T'TR), hindlimb suspension test (HLST) and sur-
vival were blinded, and performed with littermates. The geno-
typing of littermates was performed after collection of all
behavioural data by PCR using tail DNA that contributed to
the blinding of experiments.

Mice weight of littermates was measured and recorded daily using a
digital balance in the laminar flow hood in the animal facility.

Righting reflexes of littermates were measured as a TTR with a test
time limit of 30 s5.1%¢ Average time of three recoding/per day/mice
was used for quantitative and statistical analysis.

To measure the muscle strength, we used hindlimb suspension test
(HLST) to evaluate improvement in the proximal hind-limb muscle
strength.'*“>">* Mice littermates with age range of 5-9 days were
hanged on both hind legs on the edge of a 50 ml plastic conical tube
fitted with soft cotton pad at the bottom and time was recorded un-
til their fall from the edge of tube with a cut-off time limit of 30 s.
Average time of three recoding/per day/mice was used for quanti-
tative and statistical analysis.
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Primary cerebellar granule neurons (CGN) were isolated from
the cerebellum of 7-day-old wild-type FVB/N mice and cultured
in vitro for 8 days in a 96-well plate or 8-well chambers microscope
slides (Corning), coated with poly-D-lysine (PDL)/laminin in neu-
robasal medium supplemented with B-27, glutamine, 700 mM
Glucose, Glutamine, 2.5 mM KCI and penicillin/streptomycin as
described previously.zg’53 Neurons ~150 000/well in 8-well cham-
bers were plated and transfected with 100 nM siRNA specific
for mouse Smn (M-044280-00) or Scramble II (Control,
5'-GCGCGCTTTGTAGGATTCG-3') oligos from Dharmacon

using Lipofectamine®2000.26’54’55

Purified CGN from wild-type mice were counted using Bio-Rad
cell counter and 50 000 cells/well were plated onto PDL coated
96-well plates. Neurons were cultured for 6 days and treated with
pan-JNK or JNK3-specific inhibitors: SP600125, AS601245,
AS602801, SR12272, SR11935, SR12055, SR12735, SR12519,
SR12370, SR12275, JNK-In-8, JNK-In-7, F15, F13M, F14A,
F23C, F3A, F4A, F9A, and SR3562 for 48 h with final concentra-
tions (WM) of 0.25, 0.50, 1.0, 2.0, 4.0, 8.0.°>>¢“° All inhibitor com-
pounds were dissolved in DMSO and stocks were prepared in 50%
DMSO (v/v). Cell viability was assessed using Trevigen’s TACS®
MTT Cell Proliferation Assay as per manufacturer’s instructions
and absorbance was read using a microplate reader (BioTek
Instruments, Inc.) at 570 and 690 nm. Each sample was assayed
in triplicate in three independent experiments and relative cell via-
bility was calculated as % of control.

The effect of JNK inhibitors was examined by treating transfected
(siRNA) neurons with DMSO or inhibitors. Neurons transfected
with SMN specific siRNA (siSMN) were treated with DMSO or
JNK inhibitors (1.0 uM) after 24 h (post-transfection). Neurons
were incubated with inhibitors for additional 48 h, washed with
phosphate buffer saline (PBS) and fixed with 4% paraformaldehyde

(PFA) for examination by immunofluorescence (IF) analysis.

The spinal cords were dissected from 7-day-old normal and SMA
mice littermates and cut into small pieces. The explants were cul-
tured and differentiated 7% vitro for 12-14 days in serum-free neu-
robasal medium supplemented with B-27 (1x), 25 mM glucose,
25 mM KCl, 200 mM glutamine and penicillin/streptomycin using
8-well chamber microscope slides coated with laminin and PDL
(Corning)."**>*° The morphology and identity of the spinal cord
motor neurons were established by staining with specific markers,
including neuron-specific B-tubulin-III, choline acetyltransferase
and homeobox Hlxb9 (Hb9).>>*® The spinal cord neurons were
treated with JNK inhibitors (1.0 uM) for 6 days, with the culture
medium replaced and supplemented with fresh inhibitor every
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48 h. After treatment with inhibitors, neurons were washed with
PBS and fixed with 4% PFA for IF :matlysis.16

CGN or spinal cord motor neurons cultured in 8-well chamber
microscope slides were washed with 1x PBS and fixed with 4%
PFA for examination by IF analysis. PFA fixed primary neurons
were washed with PBS, permeabilized with 0.1% Triton-X100 for
S min, washed 3 x 5 min with PBS with 0.2% Tween-20 (PBS-T),
blocked with 3% BSA in PBS-T for 30 min and double labelled
using sequential incubation (1 h each) with primary antibodies
phospho-c-Jun (p-c-Jun) (Ser63) #9261, (Cell Signaling) and fol-
lowed by secondary antibody Alexa 488-conjugated IgG (green),
washed 3 x 5 min with PBS-T and incubated with second primary
antibody, anti-B-tubulin  class-IIT antibody
anti-B-tubulin class-IIT neuron-specific, (TUJ1, R&D systems),
washed 3 x 5 min with PBS-T followed by incubation with Alexa
594-conjugated IgG (red) anti-mouse or anti-rabbit IgG secondary

neuron-specific

antibody.25 After staining, the plastic frames of the 8-well culture
chambers were removed, and mounting medium containing
DAPI (Vectashield) was added to the wells on the glass slide, fol-
lowed by placement of glass coverslips.zs’(’1 IF of stained cells was
examined using confocal microscope Leica SPS equipped with

acousto-optical beam splitter and UV (405 nm) laser.”

Protein extracts for immunoblot (IB) analysis were prepared from
mouse spinal cord, and muscle tissues collected from 10-day-old
(PND11) normal (untreated) and SMA mice littermates treated
with DMSO and drug compounds. Tissue lysates were prepared
using 1x Triton-X100 lysis buffer.®> Proteins of interest, SMN,
p-c-Jun, c-Jun, and tubulin were detected by automated western
blot system, Wes System (ProteinSimple), which utilizes capillary
based electrophoretic separation and detection of proteins using
antibodies, as previously described.***>*” The following primary
phospho and non-phospho antibodies were used for IB analysis,
SMN (610647, BD Biosciences), p-c-Jun (Ser63) #9261 and c-Jun
(60A8) #9165 (Cell Signaling) and a-tubulin (T8203, Sigma).
Signal intensity (area) of the protein was normalized to the peak
area of loading control a-tubulin. Data analysis and Quantitation
of protein levels was performed by measuring signal intensity
(area) of each protein and was normalized to the peak area of load-
ing control a-tubulin using Compass Software (ProteinSimple).”®
The relative amounts of proteins normalized to tubulin [mean +
standard error mean (SEM)] are presented.

The quantitative analysis of continuously distributed data [mean +
SEM and mean * standard deviation (SD)] from different experi-
ments is presented as growth curves, survival curves,
box-and-whisker, scattered plots, and violin plots with quantitative
elements, including median with interquartile interval and min-
imum and maximum ranges. The SEM and SD are used to quantify
variability. The sample size (z = 15/group) for Kaplan—Meier ana-
lysis was estimated with statistical power equal or >80% with signifi-
cance set at 0.01 level using PASS 12 software.*>** For sex-based

analysis, the sample size (9.99 =10)/sex was estimated using
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software R version 4.2, and ANOVA power estimation (80%) using
three groups (normal, SMA and SMA + JNK inhibitor), Cohen’s
d = 0.6 (standardized mean difference) for a moderate-strong effect,
and a significance level of 0.05 with the assumption of keeping male
and female mice partitioned. Statistical analysis was performed
using  appropriate methods, one-way
ANOVA, Student’s #-test (unpaired, two-tailed) and Log-rank
(Mantel-Cox) test with GraphPad Prism. A P-value equal or
<0.05 was considered statistically significant. Data collection for

statistical including

in vivo phenotypic analysis of mice was performed with a minimum
of n = 3 mice/group. In all iz vitro experiments with cells, ‘#’ repre-
sents the number of times an experiment was performed and in ex-
periments with tissues ‘#’ represents the number of animals used
per group. A minimum of z = 3 was used in all the experiments, un-
less otherwise specified in specific experiments.

Results

We have previously shown that the JNK signalling pathway med-
iates neurodegeneration in SMA.?® We also identified a neuron-
specific isoform of JNK, JNK3, which mediates spinal cord motor
neuron degeneration in SMA using spinal cord tissues from SMA
mice and patients.% Furthermore, we demonstrated that the genetic
inactivation of JNK3, achieved by deleting the /n£3 gene in SMA
mice reduced neurodegeneration, improved overall growth and mo-
tor function, reduced the severity of disease, and increased the life-
span of severe SMA mice.>° Together, these findings provided a
rationale for examining the effects of pharmacological inhibition
of JNK on the prevention of neurodegeneration and the amelior-
ation of SMA disease severity.

To identify the most promising JNK inhibitor compounds with
low toxicity, potent pan-JNK or JNK3-selective activity, and assess
their ability to prevent degeneration of SMN-deficient neurons, we
conducted a screening of 20 drug compounds with different chem-
ical scaffolds (Supplementary Fig. 1). The screen included
SP600125, a well-studied JNK inhibitor previously used in clinical
trials of cancer, as a positive control in our assays for
comparison.*>*>*” First, we tested the toxicity of increasing con-
centrations of inhibitors on cultured primary CGN, due to a large
number of neurons required for testing. Neurons were treated with
DMSO (control) and compounds for 48 h with final concentra-
tions (UM) of 0.25, 0.50, 1.0, 2.0, 4.0, 8.0. Analysis of cell viability
assay data identified eight promising compounds with low toxicity
and high neuron survival (>70-90%) when 1.0 UM concentration
of inhibitors, SP600125 (91.32 + 7.48), AS601245 (89.14 + 3.05),
SR11935 (82.37+7.39), SR12735 (71.90+4.30), SR12272
(82.10 £ 5.73), SR12275 (74.75 £ 5.68), SR12519 (80.02 * 6.17),
SR12055 (81.41+2.62), was used (Fig. 1A-H, Supplementary
Fig. 1, Supplementary Table 1).
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Figure 1 The effect of JNK inhibitors on the cell viability of cultured primary neurons. Cerebellums were isolated from 7-day-old mice
and CGN were purified and cultured in vitro for 8 days. Cell viability was determined using MTT assay after treatment of neurons with
drug compounds for 24 h. Twenty drug compounds were screened for cell viability and toxicity. Relative cell viability (%) is presented as
scatter plots with individual points for the different concentrations of JNK inhibitors used for treatment. Each data point represents an
average of three technical replicates. The cell viability assay data for eight promising compounds with low toxicity and high neuron
survival (>70-90%) upon treatment with inhibitors at 1.0 uM is, SP600125 (91.32 + 7.48), AS601245 (89.14 + 3.05), SR11935 (82.37
+3.79), SR12735 (71.90 + 4.30), SR12272 (82.10 + 5.73), SR12275 (74.75 £ 5.68), SR12519 (80.02 + 6.17) and SR12055 (81.41 +
2.62). The results are presented as (mean + SEM, n = 4). The cell viability data at other concentrations of drug compounds are presented
in Supplementary Table 1. Data from the testing of 12 other drug compounds is presented in Supplementary Fig. 1 and Supplementary

Table 2.

To identify potent JNK inhibitor compounds that can prevent de-
generation of SMN-deficient neurons, we examined the effects of
eight, short-listed compounds on the protection of primary CGN
neurons with knockdown of SMN using RNAi.*® We have

previously shown that the knockdown of the Smn gene expression

in mouse CGN results in a reduction of SMN levels to ~30%,
which causes JNK activation and the degeneration of neurons.*

The specificity of knockdown by siRNA-Smn was established by

performing control experiments using transfections with

siRNA-Scramble with IB and IF analysis.26 Previous studies have
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shown defects in the cerebellum, including neurodegeneration in
SMA patients and mice suggesting CGN as relevant cell type for
SMA studies.®>”" We employed this neuron-based SMA model
to examine the effects of nine compounds, eight inhibitors
(SP600125, AS601245, SR12272, SR11935, SR12055, SR12735,
SR12519, SR12275) and JNKII, a negative control drug com-
pound for JNK inhibition.”* Neurons were treated with inhibitors
(1.0 uM) after 24 h of transfection with siRNA and incubated for
48 h with inhibitors. Neurons were fixed and stained with anti-
bodies against p-c-Jun and neuron-specific tubulin for IF analysis.
Knockdown of SMN results in the activation of JNK as shown
by the p-c-Jun, a downstream target of JNK (p-c-Jun, green) and
the degeneration of SMN-deficient neurons (tubulin, red)
(siSMN) (Fig. 2A). Treatment with negative control for JNK inhib-
ition did not inhibit JNK and was unable to prevent neuron degen-
eration suggesting that JNK inhibition may be required for
neuroprotection (Fig. 2A). Treatment of SMN-deficient neurons
(siSMN) with SP600125, AS601245, and SR12519 causes efficient
inhibition of JNK, a marked reduction in the p-c-Jun, and preven-
tion of neuron degeneration (Fig. 2B-D). Data on treatment of the
additional five JNK inhibitors (SR12272, SR11935, SR12055,
SR12735, SR12275) on JNK inhibition and the prevention of neu-
ron degeneration show that these compounds are not potent en-
ough to completely inhibit JNK (p-c-Jun, green) and reduce the
of SMN-deficient (tubulin, red)
(Supplementary Fig. 2). A quantitative analysis of tubulin positive

degeneration neurons
(total neurons) and pc-Jun positive neurons show statistically sig-
nificant reduction in number of p-c-Jun positive neurons (mean
+SEM, #n=4)%, which indicates JNK inhibition, in
SMN-deficient neurons treated with siSMN (41.97 £ 4.90)%
upon treatment with SP600125 (3.59+0.25, P=0.0042),
AS601245 (4.05 £0.31, P=0.0043), and SR12519 (8.20 = 0.36,
P=0.0061). These results are included in Supplementary Fig. 3.
These initial testing experiments with a neuron-based SMA model
allowed for the selection of three top drug candidates (SP600125,
AS601245, and SR12519) for further testing.

SMA disease is characterized by degeneration of the spinal cord mo-
tor neurons. Preventing or slowing motor neuron degeneration
ameliorates disease severity.72'74 To test the potential of top three
compounds, SP600125, AS601245, and SR12519, we used cul-
tured primary spinal cord neurons derived from 7-day-old SMA
mice. We have developed and established a method for culturing
the spinal cord motor neurons from wild-type and diseased mouse
models and routinely use it for our in vitro studies. ¢2>2847:51
Spinal cord neurons were treated with 1.0 uM JNK inhibitors for
6 days, with the medium replaced every 48 h using fresh inhibitor-
supplemented medium. Comparison of neurons from normal and
SMA mice littermates stained with antibodies against neuron-
specific B-tubulin III (tubulin, red) and p-c-Jun (green) show low
numbers of neurons in SMA (Fig. 2E). Notably, all spinal cord mo-
tor neurons from SMA mice show an accumulation of p-c-Jun in
the nucleus (green) compared with motor neurons from normal
mice suggesting activation of the JNK signalling pathway in SMA
motor neurons (Fig. 2E). This may be caused by low levels of
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SMN, consistent with data from neurons with SMN knockdown
(Fig. 2A-D). Of interest, treatment of SMA motor neuron with
all three inhibitors resulted in JNK inhibition associated with a
marked reduction in p-c-Jun accumulation in the nucleus com-
pared with untreated SMA neurons (SMA + DMSO), indicating
that these JNK inhibitors have the potential to inhibit JNK in mo-
tor neurons under SMA disease condition (Fig. 2E). Furthermore,
analysis of the growth and quality of SMA neurons (tubulin, red)
shows that treatment with all JNK inhibitors resulted in increased
growth and better health of cultured neurons compared with SMA
neurons treated with DMSO (Fig. 2E). Together, these 7z vitro data
suggest that JNK is activated by the low levels of SMN in motor
neurons and that JNK inhibition results in prevention of neuron
degeneration and improved growth of cultured motor neurons
from SMA mice.

The systematic iz vitro analysis of JNK inhibitor drug compounds
on neuronal toxicity, neurodegeneration, JNK inhibition and neu-
roprotection using cultured primary neurons, SMN-deficient neu-
rons and SMA motor neurons allowed for the identification of
three top JNK inhibitors for iz vivo testing using an SMA mouse
model. We used the SMAA7 model with genotype [Smn™;
SMNZ2""*; SMINA7"*] that show disease phenotype and survival
age range corresponding to human severe SMA type-I (subtype
Ib and Ic) for examining the effects of pharmacological inhibition
of JNK on the amelioration of disease severity. Mice littermates
were injected with DMSO and JNK inhibitors at PND2 IP with
a single dose of vehicle DMSO (SMA) or JNK inhibitor
SP600125 (20 mg/kg) or AS6011245 (20 mg/kg) or SR12519
(10 mg/kg) every other day. Preliminary experiments were per-
formed using normal or wild-type mice (% =3 mice/compound)
to test for any adverse effect or toxicity of drug compounds on
the health and lifespan of mice. All mice injected with inhibitors
until weaning were healthy and lived a normal lifespan. The optimal
drug concentrations for this 7 vivo study were determined based on
the doses required to protect SMN-deficient neurons and neurons
derived from SMA mice 7% vitro, the known potency of the com-
pounds as indicated by their ICsq values (50% inhibition of JNK
activity), blood-brain-barrier permeability, and data from previous
in vivo studies using JNK inhibitors in other disease mouse

58,65,75-81
models.50,>8,6>,7) 8

To understand the contribution of the JNK group of kinases in the
pathogenesis of SMA, we tested three inhibitors with diverse po-
tency towards different JNK isoforms. We started with the testing
of the pan-JNK inhibitor SP600125 with ICs, of 40 nM (JNK1),
40 nM (JNK2), and 90 nM (JNK3), which has high potency of in-
hibition for JNK1/2 and a moderate potency for JNK3 and shows
the lowest toxicity on cultured primary neurons (Figs 1 and 2).


http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcag111#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcag111#supplementary-data
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Figure 2 The effect of JNK inhibitors on preventing the degeneration of SMN-deficient cultured primary neurons and spinal cord
motor neurons derived from SMA mice. Cultured primary neurons (CGN) were transfected with siRNA (siSMN) 100 nM and incubated
for 24 h before treatment with inhibitors (1.0 uM). Neurons were fixed after 24 h treatment of inhibitor with 4% PFA and stained with
antibodies to neuron-specific f-tubulin class Ill (red) and p-c-Jun (green) and IF examined by confocal laser scanning microscopy.
Degeneration of neurons caused by SMN knockdown (siSMN) is shown by axonal degeneration compared with control neurons
stained with tubulin (red). Nuclei were stained with DAPI (blue). (A) Treatment with JNKII, a negative control for JNK inhibition, did not
cause decrease in p-c-Jun (green) levels (siSMN + JNKII) and did not reduce the degeneration of neurons compared with
SMN-deficient neurons (siSMN). Treatments with (B) SP600125, (C) AS601245, and (D) SR12519 show JNK inhibition causes a
decrease in p-c-Jun (green) levels (siSMN + SP600125) compared with SMN-deficient neurons (siSMN) and results in a reduction in the
degeneration of neurons (red) showing protection of SMN-deficient neurons by pharmacological JNK inhibition. (E) Pharmacological
inhibition of JNK prevents degeneration and improves the growth of spinal cord motor neurons derived from SMA mice. Primary spinal
cord neurons were cultured from 7-day-old normal and SMA mice littermates. Neurons were differentiated in vitro for 14 days, treated
with JNK inhibitors (1.0 uM) for 6 days with a change of medium supplemented with fresh inhibitors every 48 h and fixed with 4% PFA.
Fixed neurons were stained with antibodies against neuron-specific f-tubulin-IIl (red), and p-c-Jun (green), and IF was examined by
confocal microscopy. Neurons from normal mice show healthy motor neurons with very low staining for p-c-Jun (green). Neurons from
SMA mice (SMA + DMSO) show signs of degeneration (arrows) and high staining for p-c-Jun (green) compared with neurons from
normal mice. Treatments with JNK inhibitors, SP600125, AS601245, and SR12519 reduces JNK and causes a decrease in p-c-Jun
(green) levels (SMA + SP600125 or AS601245 or SR12519) compared with SMA neurons treated with DMSO (SMA + DMSO), leading
to protection and improved growth of SMA spinal cord motor neurons by pharmacological JNK inhibition. Scale bar is 50 pm.



Pharmacologic JNK inhibition rescues SMA

SMA mice treated with pan-JNK inhibitor SP600125 were health-
ier, and better able to stand and walk compared with control SMA
mice treated with vehicle between the ages of 6-15 days. Initial vi-
deographic observations suggested that JNK inhibition might be
beneficial in improving the overall health and gross motor functions
of SMA mice as early as PNDG, as shown in video clips of litter-
mates treated with DMSO (black dots) and SP600125 (red dots)
at the ages of 6, 10, and 15 days (Supplementary Videos 1-3). To
examine any negative effects of treatment with DMSO (vehicle)
on the overall health of SMA mice, we compared the overall growth
of SMA (untreated) and SMA + DMSO mice littermates. Mice
body weights were recorded every day and are presented as growth
curves with mean + SD, 7 = minimum 3 mice/group/day for male,
female and male + female groups (Fig. 3A-C). The comparison of
overall growth (body weight) of mice among SMA, SMA + DMSO
and SMA + SP600125 groups shows statistically significant increase
in the combined (male + female) overall growth of SMA mice trea-
ted with JNK inhibitor (P=3.20 x 10~7) (Fig. 3C). The compari-
son of average peak body weight (grams) (mean * SEM, 7 = 4) of
males SMA (3.25 £ 0.27) and males SMA + DMSO (3.26 + 0.24)
with P=0.9894, and females SMA (2.82+0.24) and females
SMA + DMSO (3.37 £ 0.28) with P = 0.1973 did not show any stat-
istically significant difference in the overall growth between SMA and
SMA mice treated with DMSO (SMA + DMSO) suggesting that
treatment with DMSO did not cause any adverse effect on the health
of SMA mice (Fig. 3A and B). Analysis of growth of littermates
shows that 7z vivo JNK inhibition with drug compound SP600125
increased average peak body weight (grams) in males SMA +

SP600125 (5.55 £ 0.38, P=0.0006) compared with SMA (3.25 +

0.27) and SMA + DMSO (3.26 £ 0.24) males and in females SMA

+SP600125 (4.87 £0.49, P=0.0078) compared with SMA (2.82

*0.24) and SMA + DMSO (3.37 £ 0.28) females (Fig. 3A and B).
Comparison of combined (male + female) peak body weight of
SMA + SP600125 (5.21 + 031, 7 = 8) with SMA (3.03 % 0.18) and
SMA + DMSO (3.31+0.17) mice show statistically significant
(P=2.53 x 10~°) improvement in the growth of SMA mice treated
with JNK inhibitor (SMA + SP600125) (Fig. 3C).

The sex-based analysis of overall growth shows significant in-
crease in body weight of male (P=1.80 x 1077) and female (P=
5.54 x 107%) SMA mice treated with SP600125 (Fig. 3A and B).
Analysis of peak body weight range shows overall growth increase
in SMA + SP600125 males is ~71% (P = 0.0006) and in females is
~59% (P=0.0078) compared with untreated or DMSO treated
SMA males and females (Fig. 3D and E). These data show similar
improvement in the body weight of male and female mice upon
treatment with JNK inhibitor compared with control SMA mice
(Fig. 3D-F). JNK inhibition also increased growth period (mean
+ SEM, 7 = 4) of male mice from (6.25 £ 1.10) (SMA + DMSO)
to (10.25 £ 0.25) (SMA + SP600125) days and female mice from
(650+1.19) (SMA +DMSO) to (10.50+0.28) (SMA +
SP600125) days, showing ~64% increase in males (P=0.0253)
and ~62% increase in females (P = 0.0140) in the postnatal growth
periods, respectively (Fig. 3G-I). Together, these data suggest that
in vivo JNK inhibition improves overall growth as well as postnatal
growth period of SMA mice treated with the JNK inhibitor, which
contributes to the reduction of disease severity and increases the
lifespan of SMA mice.
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To find whether JNK inhibition improves the lifespan of SMA mice,
we examined survival of mice untreated (SMA), treated with vehicle
(SMA + DMSO) or with JNK inhibitor SP600125 (SMA +
SP600125) using Kaplan—Meier analysis. Comparison of median sur-
vival of combined males and females shows statistically significant
2.0-fold increase (Log-rank test, P< 1.0 x 10~'% 7 = 20/group) in the
lifespan of SMA + SP600125 (17.0 days) compared with control
SMA (8.0 days) and SMA + DMSO (8.5 days) mice (Fig. 3L). JNK in-
hibition also resulted in >2.0-fold increase in average (male + female)
survival of SMA + SP600125 mice (mean+SEM) (17.25+0.323,
n=20) (ANOVA, P< 1.0 x 10~") days compared with SMA (7.60
+0.67, 7=20) and SMA + DMSO (9.00 + 0.71, 7 = 20) (Fig. 3]-L
and O). However, the comparison and statistical analysis of survival
of SMA mice (untreated) and SMA treated with DMSO (SMA +
DMSO) did not show statistically significant difference for males
(P=0.4616), females (P = 0.2458), and males + females (P = 0.1623),
suggesting that DMSO (vehicle) did not influence the severity of the dis-
ease and did not affect survival of SMA mice. The survival data are con-
sistent with the overall growth data that also did not show statistically
significant difference in male and female SMA and SMA + DMSO
mice. The sex-based analysis shows average survival of SMA +
SP600125 males (17.09+ 0.41, 7 = 11, P=1.20 x 10~°) and median
survival (17.0 days) are higher than SMA males average (7.50 + 0.88,
n = 10) and median (8.0 days) survival and SMA + DMSO males aver-
age (8.50 £ 0.99, » = 10) and median (7.5 days) survival (Fig. 3] and M).
Average survival of SMA +SP600125 females (17.44+0.53, 7 =9,
P=220x 10"") and median survival (17.0 days) are also higher than
SMA females average (7.70 + 1.06, 7 = 10) and median (8.0 days) and
SMA + DMSO average (9.50 £ 1.05, z = 10) and median (9.0 days) sur-
vival (Fig. 3K and N). Comparison of average lifespan among SMA +
SP600125 males (2.13-fold) and females (2.02-fold) shows JNK inhib-
ition results in similar improvement in the lifespan of both female and
male mice (Fig. 3M—-0). These data are in alignment with similar increase
in growth in male (~75%) and female (~53%) mice treated with JNK
inhibitor SP600125 (Fig. 3D-F). Notably, 5 days increase in maximum
survival (~34%) of SMA + SP600125 mice includes 4 days of growth (re-
duced severity), meaning ~80% increase in the lifespan with reduced se-
verity of disease in JNK inhibitor treated SMA mice (Fig. 3]-L). Analysis
of minimum survival shows marked increase (5.0-fold, 2 < 1.0 x 107°)
in the initial survival of SMA + SP600125 mice compared with control
SMA mice. These data show that every mouse treated with JNK inhibi-
tor, male or female (7 = 20), survived for at least 15 days after birth com-
pared with SMA and SMA + DMSO that started dying at the age of 3
days (Fig. 3P-R). These data suggest that JNK inhibition ameliorates
postnatal SMA disease severity, markedly decreases early mortality and
significantly increases the lifespan of SMA mice.

Defects in gross motor functions and the loss of ability to stand and
walk are features of clinical phenotypes linked to severe SMA. To


http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcag111#supplementary-data
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Figure 3 Pharmacological inhibition of JNK with pan-JNK inhibitor SP600125 improves the overall growth and survival of SMA
mice. SMA (SMAD?7) mice littermates starting at PND2 were injected IP with a single dose of vehicle DMSO or JNK inhibitor SP600125
(20 mg/kg) followed by every other day schedule. Amelioration of disease severity, improvement in growth and increase in the lifespan
of mice were examined. (A-C) Pharmacological inhibition of JNK improves the growth of SMA mice. Overall growth (body weight in
grams) curves of normal (black), SMA (blue), SMA + DMSO (orange) and SMA + SP600125 (purple) mice. Mice body weights recorded
every day are presented as growth curves with mean + SD, n = minimum 3 mice/group for male, female and combined (male + female)
groups. Statistical analysis (ANOVA) shows marked increase in overall growth of mice treated with SP600125, male (P = 1.80 x 107),
female (P = 5.54 x 10~%) and male + female (P = 3.20 x 10~°). (D-F) Average peak body weight (grams) shown as scatter plots with
mean = SEM (n = 4/sex/group). Each data point represents a biological replicate. (D) Analysis of these data show a statistically
significant increase in average peak body weight of SMA + SP600125 males (5.55 + 0.38) compared with SMA (3.25 + 0.27) and SMA +
DMSO (3.26 + 0.24) males (P = 0.0006, ANOVA), which shows ~71% increase in the body weight of SMA + SP600125 compared with
SMA + DMSO males. (E) SMA + SP600125 females (4.87 £ 0.49) (P = 0.0078, ANOVA) compared with SMA (2.82 + 0.24) and SMA +
DMSO (3.37 £ 0.28) females show an increase of ~72% (SMA) and ~45% (SMA + DMSO) and an average increase of ~59% in the peak
body weight of SMA + SP600125 females. (F) Comparison of combined (male + female) peak body weight in SMA + SP600125 (5.21 +
0.31,n = 8) with SMA (3.03 + 0.18) and SMA + DMSO (3.31 +0.17) (P = 2.53 x 10~¢, ANOVA) shows an increase (~65%) in the average

(continued)



Pharmacologic JNK inhibition rescues SMA

determine the beneficial effects of JNK inhibition on these relevant
features, we examined and compared the gross motor functions
such as ability stand on four paws, ability to right and walk. To
evaluate leg strength after JNK inhibition, we compared the ability
of treated and untreated SMA mice to stand on four paws with a
test time limit of 30 5."*® The ability to stand on four paws and
walk (time in seconds) was improved in 10-day-old SMA +
SP600125 mice (27.73%0.77, n=5, P=8.10 x 10~°) compared
with control (SMA + DMSO) (3.20 £ 0.25) (Fig. 4A). Video clips
of 6-, 10-, and 15-day-old littermates treated with DMSO (black
dots) and SP600125 (red dots) (Supplementary Videos 1-3) show
that control SMA mice have severe defects in their ability to stand
on four paws and right themselves, in addition to being unable to
walk. In contrast, SMA + SP600125 mice were able to walk and
when falling, they were able to right themselves within a few sec-
onds and continue to walk. These data show that JNK inhibition
results in marked improvement in the ability of SMA mice to walk.

To gain insight into the gross motor function during the treat-
ment of SMA mice with the JNK inhibitor, we examined TTR
for 5-18-day-old mice with a test time limit of 30 5,120 Analysis
of TTR at PNDS (P=0.7231) and PND6 (P = 0.0655) did not
show improvement in the motor function (Fig. 4C). Notably, ana-
lysis of TTR shows statistically significant improvement in the abil-
ity to right (gross motor function) of SMA + SP600125 compared
with SMA + DMSO mice starting from PND7 [SMA (30.00 +
0.00, 2=6) and SMA +SP600125 (9.223+1.89, n=6), P=
6.88 x 10_7] to PND14 [SMA (30.00 £ 0.00, 7 = 3) and SMA +
SP600125 (2.445 £ 0.94, n = 6), P=2.02 x 107] (Fig. 4B and C).
All SMA littermates in this assay were dead by the Day 14.
However, JNK inhibitor-treated mice showed continued improve-
ment with aging in their ability to right until PND17 (16.42 £ 7.86,
n = 4) (Fig. 4C). The ability to right for SMA + SP600125 mice
started to decline from PND18, and mice were unable to right by

Figure 3 Continued
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PND19. The increase in ability to right with reduction in TTR
of JNK inhibitor treated mice compared with control SMA mice,
with age-dependent increase, suggests gradual improvement in the
gross motor function and reduction in disease severity of SMA +
SP600125 mice with a single dose of treatment on alternate days
with the drug compound.

A representative video clip of 15-day-old normal and JNK
inhibitor-treated littermates shows that SMA + SP600125 (red
mark on tail) mouse was able to right itself and walk actively
(Supplementary Video 3). Improvement in multiple motor func-
tions of JNK inhibitor-treated mice, such as the ability to right
themselves, stand on four paws, and walk in the late stages of life-
span, points to the possibility of increased muscular strength. To
test muscle strength, we used HLST to evaluate improvement in
the proximal hind-limb muscle strength.16’2(”51’52 Mice with age
range of 5-9 days were hanged on both hind legs on the edge of
a 50 ml plastic conical tube and time was recorded until their fall
as described under behavioural analysis in methods section.
Comparison of latency to fall (seconds) between SMA +
SP600125 (23.66 + 1.85, 7 = 6) and SMA + DMSO (16.17 % 2.50,
n=6) at PNDS shows statistically significant difference (P=
0.0369) suggesting that just two doses of JNK inhibitor resulted
in notable increase in muscle strength (Fig. 4D and E). Further ana-
lysis showed marked increase in hanging time of SMA + SP600125
compared with SMA + DMSO mice at PND6 [SMA + DMSO
(1515+2.82) and SMA +SP600125 (25.89+1291, P=
0.0061)], PND7 [SMA + DMSO (10.16+2.09) and SMA +
SP600125 (25.78 + 1.124, P=6.25 x 10°)]. The hanging time at
PND8 [SMA +DMSO (10.58+2.09) and SMA + SP600125
(16.61 +1.22, P=0.0318)] and PND9 [SMA + DMSO (8.448 +
1.56) and SMA + SP600125 (17.44 + 1.95, P=0.0050)] for JNK
inhibitor treated mice reduced but showed statistically significant
increase in muscle strength with peak performance at PND7

peak body weight of SMA + SP600125 mice. (G-I) JNK inhibition improves postnatal growth period (days) (mean + SEM, n = 4/sex/
group) of SMA mice. Growth period of (G) SMA + SP600125 (10.25 + 0.25) males compared with SMA + DMSO (6.25 + 1.10) and SMA
(7.50 £ 0.95) male mice shows ~64% (P = 0.0253, ANOVA) increase in postnatal growth period, (H) SMA + SP600125 (10.50 + 0.28)
females compared with SMA + DMSO (6.50 + 1.19) and SMA (6.50 + 0.86) female mice show ~62% (P = 0.0140, ANOVA) increase in
postnatal growth period, (I) the comparison of combined (males + females) SMA + SP600125 (10.38 + 0.18) to SMA + DMSO (6.37 +
0.75) and SMA (7.0 £ 0.62) males + females shows statistically significant (P =0.0001, ANOVA) increase in postnatal growth period.
Growth analysis was blinded with colour coding. Gender and genotypes were confirmed by PCR-based method after euthanasia of
pups. (J-R) Pharmacological inhibition of JNK improves the survival of SMA mice. (J-L) Kaplan-Meier survival curves of normal (black),
SMA (blue), SMA + DMSO (orange) and SMA + SP600125 (purple) mice littermates. Dotted lines show median survival. Survival
analysis show ~2-fold increase in median survival of SMA mice treated with the drug SP600125 compared with control SMA mice
(Log-rank test, P < 1.0 x 1071°). (M-0) The scatter plots show average survival (days) (mean + SEM) of SMA mice untreated (SMA),
treated with DMSO (SMA + DMSO) and JNK inhibitor SP600125 (SMA + SP600125). (M) Sex-based analysis shows average survival of
SMA + SP600125 males (17.09 £ 0.41, n = 11, P = 1.20 x 10~°) is higher than SMA + DMSO (8.50 + 0.99, n = 10) and SMA (7.50 + 0.88,
n = 10) males. (N) Average survival of SMA + SP600125 females (17.44 +0.53,n=9, P=2.20 x 10~7) is also higher compared with
SMA + DMSO (9.50 + 1.05, n = 10) and SMA (7.70 + 1.06, n = 10) females. (O) Statistical analysis of average male and female survival
shows an increase in average survival (mean = SEM days, n = 20) of SMA + SP600125 (17.25 + 0.32) (ANOVA, P < 1.0 x 10719)
compared with SMA + DMSO (9.0 + 0.71) and SMA (7.60 + 0.67) mice. (P-R) Scatter plots show a marked increase (5-fold) in the initial
(minimum) survival of SMA mice treated with JNK inhibitor (SMA + SP600125) compared with SMA and SMA + DMSO mice. All males
and females (n = 20) treated with SP600125 survived at least 15 days compared with SMA males and females that survived at least 3
days. Survival and growth (body weight) analyses were blinded with colour coding. Sex and genotypes were confirmed by PCR-based
method after euthanasia of mice.
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(Fig. 4D and E). The increase in hanging time on hindlimbs suggests
improvement in hindlimbs muscle strength of JNK inhibitor-
treated mice compared with control SMA mice. Together, these
data suggest that JNK inhibition improves gross motor function
and muscle strength of SMA mice.

To consolidate the notion on whether pharmacological inhibition
of JNK is a viable option for SMA treatment, we tested another
pan-JNK inhibitor AS601245 with ICsy of 150 nM (JNK1),
220 nM (JNK2) and 70 nM (JNK3), with moderate potency of in-
hibiting JNK1, lower potency for JNK2 and higher potency for
JNK3 and, importantly, shows low toxicity for cultured primary
neurons (Figs 1 and 2). SMA mice treated with inhibitor
AS601245 were healthier, able to stand and walk compared with
control SMA mice treated with vehicle between the ages of 6-18
days. The JNK inhibition with AS601245 also resulted in improve-
ment of the overall growth, health and gross motor function of
SMA mice by PNDG as shown in video clips of littermates, one
pup treated with DMSO (black dot on tail and head) and two trea-
ted with AS601245 (one and two red dots) (Supplementary Video
4). Additional video clips of mice at the ages of 14 and 17 days with
normal (black dot on tail) and AS601245 (one red dot on tail and
no marking) show that SMA mice treated with JNK inhibitor were
able to right and walk (Supplementary Videos 5 and 6). Because the
comparison of SMA and SMA + DMSO did not show any statistic-
ally significant differences in the overall growth and survival be-
tween SMA and SMA mice treated with DMSO (SMA +

DMSO) (Fig. 3), we used SMA + DMSO as control mice for evalu-
ating the effects of other two JNK inhibitors.

The sex-based overall growth (body weight) analysis of mice nor-
mal (blue), SMA + DMSO (orange) and SMA + AS601245 (green)
show statistically significant increase in the growth of male (P=
7.08 x 1077), female (P=1.47 x 1077), and male + female (P=
1.73%x107%) SMA mice treated with AS601245 compared
DMSO treated mice (Fig. 5A-C). Overall growth analysis of
SMA littermates shows that 7z vivo JNK inhibition with drug com-
pound AS601245 increased average (mean+SEM, 7 =4) peak
body weight (grams) in males SMA + AS601245 (5.43+0.39,
P=0.0033) compared with SMA + DMSO (3.05+ 0.31) males
and in females SMA + AS601245 (4.48 +£0.13, P=0.0022) com-
pared with SMA + DMSO (3.47 £ 0.14) females (Fig. SA and B).
Comparison of combined (male + female) peak body weight of
SMA + AS601245 (4.96£0.26, n=8, P=0.0001) with SMA +
DMSO (3.26 £ 0.17) mice show statistically significant improve-
ment in the growth of SMA mice treated with JNK inhibitor
(SMA + AS601245) (Fig. SD-F). Further analysis of data shows
the overall growth increase in SMA + AS601245 males is ~78%
(P=0.0033) and in females is ~29% (P = 0.0022) compared with
DMSO treated SMA males and females, respectively (Fig. SD-E).
These data show better improvement in the body weight of male
mice compared with female mice upon treatment with JNK inhibi-
tor (Fig. SD-F). JNK inhibition also increased the growth period of

A. Kannan et al.

male mice from (5.75 £ 0.75, » = 4) (SMA + DMSO) to (12.00 £
0.40, n=4) (SMA + AS601245) days and female mice from
(7.75+0.48, n=4) (SMA+DMSO) to (10.75+0.47, n=4)
(SMA + AS601245) days that shows ~109% increase (2= 0.0003)
in males and ~39% increase (P = 0.0044) in females in the postnatal
growth periods, respectively (Fig. SG and H). The increase in
growth period of combined male + female mice with AS6001245
compared with DMSO treated mice is highly significant (1.72 x
107) (Fig. 5I). Together, these data suggest that 77z vivo JNK inhib-
ition with AS601245 show better improvement in overall growth
and postnatal growth of period of SMA male mice compared
with female mice. These sex-based data suggest that AS601245
may be a better drug (JNK inhibitor) for improving body weight
(overall growth) in males with SMA.

The Kaplan—Meier analysis of median survival of mice treated with
vehicle (SMA + DMSO) and JNK inhibitor AS601245 (SMA +
AS601245) shows JNK inhibition resulted in ~2.13-fold increase
in combined (male + female) survival of SMA + AS601245 mice
(Log-rank test, P< 1.0 x 107'%). The sex-based comparison of me-
dian survival of males (~2.13-fold, P<1.0 x 107'°) and females
(~2.06-fold, P< 1.0 x 10~"°) also shows significant increase in the
lifespan of SMA + AS601245 compared with control SMA +
DMSO mice (Fig. 5] and K). The analysis of average survival (mean
1+ SEM) of SMA + AS601245 males (17.25+0.57, n=12, P=
3.72 x 10~°) and median survival (17.0 days) is higher than SMA
+DMSO males average (7.40 +0.84, »=10) and median (8.0
days) survival (Fig. 5] and M). Average survival of SMA +
AS601245 females (17.00 £ 0.63, z = 10, P=1.32 x 107°) and me-
dian survival (16.5 days) is also higher than SMA + DMSO average
(7.60 £ 1.03, 2 = 10) and median (8.0 days) survival (Fig. 4K and
N). Average survival of combined (male+female) SMA +
AS601245 (17.14 £0.41, n=22, P< 1.0 x 107'%) days compared
with SMA + DMSO (7.50 £ 0.65, »n=20) is highly significant
(Fig. SL and O). Comparison of average lifespan among SMA +
AS601245 males (2.36-fold) and females (2.30-fold) shows JNK in-
hibition results in similar improvement in the lifespan of both fe-
male and male mice (Fig. SM-0). Comparison of growth and
survival data show that increase in body weight of male (~109%)
and female (~39%) mice treated with JNK inhibitor AS601245
(Fig. SD-F) made only a slight difference in the increase of lifespan
of males (2.36-fold) compared with females (2.30-fold) (Fig. 5]-O).
However, overall increase in the lifespan (~2.30-fold, P<1.0 x
107'°) of male and female SMA mice treated with AS601245 com-
pared control is highly significant (Fig. SM—0O). Notably, 6 days in-
crease in maximum survival of SMA + AS601245 mice (~43%
increase in max survival) includes five additional days of growth (re-
duced severity) and results in about ~83% increase in the lifespan
with reduced severity of disease (Fig. 5SJ-L). Analysis of minimum
survival shows marked increase (5.0-fold, P<1.20 x 107°) in the
initial survival of SMA + AS601245 mice compared with control
(SMA + DMSO) mice. These data show that every mouse treated
with JNK inhibitor, male or female (7 = 20), survived for at least
15 days after birth compared with control (SMA + DMSO) mice
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Figure 4 Pharmacological JNK inhibition improves the gross motor function and muscle strength of SMA mice. (A) JNK inhibition
improves the ability to stand on paws and walk. Improvement in the ability of SMA mice to stand on paws and walk was determined by
measuring the time of falling after walking on four paws and was recorded in 10-day-old SMA + DMSO and SMA + SP600125
littermates. Comparison of latency to fall (seconds) from paws is presented as a scatter plot with individual data points that represent
an average of three recordings per pup/group/day showing that all pups treated with drug compound were able to stand and walk for
an average time of ~28 s, suggesting an improvement in gross motor function. Statistical analysis of (mean = SEM, n = 5 mice/group,
male + female) (seconds) between SMA + DMSO (3.13 +0.29) and SMA + SP600125 (27.73 + 0.95), P = 8.10 x 10~? (unpaired t-test,
two-tailed) for 10-day-old mice shows a marked improvement in the ability of SMA mice treated with JNK inhibitor to stand on paws
and walk (see Supplementary Videos 1-3). (B) Mice righting reflexes were examined for 5-18-day-old normal (blue), SMA + DMSO
(orange), and SMA + SP600125 (purple) littermates. TTR with a time limit of 30 s for testing and an average of 3 recordings per pup/
day/group are plotted. Data were collected from three groups starting with n = 6 mice/group, which are presented as a scatter plot. (C)
Improvement in the motor function (righting) is demonstrated by an age-dependent increase in the ability of mice to right faster upon
treatment with JNK inhibitor SMA + SP600125 compared with control SMA mice treated with DMSO (SMA + DMSO). The results are
shown as box-and-whisker plots (median, min, max) starting from postnatal day 5 (PND5) [SMA + DMSO (22.34, 4.0, 30.0) and SMA +
SP600125 (17.30, 4.33, 30.0)], to PND14 [SMA + DMSO (30.0, 30.0, 30.0) and SMA + SP600125 (1.16, 1.0, 6.67)]. Statistical analysis
(mean = SEM) shows a slight improvement in TTR at PND5 (P =0.7231) and PNDé6 (P = 0.0655) that is not statistically significant,
however analysis of PND7 to PND14 shows a significant improvement in the righting ability and TTR of SMA + SP600125 mice from
PND7 [SMA + SP600125 (9.22 + 1.89, n = 6), unpaired t-test, P = 6.88 x 107], PND8 (5.16 + 0.58), P < 1.0 x 1071°, PND9 (7.48 + 1.24),
P=5.90x 1077, PND10 (7.38 £ 0.74), P < 1.0 x 107*°, PND11 (3.83 £ 1.07), P=3.70 x 10~?, PND12 (5.83 + 1.71), P=4.59 x 1077,
PND13 (3.44 +0.81), P=5.30 x 1077, and PND14 (2.44 + 0.94), P = 2.02 x 10~7 compared with SMA + DMSO (30.0  00.0) from
PND7-14. (D) The HLST shows that JNK inhibition increases muscle strength in mice with SMA. Littermates of 5-9 days of age were
hung on both hind legs on the edge of a 50 ml plastic conical tube and time (seconds) was recorded until fall from the edge of the tube.
Latency to fall (mean + SEM, 6 mice/group, male + female) is shown as a scatter plot and (E) as box-and-whisker plots with median with
interquartile range (median, min, max) for each time point (day), PND5 [SMA + DMSO (18.34, 4.0, 20.0) and SMA + SP600125 (25.64,
17.67, 28.67)], PND6 [SMA + DMSO (13.5, 7.67, 26.56) and SMA + SP600125 (25.34, 22.33, 30.0)], PND7 [SMA + DMSO (8.17, 5.0,
16.94) and SMA + SP600125 (25.67, 22.67, 28.67)], PND8 [SMA + DMSO (10.69, 2.67, 16.77) and SMA + SP600125 (16.0, 13.67,
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that started dying at the age of 3 days (Fig. SP-R). These data sug-
gest that JNK inhibition reduced postnatal disease severity, marked-
ly decreased early mortality and increased the lifespan of SMA mice.

To determine the beneficial effects of JNK inhibition with
AS601245 on clinically relevant features of gross motor functions
such as ability to stand and walk, we examined and compared the
gross motor functions; ability to stand on four paws, ability to right
and walk. The ability to stand on four paws and walk (time in sec-
onds) was improved in 10-day-old SMA + AS601245 mice (29.26
+0.34, P< 1.0 x 107'%) compared with control (SMA + DMSO)
(3.20 £ 0.28) (Fig. 6A). Video clips of 6-, 14-, and 17-day-old litter-
mates treated with DMSO (black dots) and AS601245 (red dots)
(Supplementary Videos 4-6) show that control SMA mice have se-
vere inability to stand on four paws and were unable to right them-
selves and walk. In contrast, SMA + AS601245 mice were able to
walk and, if fallen, then they were able to right themselves within
a few seconds and continued to walk. Notably, mice treated with
AS601245 were able to walk up to the age of 18 days suggesting
a remarkable improvement in the gross motor function that could
be due to increase in muscle strength.

The analysis of TTR at PND5 did show some improvement in
SMA + AS601245 (12.83 +4.29, n=6) compared with SMA +
DMSO (19.50 +4.829) but it was not statistically significant
(P=0.3267). However, a steady and statistically significant im-
provement in the TTR of SMA + AS601245 compared with
SMA + DMSO mice was noted starting from PND6 [SMA
(28.45+ 1.55, n=6) and SMA + AS601245 (4.44+1.21, n = 6),
P=255x10"7] to PNDI2 [SMA (30.00+0.00, 7=3) and
SMA + AS601245 (2.44 % 0.57, n=6), P=6.50 x 10~°] (Fig. 6B
and C). Interestingly, JNK inhibitor treated mice continued to
show improvement in their ability to right until PND18 with
TTR time of ~2-3s, which is comparable to normal mice
(Fig. 6C). The ability to right and walk of SMA mice treated
with AS601245 started to decline from PND18, and mice were un-
able to right itself a day or two before approaching the end of their
lifespan. The improved ability to right of SMA mice treated with
JNK inhibitor compared with control SMA mice, with increasing
age, suggests gradual improvement with aging in the gross motor
function and decrease in the severity of the SMA disease. A repre-
sentative video clip of 17-day-old littermates treated with AS601245
JNK inhibitor shows they were able to right themselves and walk

Figure 4 Continued
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actively (Supplementary Video 6). These data suggest that JNK in-
hibition helps maintain motor activity and mobility of SMA mice
with aging.

Improvement in the gross motor functions of SMA mice treated
with AS601245 points to the possibility of increase in muscular
strength. The HLST analysis of SMA + AS601245 (25.94 + 1.29,
n=6) and SMA + DMSO (20.50 + 1.98, n = 6) at PND5 shows a
statistically significant difference (P = 0.0444), suggesting that the
initial two doses of JNK inhibitor treatment resulted in moderate
increase in muscle strength (Fig. 6D and E). Further analysis of mus-
cle strength showed marked increase in muscle strength of SMA +
AS601245 compared with SMA + DMSO mice at PND6 [SMA +
DMSO (20.99£2.34) and SMA + AS601245 (28.45+0.65,
P=0.0120)], PND7 [SMA +DMSO (10.38+1.99) and SMA +
AS601245 (21.56 + 1.84, P=0.0021)]. The hanging time at PND8
[SMA + DMSO (10.52 £2.09) and SMA + AS601245 (17.45 + 1.27,
P=0.0181)] and PND9 [SMA + DMSO (9.07 £ 1.76) and SMA +
AS601245 (18.78 £ 3.07, P=10.0293)] for JNK inhibitor treated mice
reduced but still shows statistically significant increase in muscle
strength (Fig. 6D and E). Increase in hind-limb hanging time suggest
improvement in hind-limb muscle strength of AS601245 treated
mice compared with control SMA mice. Together, these data suggest
that JNK inhibition with AS601245 also improves gross motor func-
tion and muscle strength of SMA mice.

We previously showed that the genetic inhibition of JNK3, neuron-
specific isoform, in SMA mice resulted in systemic amelioration of

. .26
disease severity.

To test whether pharmacological inhibition using
JNK3-specific inhibitor results in similar amelioration of the dis-
ease, we examined the effect of JNK3-specific inhibitor with high
potency and selectivity for JNK3, SR12519 with ICsy of 21 nM
(JNK1), 66 nM (JNK2), and 15 nM (JNK3).*" Because of higher
overall potency of SR12519 against all JNK isoforms, including
highest potency for JNK3 and lower cell (neuron) viability
(~80%) compared with cell viability of SP600125 and AS601245
(~90%) at 1.0 mM, we used lower dose (10 mg/kg) to minimize
in vivo toxicity (Fig. 1G, Supplementary Table 1). Similar and
high potency against JNK1 and JNK3 of SR12519 suggest that
this inhibitor may be able to target both JNK1 and JNK3 with simi-
lar efficacy and provide insight into combined effective inhibition
of JNKI and JNK3 in the context of impact of JNK inhibition
in the amelioration of SMA disease severity. As we anticipated,

22.0)], and PND9 [SMA + DMSO (8.50, 4.0, 15.03) and SMA + SP600125 (16.67, 12.0, 24.67)]. Statistical analysis (t-test, unpaired)
shows a marked and statistically significant increase in the hanging time for JNK inhibitor treated SMA mice compared with DMSO
treated SMA mice with increasing age; PND5 [SMA + SP600125 (23.66 + 1.85) and SMA + DMSO (16.17 + 2.50), P = 0.0369], PND6
[SMA + SP600125 (25.89 + 1.29) and SMA + DMSO (15.15 + 2.82), P =0.0061], PND7 [SMA + SP600125 (25.78 £ 1.12) and SMA +
DMSO (10.16 + 2.09), P = 6.25 x 10~°], PND8 [SMA + SP600125 (16.61 + 1.22) and SMA + DMSO (10.58 + 2.09), P = 0.0318], and
PND9 [SMA + SP600125 (17.44 + 1.95) and SMA + DMSO (8.44 + 1.56), P = 0.0050] shows a gradual increase in the muscle strength

of JNK inhibitor treated mice compared with control SMA mice.
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Figure 5 Pharmacological inhibition of JNK with pan-JNK inhibitor AS601245 improves the overall growth and survival of SMA
mice. SMA (SMAD7) mice littermates starting at PND2 were injected IP with a single dose of vehicle DMSO or JNK inhibitor AS601245
(20 mg/kg) followed by an every-other-day schedule. Amelioration of disease severity, improvement in growth and increase in the
lifespan of mice were examined. (A-C) Pharmacological inhibition of JNK improves the growth of SMA mice. Overall growth (body
weight in g) curves of normal (blue), SMA + DMSO (orange) and SMA + AS601245 (green) mice. Body weights recorded every day are
presented as growth curves with mean + SD, n = minimum 3 mice/group for individual male and female groups and combined (male +
female) group. Statistical analysis (ANOVA) shows marked increase in overall growth of mice treated with AS601245, male (P = 7.08 x
1077), female (P = 1.47 x 1077) and male + female (P = 1.73 x 1078). (D-F) Average peak body weight (grams) shown as scatter plots
with mean + SEM (n = 4/sex/group). Each data point represents a biological replicate. (D) Analysis of these data show statistically
significant increase in average peak body weight (grams) (mean + SEM) of SMA + AS601245 males (5.43 + 0.39, n = 4) compared with
SMA + DMSO (3.05 +0.31) males (P = 0.0033, unpaired t-test), which shows ~78% increase in body weight of SMA + AS601245
compared with SMA + DMSO males. (E) SMA + AS601245 females (4.48 + 0.13) compared with SMA + DMSO (3.47 + 0.14) females
(P =0.0022) that show ~29% increase in peak body weight SMA + AS601245 females. (F) Comparison of combined (male + female)
peak body weight in SMA + AS601245 (4.96 + 0.26, n = 8) with SMA + DMSO (3.26 + 0.17) (P = 0.0001) shows an average peak body
weight increase of ~52% in SMA + AS601245 mice. (G-1) JNK inhibition improves postnatal growth period (days) (mean + SEM, n =4/
sex/group) of SMA mice. Growth period of (G) SMA + AS601245 (12.00 + 0.40) males compared with SMA + DMSO (5.75 + 0.75) male
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SMA mice treated with JNK3-specific inhibitor SR12519 were
healthier, able to stand and walk compared with control SMA
mice treated with vehicle between the ages of 6-15 days. Initial vis-
ual observations (videography) suggested that selective inhibition of
JNK3 also results in improving the overall growth and gross motor
function of SMA mice as shown in video clips of littermates treated
with DMSO and SR12519 at the ages of 8 and 13 days. The DMSO
treated mice were unable to right and could not walk. Notably,
mice treated with inhibitor were healthy, showed improved growth,
were able to right and walk at the ages of 8, 10, and 13 days
(Supplementary Videos 7-9).

The sex-based analysis of overall growth of mice normal (blue),
SMA + DMSO (orange) and SMA + SR12519 (magenta) shows stat-
istically significant increase in the body weight of male (= 1.30 x
1077), female (P=8.59x1077), and male + female (P=3.15 x
1077) SMA mice treated with SR12519 compared DMSO treated
mice (Fig. 7A-C). Analysis of average peak body weight in males
[SMA + SR12519 (5.28+0.32, P=2.71x107%) versus SMA +
DMSO (3.54+0.15)] and in females [SMA + SR12519 (4.67 +
0.17, P=9.97 x 107%) versus SMA + DMSO (3.19 £ 0.18)] and
combined (male + female) [SMA +SR12519 (4.97+0.20, P=
1.05 x 107°) versus SMA + DMSO (3.36 £ 0.12)] mice also shows
statistically significant improvement in the growth of SMA mice trea-
ted with SR12519 (Fig. 7D-F). These data show that overall growth
increase in SMA + SR12519 males is ~49% (P=2.71 x 10™°) and in
females is ~46% (P=9.97 x 10™*) compared with DMSO treated
SMA males and females (Fig. 7D and E). JNK inhibition also in-
creased the growth period of male mice from (6.000 + 0.57) (SMA
+DMSO) to (11.00%0.57, P=3.60x 10%) (SMA + SR12519)
days and female mice from (7.66+0.88) (SMA +DMSO) to
(12.33£0.33, P=7.76 x 10°) (SMA + SR12519) days that shows
~83% increase in males and ~61% increase in females in the postnatal
growth periods, respectively (Fig. 7G-I). Together, these data suggest
that 7n vivo pharmacological JNK3 inhibition improves overall
growth and postnatal growth period of SMA mice treated with
high potency JNK3 inhibitor SR12519, which may also help reduce
severity of disease and increase the lifespan of SMA mice.

Figure 5 Continued
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The comparison of median survival of control mice (SMA +

DMSO) (8 days) and JNK inhibitor SR12519 (SMA + SR12519)
shows ~2.0-fold increase in combined (male + female) median sur-
vival (16 days) of SMA + SR12519 mice (Log-rank test, P < 1.0 x

107"%). The sex-based comparison of median survival of males
(~1.78-fold, P<1.0 x 107'°) and females (~2.07-fold, P< 1.0 x

10719 also shows significant increase in the lifespan of SMA +

SR12519 compared with control SMA + DMSO mice (Fig. 7]
and K). Analysis of average survival of SMA + SR12519 males
(16.00+0.25, P=2.69 x 10~°) and median survival (16.0 days)
are higher than SMA + DMSO males average (9.60 + 1.11) and me-
dian (9.0 days) survival (Fig. 7] and M). Average survival of SMA +

SR12519 females (15.70 £ 0.26, P=3.71 x 107°) and median sur-
vival (15.5 days) are also higher than SMA + DMSO females aver-
age (7.70 £ 1.19) and median (7.5 days) survival (Fig. 7K and N).
The combined (male +female) average survival of SMA +

SR12519 mice (mean+SEM) (15.80+0.18, P=3.0x 107'7)
days compared with SMA + DMSO (8.65+0.82) (Fig. 7L and
O) shows statistically highly significant increase in survival of
SMA mice with SR12519. Comparison of average lifespan among
SMA + SR12519 males (~1.78-fold) and females (~2.06-fold)
shows combined JNK1 and JNK3 inhibition results in slightly bet-
ter improvement in the lifespan of females compared with male
SMA mice (Fig. 7M-O). However, the increase in the overall
growth of females ~46% is slightly lower than the males ~49%
mice treated with JNK inhibitor SR12519 (Fig. 7D-F). The 3
days-increase in maximum survival of SMA + SR12519 mice
(~22% increase in max lifespan) includes 5 days of growth (reduced
severity), resulting in about a 1.7-fold increase in the lifespan with
reduced severity of the disease (Fig. 7J-L). Analysis of minimum
survival shows marked increase (5.0-fold, P=2.90 x 107°) in the
initial survival of SMA + SR12519 mice compared with control
SMA mice. These data show that all mice, male or female (% =

20), treated with SR12519, survived for at least 15 days after birth

mice shows ~109% (P = 0.0003) increase in postnatal growth period, (H) SMA + AS601245 females (10.75 + 0.47) compared with
SMA + DMSO (7.75 £ 0.48) female mice shows ~39% (P = 0.0044) increase in postnatal growth period, (I) comparison of combined
(males + females), SMA + AS601245 (11.13 £ 0.39) to SMA + DMSO (6.75 + 0.55) males + females shows a statistically significant (P =
1.72 x 107°) increase in the postnatal growth period. Growth analysis was blinded with colour coding. (J-R) Pharmacological inhibition
of JNK improves the survival of SMA mice. (J-L) Kaplan-Meier survival curves of normal (blue), SMA + DMSO (orange) and SMA +
AS601245 (green) mice littermates. Vertical dotted lines show median survival. Survival analysis show ~2.13-fold increase in median
survival of SMA mice treated with drug AS601245 compared with control SMA + DMSO mice (Log-rank test, P < 1.0 x 10~1°). (M-0O)
The scatter plots show average survival (days) (mean + SEM) of SMA mice untreated (SMA), treated with DMSO (SMA + DMSO) and
JNK inhibitor AS601245 (SMA + AS6001245). (M) Sex-based analysis shows that the average survival of SMA + AS601245 males
(17.25+0.57,n=12) (P = 3.72 x 10~8) is higher than SMA + DMSO (7.40 + 0.84, n = 10) males. (N) Average survival of SMA +
AS601245 females (17.0 +0.63,n = 10) (P = 1.32 x 107%) is also higher compared with SMA + DMSO (7.60 + 1.03, n = 10) females. (O)
Statistical analysis of male and female survival shows an increase in average survival (mean + SEM) days of SMA + AS601245 (17.14 +
0.41, n = 22) (t-test, unpaired P < 1.0 x 1071°) compared with SMA + DMSO (7.50 + 0.65, n = 20) mice. (P-R) Scatter plots show a
marked increase (5-fold) in initial (minimum) survival of SMA mice treated with JNK inhibitor compared with SMA + DMSO mice. All
males and females (n = 22) treated with AS601245 survived at least 15 days compared with SMA males and females that survived at
least 3 days. Growth and survival analyses were blinded with colour coding. Sex and genotypes were confirmed by PCR-based method
after euthanasia of pups.
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Figure 6 Pharmacological JNK inhibition with AS601245 improves the gross motor function and muscle strength of SMA mice. (A)
JNK inhibition improves the ability to stand on paws and walk. Improvement in the ability of SMA mice to stand on paws and walk was
determined by measuring the time of falling after walking on four paws and was recorded in 10-day-old SMA + DMSO and SMA +
AS601245 littermates. Comparison of latency to fall (seconds) from paws is presented as a scatter plot with individual data points that
represent an average of three recordings per pup/group/day showing all pups treated with the drug compound were able to stand and
walk for an average time of >29 s suggesting an improvement in the gross motor function. Statistical analysis of (mean + SEM, n=5
mice/group, male + female) (seconds) between SMA + DMSO (3.2 + 0.34) and SMA + AS601245 (29.27 +0.42), P< 1.0 x 107%°
(unpaired t-test, two-tailed) for 10-day-old mice shows a marked improvement in the ability of SMA mice treated with JNK inhibitor to
stand on paws and walk (see Supplementary Videos 4-6). (B) Mice righting reflexes were examined for 5-18-day-old normal (blue),
SMA + DMSO (orange), and SMA + AS601245 (green) littermates. TTR with a time limit of 30 s for the test and an average of 3
recordings per pup/day/group are plotted. Data were collected from three groups starting with n = 6 mice/group, which are presented
as a scatter plot. JNK inhibitor treated mice show improvement in their ability to right until PND18. (C) Improvements in the motor
function (righting) is demonstrated by an age-dependent increase in the ability of mice to right faster upon treatment with JNK inhibitor
SMA + AS601245 compared with control SMA mice treated with DMSO (SMA + DMSO). The results are shown as box-and-whisker
plots (median, min, max) starting from PND5 [SMA + DMSO (21.0, 4.0, 30.0) and SMA + AS601245 (6.83, 5.0, 30.0)], to PND12 [SMA
+ DMSO (30.0, 30.0, 30.0) and SMA + AS601245 (2.33, 1.0, 4.67)]. Statistical analysis (mean + SEM) shows a slight improvement in the
TTR at PND5 [SMA + AS601245 (12.83 +4.29, n = 6)] compared with control [SMA + DMSO (19.50 + 4.82)] but it is not statistically
significant (unpaired t-test, P = 0.3267). Analysis of righting ability from PNDé to PND12 shows a statistically significant improvement
in the TTR of JNK inhibitor treated mice; PND6 [SMA + AS601245 (4.44 £ 1.21, n = 6), SMA + DMSO (28.45 £ 1.55,n=6) P=2.55 x
1077], PND7 (5.49 + 1.45), P=1.12 x 1078 PND8 (5.99 + 1.85), P=9.63 x 10~7, PND9 (5.66 + 2.99), P=4.43 x 107>, PND10 (6.38 +
2.21),P=1.63x 10" PND11 (5.11+2.19), P=1.11 x 10~* and PND12 (2.44 + 0.57), P = 6.50 x 10~ compared with SMA + DMSO
(30.0 £0.0) from PND7-12. (D) The HLST shows that JNK inhibition increases muscle strength in mice with SMA. Littermates of 5-9
days of age were hung on both hind legs on the edge of a 50 ml plastic conical tube and time (seconds) was recorded until fall from the
edge of the tube. Latency to fall (mean £ SEM, 6 mice/group, male + female) is shown as a scatter plot and (E) as box-and-whisker plots
with median with interquartile range (median, min, max) for each time point (day), PND5 [SMA + DMSO (19.50, 16.33, 30.0) and SMA
+AS601245 (24.17, 23.33, 30.0)], PNDé6 [SMA + DMSO (22.34, 10.67, 26.58) and SMA + AS601245 (28.84, 26.33, 30.0)], PND7
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compared with SMA + DMSO (control) that started dying at the
age of 3 days (Fig. 7P-R). These data suggest that combined inhib-
ition of JNK1 and JNK3 SR12519 reduced postnatal disease sever-
ity, moderately increased the lifespan and markedly increased
minimum survival of SMA mice.

The ability to stand on four paws and walk was improved in
10-day-old SMA + SR12519 mice (27.20 £0.41, P< 1.0 x 107'°)
compared with control (SMA +DMSO) mice (2.80+0.17)
(Fig. 8A). Video clips of 8-, 10-, and 13-day-old littermates treated
with DMSO and SR12519 (Supplementary Videos 7-9) show that
SMA + SR12519 mice were able to walk and were able to right
themselves within a few seconds and continued to walk compared
with control SMA + DMSO mice that were unable to right them-
selves and walk. These data show combined JNK1 and JNK3 inhib-
ition results in marked improvements in the gross motor function
of SMA mice.

Analysis of —16-day-old mice TTR did not show statistically sig-
nificant improvement at PND5 between SMA + DMSO (23.33 +
4.104, n=6) and SMA +SR12519 (21.20+3.826, n=6), P=
0.7136 (Fig. 8B and C). However, comparison of TTR from
PND6 to PND12 shows improvement in the gross motor function
of SMA +SR12519 compared with SMA + DMSO mice PND6
[SMA (30.00£0.00) and SMA +SR12519 (16.80£1.53, P=
252x107°] to PNDI2 [SMA (30.00£0.00) and SMA +
SR12519(9.80 £ 1.74), P = 0.0122], which is statistically significant
(Fig. 8B and C). All SMA pups were dead by the Day 14, however,
JNK inhibitor treated mice continued to right until PND16
(Fig. 8C). Increase in the ability to right with reduction in TTR
of JNK inhibitor-treated mice compared with control SMA mice
with increasing age suggests gradual improvement with aging in
the gross motor function and notable reduction in the disease sever-
ity of SMA + SR12519 mice with a single dose (10 mg/kg) of treat-
ment on alternate days with this drug compound.

Representative video clips of 8-, 10-, 13-day-old SMA + DMSO
and JNK inhibitor treated littermates show that SMA + SR12519
mice were able to right and walk and remained standing on four
paws after walk (Supplementary Videos 7-9). Improvement in mul-
tiple motor functions such as righting, standing on four paws and
walking in the late stages of lifespan likely due to increase in mus-
cular strength with JNK inhibition. The analysis of HLST data

Figure 6 Continued
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at PND5 [SMA +SR12519 (21.17 £ 1.73, n = 6) versus SMA +

DMSO (17.17 £ 1.10, z = 6)] did not show statistically significant
difference (P=0.0795) (Fig. 8D and E). However, analysis of
SMA littermates from PND6 to PND9 showed marked and statis-
tically significant increase in muscle strength of SMA mice treated
with SR12519 compared with SMA + DMSO mice at PND6
[SMA + DMSO (14.08 £1.32) and SMA + SR12519 (22.34 %

1.17, P=0.0009)], PND7 [SMA +DMSO (10.23 + 1.70) and
SMA +SR12519 (20.86 +2.13, P=0.0030)]. The hanging time
at PND8 [SMA + DMSO (6.94£1.79) and SMA + SR12519
(16.96 + 1.75, P=0.0040)] and PND9 [SMA + DMSO (5.26 +

1.16) and SMA + SR12519(16.87 £ 1.91, P=0.0019)] for JNK in-
hibitor treated mice reduced but showed statistically significant in-
crease in muscle strength (Fig. 8D and E). Increase in hind-limb
hanging time suggests improvement in hind-limb muscle strength
of JNK inhibitor treated mice compared with control SMA mice.
Together, these data suggest that potent and selective inhibitor of
JNK3 and JNK1 improved gross motor function and muscle
strength of SMA mice. Notably, amelioration of SMA disease sever-
ity with pharmacological JNK inhibition using compound
SR12519 with high potency for JNK3 is consistent with the find-
ings of genetic inhibition of JNK3 in SMA mice.”®

To gain insight into overall beneficial impact of JNK inhibition on
amelioration of disease severity in SMA mice, we combined data
from three JNK inhibitors (SP600125, AS601245, SR12519) and
analysed increase in the overall growth, survival and motor func-
tions of SMA mice treated with JNK inhibitors compared with
control SMA mice. The data from three independent experiments
with inhibitors were pooled without any trimming or exclusion of
data points. The comparison of overall growth of mice treated with
individual inhibitors and combined data show highly statistically
significant improvement in the growth of males (P=1.73 x

1077), females (P=2.38 x 1077), and male + females (P=2.11 x

1077) (Supplementary Fig. 4). The Kaplan—Meier analysis of
mice treated with JNK inhibitors shows >2-fold increase in the sur-
vival with very high statistical significance for males (P < 1.0 x

10719), females (P< 1.0 x 107'°) and male + females (P < 1.0 x

10~"°) (Supplementary Fig. S). Tables for comparison of statistical
significance of outcomes of individual and all inhibitors are in-
cluded in Supplementary Figs 4 and S. The statistical analysis

[SMA + DMSO (8.17, 6.33, 16.94) and SMA + AS601245 (22.50, 15.0, 26.33)], PND8 [SMA + DMSO (10.52, 2.67, 16.77) and SMA +
AS601245 (17.0, 14.33, 21.0)], and PND9 [SMA + DMSO (8.67, 4.0, 15.03) and SMA + AS601245 (16.50, 9.33, 28.0)]. Statistical
analysis (t-test, unpaired) shows marked and statistically significant increase in hanging time (seconds) for JNK inhibitor treated
compared with DMSO treated SMA mice with increasing age; PND5 [SMA + AS601245 (25.94 + 1.29) and SMA + DMSO (20.50 +
1.98), P =0.0444], PND6 [SMA + AS601245 (28.45 £ 0.65) and SMA + DMSO (20.99 + 2.34), P=0.0120], PND7 [SMA + AS601245
(21.56 + 1.84) and SMA + DMSO (10.38 + 1.99), P=0.0021], PND8 [SMA + AS601245 (17.45 + 1.27) and SMA + DMSO (10.52 +
2.09), P=0.0181], and PND9 [SMA + AS601245 (18.78 + 3.07) and SMA + DMSO (9.07 £ 1.76), P = 0.0293] shows gradual increase in
the muscle strength of JNK inhibitor treated mice compared with control SMA mice.
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Figure 7 Pharmacological inhibition of JNK with pan-JNK inhibitor SR12519 improves the overall growth and survival of SMA mice.
SMA (SMAD7) mice littermates starting at PND2 were injected IP with a single dose of vehicle DMSO or JNK inhibitor SR12519
(20 mg/kg) followed by an every-other-day schedule. Amelioration of disease severity, improvement in growth and increase in the
lifespan of mice were examined. (A-C) Pharmacological inhibition of JNK improves the growth of SMA mice. Overall growth (body
weight in g) curves of normal (blue), SMA + DMSO (orange) and SMA + SR12519 (magenta) mice. Body weights recorded every day are
presented as growth curves with mean + SD, n = minimum 3 mice/group for individual male and female groups and combined (male +
female) group. Statistical analysis (ANOVA) shows marked increase in overall growth of mice treated with SR12519, male (P = 1.30 x
1077), female (P = 8.59 x 10~7) and male + female (P = 3.15 x 1078). (D-F) Average peak body weight (grams) shown as scatter plots
with mean = SEM (n = 4/sex/group). Each data point represents a biological replicate. (D) Analysis of these data show statistically
significant increase in average peak body weight (grams) (mean + SEM) of SMA + SR12519 males (5.28 + 0.32) compared with SMA +
DMSO (3.54 + 0.15) males (P = 2.71 x 10~3, unpaired t-test), which shows ~49% increase in body weight of SMA + SR12519 compared
with SMA + DMSO males. (E) SMA + SR12519 females (4.67 £ 0.17) compared with SMA + DMSO (3.19 + 0.18) females (P = 9.97 x
10~%) that show ~46% increase in peak body weight SMA + SR12519 females. (F) Comparison of combined (male + female) peak body
weight in SMA + SR12519 (4.98 +0.20, n = 8) with SMA + DMSO (3.36 + 0.12) (P = 1.05 x 10~>) shows an average peak body weight
increase of ~48% in SMA + SR12519 mice. (G-1) JNK inhibition improves postnatal growth period (days) (mean + SEM, n = 3) of SMA
mice. Growth period of (G) SMA + SR12519 (11.00 £ 0.57) males compared with SMA + DMSO (6.0 + 0.57) male mice shows ~83%
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(ANOVA) of combined data of TTR also shows remarkable im-
provement in the righting reflexes of mice treated with JNK inhibi-
tors with aging (5-14 days) and statistical significance ranges from
P=411x10"" to P<1.0x107'" (Supplementary Fig. 6).
Notably, SMA mice treated with JNK inhibitors continued to right
up to 18 days of age. Analysis of muscle strength (HLST) also
shows marked increase in hindlimb strength of 5-9-day-old SMA
mice treated with JNK inhibitors compared with control SMA
mice with muscle strength improving steadily during the period
of 7-9 days of age with statistical significance (ANOVA) ranging
from P=3.68 x 107" to P< 1.0 x 107" (Supplementary Fig. 7).
Together, the analysis of individual and combined data from
JNK inhibitors suggests that pharmacological JNK inhibition
shows statistically significant improvements in overall growth, gross
motor functions and muscle strength, and increase (~2.0-fold) in
the lifespan that contribute to the amelioration of disease severity
in SMA mice.

Analysis of overall data from 77 vivo testing of three JNK inhibi-
tors with unique chemical scaffolds shows amelioration of SMA
disease severity by improvement in overall growth, motor function
and muscle strength and increase in the lifespan of SMA mice.
Detailed comparison of similarities and differences in the effects
of these three drug compounds and sex-based outcomes are dis-
cussed in the ‘Discussion’ section and presented in a tabular form
in Supplementary Table 3. Importantly, the finding that 7z vivo in-
hibition of JNK with three drug compounds with different chem-
ical structures resulted in similar improvements and amelioration of
the SMA disease suggest that pharmacological JNK inhibition is a
viable option for the treatment of SMA.

To test whether JNK inhibition-dependent rescue of SMA disease
is SMN-dependent or independent, we examined the effect of drug
compounds on the levels of SMN, using JNK inhibition in the
spinal cords of littermates treated with DMSO or JNK inhibitors.
The spinal cords were harvested from 10-day-old mice and total
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proteins extracts were examined by automated quantitative IB ana-
lysis. IBs of spinal cord tissues for SMN, p-c-Jun, total c-Jun
(c-Jun), and alpha-tubulin (tubulin) from three mice per group
are shown in Fig. 9A (uncropped blots are included in
Supplementary Figs 8 and 9). Quantitative and statistical analyses
(mean = SEM, 7 = 3)% show that SMA mice treated with DMSO
show low SMN levels (23.95+4.51) compared with normal
(100.0 + 8.28) mice (Fig. 9A and B), conforming the cause of the
SMA disease and consistent with previous findings.'****’
Interestingly, comparison of SMN levels in control SMA mice trea-
ted with DMSO (23.95 £ 4.51) and mice treated with JNK inhibi-
tors SP600125 (22.50 £ 4.80, P=0.8368), AS601245 (24.02
3.47, P=0.9913), and SR12519 (24.84 £4.70, P=0.8985) did
not show statistically significant differences suggesting that treat-
ment with all three JNK inhibitor drug compounds did not influ-
ence 7z vivo SMN levels in the spinal cords of SMA mice. Analysis
of JNK activation/inhibition by examining levels of p-c-Jun, the
most studied downstream target of activated JNK,** show that
JNK is activated (~3.0-fold) in the spinal cords of SMA mice trea-
ted with DMSO (294.2 + 19.21) compared with normal (100.5 +
5.92) mice (Fig. 9A and C). Notably, comparison of p-c-Jun levels
in the spinal cords of SMA mice treated with JNK inhibitors
SP600125 (95.74 = 16.45, P=0.0016), AS601245 (89.65 £ 8.39,
P=0.0033), and SR12519 (108.2 + 9.83, P=0.0034) with SMA
+ DMSO (294.2 £ 19.21) shows efficient inhibition of JNK result-
ing in statistically significant reduction in p-c-Jun levels that are
close to p-c-Jun levels (100.5 + 5.92) in normal mice (Fig. 9A and
C). IBs of total c-Jun (c-Jun) show that JNK inhibitors did not
change the levels of total c-Jun protein suggesting that the drug
compounds did not alter the levels of c-Jun and demonstrate the
specificity of these compounds for inhibiting enzyme activity of
JNK towards c-Jun phosphorylation. Together, these data suggest
that JNK inhibitors selected based on % vtro analysis of JNK inhib-
ition in SMA motor neurons are equally potent in inhibiting JNK
in vivo without altering the levels of the SMN protein in the spinal
cords of SMA mice.

Skeletal muscle is another important tissue affected by SMA
pathogenesis. Improvement in the gross motor function, ability

increase (P = 3.60 x 10~3) in postnatal growth period, (H) SMA + SR12519 females (12.33 + 0.33) compared with SMA + DMSO (7.66 +
0.88) female mice shows ~61% increase (P = 7.76 x 10~3) in the postnatal growth period, (I) Comparison of combined (males + females),
SMA +SR12519 (11.67 + 0.42) to SMA + DMSO (6.83 + 0.60) males + females shows a statistically significant (P = 6.20 x 107°)
increase in postnatal growth period. (J-R) Pharmacological inhibition of JNK improves survival of SMA mice. (J-L) Kaplan-Meier
survival curves of normal (blue), SMA + DMSO (orange) and SMA + SR12519 (magenta) mice littermates. Vertical dotted lines show
median survival. Survival analysis shows 2.0-fold increase in median survival of SMA mice treated with drug SR12519 compared with
control SMA + DMSO mice (Log-rank test, P < 1.0 x 10719). (M-0) The scatter plots show average survival (days) (mean + SEM) of SMA
mice untreated (SMA), treated with DMSO (SMA + DMSO) and JNK inhibitor SP600125 (SMA + SR12519). (M) Sex-based analysis
shows that the average survival of SMA + SR12519 males (16.0+0.25,n =10, P = 2.69 x 1079)is higher than SMA + DMSO (9.6 £ 1.18,
n =10) males. (N) Average survival of SMA + SR12519 females (15.70 + 0.26, n = 10) is also higher compared with SMA + DMSO (7.70
+£1.19,n=10, P =3.71 x 107%) females. (O) Statistical analysis of male and female survival show increase in average survival (mean *
SEM) days of SMA + SR12519 (15.80 + 0.18, n = 20) (unpaired t-test, P = 3.0 x 10~1°) compared with SMA + DMSO (8.65 +0.82, n =
20) mice. (P-R) Scatter plots show a marked increase (5-fold) in initial (minimum) survival of SMA mice treated with JNK inhibitor
compared with SMA + DMSO mice. All males and females (n = 20) treated with AS601245 survived at least 15 days compared with
SMA males and females that survived at least 3 days. Survival and growth analyses were blinded with colour coding. Sex and genotypes
were confirmed by PCR-based method after euthanasia of pups.
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Figure 8 Pharmacological JNK inhibition with SR12519 improves the gross motor function and muscle strength of SMA mice. (A)
JNK inhibition improves ability to stand on paws and walk. Improvement in the ability of SMA mice to stand on paws and walk was
determined by measuring the time of falling after walking on four paws and was recorded in 10-day-old SMA + DMSO and SMA +
SR12519 littermates. Comparison of latency to fall (seconds) from paws is presented as a scatter plot with individual data points that
represent an average of three recordings per pup/group/day showing all pups treated with the drug compound were able to stand and
walk for an average time of ~27 s suggesting an improvement in the gross motor function. Statistical analysis of (mean + SEM, n=5
mice/group, male + female) (seconds) between SMA + DMSO (3.4 +0.38) and SMA + SR12519 (27.20 + 0.41), P< 1.0 x 1071°)
(unpaired t-test, two-tailed) for 10-day-old mice shows marked improvement in the ability of SMA mice treated with JNK inhibitor to
stand on paws and walk (see Supplementary Videos 7-9). (B) Mice righting reflexes were examined for 5-16-day-old normal (blue),
SMA + DMSO (orange), and SMA + SR12519 (magenta) littermates. TTR with a time limit of 30 s for the test and an average of 3
recordings per pup/day/group are plotted. Data were collected from three groups starting with n = 5 mice/group, which are presented
as a scatter plot. JNK inhibitor treated mice show improvement in their ability to right until PND18. (C) Improvements in the motor
function (righting) is demonstrated by an age-dependent increase in the ability of mice to right upon treatment with JNK inhibitor SMA
+SR12519 compared with control SMA mice treated with DMSO (SMA + DMSOQ). The results are shown as box-and-whisker plots
(median, min, max) starting from PND5 [SMA + DMSO (30.0, 12.0, 30.0) and SMA + SR12519 (20, 12.0, 30.0)], to PND12 [SMA +
DMSO (24.67, 15.60, 30.0) and SMA + SR12519 (10.0, 6.0, 15.0)]. Statistical analysis (mean + SEM) shows slight improvement in TTR
at PND5 [SMA + SR12519 (21.20 + 3.8, n = 5)] compared with control [SMA + DMSO (23.33 + 4.10)] but it is not statistically significant
(unpaired t-test, P = 0.7136). Analysis of righting ability from PND6 to PND12 shows statistically significant improvement in TTR of
JNK inhibitor treated mice; PND6é [SMA + SR12519 (16.80 + 1.53, n = 5), SMA + DMSO (30.0 £ 0.0, n = 5) unpaired t-test, P = 2.52 x
107°], PND7 (12.60 £ 1.77), P=5.59 x 107°], PND8 (11.40 + 2.04), P = 5.06 x 10~% PND9 (7.20 + 0.86), P = 1.84 x 10~7, PND10 (9.40
+1.40), P=3.49 x 1075, PND11 (9.80 + 1.24), P=1.83 x 10~° and PND12 (9.80 + 1.74), P = 0.0122 compared with SMA + DMSO
(30.0 £ 0.0) from PND7-12. (D) The HLST shows that JNK inhibition increases muscle strength in mice with SMA. Littermates of 5-9
days of age were hung on both hind legs on the edge of a 50 ml plastic conical tube and time (seconds) was recorded until fall from the
edge of the tube. Latency to fall (mean + SEM, 6 mice/group, male + female) is shown as a scatter plot and (E) as box-and-whisker plots
with median with interquartile range (median, min, max) for each time point (day), PND5 [SMA + DMSO (17.93, 13.09, 20.43) and SMA
+SR12519 (20.26, 15.98, 26.98)], PND6 [SMA + DMSO (13.65, 10.43, 19.76) and SMA + SR12519 (21.40, 19.34, 26.30)], PND7
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to right, stand and walk of SMA mice treated with JNK inhibitors
suggest amelioration of muscle weakness, which is also supported
by the data from HLST test of SMA mice treated with JNK inhi-
bitors (Figs 4, 6, and 8). Interestingly, JNK signalling is shown to
play critical role in skeletal muscle remodelling and muscle
Wasting.83 7 However, the role of JNK in skeletal muscle atrophy
of SMA is unknown. To gain insight into the contribution of
JNK signalling in muscle atrophy associated with SMA pathogen-
esis, we examined JNK activation in skeletal muscle in hind limb
skeletal muscle tissues from SMA mice and compared the effect
of three JNK inhibitors on levels of SMN and p-c-Jun. IBs of skel-
etal muscle tissues for SMN, p-c-Jun, c-Jun and tubulin from three
mice per group are shown in Fig. 9D (uncropped blots are included
in Supplementary Figs 10 and 11). IBs quantitative and statistical
analyses (mean = SEM, 7 =3)% of p-c-Jun levels show that the
JNK is activated (~2.5-fold) in the skeletal muscle of SMA mice
(DMSO) (255.1 +22.73) compared with normal mice (100.1 £

6.45) (Fig. 9D and F). Treatment with two pan-JNK inhibitors
SP600125 and AS601245 resulted in the inhibition of JNK in skel-
etal muscle and caused significant decrease in p-c-Jun levels in SMA

+ SP600125 (108.4 £ 13.24%, P =0.0094) and SMA + AS601245
(123.4£17.21, P=0.0117) that is close to the levels of p-c-Jun in
normal mice (100.1 £ 6.45) (Fig. 9D and F). In contrast, treatment
with JNK3-specific inhibitor did not reduce p-c-Jun levels (225.0 +

17.01, P = 0.3529) significantly in SMA + SR12519 compared with
control SMA mice treated with DMSO (255.1 * 22.73) suggesting
that JNK3 is not activated in skeletal muscle and is consistent with
findings that the JNK3 isoform is mainly expressed in the
CNS.>*** Comparison of data from the spinal cord and skeletal
muscle tissues of SMA mice treated with the SR12519 compound
shows JNK inhibition in spinal cords but not in skeletal muscle,
demonstrating the specificity and selectivity of SR12519 towards
JNK3 isoform in the spinal cords (Fig. 8A and D). Quantitation
and statistical analysis of SMN levels in skeletal muscle also show
low SMN in SMA + DMSO mice (27.24 + 5.34) compared with
normal (100.6+7.73) mice (Fig. 9D and E) and is consistent
with data from the spinal cords (Fig. 9A and B). Notably, compari-
son of skeletal muscle SMN levels in control SMA mice (27.24 +

5.34) treated with DMSO and mice treated with JNK inhibitors
SP600125 (28.68 +3.36, P=0.8325), AS601245 (27.18 £6.75,
P=0.9951), and SR12519 (27.28 £4.08, P=0.9952) did not
show statistically significant differences suggesting that JNK inhib-
ition did not alter SMN levels in the skeletal muscle of SMA mice
(Fig. 9D and E). Together, IB analysis of the spinal cord and skeletal
muscle tissues shows that selected three JNK inhibitors can
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penetrate CNS and muscle tissue and effectively inhibit JNK with-
out altering SMN levels in the target tissues that are primarily af-
fected in SMA.

Overall, these data show that pharmacological inhibition of JNK
resulted in the amelioration of disease severity by improving body
growth, gross motor function (righting reflexes and ability to
walk), muscle strength, and increased the lifespan of SMA mice
without changing SMN levels in the spinal cords and skeletal mus-
cle tissues of SMA mice. These findings suggest that amelioration of
disease severity and partial rescue of disease phenotype in a severe
SMA mouse model by JNK inhibition is SMN-independent.

Discussion

SMA is a severe hereditary disorder of early childhood characterized
by motor neuron degeneration, progressive muscle weakness and at-
rophy. The SMA disease has a distinctive genetic architecture that
has not only expanded our understanding of its pathogenesis but
also accelerated the development of targeted therapies. A particular-
ly remarkable feature of SMA genetics is the presence of the SAMN2
gene, an invertedly duplicated homolog of the SMNI gene, which
differs by a few critical point mutations. This unique genomic con-
figuration has opened promising avenues for therapeutic interven-
tion and even the potential for a cure. The tremendous amount
of research done in the past two decades identified SMNZ as
most promising modifier gene to treat and cure SMA in an
SMN-dependent manner and used to successfully develop currently
available two splicing correction-based FDA approved treatments,
Spinraza (nusinersen) and Evrysdi (risdiplam).® However, recent re-
search has also uncovered several SMN-independent protective
modifier genes, including, PLS3, NCALD, CHP1, COROIC,
STMNI, DOK7, Z + Agrin, JNK3, and SETX. In addition, various
molecular targets and biochemical pathways have been identified
that show promising potential for the development of
SMN-independent therapeutic strategies. Notably, data from clin-
ical trials and post-treatment analyses indicating only marginal im-
provements in some SMA patients have led to a growing consensus
within the scientific community on the need to develop more ef-
fective therapeutic approaches. This includes the pursuit of
SMN-independent strategies, which could be employed either as
standalone therapies or in combination with SMN-dependent treat-
ments to address the needs of patients with mild, moderate and se-
vere forms of SMA more effectively.go“)5

[SMA + DMSO (9.87, 6.02, 16.98) and SMA + SR12519 (22.30, 13.20, 25.98)], PND8 [SMA + DMSO (5.21, 3.02, 12.09) and SMA +
SR12519 (16.98, 12.98, 20.87)], and PND9 [SMA + DMSO (4.70, 3.09, 8.54) and SMA + SR12519 (15.09, 12.09, 23.09)]. Statistical
analysis (t-test, unpaired) shows marked and statistically significant increase in hanging time (seconds) for JNK inhibitor treated
compared with DMSO treated SMA mice with increasing age; PND5 [SMA + SR12519(21.17 £ 1.73) and SMA + DMSO (17.15 + 1.10),
P=0.0795], PND6 [SMA + SR12519 (22.34 + 1.17) and SMA + DMSO (14.08 + 1.32), P = 8.73 x 10~%], PND7 [SMA + SR12519 (20.86
+2.13) and SMA + DMSO (10.23 + 1.70), P = 2.97 x 10~%], PND8 [SMA + SR12519 (16.96 * 1.75) and SMA + DMSO (6.94 + 1.79), P =
3.99 x 107%], and PND9 [SMA + SR12519 (16.87 + 1.91) and SMA + DMSO (5.26 + 1.16), P = 1.88 x 10~%] shows gradual increase in
the muscle strength of JNK inhibitor treated mice compared with control SMA mice.
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Figure 9 Effect of pharmacological JNK inhibition with drug compounds on the levels of p-c-Jun and SMN proteins in SMA mice.
Proteins levels of SMN, p-c-Jun, SMN, total c-Jun (c-Jun) and tubulin were examined by IB analysis of mouse tissues, spinal cord, and
skeletal muscle from 10-day-old normal, SMA mice treated with DMSO and with JNK inhibitors SP600125, AS601245, and SR12519
using automated capillary western blot system (ProteinSimple). (A) Representative capillary-IB images of SMN, p-c-Jun, c-Jun and
tubulin proteins from the spinal cord tissues of mice are shown (uncropped blots are included in Supplementary Figs 8 and 9). Each
group of mice, normal and SMA mice treated with DMSO or JNK inhibitors show individual pups numbered from P1-15 with n=3
mice/group. Quantitative analysis was performed by normalization against tubulin as a loading control and using Compass software.
Quantitative data are shown as scatter plots, with individual points representing the average densitometric measurement of each blot
for various protein markers (SMN, p-c-Jun, total c-Jun, and tubulin). Each data point corresponds to a single mouse within the group (3
mice/group). The plots illustrate the relative change in protein levels (%) normalized to tubulin in vivo in the spinal cords following
treatment with JNK inhibitors: (B) Statistical analysis (ANOVA) of protein levels (mean + SEM, n = 3 mice/group) of four groups SMA +
DMSO, SMA +5P600125, SMA + AS601245, and SMA + SR12519 did not show significant change (P =0.9913) in SMN levels upon
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The scientific premise of this study builds upon previous findings
that demonstrated a role for the JNK signalling pathway in mediating
neurodegeneration in SMA. These studies led to the identification
of JNK3, a neuron-specific isoform,®® as a critical factor in preventing
the degeneration of SMN-deficient neurons in SMA.® Furthermore,
genetic inhibition of JNK3 7z vivo by ablation of the /unk3 gene re-
sulted in systemic rescue of the SMA phenotype in mice.?® The gen-
etic inhibition of JNK3 resulted in amelioration of disease severity
demonstrated by statistically significant improvements in the overall
growth, gross motor functions, muscle fibre size, muscle growth, mus-
cle strength and NM]J innervation.”® These systemic improvements
were due to prevention of motor neuron degeneration, which reduced
muscle atrophy and contributed to increase in the average survival
(>2.0-fold) and increase in the initial or minimum survival
(4.20-fold) of SMA mice lacking the Jzk3 gene.”® JNK inhibition
using the JNK peptide inhibitor, D-JNKI-1 showed slight but signifi-
cant increase in the survival of SMA mice.>® These findings provided a
rationale for the investigation of pre-clinical aspects of pharmacologic-
al JNK inhibition on the rescue of the SMA disease and generate a
proof-of-concept that JNK inhibition may represent a potent option
for developing SMN-independent strategies to prevent neurodegen-
eration and reduce disease severity. The limited success with develop-
ing effective therapeutic treatments for neurological disorders is due
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to the lack of testing pharmacological agents on relevant neuronal
cell types that are targets of disease pathogenesis. To overcome this
challenge, we performed a rigorous 7 vitro testing of JNK inhibitors
using primary cultured neurons, including spinal cord motor neurons
that primarily degenerate in SMA. The 7z vitro analysis, using cul-
tured primary spinal cord motor neurons derived from SMA mice,
provided insight and allowed the selection of non-toxic and most po-
tent pan- and JNK3-specific inhibitors for 7z vivo sex-based analysis
using mice with a severe form of SMA disease. Prevention of in vitro
degeneration of SMN-deficient CGN and spinal motor neurons de-
rived from SMA mice using three drug compounds with distinct
chemical scaffolds, SP600125 (Anthrapyrazolone), AS601245
(Pyrimidinyl), SR12519 (Pyridopyrimidine) and diverse potency,
shows that JNK inhibition via binding to an ATP-binding site, a com-
mon feature among the drugs, is responsible for preventing neurode-
generation and not the chemical composition or 3D-conformation of
the drug compounds. These findings suggest that inhibition of JNK
signalling is a critical requirement for preventing the degeneration of
SMN-deficient motor neurons in SMA.

To contribute to the unmet need of discovering and developing
SMN-independent methods for the treatment of SMA,” we set

treatment with JNK inhibitors. The unpaired t-test with Welch’s correction analysis shows that in vivo treatment with JNK inhibitors did
not cause statistically significant change in SMN levels of spinal cords from SMA + SP600125 (22.50 +4.80, P = 0.8368), SMA +
AS601245 (24.02+3.47, P=0.9913) and SMA + SR12519 (24.84 + 4.70, P = 0.8985) compared with SMA + DMSO (23.95 +4.51)
mice. (C) Statistical analysis (ANOVA) of p-c-Jun levels (mean + SEM, n = 3 mice/group) of three groups (i) normal, SMA + DMSO, SMA
+5SP600125 (1.24 x 107%), (i) normal, SMA + DMSO, SMA + AS601245 (4.13 x 107°), and (jii) normal, SMA + DMSO, SMA + SR12519
(6.38 x 107°) shows significant change in p-c-Jun levels upon treatment with each drug compound and indicates marked in vivo JNK
inhibition in the spinal cords. The unpaired t-test with Welch'’s correction of protein levels (mean + SEM, n = 3 mice/group) shows that
in vivo treatment with JNK inhibitors caused statistically significant decrease in the p-c-Jun levels from the spinal cord of SMA +
SP600125 (95.74 £ 16.45, P = 0.0016), SMA + AS601245 (89.65 + 8.39, P = 0.0033), and SMA + SR12519 (108.20 + 9.83, P = 0.0034)
compared with SMA + DMSO (294.20 + 19.21). Comparison of p-c-Jun levels in the spinal cords of inhibitor treated mice with normal
mice (100.50 + 5.92) shows JNK inhibition effectively decreased levels of p-c-Jun in SMA mice. (D) IB images of SMN, p-c-Jun, c-Jun
and tubulin proteins from the skeletal tissues from hind limbs of mice are shown (uncropped blots are included in Supplementary Figs
10 and 11). Quantitative data are shown as scatter plots with individual points showing average densitometric measurement of blots
representing relative change in protein levels (%) normalized to tubulin in vivo in skeletal muscle after treatment with JNK inhibitors: (E)
Statistical analysis (ANOVA) of protein levels (mean + SEM, n = 3 mice/group) of four groups SMA + DMSO, SMA + SP600125, SMA +
AS601245, and SMA + SR12519 did not show significant change (P = 0.9956) in SMN levels upon treatment with JNK inhibitors. The
unpaired t-test with Welch'’s correction of protein shows that in vivo treatment with JNK inhibitors did not cause statistically significant
change in SMN levels of skeletal muscle from SMA + SP600125 (28.68 + 3.36, P =0.8325), SMA + AS601245 (27.18 + 6.75, P =
0.9951), and SMA + SR12519 (27.28 + 4.08, P = 0.9952) compared with SMA + DMSO (27.24 + 5.34) mice. (F) Statistical analysis
(ANOVA) of p-c-Jun levels (mean + SEM, n = 3 mice/group) of three groups (i) normal, SMA + DMSO, SMA + SP600125 (6.80 x 107%),
(i) normal, SMA + DMSO, SMA + AS601245 (1.29 x 10~3), and (iii) normal, SMA + DMSO, SMA + SR12519 (6.80 x 10~%) shows
significant change in p-c-Jun levels upon treatment with each drug compound and indicates marked in vivo JNK inhibition in the
skeletal muscle. The unpaired t-test with Welch'’s correction of protein levels shows that in vivo treatment with JNK inhibitors caused
statistically significant decrease in the p-c-Jun levels from the skeletal muscle of SMA + SP600125 (108.40 + 13.24, P = 0.0094) and
SMA + AS601245(123.40+ 17.21, P =0.0117) but not for SMA + SR12519 (225.0 + 17.01, P = 0.3529) compared with SMA + DMSO
(255.10 + 22.73). Comparison of p-c-Jun levels in the skeletal muscle of inhibitor treated mice with normal mice (100.10 + 6.45) shows
JNK inhibition with SP600125 and AS601245 effectively decreased levels of p-c-Jun in SMA mice. Inhibition with SR12519, high
potency for JNKS3, did not decrease p-c-Jun levels significantly suggesting the lack of JNK3 in skeletal muscle and demonstrating the
inhibition specificity of SR12519 towards JNK3 but not JNK1 and JNK2.
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out to test the hypothesis that pharmacological JNK inhibition re-
presents an option for preventing neurodegeneration and for ameli-
orating SMA disease severity. We investigated the impact of 7% vivo
JNK inhibition using three drug compounds and SMAA7 mouse
model with severe form of disease. Our 7z vivo data show that
JNK inhibition with all three drug compounds resulted in the
amelioration of the disease severity, including improvements in
overall body growth, gross motor function and increase in the life-
span (>2-fold). Importantly, a marked increase in minimum (initial)
survival (5-fold) of severe SMA mice by all three JNK inhibitors is
remarkable and suggests that early postnatal intervention with JNK
inhibition has high potential to stabilize and extend initial survival
of severe SMA mice. This could provide a window for initiating
combinatorial therapy with SMN-dependent methods especially
for SMA patients that may not have immediate accesses to health
care due to financial and geographical limitations.

The sex-based analysis of the effect of JNK inhibitors show not-
able similarities and differences in overall growth and survival of
SMA mice. Treatment with pan-JNK inhibitor (SP600125) shows
higher overall growth in male (~71%) compared with female
(~59%) SMA mice. Comparison of the growth period (days) shows
similar improvement in males (~64%) and females (~62%) mice.
Treatment with AS601245 also shows higher overall growth in
males (~78%) compared with females (~29%), which is similar to
the effect of SP600125. Interestingly, the growth period of male
mice (~109%) is ~2.8-fold higher than female mice (~39%) treated
with AS6001245, which is also higher than the increase (~35%) in
growth period of males treated with SP600125. Analysis of
SR12519 with highest efficacy for JNK3 isoform shows that in-
crease in overall growth of male (~49%) and female (~46%) SMA
mice is similar. Comparison of growth periods shows better im-
provement in the growth period of SMA males (~83%) than fe-
males (~61%) treated with SR12519. The ICsq values for
inhibition of JNK isoforms of three drug compounds are as follows:
SP600125: JNK1 (40 nM), JNK2 (40 nM), and JNK3 (90 nM),
AS601245: JNK1 (150 nM), JNK2 (220 nM), and JNK3
(70 nM) and SR12519: JNK1 (21 nM), JNK2 (66 nM), and
JNK3 (15 nM).”*>? These ICs, values suggest that all drug com-
pounds may fall in the category of pan-JNK inhibitors with diverse
efficacy of inhibition for JNK isoforms. Interestingly, our 7z vivo
data show that SR12519 with highest potency for JNK3 was able
to effectively inhibit JNK activation in the spinal cords but not
in skeletal muscle compared with SP600125 and AS601245.
These data suggest that SR12519 may be a JNK3-specific inhibitor
because skeletal muscle do not express JNK3 but express JNK1 and
JNK2 and treatment with SR12519 was not effective in inhibiting
JNK in skeletal muscle.*>®” Comparison of potency (ICs) of three
JNK inhibitors, alongside sex-based analyses of overall growth in
SMA mice, provided insight into the relationship between inhibitor
efficacy across JNK isoforms and sex-specific improvements in dis-
ease phenotype. Comparison of sex-specific growth outcomes be-
SP600125 and AS601245
male-to-female improvement ratio of 1.2 with SP600125 and
2.69 with AS601245. This suggests that the reduced efficacy for
JNK1/2 and enhanced selectivity for JNK3 in AS601245 confers
a 2.24-fold greater growth improvement in males than females

tween treatments shows a

with severe SMA. Furthermore, analysis of the male-to-female
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growth period ratio reveals greater improvement in males treated
with AS601245 (2.8) compared with SP600125 (1.03), suggesting
that the isoform-selective JNK inhibition profile of AS601245
may offer enhanced therapeutic benefit for males. Interestingly,
comparison of data from SMA mice treated with SR12519, which
has highest efficacy for JNK3 and the second best for JNK1 among
the three tested compounds, shows that the ratio of male-to-female
growth is 1.06, indicating similar growth improvement among male
and female SMA mice. These data suggest increased efficacy of
JNK3 inhibition leads to greater improvement in females, resulting
in a comparable reduction in disease severity between male and fe-
male SMA mice. This observation aligns with previous findings
from genetic ablation of the /nk3 gene in SMAA7 mice.”
Sex-specific analysis of lifespan extension following treatment
with JNK inhibitors revealed the following fold increases:
SP600125, 2.13-fold (male) and 2.02-fold (female); AS601245,
2.36-fold (male) and 2.30-fold (female); and SR12519, 1.8-fold
(male) and 2.06-fold (female). These results demonstrate an average
increase in lifespan of 2-fold or more, consistent with the finding
that genetic ablation of /nk3 similarly extended the lifespan of se-
vere SMA mice 2-fold.*® A particularly notable finding is the
S5-fold increase in the minimum (initial) survival of both male
and female SMA mice treated with each of the three JNK inhibi-
tors, compared with vehicle treated controls.

Tremendous research progress and efforts have been made to
utilize the potential of the JNK signalling pathway in the treatment
of neurodegenerative disorders, including Alzheimer’s disease, ALS,
Huntington’s disease, and Parkinson’s disease.***>?? However,
the complexity associated with the JNK group of kinases, including
the 3 genes, /nkl, /jnk2, and Jnk3 that generate 10 isoforms due to
alternative splicing and functional redundancy among the kinases
with wide expression of Jnkl and Jnk2 in adult tissues and Jnk3
mainly expressed in the CNS'%*'%* has contributed to the limited
success; however, the academia and pharmaceutical industry main-
tain high-interest in exploiting JNK kinases as therapeutic tar-
gets.3 598,103 74 gain insight into the impact of inhibition of
different JNK isoforms on the rescue of SMA phenotype, we ana-
lysed mice survival data in the context of efficacy (ICsy) drug com-
pounds towards different JNK isoforms. Inhibition with
AS601245 shows highest average increase in the lifespan of severe
SMA mice, 2.36-fold (male) and 2.30-fold (females), which may
be due to a combination of ~2.14-fold higher efficacy of JNK3
(70 nM) compared with JNK1 (150 nM). Inhibition with another
pan-JNK inhibitor SP600125 with ~2.25-fold higher efficacy for
JNK1 (40 nM) compared with JNK3 (90 nM) shows similar in-
crease in the lifespan of male (2.13-fold) and female (2.02-fold)
SMA mice, which is comparable to ~2.30-fold increase in the life-
span of SMA mice treated with AS601245. Furthermore, analysis of
data from the treatment with SR12519, the inhibitor with the high-
est efficacy for JNK3 (15 nM) and JNK1 (21 nM) among the three
drug compounds, shows slightly lower increase in the survival of
males (1.8-fold) and similar increase in females (2.06-fold) com-
pared with SP600125 and SR12519. These data suggest that drug
compounds with very high potency such as SR12519 may not yield
best results at the tested concentration and may require optimiza-
tion. The notable outcomes of the analysis of severe SMA mice trea-
ted with AS601245, including significant increase in the survival
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and robust improvement in the gross motor function with the abil-
ity to walk up to 18 days of age, suggest that drug compounds with
double inhibition efficacy for JNK3 compared with JNK1 maybe
suitable for treatment because JNK3-deficiency can be complemen-
ted by JNK1 and partial inhibition of JNK1 will allow maintenance
of critical functions of JNK1 in neuron growth and survival.1%+1%¢

One of the goals of this study was to test and establish whether
pharmacological inhibition of JNK is also SMN-independent.
Analysis of SMN levels in the spinal cord and skeletal muscle tissues
of SMA mice treated with JNK inhibitors did not show any statis-
tically significant change in the SMN levels compared with control
SMA mice treated with DMSO suggesting that the drug com-
pounds did not alter SMN levels. However, the compounds de-
monstrated robust biological activity towards inhibiting JNK by
preventing p-c-Jun and maintaining its levels close to p-c-Jun levels
in normal mice. The drug compounds did not affect the levels of
total c-Jun supporting the specificity of compounds for JNK inhib-
ition. The specificity of the inhibitor SR12519 with highest po-
tency for JNK3 was demonstrated in skeletal muscle tissue where
the p-c-Jun levels were decreased by only ~12% compared with con-
trol SMA mice treated with DMSO. JNK activation was shown in
skeletal muscle cells and cultured primary muscle derived from
SMA patients.107’108 However, what isoform of JNK is primarily
activated in muscle is unclear. It is possible that both JNK1 and
JNK2 are activated in muscle because JNK3 is mainly expressed
in the CNS."%'%% The current data suggest that JNK2 may be
mainly activated by SMN-deficiency in the skeletal muscle of
SMA mice or an alternatively spliced form of either JNK1 or
JNK2 that is not efficiently inhibited by SR12519. Interestingly,
comparison of survival and motor function data from three inhibi-
tors and levels of p-c-Jun in spinal cord and skeletal muscle shows
that both SP600125 and AS601245 were able to efficiently inhibit
JNK in the spinal cords and skeletal muscle in contrast to SR12519.
The lower average survival of SMA mice treated with SR12519
~1.78-fold (males) and ~2.0-fold (females) compared with average
survival of either male or female mice (~2.3-fold) treated with
SP600125 and AS601245 is likely because of partial inhibition of
JNK in skeletal muscle by SR12519 suggesting that JNK inhibition
in skeletal muscle may also be important and contribute to muscle
strength and improve motor function along with extending the life-
span of SMA mice. Together, these data suggest that pan-JNK in-
hibitors may be suitable for improvement in overall growth, motor
function and lifespan. However, JNK1/JNK3-specific inhibitors
may be useful in preventing neurodegeneration and JNKI1/
JNK2-specific drugs may be suitable for improving muscle strength
and in ameliorating muscle atrophy. The present study demon-
strates a proof-of-concept that pharmacologic inhibition of JNK
is a viable option for the treatment of SMA. Further studies are re-
quired to gain insight into 7% vive the molecular mechanisms and
contributions of preservation of motor neurons and NMJs in dis-
ease rescue. The ongoing efforts towards the design and testing of
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new generation of JNK isoform specific inhibitors will allow better
selection of JNK inhibitors for the treatment of JNK3-mediated
pathogenesis associated with SMA and other neurodegenerative dis-
orders, including ALS, Alzheimer’s disease, Huntington’s disease,
and Parkinson’s disease.,*-4¢107-112

Comparison of SMA rescue phenotype by genetic ablation of
Jnk3 and other SMN-independent modifiers, PLS3 and Z+
Agrin using the SMAA7 mouse model shows that deletion of
Jnk3 gene did not change SMN levels and resulted in systemic res-
cue, including increase in motor neuron survival, muscle fibre diam-
eter and a 2-fold increase in the lifespan of SMA mice.”® In contrast,
overexpression of PLS3 and Z + Agrin in SMAA7 caused slight im-
provement in disease phenotype but did not extend the lifespan of
SMA mice suggesting that JNK3-mediated rescue shows robust
improvements and 2-fold increase in the survival compared with
PLS3 and Z+ Agrin-mediated rescue in SMAA7 mice. 24113114
Furthermore, comparison of genetic and pharmacological inhibition
of JNK reveals similar systemic rescue with >2-fold increase in the
lifespan of SMAA7 mice by pharmacological inhibition, demonstrat-
ing the reproducibility of beneficial effects of JNK inhibition on the
amelioration of the SMA phenotype with two independent ap-
proaches.” The idea of using JNK inhibition in combination with
SMN-dependent methods may also show beneficial effects as sup-
ported by studies of NCALD reduction (SMN-independent) and
treatment with Nusinersen (SMN-dependent) using ASOs that ame-
liorates SMA in mice;** moreover, a combination of myostation ac-
tivity inhibition and increase in SMN levels with splice modulator
SMN-C1 also ameliorates SMA in mice.'"

An outstanding issue concerning the partial rescue with
SMN-independent methods is related to chronic low levels of ubi-
quitously expressed SMN protein leading to a multisystem disease.
Therefore, it may not be possible to achieve full rescue and cure
SMA using only SMN-independent strategies and a combination
of both SMN-dependent and SMN-independent methods may
be most beneficial.'*'"” The reasons for a partial rescue are unclear
and may require further investigations. However, the possible rea-
sons for the observed rescue alongside significant extension in the
survival of SMA mice treated with JNK inhibitors may include:
(i) functional redundancy of JNK isoforms. Genetic studies in
mice have shown that JNK1 and JNK2 can complement each other
and compensate for JNK3 deficiency,""" (ii) experimental evidences
indicate that SMN may have distinct biological functions that may
require elevation of SMN levels,"'® (iii) SMN-deficiency may not
result in the activation of the JNK pathway in all cell types, includ-
ing fibroblasts,'"” (iv) may cause activation of other MAPK signal-
74120121 (

ling pathways in different cell types, v) may contribute to

either apoptosis or autophagy that cause neurodegeneration,122’123
(iv) contribution of JNK activation in other tissues and organs such

129 131-133

124125 126-128 130
as liver, > heart, lung, *” pancreas, " and vasculature,

gastric'* and respiratory (diaphragm and phrenic nerve) systems’"
that are affected in SMA, which may contribute to the systemic
pathogenesis but warrants further studies. Nevertheless, highly repro-
ducible data on improvements in the overall growth, motor functions,
including righting reflexes, ability to walk in the late stages (age:15-18
days) of life, a 2-fold increase in median survival and a remarkable
S-fold increase in the initial survival of male and female SMA mice
with three tested JNK inhibitors presenting distinct chemical
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composition and 3D-conformation support the idea of investing and
investigating the beneficial effects of JNK inhibitors in future clinical
trials with SMA paltients.135 In addition, the data from this study and
data from prior use of JNK inhibitors in the past and current clinical
trials for the treatment of other human diseases will allow the devel-
opment of suitable standalone and combinatorial strategies for clinical
trials in SMA patif:nts.nz’l%'139

Conclusion

In vitro and in vivo testing of three JNK inhibitors with distinct
chemical scaffolds and diverse efficacy and potency for different iso-
forms of JNK generated robust data that show similar amelioration
of disease severity and the partial rescue of phenotype in mice with
severe form of SMA. Overall, the findings of this study demonstrate
the rigour of experimentation and analysis, which establish a
proof-of-concept that the pharmacological inhibition of JNK is a
viable SMN-independent method for neuroprotection and the
treatment of SMA. These findings should allow the development
of suitable standalone and combination therapeutic strategies in-
volving SMN level enhancement for the treatment of mild to severe
forms of SMA.
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Acknowledgements

We thank Dr Nathaneal Gray, Dana Farber Cancer Institute and
Harvard Medical School, Boston, MA for the generous gift of co-
valent JNK inhibitors. We thank Dr Zhanying Zhang for maintain-
ing mouse colony and blinding of experiments with mice. We thank
Dr Shyni G. Leela for help with one of the graphs. We also thank
undergraduate research assistant Emma Swaner for technical sup-
port in the lab.

Funding

This study was supported by research grants to L.G. from the
Muscular Dystrophy Association (MDA 480210), National
Institutes of Health (NIH)/National Institute of Neurological
Disorders and Stroke (NINDS) (ROINS115834) and the Spinal
Cord Injury Disease/Research Program (SCIDRP), and a research
grant to D.B. from the Italian Association for Cancer Research
(AIRC), Project ID 30385. D.B. is a co-investigator with a suba-
ward for the NIH/NINDS grant (ROINS115834).

Competing interests

The authors declare no competing financial interests. A patent ap-
plication (13/321,029) entitled TNK inhibitors for use in treating
spinal muscular atrophy’ was filed.

BRAIN COMMUNICATIONS 2026, fcag111 | 27

Data availability

Most of the data are presented in the figures, text and
Supplementary Material of the manuscript. However, any other
data referenced is available upon reasonable request.

References

1. Lefebvre S, Burglen L, Reboullet S, ez 4/. Identification and characteriza-
tion of a spinal muscular atrophy- determining gene. Ce/l. 1995;80(1):
155-165.

2. Hamilton G, Gillingwater TH. Spinal muscular atrophy: Going beyond
the motor neuron. Trends Mol Med. 2013;19(1):40-50.

3. Lorson CL, Hahnen E, Androphy EJ, Wirth B. A single nucleotide in the
SMN gene regulates splicing and is responsible for spinal muscular atro-
phy. Proc Natl Acad Sci U S 4. 1999;96(11):6307-6311.

4. Crawford TO, Pardo CA. The neurobiology of childhood spinal muscular
atrophy. Neurobiol Dis. 1996;3(2):97-110.

5. Singh RN, Ottesen EW, Singh NN. The first orally deliverable small mol-
ecule for the treatment of spinal muscular atrophy. Neurosci Insights.
2020;15:2633105520973985.

6. Wirth B. Spinal muscular atrophy: In the challenge lies a solution. Trends
Neurosci. 2021;44:306-322.

7. Aslesh T, Yokota T. Restoring SMN expression: An overview of the thera-
peutic developments for the treatment of spinal muscular atrophy. Cells.
2022;11(3):417.

8. Mercuri E, Pera MC, Scoto M, Finkel R, Muntoni F. Spinal muscular at-
rophy—Insights and challenges in the treatment era. Nar Rev Neurol.
2020;16(12):706-715.

9. Wirth B, Barkats M, Martinat C, Sendtner M, Gillingwater TH. Moving
towards treatments for spinal muscular atrophy: Hopes and limits. Expert
Opin Emerg Drugs. 2015;20(3):353-356.

10.  Wirth B. An update of the mutation spectrum of the survival motor neu-
ron gene (SMN1) in autosomal recessive spinal muscular atrophy (SMA).
Hum Mutat. 2000;15(3):228-237.

11. Darras BT, Chiriboga CA, Iannaccone ST, ez a/. Nusinersen in later-onset
spinal muscular atrophy: Long-term results from the phase 1/2 studies.
Neurology. 2019;92(21):e2492-¢2506.

12. Meyer K, Ferraiuolo L, Schmelzer L, ez 4/. Improving single injection CSF
delivery of AAV9-mediated gene therapy for SMA: A dose-response study
in mice and nonhuman primates. Mol Ther. 2015;23(3):477-487.

13.  Montes J, Dunaway Young S, Mazzone ES, er 4/ Nusinersen improves
walking distance and reduces fatigue in later-onset spinal muscular atro-
phy. Muscle Nerve. 2019;60(4):409-414.

14. TalbotK, Tizzano EF. The clinical landscape for SMA in a new therapeut-
ic era. Gene Ther. 2017;24(9):529-533.

15. Genabai NK, Kannan A, Ahmad §, Jiang X, Bhatia K, Gangwani L.
Deregulation of ZPR1 causes respiratory failure in spinal muscular atro-
phy. Scz Rep. 2017;7(1):8295.

16. Kannan A, Jiang X, He L, Ahmad S, Gangwani L. ZPR1 prevents R-loop
accumulation, upregulates SMN2 expression and rescues spinal muscular
atrophy. Brain. 2020;143(1):69-93.

17.  Cuartas J, Gangwani L. Zinc finger protein ZPR1: Promising survival mo-
tor neuron protein-dependent modifier for the rescue of spinal muscular
atrophy. Neural Regen Res. 2022;17(10):2225-2227.

18. Doran B, Gherbesi N, Hendricks G, Flavell RA, Davis R], Gangwani L.
Deficiency of the zinc finger protein ZPR1 causes neurodegeneration.
Proc Natl Acad Sci U S A. 2006;103(19):7471-7475.

19. Mishra AK, Gangwani L, Davis R], Lambright DG. Structural insights
into the interaction of the evolutionarily conserved ZPR1 domain tandem
with eukaryotic EF1A, receptors, and SMN complexes. Proc Natl Acad Sci
U S 4. 2007;104(35):13930-13935.

20. Ackermann B, Krober S, Torres-Benito L, ¢z a/. Plastin 3 ameliorates spinal
muscular atrophy via delayed axon pruning and improves neuromuscular
junction functionality. Hum Mol Genet. 2013;22(7):1328-1347.


http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcag111#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcag111#supplementary-data

28

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

3s.

36.

37.

38.

39.

40.

41.

42.

| BRAIN COMMUNICATIONS 2026, fcag111

Oprea GE, Krober S, McWhorter ML, ez al. Plastin 3 is a protective modi-
fier of autosomal recessive spinal muscular atrophy. Science. 2008;
320(5875):524-527.

Torres-Benito L, Schneider S, Rombo R, ¢z 2. NCALD antisense oligo-
nucleotide therapy in addition to nusinersen further ameliorates spinal
muscular atrophy in mice. Am J Hum Genet. 2019;105(1):221-230.
Villalén E, Kline RA, Smith CE, ez al. AAV9-Stathmin1 gene delivery im-
proves disease phenotype in an intermediate mouse model of spinal mus-
cular atrophy. Hum Mol Gener. 2019;28(22):3742-3754.

Kim JK, Caine C, Awano T, Herbst R, Monani UR. Motor neuronal re-
pletion of the NMJ organizer, Agrin, modulates the severity of the spinal
muscular atrophy disease phenotype in model mice. Hum Mol Genet.
2017;26(13):2377-2385.

Kannan A, Bhatia K, Branzei D, Gangwani L. Combined deficiency of
Senataxin and DNA-PKcs causes DNA damage accumulation and neuro-
degeneration in spinal muscular atrophy. Nucleic Acids Res. 2018;46(16):
8326-8346.

Genabai NK, Ahmad S, Zhang Z, Jiang X, Gabaldon CA, Gangwani L.
Genetic inhibition of JNK3 ameliorates spinal muscular atrophy. Hum
Mol Genet. 2015;24(24):6986-7004.

Le TT, Pham LT, Butchbach ME, ¢z 2/. SMNDelta7, the major product of
the centromeric survival motor neuron (SMN2) gene, extends survival in
mice with spinal muscular atrophy and associates with full-length SMN.
Hum Mol Genet. 2005;14(6):845-857.

Jiang X, Kannan A, Gangwani L. ZPR1-dependent neurodegeneration is
mediated by the JNK signaling pathway. J Exp Neurosci. 2019;13:
1179069519867915.

Helmken C, Hofmann Y, Schoenen F, et al. Evidence for a modifying
pathway in SMA discordant families: Reduced SMN level decreases the
amount of its interacting partners and Htra2-betal. Hum Genet. 2003;
114(1):11-21.

Schellino R, Boido M, Borsello T, Vercelli A. Pharmacological c-Jun
NH(2)-terminal kinase (JNK) pathway inhibition reduces severity of spinal
muscular atrophy disease in mice. Front Mol Neurosci. 2018;11:308.
Cuartas J, Gangwani L. R-loop mediated DNA damage and impaired
DNA repair in spinal muscular atrophy. Front Cell Neurosci. 2022;16:
826608.

Antoniou X, Falconi M, Di Marino D, Borsello T. JNK3 as a therapeutic
target for neurodegenerative diseases. J Alzheimers Dis. 2011;24(4):
633-642.

Borsello T, Forloni G. JNK signalling: A possible target to prevent neuro-
degeneration. Curr Pharm Des. 2007;13(18):1875-1886.

Junyent F, Verdaguer E, Folch J, et al. Role of JNK in neurodegenerative
diseases. In: Torrero DM, Haro D, Valles J, eds. Recent advances in pharma-
ceutical sciences II. Transworld Research Network; 2012:15-28. chap 2.
Manning AM, Davis R]. Targeting JNK for therapeutic benefit: From
junk to gold? Nat Rev Drug Discov. 2003;2(7):554-565.

Hirosumi J, Tuncman G, Chang L, ez 4l. A central role for JNK in obesity
and insulin resistance. Nature. 2002;420(6913):333-336.

Palomo V, Nozal V, Rojas-Prats E, Gil C, Martinez A. Protein kinase in-
hibitors for amyotrophic lateral sclerosis therapy. Br J Pharmacol. 2021;
178(6):1316-1335.

Yadav RK, Minz E, Mehan S. Understanding abnormal ¢-JNK/p38MAPK
signaling in amyotrophic lateral sclerosis: Potential drug targets and influ-
ences on neurological disorders. CNS Nenrol Disord Drug Targets. 2021;
20(5):417-429.

Taylor DM, Moser R, Régulier E, ez al. MAP kinase phosphatase 1
(MKP-1/DUSP1) is neuroprotective in Huntington's disease via additive
effects of JNK and p38 inhibition. / Nexrosci. 2013;33(6):2313-2325.
Dailah HG. Potential of therapeutic small molecules in apoptosis regula-
tion in the treatment of neurodegenerative diseases: An updated review.
Molecules. 2022;27(21):7207.

Shuai W, Yang P, Xiao H, et al. Selective covalent inhibiting JNK3 by
small molecules for Parkinson's diseases. Angew Chem Int Ed Engl.
202463(50):¢202411037.

Wu C, Watts ME, Rubin LL. MAP4K4 activation mediates motor neuron
degeneration in amyotrophic lateral sclerosis. Cell Rep. 2019;26(5):
1143-1156.e5.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

S3.

54.

SS.

S6.

57.

58.

59.

60.

61.

62.

63.

64.

65.

A. Kannan et al.

Plotnikov. MB, Anishchenko AM, Khlebnikov AI, Schepetkin IA.
Regulation of blood-brain barrier permeability via JNK signaling pathway:
Mechanisms and potential therapeutic strategies for ischemic stroke,
Alzheimer's disease and brain tumors. Molecules. 2025;30(11):2353.
Repici M, Borsello T. JNK pathway as therapeutic target to prevent degen-
eration in the central nervous system. Adv Exp Med Biol. 2006;588:145-155.
Cui J, Zhang M, Zhang YQ, Xu ZH. JNK pathway: Diseases and thera-
peutic potential. Acta Pharmacol Sin. 2007;28(5):601-608.

Zhu Y, Shuai W, Zhao M, ez al. Unraveling the design and discovery of
c-Jun N-terminal kinase inhibitors and their therapeutic potential in hu-
man diseases. / Med Chem. 2022;65(5):3758-3775.

Kannan A, Cuartas ], Gangwani P, Branzei D, Gangwani L. Mutation in
senataxin alters the mechanism of R-loop resolution in amyotrophic lateral
sclerosis 4. Brain. 2022;145(9):3072-3094.

Wang W, Shi L, Xie Y, ez al. SP600125, a new JNK inhibitor, protects
dopaminergic neurons in the MPTP model of Parkinson's disease.
Neurosci Res. 2004;48(2):195-202.

Carboni S, Boschert U, Gaillard P, Gotteland JP, Gillon JY, Vitte PA.
AS601245, a c-Jun NH2-terminal kinase (JNK) inhibitor, reduces axon/
dendrite damage and cognitive deficits after global cerebral ischaemia in
gerbils. BrJ Pharmacol. 2008;153(1):157-163.

Zheng K, Park CM, Igbal S, ez 4. Pyridopyrimidinone derivatives as po-
tent and selective c-Jun N-terminal kinase (JNK) inhibitors. ACS Med
Chem Lett. 2015;6(4):413-418.

Ahmad S, Wang Y, Shaik GM, Burghes AH, Gangwani L. The zinc finger
protein ZPR1 is a potential modifier of spinal muscular atrophy. Hum
Mol Genet. 2012;21(12):2745-2758.

El-Khodor BF, Edgar N, Chen A, ¢f 4/. Identification of a battery of tests
for drug candidate evaluation in the SMNDelta7 neonate model of spinal
muscular atrophy. Exp Neurol. 2008;212(1):29-43.

Watson A, Eilers A, Lallemand D, Kyriakis J, Rubin LL, Ham ]J.
Phosphorylation of c-Jun is necessary for apoptosis induced by survival sig-
nal withdrawal in cerebellar granule neurons. J Neurosci. 1998;18(2):
751-762.

Gangwani L, Flavell RA, Davis RJ. ZPR1 is essential for survival and is re-
quired for localization of the survival motor neurons (SMN) protein to
Cajal bodies. Mol Cell Biol. 2005;25(7):2744-2756.

Gangwani L. Deficiency of the zinc finger protein ZPR1 causes defects in
transcription and cell cycle progression. J Biol Chem. 2006;281(52):
40330-40340.

Zheng K, Igbal S, Hernandez P, Park H, LoGrasso PV, Feng Y. Design and
synthesis of highly potent and isoform selective JNK3 inhibitors: SAR stud-
ies on aminopyrazole derivatives. / Med Chem. 2014;57(23):10013-10030.
Zhang T, Inesta-Vaquera F, Niepel M, ez al. Discovery of potent and se-
lective covalent inhibitors of JNK. Chem Biol. 2012;19(1):140-154.
Chambers JW, Pachori A, Howard S, er 4l Small
c-jun-N-terminal kinase (JNK) inhibitors protect dopaminergic neurons
in a model of Parkinson's disease. ACS Chem Neurosci. 2011;2(4):198-206.
Gaillard P, Jeanclaude-Etter I, Ardissone V, et a/. Design and synthesis of
the first generation of novel potent, selective, and in vivo active

molecule

(benzothiazol-2-yl)acetonitrile inhibitors of the c-Jun N-terminal kinase.
J Med Chem. 2005;48(14):4596-4607.

Palmer SS, Altan M, Denis D, e al. Bentamapimod (JNK inhibitor
AS602801) induces regression of endometriotic lesions in animal models.
Rc‘pmd Sez. 2016;23:11-23.

Gangwani L, Mikrut M, Theroux S, Sharma M, Davis R]. Spinal muscular
atrophy disrupts the interaction of ZPR1 with the SMN protein. Nar Cell
Biol. 2001;3(4):376-383.

Gangwani L, Mikrut M, Galcheva-Gargova Z, Davis R]. Interaction of
ZPR1 with translation elongation factor-lalpha in proliferating cells. /
Cell Biol. 1998;143(6):1471-1484.

Lakatos E. Sample sizes based on the log-rank statistic in complex clinical
trials. Biometrics. 1988;44(1):229-241.

Lakatos E. Designing complex group sequential survival trials. Star Med.
2002;21(14):1969-1989.

Bennett BL, Sasaki DT, Murray BW, ez a/. SP600125, an anthrapyrazolone
inhibitor of jun N-terminal kinase. Proc Natl Acad Sci US A. 2001;98(24):
13681-13686.



Pharmacologic JNK inhibition rescues SMA

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Guan QH, Pei DS, Zhang QG, Hao ZB, Xu TL, Zhang GY. The neuro-
protective action of SP600125, a new inhibitor of JNK, on transient brain
ischemia/reperfusion-induced neuronal death in rat hippocampal CA1 via
nuclear and non-nuclear pathways. Brazn Res. 2005;1035(1):51-59.
Yatsushige H, Ostrowski RP, Tsubokawa T, Colohan A, Zhang JH. Role
of ¢c-Jun N-terminal kinase in early brain injury after subarachnoid hemor-
rhage. J Neurosci Res. 2007;85(7):1436-1448.

Cottam NC, Bamfo T, Harrington MA, ez al. Cerebellar structural, astro-
cytic, and neuronal abnormalities in the SMNA7 mouse model of spinal
muscular atrophy. Brain Pathol. 2023;33(5):e13162.

Gerstner F, Wittig S, Menedo C, ez al. Cerebellar pathology contributes to
neurodevelopmental deficits in spinal muscular atrophy. Brain. 2026;149:
840-855.

Tharaneetharan A, Cole M, Norman B, ¢t 4/. Functional abnormalities of
cerebellum and motor cortex in spinal muscular atrophy mice.
Neuroscience. 2021;452:78-97.

Jin L, Zhu ], Yao L, Shen G, Xue BX, Tao W. Targeting SphK1/2 by
SKI-178 inhibits prostate cancer cell growth. Cell Death Dis. 2023;
14(8):537.

Gogliotti RG, Quinlan KA, Barlow CB, Heier CR, Heckman CJ,
Didonato CJ. Motor neuron rescue in spinal muscular atrophy mice de-
monstrates that sensory-motor defects are a consequence, not a cause, of
motor neuron dysfunction. J/ Nexrosci. 2012;32(11):3818-3829.

Gavrilina TO, McGovern VL, Workman E, ez a/. Neuronal SMN expres-
sion corrects spinal muscular atrophy in severe SMA mice while muscle
specific SMN expression has no phenotypic effect. Hum Mol Genet.
2008;17:1063-1075.

Ahmad S, Bhatia K, Kannan A, Gangwani L. Molecular mechanisms of
neurodegeneration in spinal muscular atrophy. / Exp Newurosci. 2016;10:
39-49.

Faccidomo S, Besheer J, Stanford PC, Hodge CW. Increased operant re-
sponding for ethanol in male C57BL/6J mice: Specific regulation by the
ERK1/2, but not JNK, MAP kinase pathway. Psychopharmacology
(Berl). 2009;204(1):135-147.

Ferrandi C, Ballerio R, Gaillard P, ¢z 4/. Inhibition of ¢-Jun N-terminal ki-
nase decreases cardiomyocyte apoptosis and infarct size after myocardial is-
chemia and reperfusion in anaesthetized rats. B»J Pharmacol. 2004;142(6):
953-960.

Guan QH, Pei DS, Liu XM, Wang XT, Xu TL, Zhang GY.
Neuroprotection against ischemic brain injury by SP600125 via suppres-
sing the extrinsic and intrinsic pathways of apoptosis. Brain Res. 2006;
1092(1):36-46.

Rahman M, Zhang Z, Mody AA, Su DM, Das HK. Intraperitoneal injec-
tion of JNK-specific inhibitor SP600125 inhibits the expression of
presenilin-1 and Notch signaling in mouse brain without induction of
apoptosis. Brain Res. 2012;1448:117-128.

Carboni S, Hiver A, Szyndralewiez C, Gaillard P, Gotteland JP, Vitte PA.
AS601245 (1,3-benzothiazol-2-yl (2-[[2-(3-pyridinyl) ethyl] amino]-4 pyr-
imidinyl) acetonitrile): A c-Jun NH2-terminal protein kinase inhibitor
with neuroprotective properties. J Pharmacol Exp Ther. 2004;310(1):
25-32.

Chen X, Wu J, Hua D, et al. The c-Jun N-terminal kinase inhibitor
SP600125 is neuroprotective in amygdala kindled rats. Brain Res. 20105
1357:104-114.

Urrutia A, Rubio-Araiz A, Gutierrez-Lopez MD, ez al. A study on the ef-
fect of JNK inhibitor, SP600125, on the disruption of blood-brain barrier
induced by methamphetamine. Nexrobiol Dis. 2013;50:49-58.

Derijard B, Hibi M, Wu IH, ez 4/. JNK1: A protein kinase stimulated by
UV light and Ha-Ras that binds and phosphorylates the c-Jun activation
domain. Cell. 1994;76(6):1025-1037.

Lessard SJ, MacDonald TL, Pathak P, ¢z a/. JNK regulates muscle remod-
eling via myostatin/SMAD inhibition. Naz Commun. 2018;9(1):3030.
Mulder SE, Dasgupta A, King R], ez a/. JNK signaling contributes to skel-
etal muscle wasting and protein turnover in pancreatic cancer cachexia.
Cancer Lett. 2020;491:70-77.

Xie S-J, Li J-H, Chen H-F, ez al. Inhibition of the JNK/MAPXK signaling
pathway by myogenesis-associated miRNA:s is required for skeletal muscle
development. Cell Death Differ. 2018;25(9):1581-1597.

86.

87.

88.

89.

90.

91.

92.

93.

94.

96.

97.

98.

99.

100.

101.

102.

103.

104.

10s.

106.

107.

108.

BRAIN COMMUNICATIONS 2026, fcag111 | 29

Meijer RI, Hoevenaars FPM, Serné EH, et 4l. JNK2 in myeloid cells im-
pairs insulin's vasodilator effects in muscle during early obesity develop-
ment through perivascular adipose tissue dysfunction. Am J Physiol
Heart Circ Physiol. 2019;317(2):H364-H374.

Sabio G, Kennedy NJ, Cavanagh-Kyros J, et al. Role of muscle c-Jun
NH2-terminal kinase 1 in obesity-induced insulin resistance. Mol Cell
Biol. 2010;30(1):106-115.

Kuan CY, Whitmarsh AJ, Yang DD, ez al. A critical role of neural-specific
JNKS3 for ischemic apoptosis. Proc Natl Acad Sci U S A. 2003;100(25):
15184-15189.

Davis R]. Signal transduction by the JNK group of MAP kinases. Cell.
2000;103(2):239-252.

Hensel N, Kubinski S, Claus P. The need for SMN-independent treat-
ments of spinal muscular atrophy (SMA) to
SMN-enhancing drugs. Front Neurol. 2020;11:45.

Tsai LK. Therapy development for spinal muscular atrophy in SMN inde-
pendent targets. Neural Plast. 2012;2012:456478.

Bowerman M, Becker CG, Yanez-Munoz R], ez 4. Therapeutic strategies
for spinal muscular atrophy: SMN and beyond. Dis Model Mech. 2017;
10(8):943-954.

Giess D, Erdos J, Wild C. An updated systematic review on spinal muscu-

complement

lar atrophy patients treated with nusinersen, onasemnogene abeparvovec
(at least 24 months), risdiplam (at least 12 months) or combination ther-
apies. Eur | Pacediatr Neurol. 2024;51:84-92.

Ottesen EW, Singh NN, Luo D, ez al. Diverse targets of SMN2-directed
splicing-modulating small molecule therapeutics for spinal muscular atro-
phy. Nucleic Acids Res. 2023;51(12):5948-5980.

Ottesen EW, Luo D, Singh NN, Singh RN. High concentration of an
ISS-N1-targeting antisense oligonucleotide causes massive perturbation
of the transcriptome. Int | Mol Sci. 2021;22(16):8378.

Bogoyevitch MA, Boehm I, Oakley A, Ketterman AJ, Barr RK. Targeting
the JNK MAPK cascade for inhibition: Basic science and therapeutic po-
tential. Biochim Biophys Acta. 2004;1697(1-2):89-101.

Bozyczko-Coyne D, Saporito MS, Hudkins RL. Targeting the JNK path-
way for therapeutic benefit in CNS disease. Curr Drug Targets CNS
Neurol Disord. 2002;1(1):31-49.

Zhao Y, Kuca K, Wu W, ez al. Hypothesis: JNK signaling is a therapeutic tar-
get of neurodegenerative diseases. Alzheimers Dement. 2022;18(1):152-158.
Musi CA, Agrd G, Santarella F, Tervasi E, Borsello T. JNK3 as therapeutic
target and biomarker in neurodegenerative and neurodevelopmental brain
diseases. Cells. 2020;9(10):2190.

Gupta S, Barrett T, Whitmarsh AJ, ez al. Selective interaction of JNK pro-
tein kinase isoforms with transcription factors. EMBO J. 1996;15(11):
2760-2770.

Kuan CY, Yang DD, Samanta Roy DR, Davis RJ, Rakic P, Flavell RA. The
Jnk1 and Jnk2 protein kinases are required for regional specific apoptosis
during early brain development. Nexron. 1999;22(4):667-676.

Martin JH, Mohit AA, Miller CA. Developmental expression in the mouse
nervous system of the p493F12 SAP kinase. Brain Res Mol Brain Res.
1996;35(1-2):47-57.

Kumar A, Singh UK, Kini SG, ez al. JNK pathway signaling: A novel and
smarter therapeutic target for various biological diseases. Future Med
Chem. 2015;7(15):2065-2086.

Hess P, Pihan G, Sawyers CL, Flavell RA, Davis R]. Survival signaling
mediated by c-Jun NH(2)-terminal kinase in transformed B lymphoblasts.
Nat Genet. 2002;32(1):201-205.

Lamb JA, Ventura JJ, Hess P, Flavell RA, Davis RJ. JunD mediates survival
signaling by the JNK signal transduction pathway. Mol Cell. 2003;11(6):
1479-1489.

Yamasaki T, Kawasaki H, Nishina H. Diverse roles of JNK and MKK path-
ways in the brain. J Signal Transduct. 2012;2012:459265.

Clavel S, Siffroi-Fernandez S, Coldefy AS, Boulukos K, Pisani DF, Derijard
B. Regulation of the intracellular localization of Foxo3a by stress-activated
protein kinase signaling pathways in skeletal muscle cells. Mol Cell Biol.
2010;30(2):470-480.

Anderson K, Potter A, Baban D, Davies KE. Protein expression changes in
spinal muscular atrophy revealed with a novel antibody array technology.
Brain. 2003;126(Pt 9):2052-2064.



30

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

| BRAIN COMMUNICATIONS 2026, fcag111

Bhujbal SP, Hah JM. Advances in JNK inhibitor development:
Therapeutic prospects in neurodegenerative diseases and fibrosis. Arch
Pharm Res. 2025;48:858-886.

Devi B, Jangid K, Kumar N, Kumar V, Kumar V. Identification of poten-
tial JNK3 inhibitors through virtual screening, molecular docking and mo-
lecular dynamics simulation as therapeutics for Alzheimer's disease. Mo/
Divers. 2024;28(6):4361-4380.

Kim H, Park H, Jun J, ez al. Targeting JNK3 for Alzheimer's disease:
Design and synthesis of novel inhibitors with aryl group diversity utilizing
wide pocket. Eur ] Med Chem. 2025;285:117209.

Wu'Y, Zhao Y, Guan Z, Esmaeili S, Xiao Z, Kuriakose D. JNK3 inhibitors
as promising pharmaceuticals with neuroprotective properties. Cell Adhb
Migr. 2024;18(1):1-11.

Kaifer KA, Villalon E, Osman EY, et /. Plastin-3 extends survival and re-
duces severity in mouse models of spinal muscular atrophy. JCI Insight.
2017;2(5):¢89970.

McGovern VL, Massoni-Laporte A, Wang X, ez al. Plastin 3 expression
does not modify spinal muscular atrophy severity in the 7 SMA mouse.
PLoS One. 2015;10(7):¢0132364.

Long KK, O'Shea KM, Khairallah RJ, ez 4/. Specific inhibition of myosta-
tin activation is beneficial in mouse models of SMA therapy. Hum Mol
Genet. 2019;28(7):1076-1089.

Yeo CJJ, Darras BT. Overturning the paradigm of spinal muscular atrophy
as just a motor neuron disease. Pediatr Neurol. 2020;109:12-19.

Shababi M, Lorson CL, Rudnik-Schéneborn SS. Spinal muscular atrophy: A
motor neuron disorder or a multi-organ disease? J Anat. 2014;224(1):15-28.
Singh RN, Howell MD, Ottesen EW, Singh NN. Diverse role of survival
motor neuron protein. Biochim Biophys Acta Gene Regul Mech. 2017;
1860(3):299-315.

Pilato CM, Park JH, Kong L, ez al. Motor neuron loss in SMA is not as-
sociated with somal stress-activated JNK/c-Jun signaling. Hum Mol Genet.
2019;28(19):3282-3292.

Sansa A, Miralles MP, Beltran M, ez al. ERK MAPK signaling pathway in-
hibition as a potential target to prevent autophagy alterations in Spinal
Muscular Atrophy motoneurons. Cell Death Discov. 2023;9(1):113.
Hensel N, Baskal S, Walter LM, Brinkmann H, Gernert M, Claus P. ERK
and ROCK functionally interact in a signaling network that is compensa-
tionally upregulated in Spinal Muscular Atrophy. Neurobiol Dis. 2017;
108:352-361.

Piras A, Schiaffino L, Boido M, ez /. Inhibition of autophagy delays moto-
neuron degeneration and extends lifespan in a mouse model of spinal mus-
cular atrophy. Cell Death Dis. 2017;8(12):3223.

Tsai LK, Tsai MS, Ting CH, Wang SH, Li H. Restoring Bcl-x(L) levels
benefits a mouse model of spinal muscular atrophy. Nexrobiol Dis.
2008;31(3):361-367.

Vitte JM, Davoult B, Roblot N, ez /. Deletion of murine Smn exon 7 di-
rected to liver leads to severe defect of liver development associated with
iron overload. Am J Pathol. 2004;165(5):1731-1741.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

A. Kannan et al.

Hua Y, Sahashi K, Rigo F, ez a/. Peripheral SMN restoration is essential for
long-term rescue of a severe spinal muscular atrophy mouse model. Nazure.
2011;478(7367):123-126.

Bevan AK, Hutchinson KR, Foust KD, ez 4/. Early heart failure in the
SMNDelta7 model of spinal muscular atrophy and correction by postnatal
scAAV9-SMN delivery. Hum Mol Genet. 2010;19(20):3895-3905.

Heier CR, Satta R, Lutz C, DiDonato CJ. Arrhythmia and cardiac defects
are a feature of spinal muscular atrophy model mice. Hum Mol Genet.
2010;19(20):3906-3918.

Rudnik-Schoneborn S, Heller R, Berg C, ez al. Congenital heart disease is a
feature of severe infantile spinal muscular atrophy. / Med Gener. 2008;
45(10):635-638.

Schreml J, Riessland M, Paterno M, et al. Severe SMA mice show organ
impairment that cannot be rescued by therapy with the HDACI
JNJ-26481585. Eur ] Hum Genet. 2013;21(6):643-652.

Bowerman M, Swoboda KJ, Michalski JP, ez a/. Glucose metabolism and
pancreatic defects in spinal muscular atrophy. Ann Neurol. 2012;72(2):
256-268.

Rudnik-Schoneborn S, Vogelgesang S, Armbrust S, Graul-Neumann L,
Fusch C, Zerres K. Digital necroses and vascular thrombosis in severe
spinal muscular atrophy. Case reports. Muscle Nerve. 2010;42(1):144-147.
Araujo A, Araujo M, Swoboda K]J. Vascular perfusion abnormalities in in-
fants with spinal muscular atrophy. Case reports. J Pediatr. 2009;155(2):
292-294.

Foust KD, Wang X, McGovern VL, ¢t al. Rescue of the spinal muscular
atrophy phenotype in a mouse model by early postnatal delivery of
SMN. Nat Biotechnol. 2010;28(3):271-274.

Gombash SE, Cowley CJ, Fitzgerald JA, ez al. SMN deficiency disrupts
gastrointestinal and enteric nervous system function in mice. Hum Mol
Genet. 2015;24(13):3847-3860.

Chaytow H, Faller KME, Huang YT, Gillingwater TH. Spinal muscular
atrophy: From approved therapies to future therapeutic targets for perso-
nalized medicine. Cell Rep Med. 2021;2(7):100346.

Current and past clinical trials with JNK inhibitors. 2016. http://
adisinsight.springer.com/drugs/800014902,  http://adisinsight.springer.
com/drugs/800015272,  ClinicalTrials.gov  Identifier:NCT01630252,
http://adisinsight.springer.com/drugs/800035766,  http://www.opko.
com/therapeutics/parkinsons/.

A service of the U.S. National Institutes of Health (https://clinicaltrials.
gov). ClinicalTrials.gov Identifiers: NCT01630252, NCT01463852,
NCT02470689, NCT02372630, NCT01905969. 2016.

Mattos W, Khalil N, Spencer LG, e al. Phase 2, double-blind, placebo-
controlled trial of a c-Jun N-terminal kinase inhibitor in idiopathic pul-
monary fibrosis. Am J Respir Crit Care Med. 2024;210(4):435-443.

Wu Q, Wu W, Jacevic V, Franca TCC, Wang X, Kuca K. Selective inhibi-
tors for JNK signalling: A potential targeted therapy in cancer. / Enzyme
Inhib Med Chem. 2020;35(1):574-583. doi:10.1080/14756366.2020.
1720013


http://adisinsight.springer.com/drugs/800014902
http://adisinsight.springer.com/drugs/800014902
http://adisinsight.springer.com/drugs/800015272
http://adisinsight.springer.com/drugs/800015272
http://ClinicalTrials.gov
http://adisinsight.springer.com/drugs/800035766
http://www.opko.com/therapeutics/parkinsons/
http://www.opko.com/therapeutics/parkinsons/
https://clinicaltrials.gov
https://clinicaltrials.gov
http://ClinicalTrials.gov
https://doi.org/10.1080/14756366.2020.1720013
https://doi.org/10.1080/14756366.2020.1720013

	Survival motor neuron protein-independent amelioration of spinal muscular atrophy by pharmacological inhibition of c-Jun-NH2 terminal kinase
	Introduction
	Materials and methods
	Mice
	Behavioural analysis
	Growth analysis
	Motor function analysis
	Muscle strength test

	Primary neuron culture
	Cerebellar granule neurons
	Cell viability assay
	Testing JNK inhibitor compounds for their efficacy in suppressing JNK activity in cultured SMN-deficient neurons
	Spinal cord motor neurons
	Immunofluorescence analysis
	Immunoblot analysis
	Statistical analysis


	Results
	Prevention of degeneration of SMN-deficient neurons by JNK inhibition
	Identification of promising JNK inhibitors drug candidates
	Effect of JNK inhibitors on protecting SMN-deficient neurons
	Effect of JNK inhibitors on protection of the spinal cord motor neurons derived from SMA mice

	Pharmacological inhibition of JNK rescues SMA phenotype in mice
	Treatment with pan-JNK inhibitor SP600125 improves overall growth of SMA mice
	JNK inhibition with SP600125 improves the lifespan of SMA mice
	JNK inhibition with SP600125 improves gross motor function and muscle strength of SMA mice
	Treatment with pan-JNK inhibitor AS601245 improves overall growth of SMA mice
	JNK inhibition with AS601245 improves the lifespan of SMA mice
	JNK inhibition with AS601245 improves gross motor function and muscle strength of SMA mice
	Treatment with high potency JNK3 inhibitor SR12519 improves overall growth of SMA mice
	JNK3 inhibitor SR12519 improves the lifespan of SMA mice
	Inhibition with SR12519 improves gross motor function and muscle strength of SMA mice
	Analysis of outcomes of the combination of data from three JNK inhibitors
	Effect of JNK inhibition on SMN levels in SMA mice

	Discussion
	JNK inhibition prevents degeneration of motor neurons in SMA
	Pharmacological JNK inhibition ameliorates disease severity in severe SMA mice
	SMN-independent amelioration of SMA disease by pharmacological JNK inhibition

	Conclusion
	Supplementary material
	Acknowledgements
	Funding
	Competing interests
	Data availability
	References




