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Fukutin (FKTN) c.647+2084G>T creates a pseudo-exon with
a premature stop codon, which causes Fukuyama congenital
muscular dystrophy (FCMD).We aimed to ameliorate aberrant
splicing of FKTN caused by this variant. We screened
compounds focusing on splicing regulation using the
c.647+2084G>T splicing reporter and discovered that the
branchpoint, which is essential for splicing reactions, could
be a potential therapeutic target. To confirm the effectiveness
of branchpoints as targets for exon skipping, we designed
branchpoint-targeted antisense oligonucleotides (BP-AONs).
This restored normal FKTN mRNA and protein production
in FCMD patient myotubes. We identified a functional BP by
detecting splicing intermediates and creating BP mutations
in the FKTN reporter gene; this BP was non-redundant and suf-
ficiently blocked by BP-AONs. Next, a BP-AON was designed
for a different FCMD-causing variant, which induces patho-
genic exon trapping by a common SINE-VNTR-Alu-type retro-
transposon. Notably, this BP-AON also restored normal FKTN
mRNA and protein production in FCMD patient myotubes.
Our findings suggest that BPs could be potential targets in
exon-skipping therapeutic strategies for genetic disorders.

INTRODUCTION
Pseudo-exons are insertions of intronic sequences that are misrecog-
nized as exons by deep intronic genetic variations. These can disrupt
gene products via abnormal amino acid insertion or premature termi-
nation and may cause diseases.1 However, the remaining coding se-
quences are preserved, and the full-length normal gene products
can be restored when the pseudo-exons are repressed. Recently,
such pseudo-exon-type mutations have been reported in many cases
of neuromuscular disorders, including Fukuyama congenital
muscular dystrophy (FCMD, OMIM: # 253800).2

FCMD is an intractable genetic disease characterized by severe
dystrophic muscle wasting from birth or early infancy caused by bial-
lelic defects of the FKTN gene.3 Because of loss of ribitol-5-phosphate
transferase encoded by FKTN,4 patients with FCMD lack glycosylated
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forms of a-dystroglycan (a-DG) and are described as having a-dys-
troglycanopathy.5 The deep intronic point mutation c.647+
2084G>T (ClinVar: VCV000496331.7) creates a new splicing donor
site in intron 5 and causes aberrant splicing to include a 64-bp
pseudo-exon, which results in a frameshift and premature termina-
tion codon formation, leading to severe FCMD.6,7

We have been attempting to treat genetic disorders caused by pseudo-
exons using small-molecule compounds with exon-skipping activity.
Exons are defined by at least three essential splicing elements (50 splice
site, 30 splice site, and branchpoint), which are recognized by U1 small
nuclear ribonucleoprotein particles (snRNPs),8 U2 snRNP auxiliary
factor (U2AF),9 and U2 snRNP,10 respectively. Exons are further
determined by additional splicing regulators, such as exonic and in-
tronic splicing enhancers (ESEs and ISEs, respectively) and exonic
and intronic splicing silencers (ESSs and ISSs, respectively). These
regulators are recognized by serine/arginine-rich (SR) proteins, which
positively regulate exon recognition, and heterogeneous nuclear ribo-
nucleoproteins (hnRNPs), which negatively regulate exon recogni-
tion.11 In principle, exon skipping can be achieved by inhibiting
essential splicing elements or ESEs/ISEs. Genes with repetitive ele-
ments or unwanted exons, such as pseudo-exons, are good targets
for exon skipping as a therapeutic strategy to recover full or partial
gene products. Exon-skipping therapeutics using antisense oligonu-
cleotides (AON) have already been approved in the US and Japan
The Authors.
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Identification of SF3B1 inhibitors as potent agents for suppressing the c.647+2084G>T-induced pseudo-exon of FKTN

(A) Diagram of the FKTN splicing reporter, FKTN minigene of exon 5–6 with intron 5 (wild type), or exon 5–6 with c.647+2084G>T-harboring intron 5 (mutated type) with a

HiBiT tag. Filled arrows indicate primers for RT-PCR. (B and C) HEK293 cells were transfected with the wild-type or mutated reporter for 24 h. The luminescence value was

quantified by relative luminescence units (RLUs) generated by the C-terminal HiBiT tag using the Nano-Glo HiBiT Lytic Detection System (B). Pseudo-exon expression was

confirmed using RT-PCR (C). The larger band corresponds to the 64-bp pseudo-exon inclusion between exons 5 and 6. (D and E) HEK293 cells were transfected with the

wild-type or mutated reporter for 4 h and treated with TG003 (30 mM) or DMSO for 24 h. DMSO was used as a negative control because it was used as a solvent for the

compounds. The effect of TG003 was confirmed by HiBiT assay (D) and RT-PCR (E). The NanoLuc luciferase activity of TG003 was 1.7-fold higher than that of DMSO. (F)

Scatterplot of the fold change of RLUs using the FKTN splicing reporter in focused library screening. (G) RT-PCR analysis of the FKTN splicing reporter with SF3B1 inhibitors

(10 mM) and DMSO in HEK293 cells after 24 h. (H) HiBiT assay using the FKTN splicing reporter with pladienolide B (1–10 nM), GEX1A (1–100 nM), and FR901464 (1–10 nM).

(I) SF3B1 inhibitor effect in patient-derivedmyotubes with the FKTN c.647+2084G>Tmutation. RT-PCR analysis was performed using pladienolide B (1, 3, or 10 nM), GEX1A

(10, 30, or 100 nM), FR901464 (1, 3, or 10 nM), or DMSO. Filled arrows indicate primers for RT-PCR. Data are shown as mean ± SD (n = 4). ***p < 0.001, calculated by t test

using Welch’s two-sample t test.
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to treat Duchenne muscular dystrophy and are intensively investi-
gated for other diseases.12

We have achieved promotion of exon skipping using small-molecule
inhibitors of CDC-like kinases (CLKs), which inactivate SR proteins
by inhibiting serine phosphorylation in their carboxy-terminal argi-
nine/serine-rich domain in disease models of cystic fibrosis (caused
by CFTR c.3718-2477C>T),13 Duchenne muscular dystrophy (caused
by DMD c.4303G>T),14,15 and anhidrotic ectodermal dysplasia with
immunodeficiency (caused by IKBKG c.518+866C>T).16 In addition,
small-molecule compounds inhibiting splicing factor 3b (SF3b) com-
plex, which is a major component of U2 snRNPs, are known to induce
exon skipping.17 To determine the best exon skipping strategy for the
pseudo-exon caused by the FKTN c.647+2084G>T mutation, we
created a high-sensitivity luminescent splicing reporter and screened
our custom compound library with a focus on RNA splicing regulation.
Here, we discovered that the branchpoint could be a potential thera-
peutic target. We designed branchpoint-targeted AONs (BP-AONs)
and confirmed the effectiveness of BPs as targets for exon skipping.
RESULTS
Generation of the FKTN splicing reporter system

We constructed novel splicing reporters to analyze the splicing
pattern of the pseudo-exon created by FKTN c.648+2084G>T varia-
tion, screened compounds, and recapitulated the abnormal splicing
pattern in an efficient and highly quantitative manner. FKTN gene
fragments, including exons 5 and 6 with intron 5 in between,
harboring either the G (wild-type) or the T (mutant) allele in intron
5, were fused in frame with a HiBiT tag, which emits bright lumines-
cence upon incubation with LgBiT fragments and substrates (Fig-
ure 1A). In this system, the normal splicing reporter (skipping the
pseudo-exon in intron 5) exhibited high NanoLuc luciferase activity,
whereas the pathogenic splicing reporter (including the pseudo-exon)
did not (Figure 1B). This difference between pathogenic and wild-
type splicing reporters was considered adequate for screening com-
pounds (z’ factor = 0.90). The consistency of the FKTN splicing
reporter was confirmed by RT-PCR. The larger band corresponding
to the pseudo-exon inclusion was dominantly expressed in the
mutated-type reporter, which was consistent with previously reported
Molecular Therapy: Nucleic Acids Vol. 33 September 2023 405
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findings (Figure 1C).6,7 Using this splicing reporter system, we then
examined the effect of TG003, a CLK inhibitor, which has been re-
ported previously as an exon-skipping agent.14,16,18 NanoLuc lucif-
erase activity was 1.7-fold higher with TG003 treatment than with
DMSO (Figure 1D). The exon-skipping effect of TG003 was
confirmed by RT-PCR and was consistent with the HiBiT assay
results (Figure 1E). The results confirmed that our HiBiT reporter
system sensitively recaptured the amount of pseudo-exon skipping
in the presence of TG003; thus, we moved on to compound screening
using this system.
SF3B1 inhibitors were identified as highly potent rectifiers of

aberrant splicing

To explore small-molecule compounds that induce pseudo-exon
skipping of FKTN mRNA, we screened 327 compounds from a
customized compound library focused on chemicals targeting
splicing-regulatory elements and found three SF3B1 inhibitors to be
highly potent candidates that could restore the normal splicing prod-
uct. Our library consisted of our original chemicals and commercially
available compounds, including SR protein kinase inhibitors, such as
CLK and SR protein kinase (SRPK) inhibitors; splicing modulators,
such as RECTAS19; SF3B1 inhibitors and RNA binding motif 39
(RBM39) degraders; and TG003 as a positive control (Table S1).
We found that CLK inhibitors with a structure similar to TG003
showed 3- to 5-fold higher relative light units (RLUs) compared
with that of DMSO. Moreover, we found extremely high RLUs (80-
to 150-fold) in pladienolide B-,20 GEX1A-,21 and FR901464-treated
cells (Figure 1F),22 all of which were classified as SF3B1 inhibitors.
In addition, we performed a 2-(2-methoxy-4-nitrophenyl)-3-(4-
nitrophenyl)-5-(2,4-disulfo-phenyl)-2H-tetrazolium, monosodium
salt (WST-8) cell proliferation assay to assess cytotoxicity. We found
that RLUs in TG003, pladienolide B, GEX1A, and FR901464 showed
0.76-fold, 0.74-fold, 0.67-fold, and 0.70-fold changes, respectively,
compared with DMSO (Figure S1). These results demonstrated that
SF3B1 inhibitors did not significantly affect cell viability at this
concentration.

The effects of these compounds were confirmed by RT-PCR (Fig-
ure 1G). The dose-dependent effects of these compounds were eval-
uated. The luminescence values of pladienolide B, GEX1A, and
FR901464 gradually increased to 68.7-fold at 3 nM, 76.8-fold at
100 nM, and 45.1-fold at 3 nM, respectively, compared with the
DMSO control (Figure 1H).

To evaluate the efficacy of pseudo-exon skipping under more
physiological conditions, we cultured myotubes from patient-
derived myoblasts carrying the c.647+2084G>T variant of the
FKTN gene (G>T myotubes) (Figure 1I). We confirmed a 64-bp
pseudo-exon insertion between exons 5 and 6 in FKTN mRNA
from G>T-myotubes by RT-PCR and direct sequencing (data
not shown) and then examined the effect of SF3B1 inhibitors on
FKTN pseudo-exon skipping. Similar to the FKTN splicing
reporter results, SF3B1 inhibitors induced FKTN pseudo-exon
406 Molecular Therapy: Nucleic Acids Vol. 33 September 2023
skipping and restored the normal splicing pattern in FKTN
mRNA exons 5 and 6 (Figure 1I).
SF3B1 inhibitors induce multiple exon-skipping in G>T

myotubes

SF3B1 inhibitors directly interfere with the interaction between pre-
mRNA and the U2snRNP complex and have global effects on
splicing in a time- and dose-dependent manner, resulting in dra-
matic alterations in transcriptional dynamics.17,20,23 RT-PCR result
showed that the band intensities of the inclusion and skipped forms
at the 10-nM dose of FR901464 were faint compared with those at
the 3-nM dose in G>T myotubes (Figure 1I). This indicated that
higher doses of FR901464 reduced total transcripts, reflecting global
splicing alteration. Therefore, we assessed the splicing patterns of
other exons in the FKTN gene in myotubes to check the effect of
SF3B1 inhibitors by RT-PCR with different primer sets. Several
aberrantly spliced products were detected by RT-PCR of exons 5–
10, such as skipping of exons 7, 8, and 9 in combination, in addition
to pseudo-exon inclusion (Figure 2A). Because SF3B1 inhibitors
induce skipping of exons other than the pseudo-exon at high con-
centrations, SF3B1 inhibitors have limited therapeutic windows
for treating the FKTN c.647+2084G>T variant, although BP inhibi-
tion was found to be effective for pseudo-exon skipping. Therefore,
we designed AONs specifically targeting the BP upstream of the
pseudo-exon.
AON#1 and AON#2 restored correct splicing of the mutant allele

and increased glycosylated a-DG expression in G>T myotubes

BPs are generally located within 18–50 nt upstream of the 30 splice
site (hereafter called “BP window”) and are mostly adenines.24,25 To
search for promising target sequences, we designed three different
AONs that covered all adenines located in the BP window upstream
of the pseudo-exon (Figure 2B). We transfected patient-derived
myoblasts with AON#1, AON#2, and AON#3 at two concentrations
(30 and 100 nM) and differentiated them into myotubes for 4 days.
AON#1 and AON#2 skipped pseudo-exons in 5-P-6-7-8-9-10 and
5-P-6-10 isoforms in a dose-dependent manner and increased
5-6-7-8-9-10 and 5-6-10 skipped isoforms, respectively, indicating
that AON#1 and AON#2 skipped the pseudo-exons without
affecting other exon composition (Figure 2C). The spliced ratios
(full length/total isoform) of AON#1 and AON#2 gradually
increased to 0.63 and 0.53 at 100 nM. Next, we tried to assess
whether AON#1 could restore functional FKTN protein, but we
could not detect FKTN protein with commercially available anti-
FKTN antibodies. Instead, we used a-DG glycosylation, a hallmark
of FCMD pathomechanisms, as a surrogate marker to confirm the
possible therapeutic effect of AON#1. We used myoblasts from a
congenital myopathy patient (CMP) without abnormal FKTN as a
reference. Western blotting showed an increase in glycosylated
a-DG protein compared with the mock control (Figure 2D). Immu-
nofluorescence staining also showed an immense increase in glyco-
sylated a-DG levels (Figure 2E), indicating that BP-AONs restored
functional FKTN levels.



Figure 2. BP-AON induced pseudo-exon skipping of FKTN mRNA

(A) RT-PCR analysis for FKTN exons 5–10 in patient-derivedmyotubes with a c.647+2084G>T in the presence of SF3B1 inhibitors. Filled arrows indicate primers for RT-PCR.

(B) AON design targeting BPs upstream of the pseudo-exon. Adenines located within the 18- 50-nt window from the pseudo-exon are colored red. (C) RT-PCR analysis was

performed with AON#1, AON#2, AON#3 (30 or 100 nM), or mock. The full length (FL)/total splice ratio was quantified using intensity analysis. (D) Western blotting of gly-

cosylated a-dystroglycan (a-DG) in patient-derived myotubes treated with AON#1 (100 nM) or mock. b-Dystroglycan (b-DG) was used as a loading control. (E) Patient-

derived myotubes showing a-DG glycosylation (clone IIH6, green) andmyosin heavy chain (clone MF20, magenta) after treatment with AON#1 (100 nM) or mock. Scale bars,

50 mm. (F) Schematic of divergent primers for lariat introns in the FKTN splicing reporter upstream of the pseudo-exon, where “A” denotes the BP. RT-PCR detected

branched structures of introns (yellow). (G) RT-PCR results for the lariat intron. (H) BPs were detected using TA cloning and Sanger sequencing. The main BP, BP2, the

adenine located 38 bp from the pseudo-exon, is shown selectively. (I) Diagram showing FKTN-mutated, BP1-mutated (BP1-M), and BP2-mutated (BP2-M) reporters. RT-

PCR analysis revealed skipping of the pseudo-exon in BP2-M. Data represent the mean ± SD (n = 4). **p < 0.01 and ***p < 0.001, calculated usingWelch’s two-sample t test

or one-way ANOVA with independent post hoc Tukey’s multiple-comparisons test.
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Identification of BPs from lariat introns

Given that AON#1 and AON#2 were more effective than AON#3,
we mapped which adenines were actually used for a BP in inclu-
sion of this pseudo-exon. We performed RT-PCR for the lariat
intron and sequenced RT-PCR products derived from the reporter.
We designed divergent primers upstream of the pseudo-exon to
detect lariat introns across BPs (Figure 2F) and successfully de-
tected RT-PCR products of the expected size (Figure 2G). The
Molecular Therapy: Nucleic Acids Vol. 33 September 2023 407

http://www.moleculartherapy.org


Figure 3. BP-AON effect in myotubes derived from a patient with FCMD with homozygous SVA retrotransposon insertions

(A) Representation of abnormal splicing in FKTN with SVA retrotransposon insertions and AON design targeting one possible non-redundant BP (SVA-AON). Shown is a

schematic of primers for abnormal RT-PCR products (black arrow) and corrected RT-PCR products (gray arrow). (B) qRT-PCR of aberrant splicing and corrected splicing in

myotubes treated with SVA-AON (30, 100, or 300 nM) or mock. b2-Microglobulin was used as an internal control. Data are shown as mean ± SD (n = 3). (C) Western blot of

glycosylated a-DG treated with SVA-AON (100 nM) or mock. b-DG was used as a loading control. (D) Patient-derived myotubes showing a-DG glycosylation (clone IIH6,

green) andmyosin heavy chain (clone MF20, magenta) after treatment with SVA-AON (100 nM) or mock. Scale bars, 50 mm. Data represent the mean ± SD (n = 4). *p < 0.05,

**p < 0.01, and ***p < 0.001, calculated using Welch’s two-sample t test or one-way ANOVA with independent post hoc Tukey’s multiple-comparisons test.
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PCR products were cloned into TA cloning vectors to sequence
a total of 34 TA clones (Figure 2H). Three clones (9%) used
an adenine located 46 bp from the pseudo-exon (BP1;
c.647+1969A), and 26 clones (76%) used an adenine located
38 bp from the pseudo-exon (BP2; c.647+1977A) as a BP. The re-
maining five clones (15%) were BPs induced by cryptic 50 splice
sites. These results demonstrated that BP2 was predominantly
used for pseudo-exon inclusion induced by the c.647+2084G>T
variant in the splicing reporter.

BPs are weakly conserved, and BP multiplicity or redundancy occurs
frequently.26 To determine whether BP2 destruction results in
pseudo-exon skipping, we created a BP1- and BP2-mutated reporter
(BP1-M and BP2-M, respectively) by replacing the adenine with a
thymidine (c.647+1969A>T and c.647+1977A>T) in the mutated re-
porter (Figure 2I). The A-to-T substitution at BP2 completely sup-
pressed the pseudo-exon, whereas that at BP1 did not. These results
indicate that the FKTN pseudo-exon is highly dependent on BP2.
408 Molecular Therapy: Nucleic Acids Vol. 33 September 2023
This was consistent with the result that AON#1 and AON#2 had a
stronger effect than AON#3 because BP2 was covered by AON#1
and AON#2 but not by AON#3.

Design of a BP-AON against FCMD with homozygous SINE-

VNTR-Alu retrotransposon insertions

To further evaluate whether BP-AONs could be applied to other mu-
tations, we designed a BP-AON for the SINE-VNTR-Alu (SVA)-type
retrotransposon insertion mutation in FCMD, which induces aber-
rant splicing by SVA exon trapping.27 There was only one adenine
located within the BP window from the cryptic acceptor site. Hence,
we designed an AON-targeting adenine (SVA-AON) (Figure 3A).

SVA-AON also rectifies aberrant splicing and glycosylation of

a-DG in patient-derived myotubes with homozygous SVA

retrotransposon insertions

We transfected confluent patient-derived myoblasts with homozy-
gous SVA retrotransposon insertions using SVA-AON at different
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concentrations (30, 100, or 300 nM) and differentiated them into my-
otubes for 4 days. Quantitative reverse-transcriptase PCR (qRT-PCR)
showed that SVA-AON suppressed aberrant splicing in a dose-
dependent manner by up to 56% and increased the number of
correctly spliced transcripts by 493% at 300 nM (Figure 3B). Western
blotting of glycosylated a-DG showed a significant shift toward a
higher molecular weight compared with the mock control, indicating
successful functional restoration of the FKTN protein (Figure 3C).
Immunofluorescence staining also showed an immense increase in
glycosylated a-DG levels (Figure 3D). These results demonstrated
that the BP-targeting strategy also worked for the SVA-type FKTN
variant.

DISCUSSION
In this study, we demonstrated that BPs could be potential targets for
exon-skipping therapeutic strategies to treat genetic disorders. This
report presents the first successful case of splicing correction by
AON-based targeting of BPs.We identified SF3B1 inhibitors as highly
effective compounds that promoted pseudo-exon skipping. The effect
of SF3B1 inhibitors wasmuch higher than that of other splicingmodi-
fication compounds, including our own CLK inhibitors, and SF3B1
inhibitors skipped the pseudo-exon in FKTNG>Tmyotubes. Howev-
er, higher concentrations of SF3B1 inhibitors skipped not only the
pseudo-exon but also other exons, resulting in degradation of
FKTN mRNA. Thus, we designed the AON to block the BP
specifically.

BP motifs are variable and redundant26 and have not been considered
good targets for exon-skipping AONs. We hypothesized that, if we
could determine and block functioning BPs with AONs, then we
could efficiently skip pseudo-exons. We performed several experi-
ments to determine a functional BP from adenine residues that could
be used as BPs and discovered that BP2 of the FKTN pseudo-exon was
the only BP actually used and that nucleotide substitution of BP2
completely skipped the pseudo-exon. These observations indicated
that the pseudo-exon depended on a single functional BP, BP2, which
was the reason why only AON#1 and AON#2 efficiently skipped the
pseudo-exon. For abnormal splicing caused by SVA-type retrotrans-
poson insertions in the 30 UTR, there was only one adenine that could
be used as a BP. SVA-AON covered the adenine and sufficiently in-
hibited the abnormal exon trapping caused by the SVA insertions.

Determination of functional BPs is important, and their inhibition
may lead to effective exon skipping. Recent progress in computational
technologies has enabled us to predict BPs.28 For the FKTN
c.647+2084G>T variant, SVM-BPfinder25 and RNABPS (RNA
Branch Point Selection)29 predicted BP2 as a BP with high probabil-
ity, which was consistent with our results. As the accuracy of such pre-
diction programs improves, they can also be used in AON design in
the future.

Recently, several AONs to treat Duchenne muscular dystrophy
(DMD) have been approved and are clinically available in several
countries.30–33 AONs for exon skipping, including those currently
under development, target ESEs or splice sites, and no AONs target
BPs.12 However, there are several potential advantages to targeting
BP. First, BP-AONs can be highly specific because BP motifs are de-
generated and diverse. In RNA sequencing (RNA-seq) analysis, in-
tronic off-target sites have been reported to be much fewer than
off-target sites detected within exons.34 Second, it is relatively easy
to design AONs targeting BPs compared with those targeting ESEs
or splice sites. The current major approach is AON walking, which
creates dozens of AONs that cover all possible splicing-regulatory
elements around exons overlapping each other. For example, in
NS-065/NCNP-01, an AON for DMD, 38 AONs were designed in
the first screening.35 Because BPs are usually located within nucleo-
tides 18–50 bases upstream of a 30 splice site,24,25 and the residue is
adenine, we can easily find possible BPs to use for the target exon.

In the case of the FKTN c.647 + 2084G>T mutation, the screened
compounds were not suitable for therapeutic use. However, we found
that the BP is a good target for exon skipping. Splicing modulator
screening is an effective way to determine which splicing-regulatory
elements are engaged in exon recognition and should be inhibited
to induce efficient exon skipping.When SF3B1 inhibitors are effective
in compound screening, determination of the functional BP will
enable us to design BP-AONs that are appropriate and efficient for
exon skipping.

In summary, our findings suggested that the splicing BPs, which have
been largely ignored as treatment targets, may be appropriate targets
for exon skipping. Our novel AON design strategy will help us
develop new AON-based therapeutics for many genetic disorders.
MATERIALS AND METHODS
Patients

Three patients in this study provided written informed consent for
muscle biopsy samples following the Declaration of Helsinki proto-
cols. Myoblast cultures from three patients were obtained from
muscle biopsies. The establishment and use of patient myoblasts
were approved by the institutional ethics committee of National Cen-
ter of Neurology and Psychiatry, and Kyoto University Graduate
School of Medicine.
Compounds

TG003 was prepared as described previously.18 Briefly, TG003 was
dissolved in DMSO (Sigma-Aldrich, St. Louis, MO, USA). Some
compound libraries were provided by the Medical Research Support
Center, Kyoto University Graduate School of Medicine. FR901464
(catalog number A12702) was purchased from Adooq Biosciences
(Irvine, CA, USA). Pladienolide B (catalog number sc-391691) was
purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
GEX1A (catalog number 25136) was purchased from Cayman Chem-
ical (Ann Arbor, MI, USA). The compounds were dissolved in DMSO
at 50 mM, with the exception of FR901464, pladienolide B, and
GEX1A, which were dissolved at 1 mM. All compounds were kept
at �80�C.
Molecular Therapy: Nucleic Acids Vol. 33 September 2023 409
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Cell culture

HEK293 cells (human embryonic kidney cells; American Type Cul-
ture Collection, Manassas, VA, USA) were maintained in high-
glucose Dulbecco’s modified Eagle’s medium (Nacalai Tesque, Kyoto,
Japan) supplemented with 10% fetal bovine serum (Sigma-Aldrich),
100 units/mL penicillin, and 100 mg/mL streptomycin (Nacalai Tes-
que). Myoblasts were maintained in Dulbecco’s modified Eagle’s
medium/nutrient mixture F-12 medium (Thermo Fisher Scientific,
Waltham, MA, USA) supplemented with 20% fetal bovine serum
(Sigma-Aldrich), 100 units/mL penicillin, and 100 mg/mL strepto-
mycin (Nacalai Tesque). Myotubes were obtained from confluent
myoblast cultures after 4–7 days of serum deprivation and replace-
ment with 5% horse serum (Thermo Fisher Scientific). The cells
were grown at 37�C with 5% CO2 under humid conditions in a tissue
culture incubator.

Reporter construction

We constructed FKTN splicing reporters as described in Figure 1A. A
human FKTN genomic DNA fragment spanning exons 5–6 with or
without a mutation of c.647+2084G>T with a carboxyl-terminal Hi-
BiT tag was synthesized by Eurofins Genomics (Tokyo, Japan) and
cloned into pcDNA3.1. The HiBiT sequence was provided by Prom-
ega (Madison, WI, USA). BP2-mutated cells were introduced using a
PCR-based method36 on the pGEM-T Easy vector (Promega).

HiBiT assay, cell viability assay, and transfection

For the HiBiT assay, HEK293 cells (4.0 � 106 cells in a 10-cm dish)
were transfected with the FKTN splicing reporter using FuGENE
HD transfection reagent (Promega). Four hours after transfection,
cells were seeded into a 96-well plate (5.0 � 104 cells/well) and incu-
bated with compounds or DMSO (negative control) for 24 h. Lumi-
nescence was subsequently measured using the Nano Glo HiBiT Lytic
Detection System according to the manufacturer’s instructions
(Promega). Cell viability was determined by the WST-8 Cell Prolifer-
ation Assay Kit (Nacalai Tesque). WST-8 was added to each well for
1 h before measurement, following the manufacturer’s instructions.
Three biological replicates were used for each assay.

RNA isolation and RT-PCR

Total RNA was isolated using the RNeasy Mini Kit (QIAGEN, Hil-
den, Germany), followed by DNase treatment, according to the man-
ufacturer’s instructions. Reverse transcription was conducted using
PrimeScript reverse transcriptase (Takara Bio, Shiga, Japan)
(HEK293 cells) or SuperScript IV reverse transcriptase (Thermo
Fisher Scientific) (all myoblasts) and oligo(dT)20 primers or gene-
specific primers (50-CCA TTG GGT TGC ACA TTG GG-30) (FKTN-
mRNA of FCMD patient myoblasts with a mutation of c.647+
2084G>T) and random hexamers (Takara Bio) (lariat introns in the
FKTN splicing reporter), followed by PCR with Ex Taq polymerase
(Takara Bio). The RT-PCR products were separated by electropho-
resis. Ethidium bromide-stained images were captured using
ChemiDoc (Bio-Rad, Hercules, CA, USA) and analyzed using the Im-
age Lab software (Bio-Rad). The following primers were used for
semi-quantitative RT-PCR: 50-GCA CGG CCA CTT GAG ACT
410 Molecular Therapy: Nucleic Acids Vol. 33 September 2023
TA-30 (forward primer of FKTN exon 5 for HEK293 cells), 50- CGA
AAT CTT CTT GAA CAG CCG CC-30 (reverse primer of HiBiT
for HEK293 cells), 50-CGT TAT CCA GGA GCT TTT GAC AG-30

(forward primer of FKTN exon 5 for myoblasts), 50-TGC TCG
AGC TTC TTT ATA CCT ACA-30 (reverse primer of FKTN exon
6 for myoblasts), 50-GCT TCC AGT CCC ACG TCT TT-30 (reverse
primer of FKTN exon 10 for myoblasts), 50-GTG AGA AAC AGT
TAT TTG AAG GAA C-30 (forward primer for lariat introns in the
FKTN splicing reporter), and 50-CAA GAA TTA TGA CTG AAC
AAC ACT CA-30 (reverse primer for lariat introns in the FKTN
splicing reporter).

qRT-PCR

qRT-PCR was performed using PowerUp SYBR Green Master Mix
(Thermo Fisher Scientific) according to the manufacturer’s protocol.
The data were normalized to b2-microglobulin expression. The
following primers were used for qRT-PCR: 50-TGT ACC CTG
TGA AAC CCT CG-30 (forward primer for abnormal splicing in
FKTN with SVA retrotransposon insertions), 50-GAA AAC CAG
TGA GGC GTA GC-30 (reverse primer for abnormal splicing in
FKTN with SVA retrotransposon insertions), 50-GCA ACC CAA
TGG AAT CTG GC-30 (forward primer for corrected splicing in
FKTN with SVA retrotransposon insertions), 50-TGG TTC CCA
CTT ATG TTT GAC A-30 (reverse primer for corrected splicing in
FKTN with SVA retrotransposon insertions), 50-CCA CTG AAA
AAG ATG AGT ATG CCT-30 (forward primer for b2-microglobu-
lin), and 50-CCA ATC CAA ATG CGG CAT CTT CA-30 (reverse
primer for b2-microglobulin).

AON design and composition

AONs were designed to target the BP and synthesized in 20-O-methyl
phosphorothioate (Integrated DNA Technologies, Coralville, IA,
USA) as follows: AON#1, 50- CUAGGUUAGAAACUUCAUACUC
CAA-30; AON#2, 50-AAUAAAAGGAACAAUUCUAGGUUAG-30;
AON#3, 50-AAAGGAGAAUAAAAGGAACA-30; SVA-AON, 50-AG
AGGGAGACAGUGGAGGGAGAGGG-30. RNAiMaX (Thermo
Fisher Scientific) was used as the transfection reagent in Opti-MEM
(Thermo Fisher Scientific). For transfection, myoblasts were seeded
in a 24-well plate (2.0 � 105 cells per well) or 10-cm dish
(4.0 � 106 cells) in growth medium to reach 80%–100% confluence
on the following day. Myoblasts were then transfected for 4 h accord-
ing to the manufacturer’s instructions and changed to differentiation
medium for myotube differentiation.

Western blotting

For western blot analysis, myotubes were collected from a 10-cm dish
in 200 mL lysis buffer (20 mM Tris [pH 8.0], 150 mM NaCl) contain-
ing 2% Triton X-100 and protease inhibitors, sonicated, and kept at
4�C for 2 h. Samples were spun down for 5 min at 10,000 rpm. The
supernatant fluid was solubilized in 1.8 mL lysis buffer and incubated
in 60 mL wheat germ agglutinin (WGA)-agarose (J-Chemical, Tokyo,
Japan). The following day, the WGA beads were washed three times
with 0.2% Triton in lysis buffer and heated to 95�C for 5 min with
60 mL of sample buffer (Nacalai Tesque). The samples were
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electrophoresed on a 7.5% SuperSep Ace Gel (Wako Pure Chemicals
Industries, Osaka, Japan) and transferred to polyvinylidene fluoride
(PVDF) membranes (Pall, Port Washington, NY, USA). Antibody
reactions were performed using Can Get Signal Immunoreaction
Enhancer Solution (Toyobo, Osaka, Japan). Primary antibody incu-
bation was performed at 4�C overnight, and secondary antibody in-
cubation was performed at 25�C for 1 h. Peroxidase activity was visu-
alized using ImmunoStar LD (Wako Pure Chemicals Industries) and
a ChemiDoc MP Imaging System (Bio-Rad). The following anti-
bodies were used for western blotting: mouse monoclonal anti-
a-DG (VIA4-1; Merck Millipore, Darmstadt, Germany), mouse
monoclonal anti-b-DG (43DAG1/8D5; Leica Biosystems, Buffalo
Grove, IL, USA), and horseradish peroxidase (HRP)-conjugated
anti-mouse immunoglobulin (IgG) goat polyclonal antibody as a sec-
ondary antibody (Abcam, Cambridge, UK).

Immunofluorescence

Cells were fixed in 4% paraformaldehyde for 15 min at 25�C. After
washing with PBS, the cells were blocked with PBS containing 3%
bovine serum albumin (Wako Pure Chemicals Industries) and 0.1%
Triton X-100 for 1 h at 25�C. The cells were then incubated with pri-
mary antibodies at 4�C overnight. The primary antibodies used in this
study were mouse monoclonal anti-a-DG (IIH6C4, Merck Millipore)
and mouse monoclonal anti-myosin heavy chain (MF20, R&D Sys-
tems, Minneapolis, MN, USA). After washing twice with PBS, cells
were incubated with secondary antibodies for 1 h at 25�C. The
secondary antibodies used were goat polyclonal Alexa Fluor
488-conjugated anti-mouse IgM (Thermo Fisher Scientific) and
goat polyclonal Alexa Fluor 647-conjugated anti-mouse IgG (Thermo
Fisher Scientific). DAPI was used for nuclear staining. After staining,
all samples were analyzed using a BZ-X710 fluorescence microscope
(Keyence, Osaka, Japan) using BZ-X Analyzer software (Keyence).

Statistical analysis

Values are presented as mean ± SD. Statistical significance was
evaluated with a two-tailed Student’s or Welch’s t test to analyze
differences between two experimental groups (p < 0.05 was consid-
ered significant). In Figures 2C and 3B, statistical significance was
evaluated with one-way ANOVA with independent post hoc Tukey’s
multiple-comparisons test (p < 0.05 was considered significant).
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Table S1. A part of list of the compound library 
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Figure S1. Scatterplot of the RLU fold changes of HiBiT and WST-8 assay 
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