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Spinocerebellar ataxia type 36 is a late-onset, slowly progressive
cerebellar syndrome with motor neuron degeneration that is
caused by expansions of a hexanucleotide repeat (GGCCTG)
in the noncoding region of NOP56 gene, with a histopatholog-
ical feature of RNA foci formation in postmortem tissues.
Here, we report a cellular model using the spinocerebellar
ataxia type 36 patient induced pluripotent stem cells (iPSCs).
We generated iPSCs from spinocerebellar ataxia type 36 pa-
tients and differentiated them into neurons. The number of
RNA-foci-positive cells was increased in patient iPSCs and
iPSC-derived neurons. Treatment of the 20-O, 40-C-ethylene-
bridged nucleic acid antisense oligonucleotides (ASOs) target-
ing NOP56 pre-mRNA reduced RNA-foci-positive cells to
�50% in patient iPSCs and iPSC-derived neurons. NOP56
mRNA expression levels were lower in patient iPSCs and
iPSC-derived neurons than in healthy control neurons. One
of the ASOs reduced the number of RNA-foci-positive cells
without altering NOP56 mRNA expression levels in patient
iPSCs and iPSC-derived neurons. These data show that iPSCs
from spinocerebellar ataxia type 36 patients can be useful for
evaluating the effects of ASOs toward GGCCTG repeat expan-
sion in spinocerebellar ataxia type 36.
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INTRODUCTION
More than 20 repeat expansion diseases are reported in neurodegen-
erative disorders. Spinocerebellar ataxia type 36 (SCA36) is one of the
repeat expansion diseases caused by GGCCTG hexanucleotide repeat
expansion in intron 1 of NOP56.1 SCA36 was initially identified in
Japan, and SCA36 causative mutation proved to be the same in a fa-
milial ataxia in Spain.2 SCA36 patients have also been found in France
and China.3–5 The mean onset age of SCA36 is in the fifth decade, and
the mean duration of the illness is over 10 years6. Cerebellar ataxia oc-
curs in most cases, and motor neuron symptoms, including tongue/
skeletal muscle atrophy or fasciculation, are also found in almost all
cases with disease progression.2,6 Thus, SCA36 has the characteristics
of not only spinocerebellar ataxia but also motor neuron disease.

Although there is still no drug to cure repeat expansion diseases, an
approach using nucleic acid medicine is expected to be promising.
There are several kinds of antisense oligonucleotide (ASO) targeting
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pre-mRNA that have advantages of modification varieties and
possible administration without carrier.7–10 Several improvements
have been added to ASOs. The 20-O, 40-C-ethylene-bridged nucleic
acid (ENA) ASO, one of the modified ASOs, has a high-affinity
advantage for the target and high-nuclease-resistant stability.11–13

As for the repeat expansion disease, the expected therapeutic mecha-
nism of ASO is suppressing pre-mRNA, including repeat expansion,
or affecting repeat RNA conformation. Modeling motor neuron
disease using patient-induced pluripotent stem cells (iPSCs) for
small-compound screening was reported.14,15 ASO evaluation was
also reported using iPSCs derived from patients with another hexanu-
cleotide repeat expansion disease, C9orf72-related amyotrophic
lateral sclerosis/frontotemporal lobar degeneration (ALS/FTLD).
In C9orf72-related ALS/FTLD iPSC models, the ASO approach
improved the pathology, including RNA gain of toxicity.16,17 How-
ever, there exists no SCA36 model to test the ASO’s effectiveness.

Here, we generated iPSCs from SCA36 patients and differentiated
them into motor neurons. We recapitulated RNA foci formation in
both SCA36 patient iPSCs and iPSC-derived neurons (iPSNs). We
tested the effects of five ENA ASOs and finally succeeded in identi-
fying an ENA ASO that reduces RNA-foci-positive cells without
altering NOP56 mRNA expression levels.

RESULTS
Generation of iPSC Clones and Neural Differentiation

We generated iPSC clones from skin fibroblasts or peripheral blood
mononuclear cells (PBMCs) of healthy controls and SCA36 patients
(Table 1). We performed RNA sequencing (RNA-seq) analysis and
confirmed that all iPSC clones were categorized in the same cluster,
which was differentiated from human dermal fibroblast (HDF) or
PBMC clusters (Figure S1). All six clones expressed the pluripotency
markers SSEA4 and NANOG in immunostaining (Figure 1A). All
iPSC clones were examined by repeat-primed PCR, and SCA36
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Table 1. List of iPSC Clones

Experimental Clone Clone Name at Establishment Somatic Cell Gender Donor Age Reprogramming Vector

Control

Control-1 HPS1042a PBMC male 61 episomal

Control-2 HPS1044a PBMC female 65 episomal

Control-3 hc6 NOR-B38 PBMC male 47 episomal

SCA36

SCA36-1 SCD4 E2 skin fibroblast male 64 episomal

SCA36-2 SCD10 9E PBMC male 60 episomal

SCA36-3 SCD20 2E PBMC female 65 episomal
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patient iPSC clones were confirmed to retain the GGCCTG repeat
expansion (Figure 1B). We performed Southern blot analysis of iPSCs
and iPSNs (Figure S2) and found an expanded allele in SCA36 patient
iPSCs and SCA36 patient iPSNs.

All iPSC clones were differentiated into neural cells containing motor
neurons by serum-free floating culture of embryoid-body-like aggre-
gates by quick re-aggregation (SFEBq) method14,18 (Figure 1C). We
found no obvious difference in neuronal differentiation propensity
between control and SCA36 iPSC clones (Figure 1D).

SCA36 iPSCs and iPSC-Derived Neurons Exhibit RNA Foci

We previously detected intranuclear GGCCUG repeat RNA
foci, which are sense RNA foci, in SCA36 patient brain, spinal cord,
and lymphoblastoid cells by fluorescence in situ hybridization
(FISH).1,19 We used the same fluorescence-labeled locked nucleic
acid oligonucleotide probes targeting the expanded repeat. The num-
ber of intranuclear sense RNA-foci-positive cells was significantly
increased in SCA36 patient iPSC clones compared to healthy control
iPSC clones (Figures 2A and 2B). The number of intranuclear RNA
foci-positive cells was also significantly increased in the SCA36 pa-
tient iPSNs (Figures 3A and 3B). Co-immunostaining of Islet1 and
b___-tubulin with FISH showed that RNA foci existed in SCA36 pa-
tient iPSNs (Figure 3C). We also confirmed the specificity of the FISH
probes by treating cells with RNase A, the results of which showed
that these intranuclear inclusions are comprised of “GGCCUG”
RNA and not DNA (Figure S3). In contrast to the sense RNA foci,
antisense RNA-foci-positive cells were not detected in either SCA36
patient iPSCs or iPSNs (Figure S4), a result is corresponding to the
previous report regarding SCA36 autopsied tissue.19

ASOs Reduce SCA36 RNA Foci

Regarding ASO development, although a large number of sequence
candidates could be designed for the target, the effect validation
would be difficult in silico. Thus, we tested the efficacy of five ENA
ASOs (Figure 4A; Table 2) using SCA36 patient iPSCs and iPSNs
to identify effective ASOs. As in previous reports,16 we designed
ASO-A for blocking the GGCCUG RNA structure without RNase
H-activation12 and ASO-B, C, D, and E for activating RNase H
212 Molecular Therapy: Nucleic Acids Vol. 8 September 2017
with the ENA/DNA/ENA gapmer structure.10 We validated the rela-
tive reduction effect of these ASOs compared to control ASO. All
five ENA ASOs significantly reduced the number of cells containing
GGCCUG RNA foci to �50% in SCA36 patient iPSCs (Figures 4B,
4C, and S5A). Furthermore, NOP56 mRNA expression levels were
significantly lower in SCA36 patient iPSCs than in healthy controls
(Figure 4D). Then, with our tested ENA ASOs, NOP56 mRNA
expression levels in SCA36 patient iPSCs were maintained by
ASO-A but were significantly decreased by the other four ASOs (Fig-
ures 4E and S5B).

Besides the iPSCs, all five ENA ASOs also significantly reduced the
number of cells containing GGCCUG RNA foci to approximately
50% in the SCA36 patient iPSNs (Figures 5A, 5B, and S5C). In addi-
tion, NOP56 mRNA expression levels were significantly lower
in SCA36 patient iPSNs than in healthy controls (Figure 5C).
NOP56 mRNA expression levels in SCA36 patient iPSNs were
also maintained by ASO-A but decreased with ASO-D and showed
a tendency to decrease with other three ASOs when compared to the
control ASO (Figures 5D and S5D). Figure S6 shows NOP56mRNA
expression levels in healthy control iPSCs and iPSNs with the five
ENA ASOs.

DISCUSSION
In this study, we established iPSC clones from three SCA36 patients
and showed that their iPSCs and iPSNs both contain intranuclear
GGCCUG RNA foci. We designed five ENA ASOs targeting the
NOP56 pre-mRNA sequence and tested the efficacy of reducing
RNA-foci-positive cells using SCA36 patient iPSCs and iPSNs.
Finally, we found that one of the ENA ASOs reduced RNA-foci-pos-
itive cells in both SCA36 patient iPSCs and iPSNs without altering
NOP56 mRNA expression levels.

RNA foci are characteristic histopathological hallmarks of the patho-
genesis of some repeat expansion diseases.21 The expanded repeat
type, repeat expression level, and repertoire and abundance of ex-
pressed proteins are considered to influence foci size, shape, and co-
localization with other proteins. The repeat expansion transcript de-
tected as RNA foci by FISH is known to form microscopic RNA
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Figure 1. Generation of iPSC Clones and Neural

Differentiation

(A) iPSCs from both healthy controls and SCA36 patients

showing embryonic stem cell-like morphology (phase) and

expressing pluripotent stem cell markers such as NANOG

(green) and SSEA4 (red). Scale bars, 500 mm. (B) Sequence

traces of repeat-primed PCR products are shown. A typical

saw-tooth pattern by repeat expansion is observed in

SCA36 patient iPSCs, but not in healthy control iPSCs. (C)

Differentiation of neural cells containing motor neurons

from iPSC clones. Generated neurons exhibited neuron

marker b___-tubulin and motor neuron markers Islet1 and

SMI32. Scale bars, 50 mm. (D) There were no significant

differences in the differentiation propensity of neurons or

motor neurons between healthy control and SCA36 patient

iPSC clones. Values are expressed as mean ± SEM from

n = 3 clones. n.s., not significant.
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structures and interact with several proteins, inducing cellular
abnormality, including apoptosis activation or aberrant alternative
splicing.22–26 Thus, reducing the number of RNA foci is considered
to be a target for repeat expansion disease treatment, although there
is still a debate as to whether RNA foci are a cause of the pathology or
epiphenomena.16,21,27,28

As this therapy has developed, several models have been presented
to verify the effects of ASOs.16,17,29,30 Regarding hexanucleotide
Molecular Ther
repeat expansion disease, the C9orf72-related
ALS/FTLD, ASOs validated in patient iPSC
models16,17 were also effective in Drosophila31

and mouse27 models. These ASOs were designed
to activate RNase-H-mediated C9orf72 RNA
degradation or alter repeat RNA conformation
by blocking the GGGGCC repeat RNA. As
shown in the previous studies of C9ORF72 repeat
expansion ALS/FTLD,16,17 we also designed four
kinds of different targeting ENA ASOs with
gapmer structure that activate RNase H to the
GGCCUG repeat expansion containing pre-
mRNA in SCA36 and one ENA ASO that has
high affinity to pre-mRNA and blocks the
GGCCUG RNA structure without RNase H acti-
vation. All five ENAASOs significantly decreased
the number of RNA-foci-positive cells in SCA36
patient iPSCs and iPSNs. Only ASO-A preserved
NOP56 mRNA expression levels in both SCA36
patient iPSCs and iPSNs. We speculate that
this result is dependent on the respective func-
tions of each ASO. NOP56 functions as a compo-
nent of small nucleolar RNA proteins32 and is
highly conserved from yeast to humans.33 In a
Drosophila model, NOP56 has been reported to
be required for the growth and proliferation of
neuroepithelial stem cells in the optic lobe.34 In
addition, NOP56 mRNA expression levels were decreased in spinal
motor neurons of ALS model mice in the early phase of the disease.35

Our data also showed that NOP56 mRNA expression was signifi-
cantly lower in SCA36 patient iPSCs and iPSNs than in healthy con-
trols. Thus, the reduction of NOP56 mRNA expression levels may
contribute to the pathogenesis of neurodegenerative disease, and we
suggest that ASO-A might be useful for the treatment of SCA36,
because it reduced the number of GGCCUG RNA-foci-positive cells
without altering NOP56 mRNA expression levels.
apy: Nucleic Acids Vol. 8 September 2017 213
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Figure 2. RNA Foci Formation in SCA36 Patient iPSCs

Fluorescence in situ hybridization (FISH) analysis was performed for each iPSC

clone using a cy3-conjugated C(CAGGCC)2CAG locked nucleic acid oligonucleo-

tide probe. (A) Sense RNA foci were detected in SCA36 patient iPSCs, but not in

healthy control iPSCs. Most of the RNA foci were located in nucleus. Scale bar,

10 mm. (B) Graph shows the percentage of RNA-foci-positive cells. ***p < 0.001.

Values are expressed as mean ± SEM from n = 3 clones.
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Figure 3. RNA Foci Formation in SCA36 Patient iPSNs

(A) Sense RNA foci were detected in nucleus of SCA36 patient iPSNs by FISH

analysis. Scale bar, 10 mm. (B) The RNA-foci-positive cell ratio. ***p < 0.001.

Values are expressed as mean ± SEM from n = 3 clones. (C) Representative

image showing RNA foci (arrows) and Islet1-positive motor neurons. Scale

bar, 10 mm.
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Although the ASOs in the current study succeeded in reducing the
number of RNA-foci-positive cells in vitro by �50%, it is unclear
whether this level of effectiveness is sufficient for the clinical treat-
ment of SCA36 patients, and validation of ASO effectiveness in vivo
will be needed for clinical applications. Furthermore, several pathol-
ogies, such as non-ATG-initiated peptides or loss of function of
NOP56, may be involved in SCA36 as well as some repeat expansion
diseases.36,37 Further validation of the effectiveness of ASOs for these
pathologies may be required.

Southern blot analysis revealed that SCA36-1 iPSNs had different
GGCCTG repeat numbers while the repeat numbers in SCA36-2
or SCA36-3 iPSNs were the same as those observed in iPSCs, which
suggests that GGCCTG repeat instability during neuronal differen-
tiation of iPSCs occurs in SCA36-1, but not in SCA36-2 and
SCA36-3. In C9orf72-related ALS/FTLD, GGGGCC repeat insta-
bility during neuronal differentiation of iPSCs was reported in
some clones.17,20 GGCCTG repeat instability between generations
214 Molecular Therapy: Nucleic Acids Vol. 8 September 2017
has also been reported,2 and it is considered that the GGCCTG
repeat in SCA36may have similar instability as the GGGGCC repeat
in C9orf72-related ALS/FTLD, although the pathomechanisms are
as yet unclear.

Overall, we first modeled RNA foci formation in SCA36 using patient
iPSCs and finally discovered the ASOs that reduced RNA foci. These
data then provided basic information for moving toward clinical ap-
plications using ASOs for the treatment of SCA36 and other repeat
expansion diseases.
MATERIALS AND METHODS
Human Subjects

This study was approved by the Ethics Committees of Kyoto Univer-
sity and Tokushima University, and it obtained exempted approval
from the institutional review board based on our guidelines. Informed
consent was obtained from all participants.
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Figure 4. ASOs Reduce the Number of RNA-Foci-Positive Cells in SCA36

iPSCs

(A) Schema of NOP56 pre-mRNA structure and the ASO target (gold bars). (B)

Representative images of RNA FISH analysis in SCA36 iPSCs treated with five

kinds of ASOs. Scale bar, 10 mm. (C) The graph shows the number of RNA-foci-

positive cells. The mean number of RNA-foci-positive cells in the control ASO

treatment group was standardized as 1.0. Compared to the control ASO, all five

ENA ASOs significantly reduced the percentage of RNA-foci-positive cells in

SCA36 patient iPSCs. ***p < 0.001. Data are presented as mean ± SEM from

n = 3 clones. (D) The graph shows the NOP56 mRNA expression levels in healthy

control and SCA36 patient iPSCs. The mean NOP56 mRNA expression level of

control iPSCs was standardized to be 1.0. NOP56 mRNA expression levels were

significantly lower in SCA36 patient iPSCs than in control iPSCs. *p < 0.05. Data

are presented as mean ± SEM from n = 3 clones. (E) The graph shows the

NOP56 mRNA expression levels in SCA36 patient iPSCs after ASO treatment.

The mean NOP56 mRNA expression level of the control ASO treatment group

was standardized as 1.0. Compared to the control ASO, NOP56 mRNA

expression levels were significantly decreased by ASO-B, ASO-C, ASO-D, and

ASO-E but maintained by ASO-A. *p < 0.05, **p < 0.01. Values are expressed as

mean ± SEM from n = 3 clones.

Table 2. ASO Information

ASO Sequence (50 to 30) Modification Function

ASO-A CCCAGGCCCAGGCCCAGGCC
ENA and 20-O-
methyl RNA

block

ASO-B CCCAGGCCCAGGCCCAGGCC
gapmer (ENA-
DNA-ENA)

RNaseH

ASO-C CGCAGGCGCAGGCCCAGGCC
gapmer (ENA-
DNA-ENA)

RNaseH

ASO-D GTGCAACAGCACCTGGAAGG
gapmer (ENA-
DNA-ENA)

RNaseH

ASO-E CGCGTGCTCAAACAGCACGT
gapmer (ENA-
DNA-ENA)

RNaseH

Control
ASO

CGCATGCGAAGCCTCTGGGCC
gapmer (ENA-
DNA-ENA)

five-pair
mismatch
of ASO-C

www.moleculartherapy.org
iPSC Generation

Human healthy control38 and SCA36 iPSCs were generated from
fibroblasts or PBMCs using episomal vectors for OCT3/4, Sox2,
Klf4, L-Myc, Lin28, and dominant-negative p53 or OCT3/4,
Sox2, Klf4, L-Myc, Lin28, and shRNA for p53, respectively, as pre-
viously reported.39 They were cultured by the feeder-free and xeno-
free culture systems with StemFit (Ajinomoto) with penicillin/
streptomycin.40

Genotyping

The expansions of the hexanucleotide repeat GGCCTG in intron 1 of
NOP56 were examined by a repeat-primed PCR method. The repeat-
primed PCR experiment was performed as previously described.1 We
used three primers: fluorescent-dye-conjugated forward primer cor-
responding to the upstream of the repeat region, the first reverse
primer consisting of four units of the GGCCTG repeat, and the sec-
ond reverse primer as an anchor. PCR was performed with TaKaRa
LA Taq with GC buffer (Takara Bio). The sequence of the forward
primer was 50-TTTCGGCCTGCGTTCGGG-30, that of the first
reverse primer was 50-TACGCATCCCAGTTTGAGACGCAGGCC
CAGGCCCAGGCCCAGGCC-30, and that of the second reverse
primer was 50-TACGCATCCCAGTTTGAGACG-30.

Southern Blot

The size of expanded GGCCTG repeats in our model was estimated
by Southern blot analysis. Southern blotting was performed as pre-
viously described, with minor modifications.1 Briefly, genome DNA
(10 mg) was digested overnight with 100 U of Avr__ (New England
Biolabs). Digestion products were separated by electrophoresis on
a 0.7% agarose gel, depurinated with 0.25 M HCl, denaturized
with 1 M NaOH, and transferred with 20� saline sodium citrate
buffer (SSC) onto a positively charged nylon membrane (Roche
Applied Science). DNA was immobilized on the membrane by UV
cross-linking. A 452-bp probe, covering exon 4 of NOP56, was syn-
thesized from genomic DNA by PCR using the PCR DIG Probe Syn-
thesis Kit (Roche Applied Science) and primers. Forward primer was
50-TTTAAGAGCTTCCAAGGCTGA-30 and reverse primer was
Molecular Therapy: Nucleic Acids Vol. 8 September 2017 215
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Figure 5. ASOs Reduce the Number of RNA-Foci-Positive Cells in SCA36

iPSNs

(A) Representative images of RNA FISH in SCA36 patient iPSNs treated with five

ASOs. Scale bar, 10 mm. (B) The graph shows the number of RNA-foci-positive

cells. Compared to the control ASO, all five ENA ASOs significantly reduced the

number of RNA-foci-positive cells in SCA36. ***p < 0.001. Data are presented as

mean ± SEM from n = 3 clones. (C) The graph shows NOP56 mRNA expression

levels in iPSNs of healthy controls and SCA36 patients. NOP56 mRNA expression

levels were significantly lower in SCA36 patient iPSNs than in healthy control iPSNs.

*p < 0.05. Data presented as mean ± SEM from n = 3 clones. (D) The graph shows

NOP56 mRNA expression levels in the SCA36 patient iPSNs after ASO treatment.

Compared to control ASO, NOP56 mRNA expression levels were decreased by

ASO-D. *p < 0.05. Values are expressed as mean ± SEM from n = 3 clones.
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50-AGTGCCCACAAGGAAACGTTA-30. The probe was labeled
with digoxigenin. The labeled probe was denatured at 95�C for
5 min and added to the DIG Easy Hyb (Roche Applied Science). Hy-
bridization with labeled probe was carried out overnight at 46.8�C.
After the recommended treatment with DIGWash and Block Buffer
Set (Roche Applied Science), the digoxigenin-labeled probe was de-
tected with anti-digoxigenin antibody and CDP-Star reagent using
DIG Luminescent Detection Kit (Roche Applied Science).
216 Molecular Therapy: Nucleic Acids Vol. 8 September 2017
RNA-Seq Analysis

Total RNA was extracted using the RNeasy Mini Kit (QIAGEN),
and the sequencing libraries were prepared from 100 ng RNA us-
ing the TruSeq Stranded mRNA LT Sample Prep Kit (Illumina)
following the manufacturer’s instructions. The resulting libraries
were sequenced (75 bp single end) on a NextSeq 500 system
(Illumina). The trimming adaptor sequences and low-quality
bases were performed by cutadapt-1.8.1.41 Then, the sequenced
reads were mapped to the human reference genome (hg38) by
tophat-2.1.0 with the aligner Bowtie2-2.2.5.42,43 The number of
reads mapped to each gene was calculated by HTSeq-0.6.1 soft-
ware44 and then normalized with the DESeq2 R/Bioconductor
package (v. 1.12.3).45 Hierarchical clustering analysis and prin-
cipal-component analysis (PCA) were performed by R software
version 3.3.1.

Neuronal Differentiation from iPSCs

Neural cells containing motor neurons were differentiated from hu-
man iPSCs as previously described.14,18 Briefly, iPSCs were dissoci-
ated to single cells and quickly reaggregated in low-cell-adhesion
U-shaped 96-well plates (Lipidule-Coated Plate A-U96, NOF Corpo-
ration). Aggregations were cultured in Dulbecco’s modified Eagle’s
medium/Ham’s F12 (Thermo Fisher Scientific) containing 5% KSR
(Invitrogen), minimum essential medium-nonessential amino acids
(Invitrogen), L-glutamine (Sigma-Aldrich), 2-mercaptoethanol
(Wako Pure Chemicals Industries), 2 mM dorsomorphin (Sigma-Al-
drich), 10 mMSB431542 (Cayman), 3 mMCHIR99021 (Cayman), and
12.5 ng/mL fibroblast growth factor (Wako Pure Chemicals Indus-
tries) in a neural inductive stage for 11 days. 100 nM retinoic acid
(Sigma-Aldrich) and 500 nM Smoothened ligand (Enzo Life Sciences)
were added on day 4. After patterning with neurobasal medium
(Thermo Fisher Scientific) supplemented with B27 Supplement
(Thermo Fisher Scientific), 100 nM retinoic acid, 500 nM Smooth-
ened ligand, and 10 mM DAPT (Selleck), the aggregates were sepa-
rated by Accumax (Innovative Cell Technologies), dissociated into
single cells, and adhered to Matrigel-coated (BD Biosciences) dishes
on day 16. Adhesive cells were cultured in neurobasal medium
with 10 ng/mL brain-derived neurotrophic factor (R&D Systems),
10 ng/mL glial cell line-derived neurotrophic factor (R&D Systems),
and 10 ng/mL neurotrophin-3 (R&D Systems) for 8 days.

Immunocytochemistry

For immunostaining of iPSCs and iPSNs, cells were fixed in 4% para-
formaldehyde (pH 7.4) for 30 min at room temperature and rinsed
with PBS. The cells were permeabilized in PBS containing 0.2%
Triton X-100 for 10 min at room temperature, followed by rinsing
with PBS. After blocking with 5% bovine serum albumin for
60 min at room temperature, cells were incubated with primary an-
tibodies overnight at 4�C. The following primary antibodies were
used: Nanog (1:500; REPROCELL), SSEA-4 (1:1,000; EMD Milli-
pore), b___-tubulin (1:2,000; Cell Signaling Technology), Islet1
(1:200; Developmental Studies Hybridoma Bank), and SMI32
(1:2,500; Covance). After three rinses with PBS, cells were incubated
with appropriate Alexa-Fluor-conjugated secondary antibodies for
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1 hr at room temperature, and DAPI (Life Technologies) was used to
label nuclei. Cell images were acquired with the IN CELL Analyzer
6000 (GE Healthcare). The number of cells was automatically quan-
tified with IN CELL Analyzer 6000 and IN CELL Developer toolbox
software 1.92 (GE Healthcare).

qRT-PCR

Total RNA was isolated using the miRNeasy Mini Kit (QIAGEN), and
RNA were reverse transcribed to cDNA using the ReverTra Ace a kit
(TOYOBO). qPCR was performed with SYBR Green Master Mix
(Applied Biosystems) using the DDCT method. The sequence of the
NOP56 forward primer was 50-AAATTCCACAGCATCGTTCGT-30

and that of the reverse primer was 50-TGTATTGCGGCACCAAT
CTTG-30. Ct values for each sample were normalized with GAPDH.
The sequence of the GAPDH forward primer was 50-TCCAC
TGGCGTCTTCACC-30 and that of the reverse primer was 50-GGCA
GAGATGATGACCCTTTT-30.

Fluorescence In Situ Hybridization

All solutions were made with diethylpyrocarbonate (DEPC)-treated
water. In order to detect RNA foci in cells, FISH was performed
using two kinds of 50 fluorescein (Cy3) labeled locked nucleic acid
oligonucleotide probes by Gene Design. One was C(CAGGCC)2CAG
for detecting sense RNA foci and the other was CUG(GGCCUG)2G
for detecting antisense RNA foci. The cells were fixed in 4% parafor-
maldehyde for 10 min, permeabilized in 70% ethanol on ice, equili-
brated in 50% formamide/2� SSC for 30 min at 66�C, and hybridized
for 3 hr at 52�C with denatured locked nucleic acid probe (40 nM),
which were previously heated at 80�C for 10 min, in hybridization
buffer consisting of 50% formamide, 2� SSC, and 10% dextran sul-
fate. The cells were washed twice with 50% formamide/2� SSC for
20 min at 52�C and three times with 1� SSC at room temperature.
Finally, incubation with DAPI was performed, and the slides were
mounted with ProLong Gold antifade reagent. For RNase treatment,
after fixation, cells were incubated with 50 mg/mL DNase-free RNase
A (Roche Applied Science) for 1.5 hr at 37�C.

In order to combine FISH with immunofluorescence staining, after
washing with 1� SSC, the sections were blocked with blocking buffer
(5% bovine serum albumin and 0.2% Triton X-100) for 20 min at
room temperature. They were then incubated overnight at 4�C
with primary antibodies in the blocking buffer. The following
primary antibodies were used: rabbit b___-tubulin (1:2,000; Cell
Signaling Technology) and mouse Islet1 (1:200; Developmental
Studies Hybridoma Bank). After three rinses with PBS, cells were
incubated with the appropriate Alexa-Fluor-conjugated secondary
antibodies for 1 hr at room temperature. After three rinses with
PBS, the sections were counterstained with DAPI and mounted
with ProLong Gold antifade reagent. Cell images were acquired
with LSM710 microscope (Carl Zeiss) and IN CELL Analyzer
6000. In the analysis, the Cy3 signal with a diameter over 0.60 mm
was captured as RNA foci, and the number of RNA-foci-positive
cells was automatically quantified with IN CELL Developer toolbox
software 1.92.
ASO Treatment

We designed five ENA ASOs, and the target sequences are listed in
Table 2. The function of ASO-A was blocking, while that of the other
four ASOs was activating RNase H by gapmer structure. ASO-A and
ASO-B targeted the same genome sequence, the GGCCUG repeat.
ASO-C targeted the GGCCUG repeat and the intron 1 overlapping
genome sequence. ASO-D targeted intron 1 and the exon 2 overlap-
ping genome sequence. ASO-E targeted exon 2. Control ASO was
designed as a five-pair mismatch of ASO-C. All ENA ASO was
purchased from KNC Laboratories. ASO was added at a final
concentration of 400 nM, which was introduced to the iPSCs with
Lipofectamine LTX Reagent (Thermo Fisher Scientific) and to
iPSNs by electroporation using Amaxa 4D-Nucleofector (Lonza).
Before the assay, iPSCs were co-cultured with the ASO for 48 hr,
and iPSNs were subsequently cultured for 48 hr after ASO
treatment.
Statistical Analysis

Values are expressed as mean ± SEM. Significant differences among
multiple groups were determined by one-way analysis of variance
(ANOVA) followed by Tukey’s post hoc test or Student’s t test. Dif-
ferences were considered significant when p < 0.05, and calculations
were performed with the statistical software package SPSS version
21.0 for Windows (IBM SPSS Statistics).
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Figure S1: RNA-Seq analysis 

All six iPSCs and embryonic stem cells (ESCs) for positive control were categorized in the 

same cluster, which was differentiated from HDF or PBMC clusters. 



 

Figure S2: Southern blot analysis of iPSCs and iPSNs 

An expanded GGCCTG repeat allele was shown in the SCA36 patient iPSCs and the SCA36 

patient iPSNs. 



 

Figure S3: RNA foci in SCA36 patient iPSCs and iPSNs disappeared by RNase A 

treatment 

(a) Sense RNA foci in SCA36 patient iPSCs disappeared by RNase A treatment. Scale bar: 

10µm. (b) The graph shows that almost no RNA foci were detected by RNase A treatment. 

***p < 0.001. Data presented as mean ± SEM from n = 3 clones. (c) Sense RNA foci in 



SCA36 patient iPSNs disappeared by RNase A treatment. Scale bar: 10µm. (d) The graph 

shows that almost no RNA foci were detected by RNase A treatment. ***p < 0.001. Data 

presented as mean ± SEM from n = 3 clones. 

  

  



 

Figure S4: Antisense RNA foci were not detected in SCA36 patient iPSCs or iPSNs. 

Fluorescence in situ hybridization (FISH) analysis was performed for each iPSC clone using 

a cy3-conjugated CUG(GGCCUG)2G locked nucleic acid oligonucleotide probe. (a) No 

antisense RNA foci were detected in either healthy control or SCA36 patient iPSCs. Scale 

bar: 10µm. (b) The graph shows that there were no significant CAGGCC RNA foci-positive 

cells in iPSCs. Data presented as mean ± SEM from n = 3 clones. (c) No antisense RNA foci 



were detected in either healthy control or SCA36 patient iPSNs. Scale bar: 10µm. (d) The 

graph shows that there were no significant CAGGCC RNA foci-positive cells in iPSNs. Data 

presented as mean ± SEM from n = 3 clones. 



 



Figure S5: The data of antisense oligonucleotides effectiveness in each SCA36 patient 

iPSC or iPSN clone. 

(a) The graph shows the number of RNA foci-positive cells in each SCA36 patient iPSC 

clone. **p < 0.01, ***p < 0.001. Data presented as mean ± SEM from n = 3 wells. 

(b) The graph shows the NOP56 mRNA expression levels in each SCA36 patient iPSC clone 

after ASO treatment. *p < 0.05, **p < 0.01, ***p < 0.001. Data presented as mean ± SEM 

from n = 3 wells. (c) The graph shows the number of RNA foci-positive cells in each SCA36 

patient iPSN clone. **p < 0.01, ***p < 0.001. Data presented as mean ± SEM from n = 3 

wells. (d) The graph shows the NOP56 mRNA expression levels in each SCA36 patient iPSN 

clone after ASO treatment. *p < 0.05, **p < 0.01, ***p < 0.001. Data presented as mean ± 

SEM from n = 3 wells. 

  



 

Figure S6: The NOP56 mRNA expression levels in healthy control iPSCs and iPSNs 

after ASO treatment. 

(a) The graph shows NOP56 mRNA expression levels in healthy control iPSCs after ASO 

treatment. Data presented as mean ± SEM from n = 3 clones. (b) The graph shows NOP56 

mRNA expression levels in healthy control iPSNs after ASO treatment. ***p < 0.001. Data 

presented as mean ± SEM from n = 3 clones. 
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