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Background: Spinal muscular atrophy (SMA) is a lower motor neuron disease caused by SMNI. Several clinical trials have
indicated that valproic acid (VPA) benefits a limited number of SMA patients. To clarify the difference in VPA responsive-
ness and elucidate the mechanism, we analyzed gene expression changes by VPA treatment in Japanese pediatric patients us-
ing data from clinical trials.

Methods: To identify VPA responders, we correlated the changes in motor function and survival motor neuron (SMN) pro-
tein levels. To determine the effects of VPA on gene expression profiles, a microarray analysis was performed. The Gene On-
tology (GO) analysis evaluated statistically overexpressed GO terms within a group of genes.

Results: The group with significant improvement showed elevated SMN protein levels following VPA administration,
whereas that with the highest SMN levels at baseline did not improve immediately. GO analysis suggested that specific fac-
tors contributed to the correlation between changes in motor function and the SMN protein levels, including splicing factors
HNRNPC and SNRNP70.
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Conclusions: This is the first study to indicate that the time for VPA effectiveness varies among individuals and is associated

with SMN protein levels at baseline and expression changes in splicing factor genes.

Clinical Trials Registry of the Center for Clinical Trials, Japan Medical Association, a registry of the Japan Primary Regis-

tries Network certified by the World Health Organization as a primary registry (registration numbers: SMARTO1 trial, IMA-
1T A00190; SMARTO2 trial, IMA-IT A00231; SMARTO3 trial, IMA-IT A00259).
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Introduction

Spinal muscular atrophy (SMA) is a progressive lower
motor neuron disease induced by degeneration of anterior
horn cells of the spinal cord, causing trunk and extremity
muscle weakness and atrophy. SMA is ultimately caused
by the survival motor neuron 1 gene (SMNI) located at
chromosome 5q13. The SMN protein is essential for
small nuclear ribonucleoprotein (snRNP) assembly ;'
snRINPs are the core elements of spliceosomes. Previous
studies have suggested that SMN protein deficiency in-
fluences numerous splicing events.”’ Therefore, the splic-
ing pattern of transcripts encoding a protein with critical
functions in motor neuron biology and development may
be altered by changes in snRNP abundance due to SMN
protein depletion,’ contributing to SMA pathology. A
highly homologous gene, SMN2, differs from SMNI by
only five nucleotides, which predominantly produces al-
ternatively spliced transcripts with exon 7 skipping that
are translated into truncated and unstable SMN protein.’
Although SMN2 cannot compensate for loss of SMN1, all
SMA patients have at least one copy of SMN2;° SMN
protein levels correlate with disease severity.’

Increasing the full-length and stable SMN protein lev-
els is the basis of therapeutic strategy. Before developing
new drugs, histone deacetylase (HDAC) inhibitors were
considered since they may promote SMN2 transcription
and eventually increase functional SMN protein levels.
Valproic acid (VPA), used to treat epilepsy, mood disor-
ders, and migraines, has also been assessed as a potential
SMA treatment agent. Human fibroblasts derived from
VPA-treated SMA patients exhibited increased SMN pro-
moter acetylation,®’ modulated splicing factor expres-
sion, *" and elevated full-length SMN messenger RNA
(mRNA) and protein levels."" > A pilot trial observed that
VPA elevated full-length SMN2 mRNA levels in the
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blood in approximately one-third of SMA patients,"

whereas another study reported improved muscle
strength in children rather than adult patients.” Moreover,
clinical trials results suggest that VPA is most efficacious
in younger patients and upon long-term treatment. ™
Furthermore, it has been suggested that individual factors
besides SMN genotype may affect responses to VPA.” As
VPA affects expression of some genes,” it may affect re-
sponsiveness; however, there are no reports of the effects
of VPA on gene expression profiles in SMA patients.

In this study, we analyzed the correlation between
changes in motor function and SMN protein levels fol-
lowing long-term VPA treatment using data from pediat-
ric SMA patients. Further, to elucidate the underlying
mechanism and associated factors of VPA responsive-
ness, we analyzed changes in gene expression profiles
before and after VPA treatment using microarrays and
performed Gene Ontology (GO) analyses, which is a
method for analyzing the relationship between genes of a
gene set by annotating and categorizing a corresponding
molecular function and biological process, to investigate

whether specific genes affect VPA responsiveness.

Materials and Methods

Clinical trials

The SMA Research and Treatment (SMART) clinical
trial comprised three parallel studies. SMARTO1 was an
open-label, uncontrolled, exploratory phase II study.
SMART 02 was a placebo-controlled, double-blind,
parallel-group comparison, confirmatory phase III study.
The participants were randomly assigned to either the
treatment or placebo arm. Either VPA and L-carnitine or
a matched placebo was administered once daily after sup-
per for 32 weeks. SMARTO03, with continuous admini-
stration following SMARTO02, was an open-label, uncon-

trolled phase III trial. The standard protocol for measure-



Table 1. Baseline demographic characteristics of 26
participants.
Characteristic V(II’\IA=g11‘(;l)1p Pla;:l\er: lg?:;)uP
Age (years)
Mean 3.7 3.7
SD 1.7 1.7
Median 3.7 33
Range 1.1-6.8 1.3-6.9
Sex
Male
Female
SMA type
I 3
II 10 13
Disease Duration (years)
Mean 22 1.9
SD 1.9 1.8
Median 1.9 1.6
Range 0-5.7 0.2-6.2

SD, standard deviation; SMA, spinal muscular atrophy;
VPA, valproic acid.

ments is shown in Supplementary Figure 1.

These trials were performed following the instructions
presented by the Pharmaceutical and Medical Devices
Agency in Japan and are registered with the Clinical Tri-
als Registry of the Center for Clinical Trials, Japan Medi-
cal Association, a registry of the Japan Primary Regis-
tries Network certified by the World Health Organization
as a primary registry (registration numbers: SMARTOI1
trial, IMA-IT A00190; SMARTO2 trial, IMA-IT A00231;
SMARTO3 trial, IMA-IT A00259).

Herein, we report an exploratory analysis using the re-
sults of SMARTO02 and SMARTO03, with a focus on
whether VPA improved motor function, increased SMN

protein levels, and influenced gene expression profiles.
Study participants

Twenty-nine Japanese children aged < 7 years with
SMA types I-1II treated at six hospitals in Japan were in-
cluded. All diagnoses for SMA type I or type II with a
homozygous deletion of exon 7 in SMNI were clinically
and genetically confirmed. Based on the classification
system of Kaneko et al.,” the SMA types were further
subtyped (Supplementary Table 1). The progression of
all participants is represented in Supplementary Fig-
ure 2. Table 1 lists the baseline demographic properties
of the 26 participants who completed SMARTO2.

Motor function evaluation

To evaluate gross motor function, the Hammersmith
Functional Motor Scale-Expanded (HFMSE) was used;
the HFMSE comprises 33 items scored 0-66 and has
been specifically validated to evaluate children with
SMA.** Measurements were obtained before week 4
and at weeks 0, 12, 24, 28, 32, 52, 64, 76, and 88 (Sup-
plementary Figure 1).

Classification of participants according to change
in HFMSE score

Participants were classified to define VPA treatment
efficacy by subtracting the best HFMSE score before
treatment from the best HFMSE score at weeks 24, 28,
and 32. Groups A, B, and C were defined as participants
with score difference of over 3, 1-2, and < 0, respectively

(Supplementary Table 1).
Evaluation of SMN protein levels

Otsuki et al.” developed a semi-quantitative analysis
for SMN protein levels. Peripheral blood cells stained
with Alexa Fluor 488-conjugated 2B 1 (Novus Biologi-
cals, Littleton, CO, USA) against human SMN protein
expressed in the classified cell population were detected
using imaging flow cytometry (ImageStreamX Mark II,
Merck, Darmstadt, Germany). SMN spots implied the
presence of functional SMN protein in the cell nucleus.
The percentage of SMN-spot” cells was regarded as the
SMN protein levels. The SMN spot analysis was per-
formed at weeks 0, 8, 24, 32, 36, 52, 64, 76, and 88 as
described (Supplementary Figure 1).”

RNA extraction and microarray

Blood samples were collected using PAXgene blood
RNA tubes before and at week 32 of the trial (Supple-
mentary Figure 1). Total RNA was isolated using the
PAXgene Blood RNA Kit (Qiagen, Hilden, Germany).
Microarray analysis was performed using the Applied
Biosystems ™ GeneChip™ Human Genome U133 Plus
2.0 Array (Thermo Fisher Scientific, Waltham, MA,
USA) comprising 54,675 probe sets representing 38,500

human genes.



Quantitative real-time reverse transcription-

polymerase chain reaction (RT-PCR)

To validate the results of microarray experiments,
quantitative real-time RT-PCR analysis of HNRNPD
(MIM #601324), U2AF2 (MIM #191318), HNRNPC
(MIM #164020), HNRNPH1 (MIM #601035), and
SNPNP70 (MIM #180740) was performed. Complemen-
tary DNA was synthesized using the iScript cDNA Syn-
thesis Kit (Bio-Rad, Hercules, CA, USA). The reverse-
transcribed sample was used for RT-PCR using the Ste-
pOnePlus Real-Time PCR System and TagMan Fast Ad-
vanced Master Mix (Thermo Fisher Scientific). The as-
say IDs are HNRNPD: Hs01086912_m1, U2AF2: Hs
00200737_m1, HNRNPC: Hs01028910_g1, HNRNPH I:
Hs04979572_g1, and SNPNP70: Hs05041646_g1. Each
RT-PCR was performed in triplicate, and mRNA levels
were quantified based on the Ct value, normalized to

GAPDH, and expressed as relative amounts.
Statistical analyses

Differential HFMSE score and protein levels changes
between groups during SMART 02, SMART 03, and
SMARTO02-03 were analyzed using a two-sample 7-test.
SMN protein levels were compared between pre-
treatment and each week using a one-sample #-test. Dif-
ferential changes in gene expression between Groups A
and C were examined using the Wilcoxon exact test. To
evaluate statistically overrepresented GO terms within a
group of genes, Database for Annotation, Visualization,
and Integrated Discovery (DAVID) version 6.7 was
used.” To assess differential splicing factor gene expres-
sion between Groups A and C, a two-sample #-test was

used.
Ethics statement

Participants were recruited with the approval of the
Tokyo Women’s Medical University Ethics Committee
(Approved protocols No. 2709-R). SMART trials were
approved by the Tokyo Women’s Medical University In-
stitutional Review Board [examination Nos. N2015040
(SMARTO02) and N2016024 (SMARTO03)] and by each
participating institution (Toneyama National Hospital ;
Hyogo College of Medicine; Tokyo Women’s Medical

University Yachiyo Medical Center; Kurume University

Hospital; Faculty of Medicine, University of Miyazaki
Hospital). All procedures were conducted according to
the principles described in the Declaration of Helsinki.
Written informed parental consent and written child as-

sent were obtained from all participants.

Results

Table 1 outlines participant baseline characteristics.
Mean patient age in both groups was 3.7 + 1.7 years; dis-
ease duration was 2.2 + 1.9 years and 1.9 = 1.8 years in

the treatment and placebo groups, respectively.
Effects of VPA therapy on HFMSE score

Changes in motor function during each period of
SMARTO02 and SMARTO03 were monitored using the
HFMSE score (Figure 1). HFMSE scores are summa-
rized in Supplementary Table 2. While Group A had a
markedly improved HFMSE score compared with Group
C (p = 0.0177) and the placebo group (p = 0.0463), it
was not significant (but trending) compared with Group
B (p = 0.0629) during SMARTO02 (Figure 1A) but
changed marginally during SMARTO3 (Figure 1B). Al-
though Group C had a rather reduced HFMSE score dur-
ing SMARTO2 compared with that before VPA admini-
stration (Figure 1A), they showed improvements during
SMARTO03. In SMARTO3, there were no significant dif-
ferences in score changes between Groups C and A, de-
spite significant differences during SMARTO2; there was
a significant increase compared with the scores of
Groups B and C (p = 0.0270, Figure 1B). The HFMSE
score changes differed between Group C and the placebo
group (p = 0.0509, Figure 1B); however, they were not
significant. Overall changes from week 0 in SMARTO02
to the end of SMARTO03 were significantly greater for
Group A than for the placebo group (p = 0.0442, data not
shown). In Group B, some participants exhibited in-
creased scores and others exhibited decreased scores;
thus, there was no overall trend in motor function over
time (Supplementary Table 2). Long-term treatment in-
creased the HFMSE score of Group C (Figure 1B, Sup-
plementary Table 2). The specific clinical course of par-
ticipants in Groups A and C are shown in Supplemen-

tary Figure 3.
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Figure 1. Changes in HFMSE score and SMN protein level in the VPA and placebo groups. (Top)

Changes in the HFMSE score during SMART02-SMARTO3. *p < 0.05; *1: p = 0.0177, *2: p = 0.0463,
*3: p = 0.0270, #1 = 0.0629, #2 = 0.0509. (Bottom) Fold-changes in the percent of SMN-spot* cells
during SMARTO02-SMARTO03. Fold-changes were calculated as the ratio of the final value to the initial
value, for each period. *p < 0.05, **p < 0.01, ***p < 0.001; ***4: p = 0.0005, *5: p = 0.017, **6: p =
0.008, **7: p =0.002, *8: p = 0.045, **9: p = 0.0046.
HFMSE, Hammersmith Functional Motor Scale-Expanded; VPA, valproic acid; SMART, SMA Re-

search and Treatment.

Quantitative evaluation of SMIN protein levels

Biomarkers for assessing the phenotype of SMA pa-
tients and therapeutic efficacy of drugs are controver-

1.%* In this study, SMA protein levels were measured

sia
to evaluate the effect of VPA. Changes in SMN protein
levels during each period of SMARTO02 and SMARTO03
were examined (Figure 1). SMN protein analysis results
are summarized in Supplementary Table 3. While SMN
protein levels of Group C were significantly higher than
Groups A (p = 0.0005) and B (p = 0.008) before VPA
treatment (Figure 1C), it was not statistically significant
post-VPA treatment (Supplementary Table 3). SMN
protein levels in Group A were significantly elevated
compared with that in Group C (p = 0.045) and the pla-
cebo group (p = 0.0046) during SMARTO02 (Figure 1D),
although there was no between-group difference during
SMARTO3 (Figure 1E). Overall changes from week 0 in

SMARTO2 to the end of SMARTO03 were significantly
greater for Group A than for the placebo group (p =
0.030, data not shown).

Effects of VPA treatment on gene expression pro-
files

Based on the Wilcoxon exact test, expression changes
from 1,262 probe sets were significantly different be-
tween Groups A and C (p < 0.05). To investigate whether
these probe sets were clustered according to specific
functions, we analyzed the frequency of GO annotations
using DAVID.” The probe sets with different expression
changes between Group A and C displayed significantly
enriched GO terms, including “alternative splicing”
(44.8%, p = 6.45E-13) and “splice variant” (44.7%, p =
1.23E-12; Supplementary Table 4).



Table 2. Microarray and RT-PCR results for differences in splicing factor gene expression changes between Groups A

and C after VPA treatment.

Gene Probe ID Expression Group A Group € p-value
change Mean SD Median Mean SD Median
HNRNPD 221480_at U133 0.99 0.10 1.00 0.77 0.06 0.78 0.0143*
PCR 0.98 0.19 1.05 0.94 0.21 0.91 0.7566
U2AF2 218382_s_at U133 0.87 0.15 0.92 1.32 0.37 1.12 0.0493*
PCR 0.35 0.11 0.37 1.13 1.12 0.70 0.1529
HNRNPC 1568941 _a_at U133 1.06 0.36 1.02 2.92 0.8 2.55 0.0036%*
PCR 0.69 0.08 0.72 1.08 0.38 1.05 0.0607
HNRNPH1 201031_s_at U133 0.99 0.11 0.99 0.78 0.09 0.83 0.0307*
PCR 0.79 0.18 0.81 1.01 0.35 1.08 0.2857
SNRNP70 213121 _at U133 0.76 0.22 0.84 2.11 0.95 2.55 0.0183*
PCR 0.21 0.10 0.18 1.81 1.72 1.56 0.0718

*p <0.05, **p < 0.01; RT-PCR, reverse transcription-polymerase chain reaction; SD, standard deviation; VPA, valproic acid.

VPA

sion

modulates HNRNPC and SNRNP70 expres-

Previous studies have indicated that SMN transcript
splicing is influenced by multiple splicing factors,” and
our microarray analysis indicated the expression change
of some splicing-related genes in response to VPA treat-
ment. Thus, we analyzed 83 splicing factor genes using a
microarray approach (Supplementary Table 5). Accord-
ing to the two-sample r-test, 5 out of 54,675 probe sets
were mapped to 5 genes-HNRNPD, U2AF2, HNRNPC,
HNRNPH I, and SNRNP 70-that were differentially ex-
pressed between Groups A and C (Table 2). Our mi-
croarray results were confirmed using real-time RT-PCR.
Among the five genes, changes in the expression of
HNRNPC and SNRNP?70 differed between Groups A and
C, although no significant difference was observed (Ta-
ble 2), indicating that VPA tends to decrease the expres-
sion of HNRNPC and SNRNP70 in Group A compared to
that in Group C.

Discussion

Clinical trials were conducted to assess VPA as a thera-
peutic candidate for SMA (Table 3). A consensus on its
therapeutic effect has not been established, but VPA im-
proves motor function upon long-term administration in
young patients when treatment is initiated shortly after
the onset of symptoms. Therefore, the age of our target
patients was less than that of patients in previous clinical

trials,”® and the duration of the VPA treatment is the

longest to date. From the perspective of SMA pathogene-
sis, changes in SMN protein levels are thought to affect
muscle strength and motor function. We analyzed the
correlation between changes in motor function and SMN
protein levels. Further, we analyzed gene expression
changes before and after VPA treatment using microar-
rays and performed GO analysis.

Superior efficacies can be achieved by starting treat-
ment immediately after or before onset;” however, Group
A patients, who had a longer disease duration than Group
C patients, exhibited early improvement in motor func-
tion and the efficacy was maintained (Figure 1A, B).
The motor function in Group C patients improved with
continuous VPA treatment. Moreover, some participants
regained motor activity during VPA treatment, despite
the progressive nature of SMA (Supplementary Fig-
ure 3). These observations indicate a time lag in the ef-
fect of VPA on motor function, i.e., these effects were
not only “effective or ineffective” but also “rapid or de-
layed.” Thus, Group A could be defined as “rapid re-
sponders,” Group C as “delayed responders,” and Group
B, which

“intermediate-responders.” Therefore, factors other than

showed  heterogeneous  results, as
patient age and the disease duration may affect the time
lag before the effects of VPA appear.

Changes in the protein levels of Group A suggested
that lower baseline levels enabled a quick increase in re-
sponse to VPA treatment (Figure 1C, D), resulting in the
early improvement in motor function. Conversely, Group
C, which had the highest SMN protein levels before VPA

treatment, demonstrated no change in SMN protein levels



Table 3. Summary of previous clinical trials of VPA targeting SMA patients and the study highlights.

VPA Administration

Results

Participants
Author Clinical Trial SMA Age
type (Years)
Swoboda open-label trial I 2 2-3
(2009) 13 29 2-14
11T 11 2-31
Swoboda randomized, place- IL, 11 61 2-8
(2010) '® bo-controlled, dou- “sitter”
ble-blinded clinical
trial
Kissel open-label trial 11, 11T 33 3-17
(2011) 7 “stand-
ers and
walkers”
Darbar open-label trial II, 11T 22 2-18
(2011) 18
Kissel randomized, place- 11T 33 20-55
(2014) bo-controlled, dou- “ambu-
ble-blind crossover  latory”
trial
Saito open-label trial I 6 2-34
(2015) %
I 1 42
Krosschell open-label trial I 37 0.9-10.6
(2018) 2 (months)
Our study randomized, place- I 3 1.1-6.9
bo-controlled, dou-
ble-blinded clinical I 23

trial

12 months
(15-50 mg/kg/day)

Participants were randomized 1:1
to VPA treatment group or place-
bo group for the first 6 months
and all received VPA for the sub-
sequent 6 months.

(TL: 50-100 mg/dL)

12 months
(TL: 50-100 mg/dL)

12 months
(20 mg/kg/day)

Participants were randomized 1:1
to VPA treatment group or place-
bo group for the first 6 months;
switched to the other group for
the subsequent 6 months.

(10-20 mg /kg/day)

6 months

(TL: 50-100 mg/dL)

6 months
(10-30 mg/kg/day)

Participants were randomized 1:1
to VPA treatment group or place-
bo group for the first 32 weeks
(SMARTO02) and all received
VPA for the subsequent 52
weeks (SMARTO03).

(25.0 mg/kg/day)

Mean MHFMS scores increased in 27
participants with type II; significant im-
provement was especially observed in
participants < 5 years of age. There were
no significant changes in FL-SMN lev-
els, while ASMN levels were significant-
ly reduced at 6 and 12 months in type II
participants.

Post hoc analysis indicated significant
improvement in MHFMS in the young-
est participants (ages 2-3 years) that re-
ceived the VPA treatment over a full
year. There was no significant change
from baseline between both groups at 6
months.

There was no significant change in MH-
FMS-Extend and SMN transcript levels
at either 6 or 12 months.

Participants younger than 6 years had a
better mean HFMS score than partici-
pants older than 6 years.

There was an improvement in the Barth-
el Index for evaluating the daily activi-
ties at the end of the VPA treatment.
There was no significant change in
MVICT in adults.

A significant improvement in MHFMS
was observed in 2-year-old participants,
but no significant changes were ob-
served in the older participants.

No significant impact on either survival
and respiratory function.

Time of VPA effectiveness for motor
function varied among individuals and is
correlated with the SMN protein level at
the baseline and expression changes in
splicing-related genes.

SMA, spinal muscular atrophy; VPA, valproic acid; MHFMS, Modified Hammersmith Functional Motor Scale; HFMS, Hammersmith Functional
Motor Scale; MVICT, maximum voluntary isometric contraction testing; TL, trough level.

during VPA treatment (Supplementary Table 3). The
association between disease duration and SMN protein
levels remains to be determined, but it is estimated that
the shorter the disease duration, the more the SMN pro-
tein levels is conserved, and high baseline SMN protein
levels in Group C were maintained during VPA admini-
stration, perhaps leading to gradually improved motor
function.

Additionally, we investigated factors that influenced
the changes in SMN protein levels, which may be associ-
ated with the time lag that occurs before motor function

improvement. According to the microarray analysis,

1,262 probe sets exhibited significant differences in ex-
pression changes between Group A and C and were char-
acterized by overexpression of splicing-related genes.
Splicing of SMN exon 7 is controlled by numerous splic-
ing factors,” especially a C to T transition in SMN2 exon
7 is identified as the causative exon 7 skipping.”* As
splicing of SMN exon 7 is strongly related to production
of a functional SMN protein, expression changes in
genes that significantly differ between Groups A and C
involved in splicing are especially interesting. Therefore,
we verified whether gene expression changes in splicing

factors differed between Groups A and C. Microarray



and PCR analyses
changes in HNRNPC and SNRNP70 between Groups A
and C (Table 2). HNRNPC encodes heterogeneous nu-
clear ribonucleoprotein (hnRNP) C1/C2 and is a member
of the hnRNP family. In HeLa cells, hnRNP C has no

significant effect on SMN2 splicing,” which is consistent

showed differential expression

with in vitro splicing assay results.” SNRNP70 encodes
U1-70K, a component of Ul snRNP that is essential to
recognize the pre-mRNA 5 splice site.” Downregulation
of U1-70K significantly decreases SMN2 exon 7 inclu-
sion in HEK-293T cells.” Expression of splicing factors
changes depending on the environment and stress, and
pre-mRNA splicing is performed to adapt to the situ-
*% In this study, the expression levels of HNRNPC
and SNRNP70 decreased in Group A and increased in
Group C at 32 weeks post-VPA administration (Table 2).

ation.

While some splicing factors either enhance or silence

pre-mRNA splicing in various genes," "

it remains un-
clear how both factors affect the splicing of SMN2 tran-
scripts. However, HNRNPC and SNRNP70 were affected
by VPA and may have directly or indirectly affected the
rate and extent of their effect on splicing of the SMN2
transcript.

Therapeutic agents against SMA are being constantly
developed, and novel drugs are being administered to pa-

tients.**

However, not all the novel drugs are available
worldwide ;" besides, their cost-effectiveness and long-
term safety are still being discussed and determined.
VPA can be safely administered for a long duration with
monitoring and combined with L-carnitine. A recent sys-
tematic review and meta-analysis of clinical trials have
reported that VPA treatment significantly improved gross
motor function irrespective of carnitine co-administration
and study design; however, the lack of significant im-
provement with the co-administration of carnitine" ne-
cessitates further evaluation of the effects of the con-
comitant use of carnitine and VPA. Nusinersen is the first
approved drug for SMA targeting an intronic-splicing si-
lencer, and not all SMA patients treated have improved
phenotype;" therefore, novel therapeutic approaches are
being explored. VPA and splice-switching oligonucleo-
tide (SSO) for fibroblasts derived from SMA type I pa-
tients showed restoration of full-length SMN2 mRNA
and SMN protein levels when compared with those under

monotherapy with each compound.” The analysis using

LBH589, another HDAC inhibitor, indicated that LBH
589 promoted SMN?2 transcription, leading to augmenta-
tion of the target template pre-mRNA for SSO and result-
ing in elevated exon 7 inclusion and SMN protein lev-
These findings suggest that the HDAC inhibitors

els.”

enhance the function of SMN2 splicing modifier, and the
synergistic effect of combination therapy by the same
mechanism is expected for VPA, indicating the possibil-
ity of combination therapy.

The study has some limitations. The gene expression
was compared only between before and 32 weeks after
VPA treatment, in the final stage of SMARTO2. In addi-
tion, evaluating the changes in the expression of genes,
such as HNRNPC and SNRNP70, over a longer period
during SMARTO02 and SMARTO03, could have helped
validate our speculation on the effects of these factors on
SMN?2 splicing.

Conclusions

Our findings suggested that some SMA patients respond
quickly and effectively to VPA, but the timing of im-
provement in motor function may be affected by the
baseline SMN protein levels. Furthermore, changes in
SMN protein levels following VPA treatment were af-
fected by splicing factors such as HNRNPC and SNRNP
70.
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